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1.0 INTRODUCTION

Current state-of-the-art biomimetic methodologies employed worldwide for the realization of
self-assembled nanomaterials are adequate for certain unique applications, but a major
breakthrough is needed if these nanomaterials are to obtain their true promise and potential.
These routes typically utilize a “top-down” approach in terms of controlling the nucleation,
growth, and deposition of structured nanomaterials." Most of these techniques are inherently
limited to primarily 2D and simple 3D structures, and are therefore limited in their ultimate
functionality and field of use. Zeolites, one of the best-known and understood synthetic silica
structures, typically possess highly ordered silica domains over very small length scales. The
development of truly organized and hierarchical zeolites over several length scales remains an
intense area of research world wide. Zeolites typically require high-temperature and complex
synthesis routes that negatively impact certain economic parameters and, therefore, the ultimate
utility of these materials. Nonetheless, zeolite usage is in the tons per year worldwide and is
quickly becoming ubiquitous in its applications.

In addition to these more mature aspects of current practices in materials science, one of the most
promising fields of nanotechnology lies in the advent and control of biologically self-assembled
materials, especially those involved with silica’ and other ceramics such as hydroxyapatite.’
Nature has derived, through billions of years of evolutionary steps, numerous methods by which
fault-tolerant and mechanically robust structures can be created with exquisite control and
precision at relatively low temperature ranges and pressures. Diatoms are one of the best known
examples that exhibit this degree of structure and control known that is involved with the
biomineralization of silica. Diatoms are eukaryotic algae that are ubiquitous in marine and
freshwater environments. They are a dominant form of phytoplankton critical to global carbon
fixation. The silicified cell wall of the diatom is called the frustule, and the intricate silica
structure characteristic of a given species is known as the valve. There are two general classes of
diatoms, based on their overall morphologies, the pennate and centric.* Diatoms achieve their
silicified structures in exact fashion through genetically inspired design rules coupled with
precisely directed biochemistry occurring at temperatures ranging from a few degrees Celsius
(polar species) to temperatures just over room temperature (tropical species).

Different species of diatoms produce markedly different structures. To start with, there are two
basic types of frustule macromorphologies: pennate diatoms display bilateral symmetry and
centric diatoms show radial symmetry. There are thousands of permutations of these two basic
forms and the micromorphology of the valve can be quite complex with all types of pore
arrangements and morphologies (Figure 1.1). The detailed morphology of the cell wall of a
given diatom species is reproduced with exactness, because the process is genetically encoded.
Three types of cell wall proteins have been identified in diatoms; the frustulins, pleuralins, and
silaffins. Frustulins are cell wall proteins that form an organic coat to protect the silica structures
from dissolution into the aqueous environment.” Pleuralins are associated with a specific
subcomponent of the frustule during cell division, and play a role in hypotheca-epitheca
development.® Silaffins from Cylindrotheca fusiformis are short chain-length peptides that play
a direct role in the silica polymerization process, and possess unique biochemical post-translation
functionalization.” ® Larger proteins with silaffin activity have recently been described in
| Thalassiosira pseudonana.’ Frustulins and pleuralins play no role in silica polymerization or



structure formation in diatoms, whereas the silaffins are one of the primary polymerization
determinants. In addition to the silaffins, a class of long-chain polyamines associated with
diatom silica has been identified, and shown to also be involved in the silica polymerization
process.'’ The silaffins and polyamines are likely to be the two major determinants of silica
polymerization in diatoms. Their involvement in the formation of higher order structure is
unclear; there have been suggestions that they self-assemble in various combinations to form the
final frustule structure®'"'* but these are highly speculative as there is no substantial data to
support this. It is clear from a long history of electron microscopic observations' that a major
determinant of silica structure in diatoms is generated by growth and molding of the silica
deposition vesicle (SDV), the specialized intracellular compartment were the frustule is made.

Figure 1.1. Electron micrographs that represent the two basic frustule types as a function of
diatom species. At left, Thalassiosira pseudonana, scale bar = 2 um, at right, Nitzschia alba,
scale bar 5 = pm.

Diatoms are the focus of research activity on several fronts, including the processes by which
their distinct silica frustules are formed. Within the diatom cell the frustule is formed inside a
membrane-bound organelle called the Silica Deposition Vesicle (SDV). Diatoms actively
transport silicon as silicic acid into the cell via silicic acid transport (SIT) proteins, and then into
the SDV. Silaffins and polyamines are involved in the silica polymerization process, and these
components and derivatives of them have been used in vitro to form nanostructured or
nanopatterned silica, using a variety of techniques. Different combinations of silaffins and
polyamines®, and polymerization reactions carried out under different pHs or in the presence of
shear flow, have given rise to different silica morphologies in vitro.'* The use of these biological
entities in conjunction with different patterning techniques are a growing area of research. One
of the most intriguing results was the development of nanopatterned silica in a photopolymerized
process involving cationic polypeptides.”” Various biomimetic environments have been
developed that employ dendrimers'® and/or polyamines.!” These results are very preliminary and
have only produced discrete nanoparticles of silica with varying degrees of success and control.
Observations utilizing electron microscopy and varied inhibition experiments have shown that
diatm}l3 silica structure is largely formed by controlled movements and passive molding of the
SDV.



2.0 IMPACT OF AMINE STRUCTURE ON BIOINSPIRED SILICA
POLYMERIZATION

2.1 Introduction

Inspired by the ability of diatoms to grow beautiful and complicated skeletons of silica under
conditions near room temperature and neutral or mildly acidic pH,"" much recent work has been
reported on the chemical approach these organisms use to achieve this, and on artificial schemes
to produce similar results. While other methods for growth of templated silica exist,” no
technology exists for making controlled, complex three-dimensional structures on the nanometer
and micrometer scales under mild synthetic conditions. This has been the motivation of the
previous work: such a technology would open new paths toward sophisticated micro- and
nanoscale mechanical, optical, or electronic devices, as well as media for chemical reactions and
separations.”’

In diatoms, silica grows at the interfaces of precursor-containing vesicles with the help of
proteins. In the diatom Cylindrotheca fusiformis, these proteins are known to contain lysines
modified with oligo(1-methylazetane), as shown in Figure 2.1, terminated by a primary amine, as
well as methylated lysines.”**** Other structures with intriguing similarities and differences
have been observed in other species.””™ This has led others to study the ability of various
amines to react with silica precursors such as silicic acid buffered by borate,
tris(hydroxymethylaminomethane), or phosphate;”*"*"* catecholate complexes;” or partially
hydrolyzed alkoxysilane.”***** The amines previously studied include large molecules such as
modified peptides extracted from diatoms,””” polyamines such as poly(allylamine) and
polylysine,”******* dendrimers,” oligo(N-methyl azetane)s,” and oligo (ethylene diamine)s
and/or spermine and spermidine.*”  Studies of smaller molecules include long-chain
diamines,”™ functional monoamines,” amino acids,”" and cyclic diamines.” Quaternary
ammonium-containing surfactants”“* or polymers™” have also been studied. Most of these
studies have focused on producing silica with mesoscale order, and only a few have attempted
systematic studies relating structure to reactivity. In an attempt to clarify the complex patterns
observed, we seek to identify a minimal amine moiety necessary to accelerate silica
condensation, and make small structural variations to understand why this may be so. To
accomplish this, we have screened a few monoamines and range of short diamines, varying chain
length, degree of alkylation, and presence of adjacent functional groups. From this, we have
identified structural features that result in significant changes to reactivity. This may help clarify
the mechanism by which amines interact with silicate to promote condensation in diatoms, and
facilitate creation of structured silica in artificial settings.

2.2 Experimental Details

All materials were obtained from Aldrich and used as received, unless otherwise specified.
Solutions of the amines under study were titrated to pH 7.5 with hydrochloric acid, giving a final
concentration of 62.5 mM (no titration was necessary for quaternary ammonium compounds).
Buffered silicic acid solutions were prepared by neutralizing 0.5M aqueous sodium metasilicate
(MP Biomedicals, nonahydrate) by addition to 1.33 equivalents of phosphoric acid in a volume
of water necessary to give a final concentration of 90 mM silicate (i.e., after the amine is added).
Both reagents were cooled in an ice bath before mixing, and then warmed in a room-temperature



water bath for 5 minutes, resulting in a solution of pH 7. These solutions were prepared
immediately before use. An initial absorbance spectrum was taken from 400 to 500 nm on a
Shimadzu UV-2501 spectrometer. Enough amine was added to achieve a 5 mM concentration
(10 mM for monoamines) and the absorbance was measured as a function of time thereafter.
The poly(methyl methacrylate) cuvettes were shaken to achieve initial mixing. Settling was
sometimes observed when long time intervals elapsed between measurements, in which case the
cuvette was inverted once before measurement. Absorbance spectra increased gradually with
decreasing wavelength. The absorbance at 480 nm was taken as a measure of turbidity.
Scanning electron microscopy specimens were prepared by washing 0.1 mL gel with 0.4 mL
deionized water three times by spinning for 15 minutes at 5000 rpm in a Millipore Microcon
filtration tube with a 30kDa molecular weight cutoff, followed by slow drying under reduced
pressure, and sputtering with 2 nm gold-palladium alloy. Specimens were examined at 2 and 5
kV on a Hitachi S-4500 microscope.

Preparation of quaternary ammonium dimers

N,N’-dibenzyl N,N,N’,N’-tetramethyl propanediammonium bromide (P22 Bz): 2.0 mmol
N,N,N’,N’-tetramethyl diaminopropane and 4.0 mmol benzyl bromide were added dropwise to
18 mL acetonitrile in a room-temperature water bath with stirring, and left overnight. The
precipitated product was filtered, rinsed with ethyl acetate, in which the reactants and
monoammonium salts are soluble, and dried under vacuum. Ethane, butane, DABCO, and
DMAP versions (E22 Bz, B22 Bz, DABCO Bz, DMAP Bz) were prepared similarly, as were
products of E22 with allyl bromide (allyl E22), and products with ethyl bromoacetate (P22
AcOEt, E22 AcOEt, DABCO AcOEt). To induce precipitation of P22 AcOEt, most of the
solvent was removed under vacuum and ethyl acetate was added. DABCO is 1,4-
diazabicyclo[2.2.2]octane. DABCO Bz was prepared in N,N-dimethylformamide, and the
product was treated with hot isopropanol. DMAP is 4-(dimethylamino)pyridine; its reaction
product is a monosubstituted pyridinium salt. E22 Bz §, (500 MHz, D,0, HDO = 4.66): 3.1 (s,
6H, N-CH,); 3.9 (s, 2H, N-CH,); 4.6 (s, 2H, benzyl); 7.46 (d, 4H, aryl); 7.53 (m, 1H, aryl). Allyl
E22: 3.1 (s, 6H, N-CH,); 3.8 (s, 2H, N-CH,); 4.0 (d, 2H, allyl N-CH,); 5.7 (t (asym.), 2H, allyl
CH,); 6.0 (sept, 1H, allyl CH). P22 Bz: 2.36 (pent, 1H, central -CH.-); 3.0 (s, 6H, N-CH,); 3.3 (t,
2H, N-CH,); 4.47 (s, 2H, benzyl); 7.45 (d, 4H, aryl); 7.5 (m, 1H, aryl). B22 Bz: 1.86 (2H,
central CH,); 2.96 (6H, N-CH,); 3.3 (2H, N-CH,); 4.4 (2H, benzyl); 7.47 (4H, aryl); 7.5 (1H,
aryl). DABCO Bz: 3.88 (s, 6H, bridging); 7.47 (m, 4H, aryl); 7.53 (m, 1H, aryl); benzyl H
probably exchange with solvent. P22 AcOEt: 1.22 (3H, ethyl); 2.3 (1H, central CH,); 3.25 (6H,
N-CH,); 3.6 (2H, N-CH,); 4.22 (2H, ethyl); 4.3 (2H, acyl). E22 AcOEt: 1.22 (t, 3H, ethyl); 4.25
(s, 6H, N-CH,); 4.24 (q, 2H, ethyl); 4.21 (2H, bridging); 4.37 (2H, acyl). DABCO AcOEt: 1.22
(3H, ethyl); 4.24 (2H, ethyl); 4.25 (6H, bridging); 4.54 (2H, acyl). DMAP Bz: 3.06 (6H, N-
CH,); 5.18 (2H, benzyl); 6.73 (2H, m-py); 7.24 (2H, aryl); 7.34 (3H, aryl); 7.91 (2H, o-py).

p-phenylenedimethylenebis(triethylammonium bromide) (X33): 1.7 mmol o,0’ -dibromo-p-
xylene was dissolved in 18 mL acetonitrile with stirring in a 40 C water bath. 3.4 mmol
triethylamine was added dropwise. A precipitate formed within 5 minutes, and the reaction was
left to stir for an additional hour. The product was cooled to room temperature and isolated as
above. A pyridinium version XPy was prepared similarly. X33 6, (500 MHz, D,0, HDO =
4.66): 1.3 (t, 9H, ethyl); 3.15 (q, 6H, ethyl); 4.39 (s, 2H, benzyl); 7.55 (s, 2H, aryl). XPy: 5.76
(2H, benzyl); 7.45 (2H, aryl); 7.99 (2H, m-py); 8.47 (1H, p-py); 8.8 (2H, o-py).

p-phenylenedimethylenebis(2-acetamidoethyl dimethylammonium bromide) (XE20 Ac): 2.0
mmol N,N-dimethyl ethanediamine was added dropwise to 2.0 mmol acetic anhydride and 2.0



mmol diisopropylethylamine in 8 mL acetonitrile while stirring in a room-temperature water
bath. This was left to stir overnight. This was added without purification to 1.0 mmol o, -
dibromo-p-xylene in 12 mL acetonitrile at 40 C, following the procedure for X33 thereafter. The
N-methyl 2-acetamidoethyl version XE21 Ac and the 3-acetamidopropyl version XP20 Ac were
prepared similarly. XE20 Ac 3, (500 MHz, D,0, HDO = 4.66): 1.9 (s, 3H, acetyl); 1.96 (s, 2H,
acetate); 3.0 (s, 6H, N'-CH,); 3.4 (t, 2H, NH-CH,); 3.65 (t, 2H, N'-CH,); 4.52 (s, 2H, benzyl);
7.61 (s, 2H, aryl). XE21 Ac: 2.03 (s, 3H, acetyl); 3.03 (s, 9H, N-CH,); 3.44 (2H, NMe-CH,);
3.83 (2H, N'-CH,); 4.57 (2H, benzyl); 7.64 (2H, aryl). XP20 Ac: 1.88 (3H, acetyl); 2.01 (2H,
central propylene CH2); 2.98 (6H, N-CH,); 3.19 (2H, NH-CH,); 3.23 (2H, N'-CH,); 4.48 (2H,
benzyl); 7.58 (2H, aryl).

Acetamides P22 AcNHPr, E22 AcNHPr, DABCO AcNHPr, and P22 AcPrd were prepared by
reacting P22 AcOEt, E22 AcOEt or DABCO AcOEt with 10 ulL/mg neat propylamine or
pyrrolidine overnight on a 37 C shaker. P22 AcNHPr dissolved; excess amine was decanted
from the others. P22 AcPrd was sonicated briefly in acetonitrile, which was decanted, removing
impurities. Products were dried under nitrogen and then under vacuum. P22 AcNHPr §, (500
MHz, D,O, HDO = 4.66): 0.8 (t, 3H, propyl CH,); 1.43 (sext, 2H, propyl CH,-CH-CH,); 2.31
(pent, 1H, central CH,); 3.11 (t, 2H, propyl NH-CH,); 3.21 (s, 6H, N"-CH,); 3.56 (t, 2H, bridging
N'-CH,). E22 AcNHPr: 0.8 (t, 3H, propyl CH,); 1.43 (sext, 2H, propyl CH,-CH,-CH,); 3.11 (t,
2H, propyl NH-CH,); 3.28 (s, 6H, N'-CH,); 4.24 (s, 2H, bridging N"-CH,). DABCO AcNHPr:
0.8 (t, 3H, propyl CH,); 1.43 (sext, 2H, propyl CH,-CH,-CH,); 3.11 (t, 2H, propyl NH-CH,); 4.21
(s, 6H, bridging N'-CH,). P22 AcPrd 'H NMR: 1.8 (pent, 2H, ring N-CH,-CH,); 1.9 (pent, 2H,
ring N-CH,-CH,); 2.25 (pent, 1H, central CH,); 3.25 (s, 6H, N'-CH,); 3.35 (d, 2H, N'-CH,); 3.4
(t, 2H, ring N-CH,); 3.66 (t, 2H, ring N-CH,). Acyl protons do not appear in these spectra,
presumably due to exchange with the solvent.

2.3 Results and Discussion

In an effort to make this work relevant to the chemistry of diatoms, we use a reactant comparable
to the material found in natural waters and accumulated by the organisms, silicic acid (the lowest
pKa of which is 9.8). Sodium metasilicate, NaSiO,, dissolves in water to form NaH,SiO,, which
can be acidified. This must be done with care, because silicic acid spontaneously condenses to
form a gel at near-neutral pH, especially at high concentrations or if unbuffered. A phosphate
buffer was used, which establishes mild pH, and affords a solution stable on a timescale of hours
while allowing amine-accelerated reactions to occur on a rapid but measurable timescale.
Measurements presented here are at pH 7 unless otherwise noted. The enhanced stability of the
silicic acid in these solutions is likely due to both buffering and complexation,” and this is an
important factor in the chemistry of condensation.” This is also suspected to be the case inside a
diatom,” where silicic acid concentrations are known to be much higher than in seawater.”” The
actual pH in the regions of silica deposition within a diatom is expected to be as low as 5,” but
for reasons made apparent below, this would not be ideal conditions for the full range of our
experiments. A disadvantage of the use of phosphate is that it interferes with the colorimetric
molybdate test. However, the turbidity of the solution increases during gelation, and this
property has previously been shown to be useful for rapid screening of silicate reactivity under
various conditions.™’ We have found that 90 mM is a silicic acid concentration that results in an
optically uniform gel over a wide range of amines used, and reacts on an appropriate timescale
for rapid reactivity screening.



To identify the simplest effective analog of the oligo(N-methylazetane) catalysts present in
diatoms, we examined the reactivity of silicic acid with a variety of mono- and diamines and
quaternary ammonium salts. The absorbance curves of representative monoamines are
illustrated in Figure 2.2. All amines produce more rapid turbidity increases and higher final
turbidities than a control sample using an equal volume of deionized water in place of the amine.
A clear increase is seen as the amine is more alkylated, although no major change is seen as
quaternary alkyl chains become longer than ethyl.
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Figure 2.2: Reactivity of phosphate-buffered silicic acid induced by various ammonium salts, as
measured by monitoring absorbance at 480 nm as a function of time after preparation of a
solution of 90 mM sodium metasilicate, 120 mM phosphoric acid, and 10 mM of a specified
alkylammonium chloride (bromide, in the case of Et4N). The top three are listed in decreasing
order of their initial slopes.

To study substances that bear closer structural resemblance to the oligoamines found in diatoms,
we studied a similar series of diaminoethanes and diaminopropanes, varying the number of N-
methyl groups on each, as shown in Figure 2.3. We abbreviate the names of each amine by
indicating “E” for diaminoethane, “P” for diaminopropane, or “B” for diaminobutane, followed
by a digit indicating the number of methyl groups on each amine. The structures of those labeled
in the figures appear in Table 2.1. All combinations of 0-2 methyl groups were tested for E and
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P, and one B substance was tested. Again, increased alkylation results in significant increases in
the rate of reaction and final turbidity; there is a clear correlation between reactivity and the
number of methyl groups on a diamine. In most cases, the reactivity is near that of similarly
alkylated monoamines, but diamines with more than three methyl groups are at least as reactive
as tetracthylammonium. P22 is dramatically more reactive than E22, but no major change is
seen between P22 and B22. The oligoamine identified in C. fusiformis bears a strong
resemblance to P22, which could be considered a small model compound for this larger
structure.
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Figure 2.3: Reactivity of phosphate-buffered silicic acid induced by various diamines, as
measured by the same method as in Fig. 2, but with 5 mM of a specified diamine from a stock
solution titrated to pH 7.5 by hydrochloric acid. The structures of the diamines are described in
Table 1. The three similar diamines are listed from most to least turbid.

Table 2.1 Structures of linear diamines.

Ry- Rs
A
R, Ry
n R R R3 R4
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E21 0 CH; CH; CH; H
E22 0 CH; CH; CH; CH;
P11 1 CH; H CH; H
P20 1 CH; CH; H H
P21 1 CH; CH; CH; H
P22 1 CH; CH; CH; CH;
P11 1 CH(CHs), H CH(CHa), H
B22 2 CH; CH; CH; CH;

The second pKa values of some diamines approach that of the second pKa values of phosphate,
so it could be suggested that reactivity is related to acid-base chemistry of the amine. Our
titration data showed that the second pKa of POO is 9.0, and that of EOO is 7.1, and that of the
others could be found by subtracting 0.5 for each tertiary amine (see supporting information).
Increased methylation results in lower pKa, but more importantly, an increased number of
methylenes between the amines raises the second amine pKa, which opposes the reactivity trend.
Furthermore, the pKa depends on which amines the methyl groups are on, while the reactivity
does not; as Figure 2.3 shows, the reactivity induced by P20, with a pKa of 8.5, is nearly
identical to that of P11, with a pKa of 9.0. It is apparent from these results that the reactivity is
not simply a buffering effect by the amine. More alkylated amines are also more nucleophilic,
but if this were important, we would again expect P20 to be more reactive than P11. Also, both
are essentially fully protonated under the conditions used, which would inhibit this property.
This and the observed effectiveness of quaternary ammonium suggest that nucleophilicity,
considered important in the case of alkoxysilanes,” is not important to the mechanism of
accelerated condensation of phosphate-buffered silicic acid.

Instead, we expect the mechanism to be related to electrostatic interactions. While silicic acid is
essentially fully protonated at neutral pH, its oligomers (which form spontaneously) have lower
pKa values.™ This creates the possibility of ionic interactions with cationic amines. As
observed here and is well known, the condensation of silicic acid is very sensitive to
concentration.” To explain why polylysine behaves differently from lysine with respect to silicic
acid, Coradin et al. have suggested that neighboring cationic amines help to preconcentrate
anionic oligomers in a configuration favorable for reaction.” We believe that alkylation of an
amine enhances this effect by decreasing solvent interactions with it,” favoring association with
silicate oligomers. A version of P11 containing isopropyl side groups instead of methyl groups
(“IP117) reacts like P21 instead of P11. Dependence on such subtle structural effects suggests
that close-range association between the diamine and silicate occurs. Our results warrant further
study of diamines, including study of the approach presented here, by methods such as nuclear

magnetic resonance to learn about their configuration while interacting with silicate.™*

The above results lead to the question of the reactivity of bis(quaternary ammonium) salts. Such
structures would depart from those observed in diatoms, but approach the field of gemini
surfactants,”” which have been applied to silica in conventional sol-gel syntheses and surface
studies.” These are easily synthesized by reaction of a tertiary amine with an alkyl bromide.
When a highly reactive substrate is used, such as benzyl bromide, this proceeds quickly and
cleanly enough to facilitate rapid screening of a variety of products. We observe from Figure 2.4
that, whereas P22 is about twice as effective as tetraethylammonium at inducing turbidity, its
benzylated version is twice again as effective, and the reaction in both the P22 and P22 Bz cases

12



is very fast compared to the timescale of the experiment. As seen for the tertiary amines, the
propyl spacer is optimal among the three measured. A test using allyl bromide instead of benzyl
bromide shows that the results are not unique to benzyl derivatives.
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Figure 2.4: Comparison of the reactivity of phosphate-buffered silicic acid induced by
bis(quaternary ammonium) salts to previously discussed amines, as measured by the same
method as in Fig. 2.3 (quaternary salts were not titrated). The structures of the diamines are
described in Tables 2.1 and 2.2. Et4N is tetraecthylammonium bromide.

Table 2.2 Structures of bis(quaternary ammonium) bromide salts with aliphatic spacers.

R® ® R @, @
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“ R groups attach through the leftmost bond.

Table 2.3 Structures of pyridinium bromide salts and bis(quaternary ammonium) bromide salts
with aromatic spacers.
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“ R groups attach through the leftmost bond.

Conformational constraints in quaternary salts further enhance reactivity. In Figure 2.5,
benzylated DABCO shows significantly more reactivity than its less constrained analog, E22 Bz.
A diammonium salt with a xylyl spacer behaves similarly to those with alkyl spacers, but when
the salt is composed of conformationally constrained pyridinium instead of alkylammonium, the
resulting turbidity is substantially higher. In fact, very high turbidities are rapidly attained with
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the use of alkylated 4,4’-bipyridinium salts (viologens) or an ethylene-bridged 2,2’-bipyridinium
salt (diquat). Benzyl viologen becomes twice as turbid as P22 Bz.
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Figure 2.5: Reactivity of phosphate-buffered silicic acid induced by conformationally
constrained bis(quaternary ammonium) salts, as measured by the same method as Fig. 2.4.
Chemical structures are shown in Tables 2.2 and 2.3.

For the amines in Figures 2.2 and 2.3, a reaction resulting in higher turbidity also approaches that
value more quickly, so both features of the data can be taken as qualitative measures of
reactivity. Consistent correlation between the speed of the reaction and the final turbidity was
observed. In the cases of P22 and most quaternary salts, the reaction occurs on the timescale of
mixing, and we have assumed that this correlation still holds. However, DMAP Bz, which
contains both a pyridinium and a tertiary amine, shows quite high turbidity but slow kinetics
compared to others in Figure 2.5, casts some doubt on its generality. To gain an understanding
of the correlation between reactivity and turbidity, electron micrographs were obtained on
representative dried gels. These appear in Figure 2.6. The gels are composed of fused particles,
the size of which increases for more rapidly reacting amines. The roughness and porosity of the
resulting materials also increases. Particles can become larger if their growth is rapid enough to
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outpace nucleation of nearby particles, and larger particles scatter more light, so the connection
between reactivity and turbidity is plausible.

il L T - e A - x g, SR . L & L |

Figure 2.6: Scanning electron micrographs of dried gels formed using representatives of the
several types of amines studied. Top row, from left to right: control (H20), triethylammonium
chloride (Et3N), tetracthylammonium bromide (Et4N); bottom row, from left to right: P22, P22
Bz, and benzyl viologen (BzV). The scale bar shown in the upper center of the figure applies to

all the SEM images.

To gain further evidence for this correlation, several reactions were run at pH 6 (by increasing
the phosphoric acid ratio from 1.33 to 1.78) and the rates were seen to slow down to measurable
values (see supporting information). Under these conditions, methyl viologen reached 60
percent of its final value in 3 minutes, P22 Bz in 10 minutes, and P22 in 65 minutes, suggesting
that the correlation still holds in most fast reactions. The decrease in reaction rate with
decreasing pH helps corroborate the involvement of anionic silicate species in the reaction.
Constrained quaternary ammonium salts may be more reactive by providing fixed targets to
which silicate can associate more closely and for longer periods of time. This hypothesis could
be addressed by spectroscopic methods, as noted above, and by molecular dynamics simulation.
The pH inside the silica deposition vesicle of a diatom is reportedly lower than those used here;”
this probably helps prevent spontaneous condensation, or helps produce material with smoother
texture. The diatom’s use of longer oligoamines may compensate for the diminished reactivity
of tertiary oligoamines as pH is reduced.

Diatoms make limited use of quaternary salts, which has not been observed in nearby pairs in the
polyamines found in diatoms.” It may be that the more reactive moieties studied here are
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avoided by diatoms due to their inhibitory effect on metabolic functions. In particular, viologens
are widely used as herbicides, so it seems unlikely that diatoms would make use of them from a
metabolic standpoint. However, this does not preclude their use for artificial silica growth in
vitro. 51In fact, viologen polymers have been studied for this purpose using a conventional sol-gel
route.
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Figure 2.7: Reactivity of phosphate-buffered silicic acid induced by functionalized
bis(quaternary ammonium) salts, as measured by the same method as Fig. 2.4. Chemical
structures are described in Table 2.2 and 2.3. P22 derivatives are shown by circles, E22
derivatives by squares, and xylyl dibromide derivatives by triangles.

To learn how bis(quaternary ammonium) groups may behave in more complex chemical
environments, we have studied the effect of nearby functional groups, particularly those that may
enable attachment of these moieties to larger molecules. As shown in Figure 2.7, the reaction
product of P22 with ethyl bromoacetate reacts rapidly with silicate and contains active ester
groups that, while stable in pH 7 aqueous solutions,” can be readily reacted with neat amines to
form amides. This could provide a simple way to incorporate bis(quaternary ammonium) into
more complex molecules. Amides in this position have a significant effect on reactivity. Propyl
amides develop turbidity more slowly than their parent esters, but the final values may be higher
or lower. DABCO derivatives were omitted from Figure 2.7 for clarity; the ester rapidly reaches
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its final absorbance of 1.0, and the propyl amide trace is close to that of E22 AcOEt. The tertiary
amide prepared with P22 EtOAc and pyrrolidine rapidly becomes more than twice as turbid as
the ester. This approach is well suited for incorporation into solid-phase combinatorial
approaches, which would allow for more thorough screening of the effect of closely neighboring
groups on reactivity.

More consistent properties can be obtained when functional groups are spaced farther from the
bis(quaternary ammonium) moiety. By acylating asymmetric diamines E20, and P20, and
forming a diammonium salt with a xylyl group between them, we can see the effect of isolating
an amide by additional methylene groups (see Table 3, XE20 Ac and XP20 Ac). The absorbance
curve of XP20 Ac in Figure 2.7 is comparable to the amide-free X33. XP20 Ac has 3 methylene
groups separating the amide from the diammonium; the XE20 Ac product, with 2 methylenes,
gives similar results. The tertiary amide XE21 Ac shows slightly diminished reactivity
compared to the secondary amide. These approaches should allow easy incorporation of silicate-
reactive groups into more complex molecules such as surfactants or peptides.

Peptide-bound oligoamines in diatoms are tethered by a lysine residue. The butylene group in
lysine, and perhaps the first few amine monomers, may serve as a spacer to isolate amines from
interference by groups such as primary amides along the peptide backbone. The strategies noted
above should allow incorporation of bis (quaternary ammonium) moieties into artificial peptides
that mimic those of diatoms while retaining their exceptional reactivity, perhaps creating a path
toward new artificial silica morphologies.

2.4 Summary

Short, highly alkylated diamines constitute a class of minimally complex moieties that strongly
accelerate condensation of silicic acid to silica under mild conditions. However, nearby
functional groups can modify their effectiveness, so one could expect a larger structure, such as
an oligomer, to be more effective in complex environments. Our observations support a
previously proposed mechanism in which neighboring cationic amines bring silicate oligomers
into a configuration favoring condensation. To this is added a preference for amines with a high
degree of alkylation, which we expect would facilitate close association with silicate reactants.
The oligoamines in diatoms exhibit these important features.” However, they are not known to
use bis(quaternary ammonium) salts, which are even more reactive than tertiary diamines and for
which we have devised strategies for incorporation into larger molecules. The application of
these materials in structured environments, such as surfactant or oligopeptide assemblies, may
allow for low-cost and large-scale synthesis of silica structures with specific and programmable
nano- and microscale geometries, to a degree of sophistication rivaling that of diatoms.
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3.0 IMPACT OF INTERFACIAL CONFINEMENT VIA SURFACTANT
MICROEMULSIONS ON SILICA MORPHOLOGY USING AMINE
CATALYSTS

3.1 Introduction

Fabrication of inorganic and inorganic-hybrid materials with well-defined size and shape is a
topic of considerable current attention.®*® In particular, complex silica structures are of interest
for a variety of applications, such as transport, catalysis, separation, and drug delivery.®® In
nature, silica formation occurs at neutral to slightly acidic pH under ambient temperatures and
pressures with control over product morphology thus far unmatched in the laboratory. Diatoms,
unicellular photosynthetic algae, are able to uptake silicic acid from their environment for
processing into patterned biosilicas. These diatoms are enclosed in an ornate, mesoporous
siliceous shell (frustule) with a species-specific design and morphology spanning multiple length
scales.”” This process is regulated by templating biomolecules via morphosynthesis, wherein the
starting materials are spatially confined and the development of emulsions and micelles of a
polyamine-containing organic phase are thought to play an active role in directing the growth of
these structures.®® A set of cationic polypeptides (“silaffins”) and polyamines have been found to
promote and mediate the silica patterning in vitro.*” These co-precipitate with the silica and the
frustule is formed with an organic coat tightly incorporated into the silica shell.

The control and patterning that is possible in biogenic silica production has inspired new routes
in the laboratory.”® For instance, the use of linear’' and dendritic polyamines’” has recently been
documented, alongside a range of smaller amine-containing units.”” Mediated growth around
block co-polypeptide vesicles™ and the use of individual synthetic peptides’> have been found to
produce hollow and solid silica particles, respectively; such hollow silica spheres have received
particular attention for their use in controlled release drug-delivery.”® One potential advantage of
bioinspired synthetic approaches is the avoidance of extreme pH conditions such as those
required in common syntheses of the prototypical mesoporous silica MCM-41,”" 7* which may
be important, for example, if molecules intended for encapsulation are themselves sensitive to
pH. Examples of the preparation of hollow silica spheres under mild conditions include growth
in supercritical CO,,” within block copolymer emulsions in water,” * around vesicles,* and via
interfacial®® and surfactant™ templating.

We have investigated the incorporation of a branched polyamine, poly(ethyleneimine) (PEI), and
monosilicic acid, Si(OH)s; into spherical reverse micelles formed by bis(2-ethylhexyl)
sulfosuccinate sodium salt (AOT) in isooctane as a means for bioinspired, controlled silica
growth. We found that the reaction conditions within AOT reverse micelles differed from the
bulk aqueous solution, allowing for particle growth independent of the initial pH of the amine
solution. By altering the size of the water pool from wy=35 to 40 (wy = [H2O]/[AOT]), various
particle sizes and morphologies were generated. Larger reverse micelle sizes (wy > 20) produced
trimodal size distributions (ranging from 56 to 500 nm in diameter) of solid silica particles that
were found to be mesoporous after calcination, while the use of smaller reverse micelles (wp <
10) resulted in robust, hollow silica shells. These hollow particles are comparably larger, with
diameters on the order of 1pm.
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3.2 Experimental Details

Bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT) was purchased from Fluka; PEI
(poly(ethyleneimine), branched, 1800 MW, 99%, 1:2:1 ratio of primary, secondary, tertiary
amines) was purchased from Alfa Aesar; 2,2,4-trimethylpentane (isooctane) was purchased from
Sigma-Aldrich; 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS, or pyranine) was purchased
from Invitrogen. Tetramethyl orthosilicate (TMOS, 99%) was purchased from Acros. All
chemicals were used as received. Dynamic light scattering (DLS) was performed with a Wyatt
Dawn EOS (Wyatt Technologies, Santa Barbara, CA) and particle sizes were determined with
QELS Batch 1.0.3.2 software. Scanning electron microscopy (SEM) was performed using a
Hitachi 4500 on samples that were drop cast and sputtered with approximately 30 A of Au/Pd.
TEM was performed on a JEOL 1200 or 4000X. UV/vis spectroscopy was performed on a 3802
UNICO spectrometer. Thermogravimetric analysis (TGA) measurements were performed on a
Shimadzu TA50. A Shimadzu IR-8400S was utilized in ATR geometry for FTIR measurements.
BET surface areas were measured on a Micromeritics porosimeter ASAP 2000 via nitrogen
sorption.

Solutions of AOT in isooctane were prepared and stored over activated molecular sieves (4A,
Sigma-Aldrich). Solutions of PEI were prepared in DI water at a range of 0.05 M to 0.025 M
(based on primary amine concentration) and adjusted to the desired pH with HCI. Silicic acid
solutions were prepared by hydrolysis of IM TMOS in 1mM HCI at a pH of 3.4 for 15 minutes
and used immediately, in accord with previous studies,” to reduce the amount of oligomers
present versus pure orthosilicic acid. Reverse micelles were prepared by the addition of aqueous
PEI or silicic acid solutions to 0.1 M AOT. These were sonicated until the solutions were
optically clear, and then monitored by DLS until equilibrium was reached. The PEI-containing
reverse micelles were added to the silicic acid-containing reverse micelles and agitated on a
shaker overnight. Ratios of amine to silicic acid were controlled using the volumetric ratio of the
two respective starting solutions. Typically, a 5:1 volume ratio of the PEI to silicic acid (which is
equivalent to a 4:1 molar ratio of silicic acid to PEI) was used, although the range of 1:1 to 10:1
was investigated and gave similar results. The particles obtained were cleaned either by filtering
on 20 nm Anotop filters and washing thoroughly with ethanol, or by centrifugation, then washing
with ethanol three times.

3.3 Results and Discussion

PEI is structurally comparable to polyamines isolated from Stephanopyxis turnis (which contains
polyamines consisting of 15-21 N-methylpropyleneimine repeating units attached to putrescine)
and Cylindrotheca fusiformis (which contains N-methylated derivatives of a polypropyleneimine
covalently linked to lysine residues).** Aggregates of PEI in water and methanol have recently
been shown to initiate rapid hydrolytic condensation of tetramethyl orthosilicate (TMOS) with
morphologies directed by the PEI concentration.”' We used Si(OH)4 (obtained by hydrolysis of
TMOS, see experimental section) as the silicon source, which occurs naturally in water at 1 to
100 uM (although concentrations within diatoms are known to be much higher during frustule
formation) and is thought to be utilized by diatoms for biomineralization.” Our initial
experiments studied the reaction of PEI in water solution at a range of pH values spanning 6.3 to
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11.2. Addition of individual solutions to 1 M Si(OH)4 was found to catalyze precipitation of
silica in a number of cases. SEM images of the resulting precipitates (taken after aging for 24
hours) are shown in Figure 3.1. Reaction at basic pH (9 to 11) resulted in the instantaneous
condensation of discrete silica particles, whose size and dispersity was found to pH-dependent.
Reaction at pH 7 and 8 resulted in the slow deposition of an amorphous silica matrix, and no
precipitation was observed at acidic pH.
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Figure 3.1: Diameter and dispersity of discrete silica particles prepared from aqueous PEI
solutions at 0.05 M primary amine concentration and 1M Si(OH)4 at pH 9, 10, and 11 in a 4:1
volume ratio. SEM images of the particles are shown as insets.

We then incorporated PEI and Si(OH), into AOT reverse micelles prepared in isooctane. When
dissolved in organic solvents, AOT forms thermodynamically stable reverse micelles with a
hydrophilic core and hydrophobic alkyl chains extending into the continuous solvent phase.
Reverse micelles are known to exchange their contents quickly, with rates of 10°-10* M™'s™,*" via
fusion and redispersion processes, and have been used extensively as confined spaces for the
growth of metal and semiconductor nanoparticles.*® In addition, ammonium hydroxide-catalyzed
tetracthyl orthosilicate (TEOS) hydrolysis has been demonstrated in AOT.*’ Solutions of PEI in
water (at the same pH values used in the bulk studies) and Si(OH)4 were incorporated into AOT
reverse micelles and combined at controlled ratios to initiate the reaction. Initial studies were
conducted at wo=20, where it is known that a portion of this water is free (not tightly
coordinated by the surfactant).*® The stability of the PEI solubilized in AOT was found to be a
function of the initial pH of the PEI solutions. These readily entered the reverse micelles at pH
values of 9 or greater to form optically clear solutions, reflecting the low degree of PEI
protonation at these pH values® and, thus, significant shielding from the anionic sulfonate
groups at the reverse micelle surface. Experiments at pH 6-8 required sonication to form stable
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reverse micelles (evidenced visually by a loss of turbidity), presumably due to increased
electrostatic interaction between AOT and PEI. Dynamic light scattering (DLS) was used to
determine the average reverse micelle hydrodynamic radius (R,) after PEI and Si(OH)4
incorporation. These were sized R, =4.7+0.8 nm, 3.5+ 0.1 nm, and 4.1 £0.2 nm for PEI
solutions with initial pH = 6.7, 9.0 and 11.2, respectively. The reverse micelles containing silicic
acid at wo=20 had R, = 5.4 nm £+ 0.4 nm.

Amine-catalyzed condensation of silanol groups leads to the formation of siloxane bonds through
a water elimination reaction. This production of additional water dynamically changes the size of
the water pool during silica growth, and an observed loss of reverse micelle stability for wy=20
were found to occur instantly upon addition of PEI/AOT to Si(OH)4/AOT for all PEI solutions at
the different pH values investigated. This is evidenced by a transition from a clear to a cloudy
solution, and eventual phase separation of water and isooctane. Control experiments with only
Si(OH)4/AOT did not show evidence of silica particles after a few days, supporting the proposed
catalytic function of the PEI. Interestingly, it was found that similarly-sized silica particles were
produced within minutes, regardless of the initial pH of the PEI solution, as shown in Figure 3.2.
These SEM images show silica particles that were formed from PEI solutions initially at both pH
9.7 and pH 6.7. Both are characterized by a trimodal distribution of sizes, which size segregate in
both 2 and 3 dimensions when dropped from dilute aqueous suspensions onto silicon wafers,
resulting in ordered islands of silica particles. The smallest particles (d = 56 + 6 nm) organize at
the bottom, with the intermediate size above (d =192 + 31 nm), and the largest particles
(> 200 nm) on top. Additionally, the smallest particles often separate from the others to form a
self-assembled extended domain, displaying 2D size segregation and ordering. Similar self-
organization has been observed once before using a trimodal distribution of polystyrene colloids
on chemically-patterned substrates.”” Currently, the explanation for these three defined size
regimes is unknown, but it may have its origins in the destabilization routes of the reverse
micelles during silica condensation, which may alter the silica growth rates and corresponding
particle sizes.
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Figure 3.2: SEM images of silica particles prepared in AOT reverse micelles at wy= 20 using
initial PEI solution pH=9.7 (a,b) and 6.7 (c,d); these self-assemble in 3- (a,b,c) and 2-
dimensions (d).

In order to explain the observed phenomena of silica growth in the reverse micelles at neutral to
slightly acid pH values (not observed in bulk solution), and the pH-independent particle size
distribution obtained, it was necessary to probe the local environment of the water pool inside the
reverse micelle. A highly water-soluble pH-sensitive dye, 8-hydroxypyrene-1,3,6-trisulfonic acid
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(HPTS, pK, ~7.3), was utilized to probe the pH of the water confined in the reverse micelle; the
phenol and phenoxide forms exhibit distinct absorption bands at 405 and 450 nm, respectively.
Aqueous solutions of HPTS were added to AOT in isooctane at a variety of wy values, as shown
in Figure 3.3. From wy= 5 to 40, the absorption spectrum was consistent with a pH value of > 9
in bulk water, as determined by the 450/405 ratio.”’ When PEI was added along with HPTS
(from wo=5 to 40), the same absorption spectrum was observed regardless of the initial pH of
the PEI solution. The HPTS absorption changes linearly with PEI concentration, indicating that
this is not the result of PEI aggregation. We therefore conclude that the pH in the reverse
micelles in this study is dominated by the AOT, resulting in a local pH independent of the initial
PEI solution pH.”
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Figure 3.3: Absorption spectra of HPTS in water at pH = 6.5 (diamonds), at initial pH = 6.5 in
wo= 20 reverse micelles (solid line), and at initial pH = 6.5 in wy = 10 reverse micelles (crosses).

Thermogravimetric analysis (TGA) results indicated a 35 % weight loss upon heating to 500 °C
from loss of associated organics. The presence of AOT and PEI within the silica was confirmed
by FTIR measurements (see Supporting Information). SEM images of the particles before and
after calcination at 500 °C for 24 hours are shown in Figure 3.4. The particle size does not
change, but the surface becomes smoother and a regular pattern of features can be observed. The
diameter of the surface features corresponds to approximately 20 nm, which is of a similar size
to the original reverse micelles (d = 9.4 nm). This suggests that the initial precipitated particles
are formed by aggregation of smaller silica particles in the reverse micelles via micellar
exchange, followed by further condensation through siloxane bond formation and co-
precipitation of the PEI with the silica. Additionally, the nitrogen sorption isotherm of the
calcined particles is characteristic of mesoporous silica,”® with an increase in surface area from
223 to 693 m’g’ after calcination (see Supporting Information). This suggested growth
mechanism and resulting particle porosity is reminiscent of the hypothesized dynamic nature of
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frustule formation, whereby flocculation and intimate connection of nanospheres affords hard
cell walls and mesoporous shell structures.”!
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Figure 3.4: SEM images of particles prepared at wy = 20 before (left) and after (right) calcination
at 500°C. The typically rough nature of the surfaces before heating is evident. The surfaces
become smoother and a regular array of nano-sized features (approximately 20nm in diameter) is

revealed after calcination.

We also investigated the use of smaller water pools by decreasing the wo. PEI was readily
solubilized in AOT reverse micelles at wo=10. Solutions of PEI at pH 6.7 yielded reverse
micelles with Ry, = 2.4 £ 0.1 nm and Si(OH)s-containing reverse micelles at wop= 10 had R, = 4.3
+ 0.3 nm.. Silica particles formed upon combination of the two reverse micelle solutions,
although (in contrast to wy= 20) the majority of the particles formed at wyo= 10 were larger and
hollow, as discussed below. The amount of water produced from the condensation reaction at
wo= 10 is small enough for the reverse micelles to maintain their structure throughout, thus
allowing the only contact of individual silica units to occur by micellar exchange. The size of the
reverse micelle is known to affect the attractive interactions between water pools as smaller wy
values result in slower growth rates due to decreased coalescence between particles.®
Additionally, the occupancy number’* of the precursors is significantly decreased, reducing the
number of nuclei for particle growth. This is consistent with observations for metal nanoparticle
growth in AOT reverse micelles, whereby smaller particles are formed when the reverse micelle
exchange rates are greater and the number of nuclei are larger.®” The occupancy numbers for PEI
in our experiments were found to be ~5 and ~33 PEI/AOT reverse micelle for wy= 10 and wy=
20, respectively. Decreasing the PEI occupancy number of wy= 20 reverse micelles alone did not
result in hollow particles, consistent with the suggested destabilization of these reverse micelles
by water generated in-situ as the dominant factor for the morphological differences.

We believe that the slower exchange rates and smaller number of silica oligomer nuclei for the
wo= 10 case results in the templating of hollow spheres by particle-particle interaction that
continues until reactants are consumed, resulting in the formation of intact hollow spheres
alongside a population of partially formed rings and spheres. DLS results indicate the reverse
micelles are stable after silica formation (approximately 15 minutes, final Ry = 4.3 nm),
supporting the water-pool exchange route described and suggesting that other potential events,
such as formation of larger templates for the hollow spheres, are not important. As for the wy =
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20 case, these results are pH-independent. SEM images of both silica rings and hollow spheres
(some cracked during the cleaning process and/or vacuum conditions) are shown in Figure 3.5.
These hollow shells remain stable after calcination at 500°C. TEM images (Figure 3.5) reveal a
clear distinction between the hollow spheres and smaller, solid particles formed at wo= 10 and
wo= 20, respectively. Finally, water pools as small as wy= 5 were investigated. Silica production
was found to be inhibited at these values, presumably as the water molecules are tightly
coordinated by the sulfonate groups and sodium ions®’ which are more substantially confined
with few polymers per micelle. As a result, only a small number of hollow spheres formed,
supporting the model proposed above for smaller w, values.

7
SANDIA 2.

Figure 3.5: SEM images (top) of hollow silica rings (left) and particles (right) prepared at wy =
10. TEM images (bottom) of hollow particles prepared at wy= 10 (left, scale bar = 500 nm) and
solid particles prepared at wy= 20 (right, scale bar = 200 nm ) shown for comparison.

3.4 Summary
In conclusion, we have presented a bioinspired synthetic procedure that can be readily tuned to

produce various silica particle morphologies and sizes from a wide range of initial pH values.
This was accomplished by incorporation of PEI and Si(OH), into AOT reverse micelles, where
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the buffering-like nature of the reverse micelles allows for growth from near-neutral aqueous
solutions of PEI. Condensation of Si(OH); eliminates water, which presumably dynamically
alters the structure of the reverse micelles during particle growth. With larger water pools, this
interrupts the reverse micelles to form emulsions and a trimodal size distribution of silica
particles results, which can self-assemble in 3D on silicon surfaces. These mesoporous particles
are formed via coalescence of smaller particles and co-precipitation of PEI, a process reminiscent
of silica growth in diatoms. Reverse micelles with smaller water pools remain stable throughout
the silica condensation to allow for growth of larger hollow silica particles, potentially via the
slower micellar exchange rate and fewer nuclei present.
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