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We have found that the spontaneous formation of silica nanoparticles is a general phenomenon in basic solutions
of small tetraalkylammonium (TAA) cations. The nanoparticle formation and structure have been investigated
using conductivity, pH, and small-angle scattering methods. The particles have a core-shell structure with
silica at the core and the TAA cations at the shell. The particle core size is nearly independent of the size of
the TAA cation but decreases with pH, suggesting electrostatic forces are a key element controlling their size
and stability. The nanoparticle formation is a reversible process at low temperatures, in several ways similar
to surfactant aggregation into micelles. These silica nanparticles may be a connection between the synthesis
of zeolites and ordered mesoporous silicas such as MCM-41.

The chemistry of aqueous silica is complex and vital to the
synthesis of important classes of materials1,2 such as zeolites,
used as industrial catalysts and sorbents. The chemistry of
aqueous silica is also important in rock kinetics,3 biomineral-
ization,4 soil sciences, and the biology of silica in plants.5,6

Despite its long history, there remain important problems in
silica chemistry requiring further understanding of the molecular
processes that underpin many of the phenomena investigated
in these areas. One of these problems is the role of silica
nanoparticles formed in solutions of tetraalkylammonium (TAA)
hydroxide and observed prior and during crystal growth of
zeolites such as silicalite-1.7-11

Here we report that the formation of silica nanoparticles is a
rather general phenomenon that fulfills the three general
characteristics of self-organized aggregates:12 they form spon-
taneously, aggregation is a start-stop process (the addition of
more silica results in more nanoparticles of the same size), and
the aggregates have well-defined properties. These silica nano-
particles could play a unifying role in understanding a variety
of processes and observations ranging from the synthesis of
zeolites13,14 and ordered-mesoporous silicas (OMS)15,16 to the
high solubility of silica in biological fluids.

We have found that silica-TAA hydroxide solutions have a
well-defined critical aggregation concentration (CAC)sanalogous
to a critical micelle concentration12sbelow which silica is in
the form of monomers and small oligomers,17 and above which
silica forms uniform nanoparticles in solution. Figure 1a shows
the conductivity of solutions of tetrapropylammonium hydroxide
(TPA OH) as a function of total silica concentration (added as
tetraethyl orthosilicate, TEOS). Two clear regions are evident
in the data: an initial region where the conductivity drops
rapidly, and a second region after the CAC where the conduc-
tivity decreases slowly with silica concentration (see Table 1).
A similar trend (Figure 1b) is observed following the pH, or
hydroxide concentration (OH-), upon adding silica. The silica
nanoparticles only form after the CAC (Figure 1c) as revealed
by small-angle X-ray scattering (SAXS). Below the CAC the

SAXS pattern is essentially featureless, revealing the absence
of any aggregates within the 1-40 nm length scale.18 Above
the CAC a clear increase in scattering is measured, demonstrat-
ing the appearance of silica nanoparticles. The nanoparticle
formation is not due to condensation chemistry alone because
this would lead to a broad distribution of particle sizes and a
poorly defined CAC.19 In this case the particles have a narrow
size distribution and the CAC is sharp and well-defined.

Analysis of this SAXS pattern using the inverse Fourier
transformation (IFT) method20 leads to the pair-distance-
distribution-function (PDDF) of Figure 1d. The PDDF indicates
that these are individual particles having a maximum particle
size of 4.5 nm at this specific composition. The shape of the
experimental PDDF is also different from that of a sphere
(Figure 1d, see below). The intensity of the SAXS patterns of
solutions containing higher silica concentrations indicate that
the number density of the nanoparticles increases, but their size
remains nearly constant (Figure 1c). This behavior is also
analogous to what is observed in surfactant aggregate systems
as the surfactant concentration increases.21

The change in conductivity and pH below the CAC can be
rationalized on the basis of the acid-base chemistry of silicic
acid and silica oligomers. The conductivity drops because the
consumption of the hydroxide anion by silicic acid exchanges
a highly mobile anion (OH-) with larger, lower-mobility anions
(Si(OH)3O- and its oligomers). The pH drops because of the
acid-base reactions

where we have assumed, for simplicity, that silica oligomers
are formed only of Q3 species (Qn ) SiOn(OH)4-n).22

Above the CAC, the pH remains nearly constant upon
addition of relatively large quantities of silica (see Table 1).
Above the CAC there is a change in the conductivity (Figure
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1a), but it is not as pronounced as before the CAC. This
difference in slopes of conductivity and pH before and after

the CAC shows that as the silica is added to the solution,
dissolved silica is being sequestered from the aqueous phase

Figure 1. Determination of the critical aggregation concentration. (A) Conductivity as a function of total silica concentration for increasing amounts
of initial TPAOH. The curves display a drastic change at the CAC, the point of a sudden change in slope, to higher silica concentrations at room
temperature. The points are measurements, and the lines are linear fits. (B) Hydroxide concentration [OH-] as a function of total silica in solution.
The curves show the same trends observed with conductivity and the CACs determined by both methods coincide within experimental error. (C)
SAXS patterns at different silica concentration (x SiO2:9 TPAOH:9500 H2O:4x EtOH) but identical TPAOH concentration. After the CAC the
particle concentration increases with increasing silica concentration. (D) Comparison of the PDDF of a sphere and the one from the SAXS patterns
for x ) 40 indicates that the particles are not spherical. (E) Conductivity and (F) pH measurements for different TAA cations as a function of total
silica concentration. Variations in the TAA cause almost no change in the location of the CAC for solutions with an initial base concentration of
9 TAAOH:9500 H2O.

TABLE 1: Critical Aggregation Concentrations and Charge Density for Selected Initial Concentrations of TAAOH

critical aggregation
concentrationa (SiO2 eq, mol/kg) ∆[OH-]/∆[SiO2]

∆S/∆[SiO2],b

mS/cm (mol SiO2/kg)

initial composition from conductivity from pH below CAC above CAC below CAC above CACn:mc Rg,d nm

4.5 TPAOH:9500 H2O 0.024 0.033 -0.36 -0.0015 -155 -3.53 14.7 2.0
9 TPAOH:9500 H2O 0.054 0.056 -0.60 -0.0013 -133 -5.47 8.6 1.5
18 TPAOH:9500 H2O 0.092 0.092 -0.90 -0.021 -150 -9.86 5.4 1.3
40 TPAOH:9500 H2O 0.20 0.22 -0.75 -0.046 -139 -18.7 2.8 0.45
9 NaOH:9500 H2O 0.047 -158 -8.5 9.3 1.84
9 TMAOH:9500 H2O 0.052 0.058 -0.77 -0.0028 -147 -10.9 6.7 1.8
9 TEAOH:9500 H2O 0.049 0.049 -0.55 -0.0029 -160 -7.97 7.8 1.5
9 TPAOH:9500 H2O 0.054 0.056 -0.60 -0.0013 -133 -5.47 8.6 1.5
9 TBAOH:9500 H2O 0.046 0.056 -0.55 -0.0015 -192 -5.15 9.4 1.6

a The equivalence points for the different solutions are: 0.026, 0.052, 0.103, and 0.223 mol/kg for the four TPAOH solutions, respectively. The
equivalence point of the other solutions is∼0.052 mol/kg.b Change in conductivity of the solution (∆S) per mole of SiO2. c This is calculated from
the ratio of the conductivity at the CAC and the slope of the conductivity curve above the CAC. The conductivity at the CAC has been corrected
for the small effect due to the concentration of TPAOH remaining in the solution.d Radius of gyration determined from the PDDFs following ref
20. The composition is constant and equal to 40 SiO2:Y TAAOH:9500 H2O:160 EtOH in the last five rows.
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and used as one of the building blocks of the nanoparticles;
otherwise no further changes in conductivity would be observed.
Taken together these observations indicate that the chemical
transformations occurring above the CAC can be described by

Deconvolution of the liquid29Si NMR spectra of nanoparticle
suspensions23 (not shown) indicates that most of the silica is in
the Q3 form (typically ∼75%) whereas the remainder is
primarily Q2. The formation and dissolution of these nano-
particles is reversible as the particles dissolve upon reducing
the silica concentration below the CAC with additional TPAOH
aqueous solution in about 3 h.

The CACs calculated from conductivity and pH data are very
similar (Table 1) and follow closely the equivalence point of
the solution. The pH at the CAC increases as expected from
the equivalence point of solution of a strong base (TPA OH)
and a weak acid (Si(OH)4). Because the conductivity of the
solutions at the CAC is dominated by contributions from TPA+

and dissolved silica (Si(OH)3O- and its oligomers), it is possible
to use the slope of the conductivity after the CAC to estimate
a value for the ration:m of eq 3. Physically, this is the ratio of
deprotonated silica units in the particles (tSiO-) with respect
to the number of neutral units (tSiOH). As the initial
concentration of TPAOH increases, the ration:m decreases
(Table 1); hence, the particles are more charged. At the same
time, the particle size (from SAXS) also decreases as the initial
concentration of TPAOH increases.

The spontaneous formation of silica nanopartices is not
limited to TPA+ solutions. We have detected the formation
of similar nanoparticles with other small TAA cationss
tetramethylammonium (TMA), tetraethylammonium (TEA), and

tetrabutylammonium (TBA)sand sodium. We were surprised
to find stable nanoparticles using NaOH solutions as it has been
reported17 that these precipitate soon after the equivalence point
is crossed. The conductivity vs composition of these solutions
follows closely the trends observed for TPA+ and the pH vs
composition curves virtually overlap the measurements of the
TPAOH solutions (Figure 1e,f). We only find nanoparticles
formed under basic conditions, although neutral and acid
conditions were not investigated extensively.

We have used small angle neutron scattering (SANS) and
SAXS to investigate the structure of the nanoparticles. In this
system X-rays are scattered primarily by silica whereas neutrons
are scattered by both silica and TAA cations. SANS and SAXS
measurements at low concentrations of silica and TPA+ (40
SiO2:9 TPAOH:9500 H2O:160 EtOH, about 1% vol) reveal that
the nanoparticles have a core composed mostly of partially
polymerized silicic acid surrounded by a shell composed of
TPA+ and water. This is evident from the SAXS and SANS
scattering patterns (Figure 2a) and the corresponding PDDFs
(Figure 2b). These measurements prove that the particles have
a core-shell structure and also contain information about
particle shape. Results of ongoing investigations of the SANS
and SAXS patterns using a variety of particle shapes will be
reported elsewhere.

The SAXS and SANS measurements (Figure 2c,d) indicate
that the particles change little in size upon the addition of more
silica to the solutions and that at constant silica concentration
additional TPAOH leads to smaller particles. The stability of
the particle size with increased silica concentration is an
additional similarity between the properties of the TPA-silica
system and surfactant aggregates. The reduction in particle size
with TPAOH concentration is, on the other hand, probably the
result of their core-shell structure. At higher pH, the fraction
of charged silica units in the nanoparticle increases (Table 1)
and as the surface charge density of the layer of cations on the

Figure 2. Nanoparticle structure and its dependence on pH and silica concentration. (A) Measurements of SANS and (B) SAXS patterns of a
nanoparticle solution (x SiO2:9 TPAOH:9500 H2O:4x TEOS,x ) 40) reveal a clear difference in the particle size. The low electron density of the
outer layer of these particles, which is primarily composed of TPA+ cations, is similar to water and does not scatter X-rays effectively. This layer
is not observed in the SAXS patterns and PDDF. (C) SAXS and (D) PDDFs of solutions of different composition. The size and shape of the
nanoparticle change only slightly by doubling of the initial silica concentration. However, doubling the initial TAAOH concentration causes a
significant decrease in the particle size.

nSi(OH)4 + m(TPA+Si(OH)3O
-) w

(Sin+mO3/2(n+m)(OH)nOm)m-(TPA+)m + 3/2(n + m)H2O (3)
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surface remains constant, the particle volume should decrease
to balance the charge.

Information about particle composition can be obtained
through the particle’s scattering length density (SLD) that was
measured using SANS contrast-matching experiments. Five
contrast points (different mixtures of D2O and H2O in the
synthesis solution) were used to determine the match point, i.e.,
the composition where the particle scattering would be equal
to zero. The measurements were conducted for particles prepared
with TPA-d28 and TPA-h28 and the SDLs were found to be
5.95× 10-6 and 2.22× 10-6 Å-2, respectively. These numbers
differ from the coherent SLD calculated for silicalite-1 crystalss
the zeolite formed from these solutions at higher temperaturess
and indicate that the composition and structure of the nano-
particles is unlike the zeolite formed from these solutions
(4.94× 10-6 and 2.71× 10-6 Å-2 for silicalite-1 with occluded
TPA-d28 and TPA-h28, respectively).24 The particles contain a
larger ratio of TPA/SiO2 than the zeolite. Unfortunately, because
we do not know the amount of water present in the organic
shell and the water occluded in the inorganic core of the
particles, it is not possible to use these data to determine the
precise composition of the particles.

The room-temperature data indicate that the composition of
the TPA-silica nanoparticles is different from the one of
silicalite-1. This is at odds with reports by Watson and
co-workers25 and de Moor and co-workers11,26 who found
particles with composition close to the ZSM-5 zeolite. However,
they heated the samples at 90-120°C before conducting their
measurements, and to resolve this disparity, we have followed
the evolution of the nanoparticles after heating to 90°C for
various periods of time (Figure 3a). The PDDFs of the SAXS
patterns indicate that particles grow in size and change in
morphology as the shape of the PDDF curves approaches the
shape of a sphere. The changes in size (Figure 3b) correlate
with the change of the solution pH with time, an indication of
condensation of the silica core.

Besides their size and shape, the heated particles change in
other ways compared to the room temperature particles. First,
the particle suspensions do not reverse back to the low
temperature dimensions for weeks. Furthermore, dilution of the
nanoparticles with TPAOH at room temperature does not lead
to rapid dissolution of the particles, as was observed above.
This is likely a consequence of the condensation of the silica
core at higher temperatures that in effect reduces the chemical
potential of the silica in the nanoparticles. The difference

between previous observations11,25,26and ours indicate that the
thermal history of the system is an important variable in
understanding nanoparticle structure.

The results reported here greatly amplify the scope and
complexity of the original ideas on silica nanoparticles described
by Iler.1 The nanoparticles are not only stable in a fully
condensed form, as he suspected, but span a range of sizes and
levels of internal connectivity. We have shown that these
nanoparticles can be easily prepared using symmetric small TAA
cations, but many other organic cations are likely to show similar
or related behavior. The low-temperature reversibility of the
nanoparticles is a significant observation as it allows for the
application of self-assembly equilibrium theories to these
systems.

The results presented here also indicate that many of the
interactions leading to the formation of TAA-silica nanopar-
ticles are similar to the interactions that lead to the formation
of ordered-mesoporous-silicates (such as MCM-41) with one
important difference. In the synthesis of OMS, the organic TAA
cationsssuch as cetyltrimethylammoniumsself-assemble alone
due to attractive hydrophobic forces between molecules. Small
TAA cations such as the ones investigated here do not associate
in aqueous solutions.27 In the absence of attractive hydrophobic
interactions, the force between particles is repulsive, which
explains their stability in aqueous solutions. We believe that
the study of the silica nanoparticles reported here could lead to
insights into OMS, just as the study of micelles has been central
to understanding more complex surfactant structures.19 The fact
that essentially identical particles are obtained for cations as
different as TMA+ and TBA+ suggests that electrostatic forces
play a predominant role in controlling particle size and structure.

It is possible that the stabilization of silica by organic
molecules6,28 to form nanoparticles is a phenomenon that has
been so far overlooked in other areas. Silica nanoparticles may
be relevant in biomineralization29-31 where it has been argued
that stable inorganic nanoparticles could be important in the
growth of crystals in living organisms. Water-rock kinetics in
geosciences32 is important to the study of global change, the
role of fluids in the earth, and environmental concerns,33 and
organic-silica nanoparticles may be among the variables that
govern the rates and mechanisms of the interaction between
rocks and fluids in locations where the organic content of the
fluid is large.4 To the best of our knowledge, organic-stabilized
silica nanoparticles have not been considered and may well

Figure 3. (a) SAXS patterns of silica nanoparticles measured at room temperature (t ) 0 min) and after heating at 90°C for 22, 50, and 370 min.
The inset plots the PDDF curves obtained from IFT of the scattering data. The symbols are experimental measurements and the lines are the
corresponding IFT fits. (b) Plots of the solution pH for the heated samples along with the peak heights of the corresponding PDDF curves. The pH
was measured at 25°C after quenching the solution. The particles’ silica core increases in size from approximately 4 to 7 nm.
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explain long-standing puzzles in silicon biogeochemistry such
as the persistence of silica in biological fluids.

Materials and Methods

Synthesis.Solutions of varying silica and TAA concentrations
were synthesized by first diluting concentrated TAA aqueous
solutions (TMAOH, 25% w/w, TEAOH, 35% w/w and TPAOH,
40% w/w from Alfa Aesar, TBAOH, 40% w/w aqueous,
Aldrich) in deionized water. After mixing for∼30 min, TEOS
(98%, Aldrich) was added and the resulting mixture was
vigorously stirred for at least 12 h prior to analysis. To
investigate the effect of temperature on the nanoparticles, the
samples were placed in polypropylene tubes and submerged in
a water bath regulated at 90°C. Individual samples were
removed at various times and cooled to room temperature before
measurement. The conductivity measurements were obtained
with a VWR Model 2052 EC Meter and the pH was measured
using a Corning 355 pH/ion analyzer and a Corning high-
performance electrode with Ag-ion barrier. The pH meter was
calibrated with standardized pH 10 and 12 buffer solutions (Alfa
Aesar). CAC points were determined using solutions of
compositionX SiO2:Y TPAOH:9500 H2O:4X EtOH whereX )
0-40 andY ) 4.5-40. The solution used for SANS and SAXS
measurements was of composition 40 SiO2:9 TPAOH:9500
H2O:160 EtOH(referred to as C4)unless otherwise noted. The
same compositions were used for measuring the CAC of
solutions with TMA, TEA, and TBA. Additional SANS
measurements were performed with increased TPAOH (Y )
18) and silica concentrations (X ) 80, Y ) 9).

Analytical Details. SANS measurements were conducted on
the 30 m instrument (NG3) at the National Institute of Standards
and Technology at Gaithersburg, MD. Samples were prepared
following the above methods with D2O replacing water to
increase the contrast between the background and the nanopar-
ticles. The samples were placed in quartz cells of 4-mm path
length. A constant neutron wavelength of 6 Å was used with a
2.2 m sample-to-detector distance. Software provided by NIST
was used for the normalization of the data and the subtraction
of the scattering from the sample holder. Small-angle X-ray
scattering experiments were conducted on a SAXSess (Anton-
Parr), small-angle X-ray scattering system. Samples were placed
in a vacuum-tight 1 mm diameter quartz capillary holder, and
measured at 25°C. Cu KR radiation (λ ) 1.54 Å) was used
with a 265 mm sample-to-detector distance. The scattering
patterns were collected on a phosphor imaging plate with in
theq range 0.077-8 nm-1. Patterns are normalized to the height
of the primary beam signal using the SAXSquant software.
Desmearing was conducted by subtracting the signal from a
normalized deionized water sample. Both SAXS and SANS
patterns were further analyzed using the Generalized Indirect
Fourier Transform (GIFT) version 5-2000 software. The sub-
tracted scattering patterns were fit with a form factor followed
by indirect Fourier transform to obtain pair distance distribution
functions.
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