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Abstract: The first stages of solid-state formation from solution can be crucial in determining the properties
of the resulting solids. We are trying to approach prenucleation reactions of silicates from an aqueous
solution containing tetraalkylammoniumhydroxides (TAAOH) and tetraalkoxysilanes (TAOS) by analyzing
hydrolysis and condensation using electrospray mass spectrometry (ESI MS). Time-resolved measurements
were performed using different reactor systems to show the stepwise hydrolysis of the silanes and
subsequent condensation of silicate monomers via oligomers to form larger units. We approached the
precipitation point by varying the pH and the concentrations of the reactants. The results show the evolution
of different silicate species occurring during condensation. No defined molecular entities were identified at
pH values close to precipitation, which suggests that under the conditions used, solids are probably not
formed from defined building blocks.

Introduction

Solid-state formation from solution is one of the most
important chemical reactions. In classical nucleation theory, it
includes prenucleation, nucleation, and crystal growth, each of
which is a topic of enduring interest in chemical sciences.1,2

However, there is growing evidence that, in the formation of
many complex solids, the sequence of events is rather more
complex and that there possibly is not such a process as a single
nucleation event, i.e., a maximum in the energy of the system
caused by the balancing of the bulk and surface energy
contributions with increasing particle size.3,4 Instead, the forma-
tion of a solid from homogeneous solution may rather be
considered as a series of chemical reaction steps, each one of
which may have its own activation energy. The result of the
solid-state formation process can be, for instance, a large single
crystal or crystals in the nanometer size range for applications
requiring large surface areas, such as catalysts. The early stages
of particle formation, especially the nucleation stepsif it occurs
as a defined stepscan have great relevance in controlling the
microscopic properties as well as the macroscopic properties
of the final solid. However, little is known about the nucleation
and growth processes during the initial few hours of the
crystallization for most systems, although some very detailed
mechanisms for particle formation are proposed in the literature.5

Because of the importance of the early stages of particle
formation, it is highly desirable to learn more about the events

occurring within this time period on a molecular level. With
this knowledge, it should eventually be possible to move away
from a synthesis, which in the past often has been based on an
empiric method of “trial and error”, and to rationally improve
structural control in the synthesis of important materials such
as zeolites.

The many uncertainties in the nucleation process arise from
its brevity and from the small size scale, which prevent a
prediction of when and where it will appear. Unfortunately, only
very few experimental techniques are available to catch the
nucleation spot and to analyze typical clusters of no more than
a few hundred atoms, and no technique is able to capture the
total nucleation mechanism completely on its own. One of the
most powerful techniques revealing structural information about
species in solution and nucleation processes is nuclear magnetic
resonance (NMR) spectroscopy. Earliest experiments on the
investigation of silicates using29Si NMR spectroscopy originate
from Lippmaa and Engelhardt et al.6-10 Further fundamental
studies concerning condensated silicate species in alkoxide
solutions as well as in solutions containing quaternary am-
monium cations have been published by Knight et al. in a series
of measurements using29Si NMR spectroscopy.11-14 They
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identified a Si8O20H8 species, the cubic octamer, as the main
product of the condensation reaction in solutions containing
tetraalkylammonium ions and were also able to show the kinetics
leading to the formation of this molecule (Figure 1).15,16

In a more recent publication, they found some new derivates
of the cubic octamer when using higher concentrations of SiO2.17

This is the first point in the condensation sequence at which
the proposed structures contain Q4 sites, the silicate building
unit in the bulk material. Also, Harris et al. found a slightly
varied cubic octamer exhibiting four Q4 sites at the corners,
each with an additional Si(OH)3 group connected to the cube.18

Kinrade and Knight proposed that nucleating silicate solutions
are composed of a limited number of small, highly condensed
molecules in dynamic equilibrium and exclude the existence
of embryonic precursor species with a specific structure.15,16,19

Mintova et al. investigated the formation of different zeolite
crystals from aqueous solutions using transmission electron
microscopy (TEM), dynamic light scattering (DLS), and X-ray
diffraction (XRD) and found direct conversion of amorphous
gel particles, which were the first particles observed after the
reaction start, to crystalline structures.20-22 Also, Kragten et al.
found subcolloidal nanoparticles during the clear-solution
synthesis of silicalite-1 and suggested that the extracted particles
are amorphous.23 In contrast, Kirschhock et al. emphasized the
idea of a distinctive molecule as a precursor in the synthesis of
zeolites.24-27 They used29Si NMR spectroscopy to propose a
silicate molecule of 36 silicon atoms with already implemented
MFI topology to be the dominant precursor species in solution.
Assembling these building blocks would lead to the formation

of zeolite crystals. However, this notion has been severely
challenged by other groups.19,23,28

Despite the fact that mass spectrometry is one of the few
techniques that is able to detect arrangements of several hundred
atoms, which may allow them to come close to the crystalliza-
tion point and approach it from the side of the solution, there
are only two publications available that deal with mass
spectrometry of prenucleating silicate solutions. In previous
work, we proved the applicability of electrospray mass spec-
trometry (ESI MS) to investigate condensation reactions in
alkaline silicate solutions.29 Because the ionization process under
ESI MS conditions is free of fragmentation reactions, it was
possible to analyze many different silicate species simulta-
neously. We demonstrated the structure-directing effect of
tetramethylammoniumhydroxide (TMAOH) and tetraethylam-
moniumhydroxide (TEAOH) on silicate formation, that is, in
the former case, the formation of the cubic octamer, Si8O20H7

-,
m/z 551, and in the latter case, the formation of the prismatic
hexamer, Si6O15H5

-, m/z 413, as the final products. A second
mass spectrometric investigation using H/D exchange processes
in acidic silicate solutions has recently been published.30 The
authors tried to determine the number of hydrogen atoms in
silicate species and, thus, tried to elucidate the structure of the
species present. In addition to these studies using ESI MS, we
had earlier introduced LILBID MS to study nucleating titanium
and zirconium solutions.31

In the present work, we focused on aqueous solutions
containing tetraalkylammoniumhydroxides (TAAOH) as the
organic template and tetraalkoxysilanes (TAOS) as the silicate
source. It was possible to carry out time-resolved measurements
by using three different reactor systems: a tubular reactor, a
syringe reactor, and a batch reactor, and we could follow the
pathways of species development from smaller to larger silicate
units. We show the influence of the length of the alkoxy group
of the silanes on the hydrolysis rates, as well as the nature of
the alkyl chain of the tetraalkylammoniumhydroxides on the
condensation reaction of the silicates. Lowering the pH and
increasing the reactant concentrations leads to conditions closer
to precipitation of silica and is a first step for a more detailed
study of the precipitation and crystallization of silica and
silicates.

Experimental Section

The silicate solutions were synthesized via clear-solution synthesis.32

All reagents were obtained from commercial sources and used as
received. As the silicate source, we used tetramethoxysilane (TMOS,
99%, Fluka, Steinheim, Germany), tetraethoxysilane (TEOS, 99%,
Fluka, Steinheim, Germany), tetra-n-propoxysilane (TPOS, 97%, Lan-
caster, England), and tetra-n-butoxysilane (TBOS, 97%, Fluka, Stein-
heim, Germany). As the organic template, we used tetramethylammo-
niumhydroxide (TMAOH, 25% in water, purum, Fluka, Steinheim,
Germany), tetraethylammoniumhydroxide (TEAOH, 35% in water,
Aldrich, Steinheim, Germany), or tetra-n-propylammoniumhydroxide
(TPAOH, 40% in water, Alfa Aesar). Methanol was purchased from
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Figure 1. Silicate species consisting of 8 HOSiS(OSi)3 (Q3) silicon sites
and exhibiting the geometry of a cubic octamer or double 4 ring (D4R)
forms as the main product from silicate solutions containing tetraalkyam-
monium ions.11-14
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Merck KGaA, Darmstadt, Germany. Water was triply distilled. All
samples were prepared in 30-mL polypropylene bottles equipped with
magnetic stirrers.

The general molar composition of the samples was SiO2/TAA2O/
H2O/ROH ) 1.00:1.12:52.63:4.00. The samples were prepared by
dissolving TAAOH (0.0038 mol) in the corresponding amount of water.
The mixture was stirred for 5 min at 500 rpm, and tetraalkoxysilane
(0.0034 mol) was added dropwise over 10 s while stirring was
continued. For measuring the so-prepared samples, three different types
of reactors were used depending on the time scales studied. For long
reaction times, a batch reactor was employed. In the batch reactor
experiment, the reagents were mixed as described, and small volumes
of the sample were taken after defined reaction times and directly
injected into the mass spectrometer using a syringe pump. This type
of reactor enabled measurements from 5 min up to 24 h and longer.
When using the syringe reactor, the mixed reagents were filled into a
syringe, and the total volume of the syringe was measured within one
run and continuously injected into the mass spectrometer, which enabled
continuous measurements for up to 40 min in practice. The polymer
tube reactor was used for short reaction times;33 every experiment with
a time scale below 4 min was performed using it. Here, the reagents
were mixed directly in the tube reactor. The reactor was connected to
a T-piece, which was fed by two syringes, one loaded with the tetra-
alkoxysilane, the other with a mixture of water/tetraalkylammonium-
hydroxide. The flow in the tube was split by a second T-piece to adjust
it to the requirements of the mass spectrometer. For all experiments,
the flow rates into the mass spectrometer were set to 100µL/h.

The measurements were performed on a Bruker Esquire 3000 with
an electronic ion trap or a Bruker Fourier Transform Ion Cyclotron
Resonance mass spectrometer (FTICR MS) for high-resolution studies,
both equipped with an ion source (Agilent) using an orthogonal sprayer
alignment. The samples were measured with a capillary voltage of 4
kV, the cone-skimmer 1 voltage was- 30.8 V, and the cap exit offset
was- 71.6 V. The desolvation temperature was set to 250°C. Mass
calibration was performed using standards in the range from 100 to
3000 Da from Agilent.

Results and Discussion

On adding TMOS to the aqueous solution containing TMAOH,
it dissolves completely within seconds and no phase separation
can be observed. The earliest spectrum was recorded two
minutes after mixing the reactants. It shows one main signal at
m/z 137, which can be attributed to a dehydroxylated dimer,
Si2O5H1

- (Figure 2a).
Clearly, the hydrolysis of the silane is completely finished

within two minutes and dimerization of the monomeric silicic
acid, Si(OH)4, occurs. Both Q1 sites of the hydroxylated dimer,
Si2O7H5

-, seem to be quite instable in the gas phase of the mass
spectrometer, because only a small signal atm/z173 is obtained
for this anion. Dehydroxylation of two geminal OH groups leads
to a dimer atm/z 155, whose mass is reduced by the mass of
one water molecule compared to them/z 173 signal; a second
dehydroxylation step results in the predominant species atm/z
137. This kind of water elimination leads to a SidO double
bond, which is only stable in the gas phase of the mass
spectrometer and only occurs at Q0, Q1, and Q2 sites in
decreasing proportions. In contrast, water-loss effects can be
excluded at Q3 and Q4 sites. With increasing reaction time, a
multitude of silicate structures is formed; the more dominant
species are additionally singly or doubly methoxylated, which
is indicated by satellite peaks at+ m/z 14 and + m/z 28,

respectively (Figure 2b). It has turned out that the detected
alkoxylation is partially caused by alcohol in solution resulting
from the hydrolysis of the alkoxysilane as well as by gas-phase
reactions within the mass spectrometer, which we will discuss
in more detail in a forthcoming publication. Up to a mass of
aboutm/z 450, smaller oligomers up to the hexamer atm/z 431
are detected. In accordance with Kinrade and Knight, the
suggested structures show the tendency of the silicate anions
to be as condensed as possible.19 Thus, closed-ring systems are
formed and open-chain structures are avoided. Fromm/z 400,
the species grow larger, continuing this tendency by forming
3-dimensional cage structures. Within these, one can identify
basically symmetric molecules, such as the double 3 ring (D3R)
and the double 4 ring (D4R), resembling the structure of the
prismatic hexamer and the cubic octamer, respectively, as well
as derivates of the latter. Possible suggestions for the molecular
structures of these derivates, which are detected abovem/z629,

(33) Linden, M.; Schunk, S. A.; Schu¨th, F. Angew. Chem., Int. Ed.1998, 37,
821.

Figure 2. ESI negative mass spectra of the system TMOS-TMAOH-
H2O recorded after different reaction times: (a) 2 min, (b) 30 min, (c) 24
h after the start of the reaction. Each line in the stick figures represents a
≡Si-O-Si≡ siloxane linkage. The spectrum after 2 min was recorded using
the tube reactor, the two others using the batch reactor.
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have the cubic octamer as the basic structure and are enlarged
gradually by condensing silicate monomer units to the corners
of the cube. For the first time during the condensation sequence,
these species exhibit Q4 sites, the silicate building unit in the
bulk material, and these have already been characterized by29Si
NMR spectroscopy.17 The silicates formed in this way are
detectable up to a mass of the pentadodecamer with 7 monomer
units added to the cube atm/z 989. The condensation between
two cubic octamers, first found in samples with an increased
SiO2 content,18 results in a hexadecamer anion, which, however,
only could be detected at a low intensity (Table 1). At the end
of the condensation reaction, the intermediate silicate species
disappear and contribute to the formation of the predominant
species atm/z 551, in accordance with many observations that
attribute the formation of the cubic octamer to the presence of
TMA+ (Figure 2c).12,15,16,17,29,34-37

As already pointed out, the use of different ammonium salts
as the organic template leads to different products.35,36 In the
presence of TMA+, the formation of D4R is favored (Figure
2c), whereas in TEA+-containing samples, the equilibrium is
pushed to the side of D3R (Figure 3a). In spectra of TPA+-
containing samples, signals are surprisingly observed, which
can be attributed to silicate-TPA+ clusters and also signals of
smaller silicates (Figure 3b). Clearly, in the given concentration
range, the affinity of TPA+ to coordinate anions is strong enough
to keep smaller silicates in the direct environment of TPA+ and
to prevent them from growing larger. However, clustering of
compounds is nothing unusual under ESI MS conditions and
can be influenced by instrumental parameters. We could not
find such an influence on the extent of clustering when varying

(34) McCormick, A. V.; Bell, A. T.Catal. ReV.-Sci. Eng.1989, 31, 97.
(35) Hendricks, W. M.; Bell, A. T.; Radke, C. J.J. Phys. Chem.1991, 95, 9513.
(36) Hendricks, W. M.; Bell, A. T.; Radke, C. J.J. Phys. Chem.1991, 95, 9519.

Table 1. Accurate Determined m/z Values Observed in the System TMOS-TMAOH-H2O Using FTICR MS. The Corresponding Sum
Formulas Cannot Be Unambiguously Assigned to One Possible Structure; Therefore, Several Structures Are Listed
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the cap exit voltage, but we cannot exclude that a part of it
may be generated in the gas phase of the mass spectrometer.
Nevertheless, applying the same experimental conditions on
TMA+- and TEA+-containing samples reveals no clustering at
all.

Other authors have already pointed out the special role of
TPA+ on the condensation of silicates in zeolite synthesis
reactions.24,38-41 The favored formation of open or half-open
structures in the presence of TPA+ is commonly seen as a
requirement in the synthesis of zeolites. Burkett and Davis
formulated a mechanism where water species around TPA+

molecules would be sequentially replaced by silicate units, which
leads to a preorganization of the silicates due to the rather
hydrophobic character of the TPA+.39-41 The observation of
clusters in our studies supports these notions. In our investiga-

tion, no larger units than hexamers were detected as parts of
the clusters. The occurrence of only small silicates with mainly
Q2 sites can be attributed to the fact thatsin contrast to solutions
leading to zeolite formationsthe concentration of silicates is
not high enough to form larger structures and that the solutions
were not heated.

Figure 4 shows the relative intensities over time of some
silicate species occurring in TMA+-, TEA+-, and TPA+-
containing samples. At the end of every chart, the main product
can clearly be identified. In TMA+-containing samples, the
hexamer plays the role of an intermediate, which disappears
after some time. TEA+ promotes the formation of the prismatic
hexamer, whereas the intensity of the cubic octamer decreases.
In the presence of TPA+ cations, the above-mentioned silicate-
TPA+ clusters are formed after a short time. Cage structures
are only detectable in a minor amount.

The overall product distribution in these samples at certain
reaction times is illustrated in Figure 5. Silicate species showing
a similar temporal evolution are clustered. The most narrow
distribution can be found in TMA+-containing samples: more
than 85% of all silicates exist in the form of the cubic octamer
and its alkoxylated derivates. In TEA+-containing samples, only
around 60% of all silicates are present in the form of the
prismatic hexamer and the heptamer. If TPA+ is present,
approximately 80% of the silicate species are coordinated by
one TPA+ cation, whereas the fraction of free oligomers is less
than 15%. Obviously, the cyclic silicates, i.e., trimers, tetramers,
pentamers, and hexamers, are less effectively coordinated in
comparison to the linear ones, i.e., monomers and dimers: 72
h after the start of the reaction, one can detect a fraction of free
cyclic silicates of about 13%; in contrast the fraction of free
monomers and dimers is below 1%.

The length of the alkoxy chain of the tetraalkoxysilane and
its influence on the hydrolysis and condensation steps of the
silicates was also investigated using tetramethoxy-, tetraethoxy-,
tetra-n-propoxy-, and tetra-n-butoxysilane as silica precursors.
We observed that the kind of alkoxy group basically influences
the rate of the hydrolysis of the silane. The larger the alkoxy
group, the slower is the hydrolysis of the silane. This is in
agreement with literature data obtained by various researchers.42-45

Figure 6 shows the evolution of silicate species in samples that
contain TMOS, TEOS, or TPOS as the silicate source. In
addition to the hexamer and the octamer, the product of the
first hydrolysis step, Si(O)(OR)3

-, is shown in every chart except
for the TMOS-containing sample, where no methoxylated
monomeric units could be detected. In all samples, TMAOH
was used as the ammonium salt, so that at the end of every

Figure 3. Different ammonium salts lead to different product distribu-
tions: (a) in TEA+-containing samples, the formation of D3R is favored,
(b) TPA+ promotes the formation of clusters between smaller silicates and
TPA+ cations. Both spectra were recorded after 24 hours using the batch
reactor.

Figure 4. Relative intensities over the time of some silicate species in measurements varying the ammonium salt. The samples contain (a) TMA+, (b)
TEA+, (c) TPA+, each with TMOS.
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reaction, the product distribution is the same. The hydrolysis
of TMOS is completed within less than two minutes, because
even in the first recorded spectrum (two minutes after the
reaction start), there is no evidence for species such as
Si(O)(OCH3)3

-, Si(OH)(O)(OCH3)2
-, or Si(OH)2(O)(OCH3)-.

In the case of TEOS, a phase separation between the aqueous

phase and the silane phase can be observed for up to 1 h after
mixing the reactants, whereas in the case of TPOS, it takes even
up to 2 days for a one-phase system to form. When using TBOS,
partial hydrolysis can be shown only after two weeks at
increased temperature.

In another series of measurements, we investigated the
influence of the ratio of TMOS to TMAOH on the tendency of
silicate species to condensate. The amount and the composition
of the solvent remained unchanged. Figure 7 shows two mass

spectra of samples withR) 0.4 andR) 1.8 withR) [TMOS]/
[TMAOH].

A shift of the product distribution from lighter masses to
heavier masses is observed with an increasing amount of TMOS.
At R values smaller than 1, the formation of smaller silicate
structures is enhanced, the cubic octamer always being the main
product. A further increase of theR value up to 2.3 leads to
heavier species up tom/z 869. Figure 8 demonstrates the shift

Figure 5. Silicate distribution in (a) TMA+, (b) TEA+, and (c) TPA+

containing samples as a function of reaction time. Only in a TPA+

environment are clusters formed consisting of TPA+ cations and smaller
silicates, whereas no larger silicates than the hexamer are detected.

Figure 6. Relative intensities over the time of some silicate species in measurements varying the alkoxysilane. The samples contain (a) TMOS, (b) TEOS,
(c) TPOS, each with TMA+.

Figure 7. Two spectra of samples with a varying ratio of TMOS to
TMAOH after 24 h using the batch reactor; theR value is (a)R ) 0.4, (b)
R ) 1.8 with R ) [TMOS]/[TMAOH]. Increase of the concentration of
TMOS leads to a shift in the product distribution to heavier masses.
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in the product distribution from smaller silicate structures to
larger units taking the hexamer and the decamer as an example.

In samples with aRvalue below 1, there is only a very small
amount of the decamer detectable, whereas anR value above
1.3 results in higher intensities for the decamer than for the
hexamer. A tremendously accelerated reaction with an increasing
amount of TMOS is observed. At a ratio ofR ) 1.8, the
condensation reactions are almost completely finished after 10
min. In the next 3 h, the spectra remain nearly unchanged.

It is known that silicates are soluble at high pH values and
that they precipitate when lowering the pH. We approached the
precipitation point from the side of the solution by decreasing
the pH value from 14 to 12 using nitric acid. Below a pH of
12, SiO2 precipitated from solution, preventing further mass
spectrometric investigations. Figure 9a shows a spectrum of the
system TMOS/TMAOH/H2O at a pH of 12.4 after 24 hours.

A shift of the product distribution from lighter to heavier
masses at decreased pH values can be observed, as found in
the former experiment when varying theR value. The rate of
the reactions is also increased. The main condensation steps
appear to be completely finished 3 min after the start of the
reaction . Up to this point, also the formation of TMA+-NO3

-

clusters is detected, resulting inm/z values up tom/z 1,500
(Figure 9b). With the occurrence of larger silicate species these
clusters disappear again. Obviously, the TMA+ cations are now
mainly involved in the coordination of silicate structures. Only
low intensities of TMA+-NO3

- clusters atm/z 470 andm/z
606 are observed, consisting of 3 TMA+ and 4 NO3

- ions and
4 TMA+ and 5 NO3

- ions, respectively.

Summary and Conclusions

We have shown that ESI MS is a powerful method to obtain
detailed insight in the processes occurring in silicate solutions.
With the help of adapted reactors, time-resolved experiments
become possible, which allows to follow the development of
different silicate solution species also in dependence on the
presence of other additives, such as different alkylammonium
ions. This methodology nicely complements the powerful NMR

tools for the analysis of silicate speciation, in that the achievable
time resolution is higher, however, at the expense of quantitative
information and structural identificationswhich is, however,
certainly not trivial by NMR techniques as well. As opposed to
NMR spectroscopy, the mass spectrometric techniques have the
advantage that they are in principle suitable for the analysis
also of other systems and thus rather generic, whereas not all
types of atoms can be studied with NMR techniques.

The present studies were carried out at silicate concentrations
that are too low for zeolite formation. However, the results
reported have direct implications also for zeolite synthesis and
clearly point the way for studies at higher silicate concentrations.
Especially interesting is the fact that the TPA+ ion has a high
ability for silicate coordination, so that TPA+-silicate clusters
can be detected in the gas phase, as opposed to alkylammonium
ions with shorter alkyl chains. This underlines the special role
the TPA+ ion has as a template in zeolite synthesis. Although
the smaller tetraalkylammonium ions are still rather hydrophilic,
the TPA+ is sufficiently hydrophobic to organize silicate species
around itself, thus probably inducing the formation of the MFI
structure, the structure of the most often investigated high silica
zeolites, ZSM-5 and silicalite-1.

At lower pH values, condensation proceeds toward higher
oligomers in solution, which is in agreement with expectations.
However, even close to the precipitation point, no silicate
clusters corresponding to one of the sizes reported by Kirschhock
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Figure 8. Ratio of the relative intensities of the species atm/z 689 tom/z
413 in dependency of theR value.

Figure 9. Increase in the tendency of condensation of silicates by lowering
the pH: (a) 24 h after the reaction start at pH 12.4, an increased amount of
larger units is detected; (b) 3 min after the reaction start, TMA+-NO3

-

clusters are formed, which disappear again after 10 min and are detectable
only at low intensities after 24 h. Both spectra were recorded using batch
reactors.
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et al.5,24,25have been detected in our experiments. It has to be
taken into account, though, that in contrast to these studies, our
investigations were carried out at lower concentrations, which
could lead to different speciation in solution. Work is under
way to extend our investigations to conditions identical to those
used in the zeolite nucleation studies used by Kirschhock and

others, to help to solve the puzzle of zeolite nucleation from
clear solutions.
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