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Abstract

The hydrolysis of tetra-methyl-ortho-silicate (TMOS) or tetra-ethyl-ortho-silicate (TEOS) in aqueous solutions at pH values of 1-2 was
investigated by electrospray mass spectroscopy. In this study, small oligomer intermediates of silicates were formed and detected. Some
the structures are secondary building units as found in zeosils and zeolites. Here, we present the first H/D-exchange mass spectromet
experiments to determine the structure of silicates formed in acidic solution. Most of the observed oligomers take on polyhedral geometries
The results are compared with experiments of other groups, which have performed complementary experiments in alkaline solutions ir
presence of template molecules.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Electrospray; H/D exchange; Silicates; Structure; Polyhedra

1. Introduction of so-called secondary building units (SB{l),2]. These
building units are rings and polyhedra. 20 different SBUs

The formation of zeolites and zeosils with unique prop- have already been detected33%i NMR spectrometr{3], a
erties is one of the most interesting challenges in material method well established in silica chemistry. To obtain good
science. Since the variety of silicates is fascinating, the signal-to-noise ratios i°Si NMR studies, one commonly
development of specialized materials with tailored proper- requires concentrated solutions or substantial enrichment
ties, e.g., zeolites for highly selective catalysis or membranesin the 29Si isotope. In 2000, two polyhedra were detected
for gas separation, is extraordinarily promising, and thus, using tandem M$°Si NMR spectroscopic methodd].
gained major interest over the recent years. Even thoughSpecifically, the?’Si NMR data distinguishes between the
much progress has been achieved, the formation of the bulkdifferent types of chemical environments of the silicon
material is still not well understood microscopically. Particu- atom: Q denotes a tetrahedral coordinated Si atom, which is
larly, the initial nucleation phase from the monomer to small bonded through oxygen bridges to i- other Si-atoms. Still, it
oligomers in solution has not been investigated in sufficient is difficult to obtain?®Si NMR spectra sufficient enough to
detail. However, for a controlled synthesis of zeosils, zeolites determine structures in diluted solutions without enrichment
and mesoporous structures from solution targeting specificof 2°Si, because the formation of zeosils typically takes
properties, itis necessary to understand the stepwise transienplace in diluted solutions. As a resuf®Si NMR only in
formation of intermediates from monomer to oligomer to combination with other experimental techniques provides
bulk material. Already in 1968, it was proposed that all enough sensitivity to determine the structures of intermediate
zeosils and zeolites might be built-up from small oligomers silicates in solution. A very powerful method, which we
propose here, is the utilization of the H/D exchange in mass
spectrometry. Owing to this technique, we were able to find
foe: +49 511 762 4005, small polyhedral silicates even in diluted solutions.
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variety of silicate oligomers from an acidified aqueous splutions were prepared at the same concentration d$ithe
solution of hydrolized tetra-methyl-ortho-silicate (TMOS) solutions.

at pH values from about 1 to 4. The hydrolization itself has
been investigated in 2002 with Cl and [Bl.

3. Results and discussion

2. Experimental The principal reactions occurring during the hydrolyza-
tion of TMOS and TEOS are given in the literatui®.
The solutions were prepared by mixing TMOS or TEOS In our investigation, however, the primary products of the
with acidified water. In general, the hydrolysis of TMOS is hydrolyzation reaction,
faster than the one of TEOS. However, in an extensive series
of hydrolization experiments using either alkoxy silicate SI(OCHg)4+n1H20
(TMOS or TEQS), it was found that the silicate source  _, Sj{(OCH)4_,,(OH), +nCH3OH (n = 0—4)
did not influence the formation of the different oligomers.
Even the intensity of the corresponding mass signals in were not observed owing to the relatively long time it
both spectra remained identical. The hydrolysis of TMOS takes to setup the mixed samples for electrospray and to
or TEOS including the effects of varying the pH value, the the relative high dilution of the samples. Using partially
water—alcohol ratio, and the temperature, is described inhydrolyzed samples, one can obtain partially hydrolyzed sil-
the literature[6]. Typically, the solution was prepared by icates such as Si(OGHMOH). Contrary to our electrospray
adding 1-10% v/v of TMOS or TEOS to water acidified measurement£2Si NMR experiments are often performed
with hydrochloric acid. The samples were mixed vigorously. in highly concentrated solutions with a volume ratio of 1:1:1
In contrast to the formed silicates, the two alkoxy silicates (TMOS:methanol:HO). For such solutions branched and
are not soluble in water and two phases are present. Asunbranched chains rather than polyhedra were foud@Sn
the tetra-alkoxy-silicate hydrolysis progresses, the secondNMR investigationg7,8].
phase vanishes. Furthermore, the reaction rate of tetra- During the electrospray process, chain forming silicates
alkoxy-silicate hydrolysis can be controlled by adjusting can experience a loss of water, i.e., the so-called dehydroxy-
the temperature, where a reduction in temperature slows thelation, schematicallyScheme 1
reaction. As described above, all molecules are found as singly neg-
The electrospray mass spectra were obtained using an APhtively charged species, which are obtained by the removal of
3+ electrospray mass spectrometer from Applied Biosystems.a proton (H) from the molecule, thus leaving an anion that
The spectra were recorded in negative ion mode, i.e., the negis subsequently detected. Mass spectra, which were recorded
atively charged ions were registered. In positive ion mode, no immediately after preparing the solution show — in contrast
useful spectra could be obtained, suggesting that the silicatedo spectra recorded at later times — the formation of chains.
more easily form negative ions. The electrical potentials as These chains can be found in a spectrum that was recorded
well as the gas flow were adjusted initially towards an opti- only about 5min after mixing the solution: The mass spec-
mized ion signal and remained unaltered during the experi- trum given inFig. 1 shows a series of silicate chains. These
ment. The optimized potentials with respect to ground were signals originate from silicate chains that are at different
—5KV at the electrospray needle,650V at the entrance  hydration levels. Mass signals in the spectra@. 1 can
skimmer, —60V at the entrance cone and30V at the be assigned as follows: silicate dimer chain 137, 155, 173;
entrance lens of the quadrupole rods. The flow of compressedsilicate trimer chain (251), 233, 215, 197; silicate tetramer
air (hydrocarbon free) through the assisted electrospray nee<hain (329), 311, 293, 275, 257 and silicate pentamer chain
dle was kept at 0.6/min, the curtain gas flow was held at (407), 389, 371, 353, 335, (317). The signal at 449 and 431 is
1.21/min. The flow of the analyte through a deactivated silica assigned to a partially dehydroxylated silicate hexamer chain
capillary was adjusted to 42/min. The H/D exchange was  (485), (467), 449,431, 413, (395), (377). The values in brack-
accomplished by the use of deuterium oxide@@) (Aldrich) ets are weak signals. Further, the first polyhedra can already
instead of water and DCI dissolved irpO (Aldrich). The be observed. The observed species are in full agreement with
TMOS and TEOS were used undeuterated. The deuterateda schematic published in 2004).
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absence of the peaks 311 and 257 in the spectra recorded 1 h
155 after mixing the solution are a strong support for a polyhedral
structure as mentioned ifable 1
Our mass spectrometry experiments allowed for the obser-
vation of a large variety of small polyhedra with the use
137 | 473 233 of H/D exchange. Among those, the smallest polyhedra is
a cyclic trimer that corresponds to a signal for a singly nega-
tively charged molecule atvz=233. Unfortunately, a chain
of three silicates from the singly dehydroxylated molecule
exhibits exactly the samm/z ratio. Consequently, for these
units the determination of the morphology is ambiguous. The
next significant pair of signals in the mass spectra occurs at
m/z=293 and 275. This pattern is attributed to a trimeric ring
with an additionally —O-Si—O- sub-unit bridging over one
200 400 600 800 side of the ring. This species contains two OH-groups on one
m/z ofthe bridging Si-atoms. From the H/D exchange experiment,
Fig. 1. Electrospray mass spectrum taken 5min after mixing from a solu- itis derived that thls molecule ha_s fl\_/(—:‘ H_a.toms t.hat can easily
tion of 10 %vol of TMOS in BO at a pH value of 1. The signals labeled be exchanged with D At the bridging, S_' carrying two OH_
correspond to silicates forming small chains up tardnratio of 449. groups dehydroxylation can occur leaving a molecule with
them/zratio of 275. As verified in the H/D-experiments, this
By simultaneous condensation and dissolution processegnolecule has three OH-groups. Accordingly, a chain with
a pH and temperature dependent medium oligomer size isfour silicon atoms would give rise for a series of signals

intensity

observed9,10]. exhibiting them/zratios 329, 311, 293, 275 and finally 257 for
Progressing in time, the observable species develop fromthe completely dehydroxylated form. In suppprt of this signal
chains to polyhedra which are presenfig. 2 This devel- pattern, one would expect for the H/D-experiments that 9, 7,

opment from chain to polyhedra at pH smaller than 7 is 5,30rlQH-groups are determined. Hoyvever, this gerieswas
in agreement with llef11]. The figure captures an H/D  Notfoundin ourexperiments. Only two signalswizratios of
exchange experiment that was performed 1 h after preparing?/ @nd 293 could be identified, leading to the conclusion that
the solution at room temperature. The typical signal pattern such chains are not present. The nex; molecule observed has a
providing the evidence for the presence of chains is missing Z0f 353, the H/D exchange shows five OH-groups. A series
here. The mass signals labelled as A denote the molecule®f Peaks withm/z=407, 389, 371, 335, 355 and 317 with

with amvz of 215, while B corresponds to an'zof 233. The ~ correspondingamountof 11, 9,7, 5, 3, 1 OH-groups, respec-
tively, is not present. Again, this strongly indicates the pres-

ence of a polyhedral molecule. The absence of signals at an
m/zof 371 and 389 support the observation of polyhedra. The
subsequent signal at amzof 413 is assigned to a prisma with

. ! 551 five hydrogen atoms. For the reasons mentioned above an
| 5%8 open structure with more than one OH-group at each silicon
i atom can be excluded. Furthermore, this conclusion is sup-
222 ported by the absence of mass signalsvatof 431 and 449.

A prismatic structure with a tail is found at 491. For the rea-
sons mentioned above an open structure with more than one
OH-group at each silicon atom can be excluded. A prismatic
structure with a tail is found at 491. The signal found atrén

of 551 is very interesting since it can be identified as a cubic
silicate. These polyhedral structures at 413, 491 and 551 were
also found previously in alkaline solutions in the presence of
amines acting as a structure directing agéhtin that study,
besides the electrospray mass spectrometrydBoNMR
experiments were performed to secure the morphologies.
Fig. 2. Electrospray mass spectrum of a mixture of 10 %vol TMOS,@ H The more intense signals assigned in our spectra arising
ata pH value of 1 (full line) and an electrospray mass spectrum of a mixture from complex polyhedral anions are showable 1 These

of 10 %vol TMQS in O at a pH value of 1 (dotted line). Both spectra were _polyhedral anions could be observed in solutions that were
taken from solutions that were aged for | h at room temperature. In each pair .

of labels, the upper number designates a signal from solution with hydrogen aged_ between several minutes to a few hours. In general,
while the lower number assigns a signal from deuterated solution. The labels WOrking at room temperature, after 5-10h, we observed an
A and B are the mass peakswiz=215 (218), Bm/z= 233 (238). increase of the signals at higher masses which is explained

intensity

275 |

200
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Table 1
Plausible polyhedra structures determined 1 h after mixing by electrospray mass spectrometry from a solution containing initially 10 %vol TMIOS in H
acidified with HC|aq) at a pH value of 1 or 10 %vol TMOS in{D acidified with DCp,0)

Polyhedral m/z observed ifH-experiment m/z observed i D-experiment Hydrogen atoms
4 215, 233 218, 238 3,5
A 275, 293 278, 298 3,5
é, 353 358 5
@ 413 418 5
‘g 491 498 7
ﬁ? 551 558 7
@ 611, 629 618, 638 7,9
@ \7./@ 671 678 7
or

E@ 749 757 8
M 809 818 9

The shown structures are all singly negatively charged (not shown in the table). In the table, a silicon atom is represented by a ball and a Si~0aSi bond b
line. The found amount of hydrogen atoms is reduced by one due to the charge.
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