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a b s t r a c t

In this work the polymerization of inorganic polymers synthesized from microsilica and mineral base
(KOH or NaOH) was investigated using electro spray ionisation mass spectrometry (ESI-MS). The inves-
tigation was conducted in both negative and positive scanning mode enabling detection of both positive
and negative charged silicate clusters. Moreover dynamic light scattering (DLS) was used to verify the
eywords:
SI-MS
norganic polymer

icrosilica

polymerization model. Similarly, silicate species were identified in the reaction solution of inorganic
polymers synthesized from KOH and NaOH. The most intensive peak in the mass spectra was assigned
to a dehydroxylated dimer (155 m/z). Moreover a range of different silicate species consisting of 3–5 sil-
icon atoms was identified. These species were found most likely to appear in the reaction solution in
the form of polyhedras. The evolution in the intensity of the molecule ions in the reaction solution of

ed th
inorganic polymers show
used compared to KOH.

. Introduction

The development of inorganic polymers is a new promising
echnology that may be used in many applications. The inorganic
olymer reported here has been synthesized by a sol–gel process in
hich the silica precursor is formed in-situ by dissolution of fumed

ilica particles in alkaline solution. The silica species are assumed to
olymerize through condensation reaction resulting in formation
f oligomers (dimers, trimers). The size and number of oligomers
n the system increase until they extend throughout the solution
esulting in formation of a gel. Another difference between the
resent inorganic polymer and a standard sol–gel product is the
resence of partially dissolved or undissolved particles. Depend-

ng on the preparation method, the inorganic polymers can exhibit
wide variety of properties, including high compressive strength,
re resistance and low thermal conductivity [1,2].

The dissolution of fumed silica under alkaline conditions can be
xpressed by the following reactions depending on pH.

iO2 + 2H2O → H4SiO4 (1)

iO2 + 2H2O + OH− → H3SiO4
− (2)

3SiO4
− + OH− → H2SiO4

2− + H2O (3)
iO2 + 2OH− → H2SiO4
2− (4)

Panagiotopoulou et al. [3] studied the dissolution of different
ndustrial aluminosilicate minerals and by-products and reported

∗ Corresponding author. Tel.: +45 9940 7622; fax: +45 9940 7710.
E-mail address: egs@aaue.dk (E.G. Søgaard).

387-3806/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2009.04.010
at the dissolution/polymerization reaction was slower when NaOH was

© 2009 Elsevier B.V. All rights reserved.

that the extent of dissolution was higher when NaOH instead of
KOH was used. It was suggested to be due to the smaller size of
Na+ which can better stabilize the silicate monomers and dimers
present in the solution, thus enhancing the minerals dissolution
[4,5]. The size of the cation is also reported to affect the morphol-
ogy. Na+ displays strong ion-pair formation with smaller silicate
oligomers, whereas K+ favors the formation of larger oligomers. As
a result more polymer precursors exist resulting in better setting
and stronger compressive strength when KOH is used compared
to polymers synthesized in NaOH solutions [6]. In addition, the fact
that K+ has a smaller hydration sphere than Na+ allows denser poly-
condensation resulting in an increase in the overall strength of the
material [7].

In order to control the synthesis of the inorganic polymer, it is
necessary to understand the stepwise transition from monomer
to oligomers and finally bulk material. Mechanisms of the first
steps of sol–gel processes involving silica alkoxide precursors are
fairly well known. It is generally argued that hydrolysis proceeds by
bimolecular nucleophilic displacement reactions involving penta-
coordinate intermediates or transition states [8]. By analogy with
carbon chemistry, siliconium ions Si(OR)3

+ have been suggested as
possible intermediates [8]. Only very few techniques are suited for
such analysis, such as NMR spectroscopy for selected nuclei [9].
However, the data acquisition may in some cases take too long in
order to study polycondensation reactions [10]. Mass spectrometry
has also successively been used in the investigation of hydrolysis

and condensation of different precursors [9,11–15].

In this work the polymerization of inorganic polymers synthe-
sized from microsilica and mineral base was investigated using
electrospray ionisation mass spectrometry (ESI-MS). ESI-MS allows
acquisition of mass spectra directly from aqueous samples; its

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:egs@aaue.dk
dx.doi.org/10.1016/j.ijms.2009.04.010


M.E. Simonsen, E.G. Søgaard / International Journal of Mass Spectrometry 285 (2009) 78–85 79

Fig. 1. ESI-MS spectra of the KOH based inorganic polymer reaction solution in negative scanning mode optimized in the spectral region around 500 m/z, (a) after 15 min, (b)
2 h, (c) 8 h, and (d) after 12 h mixing.
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oft character minimizes fragmentation, leaving mostly unaltered
pecies in the solution [16]. The stoichiometries of these species and
heir relative abundances can be determined from the m/z values
nd from the relative intensities of the molecular peaks, respec-
ively.

In previous studies, ESI-MS has been used to study the
olycondensation of TEOS (Si(OC2H5)4). It was found that the
olycondensation reaction was initiated by protonated molecules.
urthermore, Si(OC2H5)3

+ molecule ions were identified although
he intensity was considerably lower [17]. In addition ESI-MS has
een used to study the polycondensation reactions of TMOS and
EOS in water. It was found that the formed oligomers were inde-
endent on the alkoxy group of the silicate precursor. Moreover,

t was reported that the solution changed over time from ini-
ially consisting of silicate chains to polyhedras [11]. Similar silicate
tructures have also been reported in alkaline solutions in the pres-
nce of amines acting as a structure directing agent [9]. In that
tudy besides the ESI-MS also 29Si NMR were used to confirm the
esults.

In this study the polymerization of an inorganic polymer was
nvestigated using ESI-MS. The investigation was conducted in both
egative and positive scanning mode enabling detection of both
ositive and negative charged silicate species.

. Material and methods

An inorganic polymer was prepared by mixing 250 g amorphous
ilica (Microsilica U 983, Elkem) with 250 ml 4 M KOH solution.
he obtained slurry was mixed using a magnetic stirrer through-
ut the experiment in order to obtain homogenous samples. The
amples for the ESI-MS investigation were obtained by centrifuga-
ion of 50 g of slurry for 10 min at 6000 rpm. The liquid part of the
ample was filtrated using a 0.45 �m filter and diluted 1:1000 in
istilled water in order to avoid clogging of the capillary in the ESI-
S. The pH of the samples after dilution was between 10 and 11. The

SI-MS spectra were recorded using a LC-MSD-Trap-SL spectrome-
er from Agilent Technology. The dry temperature was set at 325 ◦C
nd the dry gas flow (N2) was 5 L/min. The capillary exit voltage
as 166 V. The solution was injected into the ESI-MS at a flow-rate
f 0.3 �l/min. The ESI-MS spectra of the inorganic silicate polymers
ere recorded in both positive and negative scanning mode in the

pectral region 50–2200 m/z. ESI-MS spectra of the diluted samples
ere obtained over a period of 24 h. Similar investigations were

onducted with an inorganic polymer synthesized using 4 M NaOH
nstead of KOH.

Dynamic light scattering (DLS) was used to follow the evolu-
ion in particle size during the polymerization. The samples were
repared as described in the case of the ESI-MS investigation. The
article size was measured using a DLS instrument obtained from
hotocor Instruments, Inc. consisting of a photon counting unit
PMT), photocorrelator, and a 633 nm 35 mW laser (JDS Uniphase).

. Results and discussion

.1. KOH based inorganic polymers

The mass spectrum recorded 15 min after mixing in negative
canning mode is shown in Fig. 1a. The initial mass spectrum shows
umerous peaks in the region from 100 to approximately 1000 m/z.
he two most intensive peaks in the mass spectra located at 155 and
93 m/z can be assigned to dehydroxylated dimers (Si2O3(OH)3

−

nd Si2O3(OK)(OH)2
−). The assigned molecule ions were confirmed

y the isotopic pattern of the elemental composition of the ion. The
act that the distance between the lines in the isotopic pattern is
m/z suggests that the clusters have a unit negative charge (z = −1).
ll molecule ions were found as single negatively charged species,
Fig. 2. Comparison between the theoretical and experimental isotopic pattern for
the molecule ions located at 155 m/z (Si2O3(OH)3

−) and 271 m/z (Si3O4(OK)(OH)4
−),

respectively. The theoretically isotropic pattern is obtained using Sheffield Chem-
Puter [19].

which were obtained by removal of a proton (H+) from the molecule,
thus leaving an anion that was subsequently detected.

The theoretical isotopic pattern for the dimer at 155 m/z is shown
in Fig. 2a in comparison to the experimental isotopic pattern. From
Fig. 2a it is seen that there is a good agreement between the theo-
retical and experimental isotopic patterns. The parent molecule of
the two dimers found at 155 and 193 m/z a fully hydroxylated dimer
(Si2O2(OH)5

−) appear to be quite instable in the gas phase of the
mass spectrometer, because only a small peak at 173 m/z is seen in
Fig. 1a. A second dehydroxylation step results in the peak located
at 137 m/z (Fig. 3). This kind of water elimination leads to a Si O
double bond (oxo group) as shown in Fig. 3. This type of water elimi-
nation only occurs at Q0, Q1, and Q2 sites in decreasing proportions
[18]. However, a series of fully hydroxylated dimers, trimers, and
tetramers were identified in the mass spectra. The most dominant

peaks were found at 249, 365, 443, and 481 m/z.

After 2 h of reaction the mass spectra changed considerably now
consisting of fewer and more distinct signals (Fig. 1b). Again the
most dominant peak in the ESI-MS spectrum was the dehydrox-
ylated dimer located at 155 m/z. The most dominant peaks in the
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Fig. 3. Dehydroxylation of the silicate species leading to the formation of oxo groups (Si O).

Table 1
Identified molecule ions in the reaction solution of KOH based inorganic polymers in negative scanning mode. −H2O denotes dehydroxylation resulting in the formation of
an oxo group.

No. m/z Compound Intensity Possible structures

1 77 SiO2(OH)− <5

2 95 SiO(OH)3
− <5

3 137 Si2O4(OH)− 29

4 155 Si2O3(OH)3
− 100

5 173 Si2O2(OH)5
− <5

6 193 Si2O3(OK)(OH)2
− 5

7 215 Si3O5(OH)3
− 24

8 233 Si3O4(OH)5
− 22

9 249 Si2O2(OK)2(OH)3
− <5

10 253 Si3O5(OK)(OH)2
− <5

11 271 Si3O4(OK)(OH)4
− 22

12 275 Si4O7(OH)3
− <5

13 293 Si4O6(OH)5
− 6

14 309 Si3O4(OK)2(OH)3
− <5

15 331 Si4O6(OK)(OH)4
− 6

16 371 Si5O7(OH)7
− <5

17 387 Si4O5(OK)2(OH)5
− <5

18 391 Si5O8(OK)(OH)4
− <5

19 425 Si4O5(OK)3(OH)4
− <5

20 443 Si4O4(OK)3(OH)6
− <5

21 447 Si5O7(OK)2(OH)5
− <5

22 481 Si4O4(OK)4(OH)5
− <5
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3.1.1. Evolution of silicate species during polymerization of KOH
based polymers

The evolution of the intensity of the most dominant silicate
species (155 m/z) in the solution is shown in Fig. 4a using the mass
spectra obtained from 15 min to 24 h after mixing. Comparison of
ig. 4. Evolution of the intensity of the most intensive silicate species for the inor-
anic polymers reaction solution synthesized using (a) KOH and (b) NaOH in negative
canning mode compared to the change observed change in pH during the reaction.

ass spectra are listed in Table 1. Numerous of the identified silicate
pecies listed in Table 1 apart from silicon, oxygen, and hydrogen
lso contain potassium.

The presence of potassium in the molecule ion is seen from the
sotopic pattern as potassium has three isotopes with the natu-
al abundance: 39K (93.3%), 40K (0.01%), and 41K (6.7%) [19]. The
resence of potassium in the molecule ion shifts the intensity ratio
etween the second and third line in the isotopic pattern as shown

n Fig. 2b. From Table 1 it is seen that similar molecule ions in the
olution exist only differing by the presence of OK groups instead
f OH groups, i.e., Si3O4(OH)5

− (233 m/z) and Si3O4(OK)(OH)4
−

271 m/z).
A series of trimers containing from 3 to 7 OM groups (M H or K)

re found at 215, 233, 253, 271, and 309 m/z. The most intensive of
hese trimers are found at 233 m/z which can be assigned to linear
rimer with one oxo group or a cyclic trimer. The cyclic trimers are
sually observed in 29Si NMR investigations of silicate systems. It
s not possible to distinguish between these two molecules using
SI-MS because this technique does not give direct information on
he interconnectivity of the atoms in the molecule [11]. The peaks
t 271 and 309 m/z are derived from the peak at 233 m/z in which 1
al of Mass Spectrometry 285 (2009) 78–85

and 2 OH groups have been substituted by OK groups, respectively.
Moreover dehydroxylation of the peak at 233 m/z leads to the peak
at 215 m/z.

Tetramers containing from 3 to 9 OM groups were also identi-
fied in the solution. The tetramers were found at 275, 293, 331, 387,
425, 443, 481 and 483 m/z. The most dominate tetramers located at
275, 293, and 331 m/z are assigned to dehydroxylated tetramers or
polyhedrons, however the intensity of these peaks is below 10% of
the most intensive peak. In addition pentamers and hexamers were
also observed but again the intensity of these molecule ions was
below 5%. From these results it is observed that no peaks could be
assigned to linear trimers or tetramers of the type SixOx(OM)(1+2x)

−

as was observed in the mass spectra obtained after 15 min, suggest-
ing that the trimers and tetramers identified in this system under
these conditions after 2 h are present in the form of polyhedras.

Similar results have been reported by Eggers et al. who observed
a change in the mass spectra obtained during polycondensation
reactions involving TMOS and water. The silicate species in solu-
tion changed over time from initially consisting of silicate chains
to polyhedra [11]. However, it should be noted that Bussian et al.
have reported that the tendency of silica species to appear not as
the fully hydroxylated ions increase with increasing silicate chain
length [9].

In this investigation the reported mass spectra were optimized
in the spectra region around 500 m/z in order to observe the poly-
merization of the silicate species. However, mass spectra were
obtained at different spectral optimizations in order to investigate
the influence of the optimization. The result of this investigation
showed that the peak at 155 m/z was the most intensive peak inde-
pendent of the spectral optimization at different spectral regions.
However, two monomeric species were identified in the mass spec-
tra at 77 and 95 m/z corresponding to SiO2(OH)− and SiO(OH)3

−,
respectively when the spectra were optimized at 100 and 250 m/z.
The intensity of the monomeric silicate species was found to be rela-
tively low (<10%) compared to the peak at 155 m/z. These monomers
have also been observed in previous studies of silicate oligomers in
aqueous solution [9].
Fig. 5. DLS particle size measurements of the inorganic polymer samples injected
into the ESI-MS.
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Table 2
Identified molecule ions in the reaction solution of KOH based inorganic polymers in negative scanning mode. −H2O denotes dehydroxylation resulting in the formation of
an oxo group.

No. m/z Compound Intensity Possible structures

1 137 Si2O4(OH)− 11

2 155 Si2O3(OH)3
− 100

3 173 Si2O2(OH)5
− <5

4 177 Si2O3(ONa)(OH)2
− 39

5 215 Si3O5(OH)3
− 8

6 233 Si3O4(OH)5
− 8

7 255 Si3O4(ONa)(OH)4
− 6

8 275 Si4O7(OH)3
− <5

9 277 Si3O4(ONa)2(OH)3
− 8

10 293 Si4O6(OH)5
− <5

11 295 Si3O3(ONa)2(OH)5
− <5

12 315 Si4O6(ONa)(OH)4
− <5

13 355 Si4O5(ONa)2(OH)5
− <5

− <5
<5
<5
<5

t
s
b
a
t
t
l

14 357 Si5O9(ONa)(OH)2

15 371 Si5O7(OH)7
−

16 393 Si5O7(ONa)(OH)6
−

17 415 Si5O7(ONa)2(OH)5
−

he intensity of the 155 m/z signal in the figure shows that the inten-
ity increases up to 8 h after mixing. The increase in the intensity can

e explained by the dissolution of microsilica leading to a greater
mount of silicate species in the solution. The pH evolution during
he dissolution process reported in previous work [20] indicates
hat the dissolution process proceeds for approximately 10 h corre-
ating with the observed increase in silicate species. The rapid drop

Fig. 6. ESI-MS spectra of the inorganic polymer reaction s
in the intensity observed after 12 h in Fig. 4 is suggested to be due
to polymerization of the soluble silica species. A broad band of low

intensity signals were observed in the ESI-MS spectra after 12 h in
the spectral region from 550 up to 1200 m/z. These signals were
found to consist of silicate species containing 6–12 Si atoms. It is
believed that the polymerization lead to silicate species with m/z
values greater than 2200 making detection no longer possible using

olution synthesized from NaOH obtained after 12 h.
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he ESI-MS method. Thus, when the polymers become greater than
pproximately 1 nm in size detection is no longer possible using
SI-MS [21].

In this work DLS measurement was used to verify the poly-
erization model, as DLS enables particle size measurements of

articles larger than 1 nm up to 2 �m. In Fig. 5 the size evolution
f the polymers/particles is shown. From the figure it is seen that
he particle size of the polymer increase rapidly between 8 and
2 h suggesting polymerization. In addition previous studies of the
ame system have shown that the viscosity changes during synthe-
is [20]. It was found that the viscosity of the solution started to
ncrease approximately 10 h after mixing also suggesting polymer-
zation. Both the viscosity change and the growth in particle size
orrelate with the observed decrease in the intensity of the silicate
pecies after 12 h in the present work.

Under the alkaline conditions present in this work the poly-
erization is believed to occur through nucleophilic substitution

eactions. Partial charge calculations for the polymerization of the
norganic polymer have shown that polymerization at the initial
H of the reaction solution (pH 14) may not be favored since the
artial charges of the leaving group and nucleophilic group are sim-

lar [20]. In addition the high degree of ionisation of the silicate
pecies at very high pH results in repulsive interaction between the
eactants. As the pH drop to below 12, condensations between the
ilicate species are more favored, since the difference between the
artial charge of the leaving group and the nucleophile is greater
20]. Moreover, the overall charge of the silicate species decreases
esulting in less repulsion between the reactants. For the investi-
ated system pH evolution experiments have shown that the pH
f the solution is 12 after approximately 10 h correlating with the
bserved decrease in intensity of the silicate species in the present
ork. Thus, it is suggested that the development of the inorganic
olymer is at least partly determined by the alkalinity.

.2. NaOH based inorganic polymers

Investigation of NaOH based inorganic polymers showed that
he silicate species present in the solution were very similar to the
ilicate species found in the investigation of KOH based polymers.
he most dominant silicate species found in the reaction solution
re listed in Table 2. Comparison between Table 1 and Table 2 shows
hat 9 out of the 10 most dominant species are the same apart from
he cations K+ and Na+. As in the case of the KOH based polymers
he dehydroxylated dimer (Si2O3(OH)3

−) was found to be the most
ominant silicate specie. In Fig. 6 the ESI-MS spectra of the NaOH

norganic polymer reaction solution obtained after 12 h is shown.
omparison between Figs. 1d and 6 shows that the intensity of the
eaks assigned to the same molecule ions are similar.

In Fig. 4b the evolution of the intensity of the dehydroxy-
ated dimer (Si2O3(OH)3

−) in the reaction solution of NaOH based
olymers is shown. From the figure it is seen that the intensity

ncreased up to 12 h after mixing suggesting that the dissolution
f amorphous silica particles using NaOH is slower compared to
he dissolution using KOH.

The result of the present investigation suggests that the dissolu-
ion of microsilica and the following polymerization/gelation of the
norganic polymers synthesized from KOH are faster than inorganic
olymers synthesized from NaOH.

The change in the intensity of the most dominant silicate species
n the mass spectra suggests that these species may serve as
uilding blocks during the polymerization. It is believed that the

olymerization lead to silicate species with m/z values greater
han 2200 making detection no longer possible using the ESI-MS

ethod. Another possibility is that the silicate species polymerize
n the surface of the undissolved microsilica particles encap-
ulating the microsilica particles. During gelation the polymer
al of Mass Spectrometry 285 (2009) 78–85

encapsulated sphere of the microsilica particles may increase in
size resulting in the formation of a network between the microsil-
ica particles leading to gelation. If the polymerization occurs by
addition of monomers it would be expected to see a change in the
mass spectra leading to peaks of relatively high intensity at higher
m/z values.

The presence of silicate species which serves as building blocks
has also been proposed based on 29Si NMR investigation of the syn-
thesis of zeosils and zeolites. In this case up to 20 different building
blocks were identified [11].

In positive scanning mode the silicate species were found as
single positive charged molecule ions. Comparison of the degree
of dehydroxylation between the negative and positive charged
molecule ions suggest that the alkali cation (K+ and Na+) is attached
to the OH groups or the oxo group creating a single positive charge.
The high pH of the solution reduces the amount of protons in the
solution and thus the formation of protonated silicate cations. The
silicate species identified in positive scanning mode were very sim-
ilar to the observed in negative scanning mode.

All the molecule ions identified in the present investigation were
found as single charge molecules. However; partial charge calcula-
tion has shown that the charge of silicate species at pH 12 is in
the order of −1 per silicon atom in the molecule, suggesting that
tetramer has a negative charge of 4. In this case the tetramers will
not show up in the ESI-MS spectra, since the m/z will be below 100.
It is possible that the ESI-MS method may change the charge of
the molecule ion by taking up or delivering an electron or proton.
As a consequence, the data obtained by ESI-MS may not represent
exactly the properties of the solution under examination prior to
the mass analysis [16].

4. Conclusion

In the investigation of the polymerization of inorganic polymers
in negative scanning mode all molecule ions were found as single
negatively charged species, which were obtained by the removal of
a proton (H+) from the molecule, thus leaving an anion that was sub-
sequently detected. Similar silicate species were identified in the
reaction solution of inorganic polymers synthesized from KOH and
NaOH. The most intensive peak in the mass spectra was assigned
to a dehydroxylated dimer (155 m/z). Moreover a range of different
silicate species consisting of 3–5 silicon atoms was identified. These
species were found most likely to appear in the reaction solution in
the form of polyhedras.

The evolution in the intensity of the molecule ions in the
reaction solution of inorganic polymers showed that the disso-
lution/polymerization reaction was slower when NaOH was used
compared to KOH. Moreover a distinct decrease in the intensity of
the silicate species in the reaction solution was suggested to be due
to polymerization. In this case DLS measurements were used to ver-
ify the polymerization model. It was found that the particle size of
the polymers increased rapidly between 8 and 12 h of reaction for
inorganic polymers synthesized from KOH and between 12 and 16 h
for inorganic polymers synthesized from NaOH correlating with the
observed decrease in the intensity of the silicate species in the ESI-
MS investigation. The difference in reaction time for the inorganic
polymers synthesized from KOH and NaOH is suggested to be due
to the larger hydration radius of Na+. The decrease in the intensity
of the most dominant silicate species in the mass spectra without
the appearing of new higher intensity peaks may suggest that these

species may serve as building blocks during polymerization.

In positive scanning mode the silicate species were found as
single positive charged molecule ions. Comparison of the degree
of dehydroxylation between the negative and positive charged
molecule ions suggest that the alkali cation (K+ and Na+) is attached
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olution and thus the formation of protonated silicate cations. The
ost dominant peak in the mass spectra of the inorganic polymer

n positive scanning mode is assigned to a linear trimers with one
xo group or a cyclic trimer.
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