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Using aromatic desilylation reaction, monodispersed porous
hollow silica particles with spherical shape could be prepared
from hollow PPSQ particles via simple treatment with fuming
sulfuric acid.

Recently, many researchers have their interest in the prepa-
ration of hollow particles because of their potential applicability
in various fields such as drug delivery, catalysis, coatings, com-
posite materials, and other industrial fields.1 Especially, hollow
silica has been the most intensively studied one among the inor-
ganic hollow particles.2 For the preparation of hollow silica par-
ticles, templating method usually includes the procedure of re-
moving a sacrificial core, such as latex, via a thermal decompo-
sition or a chemical dissolution. However, thermal removal of
the core generally requires high temperature that may give ad-
verse effects on the structure.

In the previous paper, we reported the preparation of mono-
disperse hollow particles without using templates via a simple
two-step process in an aqueous solution, where the particle size
and the hollow diameter could be controlled by varying experi-
mental conditions.3 These particles have polyphenylsilsesquiox-
ane (PPSQ; PhSiO3=2) structure, which contains Si–C bond that
can be cleaved by treatment with a strong acid. In this study, we
investigated the reaction of PPSQ particles with strong acid in
order to prepare hollow silica (SiO2) particles by low-tempera-
ture process.

The Si–C bond cleavage comes from aromatic desilylation,
which results from competitive substitution in aromatic rings at-
tached to silicon. Electrophilic aromatic substitution generally
proceeds via a �-complex intermediate, and the cleavage of
the Si–C bond is in the direction C�SiR3

þ in the same sense
as aryl–H bonds are broken C�Hþ.4 In spite of aryl–SiX3 bonds
could be cleaved much less readily than aryl–SiMe3 bond when
X is a more electronegative group than carbon, there are some
reports wherein the desilylation in aryl–Si(OSi)3 compounds
under acidic condition is mentioned.5

Whereas the aromatic desilylation has been used as a versa-
tile method for the introduction of various groups into aromatic
compounds, this reaction has been generally regarded as an un-
desirable reaction in the modification of particle surfaces, such
as the introduction of arene sulfonic acid functionality into par-
ticles. However, we report here that this reaction can be used as a

facile method for preparing hollow silica particles.
The general experimental procedure of the preparation of

hollow silica particles is as follows: To a 3-neck flask with a
magnetic stirrer were placed 1.3 g of hollow PPSQ particles3

and ca. 6mL of sulfuric acid in an ice bath. After particles were
completely dispersed, 1.39mL of fuming sulfuric acid (30%
oleum) was added slowly by a dropping funnel. The reaction
mixture was stirred at 0 �C for 30min. The reaction mixture
was heated to 50 �C and stirred for additional 2 h. After cooling
to room temperature, the slurry solution mixture was carefully
poured into crushed ice. The resulting white (or faint yellow)
precipitate was collected by filtration and washed with water
and methanol thoroughly. The final product, designated S-PPSQ
(it denotes PPSQ particles treated with sulfuric acid) hereinafter
in this paper, was dried at 80 �C in a vacuum oven. The amount
of fuming sulfuric acid, heating temperature, and reaction time
were varied for the examination on the results depending on ex-
perimental conditions.

Scheme 1 shows the mechanism of aromatic desilylation in
PPSQ particles. The ipso substitution is occurred at the carbon
attached to silicon, and the intermediate is attacked by a water
molecule, then a silanol and a benzenesulfonic acid are formed.6

With the assumption that the decomposed product was benzene-
sulfonic acid and it could readily be dissolved in water, the fil-
trant (aqueous acidic solution) after the reaction was analyzed
by 1H and 13C liquid nuclear magnetic resonance (NMR) spec-
troscopy. Then, it is confirmed that the decomposed product
was benzenesulfonic acid.

Electron micrograph images of the S-PPSQ particles were
given in Figure 1. It is worth noting that the monodisperse spher-
ical structure and the hollow morphology of particles were re-
tained after the reaction; however, the diameter of S-PPSQ par-
ticles is somewhat reduced (50–100 nm), and this might be due
to the condensation of silanol groups. In addition, the surface
roughness of the particles increased slightly. The morphology
of the hollow silica particles maintained after the calcination
at 1000 �C for 3 h.

The results of the analyses on the chemical composition of

Scheme 1. Schematic representation of the desilylation in
PPSQ particles.

Figure 1. EM micrographs of the S-PPSQ particles: (a) FE-
SEM (�20K, bar = 1mm (inset: after calcination); (b) TEM
(�100K, bar = 50 nm).
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the particles showed that the S-PPSQ particles had silica struc-
ture. In the comparison of FT-IR spectra of S-PPSQ particles
with that of PPSQ particles, the intensities of the peaks assigned
to aromatic C=C stretching bonds at 1430 & 1590 cm�1 was
much reduced, and the bands around 1100 cm�1 assigned to
Si–O–Si stretching bonds were comparatively broadened. In ad-
dition, silanol absorption bands at 3000–3500 cm�1 broadened
with an additional peak at 1640 cm�1 due to physically adsorbed
water molecules. This implies increased hydrophilicity of
S-PPSQ particles resulting from the conversion of phenyl groups
into hydroxy groups.

As shown in the solid-state 29Si magic angle spinning
(MAS) NMR spectra (Figure 2), the peaks at �78:1 and
�69:4 ppm disappeared, which corresponded to T3 and T2 sili-
con sites respectively, and new peaks at�108 and�99 ppm cor-
responding to Q4 and Q3 silicon units were observed. This means
that the desilylation occurred in the particles, and thus Si–C
bonds were converted to Si–O bonds. The occurrence of Q4 units
indicates that the further condensation of the Q3 silanol groups
generated from T3 units was occurred under an acidic condition.
The extent of condensation was dependent on the amount of SO3

in the reaction as shown in Figures 2b and 2c, and this might be
due to the difference in condensation rate of silanol groups on
the acidity. This fact gives an opportunity in preparing silanol-
abundant hollow silica particles by adjusting experimental con-
ditions, which can rarely be made through the core-removal
process in high temperature. 13CMASNMR spectra (Figure
2d) also show the disappearance of phenyl groups in PPSQ
particles.

The removal of phenyl groups in PPSQ particles was also
confirmed by elemental analyses.7 On the basis of the assump-
tion that the unit structure of PPSQ particles is C6H5SiO1:5,
the observed values for PPSQ agree well with the theoretical val-
ues (55.77% for carbon and 3.91% for hydrogen). On the contra-
ry, carbon content of S-PPSQ was less than one-fifth of those of
PPSQ particles.

The thermogravimetric analyses showed a slight difference
in weight loss about 300 �C in S-PPSQ particles as compared
to PPSQ particles. This might be due to the condensation of sil-
anol groups in the presence of physisorbed water molecules as
mentioned for FT-IR analyses. The transformation of organic

groups into volatile species should be responsible for the abrupt
mass loss for PPSQ at 600 �C.8 Elemental analyses indicated that
almost all carbon was removed at 600 �C in oxygen atmosphere
(carbon : < 0:04%, hydrogen: < 0:05%).

The surface area of the resultant particles was determined
using Brunauer–Emmett–Teller (BET) measurement from N2

isothermal adsorption at 77.35K, and the results of BET analy-
ses were summarized in Table 1. The nitrogen adsorption iso-
therm of S-PPSQ was of type I rather than type IV and this im-
plies that the pore size of the particles is close to micropore
range. The great increase in low-pressure nitrogen adsorption
for S-PPSQ particles compared to PPSQ can be related to the
change in surface groups in the particles from organic groups
which interact weakly with nitrogen atoms into hydroxy groups.9

The surface area of the resultant particles was much increased as
compared to that of PPSQ particles, and the average pore diam-
eter was reduced. This might result from the small pore forma-
tion during the removal of phenyl groups and the structural rear-
rangement on condensation.

In summary, we have shown that the monodispersed porous
hollow silica can be prepared from hollow PPSQ particles
through treatment with sulfuric acid using simple aromatic
desilylation reaction. The hollow and particle size of the silica
can be controlled using appropriate PPSQ particles as precur-
sors. Since this process does not require high temperature in
a thermal template-removal process, it may be used as a facile
route for preparing porous silica particles.
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Figure 2. Solid-state 29Si MAS NMR spectra of (a) PPSQ, (b)
S-PPSQ (0.25mol SO3/mol phenyl) and (c) S-PPSQ (1.5mol
SO3/mol phenyl) particles; (d) Solid-state 13CCP–MASNMR
Spectra of PPSQ (upper line) and S-PPSQ (lower line) particles.

Table 1. Results of BET analyses of the particles

Specimen
Amount of

Added SO3
a

Surface Area

/m2/g

Pore Volume

/cm3/g

Average Pore

Diameter/ �A

PPSQ 0 19.03 0.032 67.9

S-PPSQ 0.25 270.52 0.16 24.2

1.0 389.7 0.21 21.3

1.5 537.0 0.30 22.6

aThis values mean the molar ratio of SO3 to phenyl units calculated under

an assumption that the structural unit of PPSQ particles is [C6H5SiO1:5–].
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