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materials, designated as Zr-SBA-15, with Zr/Si ratios up to 
10.8 mol% were one-pot synthesized in a self-generated 
acidic environment.  According to the results of X-ray 
absorption spectroscopy, Zr was incorporated into the 
SBA-15 framework as isolated Zr species, and it also 
formed superficial zirconia clusters with two or more Zr 
centers on the pore walls when the Zr/Si ratio was higher 
than 3 mol%.  The acid amounts of Zr-SBA-15 materials 
increased linearly with Zr loading, but the acidities were 
lower than those of commercially available HY and ZSM-5 
zeolites.  However, when used as the catalysts in liquid 
phase pinacol-type rearrangement, one-pot synthesized 
Zr-SBA-15 materials, especially those with superficial 
zirconia clusters, were the most efficient catalysts.  The 
pinacolone yield of 2.7 g/g catal∙h and selectivity of 81% 
were achieved in 1 hr over Zr-SBA-15 with a Zr/Si ratio of 
10.8 mol %.

SBA-15 with tunable pores in 4-10 nm arranged in 
2D-hexagonal p6mm structure has received great at-
tention in the past decade because of its relatively large 
pore size and high hydrothermal stability in comparison 
with other mesoporous silica materials, such as MCM-
41, its analogue in M41S family.  To broaden the catalytic 
applications, great efforts have been devoted to prepare 
mesoporous silica materials modified with various func-
tionalities such as organic groups, transition metals and 
metal complexes through surface grafting or co-conden-
sation.  Co-condensation method is favoured to surface 
grafting due to better control in the loading and distri-
bution of the functional groups.  Many metals and metal 
oxide species have been incorporated into SBA-15 by co-
condensation.  However, the pore ordering is difficult to 
retain when large amounts of the hetero-elements are 
introduced into the silica framework, due to the distur-
bance of the self-assembly of surfactant micelles and 
silicate by the precursors of hetero-elements.  Moreover, 
the strong acidic environment (usually ca. 2 M HCl) en-
countered in the synthesis of SBA-15 also impedes the 
precipitation of metal oxides. 

Our group recently developed an environmentally 
friendly process for synthesizing metal-incorporated SBA-
15 of well-ordered mesoporous structure with the metal 
loading up to 10 mol%, without using mineral acids and 
with the aid of salts.  For preparation of Zr-incorporated 
SBA-15, the molar compositions of synthesis gels were 
0.017P123: 1TEOS: 0.01-0.1ZrOCl2∙8H2O: 221H2O: 1NaCl. 
The resultant materials are designated as xZr-SBA-15, 
where ‘‘x” is the Zr/Si molar ratio in the synthesis gel.

Figure 1 shows the XRD patterns of Zr-SBA-15 mate-
rials with different Zr loadings.  In the small-angle region, 
all materials have strong (100), (110) and (200) diffraction 
peaks of 2D-hexagonal p6mm structure, indicating that 
the materials possess well-ordered pore arrangement.  
In the wide-angle region, a broad diffraction peak at 2θ 
around 15 – 35o is only seen, which is corresponding to 
amorphous silica walls of mesoporous materials.  In addi-
tion, no crystalline zirconium oxides are detected, imply-
ing that the Zr species are homogeneously dispersed in 
SBA-15.

49

同步年報-05單元.indd   49 2011/4/18   下午4:25



Materials Chemistry

X-ray absorption spectroscopy 
is a powerful technique to study 
the local structures of targeting 
elements, even in the amorphous 
solids and semi-crystalline nanopar-
ticles.  The Zr K-edge X-ray absorp-
tion spectra were Fourier trans-
formed into r space, and the χ(k)k3 
weighted spectra of as-made and 
calcined Zr-SBA-15 materials were 
compared with those of a diluted 
ZrOCl2 solution (7.6 mM), bulk ZrO2 
and Zr-impregnated SBA-15 (shortly 
termed ImZr-SBA-15) samples with 
Zr loadings of 3 and 10 mol% (Fig. 
2).  For the ZrOCl2 solution, two scat-
tering features are observed at 1.68 
and 3.22 Å (uncorrected), which are 
assigned to the eight nearest oxy-
gen atoms and three neighboring 
Zr atoms in the [Zr4(OH)8(H2O)16]8+ 
ion.  For bulk ZrO2, three strong 
scattering features are seen at 1.61, 
3.06 and 3.45 Å (uncorre-cted), at-
tributed to the nearest oxygen and 
neighboring Zr atoms, respectively, 
and some weak scattering features 
of further shells are also seen above 
4 Å.  The spectrum is consistent with 
that of crystalline ZrO2 in mono-

clinic structure.  Both ImZr-SBA-15 
samples with Zr/Si ratios of 0.03 and 
0.1 have similar scattering features 
as that of bulk ZrO2, except the sec-
ond and third peaks are less intense, 
indicating that Zr in ImZr-SBA-15 
forms ZrO2 crystallites of smaller 

sizes.  For the as-made Zr-SBA-15 
materials of low Zr loading, only the 
first scattering peak is observed at 
1.61 Å (uncorrected) corresponding 
to the nearest oxygen atoms.  As the 
Zr loading is increased, a shoulder 
peak at 2.10 Å (uncorrected) grows 
gradually, implying that another 
shell of oxygen atoms with longer 
Zr-O bond distance is present.  The 
first oxygen shell with shorter Zr-O 
bond distance is probably attrib-
uted to isolated Zr species incor-
porated in the silica framework, 
and this peak is seen in all as-made 
samples.  As to the second oxygen 
shell of longer Zr-O bond distance, 
it is probably contributed from 
superficial zirconia clusters coordi-
nated to P123 copolymer or water.  
This proposal is supported by the 
TG and UV–Vis analyses, which show 
that the superficial zirconia clus-
ters are not formed until the Zr/Si  
molar ratio is 0.03 and its amount  
increases with the Zr loading.

The scattering features of cal-
cined Zr-SBA-15 samples vary in 

Fig. 1: Small and wide-angle XRD patterns of calcined Zr-SBA-15 materials 
with various Zr/Si ratios.

Fig. 2: Fourier transform spectra of χ(k)*k3 weighted in R space of as-made 
and calcined Zr-SBA-15 materials with various Zr/Si ratios, in compari-
son with the spectra of bulk ZrO2, 7.6 mM ZrOCl2 solution, and ImZr-
SBA-15 materials with Zr/Si ratios of 0.03 and 0.1.
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a similar trend as that of as-made 
ones, except the peaks are slightly 
broadened.  Moreover, the signal/
noise ratios of the scattering fea-
tures were found to decrease after 
the samples were calcined, and even 
more markedly decreases were seen 
when the Zr loading was increased.  
The decrease in signal/noise ratio is 
due to the increase in Debye-Waller 
factor, which is a consequence of 
increase in either thermal motion 
or coordination chaos. These results 
infer that although Zr species are 
homogeneously distributed in Zr-
SBA-15, the coordinative environ-
ments of Zr become less uniform as 
the Zr loading increases or after the 
samples are calcined. On the other 
hand, the very weak scattering 
features at 2.5 - 4.0 Å (uncorrected) 
distance imply that the Zr species in 
Zr-SBA-15 are either incorporated 
in the framework as isolated species 
or on the surfaces of the mesopores 
as zirconia clusters, which are prob-
ably smaller than [Zr4(OH)8(H2O)16]8+ 
tetramer.

Pinacol rearrangement is a 
valuable process for preparing alde-

hydes or ketones through the skel-
etal rearrangement of 1,2-diols and 
elimination of water.  The reaction is 
usually carried out in the presence 
of at least an equimolar amount of 
strong mineral acids, such as H2SO4 
or HClO4.  Our previous studies 
showed that pinacol rearrange-
ment could be catalyzed by metal-
incorporated molecular sieves at 
relatively mild temperatures.  In the 
present work, the Zr-SBA-15 materi-
als were examined as the catalysts 
in the pinacol-type rearrangement. 
Table 1 summarizes the catalytic 
performances of various porous 
materials in pinacol rearrangement. 
Over Si-SBA-15 and ImZr-SBA-15, 
the pinacol conversions are very 
low and no pinacolone product is 
detected.  On the other hand, one-
pot synthesized Zr-SBA-15 materials 
are very efficient catalysts for the 
rearrangement reaction, and the 
pinacol conversion and pinacolone 
selectivity increase with Zr loading. 
Over 0.01Zr-SBA-15 with lowest Zr 
loading, the pinacol conversion is 
only 8.6%, and the pinacolone se-
lectivity is about 61%.  The values in-

crease dramatically to 26% and 80% 
when the Zr/Si ratio is increased to 
ca. 0.03.  Over 0.1Zr-SBA-15, which 
contains the highest Zr loading, the 
pinacol conversion and pinacolone 
selectivity reach 82% and 81%, re-
spectively, and the pinacolone yield 
reaches 2.7 g/g catal∙hr. 

Figure 3 correlates the pinacol 
conversion and acid amount in Zr-
SBA-15 expressed by the relative 
NH3-TPD peak area with Zr loading. 
The acid amount increases almost 
linearly with the Zr loading, while 
a stronger than linear increase in 
pinacol conversion is seen when 
the Zr/Si ratio is greater than 0.03. 
These results clearly demonstrate 
that the acidic sites in Zr-SBA-15 
are contributed by the incorpo-
rated Zr species. Moreover, since 
the superficial zirconia clusters 
are not clearly detected until the 
Zr/Si ratio is higher than 0.03, the 
superficial zirconia clusters aggre-
gated on the pore walls of SBA-15 
are likely more accessible and ef-
ficient than the isolated Zr species 
in the framework in catalyzing the 
pinacol rearrangement reaction.

The pinacol conversions over 
ZSM-5 and HY-zeolites (6.0% and 
15%, respectively) are lower than 
those over most of the Zr-SBA-15 
materials, although the zeolites 
have larger amounts of acid sites 
than Zr-SBA-15.  The low catalytic 
activities of ZSM-5 and HY-zeolites 
in pinacol rearrangement are prob-
ably due to the unfavorable diffu-
sion of hydrophilic pinacol mol-
ecules into the relatively small and 
hydrophobic pores of zeolites.  It is 
also noticeable that the pinacolone 
selectivity over HY-zeolite is similar 
to that over Zr-SBA-15 of ca.  80%, 
whereas that over ZSM-5 is only 
46%.  Since the pore size of ZSM-5 is 
the smallest among the studied ma-
terials, the pinacol rearrangement 

Fig. 3: Pinacol conversions and acidities of Zr-SBA-15 materials as a function 
of Zr contents.
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Table 1: Liquid phase pinacol pearrangement of 2,3-dimethyl-2,3-butandiol over various catalysts.

[a] M/Si = metal to Si molar ratio. [b] Not detectable.

Catalyst M/Si[a]

(Solid)
NH3-TPD

Peak Area Ratio
Conversion

(%)
Pinacolone

Yield (g/g catal∙hr) Selectivity (%)

None
Si-SBA-15
ZSM-5
HY-zeolite
ImZr-SBA-15

Zr-SBA-15

Reg-Zr-SBA-15

should proceed only on the outer 
surfaces of ZSM-5 particles.  The 
low selectivity over ZSM-5 indicates 
that the surface acid sites probably 
cannot stabilize the intermediate 
of alkyl-migration, which leads to 
pinacolone product, due to steric 
factor.  Among the catalysts exam-
ined in the present study, Zr-SBA-15 
materials with Zr/Si ratios higher 
than 0.03 are superior to others, 
including ZSM-5 and HY-zeolites. 
Moreover, the reaction rates over 
Zr-SBA-15 materials are much faster 
than the metal-incorporated AlPO-
5 materials reported previously. 
The well-dispersed zirconia clusters 
containing two or more Zr centers 
on the wall surfaces of mesopores 
are likely the active sites for pinacol 
rearrangement. 

The proposed reaction mecha-
nism of pinacol rearrangement over 
Zr-SBA-15 materials is illustrated in 

Scheme 1.  On the hydrophilic sur-
faces of Zr-SBA-15, the OH groups 
of pinacol are probably coordinated 
onto the adjacent superficial Zr(IV) 
sites through oxygen atoms, while 
the H atoms on the hydroxyl groups 
may be stabilized by hydrogen 
bonding with lattice oxygens of 
the zirconia cluster to form acidic 
protons in the adsorbed species. 
In path 1, the acidic proton on the 
OH group is ready to transfer to the 
other OH group on the adsorbed pi-
nacol, resulting in intermediate (III).  
After dehydration, intermediate (IV) 
with a lattice oxygen-stabilized car-
bocation is formed.  As the electron 
pair on C-O back-donates to carbon, 
pinacolone is formed through an 
alkyl-migration.  On the other hand, 
the reaction can also go through 
path 2, where dehydration occurs 
on the surface-stabilized hydroxyl 
groups and the H atoms on vicinal 
methyl groups to generate C = C 

bonds.  2,3-Dimethylbutadiene 
(DMBD) is formed by removing two 
molecules of water from absorbed 
pinacol.  It is noticeable that both 
pinacolone and DMBD are hydro-
phobic molecules and can be easily 
expelled from the hydrophilic Zr–
SBA-15 surfaces.  However, it needs 
a solvent soluble with water to take 
the water product away from the su-
perficial Zr(IV) sites, so that the cata-
lytic active sites can be regenerated.

In summary, well-ordered SBA-
15 mesoporous materials with high 
loadings of Zr(IV) have been suc-
cessfully synthesized by one-pot co-
condensation in a self-generated 
acidic environment with the aid of 
NaCl.  According to the study of Zr 
K-edge X-ray absorption, Zr is in-
corporated in the silica frameworks 
as isolated Zr species when the Zr/
Si ratio is lower than 0.03, and it ag-
gregates and forms small zirconia 

Pinacol 
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clusters containing two or more Zr centers on the wall 
surfaces of SBA-15 when Zr loading is increased or after 
the samples are calcined.  In the pinacol-type rearrange-
ment, the one-pot synthesized Zr-SBA-15 materials con-
taining superficial zirconia clusters and large mesopores 
are the most efficient catalyst in pinacol-type rearrange-
ment, in comparison to ZSM-5 and HY zeolites, as well as 
Zr-impregnated SBA-15 materials.

Experimental Station
X-ray Absorption Spectroscopy
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Scheme 1:  Proposed reaction mechanism of pinacol rearrangement over Zr-SBA-15 materials.
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