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Abstract

Isolated transition metal ions/oxides in molecular sieves and on surfaces are a class of active sites for selective oxidation of hyd
Identifying the active sites and their coordination structure is vital to understanding their essential role played in catalysis and
and synthesizing more active and selective catalysts. The isolated transition metal ions in the framework of molecular sieves (e
Fe-ZSM-5, and V-MCM-41) or on the surface of oxides (e.g., MoO3/Al2O3 and TiO2/SiO2) were successfully identified by UV resonan
Raman spectroscopy. The charge transfer transitions between the transition metal ions and the oxygen anions are excited by a U
consequently the UV resonance Raman effect greatly enhances the Raman signals of the isolated transition metal ions. The local c
of these ions in the rigid framework of molecular sieves or in the relatively flexible structure on the surface can also be differentiat
shifts of the resonance Raman bands. The relative concentration of the isolated transition metal ion/oxides could be estimated by t
ratio of Raman bands. This study demonstrates that the UV resonance Raman spectroscopy is a general technique that can be w
to the in-situ characterization of catalyst synthesis and catalytic reactions.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

1.1. UV Raman spectroscopy applied to catalyst
characterization

Raman spectroscopy is an important spectroscopic t
nique and is considered to be a powerful tool for charac
izing molecular structures. It has been extensively app
to the study of chemistry, physics, biology, and mate
science [1]. The visible lasers are usually used as the
citation sources for conventional Raman spectroscopy.
fortunately, the fluorescence and some other backgroun
terference (hereafter referred to as fluorescence) frequ
occur in the visible or near-UV region. The intensity of t
fluorescence is usually higher than that of a Raman si
by several orders of magnitude. As a result, the visible
man spectra are often obscured by the strong fluoresce
Another shortcoming of conventional Raman spectrosc
is the inherently low Raman scattering intensity.

E-mail address: canli@dicp.ac.cn.
URL address: http://www.canli.dicp.ac.cn.
0021-9517/03/$ – see front matter 2003 Elsevier Science (USA). All rights r
doi:10.1016/S0021-9517(02)00107-0
.

It has been a challenging and important task to m
Raman spectroscopy widely applicable to the study
catalysis because Raman spectroscopy is potentially m
useful for in-situ study of working catalysts. However, t
fluorescence is extremely severe for catalysts mainly
to the fluorescence impurity frequently present on cata
surfaces. In particular, the hydrocarbon species, suc
organic template residues in zeolites, produce the st
fluorescence. These species are inevitably formed on
surfaces of catalysts under reaction conditions. It is diffic
to obtain Raman spectra once the samples have fluoresc
Therefore, avoiding or eliminating the fluorescence a
increasing the sensitivity are the most significant ways
apply Raman spectroscopy to catalysis, materials scie
and many other fields.

The fluorescence spectrum varies for different cataly
but most spectra lie in the range from 300 to 700 nm
longer as shown in Fig. 1. The fluorescence band may ex
to the visible and near-infrared regions, but there is a
off wavelength in the shorter wavelength side, usually in
UV region. Most samples are totally free of fluoresce
in the region shorter than approximately 260 nm. This
eserved.

http://www.elsevier.com/locate/jcat
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Fig. 1. To avoid fluorescence interference, the excitation laser is sh
from the visible region to the UV region (λ < 300 nm), which is nearly
fluorescence free. The fluorescence bands appear mostly in the v
region from about 300 to 700 nm, and the Raman signal is usually a
102–106 less intense than the fluorescence signal.

be explained because the fluorescence is produced m
from the transition from the first excited electronic st
to the vibrational states of the ground electronic state,
this band gap for most catalysts is in the visible regi
Therefore, it is possible to avoid the fluorescence by shif
the excitation laser from the visible region to the UV reg
as described in Fig. 1.

Recent UV Raman spectroscopic studies on var
catalysts demonstrated that the fluorescence interfer
could be successfully avoided in UV Raman spectrosc
[2–5]. Fig. 2 shows an example of silicon grease, wh
usually has strong fluorescence and is frequently plag
by the fluorescence problem, when a Raman cell was se
with it. The two spectra clearly suggest that the fluoresce
can be avoided in the Raman spectra when the Ra
spectra are placed in the UV region. Similar results w
obtained for zeolites [6], alumina [7], coked catalysts [
etc. In principle the sensitivity of Raman spectroscopy
be further increased by shifting the excitation laser from
visible region to the UV region, since the Raman scatte
intensity is inversely proportional toλ4 (where λ is the
wavelength of the Raman scattering).

Another merit of UV Raman spectroscopy is that the r
onance Raman spectra can be obtained for some samp
exciting the electronic states with an ultraviolet laser, si
the electronic transition of chemical compounds usually
curs in the UV region. The Raman scattering intensity is p
portional to|αρσ |2, and the polarizability (αρσ ) can be cal-
culated according to the Kramers–Heisenberg equation

(αρσ )mn = 1

h

∑(
MmeMen

�Eme − hνo + i�

+ MmeMen

�Een + hνo + iΓ

)
,

where theνo is the frequency of excitation laser,�Eme

stands for the energy difference between the two electr
states,m ande, while staten is the first excited vibrationa
y

e

d

y

Fig. 2. A comparison between the visible Raman spectrum (λex = 488 nm)
and UV Raman spectrum (λex = 244 nm) of silicon grease used for vacuu
sealing. The silicon grease gives strong fluorescence, and its Raman s
are submerged in the broad background in the visible Raman spectrum
Raman bands of grease clearly appear in its UV Raman spectrum, indic
that the strong fluorescence of grease is effectively avoided by shiftin
excitation laser from the visible region to the UV region.

energy level. The polarizability (αρσ ) would be greatly in-
creased when the laser line (hνo) is close to an electroni
transition (�Eme). As a result, the cross section of R
man scattering could be considerably enhanced. This
hancement in intensity could be several orders of ma
tude greater than the normal Raman intensity. Therefore
onance Raman spectroscopy is a useful tool to discern i
mation from a complex molecular system, especially in
mation about the local structure of a complex system suc
catalysts.

One should be careful when the UV Raman spe
of some photosensitive catalysts are measured becaus
UV laser may induce photodecomposition of the surf
species on the catalyst and catalyst itself. But most inorg
compounds such as SiO2, Al2O3, and zeolites are quit
stable under UV radiation (the laser power was kept at
than 5 mW in this work to alleviate the thermal effect).

1.2. Detection of isolated transition metal ions by UV
resonance Raman spectroscopy

Fig. 3 describes how one can apply resonance Ra
spectroscopy to the identification of isolated transition m
ions incorporated in the framework of molecular siev
For the transition metal ion (M) isolated in a silicalite-li
matrix, there is a charge transfer transition between
framework oxygen anion and the framework transition m
cation. This transition is mostly located in the UV regio
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Fig. 3. Isolated transition metal ions in the framework of zeolites, suc
Ti in TS-1. The charge transfer transition between the framework trans
metal cation and the oxygen anion falls in the UV region for most case

e.g., 220 nm for TS-1, 250 nm for Fe-ZSM-5, and 280
for V-MCM-41. In this manner, we can take advantage of
UV resonance Raman effect to detect/identify the isola
framework transition metal ions in molecular sieves.

Molecular sieves with incorporated transition metal io
in their framework are a new class of materials that sh
important properties in catalysis. The most useful prop
is their redox ability that can be used as new catalysts
selective oxidation of a wide range of hydrocarbons, s
as the epoxidation of olefins and hydroxylation of benz
using H2O2 as the oxidant [10,11]. The most interesti
question concerning the incorporated transition metal
in molecular sieves is how to identify the transition me
ions in the framework.

The transition metal ions substituted in the framework
molecular sieves show a charge transfer transition, usu
in the UV region, between the transition metal ions a
the framework oxygen anions. Therefore the UV resona
Raman spectra can be obtained by exciting these transi
with the UV laser. Accordingly, the framework transitio
ions can be selectively identified based on the reson
Raman effect because the enhanced resonance Raman
are directly associated with the framework transition m
ions.

Isolated and highly dispersed transition metal ions/ox
on oxide supports (e.g., Al2O3 and SiO2) are frequently the
active sites or the phases of catalysts for many kinds o
actions including the selective oxidation of hydrocarbo
[12,13]. Similar to the transition metal ions substituted
molecular sieves, the characterization of the active site
isolated and highly dispersed forms is also important in g
ing insight into their catalytic natures. There are some s
larities in structure between the isolated transition metal i
substituted in molecular sieves and the isolated/dispe
transition metal oxides on supports. The isolated/dispe
transition metal oxide species on supports can be also i
tified by UV resonance Raman spectroscopy.
s

ds

-

In this paper, three typical molecular sieves (TS
Fe-ZSM-5, and V-MCM-41) and two typical supporte
transition metal oxides (MoO3/Al2O3 and TiO2/SiO2) are
characterized by UV resonance Raman spectroscopy.
isolated transition ions/oxide in these molecular sieves
on oxide supports are clearly identified based on the
resonance Raman effect.

2. Isolated transition metal ions incorporated
in molecular sieves

2.1. Isolated titanium sites in the framework of TS-1

TS-1 zeolite has received a great deal of attention
the past decade because of its excellent catalytic prope
in a range of selective oxidation reactions with aque
hydrogen peroxide as the oxidant under mild conditions.
commonly believed that isolated titanium in the framew
of the TS-1 zeolite, hereafter denoted by Ti–O–Si, is
active site for the selective oxidation, although the ex
nature of the active site is still under dispute. There has b
extensive characterization of the TS-1 zeolite using var
techniques such as FT–IR, Raman spectroscopy, UV–vi
absorption, NMR, EXAFS and XANES, XRD, neutro
powder diffraction, etc. [14–21]. A band that appeared
960 cm–1 in Raman and IR spectra was assumed to
the characteristic vibration mode of the framework titani
species, Ti–O–Si. However, this band sometimes app
for silicalite zeolites without substituted titanium or wi
substituted metal instead of titanium and there is a
evidence indicating that this band may be from surf
hydroxyl (e.g., Si–OH) [22,23] or defect sites [24]. Th
the question still remains on how the framework titani
species can be unambiguously identified.

Fig. 4 gives the Raman spectra of TS-1 excited by th
different laser lines at 244, 325, and 488 nm. The in
in Fig. 4 shows the UV–visible diffuse reflectance spec
of TS-1 and silicalite. There is a typical absorption ba
centered at 220 nm for TS-1 while no electronic absorp
band is observed for silicalite-1. The band at 220
originates from the charge transfer of the pπ–dπ transition
between titanium and oxygen of the framework titani
species, Ti–O–Si, in the zeolite. The tail of the band cente
at 220 nm actually extends to 300 nm due to the presen
an extra framework titania species, TiO2, in the TS-1 zeolite

The upper spectrum in Fig. 4 is the UV Raman spectr
of TS-1 excited by the 244-nm line [25]. There are stro
Raman bands observed for TS-1 at 1125, 960, 815,
490, 380, and 290 cm–1 and some weak bands in the 60
800 cm–1 region. Of particular interest is a very stron
band at 1125 cm–1 observed for TS-1 although its bands
the 1000 cm–1 region are usually very weak in the norm
Raman spectroscopy. The UV Raman spectrum of silica
1 is completely different from that of TS-1. The stro
Raman bands at 490, 530, and 1125 cm–1, which appear for
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Fig. 4. Raman spectra of TS-1 excited by different lasers at 244,
and 488 nm. The inset is the UV-visible diffuse absorbances of TS-1
silicalite-1. The laser at 244 nm is close to the charge transfer transiti
TS-1, but the lasers at 325 and 488 nm are out of the absorbance b
TS-1.

TS-1, are absent in the Raman spectrum of silicalite-1 [
These new bands must be from the framework titan
species in TS-1. Several common bands are observed a
380, and 815 cm–1 for both TS-1 and silicalite-1 zeolite
indicating that these bands are characteristic of the si
lite-1 zeolite. The weak band at 960 cm–1 in the UV Raman
spectrum appears at the same frequency as that in FT–IR
FT–Raman spectra (λex = 1064 nm).

Fig. 4 compares the Raman spectra of TS-1 excited
three different laser lines at 244, 325, and 488 nm.
strong bands at 490, 530, and 1125 cm–1 are observed onl
when excited with the line at 244 nm. Clearly these bands
due to the UV resonance Raman effect because the 24
line is in the absorbance band of the electronic absorp
of TS-1 while the 325- and 488-nm lines are outside of
absorption band of TS-1 (see inset). All three spectra h
common bands at 290, 380, 815, and 960 cm–1, suggesting
that the appearance of these bands may not be due t
resonance Raman effect [26].

The Raman spectra of silicalite-1 excited with lines
244, 325, and 488 nm are almost identical. The inter
ing bands at 490, 530, and 1125 cm–1 are not detected fo
silicalite-1 for excitation lines from the visible to ultravio
let regions. There is no resonance Raman phenomeno
served for silicalite-1 as no enhanced Raman bands ar
tected for silicalite-1 when the excitation line varied from
f

,

d

e

-
-

visible to the UV regions (see inset). This confirms that
bands at 490, 530, and 1125 cm–1 are solely associated wit
the framework titanium of TS-1 but not with silicalite-1 [26

The Raman bands at 290, 380, and 815 cm–1 do not vary
with the different excitation lines at 244, 325, and 488 n
indicating that these bands are the characteristic band
silicalite-1 itself. Specifically, the band at 380 cm–1 is the
identification of the MFI structure [27]. These bands a
appear for TS-1, suggesting that TS-1 still maintains
main structure of silicalite-1. There are some weak ba
in the 1000–1200 cm–1 region, which are also due to silic
lite-1. These bands become evident when the excitatio
shifted from 488 to 244 nm mainly due to less fluoresce
in the Raman spectrum when the excitation wavelengt
shifted from the visible to the ultraviolet regions.

The resonance enhanced Raman bands at 490,
and 1125 cm–1 can be simply assigned to a local unit
[Ti(OSi)4] of TS-1, denoted by Ti–O–Si in this paper. T
bands at 490 and 530 cm–1 are assigned to the bendin
and symmetric stretching vibrations of the framework
O–Si species respectively and the band at 1125 cm–1 is
attributed to the asymmetric stretching vibration of the
O–Si [28,29].

It was assumed that the appearance of the ban
960 cm–1 (infrared and Raman) was the indication th
the framework titanium species had formed in the TS
However, the assignment of this band has proven to
controversial [30]. The relative intensity of this band
almost the same among the different excitation lines (Fig
This clearly indicates that the band is not a resonance-re
Raman band. The relative intensity of the band at 960 c–1

remains almost unchanged with the crystallization time [2
suggesting that the band at 960 cm–1 may not be directly
associated with the framework titanium species of TS-1.

A thorough analysis of the vibrational features of
TS-1 catalyst was conducted by Ricchiardi et al. [31] ba
on quantitative IR measurements, Raman and UV r
nance Raman experiments, quantitative XANES, and q
tum chemical calculations on cluster and periodic mod
The linear correlation of the intensity of the IR and R
man bands located at 960 and 1125 cm–1 and the XANES
peak at 4967 eV to the amount of tetrahedral Ti was qu
titatively demonstrated. Raman and resonant Raman sp
of silicalite and TS-1 with variable Ti content show ma
features at 960 and 1125 cm–1 associated with titanium in
sertion into the zeolite framework. The enhancement of
intensity of the 1125 cm–1 feature and the invariance
the 960 cm–1 feature in UV Raman experiments were d
cussed in terms of resonant Raman selection rules. Qua
chemical calculations on cluster models Si[OSi(OH)3]4 and
Ti[OSi(OH)3]4 at the B3LYP/6-31G(d) level of theory pro
vided the basis for the assignment of the main vibratio
contributions and for the understanding of Raman enha
ment. The resonance-enhanced 1125 cm–1 mode is unam
biguously associated with a totally symmetric vibration
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Fig. 5. UV Raman spectra (λex = 244 nm) of V-MCM-41 with different
Si/V molar ratios as the starting materials of synthesis.

the TiO4 tetrahedron, achieved through in-phase asymm
ric stretching of the four connected Ti–O–Si bridges.

2.2. Identifying the isolated vanadium sites in V-MCM-41

In the UV–visible reflectance diffuse absorption spec
of Si-MCM-41 and V-MCM-41 [32], no electronic absorp
tion bands are observed for Si-MCM-41, and there are w
electronic absorptions at 270, 340, 410, and 450 nm fo
MCM-41. The electronic absorptions at 270 and 340 nm
be attributed to the charge transfer between the tetrah
oxygen ligands and the central V5+ ion of tetrahedral coor
dinated V5+ in the framework [33–35]. Two bands at 41
and 450 nm indicate that the extra framework V5+ ions are
formed in V-MCM-41. However, the UV–vis electronic a
sorption of polymerized vanadium oxides supported on S2
also appears in the 250–350 nm region [36]. The band
250 and 320 nm are observed in UV–visible diffused
flectance spectrum of supported vanadium oxides. He
the broad bands at 270 and 340 nm are the overlap o
UV–vis bands of both isolated tetrahedral (called framew
vanadium, actually formed at the surface defect site w
several Si–OH) and polymerized (called extra framewo
vanadium sites. The laser line at 244 nm is simultaneo
l

,

close to the electronic absorption of the vanadium ion
both the isolated and polymerized forms.

Similarly, the vanadium species in V-MCM-41 can
characterized by UV resonance Raman spectroscopy. F
shows the UV Raman spectra of Si-MCM-41 and V-MC
41 excited by the 244-nm line. Visible Raman spectrum
V-MCM-41 illustrates Raman bands similar to those of
MCM-41 and no strong Raman bands associated with
vanadium species in the isolated and polymerized for
In the UV Raman spectrum two new bands at 930
1070 cm–1 are detected. The band at 930 cm–1 is assigned
to the V=O symmetric stretching mode of the polymeriz
vanadium oxides in the extra framework [37]. The band
1070 cm–1 is assigned to the V=O symmetric stretching
mode of the vanadium ions in the isolated form (framewo
Considering that the 244-nm line is close to the cha
transfer absorption of the vanadium ions, it is the Ram
resonance effect that considerably enhances the bands a
and 1070 cm–1.

The V=O vibrations of VOX3 (X = F, Cl, Br) are below
1055 cm–1 [38], and that of supported monometric vanad
species usually gives a band at about 1030 cm–1 [39]. The
framework vanadium species in V-MCM-41 is in the d
torted tetrahedral form as evidenced by the much hig
band position at 1070 cm–1. This tetrahedral structure migh
have strong structural tension, and it is actually a metast
structure that easily aggregates into the polymerized spe
at higher temperatures. This was confirmed by the exp
ments proving that the band at 930 cm–1 grows while the
band intensity at 1070 cm–1 decreases when the V-MCM
41 was calcined at elevated temperatures. The intens
of the bands at 1070 and 930 cm–1 represents the surfac
concentration of isolated (framework) and polymerized (
traframework) vanadium species, respectively. Decrea
the Si/V ratio, or increasing the vanadium amount, cau
the band intensity at 1070 cm–1 due to isolated vanadium
species to slightly decrease while the band at 930 cm–1 due
to polymerized vanadium species increases. The amou
framework vanadium in the V-MCM-41 seems to be li
ited. When the concentration of vanadium species is bey
a limit, the vanadium oxides in the polymerized form (e
tra framework) increase with further increases in vanad
concentration.

2.3. Identifying the isolated Fe-sites in Fe-zeolites

Fig. 8 displays the UV Raman spectra of three samp
silicalite-1, Fe-ZSM-5, and a mixture of silicalite-1 an
Fe2O3. Silicalite-1 exhibits two bands at 380 and 802 cm–1.
The band at 380 cm–1 is assigned to the five-member
building unit of MFI-structure zeolites [40,41], and th
802 cm–1 band is assigned to the framework symme
stretching vibration in ZSM-5 [2,4]. It is also interestin
to note that Fe-ZSM-5 exhibits additional bands at 5
580, 1026, 1126, and 1185 cm–1. The chemical analysi
of silicalite-1 and Fe-ZSM-5 shows that the iron is t
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Fig. 6. UV Raman spectra (λex = 244 nm) of Fe-ZSM-5, silicalite-1 and the mixture of silicalite-1 and Fe2O3. The inset presents the UV–visible diffu
absorbance of the three samples. The local structures of Fe-ZSM-5 and Silicalite-1 are schematically depicted.
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only difference in chemical composition of these zeolit
and the new bands must therefore be attributed to the
species. The UV Raman spectrum of the mechanical mix
of Fe2O3 with silicalite-1 gives bands similar to those
only silicalite-1. These results indicate that UV Ram
spectroscopy using 244 nm as the excitation source is
sensitive to Fe2O3 material, and the Raman bands of Fe2O3
are not clearly observed [42].

The inset of Fig. 6 shows UV/Visible diffuse reflectance
spectrum of silicalite-1, Fe-ZSM-5, and the mechan
mixture of Fe2O3 with silicalite-1. Silicalite-1 has no band
in the 200–700 nm region, while Fe-ZSM-5 shows a str
absorption band centered at 250 nm. The band at 250
is assigned to the pπ–dπ charge-transfer transition betwe
the iron and oxygen atoms in the framework of Fe
–Si in the zeolite [43,44]. This is similar to the Ti–
–Si species of TS-1. The UV–visible diffuse reflectan
spectrum of the mechanical mixture of Fe2O3 and silicalite-
1 indicates that the absorption band in the UV region (2
300 nm) is very weak. The UV–visible diffuse reflectan
spectra of silicalite-1 and ZSM-5 have no obvious absorp
bands between 200 and 250 nm. The 244-nm laser
to excite the samples is close to the band center at
nm of Fe-ZSM-5, while the silicalite-1 and Fe2O3 have no
electronic absorption band in the 250-nm region. Theref
the UV Raman bands at 516, 580, 1026, and 1185 cm–1 are
resonance Raman bands associated with the isolated
t

n

species in the framework of Fe-ZSM-5, as depicted in
right panel of Fig. 6.

The Raman bands in the 516 cm–1 region are due
to the symmetric stretching/bending vibrational modes
isolated Fe–O–Si species, while the bands at 1026, 1
and 1185 cm–1 are attributed to the asymmetric vibratio
of Fe–O–Si stretching vibrational modes [42]. The rea
there are several bands in the 1100 cm–1 region is not well
understood, but a detailed study is in progress. The
bands may suggest that there are several different kind
highly isolated iron sites in Fe-ZSM-5. These bands evo
at different rates during the crystallization of Fe-ZSM-5,
the bands at 516 and 1026 cm–1 appear even at the ve
beginning of the crystallization. This allows us to conclu
that the [≡Fe–O–Si≡]-like fragment species are derive
even in the gel stage of the synthesis.

To better understand how much Fe can be incorpor
in the framework, Fe–silicalite samples were prepared
hydrothermal synthesis with Fe2O3/SiO2 molar ratios of
0.01, 0.005, 0.0025, and 0.00125 in the starting synth
mixture. The as-synthesized samples were calcined in a
773–823 K to remove the template and then washed by
M HCl to remove the extra framework iron oxide form
in the pores of the Fe–silicalite zeolite. Fig. 7 shows
UV Raman spectra of these Fe–silicalite samples with
excitation line at 244 nm. As seen in Fig. 6, the appeara
of the two Raman bands at 380 and 800 cm–1 indicate the
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Fig. 7. UV Raman spectra (λex = 244 nm) of Fe–silicalite synthesized wit
different Fe2O3/SiO2 molar ratios of the starting materials. The inset giv
the intensity ratio of the band at 516 cm–1 due to highly isolated Fe–O–S
species, and the band at 380 cm–1 (the characteristic Raman band of ZSM
as the internal standard) versus the Fe2O3/SiO2 molar ratio (a, silicalite-1,
Fe2O3/SiO2 = 0; b, Fe2O3/SiO2 = 0.00125; c, Fe2O3/SiO2 = 0.0025;
d, Fe2O3/SiO2 = 0.005; e, Fe2O3/SiO2 = 0.01).

formation of a silicalite-like structure in Fe–silicalite. Th
fact that the signal-to-noise ratio of the Raman spectr
Fe–silicalite is less than that of silicalite, particularly for t
sample with a high Fe2O3/SiO2 molar ratio, means that th
crystalline quality of silicalite is deteriorated somewhat
the presence of iron species. The quality of the UV Ram
spectrum can also be affected by the UV absorption of
extra framework iron oxide species.

The inset of Fig. 7 plots the intensity ratio of 516
380 cm–1 versus the Fe2O3/SiO2 molar ratio. It is proposed
that the intensity ratio of 516 to 380 cm–1 should be roughly
proportional to the concentration of the isolated framew
iron in Fe–silicalite when the concentration of iron spec
is very low. This intensity ratio linearly increases wh
the Fe2O3/SiO2 ratio in the starting synthesis mixture
is increasing between 0 and 0.004. Then, the inten
ratio flattens when the Fe2O3/SiO2 ratio is over 0.005
This result shows that the quantity of iron species be
incorporated in the framework of silicalite is very small [4
and limited to a Fe2O3/SiO2 ratio not greater than 0.00
for the samples synthesized in this work. However, the
resonance Raman spectroscopy is able to identify extre
low concentrations of the isolated iron species in the zeol

3. Isolated and dispersed transition metal species on
high surface area oxides

3.1. Molybdenum species on Al2O3

The supported molybdenum oxides have drawn a g
deal of attention because they are the important cata
and catalyst precursors used in many chemical react
However, past Raman spectroscopic studies on the
ported molybdate mainly focused on high loading ca
lysts. The molybdenum oxides are usually in the agg
gated/polymerized form or even in the bulk oxide form
the alumina surfaces when the loading of molybdenum
ide is high. One may not only detect isolated transition m
oxides but also understand the coordination and interac
between the metal oxides and the support surfaces whe
loading is sufficiently low. For the low loading catalyst, it
difficult to obtain its Raman spectrum because of the fluo
cence and the relatively low sensitivity of conventional R
man spectroscopy. Fortunately, UV resonance Raman s
troscopy presents the possibility of being able to detect
surface species with low concentration.

Fig. 8 shows the UV Raman spectra of supported mo
date onγ -alumina (MoO3/γ -Al2O3) with extremely low
loading (0.10 wt% MoO3, about 0.007 monolayer ofγ -
Al2O3, SBET = 250 m2/g) [46]. Fig. 8a presents only th
strong fluorescence when the sample was excited by the
ible laser at 488 nm. The Raman spectrum is greatly
proved when the excitation laser is shifted from 488 to 3
nm, and the Raman bands at 325, 837, 910, and 1670–1

can be observed despite some fluorescence (Fig. 8b).
fluorescence is completely removed when the excita
laser is shifted to the UV region as clearly shown in Fig.
These results again demonstrate that the intensity of the
orescence band decreases as the wavelength approach
UV region (Fig. 1).

The Raman bands in Figs. 8b and 8c are clearly dete
owing to not only the avoidance of fluorescence but a
the resonance Raman enhancement. As seen in the
there are two absorbances centered at 220 and 290 n
MoO3/γ -Al2O3. The band at 220 nm is mainly associat
with the tetrahedral molybdate species and the ban
290 nm is associated with the octahedral molybdate spe
The laser at 325 nm is close to the band at 290 nm
that the resonance Raman effect enhances the Raman
at 837 and 1670 cm–1 of octahedral species (asymmet
vibration of Mo–O–Mo). The appearance of the overto
band at 1670 cm–1 (of the band at 837 cm–1) also suggest
the presence of the resonance Raman effect. The
at 910 cm–1 (stretching vibration of Mo=O) due to the
tetrahedral species is observed possibly also due to
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Fig. 8. Raman spectra of MoO3/γ -Al2O3 excited by different lasers a
244, 325, and 488 nm. The inset is the UV–visible diffuse absorbanc
MoO3/γ -Al2O3, where two absorbances at 229 and 290 nm are assoc
with the isolated and polymerized molybdate species, respectively.
lasers at 244 and 325 nm are in the regions of 229 and 290 nm, respec
so the preresonance Raman effect is observed.

resonance Raman effect because the surface concent
of either octahedral or tetrahedral species is very low.

The resonance Raman effect becomes even more ob
in Fig. 8c, where the band at 910 cm–1 and its overtones a
1802 and 2720 cm–1 are clearly detected. The Raman ba
of tetrahedral species are selectively enhanced becaus
laser at 244 nm is near to the absorbance band at 22
of the tetrahedral species. This unambiguously confirms
assignment of the Raman bands of different surface sp
based on the resonance Raman effect. It is worthw
to note that the polymerized (octahedral) species are
formed along with the isolated (tetrahedral) species on
Al2O3 surface even at a low loading of MoO3 (0.10 wt%).

The molybdate species on the alumina surface w
prepared by a chemical equilibrium adsorption method
order to make more isolated species. UV Raman spe
show that the species absorbed on the support in a wet
are not always in agreement with those in an impregna
solution [47]. The state of the surface molybdate spe
in the wet state is determined by both the pH value
the impregnating solution and the pH value at PZC (
point of zero charge) of the support. During calcination
,

n

s

e

s

e

the catalyst prepared with (NH4)6Mo7O24 some tetrahedra
molybdate species aggregate into the octahedral spe
This can be explained by the decrease in the surface ac
when NH3 runs away from the surface. The tetrahed
molybdate species do not polymerize when the cataly
prepared with a solution of NaMoO4 because the surfac
acidity hardly changes during calcination [48]. The surf
acidity of the catalyst, which is influenced by the pH va
of the impregnating solution, the pH value at PZC of
support, molybdenum loading, and compensatory cation
a crucial factor for controlling the coordination structure
the surface molybdate species.

3.2. Titanium species on SiO2

Highly dispersed titanium species on silica (Ti/SiO2)
were prepared by chemical grafting using TiCl4 and tetra-
ethyl othosilicate as the precursors and SiO2 as the sup
port [49]. The catalysts were tested for the epoxidation
styrene usingtert-butyl hydroperoxide (TBHP) as the ox
dant. Fig. 9 (left panel) shows the catalytic performanc
the catalysts prepared at different grafting temperatures.
alysts prepared at high grafting temperatures demons
high epoxide selectivity. The conversion does not sign
cantly change for these different catalysts, and the selec
of benzaldehyde decreases with the grafting temperat
This indicates that the number of active sites for epox
tion (usually the isolated titanium sites) increases at hig
grafting temperatures.

Fig. 9 (right panel) shows the UV Raman spectra of
Ti/SiO2 catalysts prepared by chemical grafting at differ
temperatures. The excitation laser at 244 nm is clos
the electronic absorption band of isolated titanium i
tetrahedrally coordinated. The resonance Raman ban
532 and 1085 cm–1 are readily attributed to the isolate
titanium ions in tetrahedral coordination as in TS-1. It
interesting that the bands at 532 and 1085 cm–1 develop
with higher grafting temperatures. This strongly sugg
that the formation of isolated titanium species require hig
grafting temperatures. Correlating the Raman bands with
catalytic properties shown in the left panel proves that
isolated surface titanium species are mainly responsibl
the epoxidation selectivity.

The two characteristic Raman bands at 532 and 1085–1

of isolated titanium species on the SiO2 surface are ana
ogous to those bands at 490, 530, and 1125 cm–1 of TS-
1 (Fig. 4). This implies that the isolated titanium sites
Ti/SiO2 resemble the isolated framework titanium sites
TS-1. One interesting difference is that the character
band at 1085 cm–1 due to the asymmetric vibration of T
O–Si is about 40 cm–1 lower than that in TS-1 (1125 cm–1,
see Fig. 4). We also found that this band for Ti-MCM-41 a
Ti-SBA is between 1100 and 1110 cm–1 [50–52], always
lower than 1125 cm–1. This difference in frequency esse
tially reflects the different coordination of titanium ions.
TS-1, the titanium ion is in the rigid tetrahedral coordinati
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Fig. 9. (Left panel) The conversion and selectivity of styrene epoxidation on Ti/SiO2 catalysts prepared by chemically grafting the TiCl4 on silica at different
temperatures (the synthesized samples were carefully treated with diluted steam). (Right panel) UV Raman spectra (λex = 244 nm) of the as-synthesize
Ti/SiO2 catalysts. The Raman bands at 532 and 1085 cm–1 are due to the highly isolated titanium species of Ti/SiO2 catalysts.
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as a consequence giving the highest vibrational frequen
Ti–O–Si at 1125 cm–1. While in Ti/SiO2 and Ti-MCM-41,
the titanium species are in a relatively flexible coordinat
on the surface of silica. Accordingly, the asymmetric vib
tion of Ti–O–Si shifts to lower frequency. In fact, this re
shift is an indication of the coordination environment of is
lated titanium ions.

4. Concluding remarks and prospects

UV Raman spectroscopy broadens the application
Raman spectroscopy in catalysis by avoiding the fluo
cence and improving the sensitivity. UV resonance Ram
spectroscopy is very sensitive and supplies more infor
tion about the active sites of catalysts. In particular, the
lated transition metal ions/oxides with extremely low co
centration in the framework of molecular sieves and
oxide supports can be identified by the UV resonance
man spectroscopy. Preparing the uniformly distributed
well-designed isolated active sites is crucial to achiev
high activity and selectivity. Building up the relationship b
tween the structure of the catalyst and catalytic performa
is based on the understanding of the structure of active
and their surroundings. It is possible to tune the coordina
structure and to test the activity and selectivity of the isola
sites. If one definitely characterizes the structure, it could
helpful for understanding early stage the fundamental is
of catalysis.
The in-situ characterization of catalytic materials dur
their synthesis/preparation is very important in understa
ing how the active sites evolve and what are the key step
generating the structure of active sites. Raman spectros
is a suitable tool for characterizing the catalyst prepara
from the early stage of the synthesis, such as aqueou
lution and gel, to the solid states after successive step
treatment, such as drying and calcination [53].

The in-situ characterization of catalytic reactions has
ceived a great deal of attention, and UV Raman spectros
can be widely used to detect the surface species de
during the reactions. Progress was recently made by P
Stair’s group, who used a specially designed Raman ce
realize the in-situ UV Raman study of a catalytic react
[54,55]. The samples in the cell are constantly moving d
ing the measurement and the laser always meets the
catalyst, so that the possible thermal/photo decompos
of surface species caused by UV laser could be avoided
also worthwhile to note that the surface species and the
tive sites might be in a dynamic state under reaction co
tions, so to characterize the catalyst with time-resolved
man spectroscopy is absolutely necessary.

Spectroscopic characterization combined with theore
calculation will be very helpful in the elucidation of th
local structure of the active sites and of the active s
under reaction conditions. It is now possible to calculate
spectroscopic results by using theoretical calculations, s
as Hartee–Fock, density functional theory, and molec
dynamics [31,56–59].
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