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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 hydrocarbons.
Identifying the active sites and their coordination structure is vital to understanding their essential role played in catalysis and designing
and synthesizing more active and selective catalysts. The isolated transition metal ions in the framework of molecular sieves (e.g., TS-1,
Fe-ZSM-5, and V-MCM-41) or on the surface of oxides (e.g., Mp&8,03 and Ti0,/SiO,) were successfully identified by UV resonance
Raman spectroscopy. The charge transfer transitions between the transition metal ions and the oxygen anions are excited by a UV laser an
consequently the UV resonance Raman effect greatly enhances the Raman signals of the isolated transition metal ions. The local coordinatiot
of these ions in the rigid framework of molecular sieves or in the relatively flexible structure on the surface can also be differentiated by the
shifts of the resonance Raman bands. The relative concentration of the isolated transition metal ion/oxides could be estimated by the intensity
ratio of Raman bands. This study demonstrates that the UV resonance Raman spectroscopy is a general technique that can be widely applie
to the in-situ characterization of catalyst synthesis and catalytic reactions.
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1. Introduction It has been a challenging and important task to make
Raman spectroscopy widely applicable to the study of

1.1. UV Raman spectroscopy applied to catalyst catalysis because Raman spectroscopy is potentially more

characterization useful for in-situ study of working catalysts. However, the

fluorescence is extremely severe for catalysts mainly due
Raman spectroscopy is an important spectroscopic tech-to the fluorescence impurity frequently present on catalyst
nique and is considered to be a powerful tool for character- surfaces. In particular, the hydrocarbon species, such as
izing molecular structures. It has been extensively applied organic template residues in zeolites, produce the strong
to the study of chemistry, physics, biology, and material fluorescence. These species are inevitably formed on the
science [1]. The visible lasers are usually used as the ex-surfaces of catalysts under reaction conditions. It is difficult
citation sources for conventional Raman spectroscopy. Un-to obtain Raman spectra once the samples have fluorescence.
fortunately, the fluorescence and some other background in-Therefore, avoiding or eliminating the fluorescence and
terference (hereafter referred to as fluorescence) frequentlyincreasing the sensitivity are the most significant ways to
occur in the visible or near-UV region. The intensity of the apply Raman spectroscopy to catalysis, materials science,
fluorescence is usually higher than that of a Raman signaland many other fields.
by several orders of magnitude. As a result, the visible Ra-  The fluorescence spectrum varies for different catalysts,
man spectra are often obscured by the strong fluorescenceput most spectra lie in the range from 300 to 700 nm or
Another shortcoming of conventional Raman spectroscopy jonger as shown in Fig. 1. The fluorescence band may extend
is the inherently low Raman scattering intensity. to the visible and near-infrared regions, but there is a cut-
off wavelength in the shorter wavelength side, usually in the
E-mail address: canli@dicp.ac.cn. UV region. Most samples are totally free of fluorescence
URL address: http://www.canli.dicp.ac.cn in the region shorter than approximately 260 nm. This can
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Fig. 1. To avoid fluorescence interference, the excitation laser is shifted X 100
from the visible region to the UV regiork (< 300 nm), which is nearly N
fluorescence free. The fluorescence bands appear mostly in the visible
region from about 300 to 700 nm, and the Raman signal is usually about
10?-1P less intense than the fluorescence signal. R
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be explained because the fluorescence is produced mainly Raman Shift / cm"

from the transition from the first excited electronic state
to the vibrational states of the ground electronic state, andFig. 2. A comparison between the visible Raman spectiug 488 nm)
this band gap for most catalysts is in the visible region. and UV Raman spectruméy = 244 nm) of silicon grease used for vacuum

P . : e sealing. The silicon grease gives strong fluorescence, and its Raman signals
TherEfO.re’. itis possible to aVO.Id. the fluqrescence by Shlf_tlng are submerged in the broad background in the visible Raman spectrum. The
the eXC't?-t|0n_|aS?r from the visible region to the UV region  raman bands of grease clearly appear in its UV Raman spectrum, indicating
as described in Fig. 1. that the strong fluorescence of grease is effectively avoided by shifting the

Recent UV Raman spectroscopic studies on various excitation laser from the visible region to the UV region.

catalysts demonstrated that the fluorescence interference
could be successfully avoided in UV Raman spectroscopy energy level. The polarizability,, ) would be greatly in-

[2-5]. Fig. 2 shows an example of silicon grease, which ¢reased when the laser lingwp) is close to an electronic
usually has strong fluorescence and is frequently plaguedi ansition (AEne). As a result, the cross section of Ra-

by the fluorescence problem, when a Raman cell was sealeqyan scattering could be considerably enhanced. This en-
with it. The two spectra clearly suggest that the fluorescence 5 ncement in intensity could be several orders of magni-
can be avoided in .the Raman s_pectre} vyhen the Ramanyqe greater than the normal Raman intensity. Therefore res-
spectra are placed in the UV region. Similar results were on5nce Raman spectroscopy is a useful tool to discern infor-
obtained for zeolites [6], alumina [7], coked catalysts [8], mation from a complex molecular system, especially infor-

etc. In principle the sensitivity of Raman spectroscopy can mation about the local structure of a complex system such as
be further increased by shifting the excitation laser from the catalysts.

visible region to the UV region, since the Raman scattering  one should be careful when the UV Raman spectra

- - - - . 4 - .

intensity is inversely proportional ta® (where is the ot some photosensitive catalysts are measured because the

wavelength of the Raman scattering). _ UV laser may induce photodecomposition of the surface
Another merit of UV Raman spectroscopy is that the res- gecies on the catalyst and catalyst itself. But most inorganic

onance Raman spectra can be obtained for some samples bé‘ompounds such as SiDAI,0s, and zeolites are quite

exciting the electronic states with an ultraviolet laser, since g;opie under UV radiation (the laser power was kept at less
the electronic transition of chemical compounds usually 0C- {14 5 mw in this work to alleviate the thermal effect).
cursin the UV region. The Raman scattering intensity is pro-

portional to|ap[,|2, and the polarizabilityd,,) can be cal-

. : X 1.2. Detection of isolated transition metal ions by UV
culated according to the Kramers—Heisenberg equation [9], y

resonance Raman spectroscopy

1 MypeM,,
(@po )mn = EZ AEpe — hvg+ il Fig. 3 describes how one can apply resonance Raman
spectroscopy to the identification of isolated transition metal
MmeMen . . . .
+ . , ions incorporated in the framework of molecular sieves.
AEe, +hvg+il”

For the transition metal ion (M) isolated in a silicalite-like
where thev, is the frequency of excitation lasenE,,. matrix, there is a charge transfer transition between the
stands for the energy difference between the two electronicframework oxygen anion and the framework transition metal
statesyn ande, while staten is the first excited vibrational  cation. This transition is mostly located in the UV region,
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Fig. 3. Isolated transition metal ions in the framework of zeolites, such as
Tiin TS-1. The charge transfer transition between the framework transition
metal cation and the oxygen anion falls in the UV region for most cases.

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

Molecular sieves with incorporated transition metal ions
in their framework are a new class of materials that show
important properties in catalysis. The most useful property
is their redox ability that can be used as new catalysts for
selective oxidation of a wide range of hydrocarbons, such
as the epoxidation of olefins and hydroxylation of benzene
using O, as the oxidant [10,11]. The most interesting
guestion concerning the incorporated transition metal ions
in molecular sieves is how to identify the transition metal
ions in the framework.

The transition metal ions substituted in the framework of

205

In this paper, three typical molecular sieves (TS-1,
Fe-ZSM-5, and V-MCM-41) and two typical supported
transition metal oxides (Mo§)Al,03 and TiQ/SiOy) are
characterized by UV resonance Raman spectroscopy. The
isolated transition ions/oxide in these molecular sieves and
on oxide supports are clearly identified based on the UV
resonance Raman effect.

2. Isolated transition metal ionsincor porated
in molecular sieves

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

TS-1 zeolite has received a great deal of attention in
the past decade because of its excellent catalytic properties
in a range of selective oxidation reactions with aqueous
hydrogen peroxide as the oxidant under mild conditions. Itis
commonly believed that isolated titanium in the framework
of the TS-1 zeolite, hereafter denoted by Ti-O-Si, is the
active site for the selective oxidation, although the exact
nature of the active site is still under dispute. There has been
extensive characterization of the TS-1 zeolite using various
techniques such as FT-IR, Raman spectroscopy, UV-visible
absorption, NMR, EXAFS and XANES, XRD, neutron
powder diffraction, etc. [14-21]. A band that appeared at
960 cnt! in Raman and IR spectra was assumed to be
the characteristic vibration mode of the framework titanium
species, Ti—-O-Si. However, this band sometimes appears
for silicalite zeolites without substituted titanium or with
substituted metal instead of titanium and there is also
evidence indicating that this band may be from surface
hydroxyl (e.g., Si—OH) [22,23] or defect sites [24]. Thus
the question still remains on how the framework titanium

molecular sieves show a charge transfer transition, usua”yspecies can be unambiguously identified

in the UV region, between the transition metal ions and

Fig. 4 gives the Raman spectra of TS-1 excited by three

the framework oxygen anions. Therefore the UV resonance yisferent laser lines at 244. 325. and 488 nm. The inset

Raman spectra can be obtained by exciting these transitions, Fig. 4 shows the UV-visible diffuse reflectance spectra
with the UV laser. Accordingly, the framework transition ot T5.1 and silicalite. There is a typical absorption band
ions can be selectively identified based on the resonancecentered at 220 nm for TS-1 while no electronic absorption
Raman effect because the enhanced resonance Raman banggng is observed for silicalite-1. The band at 220 nm
are directly associated with the framework transition metal yriginates from the charge transfer of the-ghr transition
ions. between titanium and oxygen of the framework titanium
Isolated and highly dispersed transition metal ions/oxide species, Ti—-O—Si, in the zeolite. The tail of the band centered
on oxide supports (e.g., #Ds and SiQ) are frequently the  at 220 nm actually extends to 300 nm due to the presence of
active sites or the phases of catalysts for many kinds of re- an extra framework titania species, Bi@n the TS-1 zeolite.
actions including the selective oxidation of hydrocarbons  The upper spectrum in Fig. 4 is the UV Raman spectrum
[12,13]. Similar to the transition metal ions substituted in of TS-1 excited by the 244-nm line [25]. There are strong
molecular sieves, the characterization of the active sites inRaman bands observed for TS-1 at 1125, 960, 815, 530,
isolated and highly dispersed forms is also importantin gain- 490, 380, and 290 crh and some weak bands in the 600—
ing insight into their catalytic natures. There are some simi- 800 cnt! region. Of particular interest is a very strong
larities in structure between the isolated transition metal ions band at 1125 cri observed for TS-1 although its bands in
substituted in molecular sieves and the isolated/dispersedthe 1000 cm? region are usually very weak in the normal
transition metal oxides on supports. The isolated/dispersedRaman spectroscopy. The UV Raman spectrum of silicalite-
transition metal oxide species on supports can be also iden-1 is completely different from that of TS-1. The strong
tified by UV resonance Raman spectroscopy. Raman bands at 490, 530, and 1125 trwhich appear for
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in the Raman spectrum when the excitation wavelength is
shifted from the visible to the ultraviolet regions.

The resonance enhanced Raman bands at 490, 530,
and 1125 cm! can be simply assigned to a local unit of
[Ti(OSi)4] of TS-1, denoted by Ti—O-Si in this paper. The
bands at 490 and 530 ctare assigned to the bending

s 3 visible to the UV regions (see inset). This confirms that the
o bands at 490, 530, and 1125 thare solely associated with
2 TS-1 2 the framework titanium of TS-1 but not with silicalite-1 [26].
s g The Raman bands at 290, 380, and 815%dv not vary
E E g § with the different excitation lines at 244, 325, and 488 nm,
l - § - TS.1 indicating that these bands are the characteristic bands of
<l 3 silicalite-1 itself. Specifically, the band at 380 this the
= T[ o identification of the MFI structure [27]. These bands also
o PRGN Ing W appear for TS-1, sggggsting that TS-1 still maintains the
i Wavelength / nm main structure of silicalite-1. There are some weak bands
> in the 1000-1200 crit region, which are also due to silica-
0 244nm lite-1. These bands become evident when the excitation is
5 325nm shifted from 488 to 244 nm mainly due to less fluorescence
gt
[=

oo and symmetric stretching vibrations of the framework Ti—
| i 1 T T 0 O-Si species respectively and the band at 1125cim
250 750 1250 attributed to the asymmetric stretching vibration of the Ti—
Raman Shift / cm™ 0-Si[28,29].

o4 R e of TS1 excited by different | ¢ 244 305 It was assumed that the appearance of the band at
alngd 4.88 r??é‘?’thi?éerz?igthe UV—?/)i(;:ilb(Iee dif)Fusle Zfsnorbaasnir:saof TS-’l an(; 960 cnr? (mfrar?d find Ram.an) was the md.lcatlon that
silicalite-1. The laser at 244 nm is close to the charge transfer transition of the framework titanium species had formed in the TS-1.
TS-1, but the lasers at 325 and 488 nm are out of the absorbance band oflowever, the assignment of this band has proven to be
TS-1. controversial [30]. The relative intensity of this band is
almost the same among the different excitation lines (Fig. 4).
TS-1, are absent in the Raman spectrum of silicalite-1 [26]. 1 Nis clearly indicates that the band is not a resonance-related

These new bands must be from the framework titanium Raman band. The relative intensity of the band at 960'cm
species in TS-1. Several common bands are observed at ngemains almost unchanged with the crystallization time [26],
380, and 815 cri# for both TS-1 and silicalite-1 zeolites ~Suggesting that the band at 960 Tnmay not be directly
indicating that these bands are characteristic of the silica- @sociated with the framework titanium species of TS-1.

lite-1 zeolite. The weak band at 960 chin the UV Raman A thorough analysis of the vibrational features of the
spectrum appears at the same frequency as that in FT-IR and S-1 catalyst was conducted by Ricchiardi et al. [31] based
FT—Raman spectra g = 1064 nm). on gquantitative IR measurements, Raman and UV reso-

Fig. 4 compares the Raman spectra of TS-1 excited by Nance Raman experiments, quantitative XANES, and quan-
three different laser lines at 244, 325, and 488 nm. The tum chemical calculations on cluster and periodic models.
strong bands at 490, 530, and 1125 ¢mare observed only ~ The linear correlation of the intensity of the IR and Ra-
when excited with the line at 244 nm. Clearly these bands areman bands located at 960 and 1125 tmand the XANES
due to the UV resonance Raman effect because the 244-nnpeak at 4967 eV to the amount of tetrahedral Ti was quan-
line is in the absorbance band of the electronic absorption titatively demonstrated. Raman and resonant Raman spectra
of TS-1 while the 325- and 488-nm lines are outside of the Of silicalite and TS-1 with variable Ti content show main
absorption band of TS-1 (see inset). All three spectra havefeatures at 960 and 1125 chassociated with titanium in-
common bands at 290, 380, 815, and 960tmuggesting  sertion into the zeolite framework. The enhancement of the
that the appearance of these bands may not be due to théntensity of the 1125 crt feature and the invariance of
resonance Raman effect [26]. the 960 cm? feature in UV Raman experiments were dis-

The Raman spectra of silicalite-1 excited with lines at cussed in terms of resonant Raman selection rules. Quantum
244, 325, and 488 nm are almost identical. The interest- chemical calculations on cluster models Si[OSi(GJ#)and
ing bands at 490, 530, and 1125 @nare not detected for ~ Ti[OSi(OH)3]4 at the B3LYP'6-31G(d) level of theory pro-
silicalite-1 for excitation lines from the visible to ultravio- vided the basis for the assignment of the main vibrational
let regions. There is no resonance Raman phenomenon obeontributions and for the understanding of Raman enhance-
served for silicalite-1 as no enhanced Raman bands are dement. The resonance-enhanced 1125%mode is unam-
tected for silicalite-1 when the excitation line varied from the biguously associated with a totally symmetric vibration of
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1070 cn! is assigned to the ¥O symmetric stretching

mode of the vanadium ions in the isolated form (framework).
Considering that the 244-nm line is close to the charge
transfer absorption of the vanadium ions, it is the Raman

O o ﬁ close to the electronic absorption of the vanadium ions in
hall.e both the isolated and polymerized forms.
NN\ N /V Similarly, the vanadium species in V-MCM-41 can be
!) :lg a é \0 characterized by UV resonance Raman spectroscopy. Fig. 5
- 'NL_L..'L‘ shows the UV Raman spectra of Si-MCM-41 and V-MCM-
Polymerized o Isolated 41 excited by the 244-nm line. Visible Raman spectrum of
- Soiate V-MCM-41 illustrates Raman bands similar to those of the
. g = \ )1 rs MCM-41 and no strong Raman bands associated with the
-] ] 3 m - vanadium species in the isolated and polymerized forms.
. lln} V-MCM-41 In the UV Raman spectrum two new bands at 930 and
< LY iy SIN-EU 1070 cnt! are detected. The band at 930 ¢nis assigned
; | ' to the V=0 symmetric stretching mode of the polymerized
= h vanadium oxides in the extra framework [37]. The band at
1
z
(<4}
e
=

SIN-ZSD resonance effect that considerably enhances the bands at 930
=) Ko and 1070 cmt.
' The V=0 vibrations of VOX (X = F, ClI, Br) are below
Si-MCM-41 1055 cn1! [38], and that of supported monometric vanadyl
" : species usually gives a band at about 1030'cj89]. The
framework vanadium species in V-MCM-41 is in the dis-
torted tetrahedral form as evidenced by the much higher
o 500 1000 1500 2000
Raman Shift/ cm™
Fig. 5. UV Raman spectraiéx = 244 nm) of V-MCM-41 with different
Si/V molar ratios as the starting materials of synthesis.

band position at 1070 cth This tetrahedral structure might
have strong structural tension, and it is actually a metastable
structure that easily aggregates into the polymerized species
at higher temperatures. This was confirmed by the experi-
ments proving that the band at 930 @hyrows while the
band intensity at 1070 cth decreases when the V-MCM-
41 was calcined at elevated temperatures. The intensities
of the bands at 1070 and 930 threpresents the surface
concentration of isolated (framework) and polymerized (ex-
traframework) vanadium species, respectively. Decreasing
the SyV ratio, or increasing the vanadium amount, causes
the band intensity at 1070 cthdue to isolated vanadium
species to slightly decrease while the band at 930'aine

In the UV-visible reflectance diffuse absorption spectra to polymerized vanadium species increases. The amount of
of Si-MCM-41 and V-MCM-41 [32], no electronic absorp-  framework vanadium in the V-MCM-41 seems to be lim-
tion bands are observed for Si-MCM-41, and there are weakited. When the concentration of vanadium species is beyond
electronic absorptions at 270, 340, 410, and 450 nm for V- g |imit, the vanadium oxides in the polymerized form (ex-
MCM-41. The electronic absorptions at 270 and 340 nm can tra framework) increase with further increases in vanadium
be attributed to the charge transfer between the tetrahedraktoncentration.
oxygen ligands and the centraPVion of tetrahedral coor-
dinated \?* in the framework [33-35]. Two bands at 410 2.3, |dentifying the isolated Fe-sitesin Fe-zeolites
and 450 nm indicate that the extra framework"\ons are
formed in V-MCM-41. However, the UV-vis electronic ab- Fig. 8 displays the UV Raman spectra of three samples,
sorption of polymerized vanadium oxides supported onpSiO  silicalite-1, Fe-ZSM-5, and a mixture of silicalite-1 and
also appears in the 250-350 nm region [36]. The bands atFe,Os. Silicalite-1 exhibits two bands at 380 and 802¢m
250 and 320 nm are observed in UV-visible diffused re- The band at 380 cm is assigned to the five-membered
flectance spectrum of supported vanadium oxides. Hence,building unit of MFI-structure zeolites [40,41], and the
the broad bands at 270 and 340 nm are the overlap of the802 cnt! band is assigned to the framework symmetric
UV-vis bands of both isolated tetrahedral (called framework stretching vibration in ZSM-5 [2,4]. It is also interesting
vanadium, actually formed at the surface defect site with to note that Fe-ZSM-5 exhibits additional bands at 516,
several Si-OH) and polymerized (called extra framework) 580, 1026, 1126, and 1185 ch The chemical analysis
vanadium sites. The laser line at 244 nm is simultaneously of silicalite-1 and Fe-ZSM-5 shows that the iron is the

the TiOy tetrahedron, achieved through in-phase asymmet-
ric stretching of the four connected Ti—O-Si bridges.

2.2. ldentifying the isolated vanadiumsitesin V-MCM-41
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Fig. 6. UV Raman spectra.éx = 244 nm) of Fe-ZSM-5, silicalite-1 and the mixture of silicalite-1 ang®g The inset presents the UV-visible diffuse
absorbance of the three samples. The local structures of Fe-ZSM-5 and Silicalite-1 are schematically depicted.

only difference in chemical composition of these zeolites, species in the framework of Fe-ZSM-5, as depicted in the
and the new bands must therefore be attributed to the ironright panel of Fig. 6.
species. The UV Raman spectrum of the mechanical mixture The Raman bands in the 516 Thregion are due
of FeO3 with silicalite-1 gives bands similar to those of to the symmetric stretching/bending vibrational modes of
only silicalite-1. These results indicate that UV Raman isolated Fe—O-Si species, while the bands at 1026, 1128,
spectroscopy using 244 nm as the excitation source is notand 1185 cm! are attributed to the asymmetric vibrations
sensitive to FgO3 material, and the Raman bands obEg of Fe—O-Si stretching vibrational modes [42]. The reason
are not clearly observed [42]. there are several bands in the 1100 tmegion is not well
The inset of Fig. 6 shows UWisible diffuse reflectance  understood, but a detailed study is in progress. The split
spectrum of silicalite-1, Fe-ZSM-5, and the mechanical bands may suggest that there are several different kinds of
mixture of FeO3 with silicalite-1. Silicalite-1 has no bands highly isolated iron sites in Fe-ZSM-5. These bands evolve
in the 200700 nm region, while Fe-ZSM-5 shows a strong at different rates during the crystallization of Fe-ZSM-5, but
absorption band centered at 250 nm. The band at 250 nmthe bands at 516 and 1026 theppear even at the very
is assigned to thesp-dr charge-transfer transition between beginning of the crystallization. This allows us to conclude
the iron and oxygen atoms in the framework of Fe-O that the EFe—0-S&]-like fragment species are derived
—Si in the zeolite [43,44]. This is similar to the Ti—-O even in the gel stage of the synthesis.
—Si species of TS-1. The UV-visible diffuse reflectance  To better understand how much Fe can be incorporated
spectrum of the mechanical mixture ofJ&g and silicalite- in the framework, Fe—silicalite samples were prepared by
1 indicates that the absorption band in the UV region (200- hydrothermal synthesis with E®3/SiO, molar ratios of
300 nm) is very weak. The UV-visible diffuse reflectance 0.01, 0.005, 0.0025, and 0.00125 in the starting synthesis
spectra of silicalite-1 and ZSM-5 have no obvious absorption mixture. The as-synthesized samples were calcined in air at
bands between 200 and 250 nm. The 244-nm laser used/73-823 K to remove the template and then washed by 0.1
to excite the samples is close to the band center at 250M HCI to remove the extra framework iron oxide formed
nm of Fe-ZSM-5, while the silicalite-1 and #83 have no in the pores of the Fe—silicalite zeolite. Fig. 7 shows the
electronic absorption band in the 250-nm region. Therefore, UV Raman spectra of these Fe-silicalite samples with an
the UV Raman bands at 516, 580, 1026, and 1185'are excitation line at 244 nm. As seen in Fig. 6, the appearance
resonance Raman bands associated with the isolated irorof the two Raman bands at 380 and 800 tnmdicate the
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for the samples synthesized in this work. However, the UV
resonance Raman spectroscopy is able to identify extremely
low concentrations of the isolated iron species in the zeolites.

-
o

lis16 cm™) / l(380 em™)
o
@

0.4 3. Isolated and disper sed transition metal species on
high surface area oxides
00 S go0 10.004 0.008
Fe, 0 /SiO, Molar Ratio 3.1. Molybdenum species on Al;03
w
N The supported molybdenum oxides have drawn a great

deal of attention because they are the important catalysts
and catalyst precursors used in many chemical reactions.
However, past Raman spectroscopic studies on the sup-
ported molybdate mainly focused on high loading cata-
lysts. The molybdenum oxides are usually in the aggre-
gated/polymerized form or even in the bulk oxide form on
the alumina surfaces when the loading of molybdenum ox-
ide is high. One may not only detect isolated transition metal
oxides but also understand the coordination and interaction
between the metal oxides and the support surfaces when the
loading is sufficiently low. For the low loading catalyst, it is
difficult to obtain its Raman spectrum because of the fluores-
cence and the relatively low sensitivity of conventional Ra-

Intensity / A.U.

Mt e it man spectroscopy. Fortunately, UV resonance Raman spec-
I % I : I K I T .
400 800 1200 1600 troscopy pre;ents' the possibility of 'belng able to detect the
. 1 surface species with low concentration.
Raman Shift/cm Fig. 8 shows the UV Raman spectra of supported molyb-

date ony-alumina (MoQ/y-Al>03) with extremely low
Fig. 7. UV Raman spectra éx = 244 nm) of Fe—silicalite synthesized with loading (0.10 wt% Mo@, about 0.007 monolayer of-

different FeO3/SiO» molar ratios of the starting materials. The inset gives _ .
the intensity ratio of the band at 516 thdue to highly isolated Fe—O-Si Al203, Sget = 250 n?/g) [46]' Fig. 8a presents Only the

species, and the band at 380¢n(the characteristic Raman band of zsM-5  Strong fluorescence when the sample was excited by the vis-

as the internal standard) versus the®¢/SiO, molar ratio (a, silicalite-1, ible laser at 488 nm. The Raman spectrum is greatly im-
Fe03/Si0; = 0; b, F&O3/Si0; = 0.00125; ¢, FgO3/Si0; = 0.0025; proved when the excitation laser is shifted from 488 to 325
d, FeO3/Si0; = 0.005; &, Fg0O3/Si0; = 0.0D). nm, and the Raman bands at 325, 837, 910, and 1678 cm

can be observed despite some fluorescence (Fig. 8b). The

formation of a silicalite-like structure in Fe—silicalite. The fluorescence is completely removed when the excitation
fact that the signal-to-noise ratio of the Raman spectra of laser is shifted to the UV region as clearly shown in Fig. 8c.
Fe—silicalite is less than that of silicalite, particularly for the These results again demonstrate that the intensity of the flu-
sample with a high F£3/SiO; molar ratio, means that the  orescence band decreases as the wavelength approaches the
crystalline quality of silicalite is deteriorated somewhat by UV region (Fig. 1).
the presence of iron species. The quality of the UV Raman  The Raman bands in Figs. 8b and 8c are clearly detected
spectrum can also be affected by the UV absorption of the owing to not only the avoidance of fluorescence but also
extra framework iron oxide species. the resonance Raman enhancement. As seen in the inset,

The inset of Fig. 7 plots the intensity ratio of 516 to there are two absorbances centered at 220 and 290 nm for
380 cnT! versus the F#3/SiO; molar ratio. It is proposed ~ MoOz/y-Al»0s. The band at 220 nm is mainly associated
that the intensity ratio of 516 to 380 ctshould be roughly ~ with the tetrahedral molybdate species and the band at
proportional to the concentration of the isolated framework 290 nm is associated with the octahedral molybdate species.
iron in Fe—silicalite when the concentration of iron species The laser at 325 nm is close to the band at 290 nm, so
is very low. This intensity ratio linearly increases when that the resonance Raman effect enhances the Raman bands
the FeOz/SiO, ratio in the starting synthesis mixtures at 837 and 1670 cm of octahedral species (asymmetric
is increasing between 0 and 0.004. Then, the intensity vibration of Mo—O-Mo). The appearance of the overtone
ratio flattens when the E®3/SiO, ratio is over 0.005.  band at 1670 cm (of the band at 837 cm) also suggests
This result shows that the quantity of iron species being the presence of the resonance Raman effect. The band
incorporated in the framework of silicalite is very small [45] at 910 cni! (stretching vibration of Me=O) due to the
and limited to a FgO3/SiO; ratio not greater than 0.005 tetrahedral species is observed possibly also due to the
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MoO,/Y-Al ,0, [ reitston N the catalyst prepared with (MI){;M07024 some tetrahedral _
; A . molybdate species aggregate into the octahedral species.
0.10 wt % 5284 325 488 This can be explained by the decrease in the surface acidity
0.007 monolayer <|8! g | when NH; runs away from the surface. The tetrahedral
}:-. N | molybdate species do not polymerize when the catalyst is
@ prepared with a solution of NaMoCbecause the surface
2 acidity hardly changes during calcination [48]. The surface
) - acidity of the catalyst, which is influenced by the pH value
= of the impregnating solution, the pH value at PZC of the
: L6 e support, molybdenum loading, and compensatory cations, is
S_ 200 Waioglengdt%o ) nn5100 a crucial factor for controlling the coordination structure of
‘a, " the surface molybdate species.
- (o} n o] o
g :}!{ }.!!: 3.2. Titanium specieson SO,
(] e} Q Q
'E ) ] [ Highly dispersed titanium species on silica ($iOy)

were prepared by chemical grafting using T@nd tetra-
ethyl othosilicate as the precursors and S&3% the sup-
port [49]. The catalysts were tested for the epoxidation of
styrene usingert-butyl hydroperoxide (TBHP) as the oxi-
dant. Fig. 9 (left panel) shows the catalytic performance of
the catalysts prepared at different grafting temperatures. Cat-
alysts prepared at high grafting temperatures demonstrate
high epoxide selectivity. The conversion does not signifi-
0 500 1000 1500 2000 2500 3000 3500 cantly change for these different catalysts, and the selectivity
. -1 of benzaldehyde decreases with the grafting temperatures.
Raman Shift / cm This indicates that the number of active sites for epoxida-
Fig. 8. Raman spectra of MaQy-Al,O3 excited by different lasers at ~ tion (usually the isolated titanium sites) increases at higher
244, 325, and 488 nm. The inset is the UV-visible diffuse absorbances of grafting temperatures.
MoOgz/y-Al203, where two absorbances at 229 and 290 nm are associated  Fig. 9 (right panel) shows the UV Raman spectra of the
with the isolated and ponmgrized mqubdate species, respectively. _The Ti/SiO; catalysts prepared by chemical grafting at different
lasers at 244 and 325 nm are in the regions of 229 and 290 nm, respectlvely,temperatures. The excitation laser at 244 nm is close to
so the preresonance Raman effect is observed. . i . L .
the electronic absorption band of isolated titanium ions
tetrahedrally coordinated. The resonance Raman bands at
resonance Raman effect because the surface concentratiop32 and 1085 cri are readily attributed to the isolated
of either octahedral or tetrahedral species is very low. titanium ions in tetrahedral coordination as in TS-1. It is
The resonance Raman effect becomes even more obviousnteresting that the bands at 532 and 1085 tutevelop
in Fig. 8c, where the band at 910 chand its overtones at  with higher grafting temperatures. This strongly suggests
1802 and 2720 cnt are clearly detected. The Raman bands  that the formation of isolated titanium species require higher
of tetrahedral species are selectively enhanced because thgrafting temperatures. Correlating the Raman bands with the
laser at 244 nm is near to the absorbance band at 220 nntatalytic properties shown in the left panel proves that the
of the tetrahedral species. This unambiguously confirms theisolated surface titanium species are mainly responsible for
assignment of the Raman bands of different surface specieshe epoxidation selectivity.
based on the resonance Raman effect. It is worthwhile  The two characteristic Raman bands at 532 and 108% cm
to note that the polymerized (octahedral) species are still of isolated titanium species on the SiGurface are anal-
formed along with the isolated (tetrahedral) species on the ogous to those bands at 490, 530, and 1125%cnf TS-
Al»03 surface even at a low loading of Ma@@0.10 wt%). 1 (Fig. 4). This implies that the isolated titanium sites of
The molybdate species on the alumina surface were Ti/SiO, resemble the isolated framework titanium sites in
prepared by a chemical equilibrium adsorption method in TS-1. One interesting difference is that the characteristic
order to make more isolated species. UV Raman spectraband at 1085 cmt due to the asymmetric vibration of Ti—
show that the species absorbed on the support in a wet stat®-Si is about 40 crt lower than that in TS-1 (1125 cth
are not always in agreement with those in an impregnation see Fig. 4). We also found that this band for Ti-MCM-41 and
solution [47]. The state of the surface molybdate species Ti-SBA is between 1100 and 1110 ch[50-52], always
in the wet state is determined by both the pH value of lower than 1125 cmt. This difference in frequency essen-
the impregnating solution and the pH value at PZC (the tially reflects the different coordination of titanium ions. In
point of zero charge) of the support. During calcination of TS-1, the titanium ion is in the rigid tetrahedral coordination,
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Fig. 9. (Left panel) The conversion and selectivity of styrene epoxidation £8i@p catalysts prepared by chemically grafting the Fi6h silica at different
temperatures (the synthesized samples were carefully treated with diluted steam). (Right panel) UV Raman.gpec44(nm) of the as-synthesized
Ti/SiO, catalysts. The Raman bands at 532 and 1085 @re due to the highly isolated titanium species ¢fSID, catalysts.

as a consequence giving the highest vibrational frequency of  The in-situ characterization of catalytic materials during
Ti-O-Si at 1125 cmt. While in Ti/SiO, and Ti-MCM-41, their synthesis/preparation is very important in understand-
the titanium species are in a relatively flexible coordination ing how the active sites evolve and what are the key steps in
on the surface of silica. Accordingly, the asymmetric vibra- generating the structure of active sites. Raman spectroscopy
tion of Ti-O-Si shifts to lower frequency. In fact, this red s a suitable tool for characterizing the catalyst preparation
shiftis an indication of the coordination environment of iso- from the early stage of the synthesis, such as aqueous so-
lated titanium ions. lution and gel, to the solid states after successive steps of

treatment, such as drying and calcination [53].

The in-situ characterization of catalytic reactions has re-

4. Concluding remarksand prospects ceived a great deal of attention, and UV Raman spectroscopy

can be widely used to detect the surface species derived

UV Raman spectroscopy broadens the applications 0fduri-ng the reactions. Progress was rec.ently made by Peter
Raman spectroscopy in catalysis by avoiding the fluores- Stair's group, who used a specially designed Raman cell to
cence and improving the sensitivity. UV resonance Raman realize the in-situ UV -Raman study of a catalytic rgactlon
spectroscopy is very sensitive and supplies more informa- [54,55]. The samples in the cell are constantly moving dur-
tion about the active sites of catalysts. In particular, the iso- iNd the measurement and the laser always meets the fresh
lated transition metal ions/oxides with extremely low con- Catalyst, so that the possible thermal/photo decomposition
centration in the framework of molecular sieves and on Of surface species caused by UV laser could be avoided. It is
oxide supports can be identified by the UV resonance Ra- also worthwhile to note that the surface species and the ac-
man spectroscopy. Preparing the uniformly distributed and tive sites might be in a dynamic state under reaction condi-
well-designed isolated active sites is crucial to achieving tions, so to characterize the catalyst with time-resolved Ra-
high activity and selectivity. Building up the relationship be- man spectroscopy is absolutely necessary.
tween the structure of the catalyst and catalytic performance ~ Spectroscopic characterization combined with theoretical
is based on the understanding of the structure of active sitescalculation will be very helpful in the elucidation of the
and their surroundings. It is possible to tune the coordination local structure of the active sites and of the active sites
structure and to test the activity and selectivity of the isolated under reaction conditions. It is now possible to calculate the
sites. If one definitely characterizes the structure, it could be spectroscopic results by using theoretical calculations, such
helpful for understanding early stage the fundamental issuesas Hartee—Fock, density functional theory, and molecular
of catalysis. dynamics [31,56-59].
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