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CONSPECTUS

Microporous and mesoporous materials
are widely used as catalysts and cata-
lyst supports. Although the incorporation of
transition metal ions into the framework of
these materials (by isomorphous substitution of
Al and Si) is an effective means of creating UV Raman
novel catalytic activity, the characterization of Spectroscopy
the transition metal species within these mate-

rials is difficult. Both the low concentration of

the highly dispersed transition metal and the

coexistence of extraframework transition metal species present clear challenges. Moreover, the synthetic mechanisms that
operate under the highly inhomogeneous conditions of hydrothermal synthesis are far from well understood.

A useful technique for addressing these challenges is UV Raman spectroscopy, which is a powerful technique for cata-
lyst characterization and particularly for transition metal-containing microporous and mesoporous materials. Conventional
Raman spectroscopy, using visible and IR wavelengths, often fails to provide the information needed for proper character-
ization as a result of fluorescence interference. But shifting the excitation source to the UV range addresses this difficulty:
interference from fluorescence (which typically occurs at 300—700 nm or greater) is greatly diminished. Moreover, signal
intensity is enhanced because Raman intensity is proportional to the fourth power of the scattered light frequency.

In this Account, we review recent advances in UV Raman spectroscopic characterization of (i) highly dispersed transi-
tion metal oxides on supports, (i) transition metal ions in the framework of microporous and mesoporous materials, and
(iii) the synthetic mechanisms involved in making microporous materials. By taking advantage of the strong UV resonance
Raman effect, researchers have made tremendous progress in the identification of isolated transition metal ions incorpo-
rated in the framework of microporous and mesoporous materials such as TS-1, Ti-MCM-41, Fe-ZSM-5, and Fe-SBA-15. The
synthetic mechanisms involved in creating microporous materials (such as Fe-ZSM-5 and zeolite X) have been investigated
with resonance and in situ UV Raman spectroscopy. The precursors and intermediates evolved in the synthesis solution and
gels can be sensitively detected and followed during the course of zeolite synthesis. This work has resulted in a greater under-
standing of the structure of transition metal-containing microporous and mesoporous materials, providing a basis for the
rational design and synthesis of microporous and mesoporous catalysts.

Introduction to modify the physicochemical properties of
Isomorphous substitution of the aluminum and sil- ~ Microporous and mesoporous materials." Transi-
icon in microporous and mesoporous materials ~ tion metal incorporated microporous and meso-
with other elements, particularly transition met-  porous materials such as Fe-ZSM-5, TS-1, and
als, is considered one of the most effective ways Ti-MCM-41 have been successfully applied in a
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FIGURE 1. (A) Schematic description of the fluorescence bands appearing mostly in the visible region from about 300 to 700 nm, and the
Raman signal is usually obscured by the strong fluorescence interference. To avoid fluorescence interference in the Raman spectrum, the
Raman spectrum is shifted from the visible region to the UV region (1 < 300 nm), by shifting the excitation laser from the visible region to
the UV region. (B) Raman spectra of AIPO4-5 excited at 244, 325, and 532 nm.

number of catalytic processes.?”® The catalytic properties of
transition metal substituted microporous and mesoporous
materials depend largely on their composition and structure.
A deep understanding of the structure of active metal spe-
cies and the formation mechanism in microporous materials
is helpful for developing zeolite-based catalysts with high
selectivity and activity.”® However, it is hard to obtain defi-
nite information on the transition metal ions in these materi-
als, such as their coordination environments and distributions,
because of their low concentration.

Raman spectroscopy is potentially a powerful technique for
characterizing the microporous and mesoporous materials.
Unfortunately conventional Raman spectroscopy often fails
due to strong fluorescence interference caused by organic
templates, impurities, and surface defect sites.® Fluorescence
spectra are usually in the range from 300 to 700 nm or
longer, but there exists a cutoff wavelength in the shorter
wavelength side in the UV region for condensed materials.
Fluorescence interference can be avoided in Raman spectra if
the excitation source is shifted from the visible region to the
UV region, as described in Figure 1A. Figure 1B shows the
Raman spectra of AIPO,-5 excited at 244, 325, and 532 nm.
The spectral features obtained by the excitation at 532 nm
have been obscured by strong fluorescence. When the exci-
tation line shifts to 325 nm, Raman signal with a weak fluo-
rescence background can be obtained. In contrast, a well-
resolved spectrum of AIPO4-5, with high signal-to-noise, can
be obtained with 244 nm excitation. In addition, because the
normal Raman scattering intensity is proportional to the fourth
power of the scattered light frequency, the sensitivity of UV

Raman is much higher than that of visible or near-IR Raman
spectroscopy.

Another important advantage of using UV light in Raman
spectroscopy is a significant improvement in resonance
enhancement. The Raman scattering intensity is proportional
to |a,0/? and the polarizability, o, can be calculated accord-
ing to the Kramers—Heisenberg equation,'°

Mme,w en
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AE,, + hvy + 1T,

(a (1)

In eq 1, vo is the frequency of the excitation laser, AE.
stands for the energy difference between the two electronic
states m and e, while state n is the first excited vibrational
energy level. The polarizability, o,, would be greatly
increased when the laser line, hvy, is close to an electronic
transition, AEq.."'" As a result, the cross section of Raman scat-
tering could be considerably enhanced. The Raman intensity
can be increased dramatically. A resonance-enhanced signal
can be several orders of magnitude more intense than the
normal Raman signal.'® Resonance Raman spectroscopy is
particularly useful when applied to a sample containing a mix-
ture of individual species.'? Raman bands associated with dif-
ferent components can be selectively enhanced when excited
according to their electronic transitions.

Transition metal ions substituted into the framework of
microporous and mesoporous materials show a charge trans-
fer transition between transition metal ions and the frame-
work oxygen ions, usually in the UV region, for example, 250
nm for Fe-ZSM-5, 220 nm for TS-1, and 280 nm for V-MCM-
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41. Accordingly, the characteristic bands directly associated
with the framework transition metal ions can be enhanced by
exciting these transition metal ions with UV lasers. Therefore,
it is possible to identify isolated framework transition metal
ions in microporous and mesoporous materials.

Understanding the synthesis mechanism of the microporous
and mesoporous materials is one of the challenging chemical
problems today. Although numerous zeolitic structures have suc-
cessfully been synthesized, rational design and synthesis
remains elusive. Such an approach requires a full understand-
ing of the crystallization process and the formation mecha-
nism of zeolites."> A few studies have addressed the
preparation of zeolites, and several assembly mechanisms
regarding the nucleation and crystal growth have been
proposed,'*~ ¢ including the formation and consumption of
small primary units, medium nuclei, and large crystals.'”'8
However, it is difficult to study the detailed mechanisms of the
zeolitic formation due to the extreme complexity of hydro-
thermal crystallizations.'® More specifically, most studies were
performed by ex-situ technique, namely, frequently remov-
ing aliquots of the reaction mixture and analyzing the sam-
ples after quenching the reaction. However, microporous
zeolite-type materials are usually synthesized under hydro-
thermal conditions, and the need for sample quenching and
workup may cause dramatic and undeterminable structural
changes.?®

In situ characterization under working conditions is a pow-
erful method to probe the entire sequence of species formed
during zeolite synthesis without the need for quenching. This
not only greatly simplifies experimental procedures but also
allows for unfettered observation of the true synthetic inter-
mediates. However, in situ characterization of zeolite synthe-
sis remains relatively unexplored.?'*> Raman spectroscopy is
a suitable technique to investigate aqueous solutions as well
as solid phases of zeolite synthesis mixtures due to the low
Raman scattering cross section of water. In particular, UV
Raman spectroscopy avoids strong fluorescence interference
caused by template decomposition under hydrothermal con-
ditions.?* In addition, UV Raman can sensitively and selec-
tively detect framework transition metal ions due to strong
resonance Raman enhancement. These advantages render UV
Raman an excellent tool for the in situ study of zeolite
formation.

During the past decade, we have used UV Raman spectros-
copy to study transition metal-containing microporous and
mesoporous materials such as TS-1, Ti-MCM-41, Fe-ZSM-5,
and Fe-SBA-15 in an effort to elucidate the structure of active
sites and synthesis mechanism of these materials. Recently, in
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an effort to gain a detailed understanding of the formation
mechanism of microporous materials, we have developed
methods for the direct observation of hydrothermal reactions
by in situ UV Raman spectroscopy. The building blocks from
the intermediate to the final crystals were well identified by
taking the advantage of this powerful technique.

UV Raman Characterization of Transition
Metal-Containing Microporous and
Mesoporous Materials

Identification of Framework Ti Sites in TS-1 and Ti-
MCM-41. TS-1 exhibits a remarkably high catalytic efficiency
and selectivity in olefin epoxidation, phenol hydroxylation,
and secondary alcohol dehydrogenation using H,O, as oxi-
dant.** It has been one of the most heavily studied heteroge-
neous catalysts in recent years.® However, the structure of the
active site has not been definitively identified due to the
extremely low concentration of the titanium site in the frame-
work, although TS-1 has been extensively characterized by
various techniques.>27

The charge transfer of pr—dx transition between oxygen
and titanium atoms in the framework of TS-1 was observed at
220 nm in the UV—visible diffuse reflectance spectrum (Fig-
ure 2A). The laser line at 244 nm was chosen to excite the
electronic transition absorption of the Ti species in TS-1 for the
Raman spectrum (Figure 2B). Besides the characteristic bands
at 380 and 800 cm™! for the MFI zeolite lattice, three new
bands at 490, 530, and 1125 cm™' were observed in the UV
Raman spectrum of TS-1. The appearance of these bands are
associated with framework Ti but not with silicalite-1.2% The
resonance Raman bands at 490, 530, and 1125 cm™' can be
attributed to a local unit of [Ti(OSi)4] of TS-1, denoted by
Ti—O—Si. The bands at 490 and 530 cm™~' are ascribed to the
bending and symmetric stretching vibration of the framework
Ti—O—Si species, respectively. The band at 1125 cm™! is
assigned to the asymmetric stretching vibration of Ti—0—Si.*°

In the Raman spectrum of TS-1 excited at 325 and 488 nm
(Figure 2B), three additional bands at 144, 390, and 637 cm™!
are observed, which can be assigned to extraframework TiO,
(anatase). However, these bands are relatively weak in the UV
Raman spectrum excited at 244 nm. This phenomenon can be
explained in terms of nonradiation and fluorescence processes
in the TiO, when excited with UV light.>°

UV resonance Raman spectra of Ti-MCM-41 are shown in
Figure 3A. Three additional Raman bands at 482, 520, and
1110 cm™! are observed in the spectrum of Ti-MCM-41 when
compared with that of MCM-41. These bands are attributed to
tetrahedrally coordinated Ti species in the amorphous wall of
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FIGURE 2. (A) UV—visible diffuse reflectance spectra and (B) Raman spectra excited with different laser lines at 244, 325, and 532 nm of
silicalite-1 and TS-12%2° and (C) a schematic description of the titanium site in the framework of TS-1.
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FIGURE 3. (A) UV Raman spectra of MCM-41 and Ti-MCM-41 (Si/Ti = 200) excited with 244 nm and (B) a schematic description of the

titanium sites in the framework of MCM-41.

Ti-MCM-41.3" The fact that the frequency of the characteris-
tic band at 1110 cm™' of Ti-MCM-41 is lower than that of
TS-1 (1125 cm™) indicates that the coordination environment
of Ti atoms in Ti-MCM-41 and TS-1 is different. The Ti atoms
in TS-1 are fixed in the rigid framework sites, and the Ti atoms
in Ti-MCM-41 are relatively flexible,2°3" while the highly dis-
persed titanium species on the SiO, surface (prepared by
chemical grafting) are flexible and possess a distorted tetra-
hedral coordination geometry.

Figure 4 compares the three coordination environments of
titanium sites and the corresponding UV Raman bands at
~1125, 1100, and 1085 cm™!, respectively, for TS-1,
Ti-MCM-41, and Ti/SiO,. The characteristic frequency of
Ti—O—Si is sensitive to the coordination environment. The red
shift from 1125 cm™! for rigid tetrahedral coordination of the

titanium site in TS-1 to 1085 cm~! for very flexible coordina-
tion of titanium sites on SiO, can be used as a figure of merit
in assessing the coordination geometry of Ti** in microporous
and mesoporous materials.>?

The Identification of the Isolated Iron Sites in Fe-
ZSM-5 and Fe-SBA-15. Isomorphous substitution of the alu-
minum and silicon in microporous and mesoporous materials
with trace quantities of trivalent elements changes the acid-
ity and catalytic properties. Iron-exchanged microporous mate-
rials, such as Fe-ZSM-5 and Fe-SBA-15, have been successfully
applied in numerous catalytic processes.?3~3>

Figure 5A shows the UV—visible diffuse reflectance spec-
tra of Fe-ZSM-5. The strong absorption band at 263 nm is
assigned to the charge transfer of p7r—dz transition between
oxygen and iron atoms in the framework of Fe-ZSM-5, while
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FIGURE 4. Characteristic Raman frequencies in UV Raman spectra
of TS-1, Ti-MCM-41, and Ti/SiO, and the schematic description of
the coordination environments of the titanium ions.

four bands at 376, 413, 438, and 480 nm come from the
d—d transitions of iron atoms in tetrahedral coordination
environments. These bands are direct evidence of the exist-
ence of framework iron ions in zeolites. The above analy-
sis was substantiated by projected density of state (PDOS)

calculations of the framework Fe tetrahedron in Fe-ZSM-5
using DFT (Figure 5B).3°

Figure 5C shows the UV Raman spectra of ZSM-5 and Fe-
ZSM-5 excited at 244 nm, which is close in energy to the
charge transfer band of Fe-ZSM-5. The UV Raman spectrum of
Fe-ZSM-5 exhibits new bands at 516, 1016, 1115, and 1165
cm~! when excited at 244 nm. The Raman bands at 516,
1115, and 1165 cm™! become considerably weaker when
sample is excited at 325 nm and disappear when it is excited
at 532 nm. The bands at 516 and 1115 cm™! are resonance
enhanced and attributed to the symmetric and asymmet-
ric stretching vibrations of the framework Fe—O—Si spe-
cies in tetrahedral coordination (Figure 5D). Notably, the
band at 1016 cm™' is observed regardless of excidation
wavelength. This band is not a resonance Raman band and
is associated with the Si—O—Si bond near framework iron
as shown in Figure 5D.3738

The band at 1165 cm™' is a resonance Raman band and
can be excited with laser of 244 nm. Periodic DFT calcula-
tion confirms that this band is asymmetric stretching vibra-
tions of the framework Fe—0—Si.3® This vibration mode is
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FIGURE 5. (A) UV—visible diffuse reflectance spectra of Fe-ZSM-5, (B) calculated projected density of states (PDOS) of the Fe and coordinated
O ions in Fe-ZSM-5 and for Si and coordinated O ions in ZSM-5, (C) Raman spectra of Fe-ZSM-5 with excitation lines at 244, 325, and 532
nm and Raman spectra of ZSM-5 excited at 244 nm, and (D) schematic showing the different vibration models of the Raman bands at 516,

1016, 1115, and 1165 cm 13641
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FIGURE 6. (A) UV resonance Raman spectra of Fe-SBA-15 excited
with 244 and 325 nm and (B) a schematic description of the iron
site in the framework of MCM-41.3°

driven by the stretching of four neighboring framework
Si—0—Si bonds as shown in Figure 5D. In another words, the
intensity of this band relates to the crystallinity of the zeolite
framework.

To investigate the different coordination environments of
the framework Fe species in mesoporous materials, Fe-SBA-15
samples were studied by UV Raman spectroscopy. Figure 6
shows the UV Raman spectra of Fe-SBA-15 excited with the
lasers at 244 and 325 nm. Two strong Raman bands at 510
and 1090 cm™' are detected for Fe-SBA-15 when excited with
244 nm. These bands are assigned to the symmetric and
asymmetric Fe—O—Si stretching modes of the amorphous sil-
ica framework of Fe-SBA-15.39 The Raman spectrum of Fe-
SBA-15 excited with 325 nm shows only a strong Raman
band at 978 cm™', which can be also seen in the Raman spec-
tra excited with 244 nm. Obviously, this Raman band is a non-
resonance Raman band and is associated with the Si—O—Si
bond near framework iron species.?®
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FIGURE 7. UV resonance Raman spectra of Fe-ZSM-5 (Si/Fe = 152) excited at (A) 325 nm and (C) 244 nm for different crystallization stages
at various time of synthesis and (B) a proposed scheme for the formation mechanism of Fe-ZSM-5.
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In summary, there are four characteristic bands at 516,
1016, 1115, and 1165 cm™! for Fe-ZSM-5, while only three
bands at 510, 978, and 1090 cm~! are observed for Fe-SBA-
15, which suggests that coordination environments of the
framework iron differ between the materials. The red shift
from 1115 cm™! for rigid tetrahedral coordination of iron in
Fe-ZSM-5 to 1090 cm™' for flexible coordination of iron sites
in Fe-SBA-15 has a similar trend to that for the titanium sites
in TS-1 and Ti-MCM-41. These results are very useful for eval-
uating the coordination geometry of transition metal ions
incorporated in the microporous and mesoporous materials.

UV Raman Spectroscopic Study on the
Crystalization of Microporous Materials
Synthesis Mechanism of Fe-ZSM-5: From Molecular
Fragments to Crystals. In order to understand how frame-
work Fe atoms incorporate into the zeolite framework sites,
the crystallization processes of Fe-ZSM-5 were characterized
by UV Raman spectroscopy. As we have previously men-
tioned, information on the framework structure and the coor-
dination environment of iron species can be selectively
obtained by shifting the excitation wavelength from 325 to
244 nm.

The UV Raman spectra of Fe-ZSM-5 (Aex = 325 nm) at var-
jous synthesis times are shown in Figure 7A. The Raman spec-
trum of the initial precursor is characterized by two broad
bands centered at 460 and 984 ¢cm~!, which have been
assigned to v¢(Si—0O—Si) of five- and six-membered silicate
rings*® and w(Si—O—Si) near framework iron species,
respectively.®”-3® After hydrothermal synthesis begins, the
bands at 460 and 984 cm™~' become sharp, while the latter
shifts to a higher frequency. The increasing intensity of the

800 1000 1200
Raman shifts / cm™

Vol. 43, No. 3 = March 2010 = 378-387 = ACCOUNTS OF CHEMICAL RESEARCH = 383



Transition Metal-Containing Micro- and Mesoporous Materials Fan et al.

broad band centered at 460 cm™! indicates that the silicate
rings are formed within the gel upon hydrothermal treatment.

With further synthesis time for 24 h, the Raman spectra
show characteristic bands of the MFI structure at 380 cm™!
with a comparatively weak broad band centered at 460 cm™".
This suggests the formation of a large quantity of MFI crys-
tals. The Raman band in the amorphous gel at 460 cm™!
becomes undetectable for the sample crystallized for 30 and
36 h. The Raman band at 983 cm™! of the precursor shifts to
a higher frequency throughout the entire synthesis process
and appears at 1016 cm™! after crystallization for 36 h, indi-
cating the Si—O—Si bonds near the iron species in tetrahe-
dral coordination become rigid.

The excitation wavelength, 1., = 244 nm, was used, and
the process described above was repeated to monitor the evo-
lution of the iron species during the synthesis process (Fig-
ure 7C). Upon hydrothermal treatment, the broad band at 524
cm~! becomes sharp and strong and shifts to a lower fre-
quency at 516 cm~'. The bands at 983 and 1060 cm™! shift
to higher frequencies at 1016 and 1115 cm™', respectively.
These results indicate the existence of tetrahedrally coordi-
nated [Fe(OSi)4] units in the early stages of Fe-ZSM-5 forma-
tion, whereas they are not as rigidly coordinated as those in
a well-crystallized zeolite framework.*’ A Raman band at
1165 cm™' appears as a shoulder of the band at 1080 cm™!
in the Raman spectrum of sample after 6 h of synthesis time
and then becomes narrow and strong with increasing crystal-
linity. The evolution of the Raman band at 1165 cm™~' agrees
with our periodic DFT assignment, demonstrating that this
vibrational mode is strongly influenced by zeolite framework
crystallinity. 364

The rate of hypsochromic shift of the band at 983 cm™!
when Aex = 244 nm is slower than when A¢ = 325 nm. In
addition, the characteristic Raman bands of the MFI structure
at 380 and 800 cm~" appear much later in the Raman spec-
tra when Aex = 244 nm (Figure 7C, 30 h) than when Ae =
325 nm (Figure 7A, 18 h). Our previous work has shown that
UV Raman spectroscopy is more sensitive to the surface phase
of a solid sample when the sample absorbs UV light.*>*3 It
should be noted that all the sample particles at various time
intervals during the synthesis of Fe-ZSM-5 have strong absor-
bance below 300 nm.*' Thus, the Raman scattering signal
excited by 244 nm laser is mainly from the skin region of the
sample particles, while that excited by 325 nm reflects the
overall information from the whole particle. These results sug-
gest that crystalline Fe-ZSM-5 forms from a core of sample
particles and then develops from the inside out, as was con-
firmed by HRTEM.*'
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FIGURE 8. (A) Sample holder and the focus point of in situ Raman
cell for liquid phase study, and (B) sample holder and the focus
point of in situ Raman cell for solid phase study.*®

The proposed synthesis mechanism of Fe-ZSM-5 is shown
in Figure 7B. Crystalline Fe-ZSM-5 is formed by the aggrega-
tion and nucleation of the distorted tetrahedrally coordinated
[Fe(OSi)4] species and five- and six-membered silicate rings,
which are formed in the early stages of the synthesis process.
The nucleation takes place in the core of the amorphous
phase. Crystalline Fe-ZSM-5 develops into larger crystals by
consuming the iron species in distorted tetrahedral coordina-
tion and silicate species in the amorphous shell and ultimately
becomes well-crystallized sample.

The Synthesis Mechanism of Zeolite X. UV Raman spec-
troscopy can provide molecular information from aqueous
solutions to solid phases of zeolite synthesis mixtures due to
the low Raman scattering cross section of water. More specif-
ically, UV Raman spectroscopy can provide structural informa-
tion from the small precursor units to the large crystals during
the zeolite formation process due to decreased fluorescence
and increasing sensitivity. These advantages make UV Raman
a potentially suitable tool for the in situ study of the mecha-
nism of zeolite framework formation.**

In an effort to gain a greater understanding of hydrother-
mal synthesis, an in situ Raman cell for hydrothermal synthe-
sis of zeolites was designed and coupled to UV Raman
spectroscopy.*® A silicon rubber-sealed lens on top of the cell
allows focusing of the laser on the surface of the samples in
the cell, which enhances the Raman signal up to 3—4 times
that of a plane window. Two types of sample holders with dif-
ferent depth are used to ensure that the laser can be focused
on either the liquid phase (Figure 8A) or the interface between
liquid and solid phases (Figure 8B).

The hydrothermal synthesis of zeolite X was studied for
investigating both the solid and liquid phase under hydrother-
mal conditions by UV Raman spectroscopy.*> Two bands were
observed in the initial spectrum of the liquid phase at 774 and
920 cm™~!, which are attributed to monomeric silicate spe-
cies in the liquid phase.*® A plot of the intensity of the band
at 774 cm™! is shown in Figure 9B. The result indicates that
initially in the gel, the amorphous solid is in equilibrium with
the monomeric silicate species in the liquid phase. With the
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FIGURE 9. (A) In situ UV Raman spectra of solid phase of zeolite X synthesis at 373 K, spectra were collected from 0 to 270 min. Each
spectrum was collected at an interval of 10 min. (B) Plot of intensities of the 380, 514, 575, and 774 cm™! bands as a function of time.

increasing temperature, a large amount of monomers are
formed from the depolymerization of amorphous precursors.
As the reaction proceeds, the growing product crystals require
more monomers. Finally, all amorphous precursors are con-
sumed and transformed into crystalline zeolite.

Figure 9A shows in situ UV Raman spectra recorded for the
solid phase at 373 K under hydrothermal conditions. The
sharp band at 500 cm™' in Figure 8 indicates that the gel pre-
dominantly consists of four-membered silicate rings.*”*® Upon
heating, this band becomes prominent and gradually shifts to
514 cm™', assigned to the breathing mode vibration of the
four-membered ring in the crystalline framework of zeolite X.
The appearance of the two Raman bands at 298 and 380
cam™!, which can be assigned to the bending mode of double
six-membered ring, indicate that the formation of the zeolite
X framework is directly related to the four-membered ring and
six-membered ring species.*?

The Raman band at 575 cm™' appeares at the very begin-
ning of the synthesis, and the intensity decreases with in-
creasing crystallization (Figure 9B). The most interesting phe-
nomenon is that the three bands at 298, 380, and 514 cm™!
appear while the band at 575 cm™! disappears. This indicates
that the species corresponding to the 575 cm™' band is a key
intermediate for the formation of zeolite X. Raman bands
between 550 and 600 cm™~' have been assigned to AI—-O—Si
stretches.>® According to our experiments and theoretical cal-
culations, this band could be attributed to the Si—O—Al
stretches on the branches of the ring structure.*”

Based on in situ Raman spectroscopy and DFT calcula-
tion, the mechanism of the framework formation of zeo-
lite X is proposed. During hydrothermal synthesis of zeolite
X, the amorphous solid phase is dissolved to form the
monomer silicate species in the liquid phase, which takes

part in the framework formation. The amorphous alumino-
silicate species in the early stage of nucleation are com-
posed of predominately four-membered rings, with a small
contribution from branched derivatives. Four-membered
rings bond with two six-membered rings, together with the
monomer silicate species in the liquid phase, to form the
crystalline zeolite X framework.

Concluding Remarks and Prospects

UV Raman spectroscopy broadens the application of Raman
spectroscopy in the study of microporous and mesoporous
materials. Isolated transition metal species in the framework
of microporous and mesoporous materials can be identified
by UV resonance Raman spectroscopy, even at very low con-
centrations. The coordination surroundings of framework tran-
sition metal ions in microporous and mesoporous materials
can be sensitively detected by UV Raman spectroscopy. The
crystallization process of zeolite has been successfully stud-
ied in situ by UV Raman spectroscopy, which can sensitively
monitor the precursors and intermediates evolved during the
synthesis under working conditions.

We anticipate that in the future progress will be made in
the following aspects:

The morphological and structural factors of the catalytic mate-
rials, in particular the structure of active centers on catalytic
materials, could be elucidated through UV resonance Raman
characterization under real catalytic reaction conditions.

In situ UV Raman spectroscopy will play a key role in mech-
anistic studies of materials synthesis, particularly in hydrother-
mal synthesis at high pressures and temperatures. In situ UV
Raman spectroscopy will provide information on the impor-
tant intermediates, key steps, and optimized parameters for
the hydrothermal synthesis of materials.
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It is not very risky to predict that based on the knowledge
obtained from in situ UV Raman spectroscopy, novel catalytic
materials could be synthesized by rational design and well-
controlled synthesis parameters.
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