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Titanium silicalite samples were prepared by two different
procedures. A titanium-free sample (silicalite-1) was also pre-
pared. The samples were characterized by XRD, SEM, skeletal
FT-FIR and FT-Raman, UV-vis FT-IR of hydroxy- groups and
of adsorbed ammonia. The skeletal spectra have been analyzed
on the basis of a general interpretation of the vibrational struc-
ture of tetrehedra-based silica polymorphs. This lead to a partial
modification of the traditional assignments of the skeletal vibra-
tions of zeolites. Framework Ti is found to be responsible for
a band near 960 cm™, in both IR and Raman spectra, and for
a shoulder near 510 ¢cm™! in the IR spectra, as well as for
other weak perturbations of the silicalite spectra. The two main
features have been assigned to the asymmetric stretching and
to the rocking modes of Si—O-Ti bridges. Framework Ti is
found to act as a Lewis acid center, being able to coordinate
ammonia from gas-phase. Extraframework Ti is observed in
the form of anatase in samples prepared with the procedure 1
only with Ti content above 2%, while TiO; is found in all
samples prepared with the procedure 2. Both series of samples
are active catalysts of phenol hydroxylation by H;0,. o195
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INTRODUCTION

Silicalite-1 is a zeolitic silica polymorph first described
by Flanigen et al. (1) in 1978, belonging to the so-called
MFTI topology (2). Silicon can be isomorphously substituted
by several other elements in its structure, giving rise to
important catalytic materials. Al for silicon substitution
gives rise to the ZSMS zeolite (3) first described by the
Mobil group, key material for the so-called MTG (metha-
nol-to-gasoline (4)) process. Ti for Si substitution gives
rise to titanium-silicalite (TS1), first described by the ENI
group (5), used as the catalyst for phenol hydroxylation
with hydrogen peroxide (6) and cyclohexanone ammoxi-
mation with H,O, and ammonia (7). Iron, chromium,
boron, and vanadium substitution have also been reported,
and substitution with two elements as well (8).

The ability of TSI in activating hydrogen peroxide is
certainly related to the particular environment of Ti** cat-
ions in this zeolite. Spectroscopic measurements, like IR
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(5), Raman (9), UV-visible (10) and EXAFS (11) data,
provided information on the nature of titanium sites in
TS1. However, the actual environment of Ti ions is still
not completely clear. The original interpretation of Tara-
masso et al. (5) assuming Ti in a true substitutional position
has been somewhat questioned by Petrini, Zecchina and
co-workers (12) suggesting that Si—O-Ti bonds are at least
in part hydrolyzed giving rise to SIOH-HOTi structures.
On the other hand, it has been shown (13) that the prepara-
tion method strongly affects the performances of TS1 sam-
ples, some of which are very active and others much less.
This could be related to the different local environments
of Ti in TS1 samples of different origins, as well as to
morphology factors.

In the course of a study concerning the preparation of
S1 and TS1 with different procedures (14), we prepared
materials that proven to be effective catalysts for phenol
hydroxylation by H,0O,. To have more information on the
actual structure of these solids we performed an investiga-
tion by IR and Raman spectroscopies, whose results are
presented here.

EXPERIMENTAL

(a) Catalysts Preparation

The zeolites were prepared according to two different
procedures. Procedure 1 was the one according to the
method described by Clerici et al. (15) at ENI, while proce-
dure 2 was chosen on the basis of those (that apparently
slightly differ each other) reported Thangaraj e al. (16).
In procedure 1, 9.4 g of tetraethyl orthosilicate were mixed
with the appropriate amount of titanium(IV) ethoxide and
transferred to a Teflon beaker containing 20.3 g of tetra-
propylammonium hydroxide. The mixture was heated to
330 K and stirred for 3 h while flushed with nitrogen. The
clear gel obtained was then transferred to an autoclave
equipped with a Teflon beaker where it was crystallized
for 3 days. The crystals were then collected, centrifuged,
filtered, dried at 373 K for 1 h, and calcined at 823 K for
5h. The Ti-free silicalite sample was synthesized in the
same way without using the titanium precursor.
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In procedure 2, 9 g of tetraethyl orthosilicate were added
to a solution of 14 g of tetrapropylammonium hydroxide.
To this solution the appropriate amount of titanium (IV)
n-butoxide in 4 g of dry isopropy! alcohol was added drop-
wise under stirring. The resultant solution was stirred for
1 h to complete the hydrolysis. Water was then added and
the solution was heated to 348 K for 3h. The gel was
then crystallized like in procedure 1. The crystallization
temperature, however, was 438 K. The products were col-
lected, centrifuged, filtered, and dried at 373 K for 1h.
Removal of the template was done by calcination at 823
K for 12 h.

The TS samples prepared with procedure 1 will be here-
inafter denoted as TS1E(X) while the samples arising
from procedure 2 will be denoted TSIT(X), with X =
100 Ti/Ti + Si (atomic).

(b) Catalyst Characterization

The X-ray diffraction was performed with a Scintag
XDS-2000 X-ray Diffraction System using CuKa radiation.
The samples were run between an angle 2-6 of 18 and 52
with a step size of 0.03°.

SEM micrographs have been taken with a AMR Model
1000 scanning electron microscope instrument. The area
of the sample studied was selected using a magnification
of 25,000X. Micrographs were taken with an acceleration
voltage of 20 kV.

(c) Spectroscopic Measurements

Skeletal IR spectra have been recorded with a Magna
750 Fourier transform instrument. For the MIR region
(above 400 cm 1) KBr pressed disks and beam splitter were
used. For the far IR region (FIR, 600-50 cm™!) polyethyl-
ene pressed disks and a “solid substrate’” beam splitter,
along with a polyethylene-DTGS detector, were used.

For surface and adsorption experiments a Perkin—Elmer
1600 FT-IR instrument with conventional heatable IR cells
connected to vacuum-gas manipulation apparata were
used. The spectra have been recorded using pressed disks
of the pure catalyst powders activated by calcination—
outgassing in conventional IR cells connected to outgas-
sing—gas manipulation apparata.

The Raman scattering spectra have been recorded with
a Brucker FTS100 Fourier transform instrument (Nd-
YAG laser).

Diffuse reflectance UV-visible spectra have been re-
corded on a Varian Cary 5 spectrometer, as reported in
Ref. (10).

(d) Catalytic Activity Tests

Catalytic activity in liquid-phase phenol hydroxylation
by H,0O, has been investigated in a 250 ml batch reactor
at reflux conditions (approx. 353 K) in acetone 20 ml, with
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400 mg catalyst, 10 g phenol, and 4 m! H-O, 30% in H-O.
Product analysis was performed with a HP 5890 gas chro-
matograph equipped with a HP1 capillary column (7T =
423-453 K, heating rate 30 K/min). Sample size of 1 ml
was taken every thirty minutes. This sample was neutral-
ized with 1 ml of a 20 ppm FeSO, in water solution. Also.
1 ml of acetone was added to the sample mixture in order
to create a single miscible phase before injection into the
gas chromatograph.

RESULTS

(a) Catalyst Characterization by XRD and SEM

XRD patterns of the Ti-containing silicalites show the
presence of orthorombic MFI-type structures in all cases
(5, 17). No other phases are detected by XRD. The XRD
pattern of pure S1 additionally shows the splitting of the
diffraction peaks near 3.05 and 3.6 A into two components,
according to its well-known monoclinic distortion (17, 18).

SEM micrographs of the samples S1, TS1E(1.25),
TS1E(2.5), and TS1T(2.5) are shown in Fig. 1. S1 shows
well defined crystallites with a nearly hexagonal prismatic
habit, less than 200 nm thick with an area near 1.6 X 10°
nm?. The TS1E crystals all show a more symmetric, nearly
cubic-like, well defined shape, their size being slightly
smaller for the sample with 1.25% of Ti than for S1, and
seems to increase slightly again by increasing Ti content.
These habits look similar to those reported in the literature
for similar materials (19-21). The samples prepared with
procedure 2 have a distinctly different habit, being nearly
globular or spherical.

(b) Catalytic Activity in Phenol Hydroxylation

To compare our materials with those described in the
literature we tested them as catalysts for liquid-phase phe-
nol hydroxylation with H,O, in acetone. The results of
these experiments are described in Table 1. As expected,
pure S1 is catalytically inactive while the Ti-containing
samples show a behaviour similar to that of good catalysts
reported in the literature (6, 19), although the shift in
selectivity towards catechol at the expense of hydroqui-
none seems to be an exception. Conversion versus time
data supported a first order reaction in phenol concentra-
tion for all samples. The resultant intrinsic first order rate
constant (per hour per gram of catalyst) is also reported
in Table 1.

The catalytic activity of the samples prepared with proce-
dure 1 increases with Ti content up to 2.5%, and later
decreases. In contrast, the catalytic activity of the samples
prepared with procedure 2 increases up to Ti content 2.5%
but later it levels off. The sample TS1E(2.5) is the most
active with cathechol yields of near 20% and an intrinsic
first order rate constant of 0.186 h™! per g of catalyst.
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TABLE 1

Phenol Conversion and Product Selectivities in Liquid Phase Phenol
Hydroxylation by H;O, after 3 h at 353 K (Reflux)

Selectivities

Phenol First order
conversion rate constant ortho  meta  para  benzoquinone

Zeolite % k(h''g™ % % % %
S1 0.0 = 0.0 0 0 0
TS1E(1.25) 6.0 0.036 100.0 0 0 0
TS1E(1.80) 14.9 0.122 100.0 0 0 0
TS1E(2.5) 24.0 0.186 83.2 0 16.8 0
TS1E(5) 15.2 0.132 923 0 7.7 0
TS1E(10) 8.7 0.069 100.0 0 0 0
TS1T(1.35) 8.9 0.076 100.0 0 0 0
TS1T(2.5) 16.7 0.139 91.1 0 89 0
TSIT(S) 18.1 0.156 87.5 0 125 0
TS1T(7.5) 17.8 0.t56 94.2 0 5.8 0
TSI1T(10) 17.1 0.153 91.5 0 8.5 0

Note. ortho =

(c) Skeletal IR and Raman Spectra

The IR skeletal spectrum of pure S1 (Fig. 2, bottom)
agrees with those reported in the literature (5, 11, 21)
showing five prominent features, although all are clearly
multiple. The main maxima are observed at 1232, 1104,
804, 552, and 447 cm™!. However, two weaker individual

cathechol; meta = resorcinol: para = hydroquinone.

maxima are detectable at 628 and 588 cm ! and shoulders
are evident near 1170 (broad), near 960 (very weak), 820,
790, 600, 562, 545, 495, 420, 400, 375, and 350 cm™'. The
IR spectrum of the sample TSIE(1.25) (Fig. 2. top) is
closely related to that of S1 although a well resolved me-
dium-strong individual maximum at 955 cm™! is addition-
ally present. Moreover, the overall spectrum is apparently
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FIG. 2. FT-IR/FT-FIR spectra of S1 (bottom) and TS1E(1.25) (top). The arrows mark a shoulder in the TS1 spectrum (see text).
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slightly less resolved. Further addition of titanium (proce-
dure 1) does not cause any other clear effect on the IR
spectra except the apparent increase of the relative inten-
sity of the maximum necar 450 cm ! with respect to that
near 550 cm ' and the increase of the absorption at the
minima near 500 and 700 cm ' (Fig. 3). When Ti content
rises 5% a shoulder is also observed near 250 cm™'.

Additional information can be obtained by analysing
the subtraction spectra (Fig. 4). The subtraction spectrum
TS1 - S1 besides showing the formation of the above cited
prominent band measured in the subtraction spectrum at
950 em ™', provides evidence for components growing at
the lower frequency side of the strongest bands in the
region 1300~1000 cm ™', namely near 1200, 1125, and 1040
cm '. Also the complex band centered near 800 cm ' is
partly shifted down while at lower frequency many nega-
tive and positive small peaks evidence the existence of a
great number of weak components that are perturbed by
Ti addition. One of them, evident as a positive band near
515 cm ', is particularly strong. This feature corresponds
to a shoulder distinguishable in the spectrum of TSI,
although being located near a minimum in absorption be-
tween the 550 and 450 cm ' bands (see arrows in Fig.
2, top).

ASTORINO ET AL.

The subtraction spectra with other higher Ti-content
samples confirm the following information:

(i) The strongest bands in the region 1300-1000 cm™!
are all slightly shifted downwards by Ti addition; (ii) the
mode typical of TS samples at 950 cm ' grows further
slightly; (iii) a great number of components is detectable
below 900 cm™'; (iv) a relatively strong component is
formed near 515 cm™'. Moreover, the increase of the ab-
sorption in the region below 900 cm™' (evident looking at
the absorbance at the minima near 500 and 700 cm™' and
the relative absorbance at the maxima near 550 and 450
cm™') is actually due to the growth of a broader spectrum
centered in the typical absorption region of TiO, poly-
morphs (anatase and rutile (22)), as shown in Fig. 4, top.

The IR spectra of the TS samples prepared with the
procedure 2 (Fig. 5) are similar to those prepared with
procedure 1, although one can have the suspect that the
TiO; spectrum is already present in the case of TS1T(1.35).
However, it seems interesting to remark that the IR spectra
of the TS1 materials reported by Thangaraj et al. (16) differ
from ours and from those reported in the other literature,
because they present an additional medium strong band
near 750 cm . So, it seems evident that the materials stud-
ied by Thangaraj er al. (16) either present impurities or
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Fig. 3.

FT-IR/FT-FIR spectra of the samples (a) TS1E(2.5), (b) TSIE(S). and (¢) TSIE(10).
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FIG. 4. Subtractions of FT-IR/FT-FIR spectra. Bottom: TS1E(1.25)-S1. Top: TS1E(10)-S1. Broken line: TiO,-anatase.

contain a different phase than ours and typical silicalites
and TS1 materials.

The FT-Raman spectrum of silicalite S1 (Fig. 6, bottom)
also agrees with those reported in the literature (12, 23,
24). It is mainly characterized by a strong peak split at 380
cm™! (main maximum) and 365 cm™! (shoulder) and by a
number of much weaker maxima: they are observed near
1230, 1095, 975 cm™' in the higher frequency region, to-
gether with a complex of weak absorptions at 835, 820,
803, and 790 cm™!, and with individual components at 473,
450, and 435 cm™! in the lower frequency region. The Ra-
man spectrum of titanium silicalite TS1E(1.25) (Fig. 6, top)

is virtually identical to that of S1 except for a prominent
peak well evident at 970 cm~!. The sample TS1E(2.5) (Fig.
7, bottom) shows additional maxima at 638 and 145 cm ™,
that correspond to the two strongest Raman peaks of TiO»-
anatase (22, 24). At higher Ti loadings (preparation 1)
the complete pattern of TiO,-anatase is found, with sharp
peaks at 639, 516, 395, 196 and 146 cm™! (Fig. 7).

The FT-Raman spectra of the TS samples prepared with
the procedure 2 (Fig. 8) clearly show the anatase pattern
already at 1.35% Ti content, and, for similar Ti loadings,
stronger anatase peaks than the corresponding samples
prepared with the procedure 1.
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The comparison of the intensities of the Raman patterns
of Figs. 6-8 emphasizes the strength of the TiO, Raman
peaks as compared to the weakness of silicalite Raman
peaks. This makes Raman spectroscopy a very powerful
tool for the detection of TiO, in TS1 preparations.

(d) Diffuse Reflectance UV-Visible Spectra

The IR and Raman spectra discussed above show that
framework Ti is present in all TS1 samples. However, Ra-

FT-IR/FT-FIR spectra of the samples TSIT (1.35) (broken line) and TSIT (2.5) (full line).

man spectra indicate that TiO,-anatase is also always pres-
ent except in TSIE(1.25) that should consequently be a
pure Ti-silicalite sample. To verify this conclusion, we also
investigated this sample together with all others of the
TS1E series by UV-vis spectroscopy, that is sensitive to
extraframework Ti similarly as or even more than Raman
spectroscopy (10). The DR-UV-vis spectra of Si,
TS1E(1.25) and TS1E(2.5) and of a pure TiO; (anatase)
sample are shown in Fig. 9. The sample S1 only shows in
the region 50,000-30,000 cm™' a weak tail associated to
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FIG. 6. FT-Raman spectra of S1 (bottom) and TS1E (1.25) (top). Raman units are arbitrary units of light intensity.
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the onset of the edge due to the valence band— conduction
band transition. The TiO, sample shows instead a strong
edge centered at 27,800 cm™! (onset at 24,000 cm™!) as-
signed to a O*~ — Ti** charge transfer transition, corre-
sponding to the valence band — conduction band transi-
tion, in the structure where Ti is octahedrally-coordinated.

The spectra of both TS1E(2.5) and TS1E(1.25) are domi-
nated by a strong absorption whose maximum is near
48,000 cm™!, previously assigned to a O?~ — Ti** charge
transfer transition of tetrahedrally coordinated Ti in the
silicalite framework, typical of Ti silicalites (10).

The edge of anatase near 27,800 cm™' is also present,

weak, in the spectrum of TS1E(2.5) confirming the
presence of anatase-like particles in this sample while
for TS1E(1.25) only a broad tail is detectable in the
range 27,000-40,000 cm™', and can be associated to small
amounts of extraframework Ti species, likely in an
almost amorphous form (10). The overall spectrum of
TS1E(1.25) is closely similar to that reported by Geo-
baldo et al. (10) for “well manufactured Ti silicalite.”
Consequently, UV-vis spectra and Raman spectra con-
firm each other showing that TS1E(1.25) is almost pure
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FIG. 7—Continued

Ti-silicalite while all other TS1 samples are impure
of anatase.

(e) FT-IR Spectra of Surface Hydroxy-Groups

In Fig. 10 the FT-IR spectra of the surface hydroxy
groups of silicalite S1 and of the anatase-free titanium
silicalite sample TS1E(1.25) are compared. After activa-
tion in vacuum at 773 K the S1 sample shows a sharp band
at 3733 cm ! together with a second broader band centered
near 3510 cm . However, in between, shoulders can be
found centered near 3680 and 3625 cm .

In Fig. 10 the spectrum of the S1 after contact with few
Torrs of water vapour and a brief outgassing at r.t. is
also reported. It shows a broad strong band in the region
3500-3000 cm ™' associated to H-bonded OHs of water
molecules and of silanol groups. A small amount of silanols
free from H-bonding is present in these conditions, and
is responsible for the residual sharp band at 3735 cm ™.
However, in these conditions it is very evident also the
component near 3680 cm™', due to OHs that are not in-
volved in bonding with water, but are different from “‘nor-
mal” free silanoi groups. This feature, present also in the
spectrum of TS1, coincides with a band frequently associ-
ated to extraframework alumina in the ZSMS zeolite. How-
ever, in our case the impurity Al content is certainly very
small, if any, and no evidence can be found of alumina par-
ticles.

After the same pretreatment the TS sample shows simi-
lar components but the broad band at lower frequencies

(3510 cm ') is by far weaker. If the S1 sample is activated
at 873 K its hydroxy-group spectrum is similar to that of
the TS1 sample activated at 773 K.

This indicates that Ti ions do not give an evident contri-
bution to the OH group spectra. On the other hand, it has
been shown before, working with SiO,—TiO, mixed oxides,
that the intensity of the OH stretchings of TiOH groups
is by far weaker than that of SiOH groups (25). Moreover,
the Ti content in sample TS1E (1.25), thought to be entirely
in framework position, is small.

The overall structure of the OH stretching region in
our silicalite sample looks very similar to that reported
for high-silica ZSM5 by Dessau et al. (26) and to that
studied in detail by Zecchina et al. (27), who were
able to assign five different components to different
OH structures.

The higher frequency sharp band, typical of all silica-
containing materials, is associated to “‘normal” H-bonding-
free silanol groups, although its position at slightly lower
frequencies with respect to those typical of amorphous
silica (3735 vs 3747 cm™') has been attributed to the loca-
tion of the silanol group internal to the zeolite pores (27).
However, the complete absence of external silanols is
somewhat surprising. The components near 3680 and 3620
cm! have been assigned by Zecchina et al. (27) 1o different
structures of ‘“‘terminal” OH groups (i.e., whose oxygen
atom only is involved in hydrogen-bonding) into zeolitic
pores. However, we think that the component near 3620
cm ! could be assigned, alternatively, to acidic OHs associ-
ated to Al impurities, like in ZSMS5 zeolites (28).
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FIG. 8. FT-Raman spectra of the samples TS1T(1.35) (bottom) and TS1T(2.5) (top). Raman units are arbitrary units of light intensity.

The band near 3510 cm !, strong in the S1 spectrum, is
very weak but present also in the TS1 spectrum. According
again to Zecchina et al. (27), it seems likely that such a band
is associated to H-bonded OHs, possibly due to defects in
the silicalite structure. Interestingly, in our spectra these
defects appear to be more abundant or more stable in the
S1 sample than in the TS1 sample.

In effect, according to Scarano et al. (12), silicalite can
contain a different amount of such defects, likely localized
mainly in internal pores. We can conclude from the analysis
of the OH stretching region that:

(i) our silicalite sample is rich in defects, more than the
titanium silicalite sample TS1E(1.25).

(ii) our samples, also from the point of view of the surface
structure, definitely correspond to those described in the
literature by the groups of Clerici and Bellussi (15, 19) and
of Zecchina and Petrini (27) and by the Mobil group (26).

(iii) Ti-OH groups, if any, cannot very likely be evi-
denced because of the intrinsic weakness of their IR bands
and their poor abundance.

(f) FT-IR Study of Ammonia Adsorption on S1 and TSI

In Fig. 11 the spectra of a pressed disk of the TS1E(1.25)
sample, after activation at 773 K and after ammonia ad-
sorption are reported. In the region 2500-1400 cm™! a
number of medium-strong bands associated to overtones
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of the fundamental lattice modes are observed, as on Sl
and amorphous silica. No relevant difference is found be-
tween the spectra of TS1 and S1 in this region. In contact
with 20 Torr of ammonia, the band of free silanol groups
at 3735 cm™! is strongly decreased in intensity, while a
strong broad band is found, centered near 3000 cm ™!, due
to the OH stretchings of silanol groups H-bonded to ammo-
nia. Adsorbed ammonia species are responsible for the
sharp band at 3395 cm™! (asymmetric NH; stretching).
However, a definite band is also observed at 1485 cm™!,
due to the asymmetric NH, deformation mode of ammo-
nium ions. Another interesting feature is that the transmit-
tance of the disk increases in the region below 1400 cm™
upon ammonia adsorption.

After outgassing at r.t. the band of the free SiOH groups
is completely restored. as also shown the subtraction spec-
trum. However, in these conditions, bands at 3395, 3295
and near 1600 cm ' show that adsorbed ammonia species
are still present. Interestingly, the last feature is clearly
split into two components, at 1635 cm ™', shoulder, and at
1608 cm™', main maximum (see insert in Fig. 10). Traces

2.7702-

absorbance

1. 5656
3,4377+

absorbance
!

cm~! 3000

wavenumber

FIG.10. FT-IR spectra of the surface hydroxy-groups of §1 (bottom)
outgassed at 300 K (point line). 773 K (full line) and 873 K (broken line)
and of TS1E(1.25) outgassed at 773 K (top).

of ammonium ions are possibly still present while a nega-
tive band is clearly evident in the subtraction spectrum
centered at 1370 ecm™!, corresponding to the lowering in
absorption of TS1 upon ammonia adsorption, cited above.
This feature clearly indicates that a surface-sensitive mode
is present in this region. Moreover, two broad bands are
detectable at 2800 and 2350 cm™'. These features, due to
the Fermi resonance between the OH stretching and the
first overtone of the in-plane deformation of H-bonded
silanols, are typical of almost symmetric H-bondings,
where the proton is partially transferred from the OH to
the basic molecule (29), ammonia in this case. This indi-
cates that some very acidic silanol groups are still inter-
acting with ammonia molecules.
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FT-IR spectra of TS1E(1.25) activated at 773 K (full line), in contact with ammonia 10 Torr (dashed line) and outgassed at 300 K

(broken line). In the insert: subtraction spectra relative to ammonia adsorbed on S1 (full line) and on TS1E(1.25) (broken line) after outgassing at

300 K, asymmetric deformation region.

The same experiment has also been performed over
pure silicalite S1 (Fig. 12). The spectra gave similar
results, but with a main difference: the H-bonded
species are apparently more stable on pure silicalite than
on TS. They are in fact still abundant after outgassing at
300 K. However, other subtle but very remarkable
differences can be found. The asymmetric deformation
mode of adsorbed ammonia is on silicalite a simple
sharp band centered at 1638 ¢m™!, in contrast to the
evident splitting with an additional predominant compo-
nent at 1608 cm™' found on TS1 (see insert in Fig. 11).
Moreover, the more intense N-H stretching band is
found at slightly higher frequencies on S1 (3400 cm ')
than on TS1 (3395 cm™'). Finally, the ratio of the
intensities of the ammonia bands (namely that at 3395
cm™') with repect to the broad component near 3000
cm™' is always stronger on TS1 than on S1.

Previous studies of ammonia physisorbed on amorphous
silica gave similar results than on silicalite, with bands of
adsorbed ammonia at 3402, 3319, and 1635 cm™' (30). In
contrast, ammonia coordinated on Lewis acid sites, like
on TiO, (31), typically shows all these modes shifted to
lower frequencies, the asymmetric deformation mode be-
ing detected below 1610 cm™!. These data provide evidence
of different adsorbing sites on TS1 with respect to S1, and,
in particular, of the presence of Lewis acid sites on TS1.
Ammonia species responsible for bands at 3395, 3295, and
1608 cm™!, present only on TS1, must in fact be identified
as species interacting with Lewis acid sites, while species
absorbing near 3400 cm™' and at 1635 cm !, present on
both S1 and TS1 are certainly H-bonded to silanol groups.
This leads to an unequivocal evidence for the presence on
our TS1 sample of Lewis sites, reasonably identified as
framework Ti cations.
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DISCUSSION

(a) Interpretation of the Vibrational Spectra of Silicalite
and Other Silica Polymorphs

Siljcalite belongs to the P2,/n = C3, monoclinic space
group (No. 14) with Z = 96 (1, 18). It transforms into an
orthorhombic structure, belonging to the Pnma = D3}
space group (n. 62) between 350 and 363 K. Substituted
silicalites like ZSMS zeolite (3) and Ti-silicalite (5, 17) take
the orthorhombic structure already at r.t., the transi-
tion temperature being strongly shifted at lower tempera-
tures.

The factor group analysis (32) for monoclinic silicalite
gives the following irreducible representation for the opti-
cal modes:

Top = 216 A, (R) + 216 B, (R) + 215 A, (IR)
+ 214 B,(IR).

For the orthorhombic structure the following irreducible
representation is obtained:

2500

2000 1500 cm!

wavenumber

FT-IR spectra of S1 activated at 773 K (full line), in contact with ammonia 10 Torr (dashed line), and outgassed at 300 K (broken line).

Top = 110 A, (R) + 106 By, (R) + 110 By, (R)
+ 106 B3, (R) + 106 A, (inactive) + 109 By, (IR)
+ 105 Bs, (IR) + 109 B, (IR).

Accordingly, 429 IR active modes and 432 Raman active
modes are expected for the monoclinic structure and 323
IR active modes and 432 Raman active modes are expected
for the orthorhombic form. It is evident that the experi-
mental spectra show much less components, because of
the superimposition of much of them. This has also been
found for several zeolites with big unit cell dimensions.
As already remarked, silicalite is virtually pure SiO,, so
being a new polymorph of silica with tetrahedrally coordi-
nated silicon, together with «- and B-quartz, - and
B-cristobalite, tridimites, coesite, and moganite. So, its vi-
brational structure can be discussed in relation to those of
these other silica forms, as well as to that of amorphous
or vitreous silica (33, 34). The position of the observed
vibrational modes of silicalite is compared in Table 2 with
that observed for other silica polymorphs and for amor-
phous silica. However, the interpretation of the vibrational
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TABLE 2

Densities (d, g/ecm®) and Position of the Most Intense Vibrational Peaks (cm™) in the IR and Raman Spectra
of Different Silica Forms

Amorphous

Silicalite a-Tridimite a-Cristobalite a-Quartz Coesite Si10;
1.76 2.28 2.33 2.65 291 o
d IR Raman IR Raman IR Raman IR Raman IR Raman IR Raman
Mode
vl” 1232 1230 1219 1197 1193 1235 1220 1208 1200
1170 1145 1160 1166 1162 1160 1164
1144
vl’ 1104 1095 1108 1096 1076 1086 1085 1085 1065 1100 1060
1073 1069 1040 1036
SiOH 960 975 950 970
835 337 837
810 820 820 808 814 815
12 807 803 795 798 796 798 796 795 785 803 800
790 790 785 778 778
694 696 683
600 600 608
562 585 624 S60
552 541 525 St 511 560
545 490+
495 473 495 490 466
V3 447 450 485 493 461 (464) 435 425 465
420 435 450
375
350
457
449
Eo)) 21 165 521 430
vd 380 403 401 466
365 385 397 394 390 427
338 373 365 340 355
309 298 355 326
279 263 265 269
230 206 204
lattice 176
151
146 110 128 116
Refs. tw. t.w. 33 34 33 34.36 t.w 34 36 41 tLw 3R

4 Defect bands.

spectra of such SiO, forms is still uncomplete and some-
what under debate (33-36). Moreover, most of the pub-
lished literature on the vibrational structure of silica poly-
morphs is limited by the use of one only of the two
complementary vibrational techniques, IR and Raman.
Recently, lattice dynamics calculations have been per-
formed on a-quartz and on zeolitic silica frameworks (as-
sumed to be Al-free) by Van Santen et al. (37). These
calculations proven to be quite reliable to predict the IR
and Raman spectra of silica-like frameworks, although
they allow with some difficulty the interpretation of the

origin of the different observed peaks and the comparison
among different structures. An empyrical interpretation
of the spectra of SiO; polymorphs will be attempted here,
thought to be of simpler use (although, obviously. far
less rigorous).

The IR spectra of all tetrahedral silica polymorphs have
bands in three regions, i.e.. in the region 1300-950 cm '
(very strong, hereinafter denoted vl), 850-600 em ' (me-
dium strength. »2) and near 450 cm™! (very strong. v3).
Raman spectra show very weak peaks in the 1300-950
cm™! and 850-700 cm ! regions (vl and 12 modes). and
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one or more very strong peaks below 550 cm ™', in a position
very sensitive to the overall crystal structure of the solid
(v4). These features are also present in the spectra of
amorphous or vitreous silica: so they contain vibrations of
the basic structural units of both crystalline and amorphous
silica, i.e., SiO, tetrahedra and bridging oxygens. Addi-
tional sharp peaks can be found in the IR and Raman
spectra of crystalline polymorphs in the region below 700
cm ', and are certainly associated with splittings of the
above modes, due to crystal structure effects, and to tor-
sional lattice modes.

The interpretation of the spectra of silica polymorphs
can be attempted on the basis of a model assuming the
bridging Si,O (or T-O-7) “‘molecule” as a monomeric
unit, as done by Bell and Dean (38) and by Galeener (39)
for amorphous silica. This approach, we will apply to our
materials. gives rise to a somewhat different assignment
of the skeletal bands with respect to that of the model first
proposed by Flanigen er al. (40) and generally accepted
for the interpretation of the skeletal spectra of zeolites.
Instead, the picture quite agrees with that arising from the
work of van Santen et al. (37). Any oxygen atom in any
tetrahedra-based Si0, polymorph or zeolite is bonded
rather symmetrically with two tetrahedral cations (7') giv-
ing mise to a bent 7-O-T group. Assuming this group
symmetrical and isolated, the site symmetry of oxygen is
Ca,. So. the three degrees of freedom of any oxygen atom
consist of two in-plane movements (A, and B;) and one
out-of-plane movement (B,). The B, movement is associ-
ated to the out-of-plane deformation of the 7-O-T group,
the B, to the asymmetric stretching while the A, mode has
both the character of a symmetric stretching and of an in-
plane bending mode (scissoring). According to this, the
three main IR bands observed in all silica polymorphs are
classically assigned to the asymmetric stretching (arising
from the A, mode, »l), to the in-planc bending (arising
from the B, mode. #2) and to the out-of-plane “rocking”
(arising from the B, mode, ©3) of the T-O-T groups.
However, in this manner the movements of Si (or T) atoms
are neglected, and the interpretation of the Raman spectra
is difficult. On the other hand, if you take into account an
isolated symmetric Si.O molecule (C,, point group) where
Si atoms also are free to move, its total nine degrees of
freedom (six of which arise from silicon and three from
oxygen) constitute three translations, three rotations, and
three vibrations. The three vibrations are the asymmetric
stretching (B;). the symmetric stretching (A,) and the
bending mode (A,), while the B; mode became a rotation.
So, if Si atoms are free to move, the in-plane motion of
oxygen (A, symmetry), splits into two components, a bend-
ing mode (12) and a symmetric stretching mode (14). By
analogy. by developing the central force network model
of Sen and Thorpe (41). Galeener (39) showed that four
main vibrational modes are expected for a tetrahedral silica
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network, l.e. a symmetric stretching, an antisymmetric
stretching, a bending and a rocking mode. In the C,, sym-
metry of 7-O-T bent unities, the modes with A,, B, and
B, symmetry are both IR and Raman active. The strongest
Raman mode, 14, is assumed by Galcener (38) to be a
symmetric stretching mode mainly because Raman peak
intensity is generally greater for stretching than for bending
modes. However, the coupling of this mode with the scis-
soring mode allows to explain the low frequency of the
strongest Raman peak (550-350 c¢cm ') in all silica poly-
morphs. On the other hand, it is clear that in the solid
state to obtain that all 7-O bonds expand in-phase, you
need that simultancously most 7-O-T angles must con-
tract. This mode is consequently highly sensitive to the
structure of the polymorph, as indeed observed. The posi-
tion of the strongest Raman peak, 14, in fact, strongly
depends on the type of rings present in silicas and silicates,
as shown by Sharma ef al. (42), and on the density of the
unit cell, as shown by Kingma and Hemley for silicas (34).
The position of the strongest Raman peak, 14, in silicalite
(380, 365 cm ') perfectly corresponds with the presence
of five-membered rings and with its smallest density among
silica polymorphs (1.76 g/cm® (1)), associated to its zeo-
litic nature.

As for the IR spectrum, the strongest complex band is
vl, observed in the 1300-950 cm ! region and is associated
to the asymmetric stretching of the 7-O-T bridges. How-
ever, as reccntly pointed out by Kamitsos et al. (35), this
mode is split into two components even in the case of
vitreous silica, due to either the in-phase (»1') or the out-
of-phase coupling (v1”) of the asymmetric stretching modes
of nearest T-O-T groups. In other words. this mode some-
what couples with the symmetric and asymmetric stretch-
ing of the four Si-O bonds of the SiO, octahedra. As
shown in Table 2. it seems clear that the position of both
vl" and v1” components is also somewhat sensitive to the
size of the rings and/or to the density of the different silica
polymorphs. This is particularly true for v1”, whose shift
is stronger, and that is actually resolved from vl’ only in
some cases, like just in the silicalite spectrum. In fact, the
extent of the v1'—p1” splitting and/or the position of the
v1” mode near 1220 ¢cm ! have been considered to be indic-
ative of the presence of 5-membered rings, like in the case
of silicalite and the zeolites of the MFI family (2).

The vl modes are detectable nearly in the same position
also in the Raman spectra but are very weak there because
of the small change in polarizability of T-O-T bonds dur-
ing the asymmetric stretching, if the two T atoms are equal.

As discussed above, the 12 mode is essentially a bending
mode of the T-O-T bridges, although mixed with a sym-
metric stretching mode, as assumed by Flanigen et al. (40).
Its assignment predominantly to a bending mode is mainly
due to its weakness in the Raman spectra, although its
position is more typical of a symmetric stretching mode.
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This mode appears to be the least sensitive to the structure,
although is some cases it splits definitely in more compo-
nents, like in the case of a-quartz where three well-resolved
sharp bands are found.

The lowest frequency IR mode 23 is associated to the
out-of-plane deformation of the 7-O-T bridges, so being a
“‘rocking’ mode. This explains why this mode is essentially
silent in the Raman spectrum, while being very strong in
IR in the region 430-490 cm™! in all silica forms as well
as in zeolites (17, 40).

As remarked above, besides the four vibrational modes
discussed here and common to all silica’s and network
silicates and silico-aluminates, other structure-sensitive
features are frequently present. They are associated to
splitting of these vibrational modes (bands above 350 cm™)
or to torsional lattice modes (below 400 cm™'). A band
near 550 cm™!, like that observed in the silicalite spectrum,
has been considered to be associated to the presence of
fivefold rings (43). The ratio of the IR absorption in this
region with respect to the absorption in the 450 cm™! region
has been used to determine the crystallinity of pentasyl
MFI preparations (44, 45). In effect, the detection of this
band is certainly useful as a test of crystallinity, as first
proposed by Coudurier et al. (44), but is not strictly indica-
tive of a five-membered ring structure. Other zeolites with-
out 5-membered rings also show an IR band in a very near
position (17, 40). The comparison with the spectra reported
for cyclic siloxanes (46) and oligomeric silsesquioxanes
(47) seem to indicate that a band in this region cannot be
taken as a definite indication of a fivefold ring.

So, in our opinion, the detection of the »4 mode near
380 cm™! by Raman spectroscopy (385 cm™' in the case of
ZSMS5 zeolite (48)) is the best tool for the spectroscopic
identification of the MFI and similar structures, better than
the detection of the IR mode near 550 cm™'.

Both IR and Raman spectra of silicalite also show a
weak band near 950 cm™!. According to Scarano et al.
(12) these features are associated to Si~(OH) stretching
in hydrolyzed defects of the silicalite structure. In effect,
our silicalite specimen presents a significant number of
H-bonded silanols, evidenced by the band at 3510 cm™! in
the spectrum of outgassed pressed disks. This band is
strong in the spectrum of our silicalite showing that our
silicalite is rich in defects.

(b) IR and Raman Spectra of Titanium-Silicalites and the
Nature of Framework Titanium Sites

As reported above the IR, Raman, and UV-vis spectra
of the sample TS1E(1.25) show only and all the features
expected for titanium silicalite, with evidence of negligible
amounts of amorphous-like extraframework titanium or
TiO; phases. Two main differences can be noted between
the vibrational spectra of S1 and TS1: (i) a somewhat lower
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resolution of the TS1 spectrum; (ii) the detection of a
medium intensity band centered in IR spectra near 950
cm ! and in Raman spectra near 970 cm ™',

The first difference could be partly related to the higher
symmetry of TS1 (orthorombic) with respect to S1 (mono-
clinic), that tend to limit splittings and for which a smaller
number of fundamentals is expected (see above).

As for the modes near 960 cm™, at least five different
assignments have been proposed: (i) to the stretching of
a titanyl group Ti=0 (49); (ii) to the Ti-O stretching of
TiO, tetrahedra (50); (iii) to the Si—O terminal stretching
of §i-0. . .Ti bridges (51); (iv) to the terminal Si—O stretch-
ing of SiOH...(OH)Ti ‘‘defective sites™ (12); (v) to the
Si-O terminal stretching of ““defects™ still including the
templating agent (52). Interestingly, Pilz et al. (9) argued
that the Raman mode and the IR mode near 950 ¢cm ™
should arise from two different vibrations, a Si—O stretch-
ing in IR and a Ti-O stretching in Raman. According to
Boccuti er al. (51) and Scarano et al. (12) this band is
sensitive to the presence of water and ammonia in both
Raman and IR spectra, and should be due to contributions
of both type (iii) and type (iv) modes. On the other hand,
Bellussi et al. (53) showed that this band is not sensitive
to H/D isotopic exchange, what should exclude type (iv)
mode as the predominant one. Accordingly, this band has
also been found in the spectra of amorphous silica con-
taining Ti ions (25) that showed evidence of the presence
of tetrahedrally bonded Ti cations (25, 53). This band has
also been detected in the spectra of Ti-containing cristobal-
ite (54).

Our spectra in the OH stretching region indicate that
defects containing OH groups are by far less in our TSI
sample than in our S1 sample, at least in the conditions of
our measurements, i.e., at the solid—-vacuum interface. On
the other hand IR spectra clearly show that the templating
agent is not present in significant amounts. This seems
sufficient to suppose that defects like those implied in the
type (iv) and type (v) structures should not be predominant
in producing this band.

According to our interpretation, this mode should arise
from the asymmetric stretching mode of Si—O-Ti bridges
(»1’ mode), assuming Ti in a framework position. As dis-
cussed above, the mode v1’ is intrinsically strong in IR but
weak in Raman for silicas. The strength of the Raman
peak for TSI arises from the difference in polarizability
of Ti-O and Si-O bonds, as well as to the intrinsically
high Raman intensity of modes having an at least partial
Ti-O stretching character. According to the centrosymme-
try of the silicalite structure, obviously, the modes active
in Raman are silent in IR and vice versa. However, the
vl-v4 modes discussed above are all splitin a great number
of components, some of which are IR active and other
Raman active, due to crystal effect. So, in contrast to the
Pilz er af. (9) arguments, the modes detected near 960 cm ™
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in the IR and Raman spectra of titanium silicalite should
arise from IR active and Raman active components derived
from the same v!’ asymmetric stretching mode of Si—-O-Ti
bridges. Accordingly, they are detected at slightly differ-
ent positions.

The shift down of this mode with respect to the position
of the asymmetric stretching of Si—O-Si bridges is related
to the greater weight of Ti with respect to Si and to the
higher ionicity of Ti-O with respect to Si-O bonds. This
interpretation is somewhat a “"mixture” of the above type
(ii) and type (iii) assignments, because it implies a mixing
of Si-O and Ti-O stretching character. On the other hand,
according to the above discussion, Si—O-Ti bridges should
also give rise to shifts for the other modes. In effect, the
subtraction IR spectra definitely show that a slight shift
down is likely for the »1” and v2 modes too. Moreover, a
new IR component, evident as a shoulder in the TSI spec-
tra and giving rise to a rather strong band in the subtrac-
tions, can be found near 510 cm '. This mode is likely
associated to the »3 rocking mode, that is strong in IR. It
seems reasonable that, if the stretching modes are shifted
down by Ti for Si substitution, the rocking mode is shifted
up. The other modes do not give rise to evident peaks
either because they are weak (like #2) or because they
have a pronounced character of a framework vibration,
like v4.

This assignment does not contrast with that of Scarano
et al. (12) because it is not excluded that Si—-OH stretchings
can have a minor role on it. Nevertheless, the perturbation
of this mode in the presence of water and ammonia, as
reported by Scarano ez al. (12), does not necessarily implies
a role of such hydrolyzed defects in the production of this
band. In fact, these authors showed that this band is shifted
upwards in Raman experiments in contact with ammonia
and water. We have observed that this band is significantly
shifted upwards when the templating agent is still present.
This simply indicates that Ti ions interact with these mole-
cules and that, upon this interaction, Ti—-O bonds become
less 1onic, so more similar to Si—O bonds. This causes the
Si-O-Ti asymmetric stretching mode to shift up, towards
the position typical of Si-O-S8i modes. This implies that
Ti cations tend to expand their coordination from fourfold
to fivefold or sixfold, that is the most usual overall coordi-
nation for Ti*".

In effect, the above presented data indicate that Lewis
acidic Ti'" cations actually exist in the TS1E(1.25) sample.
On the other hand, in this sample Raman and UV spectros-
copy exclude the presence of significant amounts of extra-
framework Titanium ions. Tetrahedral Ti** cations in the
silicalite framework naturally tend to expand their overall
coordination to octahedral, definitely preferred.

A similar behavior was also shown for tetrahedral Ti
cations into amorphous silica, giving rise to stronger Lewis
sites than octahedral Ti*" cations exposed on TiO, surfaces
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(25, 55). Upon this interaction its coordination is expanded
and the electron energy on them is increased. A similar
interaction fully justifies the shift upwards of the Si-O-Ti
asymmetric stretching mode described by Boccuti et al.
(51) for the IR mode and Scarano et al. (12) for the Ra-
man mode.

Raman and UV spectra show that the samples with ex-
cess Ti ions present extraframework Ti in the form of TiO,-
anatase. This phase is not detected by XRD likely because,
due to its small particle size, their XRD peaks are very
broad and masked by the sharp peaks of the MFI struc-
tures. Itis less easily to explain why this phase is not evident
in SEM micrographs and whether this phase has an adverse
effect on phenol hydroxylation activity (as it would appear
from the behaviour of the catalysts prepared with proce-
dure 1) or not (as it could be concluded from the behaviour
of catalysts prepared by procedure 2).

As remarked above, our samples show high catalytic
activity in phenol hydroxylation, confirming that frame-
work Ti cations are present and are active. However, in
our case the 100% selectivity to cathechol at the expense
of hydroquinone over the most active catalysts seems to
be exceptional. According to some authors (56) an excess
of cathechol among the products could be related to a
blocking of pores, cathechol production occurring essen-
tially at the external surface. Nevertheless, other authors
disagree with this interpretation and argue that the reac-
tions occur essentially inside the zeolitic pores (57). The
composition of the reactant mixture (acetone to phenol
ratio) and the TSI crystal size have also a role in determin-
ing the ortho-vs-para slectivities. On the other hand, we
found no hydroquinone on TS1E(1.25) that does not show
any trace of the templating agent and only negligible traces
of amorphous extraframework Ti species (see UV spectra),
as well as on low-Ti-content samples of both TSIE and
TSIT series. On the other hand, hydroquinone is found
(although again in smaller amounts than usual) on the
samples where extraframework TiO; is certainly present.
It seems likely that this shift in selectivities is related to
some details of our reaction conditions more than to the
quality of the catalysts.

The maximum in catalytic activity for Ti contents 2.5%
(TSIE series) or 5% (TS1T series), shown in Table 1, can
be interpreted as the result of the increase of the activity
associated to the slightly increasing amount of framework
Ti** cations (see IR results) contrasted by the negative
effect of the increasing amounts of extraframework TiO,
in catalysing H,O, decomposition.

CONCLUSIONS

From the present study we draw the following conclusions:

(i) By applying the preparation method described by
Clerici et al. (15) we have prepared good silicalite and
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titanium-silicalite samples, whose catalytic activity in phe-
nol hydroxylation by H,O; agrees with the literature data,
although with a quite exceptionally high selectivity with
respect to cathechol production. With Ti contents of 2.5
or above extraframework TiO; is certainly present in the
form of anatase.

(ii) By applying a preparation method derived from
those reported by Thangaraj et al. (16) we were unable to
prepare pure titanium silicalite samples, being extraframe-
work TiO,-anatase detected already at 1.3% Ti content.
On the other hand, also these samples proven to be active
in phenol hydroxylation, with comparable activities and
selectivities with respect to those obtained with proce-
dure 1.

(i) We developed an empirical assignment of most IR
and Raman skeletal bands for these solids. From this we
conclude that the most useful vibrational mode for the
identification of MFT structures is the strongest Raman
peak associated to a structure-sensitive symmetric stretch-
ing—bending mode of T-O-T bridges.

(iv) This model only partially agrees with the classical
model used for the interpretation of the vibrational skeletal
modes of zeolites, due to Flanigen and co-workers (40).
The picture agrees well with that arises from the lattice
dynamics calculations of van Santen et al. (37).

(v) From our model we assign the vibrational modes
observed both in IR and in Raman spectra of TS1 near 960
cm™! to different components arising from the asymmetric
stretching mode of Si—O-Ti bridges.

(vi) we identified another mode typical of Si—O-Ti brid-
ges of titanium silicalite, the rocking mode at 510 cm™! in
the IR spectra.

(vii) we showed that Ti cations in the silicalite framework
act as Lewis acid sites also at the solid-gas interface, by
coordinating ammonia, so giving rise to an expansion of
its overall coordination to fivefold or sixfold.
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