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Ti-Silicalite (TS-1) is an excellent catalyst for the selective oxida-
tion of alkenes to epoxides, of NH3 to hydroxylammine and of the
ammoximation of cyclohexanone, using H,0, as oxidant. This pa-
per reports spectroscopic (IR/Raman) and computational (HF, clus-
ter models) studies on the complexes formed upon interaction of the
Ti catalytic centre with water and hydrogen peroxide. Evidence is
presented of the formation of unstable hydroperoxidic species upon
interaction with neutral aqueous H,0; solutions, which can be con-
verted into a more stable ionic complex in a basic environment. The
vibrational spectra of these complexes have been recorded in appro-
priately designed low-temperature experiments on solution-soaked
powders bearing some resemblance with the catalytic reactor envi-
ronment. The assignment of the spectra was confirmed by ab initio
calculations and by parallel experiments on the structurally similar
Ti-free silicalite.  © 1998 Academic Press

INTRODUCTION

Since the discovery of the unique catalytic properties of
Ti-Silicalite (TS-1) in selective oxidations using H,O, as
oxidizing agent (1-7), several attempts have been made to
characterize by physical methods the electronic and coordi-
native state of titanium centres, before and after the inter-
action with various molecules playing a role in the catalytic
reactions (H,O, NH3, H,0,, CH30OH) (8-29). In particu-
lar: (i) Accurate XRD measurements have demonstrated
that, in well synthesized TS-1 samples, the unit cell vol-
ume increases linearly with the Ti(1V) content (20), in good
agreement with model equations for isomorphous substi-
tution of Si with Ti at tetrahedral framework sites (1,8).
(i) A second fingerprint of this material is an IR band at
960 cm~*, whose intensity is proportional to the Ti(IVV) con-
tent (1,12). A band at similar frequency is also present in
the Raman spectra (9). This band was originally assigned to
the stretching mode of a titanyl group ((SiO);Ti=0), this
assignment being later discarded because it could not ex-
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plain the blue shift observed upon interaction with ad-
sorbates like methanol and water (9,12-14,17). The most
widely accepted assignment is now in terms of the v, of
(SiOTi) groups. (iii) A third feature is represented by the
oxygen to titanium charge transfer transition at 49.000 cm ™!
characteristic of the Ti(IV) in tetrahedral environment
(12-14). (iv) A fourth characteristic is the strong XANES
peak at 4969 eV which is typical of Ti(IV) in tetrahedral
coordination (13,14,24).

The effect observed upon interaction with adsorbates like
H,0, NH3, and CH3OH is easily explained in terms of inser-
tion of ligands in the coordination sphere of Ti(IV) centres,
from tetrahedral to distorted octahedral coordination (with
subsequent increase of the Ti-O bond length and increase
of the Si-O stretching character of the vy of the (SiOTi)
mode (9,17)). Further evidences of the propensity of the
Ti centre to vary its coordination number in the presence
of adsorbates have been obtained by means of UV-visible
(12-15,17,19) and XANES (13,14,21-24) spectroscopies.

UV-visible spectroscopy gives also the simplest evidence
on the formation of peculiar complexes on TS-1, upon H,O
dosage. In fact, in the presence of a neutral H,O, solution,
the sample turns yellow because of the formation of a dis-
tinctive adsorption at 25800 cm~!. The assignment of this
band in terms of ligand-to-metal charge transfer of per-
oxo and or hydroperoxo complexes of Ti(IV), has been
discussed elsewhere (15,17,19).

The absorption at 25800 cm~! is remarkably labile and
disappears in a few minutes at RT unless the sample is con-
tinuously fed with fresh H,O; solution. Cooling to 230 K
slows down the decomposition and the band can then be
observed on the time-scale of hours. Upon interaction of
the fresh catalyst with an aqueous NH3/H,O, solution, the
characteristic band is formed at distinctly higher frequency
(28500 cm™Y) and it is remarkably more stable (17). It is
worth noticing that the spectrum obtained after dosage
of the basic NHs/H,O, solution is identical to that ob-
tained with NaOH/H,0; solution. Moreover, the band at
28500 cm~! can also be obtained from that at 25800 cm*
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by dosing NH4OH or NaOH solutions to the species previ-
ously formed in neutral conditions (17).

These observations pointed to the hypothesis that two
similar but not identical oxygen containing Ti(IVV) com-
plexes are formed in neutral and basic solutions and that
the structure is not dependent upon the nature of the base
(17). Moreover, the complex formed in neutral solutions
can be converted into a more stable form in basic solutions.
A possible scheme illustrating the reactivity of Ti centres
with water and H,O, solution is represented below.
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However, only on the basis of UV-visible data, the exact
structure of this key species has never been completely elu-
cidated and some debate is still open (8,11,15,17,19,27,28).

For this reason a specific study on the vibrational proper-
ties of the Ti-peroxo complex has been undertaken and new
IR and Raman data on the complexes formed in presence of
H,0,, together with ab-initio Hartree Fock calculations on
cluster models supporting the spectroscopical assignments,
will be presented in this paper. Due to difficulties encoun-
tered in the dosage of H,O, from the gas phase, the spectra
were obtained on the TS-1 sample impregnated with H,O,
solutions. Since the industrial TS-1 catalysts operates in so-
lution, the presence of the soaking solution makes the cata-
Iytic system investigated by Raman and IR spectroscopies
very close to the real catalytic one. Due to the instability of
the peroxo species at RT, both Raman and IR spectra have
been obtained at low temperature (about 230 K). However,
while the Raman spectra at 230 K of samples impregnated
with (or immersed in) H,O; water solutions are easily ob-
tained (owing to the negligible Raman scattering of water)
the same does not hold for IR spectra, because the large
excess water absorb completely the IR radiation and pre-
vents the observation of any v(O-O) modes. The latter lim-
itation has been surmounted by removing part of the ex-
cess of soaking water, through a suitable vacuum manifold.
It will be shown that under these conditions the peroxo
species are sufficiently stable to be observed by FTIR spec-
troscopy during evacuation of the excess H,O. When made

at RT the same procedure leads to the destruction of the
peroxo/hydroperoxo species.

EXPERIMENTAL

TS-1 sample (Ti content 1.47 wt%) was synthesized in
the ENICHEM laboratories as described in (1). Transmis-
sion IR spectra have been collected at 2 cm~! resolution on
a Bruker IFS66 spectrometer equipped with an HgCdTe
cryodetector. The sample (in form of self-supporting pel-
lets) was inserted in a suitable quartz cell. During all the IR
measurements the cell was permanently attached to a vacu-
um manifold, allowing the accurate control of both sample
temperature and equilibrium pressure of water. The exper-
imental procedure was as follows. The pellets were initially
impregnated with H,O; solutions, both neutral and basic, of
the desired concentration. Then they were inserted in the
IR cell and cooled down to about 110 K. The excess wa-
ter was then gradually removed by progressively increasing
the sample temperature from 110 K to room temperature
and by simultaneously decreasing the equilibrium pressure
of H,O through a vacuum manifold permanently attached
to the IR cell. This pressure and temperature control does
not only allow us to gradually remove the excess of wa-
ter but also to increase the lifetime of the peroxo com-
plexes (which is unstable in vacuo). A series of fast IR
spectra (2 interferograms per second) have been collected
during evacuation in order to detect the transient manifes-
tations of peroxidic structures. The adoption of this par-
ticular experimental procedure has been proved to be in-
dispensable for the observation of the IR spectra of the
peroxo/hydroperoxo species which under vacuo have a
transient character (17,28).

Raman spectra have been collected with a resolution of
2 cm~! on a Perkin-Elmer 2000R-NIR-FT Raman spec-
trometer equipped with an InGaAs detector and employing
aNd-YAG crystal laser pumped by a high pressure Krypton
lamp; the adopted wavelength was 1064 nm and the output
power was 1.0 W. The sample, in form of powder, was kept
soaked with H,O, solutions, by immersing the lower part of
the powder in the solution of interest. In order to limit the
heating effect of the laser beam which rapidly causes the
decomposition of the peroxidic species a rotating sample
holder, cooled down at 230 K, has been used.

The solutions used in the experiments have been ob-
tained by mixing a H,O; solution (52%) with a NH3
(or NaOH) solution (30%) in a ratio NH3/H,O,=3
(NaOH/H,0;,=3).

RESULTS AND DISCUSSION

Spectroscopy

Vibrational spectroscopies (IR and Raman) can pro-
vide direct information on the v(O-O) stretching modes of
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FIG. 1. Influence of ligand dosage in the O-O stretching region as

monitored by IR spectroscopy on TS-1 (part a) and on silicalite (part b).
Spectra of dehydrated samples (curves 1) after interaction with H,O, sam-
ple at about 230 K (curves 2), after contact with a solution of NH3 and
H,0; (NH3/H,0, = 3) atabout 110 K (dotted curves) and after subsequent
heating of the sample at about 230 K with parallel continuous decrease
of the equilibrium pressure (curves 3). Full arrows indicate the position
of observed bands, while the broken arrow in part (b) indicates the po-
sition of the 834 cm~! band, not observed in experiments performed on
silicalite. The inset reports superimposed, in a magnified scale, the two re-
linearized and renormalized spectra of curves 2 of parts (a) and (b) (dotted
and dashed lines, respectively) and corresponding difference (H,O,/TS-1
minus H,Oy/silicalite, full line) which is a well-defined band centered at
886 cm™L.

peroxo complexes and, hence, it is of great utility for eluci-
dating the structure of Ti-peroxo complexes. For the sake
of simplicity we will here describe only the IR features in
the narrow interval, where the v(O-O) modes are expected
(Figs. 1a and 1b). Other regions are not informative be-
cause, under the adopted experimental conditions, they are
heavily dominated by the manifestation of the stretching
and bending modes of water, which is the more abundant
adsorbate, even under the low pressure conditions adopted
in our experiment. As far as the Raman spectra are con-
cerned, a much wider range (1100-800 cm™1) can be stud-
ied, since water is a very poor Raman scatterer and, hence,
does not appreciably cover the vibrational manifestations
of other solutes and adsorbates (Fig. 2).

As far as the effect of H,O,/H,O solution dosage on the
characteristic 960 cm~! band is concerned, little informa-
tion can be derived from the IR spectra under the adopted
experimental conditions, because the transmission in the
IR is already critically low in this region due to the com-
bined effect of the high intensity of the 960 cm~! peak and
the water absorption. On the contrary, the Raman spectra
(Fig. 2, curves 2 and 3) are very useful and distinctly show
a shift to higher frequencies of the peak accompanied by
broadening. The same feature is also observed upon pure
H,O dosage (9). This phenomenon is exalted in presence

of the basic NH3/H,O, solution, but a precise figure of the
shift cannot be given because, in this case, the spectrum is
made complicated by the presence of overlapping bands
due to ammonia oxidation products (see below). Although
the shift of the fingerprint band upon the solution contact is
clearly indicating the involvement of the Ti centre, it does
not give, alone, information on the detailed structure of the
peroxo/hydroperoxo complexes. Coming back to the 900-
800 cm~! range several new bands appear in the IR and
Raman spectra. All the IR experiments were also dupli-
cated on a pure silicalite sample (bearing the same MFI
structure but with a pure SiO, compaosition), in order to sin-
gle out with certainty the manifestations associated with the
Ti centres in the Ti-containing zeolite. The results (Figs. 1
and 2) can be summarized as follows:

(i) Upon dosage, at about 230 K, of neutral H,O, solution
on TS-1, a new absorption with the maximum centered at
about 880 cm™! is formed (IR weak, Fig. 1a, curve 2) and
875 cm~! (Raman intense, Fig. 2, curve 2). Since a similar
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FIG. 2. Influence of ligand dosage in the 1100-800 cm™! region as
monitored by Raman spectroscopy. Curve 1, dehydrated TS-1; curve 2,
after interaction with H,O; curve 3, after interaction with NHz and H,0,
(assignment of bands appearing in the dotted part of spectrum 3 is ten-
tative); curve 4, after interaction with NaOH and H,O,. All spectra have
been recorded at 230 K.



VIBRATIONAL STUDY OF PEROXO COMPLEXES IN TS-1 67

band at 876 cm~! is also observed on the silicalite (Fig. 1b,
curve 2), and since the v(O-0O) vibration of liquid H,O; is
found at 875 cm~%, we conclude that the 880 cm~! (IR) and
875 cm~! (Raman) band mainly results from physisorbed
H,0, into TS-1 channels. It is worth noticing that, by com-
paring the two IR bands obtained by dosing the neutral
H,0, solution on TS-1 and on silicalite, beside the shift
shown of the maximum of about 4 cm~2, the band obtained
on TS-1 has a significantly larger FWHM (about 18 against
about 14 cm™1). In order to better appreciate this impor-
tant fact, the inset of Fig. 1 reports, in a magnificated scale,
the two relienearized and renormalized spectra (TS-1 and
silicalite, dotted and dashed lines, respectively) and corre-
sponding difference (TS-1 minus silicalite, full line). It is
now more evident that the IR band on TS-1 has a shoulder
at higher frequencies, not present in silicalite, which could
be tentatively ascribed to a labile hydroperoxide complex
(Ti-OOH), since ab initio calculations predict that the
v(0O-0) of such complex should not differ significantly
from those of H,O, (HF, 1042.7, Corr., 885.2 cm™~* for
Ti-OOH; against HF, 1031.3, Corr., 876.0 cm~* for phy-
sisorbed H,0,, see below). Experimentally, the difference
spectrum locates the maximum of this additional band
(which is quite asymmetric on the high frequency tail)
at 886 cm~1. Moreover, a spectral deconvolution (using
ASYMGRAD software (30,31)) of the spectrum of the
H,0,/TS-1 system into two gaussian components, the fre-
quency of the former being fixed at 876 cm™ to simulate
the H,Oq/silicalite system, locates the frequency of the lat-
ter at 884 cm~L. It is correct to recognize that, due to the
strong overlap between the two components and to the
nonunivocal choice of the couple of points used to relin-
earize both spectra, the exact location of the IR band of
the labile hydroperoxide complex still remains question-
able; however, also supported by our theoretical study, we
can safely affirm that upon dosage, at about 230 K, of
neutral H,O, solution on TS-1, a hydroperoxide complex
(Ti-OOH) is formed in TS-1, whose O-O stretching fre-
quency is few cm™! higher than that of physisorbed H,0,
(i.e., somewhere between 890 and 880 cm~1). Unfortunately
we cannot supportour conclusion with Raman experiments,
since the Raman band at 875 cm™! measured when H,O;
is dosed on silicalite (not shown for brevity) is very similar
to that observed on TS-1 (curve 2 in Fig. 2). The fact that
the broadening at higher frequencies is not observed in the
Raman experiment is probably due to the heating effect of
the laser beam, which, by favoring the decomposition of the
complex, keeps its concentration at low level. The negative
effect of the laser beam even at 230 K is also confirmed by
the decolourized spot formed on the sample where the laser
beam strikes the samples.

(ii) Upon interaction, at 230 K, with basic aqueous solu-
tions (the NH3/H,0, or NaOH/H;0,), two new IR bands
are observed on TS-1 (Fig. 1a, curve 3) at 864 and 836 cm ™1,

To fully understand the nature of these two new spec-
troscopic species it is necessary to follow the evolution
of the IR spectrum of the basic solution dosed on TS-1
from liquid nitrogen temperature to room temperature un-
der continuous decrease of the equilibrium pressure in-
side the cell, as described in the experimental section. At
a lower temperature (about 110 K) (see dotted curve in
Fig. 1a) the intensity of the 864 cm~! band is much greater
while the band at 836 cm™! is totally absent; by increas-
ing the sample temperature under pumping the 864 cm™!
band continuously decreases, while a new band develops
at 836 cm™, reaching its maximum at about 230 K (see
spectrum 3 in Fig. 1a). A further increase of the temper-
ature up to room temperature leads to the total destruc-
tion of the 836 cm~! band, while only a vestige of the of
the 864 cm~! band survives. The absence of the 836 cm™?
band in the “as cooled” spectrum (dotted curve in Fig. 1a)
is due to the presence of a still-significant excess of ad-
sorbed water in the adopted experimental conditions. In
fact, H,O deeply perturb the Ti-OOH complex by strong
hydrogen bond interactions, resulting in a great broaden-
ing of the O-O band which does not emerge any more from
the left-hand side of the strong IR absorption due to the
SiO; modes centered at about 800 cm~. The fundamen-
tal role of our the apparently exotic experimental proce-
dure adopted in this investigation is now evident, since a
prolonged outgassing at liquid nitrogen temperature is not
sufficient to remove, in a significant way, adsorbed water
and a parallel temperature increase is consequently neces-
sary. Unfortunately this procedure has a concomitant but
opposite effect because it is associated with the reduction of
the hydroperoxo complex stability. On the basis on a series
of experiments the 230 K temperature has been observed
to be the best one to allow the observation of this O-O
stretching.

To further confirm our assignment, we have performed
the same experiments by dosing the basic aqueous solu-
tions (NH3/H,0, or NaOH/H,05;) on silicalite. They yield
only to the formation of the species adsorbing at 864 cm™1,
which behavior upon increasing the sample temperature
and decreasing the equilibrium pressure is fully parallel to
the same band observed on TS-1, see dotted spectrum and
spectrum 3 of Fig. 1b. In the investigated temperature range
(between 110 and 300 K) no band around 836 cm™! was
detected. While the 864 cm~! band is also observed on Sil-
icalite and it is readily assigned to v(O-O) of NH; OOH"™,
it is evident that the band at 836 cm~! must represent a
true fingerprint of the more stable complex formed in ba-
sic conditions. In full agreement with the IR study, it must
be stressed that a similar band is also observed at about
230 K, in the Raman experiment, both with NH3/H,O,
(at 840 cm~t) and NaOH/H,0, (at 843 cm™1) solutions
(see Fig. 2, curves 3 and 4, respectively). The fact that the
836-843 cm~! band appears also in the experiments where
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the NaOH/H,O; solution is used discards any possible
assignment in terms of a vibrational mode of an unknown
product of the oxidative chemistry of NHs.

(iii) New Raman bands appear also at 987 cm~! and
1047 cm™! (part of the spectrum reported as the dotted
line), which are plausible, related to the oxidative chem-
istry of NH3. The intensity of these two bands is variable
from one experiment to the other, and their attribution
is only tentative. The 1047 cm~! band can be assigned to
NOj species resulting from ammonia oxidation. As far as
the 987 cm~! band, an attribution is less straightforward.
A plausible assignment to NH,OH (whose formation is
known to be catalyzed by TS-1 (15)) is excluded, since the
adsorption of a NH,OH solution on the structural isomor-
phous silicalite originates an IR peak at 911 cm~1. A pos-
sible candidate can be identified in NH3OH™ Z~ species
(where Z~ is the TiOO™), since the dosage of hydroxil-
amine chloride (NH3OHCI) on silicalite produces an ab-
sorption at 998 cm~! (spectrum not reported for brevity).
Following this hypothesis hydroxylamine once formed by
oxidation of NHs at the Ti centres, is under a salt-like
form.

It is worth noticing that Clerici et al., in their pioneering
work (28) already discussed the presence of stable perox-
ide complexes in TS-1 under basic media (LiOH, NaOH,
KOH, AcONa); they report that the molar ratio of peroxide
species per Ti center increases with the strength and with the
concentration of the base. Even if no IR spectra are shown,
they discuss the results of IR experiments on such basic so-
lutions by mainly analyzing quantitatively the erosion of the
fingerprint band at 960 cm~? (indicated at 970 cm~? in that
work) upon increasing the concentration of the LiOH base,
see Table 4 in Ref. (28). It must, however, be underlined
that the erosion of the 960 cm~! band, together with a small
blue-shift, is not peculiar of peroxide complexes formed on
Ti, since it is systematically observed upon dosing ligands
like NH3, H,O, etc. on TS-1 (see the Introduction). They
also report the presence of an “extra peak” at 866 cm™*
in spectra of peroxides prepared with a LiOH concentra-
tion greater than 0.1 M; however, no assignment is given
by the authors. No other bands are described; this means
that Clerici et al., were not able to detect the fundamental
836 cm~! band. This is not surprising, since we have shown
that the interesting peroxidic specie disappears upon drying
the sample at room temperature and that the sophisticated
experimental procedure, described before, is indispensable
to detect this key species. It is evident that the “extra peak”
observed by Clerici et al., being at a very similar frequency
(866 against 864 cm™?) to that of the band assigned by us
to the NH; OOH ™ specie, is probably due to the LitfOOH™~
complex. In this regard please note also that our parallel ex-
periment locates the frequency of the NatfOOH™ complex
at 864 cm~.

In conclusion, the vibrational experiments presented
here suggest the possible existence, under neutral condi-
tions, of an unstable Ti complex containing the O-O moi-
ety (plausibly an OOH group) absorbing at frequencies
slightly higher than physisorbed H,O, (tentatively in the
890-880 cm~! range) and responsible for the already mea-
sured UV-Vis absorption at 25800 cm™! (15,17,19). This
species can be transformed in basic conditions into a more
stable form, absorbing at 840 cm~! (Raman) and 836 cm™*
(IR), responsible of the UV-Vis edge at 28500 cm™!
(15,17,19). A structural model for these complexes, based
on ab initio quantum chemical calculations, is given in the
following section.

ADb Initio Calculations

Ab initio quantum chemical calculations on cluster mod-
els of catalytic sites have proved to be an increasingly accu-
rate method for the prediction of the structures and spec-
troscopic features of catalytic centres, provided that the
adopted clusters are appropriately constructed and that
the effect of the neglected embedding solid are kept in
mind. Previous theoretical studies have already addressed
the problem of the structure of the Ti centre (17,26,32-38)
and of its interaction with H,O (35,37) with different mod-
els and methods. Recently, the interaction of tetrahedrally
coordinated Ti with H,O; has also been addressed (38). The
calculations presented here represent a strongly improved
version of the preliminary results very briefly discussed in
Ref. (17). The scope of these calculations is limited to the
study of the structure and vibrational frequencies of the
smallest possible model for the active centre, resulting from
the interaction of the native tetrahedral Ti centre with wa-
ter ligands and H,O,. The energetics of these interactions
is a more complex topic, on which scarce experimental data
are available, and it will not be discussed in detail here. The
model contains the first shell of atoms neighboring with Ti
and can be thought as resulting from the following reaction,
where the OH* groups model the O-Si connections with the
zeolite framework.
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Initially a H,O molecule coordinates to Ti(1V) while a
second H,O molecule hydrolyzes a Ti-O-Si bridge,! then
the reaction goes on with H,O,, forming the hydroperox-
ide species and a second water ligand which coordinates to
Ti(IV). In the presence of Na* ions the hydroperoxide is
converted to an ionic ion pair.

The geometry of models 1 (hydroperoxide) and 2
(ion-pair) has been optimized, with particular care devoted
to the detection of multiple configurations related to n*
(monodentate or edge-on) or »? (bidentate or side-on)
coordination of the peroxide/hydroperoxide ion. To this
purpose, each cluster model was optimized with two differ-
ent initial geometries corresponding to hypothetical 5* and
n? geometry. For each local minimum energy configuration
found, vibrational frequencies were calculated (harmonic
approximation) to confirm its nature and to be compared
with the experimental data. All the calculations were
done with the Gaussian92 code (39) at the Hartree—Fock
level using a valence double zeta basis set (VDZ) (40).
Different »* and »? initial geometries were tried. Optimized
structures are shown in Fig. 3.

For the hydroperoxide model only one type of minimum
was found, with »' coordination (Fig. 3, part a). This is in
contrastwith the results of Ref. (38), but the discrepancy can
by explained by the fact that the model adopted in Ref. (38)
assumes asterically less crowded five-coordinated Ti centre.
In the minimized structure the O-H* groups are 1.8 A apart
from the Ti(IV) centre, the Ti-O distance in coordinated
water molecules is 2.1-2.2 A, the n™-OOH group bounds
less strongly than O-H* to the Ti centre (d(Ti-O) =2.00 A),
and it forms a strong hydrogen bond with H,O molecules
also coordinated to Ti (d(H-O) =1.68 A).

For the Na ion pair models, two distinct local minima
were identified, one with »* and the second with 2 coordi-
nation of the OO?~ anion. The energy of the 5> complex is
found to be 35.4 kJ/mol lower than that of the 5 (this value
is in qualitative good agreement with the preliminary value
of 10.5 kcal/mol ~ 43.9 kJ/mol reported in (17)). In both *
and n? structures, the Na™ ion is coordinated to the perox-
ide ion and to a Ti-OH* group. Also in this case the Ti-O
distance in coordinated water molecules is observed to be
2.1-2.2 A, while the distance to the oxygen in OH* groups
is always around 1.8 A (this value is in complete agreement
with experimental data obtained by EXAFS (13,14,23-25)).

It is worth noticing that it would be of great interest to
confirm, from a computational approach, the spectroscopic
evidence that the peroxo complexes formed in basic me-

! Please note how, from a stoichiometric point of view, in the right-hand
term of the first reaction a H-O-H* is missing. It represents the silanol of
the adjacent T site formed after the hydrolyzation of the second H2O
molecule (see upper part of the first scheme). Its absence is due to the
fact that in the second scheme only atoms belonging to the investigated
clusters are represented.
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FIG. 3. Selected structural and vibrational features of the optimized
cluster models. (A) n hydroperoxide complex; (B) Na containing »* ion
pair complex; (C) Na containing »? ion pair complex. v(O-O) calculated
frequencies are also reported (see text). Structure (B) (5?) is more sta-
ble than structure (C) (n%) by 35.44 kJ/mol). For the three parts big and
small white spheres represents O and H atoms, respectively, while the
central black sphere is Ti; oxygen atoms coming from H,O; are marked
with a black star. In parts (B) and (C) the added black spheres represent
sodium. Solid sticks are chemical bonds, while broken sticks link coordi-
nated species.

dia have a higher stability with respect to that formed in a
neutral condition. From a stoichiometric point of view, it is
evident that this further proof could be derived by studying
the reaction of complex A+ NaOH (or A + NHj3), which
gives complex B + H,O (or complex B with NHJ, instead
of Na™). This point is very interesting; however, the calcu-
lation of the energy for such reactions is not trivial and it
is beyond the scope of this paper. In fact, while the reac-
tion of the sodium-form is not clearly defined (would the
NaOH ion pair be one of the reactants?), the reaction with
ammonia requires nontrivial additional calculations. More-
over, the chemistry of the complex with NHz/NH; would
be characterized by complex H-bond interactions with the
terminating OH* groups of the cluster and H,O. A bigger
model, including the next SiO4 tetrahedra, or an embedded
model, would clearly be needed. This subject is complex
enough to require a study on its own. For this reason we
report only the energy difference between the two forms of
the ion pair complexes (forms B and C).

Please note that these are precisely the computational
reasons why we decided to perform our ab initio calcula-
tions on ion-pair models (forms A and B) using Na* instead
of NHJ as cation, also supported by the experimental ev-
idence that NHsz/H,O, and NaOH/H,O, solutions dosed
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on TS-1 give rise to nearly indistinguishable spectroscopic
features in the O-O stretching region (see above).

The vibrational spectra for the three structures were
calculated in order to compare with the experimental
observation of stretching O-O vibrations. With the aim to
correct the well-known overestimation of vibrational fre-
quencies by the Hartree-Fock method, a scaling factor of
0.849 was applied. This value differs slightly from the gen-
erally accepted scaling constant (0.89) and results from the
ratio between the experimentally observed v(O-O) of lig-
uid H,O; insilicalite (876 cm‘l) and the calculated value for
an isolated H,O, molecule (1031.4 cm™1). Solvation effects
due tothe zeoliticwall are thusincluded, although inacrude
way, in the scaling factor. In the following, uncorrected cal-
culated frequencies are given in parenthesis after the abbre-
viation “HF,” while scaled values are preceded by “Corr.”

The v(O-0) frequency of the »* hydroperoxide (Fig. 3a)
complex (HF, 1042.7; Corr., 885.2 cm™1) are similar to the
values observed when H,0; is dosed on silicalite (Fig. 1a,
spectrum 2) and that calculated for unperturbed H,O,
molecule. The predicted upward shift upon coordination
is 10 cm™2, while the observed shift of the band maximum
accounts for ~4 cm~1. This value is inferred from the
maximum of a relatively broad band also containing the
contribution of physisorbed H,O,; when a careful subtrac-
tion of the band obtained on silicalite from that obtained
on TS-1 is done, a band appears at 886 cm™, i.e. very close
to the computational frequency. The same holds when a
deconvolution into two components is done; see above.

As far as the ion-pair models are concerned (Figs. 3b and
3c), the v(O-0) of the n* complex is calculated to be strongly
IR active and poorly Raman active at (HF, 1111.3 cm™%;
Corr.,943cm™1). Since we do not observe IR manifestations
near this frequency (emerging from the framework stretch-
ing modes) and since the Raman peak observed at 987 cm™*
is very strong and can be otherwise explained (see before),
we will discard the hypothesis of an * complex. This con-
clusion is also supported by the higher energy calculated
for this structure (see above). On the contrary, the v(O-
O) frequency calculated for the n? complex (Fig. 3b) (HF,
970.7cm~%; Corr., 824.1 cm~1) isin good agreement with the
observed frequencies (IR, 836 cm~%; Raman, 840 cm™1).

CONCLUSIONS

The structure of the complexes formed upon interac-
tion of the Ti catalytic centre in TS-1 with hydrogen per-
oxide water solutions has been studied by spectroscopic
and computational methods. Upon interaction with neu-
tral aqueous H,O, solutions, the formation of an unsta-
ble hydroperoxidic species, previously evidenced by UV-
Visible spectroscopy (absorption at 25800 cm™1) (15,17,19)
absorbing at a frequency near to that of the uncomplexed
H,0; (tentatively in the 890-880 cm~! range) has been in-
ferred. On the contrary, in a basic environment, the hy-

droperoxo complex is converted into a more stable ionic
one which shows peculiar O-O stretching bands at 836 cm ™!
(IR) and at 840 cm~! (Raman); this complex is responsible
of the already observed UV-Vis absorption at 25800 cm~!
(15,17,19). It is important to stress that the adoption of an
original experimental procedure involving low temperature
measurements and accurate control of the H,O equilibrium
pressure is the most relevant part of this work, indispens-
able in the delicate spectroscopic detection of an elusive
and unstable species (as normally expected for a structure
playing a key role in catalysis).

The assignment of the spectra has been confirmed by par-
allel experiments on the structurally similar Ti-freessilicalite
and by ab initio calculations. The study of the structure and
of the vibrational frequencies of the smallest model of the
active center (ion pair) indicates that the ion pair > com-
plex is the most stable and is characterized by a calculated
v(0O-0) in good agreement with the experimental IR and
Raman results.
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