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Electron spin resonance (ESR) and electron spin echo modula-
tion (ESEM) spectroscopy are used to study reducibility and adsor-
bate interaction of Ti in titanosilicate TS-1 molecular sieve. Various
reduction methods were used to reduce Ti(IV) in TS-1 to Ti(lll)
which was then monitored by ESR. When TS-1, after dehydration
and oxygen treatment at high temperature followed by evacuation
(activation), is y-irradiated at 77 K; an ESR signal with g, =1.970
and g, =1.906 is observed for isolated Ti(lll) centers. Radiation
induced defect centers known as V centers are also observed af-
ter y-irradiation. When activated TS-1 is treated with CO or H,
at 673 K, an axial ESR signal with g, =1.968 and g, =1.933 is
observed which is suggested to be Ti(l111)(CO), and Ti(l11)(H2)n
complexes. When activated TS-1 is exposed to D,O at room tem-
perature and subsequently y-irradiated at 77 K, a new ESR signal
with g =1.924 is observed. This species is identified as Ti(111)-(OD);
from 2D ESEM data. Adsorption of CHz0D on activated TS-1 pro-
duces a new Ti(lll) species with g=1.931. This species is identi-
fied as Ti(l11)-(CH30D); from 2D ESEM data. Adsorption of C;D,
on activated TS-1 produces a new Ti(lll) species with g, =1.968
and g = 1.910. This species is identified as Ti(111)-(C,D4); from 2D
ESEM data. Possible coordination geometries of the various Ti(111)-
adsorbate complexes are discussed.  © 1998 Academic Press

INTRODUCTION

Since the discovery of titanosilicate molecular sieve TS-1
in the early 1980s, there has been a large scientific effort on
the synthesis, characterization, and utilization of titanium-
containing molecular sieves (1,2). TS-1 has proved to be an
excellent catalyst for the selective oxidation of various or-
ganic substrates in the presence of hydrogen peroxide (3-6).
The formation of surface titanium peroxo compounds with
H,0O, and the subsequent transfer of the peroxidic oxygen
to the organic reactants has been proposed as the mech-
anism by which TS-1 catalyzes the reaction. An intensive
search for other compounds with properties similar to TS-1
has resulted in the syntheses of TS-2 (7), Ti-ZSM-48 (8),
Ti-B (9), TAPO-5 (10), TAPO-11 (11), and TAPO-36 (11).
Recently, titanium-containing mesoporous molecular sie-
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ves such as TIHMS (12), TIMCM-41 (13), and TIMCM-48
(14) have also been reported. The unusual properties of ti-
tanium silicates have been attributed to tetrahedrally coor-
dinated titanium substituted into a SiO; lattice coupled with
very high dispersion of the active catalytic centers resulting
from such substitution. New microporous titanosilicates,
named ETS-4 and ETS-10, where titanium occurs with six
coordination have also been reported (15). These materials
do not exhibit the catalytic properties typical of other tita-
niumsilicatesinwhich Ti(1V) isin tetrahedral coordination.

Electron spin resonance (ESR) spectroscopy has been
widely used for characterizing several transition-metal-
incorporated molecular sieves. ESR characterization of Ti
compounds, in general, and titanosilicates, in particular, are
limited due to the fact that the most common and stable
oxidation state of titanium in these materials is tetravalent
which is ESR silent. However, trivalent titanium with a 3d*
electron configuration has characteristic ESR signals de-
pendent on its coordination geometry. The low stability of
Ti(111) at room temperature again makes it a less favor-
able candidate for ESR study. In order to study titanosil-
icate molecular sieves by ESR these materials have to be
reduced by suitable reduction methods. Several reduction
methods are used to reduce transition metal ions in zeo-
lites and other molecular sieves. High temperature thermal
treatment, treatment with H, or CO at moderate to high
temperature, UV irradiation, or y-ray irradiation are the
commonly used reduction methods. Each of these reduc-
tion methods has its own merits and demerits. ESR evi-
dence for isomorphous substitution of Ti(IV) into TS-1 has
been reported (16,17). Very recently, we studied the nature
of Ti in TAPO-5 and TiIMCM-41 molecular sieves by ESR
and electron spin echo modulation (ESEM) spectroscopy
and provided convincing evidence for the framework sub-
stitution of titanium (18,19). Since the catalytic properties
of titanosilicate materials are strongly dependent on the na-
ture and location of the titanium ions and their accessibility
to adsorbates and coordination with ligands, it is important
to elucidate the number and orientation of their coordi-
nating molecules. Sevaral studies using spectroscopic tech-
niques such as IR, UV, and X-ray absorption techniques of
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EXANES and EXAFS have been reported on the coordi-
nation properties of titanium in TS-1 in relation to their in-
teraction with external adsorbate molecules. Although the
results obtained from various studies are consistent with
the idea that coordination state of titanium changes signifi-
cantly after adsorption, the number of molecules coordinat-
ing to titanium deduced from these techniques do not gener-
ally agree and also are not always consistent with the models
proposed from catalytic studies. Electron spin echo modula-
tion spectroscopy combined with ESR effectively provides
guantitative information concerning the adsorbate geome-
try in terms of the number of surrounding adsorbate nuclei
(N) and their interaction distance (R). In this study we re-
port ESR results on the reducibility of titanium in TS-1 by
various reduction methods. ESEM spectroscopy has been
used for the first time to elucidate the coordination geom-
etry of Ti(I11) in TS-1 with various adsorbate molecules.

EXPERIMENTAL SECTION

Preparation

TS-1 was prepared hydrothermally using tetrapropyl-
ammonium hydroxide as the organic template. The synthe-
sis procedure is essentially same as that reported earlier (6).
The following chemicals were used without further purifi-
cation; tetraethylorthosilicate (98%b, Aldrich), tetrapropy-
lammonium hydroxide (20 wt% in water, Fluka), and
titanium ethoxide (Aldrich). Syntheses were carried out
in 100 cm® stainless steel reactors lined with Teflon ma-
terial at autogenous pressure without agitation. Based on
preliminary experiments, the following molar composition
was optimized for the preparation of TS-1:0.03, TiO,: 1.00,
Si0;7:0.36, TPA: 35, H,O. In a typical synthesis, a solution
of 0.53 g titanium ethoxide in 18.8 g tetraethylorthosilicate
was added to 40.6 g 20 wt% aqueous solution of tetrapropy-
lammonium hydroxide, while stirring. The resulting mix-
ture was kept stirring at 333 K for 3 h. Occasionally water
was added to compensate for evaporation. The final gel
was crystallized at 473 K for 42 h. After crystallization the
product was separated from the mother liquor by vacuum
filtration, washed with water, and dried at 373 K overnight.
A sample of silicalite-1 was also prepared in essentially the
same procedure, except that the addition of the titanium
source was omitted. Samples were calcined by heating as-
synthesized samples slowly to 823 K in O, and kept at this
temperature for 16 h for removal of the organic matter.

Sample Treatment and Measurements

Powder X-ray diffraction (XRD) patterns were recorded
on a Siemens D5000 X-ray diffractometer using CuKu
radiation. The spectra were collected stepwise in the
4° < 26 < 50° angular region with 0.005° steps and 1 s count-
ing time. Chemical analyses of the samples were carried out
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by electron microprobe analysis on a Jeol JXA-8600 spec-
trometer. For ESR and ESEM measurements, the calcined
samples were loaded into 3 mm OD by 2 mm ID Suprasil
quartz tubes and evacuated to a final pressure of 10~* Torr
at 295 K overnight. To study the behavior of the titanium as
afunction of hydration, the samples were heated under vac-
uumfrom295to 673 Katregular intervals. For each interval,
the temperature was raised slowly and held at that temper-
ature for 16 h. Then ESR spectra were measured at 77 K to
study the change by this thermal treatment. To study the re-
duction behavior of TS-1, the samples were dehydrated at
673 K and then contacted with 1 atm of O, at 673 K for 16 h,
followed by evacuation at the same temperature (activa-
tion). The activated samples were contacted with 350 Torr
of dry hydrogen or 40 Torr of CO at 295 K and heated
to various temperatures for varying durations before ESR
measurements. In another reduction procedure, activated
samples were sealed and immersed in liquid nitrogen and
then exposed to y-radiation from a ®°Co source at 77 K to
a total dose of 1.6 Mrad at a dose rate of 0.20 Mrad h=2. In
order to prepare Ti(l11) complexes with various adsorbates
the activated samples were exposed to the room tempera-
ture vapor pressure of D,O (Aldrich Chemical), CH3;0D
(Stohler Isotope Chemicals), and 10 Torr C,D,4 (Cambridge
Isotope Laboratories). These samples with adsorbates were
sealed and kept at room temperature for 24 h before expos-
ing to y-radiation at 77 K to a total dose of 1.6 Mrad.

ESR spectra were recorded with a Bruker ESP 300
X-band spectrometer at 77 K. The magnetic field was cali-
brated with a Varian E-500 gaussmeter. The microwave fre-
guency was measured by a Hewlett Packard HP 5342A fre-
guency counter. ESEM spectrawere measured at 4.8 Kwith
a Bruker ESP 380 pulsed ESR spectrometer. Three pulse
echoes were measured by using a w/2-1-7/2-T-7m/2
pulse sequence as a function of time T to obtain the
time domain spectrum. To minimize %*Si modulation in
measurements of deuterium modulation, the t value was
fixed accordingly, depending on the magnetic field position.
The deuterium modulation was analyzed by a spherical
approximation for powder samples in terms of N nuclei
at distance R with an isotopic hyperfine coupling Aiso
(20). The best fit simulation of an ESEM signal is found
by varying the parameters until the sum of the squared
residuals is minimized.

RESULTS

Powder X-Ray Diffraction

Both TS-1 and silicalite-1 were characterized by XRD.
Figure 1 shows the powder XRD patterns of as-synthesized
TS-1 and silicalite-1. These patterns, both in intensity and
line position, match well with the patterns reported for the
two compositional variants of the MFI structure type (21).
The change from the monoclinic structure of silicalite-1 to
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X-ray powder diffraction pattern for (a) TS-1 and (b) silicalite-1 in their calcined forms. The arrows indicate that lines at 20 = 24.4° and

29.3° in TS-1 are changed to doublets in silicalite-1 due to a change of crystal symmetry from orthorhombic (TS-1) to monaoclinic (silicalite-1).

the orthorhombic structure of TS-1 is evident from the split-
ting of lines at 24.4° and 29.3° observed in the former. This
is cited as strong evidence for the incorporation of Ti into
the silicalite framework (21).

Elemental Analysis

Electron microprobe analysis of TS-1 gives a Si/Ti ratio of
66. This corresponds to about 1.5 titanium ions per unit cell
of TS-1. A maximum limit of 2.3 Ti per unit cell is reported
in the literature for TS-1 without forming any TiO, phase.
Since the observed value in our sample is well below the
maximum limit, we assume that all titaniums in our sample
are in framework sites.

Electron Spin Resonance

Calcined, hydrated TS-1 does not show any ESR signal
at 77 K. Thus, we assume that the Ti species exist in the
form of Ti(1V). Dehydration at temperatures up to 673 K
does not show any ESR signal. Under the same treatment
silicalite-1 also does not show any ESR signal.

Isolated Ti(l1l) ions in TS-1 can be generated by y-ray
irradiation at 77 K. Figure 2 shows ESR spectra at 77 K
after y-ray irradiation of activated TS-1 and silicalite-1. The
y-irradiation at 77 K shows a strong rhombic signal around
g =2 due to radiation induced defect centers known as V
centersand an axial signal with gy =1.970and g, =1.90due
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to Ti(l1l) centers. The latter assignment is based on the fact
that when silicalite-1 is y-irradiated, only a signal due to
V centers is observed. The observed axial signal for Ti(l111)
in TS-1 closely similar to the signal observed in TIMCM-41
and indicates similar crystalline symmetry for this ion in
these two materials (19).

Figure 3 shows the ESR spectra of TS-1 after hydrogen
and CO treatment at 673 K. Almost similar signals with
axially symmetric g tensors (species B with g, =1.933 and
g1 =1.968 for CO and species C with g;=1.93land g, =
1.962 for Hy) are observed. We assign these signals to Ti(111)
species modified by interactions from CO or H; molecules
or interactions from the corresponding oxidized species
formed as a consequence of the reductive process. The ESR
signal intensity for species A produced by y-irradiation is
substantially higher than the signal intensity observed for
species B and C after carbon monoxide or hydrogen treat-
ment. When TS-1 samples with CO or H; are outgassed
at room temperature for about 5 min, the ESR intensity of
the Ti(l11) species is reduced from its original intensity. The
reduction in intensity is probably due to the reoxidation of
Ti(11) to Ti(1V) upon removal of the ligands. However,
due to the inherent instability of the Ti(l11) species at room
temperature, the reversible nature of the Ti(lll) signal in
the presence and absence of CO or H; molecules was not
able to be studied.

fgf =1.906
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ESR spectra at 77 K of (a) TS-1 and (b) silicalite-1 after y-irradiation at 77 K of activated samples.
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FIG.3. ESR spectraat 77 K of TS-1 after treatment with (a) CO and

(b) H, at 673 K.
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FIG.4. ESR spectra at 77 K of TS-1 after adsorption of (a) D,0, (b) CH3;0D, and (c) C,D, and subsequent y-irradiation at 77 K, followed by

annealing at 295 K for a short time.

Figure 4 shows the ESR spectra obtained for TS-1 af-
ter D,O, CH3;0D, and C,D, adsorption, followed by y-
irradiation at 77 K. D,O adsorption on TS-1 produces a
new Ti(l11) species E characterized by a slightly anisotropic
signal with g = 1.924. Adsorption of CH3OD at room tem-
perature on TS-1 leads to the formation of Ti(l11) species
F (Fig. 4b), characterized by an anisotropic signal with
g=1.931. Note that signals for both species E and F are
anisotropic to almost the same extent and have similar g
values, indicating similar crystalline environments for the
Ti(l111) ion after the adsorption of D,O and CH3;OD. The V
center observed with adsorbed CH3;OD is much more com-
plex than the V center observed in TS-1 after D,O adsorp-
tion. When deuterated ethylene is adsorbed on activated
TS-1 and y-irradiated, the major signal observed is a new
Ti(ll) species G with g; =1.968 and g; =1.910. The ESR
parameters of various Ti(l11) species and their possible as-
signments are listed in Table 1.

The adsorption experiments involve irradiation in the
presence of a gas phase which is different from simple ad-
sorption measurements. Thisisespecially apparentfromthe
more complex ESR signal observed at g~ 2.000 in samples
containing methanol (Fig. 4d). Such an approach seems un-

TABLE 1

ESR Parameters of Various Ti(l11) Species Observed
in TS-1 Molecular Sieves

Treatment Species Assignment gy Oeff 'N
y-irradiation/77 K A Ti(Hr) 1.970 1.906
CO/673 K B Ti(111)(CO)n 1.933 1.968
H,/673 K C Ti(HD)(H2)n 1.931 1.962
D,O E Ti(111)(OD), 1.924
CH3;0D F Ti(l11)(CH30D); 1.931
C;D4 G Ti(111)(C2D4)1 1.910 1.968
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avoidable due to the inherent instability of Ti(Ill) in TS-1
at room temperature, coupled with the practical limitations
of the experimental setup. A similar approach was adopted
earlier in studies involving the unstable oxidation state of
several transition metals. The fact that y -irradiation did not
produce any paramagnetic species having ESR signals in
the region where Ti(ll1) appears still makes this procedure
useful to study Ti(ll1l1) complexes with various adsorbate
molecules.

Three-pulse 2D ESEM spectra were recorded at the mag-
netic field corresponding to the Ti(lll) species observed
after adsorption of various deuterated adsorbates. The de-
lay between the first and second pulses (t) was selected,
depending on the magnetic field so as to minimize mod-
ulation from other magnetic nuclei present in the system.
Figure 5 shows the 2D ESEM spectrum of TS-1 after ad-
sorbing D,0. The magnetic field was set at the center of
species E (Fig. 3a). Simulation of the spectrum gives one
deuterium nucleus at a distance of 3.0 A and a second deu-
terium nucleus at 3.5 A. These values are consistent with
one OD group coordinating directly with Ti(Ill) and an-
other OD group interacting from a farther distance. Figure 6
shows the experimental and simulated ?’D ESEM spectrum
of TS-1 after adsorbing CD3OH. The field was set at the
center of species F (Fig. 3b). The spectrum was simulated
with one deuterium nucleus at 2.8 A. These parameters can
be rationalized in terms of one methanol molecule having
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direct coordination with the Ti(lll) ion. In Fig. 7 the ex-
perimental and simulated D ESEM spectra observed for
TS-1 after adsorbing C,D4 are given. The field was set at
g, of species G (Fig. 4c). Simulation of the spectrum gives
four deuterium nuclei at 4.5 A, indicating one molecule of
ethylene coordinating with Ti(l1l) to form species G.

DISCUSSION

Gamma irradiation of activated TS-1 produces two ESR
signals besides the doublet signal due to atomic hydrogen.
The strong signal with g; =2.015, g, = 2.007, and g3 = 1.999
is clearly assigned to V centers created by irradiation. A
similar signal is observed in silicalite-1, although with lesser
intensity. V' centers in zeolite and other molecular sieves
have been studied earlier (22,23). In zeolites two types of V
centers, namely Vi and V; centers associated with Al-O-Si
and Si-O-Si units of the framework, have been identified.
These are radiation-induced hole centers trapped in a lone
pair p orbital of associated oxygen atoms. Also V centers
have been reported recently in aluminophosphate mate-
rials and mesoporous MCM-41 materials (18,19). Unlike
zeolites, since there is no Al-O-Si unit present in silicalite-
1, only one type of V center associated with a Si-O-Si unit
is expected.

The second signal with g;=1.970 and g, =1.906 is as-
signed to Ti(lll) produced by reduction of Ti(IV) by
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FIG.5. Experimental (

) and simulated (...) 2D ESEM spectra of TS-1 after adsorption of D,O and y- irradiation at 77 K. The spectrum was

recorded at the magnetic field corresponding to the center of Ti(l11) species E. (a) Number of deuterium nuclei interacting with Ti(111). (b) Distance
between deuterium and Ti(lll); estimated uncertainty is £0.01 nm. (c) Isotopic hyperfine coupling constant; estimated uncertainty is +£10%.
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FIG.6. Experimental ( ) and simulated (...) 2D ESEM spectra of TS-1 after adsorption of CH;OD and y - irradiation at 77 K. The spectrum
was recorded at the magnetic field corresponding to the center of Ti(lll) species F. (a) Number of deuterium nuclei interacting with Ti(l11). (b) Distance
between Ti(111) and deuterium; estimated uncertainty is £0.01 nm. (c) Isotopic hyperfine coupling constant; estimated uncertainty is +£10%.
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FIG. 7. Experimental ( ) and simulated (...) 2D ESEM spectra at 4.8 K of TS-1 after adsorption of C;D4 and y- irradiation at 77 K. The
spectrum was recorded at the magnetic field corresponding to the parallel component of Ti(l111) species G. (a) Number of deuterium nuclei interacting
with Ti(lll). (b) Distance between Ti(lll) and deuterium; estimated uncertainty is £0.01 nm. (c) Isotopic hyperfine coupling constant; estimated
uncertainty is +10%.
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electrons produced by y-irradiation. This is supported pri-
marily by the fact that no similar signal is produced when
silicalite-1 is subjected to y-irradiation. Second, the ob-
served signal isin the same region where Ti(111) hasbeen re-
ported to have an ESR signal in several titanium-containing
materials, although the g values and the symmetry of these
signals vary considerable, depending on the specific crys-
talline field environment. Moreover, the Ti(l11) signal can-
not be assigned to any carbonaceous paramagnetic species
or to any nitric or nitrous oxide species which might be
reasonably formed during calcination as there are no sim-
ilar species observed in silicalite. All those paramagnetic
species have different characteristic ESR signals. Our as-
signment is further supported by the fact that titanosilicate
molecular sieve TIMCM-41 shows a very similar signal after
y-irradiation (19). In TIMCM-41 material having low tita-
nium content, titanium is believed to be located at a frame-
work tetrahedral site, as evidenced by several characteri-
zation results including ESR. However, in TIMCM-41 with
relatively high titanium content, both tetrahedral and octa-
hedral titanium is detected by ESR and diffuse reflectance
ultraviolet spectroscopy.

Ghorbel et al. have reported (17) the ESR spectrum of
TS-1 after UV irradiation of an activated sample. With the
exception of a signal at g =1.92, the reported spectrum is
different from the spectrum observed for TS-1 after gamma
irradiation. The various signals assigned to Ti(111) are differ-
ent from the present assignment. The assignment of a signal
atg=1.999 asa parallel componentof Ti(lll) isinconsistent
for an axially symmetric species. Generally a value much
lower than 1.999 is reported for Ti(lll) in other titanium
containing compounds. Careful analysis of the linewidth
and amplitude of the signal clearly shows a different param-
agnetic origin for this signal. It is well known that the paral-
lel component of an axially symmetric species has a broader
linewidth and a smaller amplitude than the corresponding
perpendicular component. However, the linewidth of the
parallel component is about 5 G while that of the perpen-
dicular component is more than 20 G which is inconsistent
for an axially symmetric species. The linewidth and g value
of this signal is more consistent for a radical or defect site
generated in the system due to UV irradiation. Moreover,
the spectrum shows a broad signal at about g =1.97 which
can be assigned to the parallel component of Ti(lll) for
which the perpendicular component is assigned at g = 1.92.
Such a reassignment is very close to the signal observed in
this study for Ti(lll) formed after y-irradiation.

The ESR spectrum observed in TS-1 after y-irradiation
is different from that observed in other titanosilicate molec-
ular sieves such as ETS-4 and ETS-10, where titanium is in
six coordination (24). A strong, sharp orthorhombic sig-
nal with g; =1.944, g, = 1.916, and g3 = 1.862 is observed in
ETS-10. The signal is assigned to Ti(lll) centers in frame-
work TiOg units. The observed spectrum in TS-1 is also dif-
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ferent from that observed in alkali titanate materials, where
titanium has distorted octahedral coordination (25). In al-
kali titanates, more than one Ti(l11) center is observed after
y-irradiation. A broad signal with g, =1.975and g, =1.890
and a sharp signal with g, =1.990 and g, =1.981 occur.
They are identified as Ti(lll) centers formed in TiOg units
having one and two nonbridging oxygens, respectively.

The reversed g components of the Ti(lll) ions in TS-1
can be correlated to the specific crystalline field to which the
ion is subjected. If titanium in TS-1 occupies a framework
site, tetrahedral site symmetry is expected for Ti(ll1) in de-
hydrated TS-1. However, one cannot rule out the possibility
of Ti having additional coordination with extraframework
molecules like water and/or hydroxyl. In fact, higher coor-
dination or a modification of the tetrahedral crystalline field
for Ti(l11) is almost always observed when extraframework
species are present. The ground state of Ti(l11) with a 3d!
configuration is °D. When this ion is subjected to a perfect
cubic crystalline field from tetrahedral or octahedral co-
ordination, its fivefold degeneracy is lifted in to a doublet
and a triplet. In a tetrahedral field, the doublet lies lower
in energy, while in an octahedral field the triplet has lower
energy (26). But, the experimentally observed anisotropy
and g value shift from the free electron value cannot be ex-
plained by perfect cubic symmetry. An additional trigonal
or tetragonal distortion is necessary to lift the degeneracy of
the low-lying doublet (tetrahedral) or triplet (octahedral)
and is responsible for the g anisotropy and the deviation of
Javg from the free electron value g =2.0023. In a tetrago-
nally distorted tetrahedral field, the g values calculated to
first order are (26)

0)~0e, 0L~0e—61/A (tetragonal compression)

and
01~ 0e—8A/A, gL~ 0—21/A

(tetragonal elongation),

where A is the spin orbit constant and A is the energy split-
ting between the degenerate triplet and doublet levels in a
cubic tetrahedral field. From the ordering of the g values
observed for Ti(lll) in TS-1 after y-irradiation, the most
likely situation is one of tetragonal compression. However,
there is wide variation in the values reported for the ESR
parameters of Ti(111) in various compounds (27).

For the Ti(lll) ion in tetragonally distorted octahedral
symmetry, the g values to first order are (26)

g~ 0e —8A/A, Q1 ~Qe—2)/8,

where A is the energy splitting between the degenerate
triplet and doublet levels in an octahedral cubic field and 8
is the energy splitting within the lower triplet level under
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tetragonal distortion. Using values of A =11,000 cm~* and
8 = 10,000 cm~*for tetragonally distorted octahedral Ti(111)
ion as in alkali titanate glass (25) and A = 154 cm~* for Ti,
the calculated g values are gy =1.890 and g, =1.971.

Note that when changing from a tetrahedral crys-
talline field with tetragonal compression to an octahedral
crystalline field, the corresponding ESR signal reverses its
g components. It should be noted that the ESR signals of
Ti(l11) in TS-1 reverses its g components after reduction
by y-irradiation and after CO or H, reduction. Again the
g values for Ti(ll1) in TS-1 after CO or H; reduction are
comparable with the g values calculated for this ion in an
octahedral crystal field. Thus, it is reasonable to conclude
that after high temperature reduction with CO or Hy, Ti(l11)
in TS-1lisin acrystal field modified by interaction with these
molecules or the corresponding oxidized species formed as
a consequence of the reductive process. In support of this
argument, very similar ESR spectra occur for Ti(lll) im-
purity in alkali silicates and phosphates, where Ti(lll) is
surrounded by octahedrally coordinated oxygen ions (28).
Ti(l11) in the TS-1 framework can have additional interac-
tion with one or two molecules of CO or H; and thereby
acquire coordination higher than tetrahedral. The exact co-
ordination number is still unclear. ESEM measurements
are not of much help in this respect. The presence of hy-
drogen in the Ti(l1l) coordination sphere is observable by
ESEM in principle, but quantitative analysis is not practi-
cally possible because of the very fast modulation from this
nucleus. The spin zero *2C does not have any modulation
on the titanium signal.

A different ESR spectrum for Ti(l11) has been reported
earlier in TS-1 after treatment with CO at high temperature
(673 K) (16). An axially symmetric signal with two paral-
lel components (g} = 1.98 and g7 = 1.97) and a common
perpendicular component (g, = 1.193) has been reported.
This signal was interpreted as Ti(l111) situated at two differ-
ent tetrahedral framework sites. However, in view of our
present observations and careful analysis of the line shape
and g values of the reported spectrum, it seems more likely
that the spectrum is composed of more than one Ti(lll)
species. These are probably isolated Ti(lll) centers in a
tetrahedral environment and a Ti(l11)(CO), complex sim-
ilar to that observed here. The value of n is most likely one
or two. Our argument is based on two observations. The
major parallel component at g=1.970 is also observed in
TS-1 after y-irradiation, but not in samples containing CO.
After CO reduction we observed only one anisotropic sig-
nal which lies in the same region, where the perpendicular
g component of tetrahedral Ti(l11) is observed both after
CO reduction in the earlier study (16) and after y-ray re-
duction in this study. The relatively high concentration of
CO (40 Torr) used in this study, compared to the low CO
concentration in the earlier study, may be responsible for
this difference in behavior.
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V centers are observed in both TS-1 and silicalite-1 after
y-irradiation. The shift in V center g value from ge is an
indication of the extent of spin—orbit coupling. The shift is
negative for an unpaired electron and positive for a hole.
The positive shift Ag=0.005 observed in the present case is
consistent with hole trapping. This indicates that the param-
agnetic center responsible for the V center is a hole and not
an electron. The fact that no saturation effect with the avail-
able microwave power is observed for the V center further
indicates that the defects are associated with the frame-
work. On the other hand, a saturation effect is expected if
the V centers are due to trapped electrons or holes at lattice
defects. It has been observed that the stability of V centers
in zeolites is strongly dependent on the presence of elec-
tron scavengers such as H* or Na* (22). The intensity of
V centers produced in TS-1 is larger than the correspond-
ing intensity in siliceous silicalite-1. A reaction mechanism
for the formation of V centers in zeolites, mesoporous ma-
terials, and aluminophosphates has been proposed earlier
(18,19,23). Following that interpretation, the formation of
V centersin TS-1and silicalite molecular sieves is explained
by the reaction mechanisms proposed in Fig. 8.

The SiO, framework of silicalite-1 is not a good electron
scavenger, and, since this material does not contain elec-
tron acceptors such as H* or Na', it is possible that the
ejected electron readily neutralizes the newly created V
centers and shifts the equilibrium strongly towards the left
(mechanism I). This explains the low intensity for V centers
observed in silicalite-1. In TS-1, however, a second mech-
anism by which V centers can be stabilized is reduction of
Ti(1V) to Ti(11l) by the ejected electron. This is consistent
with the increase in V centers observed in TS-1, together
with the formation of Ti(lll), observed by ESR in compari-
son with silicalite-1. This provides further indirect evidence
for the substitution of titanium into the TS-1 framework.
As in zeolites, one expects two ESR signals for two V cen-
ters in TS-1 associated with Ti-O-Si and Si-O-Si units of
the framework (22,23). However, the ESR spectrum ob-
served does not distinguish these two possible types of V
centers.

Several studies have been carried out on the coordina-
tion of framework titanium ions in relation to their role in
catalytic transformations. Most of these studies deal with
interactions between Ti(IV) and various molecules in the
presence of hydrogen peroxide. Titanium silicates behave
as Lewis acids due to the coordinatively unsaturated Ti(1V)
ions. Adsorption of molecules such as ammonia, water, al-
cohol, and pyridine on TS-1 leads to changes in their optical
spectra with respect to the spectra in the absence of adsor-
bates (29,30). All these changes are completely reversible.
The well-known band at 960 cm~ in the infrared spectra
which is commonly associated with the presence of frame-
work titanium, (2), shifts to higher wave numbers. New
bands appear in the diffuse reflectance ultraviolet spectra,
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FIG. 8. Formation of V centers in silicalite-1 and TS-1 after y-irradiation.

corresponding to charge-transfer transitions between the
new ligands and the titanium ion (29). These new bands
indicate a direct insertion of the ligands into the first co-
ordination sphere of Ti(1V) which leads to an increase in
the coordination number which is estimated to be about six
for water adsorption (30). X-ray absorption techniques also
give evidence for direct interaction of the ligands with the
Ti(1V)ion (31,32). The intensities and half widths of the pre-
edge X-ray absorption peaks in the presence of adsorbates
correspond to Ti(IV) with a coordination number higher
than tetrahedral. An increase of the distance between tita-
nium and the atoms in its first coordination shell by 0.03 A
is observed for the adsorption of ammonia, methanol, and
2-propanol by EXAFS. This is explained by expansion of
the Ti-O distance or by partial solvolysis of Ti-O-Si bridges
and the formation of titanol groups (31,32).

Our ESR study of adsorption of various molecules such
as water, methanol, and ethylene on TS-1 agrees in general
with other spectroscopic studies (29-32) in that the coor-
dination environment of the titanium changes significantly
after adsorption, but our study differs in the actual number
of molecules coordinating to titanium. Upon adsorption of
D,0on TS-1, the ESR signal of Ti(111) changesin line shape
and g values, indicating a different environment for this ion
from that of an activated sample. Several catalytic studies
(1) suggest that by reaction with water, Ti-O-Si bonds are

hydrolyzed to form TiOH and SiOH groups. This assump-
tion is consistent with the parameters obtained from the 2D
ESEM spectrum of TS-1 after D,O adsorption. The simu-
lation showing two deuterium nuclei at distances of 3.0 A
and 3.5 A seems consistent with the cleavage of Ti-O-Si
bonds and the formation of TiOD and SiOD groups. A pos-
sible geometry for this structure is depicted in Fig. 9a. On
the other hand, one expects nearly the same distance for the
two deuterium nuclei if one D,O coordinates with Ti(1V)
without forming titanol and silanol groups as observed for
the adsorption of D,O on several other transition-metal-
modified molecular sieves (33). Interaction of additional
D,0O molecules with Ti(lll) is unlikely as only two deu-
terium nuclei are observed in the vicinity of the Ti(ll1). Al-
though Ti(l11) still has four directly coordinated oxygens,
the presence of a nearby silanol group alters the crystal
field around the Ti(ll1). This probably explains the differ-
ent ESR line shape and g value for Ti(lll) after adsorption
of D,O.

Adsorption of CH3OD on TS-1 again alters the ESR sig-
nal to Ti(111) from that of an activated sample. 2D ESEM re-
sults of one deuterium interacting at 2.8 A is consistent with
coordination of one CH3OD molecule to the Ti(lll) ion.
A possible geometry of this structure is shown in Fig. 9b.
Here Ti(l11) coordinates with five oxygens. The similar ESR
signals observed for Ti(lll) after adsorption of D,O and
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FIG.9. Suggested coordination geometries of the Ti(111) complex ob-
tained after adsorption of various molecules on TS-1 (a) after adsorption
of D,0O, (b) after adsorption of CH30D, and (c) after adsorption of C;D,.

CH3OD suggest that similar crystal fields exist for Ti(l11)
in these two cases.

With adsorbed C,D4, TS-1 shows an entirely different
ESR signal for Ti(l11). 2D ESEM parameters of four deu-
teriums at 4.5 A is consistent with one ethylene molecule
coordinating with Ti(lll) ion by 7 coordination. A possible
geometry for this structure is shown in Fig. 9c. Similar = co-
ordination of ethylene to titanium is suggested from various
catalytic reactions (1). The interaction distance of 4.5 A fur-
ther indicates weak bonding between the ethylene molecule
and Ti(lll) ion. For adsorption of water, methanol, and
ethylene, only one molecule of each coordinates with tita-
nium in TS-1. Although this observation differs from other
characterization results (29-32), it is consistent with mod-
els proposed from catalytic reactions (1,34). We suggest that
the medium pore size of TS-1, together with the location of
titanium in a framework tetrahedral site are both responsi-
ble for the observed behavior.

As discussed earlier the reversal of the g components
of Ti(I111) is a consequence of a change in the crystalline
field bought about by interactions with additional ligands.
Based on theoretical considerations, the reversal of the g
values is possible when the crystalline field changes from
tetrahedral to octahedral. In this study, the reversal of the
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g components of the Ti(l1l) species is observed when TS-1
is allowed to interact with molecules such as CO, H,, and
C,H,. The coordination sphere of Ti(lll) in these cases in-
volves one or more carbon or hydrogen ligands besides the
four framework oxygens and may cause distortion of the
crystalline field necessary for the reversal effect. On the
other hand, when D,O and CH3;OD are adsorbed on TS-1,
no reversal of the g components was observed. The coor-
dination sphere of Ti(l11) in these cases involves only oxy-
gen ligands and the associated crystalline field is modified
to a lesser extent. Thus one expects only slight modifica-
tions of the ESR signal for Ti(lll) before and after ad-
sorption of the these molecules. This is what was observed
in these two cases. In the specific case of adsorption with
D,0, the first coordination sphere of Ti(lll) is modified
only slightly from that of an activated sample due to the
cleavage of Ti-O-Si bonds and the resultant formation of
hydroxyl groups as suggested by Fig. 9a. This assumption
is also consistent with the results of 2D ESEM data on this
sample.

CONCLUSIONS

Electron spin resonance and electron spin echo modu-
lation spectroscopy are effective methods to study the re-
ducibility and adsorbate interactions of Ti in titanosilicate
TS-1 molecular sieve. Various reduction methods including
y-irradiation and treatment with H, or CO at high temper-
ature are effective for reducing Ti(IV) to Ti(lll) in TS-1.
After dehydration, oxidation in O, and evacuation at 673 K
(activation), TS-1 is y-irradiated at 77 K and gives an axi-
ally symmetric ESR signal with g; =1.970 and g, = 1.906 of
isolated Ti(l111) centers. When activated TS-1is treated with
H, or CO at 673 K, an axially symmetric ESR signal with
reversed g values is observed for Ti(lll). When activated
TS-1 is exposed to D,O at room temperature and subse-
quently y-irradiated at 77 K, a new and slightly anisotropic
ESR signal with g=1.924 is observed. Using °D ESEM,
this species is identified as Ti(l11)-(OD); modified by inter-
action from nearby Si-OD groups. Adsorption of CH3;0D
on activated TS-1 also produces a slightly anisotropic ESR
signal with g =1.931 for Ti(l111) which isidentified as Ti(l11)-
(CH3;0D); from ?D ESEM. The similar ESR signals ob-
served for Ti(lll) after water and methanol adsorption sug-
gested a similar crystalline field around titanium in these
two cases. Adsorption of C,D,4 on activated TS-1 produces
another new Ti(lll) species with g; =1.968 and g, =1.910
which is identified as Ti(111)-(C,Dg); from 2D ESEM.
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