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CrO2+TiO2 (TC), MoO2+TiO2 (TMo), and WO2+TiO2

(TW), prepared by heating in vacuo at 1173+1273 K mixtures of
MO2 (M 5 Cr, Mo, or W) and TiO2, were characterized by XRD
and EPR. The transition metal ions were incorporated as isolated
and clustered CrIII, MoIV, and WIV and a small fraction as
isolated MoV and WV in substitutional sites. After heating in air
or in O2 up to 1273 K, in TC no isolated CrV formed, whereas in
TMo and TW, MIV was oxidized to MV and MVI, and MO3 was
segregated. The oxidation started at 673 K and gave isolated
substitutional MoV and isolated interstitial and substitutional
WV. After heating in H2 up to 1073 K, TMo and TW reduction
process di4ered: MoIV gave isolated and clustered MoIII, and
MoIV+MoIV pairs gave Mo71

2 species; WIV was not reduced to
WIII; and temperatures '900 K caused the segregation of me-
tallic molybdenum and tungsten. ( 2000 Academic Press

Key Words: EPR; solid solutions; CrO2+TiO2; MoO2+TiO2;
WO2+TiO2.

INTRODUCTION

The oxides with rutile structure incorporate at impurity
level a variety of cations with di!erent ionic radius and
charge. Solid solutions based on titanium dioxide have
attracted much interest because in addition to their practi-
cal uses, their study has clari"ed concepts fundamental to
solid state chemistry, including crystal growth and defect
structure (1). It is often assumed that the incorporated
guest species is randomly dispersed in the host lattice.
This assumption is not valid when the guest ions having
a suitable electronic con"guration show metal}metal inter-
actions.

In previous papers we studied the properties of VI
B transition metal ions in rutile TiO

2
solid solutions and the

experimental conditions required for their formations (2}5).
When mixtures of MO

2
(M"Cr, Mo, or W) and TiO

2
were

heated in vacuo at 1173}1273 K, solid solutions formed.
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Chromium entered into the rutile structure up to +4%
(Cr atoms/100 Ti atoms), as CrIII (3d3 ion). At higher
chromium content compounds of general formula
Ti

n~2
Cr

2
O

2n~1
were found. The treatment in air at 1273 K

slightly decreased the solubility limit (3%) and changed the
color (from orange to dark brown) because a non-
stoichiometric compound, CrO

x
, formed on the titania sur-

face. The formation of this compound, revealed by XPS and
optical di!use re#ectance in our laboratory (4), was con-
"rmed by Ishida et al., using the same techniques (6). These
investigators stated the probable value of x between 2.6 and
2.2. Molybdenum entered into the rutile structure up to
+7% and tungsten up to +5%. At a higher M content,
MoO

2
or WO

2
and possibly metallic tungsten were present.

In solid solutions most of molybdenum and tungsten were
present as MoIV and WIV (nd2 ions), and electron paramag-
pnetic resonance (EPR) identi"ed a small fraction as MoV

(4d1 ion) (5).
The incorporation of CrIII, MoIV, or WIV, having an ionic

radius larger than that of TiIV, causes an anisotropic expan-
sion of the cell volume. Moreover, the pairing of the d elec-
trons lowered the magnetic susceptibility. In CrO

2
}TiO

2
and MoO

2
}TiO

2
, we found that speci"c magnetic suscepti-

bility showed an antiferromagnetic Curie}Weiss behavior
and magnetic moment, k, decreased as the concentration of
the incorporated ions increased. For the molybdenum-con-
taining samples we measured k values lower than the spin
only value (1.8}2.1 vs 2.8 B.M.) (2). In WO

2
}TiO

2
, the

speci"c magnetic susceptibility was practically coincident
with that of undoped TiO

2
and independent of the W con-

tent (3).
In all these systems, X-ray di!raction (XRD) and mag-

netic measurements indicated metal}metal interactions
along the c-axis of the rutile cell, in order to magnitude
WIV'MoIV'CrIII, showing that VI B ions in rutile TiO

2
solid solutions are not randomly distributed.

In this study we reconsidered CrO
2
}TiO

2
, MoO

2
}TiO

2
,

and WO
2
}TiO

2
rutile solid solutions, to characterize the

incorporated species better and to compare their stability in
2
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oxidizing and reducing atmospheres. For this purpose we
used EPR spectroscopy and XRD measurements.

EXPERIMENTAL

Samples Preparation and Treatments

The samples were prepared as reported in detail else-
where (2}4). Pelletted mixtures of MO

2
(M"Cr, Mo, W)

and TiO
2

were heated at 1173}1223 K for 72}96 h in evacu-
ated silica tubes. At the end of the thermal treatment, the
silica tube was opened at room temperature (RT) and the
pellets were thoroughly ground. To remove the molyb-
denum or the tungsten fraction present as separate phases
(MoO

2
or WO

2
and possibly W), MoO

2
}TiO

2
and

WO
2
}TiO

2
samples were leached. For leaching, the molyb-

denum-containing samples were treated with hot concen-
trated HNO

3
solution (+9 M), and tungsten-containing

samples "rst with aqua regia and then with NaOH 1 M.
Both samples were then rinsed with distilled water and dried
at 353 K for 24 h.

The CrO
2
}TiO

2
, MoO

2
}TiO

2
, and WO

2
}TiO

2
samples

are designated as TCx, TMox, and TWx (or T53Cx,
T95Mox, and T183Wx when prepared using 53Cr (I"3/2),
95Mo (I"5/2), and 183W (I"1/2) enriched isotopes). The
"gure x gives the nominal M content (M atoms/100 Ti
atoms), ranging from 0.05 to 5. The actual M content
determined by atomic absorption spectroscopy was close to
the nominal (2}4).

The TC samples were heated in air at 1273 K for 72 h.
The TMo and TW samples were heated at increasing tem-
perature in air or in dry O

2
(40 Torr) up to 1293 K for 5 h

and in dry H
2

(40 Torr) up to 1273 K for 5 h. After the H
2

treatment, some TMo samples were heated in dry O
2

(40
Torr) up to 1073 K for 5 h. All thermal treatments with pure
gasses were performed in a circulation all-glass apparatus
equipped with a magnetically driven pump, a pressure
transducer (MKS, Baratron), and a trap kept at 77 K and
placed downstream from the silica reactor containing the
specimen.

Characterization Techniques

XRD spectra were obtained on a Philips PW 1729 di!rac-
tometer by using a Debye-Sherrer camera, i.d. 114.6 mm.
Unit cell parameters of TiO

2
were measured with CoKa

(Fe-"ltered) radiation. The estimated errors were
$1]10~4 As in the cell parameter a

0
, $2]10~4 in the

axial ratio C"c
0
/a

0
and $0.02 As 3 in the cell volume,

<"a3
0
]C. Details of the cell parameter measurements are

reported elsewhere (2}5). Cu}Ka (Ni-"ltered) radiation was
used for phase analysis.

EPR spectra were recorded at RT, at 77 K, and occa-
sionally at 4.2 K on a Varian E-9 spectrometer (X-band),
equipped with an on-line computer for data processing. The
absolute concentration of the paramagnetic species, N, was
determined from the integrated area of the spectra, using
CuSO

4
) 5H

2
O and Cu (acac)

2
, Cu-acetylacetonate, as stan-

dards by the equation

N
!
"N

"
)
g
"

g
!

S
"
(S

"
#1)

S
!
(S

!
#1)

)
A

!
A

"

, [1]

where A are the integrated areas (measured at the same
temperature), g the average g values, S the spin, and a refers
to the sample and b to the standard (7). The g-values were
determined using as reference the sharp peak at g"2.0008
of the E@

1
center (8) (marked with an asterisk in Figs. 3

and 8).
After thermal treatment in H

2
at ¹5773 K, the spectral

recording su!ered from a decrease of the cavity quality
factor, di$culty of tuning, and phase inversion. Moreover,
signals due to partially reduced rutile were present: a sharp
signal at g"2.00 due to electron trapped probably on
surface (9); an asymmetric signal at g"1.94 assigned to TiIII
species (10}12); and a very broad band centered at g+2,
probably due to mobile paramagnetic defects. To avoid the
di$culty of tuning and the phase inversion, we submitted
the reduced samples to a subsequent treatment in O

2
(or in

air) at 373 K. This treatment left the transition metal ion
signals (see below) unchanged, but strongly decreased the
matrix signals and restored the cavity quality factor. Fi-
nally, after thermal treatment in H

2
at ¹51073 K the

formation of a metallic phase (Mo or W) rendered imposs-
ible the tuning of the EPR cavity.

RESULTS AND DISCUSSION

XRD Characterization

In TMo and TW samples, heating in air or in O
2

up to
1293 K caused cell parameter changes due to redox and
segregation processes. The most concentrated samples
(TMo5 and TW5) showed the largest changes (Table 1). For
both the systems, starting from 973 K, the cell parameter,
a
0
, decreased, whereas the axial ratio, C, slightly increased.

Consequently, the unit cell volume, <, remained constant
up to 973 K and after heating at higher temperatures de-
creased, at 1273 K reaching the value of pure TiO

2
(Figs. 1a

and 1b). The XRD powder patterns of these samples showed
the MoO

3
or WO

3
re#ections. The shrinkage of the unit cell

volume suggests the oxidation of MoIV followed by the
segregation of MoO

3
.

Thermal treatments in H
2

up to 1073 K also changed
TMo and TW cell parameters (Table 1). In TMo samples,
temperatures up to 673 K left a

0
and C practically un-

changed. At temperatures from 673 to 873 K, C slightly
decreased, whereas a

0
markedly increased. At higher tem-

peratures, a
0

sharply decreased and C increased, both



TABLE 1
Unit Cell Parameter a0, Axial Ratio C, and Phase Analysis

for TMo5 and TW5 Samples as a Function of Treatment
Temperature in Air and in H2

Sample Treatment ¹ (K) a
0

(As ) C Phasesa

TMo5 air 298 4.6052 0.6417 R
673 4.6052 0.6417 R
773 4.6055 0.6421 R
873 4.6051 0.6419 R
973 4.6053 0.6417 R

1073 4.5981 0.6430 R
1173 4.5942 0.6441 R#MoO

3
1273 4.5928 0.6441 R#MoO

3
1293 4.5925 0.6441 R#MoO

3

TW5 air 298 4.6077 0.6414 R
673 4.6079 0.6415 R
773 4.6073 0.6415 R
873 4.6079 0.6415 R
973 4.6038 0.6423 R

1073 4.6032 0.6427 R
1273 4.5950 0.6439 R#WO

3

TMo5 H
2

298 4.6052 0.6417 R
673 4.6049 0.6417 R
773 4.6076 0.6413 R
873 4.6121 0.6410 R
973 4.6108 0.6414 R

1073 4.5925 0.6444 R#Mo

TW5 H
2

298 4.6075 0.6414 R
673 4.6060 0.6412 R
873 4.6063 0.6414 R

1073 4.5959 0.6424 R
1273 4.5934 0.6437 R#W

a R"Rutile.

FIG. 1. Rutile unit cell volume,<, as function of the temperature of the
treatment in air: (a) TMo5 (d) and TiO

2
(s); (b) TW5 (d) and TiO

2
(s).
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reaching the values of undoped TiO
2

(a
0
"4.5927 As and

C"0.6441). Consequently, at temperatures from +700 to
+900 K, the unit cell volume, <, increased and then in-
creasing the temperature decreased, at 1073 K reaching the
value of undoped TiO

2
(Fig. 2a). The XRD pattern of these

samples showed the re#ections of metallic molybdenum.
The expanding unit cell volume in the 700}900 K temper-
ature range indicates the reduction of MoIV in solid solution
to MoIII, whereas the volume contraction observed at higher
temperature arises from the segregation of metallic molyb-
denum. The formation of MoIII is in agreement with the
small variation of C, because the extra electron is located on
an orbital not directed along the c-axis (2}4).

In TW samples, thermal treatments in H
2
up to 873 K left

cell parameters substantially unchanged. At higher temper-
atures a

0
decreased and C increased, both tending to the

values of undoped TiO
2
. Consequently, at temperatures

higher than 873 K the unit cell volume sharply decreased, at
1073 K reaching the value of pure TiO

2
(Fig. 2b). XRD
revealed metallic tungsten as a separate phase. The sharp
decrease in the unit cell volume is therefore caused by the
reduction of WIV to metallic tungsten, followed by segrega-
tion.

In undoped TiO
2
, thermal treatment in H

2
up to 1073 K

left unit cell parameters and volume practically unchanged
(Fig. 2a).

EPR Characterization

The high sensitivity of the EPR spectroscopy allowed
us to study dilute solid solutions (TC0.05, TMo0.1, and
TW0.1), whose spectra were well resolved because of small
dipolar interactions.

TC system. The dilute TC sample showed a complex
spectrum with several lines extending over a large magnetic
"eld interval, designated hereafter as signal A (Fig. 3) In the
53Cr-enriched sample each component split into four lines



FIG. 2. Rutile unit cell volume,<, as function of the temperature of the
treatment in H

2
: (a) TMo5 (d) and TiO

2
(s); (b) TW5 (d) and TiO

2
(s).

FIG. 3. EPR spectra at RT of TC samples. The spectra are normalized
at the same gain. The asterisk indicates the marker at g"2.0008.

FIG. 4. EPR signals at 77 K of the following: TMo0.1 sample heated in
O

2
at 1073 K (curve a); heated in H

2
at 1073 K (curve b); and T95Mo0.1

sample heated in O
2

at 1073 K (curve c); heated in H
2

at 1073 K (curve d).
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(spectrum not shown). Similar signal has been detected in
Cr-doped polycrystalline rutile and assigned to isolated CrIII
ions (6, 13, 14). The more concentrated samples, in addition
to signal A, showed a broad (*H

11
+1500G) band centered

at g+2 (signal B). As the Cr content increased, the B inten-
sity increased and in TC5 accounted for a large fraction (if
not all) of the analytical chromium. We therefore assigned
signal B to clustered CrIII ions (Fig. 3).

In all TC samples, thermal treatment in air at 1273 K
left spectral features unchanged and slightly decreased
the signal intensity. In particular, none of the TC samples
showed signals due to CrV species. All attempts to
generate CrV species in solid solution failed. EPR spectra of
the dilute TC sample, pure or doped with the diamagnetic
GaIII-ion, recorded at RT, 77 and 4.2 K showed signal
A alone.

Because CrIII is di$cult to reduce under the experimental
conditions used here (15), we omitted the thermal treat-
ments in H

2
.

TMo system. All EPR spectra of TMo samples recorded
at 77 K showed a 3-g signal (Fig. 4a, signal C). In the
95Mo-enriched samples each component of the g tensor
split into six lines (Fig. 4c). The Spin-Hamiltonian para-
meters of signal C correspond, within the experimental
error, to those of isolated MoV in the substitutional sites of



FIG. 5. EPR signals at 77 K of TMo0.1 untreated sample. Stick dia-
grams of signals C, D, and the assignment of the resonance lines of signal
E are shown (the capital letters, X, Y, and Z, indicate the canonical
orientations and the subscript numbers, 1}4, specify the spin levels in order
of increasing energy).
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the rutile. This species has been identi"ed in Mo-doped
TiO

2
single crystals (16) and in MoO

2
}TiO

2
polycrystalline

samples (5, 17) (Table 2). The absolute concentration of
MoV increased marginally with the total Mo content. Con-
sequently, as the Mo content increased, the percentage of
molybdenum detected by EPR as MoV markedly decreased
(+15% of the total molybdenum in TMo0.1 and (1% in
TMo5). Moreover, as the Mo-content increased, the signal
C linewidth markedly increased (6G in TMo0.1 and 20 G in
TMo5).

The diluted samples (TMo0.1 and T95Mo0.1) showed,
together with C, two other signals. The "rst was a 3-g signal,
typical of S"1/2 species (Fig. 4b, signal D). In the 95Mo-
enriched samples each component split into 11 lines with
a 1:2:3:4:5:6:5:4:3:2:1 intensity ratio (Fig. 4d). This pattern
unambiguously indicates an interaction of the unpaired
electron with two equivalent Mo nuclei. Hence we assign
signal D to a dimeric Mom`

2
species with an odd charge,

m (delocalized mixed valence complex). The assignment of
signal D to a dimeric species is in agreement with the
average value (A

!7
) of the hyper"ne constant, being about

one half that of the mononuclear S"1/2 species (MoV)
(Table 2). The second signal shows several lines extending
over a large magnetic "eld interval (Fig. 5, signal E). In the
enriched samples each line split into a sextet (spectrum
not shown). Analogously to the signal A in TC samples,
we assign signal E in TMo to isolated MoIII species (4d3

ions, S"3/2). The complex patterns of A and E signals
arise essentially from the "ne structure terms (D and E),
the g factor of the nd3 species in octahedral
coordination being practically isotropic. To assign the res-
onance lines (Fig. 5) we used Van Reijen diagrams (18) and
the Spin-Hamiltonian parameters from single crystal studies
(19, 20).

As it did for the TMo0.1 sample, the leaching treatment
left all EPR signals unchanged, indicating that the related
species were in solid solution.
TABL
EPR Parameters of d1 Ions and of Di

Iona g
z

g
x

g
y

A
z
b A

x
b

VIV
(4)

1.9565 1.915 1.9135 142 31.5
MoV

(4)
1.9167 1.8155 1.7923 65.7 24.7
1.916 1.815 1.791 65.3 25.4

WV
(4)

1.5944 1.4725 1.4431 92.5 40.8
1.594 1.473 1.443 92.0 41.1

VIV
(*)

1.9407 1.9865 1.9930 111.4 45.4
MoV

(*)
1.857 1.897 1.920 58.5 32.7

WV
(*)

1.673 1.735 1.795 50.8 39.8
Mo7`

2
2.113 1.939 1.867 6.9 15.7

a The "gure (s) indicates substitutional and (i) interstitial species.
b The hyper"ne constants are expressed in 10~4 cm~1.
In all TMo samples, thermal treatments in air (or in O
2
)

at ¹'573 K caused D and E signals to disappear while the
intensity of C progressively increased, reaching maximum at
1023}1073 K (Fig. 6). The maximum absolute concentration
of MoV corresponded to about "vefold that assessed on
untreated samples and was slightly dependent on Mo con-
tent (+0.06% in TMo0.1 and +0.14% in TMo5). Conse-
quently, as the Mo content increased, the percentage of
molybdenum detected by EPR as MoV markedly decreased
(+60% in TMo0.1 and +3% in TMo5). Notably, after the
thermal treatment in air at 1273 K, signal C remained in-
tense. In TMo5 this treatment markedly sharpened the
signal linewidth (9 G vs 20 G), whereas in TMo0.1 it left the
linewidth unchanged (6 G).

In all TMo samples, heating in H
2

up to 573 K left EPR
signals unchanged. At higher temperatures, D (Mom`

2
) and
E 2
meric Mo71

2 Species in TiO2 (Rutile)

A
y
b g

!7
*g

!7
A

!7
Ref.

43 1.9283 !0.074 72.2 25
30.8 1.8415 !0.161 40.4 16
30.1 1.841 !0.162 40.3 This work
63.7 1.5033 !0.499 65.7 21
63.8 1.503 !0.499 65.6 This work
60.5 1.9734 !0.029 72.4 24
51.2 1.891 !0.111 47.5 26
87.2 1.734 !0.268 59.3 This work
29.6 1.973 !0.029 17.4 This work



FIG. 6. Absolute concentration (atomic%) of MoV substitutional ions
detected by EPR as function of the temperature of the treatment in air:
TMo0.1 (s), and TMo5 (h).
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E (MoIII) signals progressively increased and at 873 K,
C (MoV) disappeared. On subsequent treatment in O

2
at

increasing temperatures, heating at 873 K destroyed D and
E and restored C. At 1073 K the intensity of C markedly
exceeded its initial value (Fig. 7). These results indicate that
signals D and E both originate from reduced molybdenum
species. Hence the dimeric Mom`

2
species probably has an

m value of 7. Interestingly, a Ti7`
2

species (not EPR-detect-
able at RT), with g values close to that of TiIII species, has
been found in the MagneH li phases of oxygen-de"cient rutile
(10, 11).

TW system. All EPR spectra of TW samples recorded at
77 K showed a rather weak 3-g signal (Fig. 8a, signal F). Its
Spin-Hamiltonian parameters correspond, within the ex-
perimental error, to those of isolated WV in the substitu-
tional sites of rutile, detected in W-doped TiO

2
single
FIG. 7. Absolute concentration of molybdenum species (at.%) detected by
(right) TMo0.5: (s) isolated substitutional MoV ions (signal C), (h) dinuclea
crystals (21) (Table 2). Similar signals have also been detec-
ted in Mo and W-doped SnO

2
and GeO

2
and assigned to

MoV and WV in the substitutional sites of these rutile-like
matrices (22, 23).

The samples heated in air at ¹5673K showed, together
with signal F, another 3-g signal (Fig. 8a, signal G). Neither
signal was detected at RT. In the 183W-enriched samples
each component of the g tensor split into a doublet (Fig. 8b).
Hence, both signals originate from paramagnetic species
interacting with a single W nucleus.

The rutile structure, besides the normal cationic sites
containing TiIV ions, contains unoccupied interstitial sites
having the same arrangement of surrounding anions and
the same local symmetry (D

2h
) (24). The most important

di!erence is that the six nearest O2~ anions are arranged in
the substitutional site as an elongated octahedron and in the
interstitial site as a #attened octahedron. The nd1 ions can
occupy the substitutional (16,17,25) and the interstitial site,
as does VIV in TiO

2
single crystal (24) and MoV in polycrys-

talline titania (26). Theoretical arguments (27, 28) give the
energy levels ordering of a nd1 ion located in an elongated
or #attened octahedron, from which the expected order of
magnitude for the g-values is: g

z
'g

x
'g

y
for a substitu-

tional ion and g
z
(g

x
(g

y
for an interstitial ion. Because

F and G signals both originate from mononuclear WV

species, we assign the signal G to WV ions in the interstitial
sites of TiO

2
by analogy with VIV and MoV. Another argu-

ment in favor of this assignment arises from the comparison
of the average values of g and A tensors (g

!7
and A

!7
) in VIV,

MoV, and WV, listed in Table 2. For each nd1 ion, A
!7

is about the same in both sites, whereas g
!7

is markedly
di!erent. The g

!7
deviation from the spin only value

(*g
!7
"g

!7
!g

%
) for the substitutional site is about twice as

great as that for the interstitial site (Table 2). This regularity
supports the assignment of signal G to WV ions in the
interstitial sites of rutile. The equations generally used to
relate the EPR parameters of the nd1 ions to the electronic
EPR as function of the temperature of the treatment in H
2
. (Left) TMo0.1,

r Mo7`
2

species (signal D), (n) isolated MoIII ions (signal E).



FIG. 8. EPR spectra at 77 K of TW1 sample (a) and T183W0.1 sample
(b) heated in air at 1073 K. The asterisk indicates the marker at g"2.0008.

FIG. 9. Absolute concentration (at.%) of WV substitutional (a) and
interstitial (b) ions, detected by EPR as a function of the temperature of
the treatment in air in TW0.1 ((), TW0.5 (#), TW1 (s), TW3 (n), and
TW5 (e).
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wave function of the ground state and to the energy levels of
excited states are based on the second-order perturbation
theory (29}31). These equations cannot be applied to WV,
because its spin-orbit coupling constant (&5000 cm~1 (22))
is of the same magnitude as the crystal "eld. On the other
hand, more complex molecular orbital calculations, taking
into account the covalence (22, 30, 31), introduce a number
of unknown quantities greater than the number of experi-
mental EPR parameters. Therefore, without additional ex-
perimental data (f.i. energy levels from electronic spectra),
these equations cannot be used here.

In all TW samples, after thermal treatment in air the
signal G formed at 673 K, F and G intensities increased,
reaching a maximum at 873 K, and sharply decreased at
higher temperatures. Both signals disappeared at 1073 K
(Fig. 9). The absolute concentration of both species was
independent of the total W content. Consequently, as the
W content increased, the percentage of tungsten detected by
EPR as WV markedly decreased (+30% of the total tung-
sten in TW0.1 and (1% in TW5).

In all TW samples, thermal treatments in H
2

at
¹'573 K caused a continuous decrease in signal F inten-
sity. EPR detected no signal attributable to other W species.

Comparison between TC, TMo, and TW Systems

The thermal treatment of TC in oxidizing atmosphere up
to 1273 K failed to induce the formation of isolated CrV ions
in solid solution. CrV as chromyl ion with a square pyr-
amidal con"guration has been detected at RT on the surface
of various oxides, including TiO

2
(32). CrV in tetrahedral

coordination has been detected at ¹477 K on silica sur-
face (32, 33), in Cr-doped phosphates (34, 35 ) and in irra-
diated Cr-doped sulfates (36). Isolated CrV in a distorted
octahedral con"guration has been found in SrTiO

3
after
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treatment in oxygen or chlorine at 1000 K (37) and in
anatase single crystal after irradiation at 77 K (38). Hence,
when a strong Cr"O bond is formed, CrV is stabilized
probably because of its high formal charge and very small
ionic radius, i.e., its very high ionic potential.

After the thermal treatment in oxidizing atmosphere of
TMo and TW, XRD indicated the MIV oxidation at
¹'873 K, whereas the more sensitive EPR technique
showed that MV formation started at 673 K. The EPR-
detected MV absolute concentration did not depend on the
total M content because of the nonrandom distribution of
MIV ions. The EPR-detected MV species are isolated species,
namely those having no other magnetic ions (MIII, MIV, and
MV) as nearest and possibly next-nearest neighbors. Mag-
netic susceptibility measurements indicate that in the more
concentrated samples a large fraction of MoIV and almost
all the WIV ions are coupled. Hence the concentration of
isolated MIV ions, yielding MV species after heating in air, is
very low and almost independent on the total M content.
The maximum concentration of EPR-detected MV was
lower in TW than in TMo (0.05% vs 0.14%), indicating
a lower concentration of isolated MIV, namely stronger
metal}metal interactions, in TW than in TMo system. After
thermal treatments in air at high temperature the WV signal
disappeared but the MoV concentration only decreased and
MO

3
was segregated. Moreover, in the TMo samples re-

duced at 1073 K subsequent thermal treatments in oxidizing
atmosphere restored isolated MoV species. These results
indicate that segregation is more di$cult in TMo than in
TW.

Thermal treatment in oxidizing atmosphere also dis-
closed another di!erence between TMo and TW systems:
interstitial MoV were absent, whereas WV occupied both
interstitial and substitutional sites. Interstitial WV species
could have formed either because some WIV ions were
displaced from a substitutional to an interstitial site during
oxidation or because untreated samples already contained
a small fraction of WIV interstitial ions. The interstitial
species are normally absent in TiO

2
and form only after

special treatments. Interstitial MoV species in TiO
2

has
been reported in MoO

2
}TiO

2
prepared by burning a

MoOCl
2
}TiCl

4
mixture and subsequently reducing at low

temperature (653 K) (26). Interstitial VIV ions are formed in
a single crystal of TiO

2
(25), by decreasing the temperature

of the sample, sealed in vacuo, from 1173 to 873 K and by
a subsequent quenching at RT. This observation argues in
favor of WIV ion displacement during oxidation, explaining
why we detected no interstitial WV in untreated samples.

The most noticeable di!erence between the TMo and the
TW systems is their reduction process. Both XRD and EPR
indicate that after the treatment in H

2
in the temperature

range from 700 to 900 K, MoIV and MoV are reduced
in solid solution to MoIII, whereas in the TW system WIV is
not reduced to WIII. Because the reduction of isolated
MoIV}MoIV pair yielded the dimeric Mo7`
2

species, the
formation of this species in the dilute TMo sample provides
evidence of the nonrandom distribution of MoIV ions. The
isolated MoIV}MoIV pair has been identi"ed in TiO

2
(39).

Because the magnetic interactions are stronger in the TW
system than in the TMo system, one would expect to "nd
the analogous WIV}WIV pair in the TW 0.1 sample, but in
reduced TW0.1 no dimeric W7`

2
formed. One explanation is

that the redox properties of the two dimeric mixed valence
species di!er. Otherwise, isolated WIII ions might have es-
caped detection because magnetic and spectroscopic prop-
erties di!er from those of MoIII.

CONCLUSIONS

EPR and XRD characterization of TC, TMo, and TW
solid solutions prepared in vacuo at 1173}1273 K indicates
that the transition metal ions are incorporated in rutile as
isolated and clustered CrIII, MoIV, and WIV and a small
fraction as isolated MoV and WV in substitutional sites.

The treatment in oxidizing and reducing atmosphere pro-
vides evidence that the stability of the transition metal ion
incorporated in rutile varies. Whereas in TC the thermal
treatments in air up to 1273 K yield no isolated CrV forma-
tion in solid solution, in TMo and TW the heating in air or
in O

2
up to 1073 K causes the progressive oxidation

MIVPMVPMVI and, at higher temperature, the segrega-
tion of MO

3
. The oxidation process starts at 673 K, yielding

isolated substitutional MoV ions and isolated interstitial
and substitutional WV ions. The maximum concentration of
MV is higher in TMo than in TW.

In TW and TMo after thermal treatment in H
2

up to
900 K, the reduction process di!ers: MoIV gives isolated and
clustered MoIII ions and MoIV}MoIV pairs yields Mo7`

2
species; and WIV is not reduced to WIII. In both TW and
TMo, temperatures higher than 900 K result in the segrega-
tion of the metallic phase. A subsequent heating of reduced
TMo in O

2
reversibly restores isolated MoV ions.
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