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INTRODUCTION

This paper reviews as extensively as possible the advances made in
titanium chemistry during the 1983 calendar year. It covers material in the
major chemical and non-chemical journals, as well as the foreign, less-
known journals for the period covered by Chemical Abstracts from Yolume 97,
number 21 to Volume 99, number 24, Contrary to our previous articles, this
article is arranged according to species banded to titanium. The solid-state
physics of titanium is treated only as it pertains to the more relavant areas
included herein.

Generals reviews of the chemistry of titanium have appeared which
cover 1980[2], 1981[3] and 1982[4]. The transition metal chemistry of
titanium has been reviewed by Newberry [5] and Whitehead [6]. Some brief
reviews of organometallic complexes of titanium have appeared. These include
reviews on compounds containing an alkoxy group which coordinates intra-
molecularly to Ti [7], studies on bis(cyclopentadienyl)bis{aryloxy)- and
bis(aryl)titanium complexes [8], the synthetic applications of
bis(n-cyclopentadienyl)titanium complexes [9], and the complexing of the
cyclopentadiene-methylacrylate-titanium tetrachloride system in the solid
phase [10]. Several reviews on various aspects of titanium oxides have also
appeared, including the solar energy utilization and photoelectric processes
of TiO2 [11], the properties and use of titanium oxides [12], the design of
catalyst-support systems [13], the application of DTA to reactivity
measurements of T1'O2 [14], and the soft chemistry in NaTiO2 sheet oxides [15].
It will become obvious that the bulk of the published work involves titanium
oxide species, which serve primarily as electrodes, catalysts, and catalyst
support systems.
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6.1 TITANIUM CARBIDES

Titanium carbide foils have been prepared via reactions of TiCl, with H,
and graphite substrates. These foils have microstructures composed of grains
with dislocations measured for various samples [16]. Various techniques have
been employed to ascertain the physical and chemical properties of titanium
carbides, including the calorimetric determination of the heat of combustion of

TiC
0.99
[18], and the dependence of the constant components of the potential of TiC on

3 [17], the corrosion resistance of hot-pressed TiC in alkaline media

the frequency in alkaline media. In the latter study, three combined processes
occur on the TiC surface at a predetermined polarization regime: formation of
titanium hydrides in the cathode half-period, formation of titanium oxides in
the anodic half-period, and dissolution of titanium in the solution [19].
Additionally, the effects of pressure and temperature on the lattice parameters
of Ticxoy {x +y =0.61 - 1,18) have been investigated [20].

The nature of an interatomic interaction in refractory titanium carbides
and nitrides was studied employing x~ray emission and photoelectron
spectroscopy [21]. The hetercepitaxial growth of refractory titanium carbides
and nitrides on specific faces of tungsten and molybdenum have provided
orientation and mismatch parameter data [22]. X-ray spectra of the TiC-TiN
solid solution system reveal separate partially overlapping bands, genetically
bound with the 2s- and 2p-states of C and N and the 3d- and 4s-states of Ti
[23].

Thin films of titanium carbides, -nitrides and -carbonitrides can be
prepared by reactive rf-sputtering of a titanium-target in a N2 and/or CH4
atmosphere., The optical properties and spectral selectivity of these films
were characterized by AES (atomic emission spectroscopy) and x-ray diffraction
techniques, and interpreted in terms of distribution of states [24]. The
optical properties of titanium carbonitrides and -nitrides for solar absorbers
have been obtained. The data were analysed by the Drude-Lorentz model of the
dielectric function and interpreted in terms of a simple semirigid bands model
for the electronic structure [256]. The temperature dependence for the enthalpy
of cubic titanium carbonitrides with composition TiC0.555N0.55, Tic0.35N0.62
and T1'C0_20N0.78 at 400-1500K was determined, and theoretical expressions were
derived for the temperature-composition dependences of the enthalpy, heat
capacity and entropy at 298-1500K [26].

The catalytic oxidation of hydrogen on various titainium carbides, nitride
and hydride species has revealed that the metallic nature of the bonds formed
is the factor which affects the catalytic activity of the compounds employed
{27]. The production of titanium powder via electrolysis of titanium
oxycarbonitrides has been cited [28].
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Band structure calculations on ZrC reveal that the degree of ionicity of
the Zr—C bond is greater than that of the Ti—C bond in TiC. It was also
reported that the formation of solid solutions in TiC-ZrC, TiN-ZrC and ZrC-ZrN
systems (in contrast to TiC-TiN, TiN-ZrN and TiC-ZrN systems) is accompanied
by significant band structure deformation which should prevent the formation of

solid solutions without sublattice vacancies [29].
6.2 TITANIUM SILICIDES

The formation of T1'S1'2 was followed by employing radicactive 3151 (half-
life 2.62 hr) to measure the activity profile. In contrast to the silicide
C02$1 wherein Co is the diffusing species, disilicide formation (i.e., TiSiZ)
occurs via Si substitutional (vacancy) diffusion with a high self-diffusion
coefficient [30]. The oxidation of T1512 thin films on polysilicon was studied
by Rutherford backscattering spectroscopy. At 973K in a wet oxygen atmosphere,
a titanium oxide layer forms and Si is simultaneousiy rejected to greater
depths. At 1373K, a metal-free 5102 layer forms, which would require use of

the entire available polysilicon as well as reduction of TiSi These

°r
behavioral extremes are discussed [31] in terms of results obtained for TiSi

-SiOZ

2
and other silicides and from known thermodynamic properties of the Ti0

2
system.

The structure of TiMn(Fe)Si2 is characterized by an octahedral environment
of the Mn(Fe) atom, and has been compared with other silicides, including

ZrFeSiz, ZrMnSiZ, HfFeSiz, and HanSi2 [32].

6.3 TITANIUM NITRIDES

Films of TiN have been prepared by the implantation of N2+ ions in
titanium layers deposited on silicon single crystals. The films thus prepared
possess Tow electric resistivity and moderately good optical properties
compared to films prepared by evaporation or sputtering techniques.
Furthermore, exposure of these films to heat (< 973K) in vacuum or in a
hydrogen atmosphere results in enhanced overall film characteristics,
suggesting the appiication of TiN as a transparent conductive material in
photovoltaics [33]. The compounds T1'NX and TiCIN, along with TiCI4-5NH3 and
NH4C1, are produced from the reaction of gaseous T1C14 with NH3. The N/Ti
atomic ratio, x, of TiNx varies with temperature: 1.21 (973K), 1.16 (1073K),
1.13 (1773K) and 1.10 (1273K); the lattice constants of TiNX have been reported
[34].

The vacancy effects in TiNX (0.5 £ x & 1) were characterized by x-ray
photoelectron spectroscopy [35]. X-ray emission spectra of titanium in
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T1‘NO_8 and TiNo_ng reveal the location of H atoms in tetrahedral cells of the
T1N0.8 lattice in the vicinity of nitrogen-deficient titanium octahedrons [36].
The reflectivity of TiN was measured in the spectral range 0.1 - 6.2 eV [37],
and partial thermodynamic characteristics of the Ti—N system were cbtained by
evaperation equilibrium in the homogeneous region at 1500-2500K. Activities of
Ti and N are expressed as a function of temperature and composition; the
effect of composition on the entropy and energy of vacancy formation was also
evaluated [38].

The electrophoretic behavior of TiN has been studied [39]. At pH 4.5, the
isoelectric point is a value which coincides with that of T102, and the
electrokinetic potential remains stable. However, at pH 4.6-6.0, the
electrokinetic potential increases, the phenomenon is explained in terms of
alkaline surface hydration. A study of the oxidation behavior of reactively
sputtered TiN at 698-1073K in wet and dry oxidizing ambient reveals the
formation of a single-oxide phase, rutile TiOZ. The oxidation process is
thermally activated, and its rate is higher in a wet than in a dry ambient.
The parabolic time dependence of oxide growth was attributed to a transport-
controlled process which is Timited by the diffusivity of the oxidant in the
oxide [40). The anodic behavior of TiN in organic electrolytes has been
reported [41]. 1In solutions of L1'C104 in methanol, TiN is stable at <0.5V and
and >1.0V, and anodic dissolution and solvent decomposition occur
simultaneously. In solutions of L1'C104 in acetonitrile, a protective film
forms on the electrode surface, probably due to water present in the system.
X-ray diffraction was employed to ascertain the effect of oxygen addition on
the Tattice parameter of TiN samples prepared by reactive sintering of plasma-
deposited TiN films in air. The lattice parameter was observed to decrease
initially due to direct substitution of oxygen for nitrogen, then increase and
finally decrease with increasing oxygen addition [42]7.

Several theoretical studies of titanium nitrides have been reported. An
jmproved LCAO interpolation scheme was employed to determine the densities of
states (DOS) and partial densities from self-consistent APW band structure
calculations for TiN. A LCAO charge analysis for all valence states and for
the individual valence bands was also made [43]. The DOS can be divided into
local partial contributions to characterize the bonding in TiN and TiC.
Further information is obtained from a decomposition of the metal d DOS into
t2g and eg symmetry components. The partial local DOS were compared with the
LCAO counterpart to render the nature of the chemical bonding [44].

The Compton profile of TiN was measured using 59.54 keV gamma rays, and
found to be in reasonable agreement with theoretical estimates based on
valence-electron configurations given by band-structure calculations. The
bonding in TiN is very similar to that in TiC [45]. Calculations of the
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transmittance and reflectance between 0.35 and 10 um of semitransparent TiN
films reveal that the films can be utilized as transparent heat-mirrors, as
they exhibit considerably higher emittance than the noble metals and comparable
or higher visible transmittance [46].

The charge distributions in TiB (B = N, C, 0) have been determined by
6 octahedral clusters by the SCF-X,
method. The band gap, AE, values increase with increasing bond polarity of the
compounds (AE(TiC) < TiN < Ti0) [47].
The electronic structure of NTi_.N,, and BTi_N,, clusters was calculated by

612 612
the SCF-X, scattered-wave method, and the bonding discussed in terms of energy

electronic structure calculations on TiB

and spatial distributions of valence electrons [48].
6.4 TITANIUM PHOSPHIDES AND PHOSPHATES
The crystal structure of the titanium copper phosphide TiCugP reveals it

2Sb structure family [49].
Titanium orthophosphate, T1P04, can be synthesized from TiO2 and

to be tetragonal and belonging to the Cu

(NH4)2HPO4 at 1223K in an argon atmosphere with various oxygen partial
pressures. Lattice constants were reported: TiPO4 has a nearly temperature-
independent magnetic susceptibility over a wide range of temperatures. This is
suggestive of the existence of T13+~T13+ homopolar bonds, though part of the
bonds are broken by defects and, subsequently, isolated T13+ ions are produced
in the structure. At low temperatures, Tidﬁ—EJ—¢i4+ clusters exist and cause
a sharp decrease in the magnetic susceptibility. The temperature dependence
of the EPR spectrum and magnetic susceptibility of T1'PO4 indicate a gradual
breakdown of Ti3'=Ti%* bonding [50].

Reaction of aqueous TiCl, with H,PG, or HaAs0, (1:1 molar ratio) in a

sealed quartz ampule at 523K jnd 40 aim ﬁas produced Ti(OH)PO4 and Ti(OH)AsO4,
respectively. Infrared spectroscopy, x-ray diffractometry and chemical
analyses revealed the structures of the isostructural Ti(OH)PO4 and
corresponding arsenate species [51].

The structure of Ti(HPOQ)Z-xHZO has been investigated by x-ray diffraction,
density measurements and bond length and angle considerations. Subsequent to
an investigation of the thernal behavior of u-Ti(HPO4)2-H20, a new phase,
Y-Ti(HPO4)2-2H20, vas fsolated. The structure arises from the packing of
layers of - and y-type, identical to those in the starting materials and held
together by P-0—P bridges [52].

Reactions between TiPZO7 and CaCO3 (10-90 mole %} were investigated by
Inoue et al. [53]. The products, analyzed by x-ray diffractometry, include

CaTi4(P04)6, B—Ca2P207, TiOZ(rutile and anatase), 5T102-2P205, a- and R-
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Ca3(PO CaTiO3 and Ca10(P04)6(0H) 0

4)2’ 2-2x"x"
The preparation and structure determination
of T12w]OP0

(183w nmr) of single isomers

407' and [CpFe(CO)ZSn]2w1OPO385' have been carried out.

Tizw]0P0407' forms isolable complexes with divalent Mn, Fe, Co, Ni, Cu and
In [54].

6.5 TITANIUM NITRATES

Mechanistic and preparative studies of titanium(IV) nitrates have been
reviewed by Garner and Joule [65]. As well, techniques for handling anhydrous
Ti(N03)4 were described. Gas-phase XPS (x-ray photoelectron spectroscopy) of
T1‘(NO3)4 have been reported and discussed in terms of molecular charge
distributions. The inability to observe measurable band splitting between the
Is ionization energies of the chemically distinct oxygen atoms was suggested,
from ab initio calculations on Cu(N03)2, to result from differential orbital
relaxation occurring upon core electron ionization [56].

6.6 TITANIUM OXIDES
a. Oxide Films on Ti Surfaces

Several studies on the nature of the oxide films formed on titanium surfaces
in various media have been reported. Anodic polarization curves of
mechanically polished titanium in a bath containing 0.05M_Na28407/0.05ﬂ KI/
starch/agar-agar were plotted to ascertain the electronic conditions
{homogeneous or heterogeneous) so as to explain possible defects in the oxide
film [57]. An electrochemical characterization of the anodically formed oxide
layers on titanium in HC]O4 has also been reported [58].

The structure of the oxide films and corrosion-induced behavior of
titanium in HNO3 solutions [59], and the prevention of titanium corrosion by
cathodic leakage currents in chloride media [60] have been investigated.

The photoelectrochemical oxidation of titanium ancdes (1.2-1.8V) and
exposure to light (20.16 W/cmz) leads to the formation of both dissolved and
solid-phase corrosion products. The solid-phase products consist of finely
divided T102 (anatase and rutile) possessing soméwhat less bound water than the
usual films. Increasing the potential or the exposure to light increases the
rate of oxide formation [61].

The dissolution of native oxides on titanium was studied at 298-1273K to
determine their role in the pyrotechnic reaction of Ti with KC104. Auger
electron spectroscopy data revealed a sharp increase in oxide solubility at
623K; this was explained in terms of the presence of free Ti at >623K [62].
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b. Titanium Oxides, Except TiO2

The phase transformation of evaporated o-Ti0 films to a transition

0.5
structure was monitored by in situ heating in an electron microscope, Single

crystals of 8-TiG precipitate in the film during the phase transformation,

as verified by X-Eéi diffraction studies [63]. Electron microscopy, combined
with optical diffraction, was alsoc utilized to investigate the structure of
the film formed by evaporating TiOO.S' The amorphous-1ike film presumably
contains microcrystallites of both the o- and Ti0 phases [64]. Similar
experiments were carried out on T1'0]_O and Ti01.28 on NaCl substrates [65].

The electronic structures of T1'OX (0.75 ¢ x £ 1.05) were determined using
cluster quantum mechanics, taking into account the vacancy concentration and
ordering. Molecular-orbital energy-level schemes were also discussed [66].

The Fermi surface of Ti0 was calculated within the Green function method via
the use of corrected x-ray spectral data. With respect to the bottom of the
conduction band, the Fermi energy is 0.243 Rydberg for Ti0 [67]. A partial
vibrational analysis of the f'4 —a'4A transition in Ti0 and the A—X transition
in T1‘02 has been performed by Devore [68]. Vibrational and molecular constants
were determined,

A series of (complete active space)-SCF calculations have been employed to
describe the lowest states of Ti0, which was described as having polarized
double bonds involving the Ti-3d orbitals. The nature of the excited states
was also discussed [69].

Selective interactions between Ti atoms and water molecules were observed
in XPS studies [70] of polycrystalline FeTi surfaces under ultrahigh vacuum
(2 x 10_10 torr). Ti0 becomes the dominant surface species, as inferred from
the Ti(Zgﬁ/z) and 0(1s) chemical shifts.

The thermodynamics of evaporation and stationary states {congruent states)
have been investigated for the TiOs—TiO2 system in molybdenum cells. The
results suggest a shift of the effusion flow component toward a reducing
component, either by crucible reaction or by establishing a diffusion process
[7117.

The x-ray crystal structure of Y—T1305 at 297K reveals it to be monoclinic
and to be derived from the rutile structure (r) by crystallographic shear
(121)r. The structure is shown in Figure 1 [72]. Magnetic susceptibility
measurements have been performed on solid solutions of vanadium-doped Ti305,
Ti3_XVXO5 (0 < x < 0.20). The effect of the vanadium on the temperature of
the semiconductor-metal phase transition in Ti305 was established, as was the
valence state of vanadium [73].

An analysis of the EPR spectrum of single-crystal T1'60H suggests the

L .
presence of T127 1on pairs at temperatures below 147K. The spin count
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FIQRE 1: Structure of Y—Ti30 : (a) atom Ti(1) with the 0 coordination
octahedron; and (g) atom Ti(2) with the 0 coordination
octahedron having a symmetry center. Edges shared with other
octahedra are denoted by double 1ines [72].

associated with T127+ varies with temperature [74]. Magnetization of T1'60].|
at <147K shows contributions from both Ti27+ dimers and Ti3* jons. At >147K,

the paramagnetism of T160]1 is attributed to g} electrons on Tis*

jons. An
increase in spins from the decomposition of Ti26+ dimers to Ti3* jons is
responsible for the gradual increase in magnetic moment with increasing

temperature up to 119K [75].

C. TiO2
(i) Preparation, Characterization and Structure

Titanium is anodically oxidized at voltages <50V in aqueous and nonaqueous
electrolytes, aqueous citric acid and sodium acetate solution in ethylene
glycol. In all media, a microcrystalline structure of TiOZ(anatase) is
obtained with a dielectric constant of ca. 40 [76]. A similar investigation
was carried out at higher operating voltages of 1-100V in citric acid, sodium
acetate in ethylene glycol, and sodium phosphate in ethylene glycol and
isopropyl phosphate. The layers of TiO2 obtained in nonaqueous electrolytes
appear more adherent and uniform than those realized in aqueous media [77].
The photoactivity of T‘iO2 produced by high-voltage anodization has been
compared to single-crystal TiOz. The anodic oxide is very porous, with a
markedly Targer photocurrent and quantum yield on the Tong-wavelength side of
the action spectrum than single-crystal rutile. The behavior was attributed
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to either formation of anatase pockets in the film or to the incomplete
oxidation of Ti during anodization [78].

The effect of oxygen partial pressure on the deposition rate, crystal
structure, and optical absorption of thin-film TiOX prepared via reactive
sputtering of a Ti target has been examined [79]. A glow discharge was
employed to enhance reaction rates between T1‘C]4 and 02 to deposit thin TfO2
films, Structural, optical, electronic and photoelectrochemical properties of
the films were studied as functions of deposition parameters [807]. Thick-film
TiO2 anodes for use in photoelectrochemical solar cells were prepared from
TiO2 powders of both anatase and rutile structures, combined with varying
amounts of a glass binder and dispersed in a liguid organic vehicle [81].
Semiconducting n-TiO2 films on Ti foils were formed by controlled thermal
oxidation, anodic oxidation with facultative subsequent reduction with hydrogen
and by vapor deposition. The samples were compared with respect to their
photochemical and photophysical behavior, their electrochemical and photo-
electrochemical properties, and their surface structure and chemical
composition. The optimal photoanodes were the n—T1'O2 layers prepared via
controlled thermal oxidation [82].

An electron diffraction structure determination of amorphous TfO2 films
prepared by pyrolysis has been done for which a new algorithm was proposed for
the radial distribution function and electron density. The films were found
to retain the short-range order present in crystalline T1'02 [83]. An analysis
of ellipsometric measurements on ancdic TiO2 films of varying thickness was
employed to obtain the optical indexes of the films [84]. A similar
investigation showed that the optical indexes decrease with increasing film
thickness, assuming constant values for sufficiently thick films [85]. Thin
films of T102, prepared via reactive evaporation of Ti0 in an oxygen atmosphere
were characterized by breakdown threshholds of ca. 4 Mw—cm_2 when irradiated by
1-ms pulses of a A = 1,06 um Taser radiation. The breakdown threshholds were
not dependent on substrate type, but decreased on increasing the substrate
purface temperature during film deposition. The results obtained were
discussed in terms of the effect of a nonstoichiometry of the films on the
laser beam strength [86].

The changes observed in the surface potential of thin mica-supported T1'O2
films were lower than those calculated theoretically, indicated that a large
portion of the induced charges was capture by the surface states. Electrical
conductivity measurements revealed a slight Fermi Tevel shift in the electrical
field. These two effects have been suggested to be responsible for the absence
of the field effect on the catalytic activity of TiO2 in the oxidation of CO
and the decomposition of NO on TiO2 [87]. A hydrolytic film of T10, was chosen
to measure the bulk concentrations of ionized donors from 5 x 1019 (373-723K)
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to 5 x 1017 cm=3 (973K) [88].

Auger spectroscopic measurements of the Ti L2,3M>1ine shape were obtained
for Ti0, Ti203, TiOz(anatase and rutile), for reactive sputter-deposited TiOZ,
and for chromic acid-anodized Ti-6A1-4Y. The relation between the peak
positions at ca. 417-420 eV and 411-415 eV was found to be a sensitive indicator
of the average surface stoichiometry, A significant amount of reduction was
observed for amorphous T1'02 thin films, though none was observed for sputtered-
induced reduction of crystalline TiO, T1203 or TiOZ. This effect has been
attributed to the decreased thermodynamic stability of the amorphous films [89].

Hydrated T1'02 was precipitated by mixing a titanium sulfate solution
(containing T102) with an alkaline solution and then hydrolyzing in hot water.
The hydrolysis rate was determined by measuring unreacted TiO2 by volumetric
analysis; the hydrated T1'02 diameter was determined by x-ray diffraction, and a
mechanism for T1'02 hydrolysis and hydrated T1'O2 crystal growth proposed [90].
Infrared and nmr spectroscopies, DTA, thermogravimetry and x-ray diffraction
methods were used to study the films and precipitates of TiOZ-nHZO, obtained
by homogeneous precipitation in the presence of urea. On a quartz support, the
film exists in the rutile form; on 5102, it exists as a mixture of rutile and
some anatase. The study explained the Tack of pH effect of preparation on the
sorption properties of TiOZ-nHZO [91]. The effect of added urea on the crystal
and pore structures of hydrated T1'O2 (HTi0) was investigated using x-ray
diffraction, electron microscopy and N2 adsorption-desorption at 77K [92].

An investigation of the polarized oxygen K, spectra of TiOz (rutile)
reveals that in comparison to unpolarized spectra of polycrystalline samples,
the polarized valence band spectra provide additional symmetry and bonding
character information. The polarized spectra indicated the existence of
bonding valence states with participation of oxygen 2p and titainium 4p-1ike
orbitals. The highest occupied valence states were identified as nonbonding
2(110)
surfaces revealed near-stoichiometry and the interatomic Auger transition
[L(Ti) M(Ti) V(0)] for annealed surfaces, and both inter- and intra-atomic

Auger processes for ion-bombarded surfaces [94]. Rigid Tattice proton nmr

oxygen 2p states [93]. An Auger electron spectroscopic study of Ti0

spectroscopy was employed to study the superficial constitutive water of T1‘02
(anatase, rutile, amorphous) [95]. A direct electronic recombination process
was observed upon 3p excitation of Ti and T102. In the latter, the oxide
valence-band emission was enhanced at the 3p resonance energy, the first
observation of interatomic resonant photoemission in an oxide [96].

The optical absorption spectra and ESCA of pure TiOz, reduced TiOz, and
VXT1‘1_X02 have been recorded by Sakata [97]. In. reduced Ti02, the Ti ion takes
the variable valence states Ti%*, Ti3* and Ti2t, and they form a broad donor
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band which overlaps with the conduction band originating from Ti 4s levels,
3d-4s mixing results in a large change of the conductivity of TiO2 from
insulator to metal depending on the degree of reduction. The electronic
structure of the ideal (110} surface of Tio2 (rutile) was studied, and results
presented in terms of surface bound states, surface resonances, and wave vector
resolved densities of states. For T102(11O), there were no occupied surface
states in the gap region, in agreement with UPS measurements on defectless
T102(110) surfaces [98]. Sushko et al. [99] have seen that in the presence of
HZO’ the rutile-anatase phase transition temperature for T1'O2 is Tower than in
vacuum. Additionally, the lower temperature modifications of T1‘D2 are
stabilized by amorphous 3102 as a result of Si-0-Ti bond formation. T102 is
completely soluble in 5102 at [Tioz] < 5%.

The reactions of Nb205, TfOZ, ZrO2 and C at 1000-4000K in argon and 9,81 x
10_2 MPa were modeled by calculating the formation of the ideal pseudobinary
solid solutions of NbC-TiC and NbC-ZrC. These calculations are in good
agreement with chemical and x-ray phase analyses for the reaction products of
NbZOS’ T1'02 and ZPO2 with carbon black in an argon-hydrogen plasma in a plasma-
arc apparatus at 3000K [1G0]. From an EPR study of molybdenum ions impregnated
on polycrystalline TiOZ, it would appear that some of the Mo ions are stabilized
as M05+ pairs in the bulk oxide after reduction treatment in CO or H2 f101].
The electroreflection of surface energy levels produced via reduction of Ag+,
PdC142' and PtC]qz- on TiO2 films has been determined to investigate the effect
these deposited ions have on electrocatalytic properties [102]. Similar
studies of copper deposition on T‘iO2 indicate the appearance of deeper surface
states, compared with Ag-, Pd- or Pt-deposited TiOZ [103]. An investigation of
the codeposition of TiOz(anatase) with copper (from an acidic CuS0, bath)
yielded the effects of cathode current density dispersoid, bath loading, C1~
concentration and cesium and thallium ion addition on the codeposition process.
A codeposition mechanism based on a two-step adsorption process has been
proposed [104].

Valigi and Gazzoli [105] have reviewed the effects of incorporation and
Mo, 2o R, e and ot
TiOZ(nuti1e). ESR spectroscopy was employed to study the nature of the Mo

reducibility of Mn in solid solutions of

surface species on Mo-containing TiO2 catalysts in the presence and absence of
ethancl. Reduction by ethanol yields Mo5+ [106]1. Studies on mixed 95Mo-
enriched Mo/TiO2 systems revealed the existence of different types of M05+

ions [107]. Electron-spin-echo measurements were made on the phase memory decay
of v4+ in Ti0, at Tiquid-helium temperatures [108]. A rectangular pulse
technique coupled with various physicochemical measurements were used to

determine the structures of vanadium oxide (V205) catalysts supported on T1'()2
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(anatase, rutile, anatase-rutile mixture). Infrared and UV-visible spectral
data suggest that the coordination of oxygens around vanadium ions is nearly
the same for supported and unsupported catalyst systems [109]. V205/T1'02
catalysts have been prepared by mixing TiO2 with vanadium oxalate, followed by
thermal decomposition of the oxalate [110].

The deposition of an A1203 or A1203-5102 coating on TiOZ(ruti1e) was
satisfactorily achieved in an agueous precipitation system [111]. Secondary-
ion mass spectra of powders extracted during the process are consistent with an
independent coating mechanism. EPR spectra were suggestive of the presence of
paramagnetic ions coprecipitated at trace Tevels. The direct adsorption
phenomenon of aluminum and pyrophosphate fons at a TiO2 surface was examined by
2701 and
the jons and colloidal particles together with a desorption of bound species
with increasing pH [112].

The systems zRqu-TiO2 (z = 0.006-0.007) and zIrDX-TiO2 (z = 0.003-0.025)
have been prepared by impregnating T1‘02 with standardized RuC]3 or Irc13

P nmr spectroscopy; they reveal a cooperative interaction between

solutions, drying the slurry at 383K, grinding, heating in air at 873K, and
regrinding and reheating at 1273K in ajr. X-ray diffraction and
thermogravimetry were employed to determine the formation and stability of
solid solutions in hydrogen [113]. A simple procedure outlining the
modification of T1'02 powder by the adsorption of RuC13 from isopropanol
solution has been described. Heating the chloride-coated powder in air at 69K
results in the formation of a Rqu—modified T1'O2 surface [114]. Microscopic
and x-ray phase analyses of the eutectic composition Fe + 5T1'O2 reveals
crystallization in the form FeO-2T1'02-T1'305 {Fe anosovite) on rapid cooling
[116]. The slow uptake of hydrogen (adsorption) by Ti0,-supported Ni, NiFe,
and Pt samples has been studied at room temperature following reduction at
770K [116].

Platinum supported on TiOZ, Ti0 and T1'203 in various forms was investigated
by various physical and chemical methods. Limited hydrogen uptake occurs on
hydrogen-pretreated samples, as well as fast H-D exchange for H2-D2 mixtures on
all samples. The T102-Pt interaction effect was interpreted in terms of a bulk
oxide reduction model, in which bulk conduction band electrons readily tunnel
through a thin T1‘02 layer at the surface to reach Pt particles, where they are
trapped and furnish a negatively-charged Pt particle with good capacity for
dissociating H2 but weak binding of atoms [117]. An electron microscopic study
of Pt dispersed on T1'02 and Ti0 shows the presence of bulk T1'90]7 crystallites
and polyhedral Pt particles on prereduced T1'02 samples. On extensive
reoxidation, Tigﬂ.l7 is removed and the Pt particles are hemispherical [118].

Core Tevel electron binding energies were determined by XPS for Rh and Pt
supported on Group IIIB-VB oxides after low and high temperature reductions.
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For 2%Rh/Ti0,, a small reversible chemical shift was ogierved for the Rh 3d
5/2 peak, indicative of some electron transfer from Ti~ to Rh [119]. The
kinetics of reduction of T'iO2 in Rh/TiO2 catalysts was studied at 710-790K
using a titration method. The results agree well with the model of circular
sources of diffusion. The relatively high activation energy (25-28 kca]-mo]éJ)
suggests a transfer process with successive steps of formation and rupture of
chemical bonds. In accordance with the model, the reduction rate was
proportional to the interfacial perimeter of the metal crystallites [120]. An
ESR and nmr spectroscopic examination of the reduction of Rh/TiO2 at 298K
showed facile reduction for this system with no appreciable reduction on T1‘O2
alone being observed [121]. Renasco and Haller [122] have developed a simple
model for the different kinds of interactions that occur following low- and
high~temperature reduction of Rh/TiO2 catalysts. The model proposes a
delocalized transfer of charge from Rh to TTOZ after lTow-temperature reduction,
and a localized (chemical bonding) transfer of charge from support to Rh after
a high-temperature reduction [122]. Other ESR spectroscopic studies of the
reduction of Ti02 and Rh/T1'02 catalysts have appeared [123].

A nuclear analysis was performed to prove the existence of at least two
forms of hydrogen incorporated with T1‘O2 layers [124]. Simple molecules (e.q.,
HZO’ MeQH, MeZCO, C6H6) can be adsorbed and condensed as a film on
polycrystalline Ti02(anatase) to test the usefulness of SIMS {secondary-ion
mass spectrometry) as a probe during reaction. The spectra exhibit
chavracteristic quasimolecular ions, and differences between strongly and weakly
associated molecules [125]. The adsorption of acetic and stearic acids onto
TiO2 has been studied. Chemisorption occurs on coordinately unsaturated Ti
jons and on surface OHM groups; physical adsorption on the acid-modified surface
occurs on oxygen atoms and on OH groups of both the solid surface and the
carboxylic acid linked to it. Methanol and water dislodge chemisorbed acetic
acid with formation of surface MeO and OH groups, while neither methanol nor
water dislodges stearic acid [126]. Carbon monoxide adsorption onto reduced
and oxidized Pt/TTO2 has been studied by FTIR. On reduced samples, two linear
C0 species are observed, assigned to adsorption on Pt close-packed {terrace)
sites and on Pt open (step) sites; bridged CO species also occur. On oxidized
Pt/T1’O2 samples, some Pt atoms are covered with oxygen atoms and the density
of step sites is enhanced. Two kinds of linear and a bridged CO species were
formed [127, 128].

Schumacher and coworkers [129] have investigated the influence of
illumination on the flat band potential (Vfb) of the contact TiOZ/MeCN. They
found that on addition of H20 or itlumination with band gap iight, the value of
Vgp s significantly affected (up to 2V) compared to V¢, obtained from
capacitance/potential determinations on unilluminated electrodes. However,
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V¢p values obtained from capacitance measurements on preilluminated electrodes
agree well with data from photocurrent measurements. The results were
discussed in terms of alterations of the inner Helmholtz plane [129]. Sub-
band-gap electroreflectance spectroscopy was employed to detect intrinsic
surface states of the unsolvated surface at the TiOZ/aqueous/e1ectro1yte
interface. The energy of these states was located at 1.3eV below the conductim
band and can only be detected in the weak accumulation mede [130]. Donor-like
surface states at the TiOZ/HZO interface have been detected by measuring
capacitance under UV illumination. The surface states are located 0.65eV below
the bottom of the conduction band of Ti02. Additionally, the density of the
surface states increases on increasing the light intensity [131].

A generalized model, accounting for the structural influence of the solid-
solid interface on thermodynamic and kinetic properties of phases in contact,
has been suggested to account for the anatase-rutile transition activated by
V2M007_5, M003, and u-VOPO4 under the same conditions observed for the V205—
activated transition [132]. Richardson [133] has performed a molecular
dynamics study of radiation damage in TiOz(rut11e).

(ii). TiO2 As a Catalyst, Catalyst Support and Photosensitizer

Several hydrogenation reactions are known to be catalysed by metal-loaded
T1'02 catalysts, M/Ti02, (M = Pt, Rh, Co, Ni).. An XPS study of Rh/T1‘02
hydrogenolysis catalysts revealed a shift of ~0.7 + 0.7eV between Tow-
temperature-reduced and high-temperature-reduced rhodium. Cycling between 773K
reduction, 673K oxidation and 573K reduction reduced this shift to -0.2 + 0.leV.
It was suggested that the increased XPS shift might reflect increased
dispersion of Rh and a corresponding increase in catalytic activity [134].
Ethane, butane and cyclohexane hydrogenolysis reactions were also studied as a
function of dispersion on Rh/TiO2 catalysts. The results obtained suggest a
charge transfer to the metal after high-temperature reduction where the degree
of destabilization of the intermediate varies with the kind of bond to the Rh
surfaces [135]. The catalytic properties of Pt/TiO2 have been compared to
those of Pt/CeO2 for the hydrogenation of benzene [136], The hydrogenolyses of
ethane, hexane and CO were carried out in the presence of nickel catalysts
supported on T1'02 and 3102, prepared by wet impregnation. Monolayer coverage
was indicated from hydrogen adsorption isotherms, and it was observed that
Ni/TI’O2 catalysts exhibit normal hydrogen chemisorption properties after
reduction at 723K, though adsorption was suppressed after thermal treatment at
923K [137]. The rate of propene hydrogenation over a Co/TiO2 catalyst
(prepared by an alkoxide technique) was significantly enhanced upon catalyst
reduction by hydrogen at 973K. When the Co/Ti0; catalyst was prepared via
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impregnation, however, no rate enhancement was observed at any reduction
temperature [138]. The hydrogenation of crotonaldehyde is catalysed by
ruthenjum-palladium catalysts supported on T102. In 96% ethanol and in water,
the reaction proceeds with H2 addition at the C=C double bond; in 0.1N KOH,

the addition of H, occurs nonselectively [139].

it significani amount of work on the hydrogenation of carbon monoxide
catalyzed by M/TiO2 systems (M = Ni, Rh, Pt, Pd) has appeared this year. In
addition to the SMSI (strong metal-support interaction) phenomenon exhibited
by Ni catalysts supported on TiOZ, 5102 and Zr02, Tow-temperature catalyst
reduction Teads to another metal-support interaction for the CO + H2 reaction.
An interpretation of this latter interaction was proposed, based on the
presence of unreduced Ni species [140]. An infrared spectroscopic study of the.
hydrogenation of CO over Rh/X (X = TiGZ, A1203, 5102) catalysts was performed
for various Rh weight %. A support effect was evident for Rh/TiOZ, which was
more active for the CO + Hy reaction than were Rh/A1203 or Rh/SiO2 [141].
Another study compared the catalytic properties of Rh supported on TiOZ, Sioz,
A1203 and Mg0 [142]. The presence of T1'O2 favored alkene and long-chain
hydrocarbon production, and was attributed to a strong Rh-TiO2 interaction
which results in higher surface mobility of adsorbed carbidic intermediates and
lower rates of alkene hydrogenation. The Rh/T1‘O2 catalyst also exhibited low
hydrogenation activity [142]. Conesa and coworkers [143] have discussed the
reactivity of CO with a TiOZ-supported rhodium catalyst. Infrared spectroscopy
was employed to characterize adsorbed CO species on Pt/X (X = TiOz, A1203,
SiOZ-A1203, 3102) under steady-state reaction conditions in the presence of H2
and also under equilibrium adsorption conditions in the presence of helium,
The Pt/TiO2 catalyst was found to have the highest activity, though it showed
almost no IR-detectable CO during reaction. The study inferred that only a
very small fraction of Pt atoms constitutes the active sites. The activity of
the Pt/TiO2 catalyst was attributed to a weakened CO-metal bond resulting in
more competitive H2 chemisorption and higher surface concentration of hydrogen
under reaction conditions [144]. Another IR study of adsorbed CO on Pt/TiO2
after hydrogen treatment at various temperatures revealed a gradual blue shift
in the strong band for adsorbed CO and a corresponding change in conductivity
when the system was allowed to stand. It was proposed that the blue shift
arises from the interaction of CO with H2, which is provided by the T1'O2
support. Thus, there exists a general phenomenon of hydrogen back-spillover
for the Pt/TTO2 system [145]. A model for CO methanation over Pt/TiO2 has been
proposed, invoking hydrogen-assisted CO bond rupture as the rate-determining
step [146]. The effects of oxygen pretreatment on the activity and selectivity
of the CO + H2 reaction over Na-doped and nondoped Pd/Ti0p catalysts were

investigated. Oxygen pretreatment followed by low-temperature reduction
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resulted in a large enhancement of MeOH and Cp hydrocarbon product formation
[147].

The Fischer-Tropsch catalysts u—Fe203, or a—Fe203 containing ~1% oxides of
Al, Mo or Ru, were dispersed on TiOz, 5102, SnO2 and A1203 via impregnation,
vacuum drying and heating. These catalysts were tested in a differential
reactor with 9:1 H2—C0 at 1 atm and 523K. The reducible supports have similar
dispersing effects to the refractory supports, unless the activation involves
precursor reduction, in which case the support is partially reduced and the
formation of an alloy suppresses catalytic acitvity [148]. Hydrogenation of
CO2 over unsupported Ni and over Ni supported on TiOz, 5102 and A1203 has been
examined. The data reveal that the COZ/H adsorption ratio increases in the
order N1'/S1'02 < Ni/A1203 < Ni/TfOZ; that is, with increasing metal-support
interaction [149]. Molecular oxygen was observed to oxidize CO at 290K over
CoTPP/TiO2 (TPP = tetraphenylporphyrin) at a rate of 5.3 x 10-3 mmoT/gcat—min,
which is comparable to that of a common Hopcalite. Thus, an effective
activation of CO on the partially reduced Co ion of the supported complex to
attract an oxygen atom from weakly adsorbed molecular oxygen is revealed [150].

Catalysis of the Water Gas Shift Reaction (MWGSR) over Pt/TiO2 has been
observed [151]. The enhanced activity observed upon hydrogen reduction at
773K of Pt/TiO2 was attributed to the presence of a greater number of basic OH
groups on the Pt/TiO2 surface. It was suggested that the Ti atom containing
the basic hydroxyl group might be the site for the activation of H20 in the
WGSR [151]. Similar observations were made for the photocatalytic activity of
Pt/T1‘02 in the WGSR [152].

The reduction of NO with NH3 over iron oxide/titanium oxide catalysts was
studied with a flow reactor between 573-723K. The catalytic activity was found
to depend on the method of catalyst preparation [153]. Nb205 supported on T1‘O2
also catalyses the reduction of NO with NH, at temperatures above 723K [154].
The catalytic reduction and decomposition of NO and NZO over CoTPP/TiO2 were
studied kinetically and mechanistically at 323-423K., The kinetics suggest that
the surface reaction between NO, adsorbed strongly on Co, and hydrogen,
adsorbed dissociatively on the porphyrin ring, is the rate-determining step
[155]. When evacuated at 473K, the CoTPP/TiG2 catalyst exhibits enhanced
activity, 1ikely due to the increased capacity for hydrogen adsorption and
further CO and NO activation [156].

The catalytic isomerization of 2-pinene to camphene and tricyclene over
Ti0,, Fe,05 or 7r0, is promoted in the presence of (NH4)2504. The promoting
effect was attributed to the formation of alum-type sulfates on the catalyst
surface [1567]. The dehydration of a-phenylethyl alcohol, PhCH{OH}Me, over a
T1‘02 catalyst was investigated by CNDO/2 calculations and chemical adsorption
analysis, The electron density calculation on water and PhCH(OH)Me in
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combination with a two-site adsorption model favored a concerted two-center
reaction mechanism with Ti as the Lewis acid center and 0 as the Lewis base
center [158]. Infrared spectroscopy was employed to study formate formation
when oxidized T1'O2 surfaces were exposed to HCO at 373K [159]. The synthesis
of furfural (82-86% yield) from pentosan-containing raw materials in the
presence of T102 dissolved in 3-5% HZSO4 has been reported [160]. A
microcalorimetric technique was used to determine the differential adsorption
heats of C,H,, CHg and CO on oxide catalysts containing Ti4t, o2, NiZ2*, Ag*
and Cut cations [161].

The ammonia synthesis reaction is catalysed by Fe/“ﬁ‘o2 catalysts prepared
via thermal decomposition of Fe(CO)5[162]. The hydration of MeCH=CH2 to
MeZCHOH, and its dehydrogenation to MeZCO, over TiOZ—MoOX as a function of
catalytic preparation method has been examined, as well as the isomerization of
pulsed cyclopropane [163]. The activity of a reduced state Co~MoO3/TiO2
catalyst for the hydrodenitrogenation of pyridine is observed to be higher than
that of the same catalyst in the sulfided state. In the reduced catalysts,
both the conversion and the nitrogenation of pyridine increased with increasing
Co content [164].

The Fez+/Fe3+ redox system was investigated on passive Ti with gold
depecsits (0 < eAu < 1). Typical diode characteristics were observed with thick
films at high overvoltages: a) large cathodic and small anodic transfer
coefficients, b} currents increasing with eAu and independent of concentration
of redox system. A rate-determining tunnel process from the conduction band of
TiOZ(Au) to that of Au(TiOZ) was employed to explain the influence of
temperature and of density on current. At small Au coverage and low over-
potential, the influence of diffusion-Timited processes at film defects
dominates the system [165]. Ruthenium dioxide deposited on T1’02 particles
catalyses vigorous reduction of Br03- ions to Br2 (or Br™) by H20, and
simultaneous generation of stoichiometric amounts of oxygen. The 02 evolved
originates from HZO’ not Br03' [166]. The oxidation of methanol is catalysed
by a solid solution consisting essentially of VO2 in T102, with a composition
Ti
formaldehyde formation observed for this system, compared to V204 or a mixture
of VOZ’ V205 and TiOZ, was attributed to the V-0 bond polarity in the
catalysts [167].

O.96V0.0402' The increased catalytic activity and higher selectivity for

Thermodesorption techniques have been utilized to examine the nature of
the hydrogen species bound to Rh/TiO2 catalyst systems. Temperature-programmed
desorption nmr studies revealed the presence of three irreversibly bound
hydrogen species, two assigned to species produced when Rh metal is present on
the surface and one to surface hydroxyl groups [168]. Other thermodesorption
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studies have shown that the Rh/T102 solid holds high amounts of hydrogen,
particularly when it is reduced at elevated temperatures (773K). It was also
suggested that residual hydrogen is not the cause of the unusual chemisorptive
properties of the SMSI catalysts [169].

Cataiytic systems involving TiO2 have also been used in photocatalytic
systems. In dilute aqueous solution, CC14, CHC13 and CH2012 are completely
mineralized to C02 and HC1 in the presence of the heterogeneous photocatalyst
Ti0,. The relative rate constants are in the approximate ratio of 29(CHC13):
9(CH2612): 1(CC14). Chloride ions and product protons inhibit the degradition
rate [1703]. The photocatalytic decomposition of giucose over T1'O2 or reduced
Nb205 was studied in the presence and absence of added NaOH. The extent of
decomposition depends on the glucose concentration and on the nature of the
catalyst [171]. The photocatalytic isomerization of butenes over T1'02 or Zn0

has also been examined. With Ti0,, 2-butene is more reactive than 1-butene;

23
this results from a stronger interaction of the C=C double bond of 2-butene
with UV-irradiated TTOZ.
2-butene, the photoenhancement being attributed to photoformed 0 hole centers

[172]. Augugliaro and coworkers [173, 174] have studied the photoassisted

By contrast, with Zn0, T1-butene is more reactive than

formation of NH3 over various Fe-doped T1'02 catalysts supported on y—A1203
under near-UV irradiation. A reaction mechanism was proposed [174] for which
the photogeneration of electron-hole pairs and their separation were considered
to be the rate-determining steps of the overall reaction.

The presence of T102(anatase) enhances (Y 40%) the photolytic reduction
rate in dilute sulfuric acid solutions of Ce** and T1% jons [175]. The
photochemical reduction of carbonate (0032“) [176] and thiosulfate (52032')
[177] dons is also catalysed by Ti0p. When 0032‘ is used to intercept the
photogenerated hole on Ti02, the intermediate species +0C(0)0” is produced and
undergoes secondary surface reactions to yield HCHO. The quantum yield of
formation of HCHO is 4 x 10'3, but extended irradiation results in loss of
HCHO [176]. The illumination of 52032' leads to the production of 27 and

2 2-

503 " (reaction 1), The reaction is accompanied by a hole transfer to 3203
hv
2- s 2- 2- +
1.5 H20 + 1.5 5203 T102 2 503 + S + 3H (1)

to produce 54062', which undergoes disproportionation in alkaline solution
[177]. y-irradiation of carbon dioxide in aqueous solution in the presence of
T1'02 results in the formation of oxalic acid, formaldehyde and traces of formic
acid. The rate of reduction depends on the reactant concentration, pH, and the
introduction of different additives (e.g., phosphomoiybdates, phosphotungstates,
etc.) [178].
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Sylfur can be oxidized directly to 5042' on a Ti02(anatase) photocatalyst
in a suspension into which oxygen is bubbled. The oxidation process was
assigned to the electron and hole produced by light of <400 nm, although sulfur
itself photoreacted in Tight of <300 nm. HQS was produced simultaneously in
HZO' A sunlight illumination test revealed direct production of HZSO4 [179].
Liquid 2-propanol undergoes photocatalytic {366-nm irradiation) oxidation over
TiO2 (rutile and anatase) to yield propanone. The estimated activation
energies {31-91 kJ—mo1e—]) were ascribed to the solid-state properties of the
catalysts rather than to the radical oxidative mechanism of 2-propancl [1807.
29 ZrOZ,
oxidation of oxalic acid under UV illumination in the presnece of oxygen. The

Various semiconductor powders {Ti0 Ce02) were shown fto enhance the

oxidation rate was enhanced in the presence of T102, FeZO3 and !/!D3 under
visible~Tight illumination. TiO2 was found to be the most active species. A
mechanism was proposed which involves attack by atomic oxygen on the C-C bond
of adsorbed HCZO4_ ions, for which atomic oxygen was activated by photoproduced
holes [181].

The photooxidation of heptane, catalysed by T102, proceeds via peroxide
formation, the decomposition of which gave isomeric heptancls and heptanones.
This was used as a convenient model for processes occurring in pigmented
regions for low-density polyethylene [182]. The relative rates of the 7102—
catalysed photochemical oxidative cleavage of the olefins E;RC6H4CPh=CH2 (R =
H, OMe, Me, C1, N02) to the corresponding benzophenones gave rise to an LFER
with p+ = -0.56. The low p+ vaiue reflects near diffusion-controiled electron
transfer from an adsorbed olefin to the photogenerated hole at the T1'O2 surface,
followed by slower electron transfer equilibration of the competing olefin
with this photogenerated radical cation [183].

The activities of TiO2 powders Toaded with various transition metal
borides, nitrides, phosphides and carbides have been examined for photocatalytic
hydrogen evolution from aqueous methano! solutions. It was found that the
tungsten carbide loaded catalyst WC/TTO2 had the highest activity of those
studied; however, this was <1/4 of the activity of that for a Pt b1ack/TiO2
catalyst [184]. Borgarello and Pelizzetti [185] have investigated the photo-
catalytic hydrogen production from aliphatic alcohols over semiconductor
particles (TTOZ, Zn0, Sn02) loaded with redox catalysts. Hydrogen was observed
to evolve at a sustained rate from primary and secondary alcohols, with the
corresponding aldehyde (or ketone) being the other major product. The effects
of different T1‘O2 preparation methods, Toading, and the presence of oxygen and
surfactants were also determined.

The photolysis of water vapor on the surface of titanium-coated

polycrystalline n-TiO2 at 653K yields a quantum conversion efficiency of 2% for
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hydrogen production, as measured for ultra~-band-gap excitation cof T102. These
experiments indicate the catalytic nature of the reaction with respect to the
active material and also suggest an important role for the Ti metal [186].
Titanium dioxide (TiOZ) has been studied extensively in recent years as a basic
material for the direct conversion of water to hydrogen and oxygen by solar
energy. The mechanism and the experimental technique of the 1ight-induced
cleavage of H20 on catalyst (Ru02, Pt)- and photosentizer-containing T'iO2 have
been summarized by Hauffe [187]. The design, preparation and characterization
of Ru02/T1'02 catalytic surfaces for the photooxidation of HZO have been
reported [188]. The catalyst Ru0,-xH,0 was found to be active in dark and
light-induced sacrificial systems mediating 02 evolution in solution. Electron
microscopic measurements on the RuOZ/TiO2 surface showed that the active
catalytic species consists of islands of Ru02-xH20, present as agglomerates of
10-20 nm interspersed with T1'O2 particles of 200-nm diameter [188]. A disk
prepared from mixtures of Rqu/TiO2 with the application of a thin (9 nm) Pt
film has been employed in experiments on the UV-light irradiation of H20.
Yields of 02 and H2 were observed to be much greater than those observed in the
absence of Pt, or compressed disks of T1'02 or T1'02 coated with a thin Pt film
[189]. Additionally, diamagnetic metalloporphyrins have been examined as
candidates to reduce electron acceptors, while macroreticular-supported
viologens or photoelectrochemical cells were investigated to improve stability
of relays in hydrogen evolution systems, and the efficiency of RuO2 catalysts
supported on T1’02 have been tested [190]. It appears that complexes such as
Ru(bpy)3C13 (bpy = 2,2*-bipyridine) and methyl viclogen promote hydrogen
evolution from aqueous suspensions of Pt/TiOZ, illuminated with a high-pressure
Hg lamp. In the Pt/TiOZ-Rh(bpy)3C13 system, the hydrogen produced originates
20 photolysis [191]. The catalytic behavior of Pt/TiO2 for HZO
photolysis was examined in the presence of CO. Upon CO introduction, a large

from H

increase in hydrogen evolution was observed, and a stoichiometric ratio of H2
and CO2 was obtained. These results suggest that the H2 and 02 generated
originated from the photolysis of H20. It was also found that a catalyst
prepared from anatase and treated with hydrogen at 973K was more effective than
those pretreated at 773K and 1123K [192].

The formation of H2 by the action of HZO on SMSI (strong metal-support
interaction) catalysts (e.g., Rh/TiOZ, Pt/TiOz, Ni/TiOZ) has been examined
using a pulsed chromatographic system. The results were interpreted in terms
of the reaction of H20 with anionic vacancies created during the high-
temperature hydrogen treatment of the catalyst [193].

The activities of various metal/TiO2 catalysts, with or without
pretreatment with air or hydrogen, have been compared for the photocatalytic
(Uv-irradiation) hydroxylation of C6H6 and the dehydrogenation of 2-propanol
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[194]. The photocatalytic reduction {86%) of dichromate (Cr2072') in acid
solutions occurs in the presence of a catalyst containing T102(99.7), platinum
black {0.2), and Cr203 (0.1%) [195].

Electron transfer from the UV~illuminated support (T102) to the metal (Pt)
was performed on powdered samples of Pt/TiOQ(anatase), containing 0.05-10% Pt
and homodispersed particles was investigated by photoconductivity methods [196].
Increasing the Pt content above 1% and attenuation of the UV Tight flux
resulted in a decreased photoconductance of T102 at equilibrium under vacuum,
The results were explained in terms of electron transfer from TiO2 to Pt. In

the presence of H,, the Pt deposits decreased the resistance of TiOZ, owing to

the migration of gdsorbed H atoms from Pt to TiO2 to form OH™ ions and to
release electrons [196]. The effectiveness of powdered semiconductor materials,
namely Pt/TiOZ, in photolysing candidate redox reactions was examined.
Differential pulse polarography was used to determine the extent of the photo-
catalysed oxidation of cyanide [197]. At pH 4.5, the photooxidation of glucose
occurs in aqueous solutions containing suspended platinized TiOZ(anatase)
powder, The resulting gaseous products were H2 and 602 in an inert atmosphere,
and CO2 in an oxygen atmosphere. Rates for hydrogen evoiution were found to
decrease with time. Isotopic experiments incorporating D20 supported the
occurrence of conventional hydrogen evolution without glucose involvement [198].
A quantitative determination of the products in the gaseous phase formed in the
photocatalytic decomposition of acetic acid/acetate mixtures on Pt/TiO2 has
appeared; the species in solution were determined qualitatively. The relative
yield of ethane/methane was high at high decomposition rates, and the CO2 yield
usually exceeded that of the methyl radical consumed in the formation of methane
and ethane. Excess CO2 production may be attributed, at Teast in part, to the
oxidation of the CH3CH20H and CH5COH produced in soTution [199].

Solids containing Fe3+ ions in the TiO2 Tattice are catalytically active
for the photoproduction {near-UV irradiation) of NH3, while solids containing
the FeZTTO5 phase appear to be inactive in this reaction [200].

(iii). Electrodes and Electrochemistry

A time-resolved coulostatic flash technique has been used to study the
photoelectrochemical behavior of single-crystal n-TiO2 electrodes in
acetonitrile, in native and chemically-modified forms. A two-component response
(510 ns) was ascribed to electron-hole pair separation in the space charge
layer. The slower response (within 5 us) presumably involves redox-system
responsive double Tayer effects and/or heterogenecus electron transfer at the
electrode/electrolyte interface [201]. The current-voltage characteristics of
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metal/TiOZ(rutile) and e1ectr01yte/T102(ruti1e) barriers have been studied
[2027. The following observations were made: a) the current through the
electrolyte/TiOZ(ruti1e) barrier is limited by the charge transfer rate; b)
there is an insulating rutile layer between the surface and the semicenducting
(reduced) rutile which plays an important role in the charge transfer when the
barrier serves as an electrochemical solar cell. These observations, along
with a UPS study of the rutile surface, indicate that the states in the
forbidden gap of semiconducting rutile aid the charge transfer process [202].
Hypotheses have been postulated regarding the origin and nature of the surface
states present at the TiOz(rutile) bandgap. These hypotheses were based on
cyclic potentiodynamic and capacitance measurements, as well as from energy
band diagrams, using this T1‘02 electrode in a photocell containing a Pt counter
electrode and an SCE reference electrode in M Na, SO, [203].

Various structural and photochemical properties of different T1'02 samples
have been determind. For example, Williams [204] has studied the properties of
plasma deposited TiOz; the photoelectrochemical behavior of mechanically
polished Ti02(rutile) single-crystal electrodes during surface etching in acid
solution was also studied [205]. 1In the latter investigation, changes were
found in the shape of the photocurrent-voltage curve and an increase in limiting
photocurrent observed. The results were interpreted in terms of a model in
which it is assumed that a damaged surface layer, containing a large number of
recombination centers, is gradually removed by the photoelectrochemical
etching process [205]. A thermodynamic and photoelectrochemical investigation
of the T102 electrode in fluoride-containing solutions shows an increased
solubility of T1'02 in these solutions over a narrow range of solution pH near
3.2. This is an important observation with regard to choosing optimum
conditions for photoetching T1'02 electrodes [206]. Some striking aging effects
occur in TiO2 single-crystal photoanodes which are subjected to polishing and
heating to 973K in hydrogen, and exposed in the dark to alkaline solutions
[207]. Photoelectrochemical conversion by polycrystalline T1'02 electrodes is
observed to be affected by applied voltage, oxidized T1‘02 thickness, and
temperature and concentration of the photoelectrochemical cell [208]. A
cathodic pretreatment of thermic T1'02 apparently increases the photoresponse of
T'iO2
and the nature of the acidic medium used affect the photocurrent increase [209].

under UV illumination in chloride ion media. The duration of pretreatment

The applicability to an analysis of the photoelectrochemical process on TiO2
has been verified with equations relating the photocurrent quantum yield to the
potential drop in the space-charge layer of the semiconductor [210]. By
measuring the potential of the photocurrent onset (referred to as flatband), it
was possible to determine the exchange or reference current density of
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photoelectrochemical processes with minority carriers on semiconductor
electrodes (T102, GaP, GaAs, InP, Fe203) [211].

A study of the field effect on the catalytic activity of thin TiO2 or Zn0
films, supported on Pyrex glass, reveals a reversible reaction of Na atoms with
TiO2
chemical methods were employed to effect an electrophoretic codeposition of

(or Zn0) upon application of an external electric field [212]. Electro-

dimethylaminoethyl methacrylate-ethyl acrylate-methyl methacrylate copolymer
with TiOZ, a—Fe203 or A1203 powders. The data demonstrate that the powders are
adsorbed by the copolymer and possess the same electrophoretic mobility and
coagulation behavior as the copolymer at the cathode surface [213].

Photo- and electro-luminescence spectra of an n-type TiO2 electrode in
aqueous solutions have been recorded as functions of the electrode potential and
the solution pH, together with the current-potential curves. The photo-
luminescence spectra exhibit a relatively sharp band at 1.47eV which, from
photoluminescence gquenching experiments, was thought to arise from an oxidative
surface species, X].47, acting as an intermediate in the photooxidation reaction
of water. The X].47 species was assigned to a kind of OH: radical surface
adduct, based on a comparison of electroluminescence spectra in H202 and 82082~
sotutions [274]. The illumination of a TiO2 anode at 0.5V (g§_Ag/O.1M_AgN03)
in acetonitrile containing an aromatic olefin causes a photocurrent flow and
photocatalysed oxygenation of the olefin. The olefin oxidation reaction is
initiated by electron transfer from the olefin to the positive hole of the
excited semiconductor, followed by a radical chain reaction to yield oxygenated
products. The photocurrent increases with decreasing oxidation potential of
the reactant olefin [215].

Kiwi [216] has observed a pronounced magnetic field effect on a wide
variety of reactions under UV and visible light i1lumination leading to hydrogen
formation from water. This effect obtains for the heterogeneous catalytic
systems a) TiOZ/RuOZ/Pt, b) Ru(bpy)32+/TiOZ/Rqu/Pt/EDTA, and c) CdS/Ru0,/Pt.

The application of a moderate magnetic field leads to a variation of the
fraction of radicals that interact with a heterogeneous catalyst. Also, the
chemical reaction rate depends on the strength of a steady magnetic field, but
is observed only under certain conditions. The deposition of Ru0, on

a single-crystal TiO2 electrode yields a marked decrease in anodié photocurrent
at potentials more positive than -0.1VY vs SCE, and a considerable increase in
cathodic photocurrent results at -0.3 to -0.5V in aqueous solution. RuO2
deposited on TI'O2 plays the role of a catalyst for reductive hydrogen evolution,
although it serves as a catalyst for oxygen evolution especially when strong
oxidizing agents (e.g., Ag+, 82032') are present in solution or T1'O2 is not
excited. The deposition of RuO2 and/or Pt on TiO2 accelerates the
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photocatalytic hydrogen evolution from an ethanol/water (1:1) mixture [217].
The photoelectrochemical properties of thin films of RuO2 deposited on single~
crystal T1'02 were determined. The electrodes, prepared by rf reactive
sputtering, exhibit low overvoltages compared to those prepared !jg_RuC13
pyrolysis [218]. The corrosion products accumulating in the electrolyte and
the dissolution rate of ruthenium from the active coating of a Ru02/T1'02 anode
{up to high positive potentials} in aqueous and alcoholic H2504 and perchlorate
solutions were analyzed radiometrically [219].

An electron beam modification of titanium-ruthenium oxide anodes was
attempted in an effort to increase service life. Catalytically active layers
of mixed oxides of titanium and ruthenium were obtained by baking (673-773K)
the oxychloride of ruthenium and the chioride of titanium applied to the
surface of a titanium substrate. The electron beam treatment affords
localization of the increased temperature in the catalyst surface layer over a
short time. However, no significant increase in stability appears evident for
the electrodes prepared in this manner as compared to those prepared by a heat
treatment method [220]. Optical, x-ray, electron spectroscopy and measurements
of electrophysical principles were examined of some characteristics of the
electronic structure of an active coating of titanium oxide-ruthenium oxide
anodes, solid solutions of RuXTi]_XOZ. At x < 0.25, lengthy clusters exist
which have metallic properties; at x > 0.25, the clusters unite into an infinite
cluster [221].

Andreev and Kazarinov [222] have reviewed the adsorption properties of
Ru02/Ti02 electrodes. They have also reported the use of a technique involving
radioactive indicators to study the adsorption of organic compounds on Ru02/
T1'02 and Pt/TiO2 electrodes at high potentials [223].

The use of Ru02/T1'02 anodes in electrolytic processes is limited to the
potential range E < 1.4-1.6V in aqueous solutions. Upon polarization to higher
E values, a rapid potential growth with respect to time occurs, along with
shutting off of the electrode, an increase in the dissolution rate of
ruthenium, and complete destruction of the active material. Polarization of
Ru02/T1'02 anodes was also carried out in methanol, aqueous methanol solutions
of acetic acid and monoesters of dicarboxylic acids [224]. The principal
electrochemical characteristics of Ru02/T1'02 anodes are the evolution potential
of chlorine during operating current density values < 1 A-cm"z, and wear
resistance. A method has been proposed by Ignat'ev and Parshikov [225] for
experimentally determining the correction to the ohmic resistance in studies
of the electrochemical kinetics in an electrolyte (e.g., NaCl) without
substantial complications arising from the instrument.

The preparation and characterization of a new electrode, Ti/PtOX-TiOZ, has
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been reported. Its electrochemical behavior in dilute HCl was studied as a
function of the relative compositions of both oxides, which were thermally
deposited at various temperatures. A maximum catalytic activity obtains for
chlorine evolution at a PtOX/TiO2 ratio of 10:1 [226]. A series of platinized
T1'O2 (Pt/TTOZ) film electrodes were prepared and examined for use in light-
induced reactions. The chemical shift of the Pt electron binding energy has
been related to the electron transfer to the Pt atom and the possible effect on
the catalytic properties of the Pt/TIO2 electrodes [227]. TiOZ, Pt/TiOZ, and
Pt/Pt anodes were investigated in acidic and basic electrolyte solutions in the
presence of ethanol. For macroscopic Pt/TiO2 anodes, the oxidation of EtOH to
MeCHO and further oxidation to AcOH was predominantly catalytic, rather than
photocatalytic; catalysis was accomplished in the dark with a bias voltage of
0,6V, Cyclic voltammetric studies have suggested that oxidation of AcOH
requires the production of the highly reactive OH- species. Both catalytic and
photocatalytic processes occur simultaneously at illuminated Pt/TiO2 anodes
[228]. The decrease in cathodic overvoltages by platinization of TiO2 single
crystals was investigated for the dark reductions of Ce4+, Fe3+, oxygen and H+
as a function of the thickness of the Pt overlayers both for a well-etched T107
substrate and for a mechanically damaged one. The observed improvements upon )
platinization apparently occur in two modes: a) one mode is related to the high
electrocatalytic activities of Pt and is observed for reduction of oxygen and
evolution of hydrogen when the TiO2 electrodes are loaded with a 3 K-thick Pt
layer; b) the other mode results from enhancement of probabilities of electron
exchange between the electrode and electrolyte species caused by platinization.
This latter mode is observed for the reductions of Ce4+, Fe3+ and oxygen when
etched TfO2 is Toaded with a PE layer thickness of > 100 3 or the damaged TiOZ
loaded with a greater than 10 A-thick Pt layer. Action spectra of anodic
photocurrents were suggestive of new electronic levels being created by
platinization [229]. Variations of the photocatalytic hydrogen production from
primary aliphatic alcohels (e.g., MeOH, PrOH) as a function of the Pt content
(0.05-10%) of the Pt/TiO2 catalysts were investigated by Pichat and coworkers
[230]. The maximum reaction rate was tentatively attributed to an optimum
attraction of the free T1'O2 electrons by the Pt crystallites, which corresponds
to an optimum ratio of the acidic and basic sites involved in the abstraction
of H atoms from the alcohol on TiOZ. At 313K (the temperature of the maximum
reaction rate), the reaction of photogenerated holes with adsorbed alkoxide iors
was thought to be rate-determining. At lower temperatures, the rate of
hydrogen desorption seems to play an important role [2307,

The electrochemical behavior of T'iO2 electrodes with silver and palladium

particles deposited on their surfaces has been characterized. Two different
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deposition methods were employed: a) photocatalytic, and b} cathodic
polarization of the electrode in a solution containing Ag+ or PdC142'. For the
anodic oxidation of HCHO, the effectiveness of the photocatalytic preparative
method was somewhat higher than on TiO2 electrodes with cathodically deposited
metal particles. The metal particles deposited by different methods contacting
pertions of the TiO2 surface have different structures of the space-charge
region as well as significantly different areas of contact of Ti02/meta1 [231].
Silver particles deposited on the TiO2 film electrodes were employed for the
anodic oxidation of the reducing agents HCHO, BH4', and HZPOZ- [232]. The
effect of T1‘02 surface modification by silver particle deposition on the nature
of the change in potential of the T1‘O2 electrode during exposure to light, and
on the relaxation of the photopotential of the electrodes after the light was
shut off, was investigated. The observed differences in the behavior of
modified and non-modified electrodes was related to the differences in the
structure of the oxide film electrode, as well as to the direct participation
of Ag microelectrodes, included in the T1‘O2 film electrodes [233]. The
TiOZ(Ag)-Ag+ half cell can be photochemically charged via irradiation of the
TiO2 surface with sunlight, Electrical energy was extracted from the half

cell by connection through the load with a suitable half cell which has an
electrode potential more positive than Ag/Ag+ [234].

The cathodic reduction of metal ions (PdC12, H2PtC14, Pb(OAc)2 and the
sulfates of Cu, Ag, Sn, Cd, Ni) on Ti()2 film electrodes was characterized by
Strel'tsov and coworkers [235]. Photocurrent-potential curves in aqueous
solutions were obtained for a T1’02 electrode coated with a thin gold or
palladium film. When the metal-coated T1‘02 electrode is illuminated under
anodic potentials, the potential of the metal film shifts toward the positive
until it reaches the oxygen evolution potential at the metal, with little
change in the surface band energies of the T1’02 electrode. This would imply
that the height of the Schottky barrier at the metal/TiO2 contact is
considerably increased by illumination, and the photovoltage obtained is much
larger than expected from the barrier height in the dark [236]. TiOZ-Ni
composite electrodes, prepared by the dispersion plating method, were compared
with single-crystal T1'02 electrodes prepared in propy]ene carbonate solution.
The composite electrodes exhibit a higher photopotential and a nonlinear Mott-
’ electrodes [237].

A mechanism for the sensitization of single-crystal T1'02 photoanodes by

Schottky plot, in comparison to the Ti0

cation doping (Cr, Mn, Ga) has been proposed by Kovach et al. [238]. The
mechanism was based on the determination of the efficiencies of photo-
electrochemical cells containing these photoanodes. Studies were carried out
with sintered disks of pure Fe203 and F9203 doped with TiOz, Sn02, Zr02 and
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Ta205 for the photoassisted electrolysis of water. The flatband potential, the
saturation current and the minority charge carrier diffusion length are higher
for TaO2

interpreted in terms of depletion layer theory [239]. Characteristics of a

-doped Fe203 samples than for other doped specimens. The results were

T1'02/Pb02 anode with a titanium base were examined as a potential anode for the
electrochemical purification of drinking water and wastewater. Compared with
a RuO2 anode, the T1'02/Pb02 anode allows for the use of a higher current
density, which can lead to an increase in the productivity of the equipment
[240]. Optically transparent layers of TiO2 and SnO2 were deposited on Vycor
glass plates via chemical vapor deposition using Ti(PrO’)ﬂr and SnC14. The
T102~covered plates were vacuum heated to convert the oxide Tayer into a
semiconductor material. The T1'02 layer alone is highly resistant to the
passage of electricity, and thus the SnOz—covered plates were employed for
electrochemical studies. Additionally, the SnOz-covered plates showed no
photoanodic current upon UV illumination, though TiO2 on Sn02-covered plates
exhibits significant photoanodic current. The coulombic efficiency for the
formation of persulfate is about three-fold higher for T1'02 on Sn02—covered
plates than for plates with SnO2 alone. The efficiency increases slightly upon
illumination, for T1'02 oh SnOZ—covered plates [241].

Using a number of methods, the characteristics of the formation, phase
composition, anodic behavior and photoelectrochemical activity (under chlorine
evolution conditions) have been studied for pyrolytic film coatings of C0304
on titanium, T1'/T1‘OX/(30304 [242]. Vvasilevskaya and coworkers [243] have
reported on the photopotential relaxation and photoimaging memory effect in a
T1'/S1‘02/T1'02 film system. The presence of a 5102 Tayer (5 um) separating the
TiO2 film and the titanium support results in a decreased photopotential and a
sTower potential relaxation process.

The photoelectrochromic characteristics of thin Prussian blue films on
both single-crystal and polycrystalline TiO2 electrodes have been described.
The Prussian blue films were galvanostatically deposited under cathodic
conditions in a O,OZM_FeC13/0.02ﬂ_K3Fe(CN)6 solution, rinsed with distilled
water and placed in IM KC1 (Ph 3.45) where all electrochemical measurements
were conducted [244]. The TiO2 and SnO2 semiconductor electrodes have been
covalently modified via attachment of functionalized olefins and arenes by
surface silanation or by a cyanuric chloride linkage. Photocurrent
measurements and time-resolved Taser coulostatic monitoring were employed to
elucidate the mechanism of charge injection on these modified surfaces [245].
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(iv). Applications

Titanium dioxide is employed in a wide variety of industrial applications,
including its use as a dielectric coating, as an electrode in an electrochromic
display, in photoimaging, pyrotechnics, pigments and in the catalysis of
hydrodesulfurization.

The temperature dependence of laser strength of T1'O2 dielectric coatings
in various gases was measured to determine the effect of water molecule
adsorption at A = 1.06 u [246]. An electrochromic display incorporating a
T102(anatase)-1n203-coated glass electrode was examined. Upon application of
negative and positive voltage bias to the electrode, the coloration and
bleaching phenomena were alternately observed by the electrochemical reversible
reaction (2) [247].

Tio, + xli' + xeT =3 LiTi0, (0<x<1) (2)

The photographic activity of T102-based photosensitive materials relative
to physical development with Cu-based physical developers was dependent on the
preparative conditions of the samples and the developer composition. A maximum
photosensitivity for TiOZ-based layers was attained using a copper physical
developer containing ascorbic acid as the reducing agent [248]. The
introduction of Pd2+ into a TiOZ—based photoimaging layer leads to an observed
increase in layer-sensitivity [249]. Photoimaging properties of Pd-containing
T1‘02 layers under nickel development depend on Pd concentration, T1‘O2
preparation conditions, and developer composition [250]. Additionally, the role
of silver ions adsorbed onto the T1'02 layers has been examined [251].

Thin films of TiOz serve as adhesion promoters for photoresists [252].

T1‘02 films grown on Ti foils anodically under galvanostatic conditions in
saturated aqueous solutions of ammoniumtetraborate were studied by Auger
electron spectroscopy in an effort to understand the ignition mechanism of
pyrotechnics containing Ti or T1'HX [253]. EPR spectra of T1'02 pigments reveal
five types of paramagnetic centers [254].

The effects on the catalytic activity of a Ti02—promoted hydrodesulfuri-
zation catalyst (Co—Mo/y-A1203) were determined for hydrotreating of gas
oil-range distillates [255]. Anatase, present in ash from bituminous coal,
appears to have a poisoning effect on the Co-Mo catalyst for the Tiquefaction
of coal [256].
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d. Mixed Metal Oxide Systems
(i). SrTiO3

Strontium titanate is produced at 1473K upon heating an equimolar mixture
of Sr0204'nH20 and TTOZ in an inert gas [257]. The progressive reduction of
Mn-doped SrTi0, has heen monitored by EPR, revealing the conversion of Mndt to
Mne* and MnZ* to Mn2*-v, by oxygen-vacancy capture [258].

A study of the electronic characterisitcs and photoelectrochemical
activity of extrinsic ceramic SrTiO3 and T102 has appeared [259]. Salvador and
Gutierrez [260] have studied the electroreduction of dissolved and/or
photogenerated oxygen and H202 at the polycrystalline n-SrTiOs—e]ectro]yte
interface. Both reactions occur at potentials positive of the flatband
potentiat. Oxygen is mainly reduced to water in a four-electron reaction, while
H202 is strongly adsorbed. Evidence that HZOZ is photogenerated in an
intermediate step of the water splitting reaction was given [260]. Strontium
titanate has been used successfully in photocatalytic systems for the
decomposition of water, most often mixed with some other component. The
photodecomposition {A > 300 nm) of 82082 to 5042' with concomitant oxidation
of HZO to O over n- SrT1O3 powder mixed with LaCrO has been shown to proceed
more rap]d]y than either the photochemical decompos1t1on of S O8 T 9n water or
the thermal reaction with or without the Sr'T1O3 LaCrO3 powders under the same
conditions [261]. The rate of the photocatalytic decomposition of liquid water
on NiO-SrTiO3 catalysts increases considerably when an improvement in
pretreatment conditions and the use of a concentrated NaGH solution are
employed [262]. Rhodium-Toaded SrTfO3 catalysts have been prepared by thermal
deposition and studied by XPS to characterize the surface deposits. The
Rh/SrTiO3 system was employed in the photochemical decomposition of HZO as a
catalyst [263].

The effect of various dopants on the behavior of single-crystal SrTi03
electrodes in a photoelectrochemical cell for water decomposition has been
3MNb (M = Mn, Fe, Co, Ni)
=V, Cr, Mn, Fe, Co, Rh). The results were compared with those

studied. The electrode surface was doped with Sr
and LaNo, ("
for the sensitization of single-crystal SrTiO3 photoanodes homogeneously doped
with LaCrO or Cr, Mn, Fe, Co, Ni, Nb, Mo, Ta and W oxides. Response to visible
3+ . 2+ .2+ 2+ 34+
tight is greatest for Cr~ , decreasing in the sequence Co™ , Ni” , Mn" , RhY .
3+ Mn3+, Fe2+, Fe3+, Co3+ and the Nb, Mo, Ta and W oxides
reveal a very small, if any, photosensitization [264]. An improved performance

in the photooxidation of HZO has been observed using a Cr-doped SrTiO3 photo-

The dopant ions V

anode coated with Ru02. The results were interpreted in terms of a two-
interface model [265]. Various properties of the electrical contacts between
catalytically active metals (e.g., Pt, Rh, Ru) and semiconductors (e.g.,
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SrTiOs, TiOz) have been measured in air and in hydrogen to ascertain their
behavior in water photolysis systems. Barrier heights at the Schottky
Jjunctions were determined, and provide an explanation for hydrogen evolution
[266].

The reduction of CO2 to give HCOOH, HCHO, CH30H, CH300H and EtOH has been
investigated under electrolytic as well as photoassisted conditions. Cyclic
voltammograms were recorded in the dark under cathodic polarization at
crystalline n—SrTiO3, n—SrTiO3/T102/Ru02, n-SrT1'03/T1'02/PtO2 and n—SrTiOBITiOZ/
Rh203 electrodes in various electrolytic media. This study demonstrates the
possible competition between the reduction of H20 and the reduction of either
002 or HCOOH [267]. The photoassisted reduction of CO2 has been carried out in
the presence of SrT103 powder, surface treated with various transition metal
oxide additives [268, 269] or doped with LaCrO3 [269]. Low optical to chemical
conversion efficiencies (ca. 0.03%) were due to the reoxidation of the
reduction products into C02. Furthermore, it was established that the apparent
reduction of 002 preceding the hydrogen evolution is due to pH effects at the
electrode-solution interface, with water reduction being more favorable than
C02 reduction [269].

(ii). AxTiyoz

Topotactic insertion of Tithium into Ti02(anatase) results in the formation
of L1'XT1'02 with the maximum stoichiometry at x = 0.7. The system is two-phase
in the region 0 < x £ 0,5. The spinel LiTi,0, was prepared thermally from
Lio_sTioz, and further uptake of Li yields L1'2T1'204 [270].

Sodium-ordered NaXTiO2 is transformed into its disordered form via a new
ordered form, though it may transform directly into the disordered form in the
vicinity of domain boundaries [271]. New phases with the formula NaxTiO2 have
been obtained from electrochemical de-intercalation of sodium from the lamellar
oxide NaTiO2 [272]. Na2T1'307 and K2T1’409 form Tayered lattices of titanium-
oxygen octahedra, in which the interlayered regions are occupied by the alkali
metals. In HC1 solutions, exchange of the alkali metals for protons results
in the production of H2T1'307 and H2T1409-H20. The dehydration of H2Ti409-H20
yields H2T1'80]7 with a channel-type framework2£273].

The incorporation and reducibility of Ni~ in the MgT1’03 ilmenite-type
structure to form NiXMgl_xTiO3 {x € 0.20) was studied employing x-ray
diffraction, reflectance and ESR spectroscopy, magnetic susceptibility and
thermogravimetric analyses. The incorporation of Ni2+ causes a small decrease
in the MgTiO3 unit cell volume. Segregation of metallic nickel and TiO2 occurs

upon reduction of N12+ in hydrogen (973K} in Ning]_xTiO3 solid solutions. At
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higher temperatures, MgTizo5 forms via reaction of T1'02 with MgTiO3 [2747. A
Raman spectroscopic study of single crystals of the one-dimensional superionic

conductors K] 6MgO 8T1 0,,. and K; (Al Ti 0. reveals similar features for

7.2°16 7.67°1.6° ' 6.476
the two compounds [275]. The orthorhombic KT16Nb5025 has been shown (by x-ray
diffraction) to be a member of a chemically twinned rutile series (AMBOQ)(M204%

as is KTizTa5017 [276]. The structure of the rhombohedral compound
CaZZn4Ti16038 has been determined crystallographically, and shown to be
isostructural with crichtonite-group minerals (AM21038)' That is, the
structure is based on a nine-layer {'hhc') close-packed anion framework [277].
The AXNbO3 {A = Ca, Sr, Eu) and AXTiO3 (A = K, Rb, Cs, La, Ce, Nd, Sm) bronzes
have been prepared, and their crystal structures, and electronic and magnetic
properties determined [278].

The doping of Vo, with Ti leads to the appearance of a new phase (M2).
Changes in electrical resistance, entropy, x-ray reflection and magnetic
susceptibility at the transition were measured [279]. Quaternary phase
diagrams have been constructed and confirmed by chemical analyses for the
systems A-Fe-Ti-0 (A = Mn, Co) [280]. X-ray diffraction and Moessbauer
spectroscopy show the behavior of monoclinic Fe2T105 and hollandite-type
K].45Fe1.45T16.55016 in a flux environment (KZO’ V205, 5122) [g?l]. 2ilhen a
suspension of Fe(OH)2 containing a metal ion A (e.g., Ti ', Cr” ", ZIn° ")
oxidized by air (or NOS—) at pH 7-12 and 338 or 353K, a ferrite compound which
contains A at the lattice point is obtained. Almost all Ti4+ and an+ in the

is

reaction suspension are incorporated into the ferrite [282].

Phase equilibria and thermodynamic behavior in Ti-Ni and Ti-Ni-0 systems
have been investigated [283]. Specifically, the isothermal section of the
Ti-Ni-0 system at 1200K was examined in the region between Ni(Ti) solid solutim
and the binary oxides of Ti. An infrared spectroscopic study of non-
stoichiometric Ti-doped C03_XO4 pyrolytic films reveals the dopant to be
localized predominantly in interstitial positions of the octahedral sublattice
where the intrinsic structural defects and cationic vacancies are also
localized. For 5 3%{at.) Ti, a C03~XO4-T1'O2 solid solution is observed [284].

vanadium(V) 7ons have been incorporated into the octahedral sites of the
cubic perovskite Sr0.75E30.25T10_5V0‘503 by heating stoichiometric amounts of
Ti02, NH4VO3 and Sr(OH)2 [285]. A chemical-transport reaction technique was
used to prepare good-quality single crystals of NbXTiT_XO2 (0 £ x € 0.005) with

a rutile-type structure [286]. A Raman spectroscopic study of TiNb,0,,

prepared by a liquid mix method, s in good agreement with previous x-ray and
neutron diffraction results. An octahedral coordination for both Ti and Nb,
and the presence of NbO4 tetrahedra in small concentrations, was proposed [287]

A photoelectrochemical study of the ceramic alloys (Ti, Nb)O, and (Ti, V)0, has

2 2
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revealed an n-type electrical conductivity for the entire composition range.
Energy gaps, flatband potentials, quantum efficiencies and photocurrents were
also determined [288]. The syntheses and infrared spectra of ATiNbO6 (A=Y,

Ce), A'Nb206 (A' = Ca, Pb), ANbO4, A“T1'O3 (A" = Mg, Zn, Pb) and ThT1'206 have

been reported by Shabalin [289]. The preparation involves calcination of the
coprecipitated metal hydroxides. The infrared spectra reveal definite
configurations and definite position of the valence vibrations maxima, which
can be related to the valence of the element and their coordination in the
compound.

High resolution electron microscopy revealed the structural images of
crystallized BaTiO3 thin films prepared by vacuum deposition on NaCl cleavage
faces. The comparison of experimental images with those computed by multi-
s1ice methods provided direct information on atomic arrangement, and showed
the possibility of finding atomic displacement in ferroelectric BaTiO, [290].
A study of the mechanism of carbon monoxide oxidation over BaT1'03 has been
reported by Rozentuller et al. [291]. Barium titanate insulating layers have
been successfully incorporated into ZnSHn a.c. thin-film electroluminescent
devices. The advantages of using BaTiO3 (!§_A1203) include reduced operating
voltage and the consequent larger safety margin between operating voltage and
device breakdown voltage [292]. The first stacking polytype with a
rhombohedral 21-layer structure, Ba7Nb4T12[J 021, has been synthesized by
heating (1473K) a BalC05-Nb,0.-Ti0, mixture in air [293]. The solid soiution
perovskites BaSn]_xMXO3 (M = Ti, Zr, Hf) were prepared via solid state reaction
at 1573-1673K. The compounds were characterized by x-ray diffractometry at
room termperature [294].

An examination of the infrared and Raman spectra of polycrystalline
T1'Ta207 at room temperature revealed no systematic coincidences in frequency,
indicative that T]‘Ta207 crystallizes with an inversion of symmetry. High-
frequency Raman bands were assigned to corner- and edge-shared octahedra, while
the band at 1020 cm'] was ascribed to the presence of a short cation-oxygen
distance [295]. FElectrical resistivity and magnetic susceptibility
measurements reveal the collective behavior of the Tid* d electrons in
Ln(2/3 + X)T103 iy (Ln = La, Ce, Sm, Nd; 0 < x £ 1/3) [296]. X-ray diffraction,
thermography, crystallooptical and chemical analysis methods were used to
characterize the crystallization of rare earth element titanates in KZO'
Nd203(Yb203)~T102-HZO at 553K. The Nd203 system contains NdZTi267 and 0.5
KZO-Nd203-3T102, while the Yb203 system contains Yb203-Ti02-nH20, Yb2T1'207
and K2T1'6013 [297,.298].

The initial oxidation product of LnT1'03 (Ln = Sm, Eu, Gd) in air at 673-
873K 1is x-ray amorphous Ln2T1207. At 873-973K amorphous Ln2T1'207 crystallizes
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with the metastable monoclinic Casz207—type structure, At 973-1123K, Gd2T1207
exists as perovskite-type and cubic-pyrochlore-type phases. At >1123K,
Ln2Ti207 exists irreversibly in the pyrochlore phase [299]. The Ln2T1207 (Ln =
Pr - Lu) dititanates are prepared using a hydrothermal technique and
characterized by x-ray diffraction. For Ln2T1207 {Ln = Sm, Eu, Gd) prepared
in this manner, a perovskite structure is indicated; whereas a pyrochlore
structure is assigned to those prepared by the solid-state method [300].
Various compounds with formulae LaCo]_xT'iXO3 and La]_XSrXCo]_XTiO3 have
been prepared and their electron transport and magnetic behavior investigated.
Itinerant electron ferromagnetism is not observed, unlike what is observed in
La]_XSrXCoO3. Electron transport is discussed in view of the presence of
different Co valence states and changes in crystal field splitting [301].
Sidorova and coworkers [302, 303] have prepared and examined various
compounds in the SrO-Ln203-T102 system, The compounds, including S\an2T1‘30-IO
(Ln = La, Pr, Nd) and San2114012, were characterized by x-ray diffraction and
infrared spectroscopy [302]. Infrared and Raman spectroscopy were also used
to examine the compounds SrLaZTiZOS, San2T13O]O and SrO.SLnTiO6 (tn = La, Pr,
Nd). A1l three compounds are characterized by the presence of a titanium
polyhedron with coordination numbers of 4 and 6, while the rare earth elements
and Sr have coordinated polyhedra with coordination numbers of 8-12 [303]. The
Tattice parameters of the compounds AZMgTiO (A = La, Nd, Sm - Yb)} have been
determined [304].

Diffuse reflectance measurements were obtained to determine the influence

6

of MnO2 and La203 addition on the band structure of polycrystalline Pbe03 and
PbZr0, solid solutions [305]. The new layered-type compounds PbBizTiTaOBF,

PbBizTiNbOBF, Bi5T12w014F and Bi7T15020F have been synthesized and identified

by x-ray diffractometry [306]. The intergrowths and defect structures in the
perovskite 819T13Fe5027 were revealed by high-resolution electron microscopy,
and the chemical implications of these observations discussed by Smith and
Hutchison [307]. Dilatometric and x-ray structural studies of the binary

25 Bi4Ti3012—V205, Bi4Ti3O12—BiVO4, BTVO4-812T14011, and

BiVO4-Bi8T10]4 revealed the existence of 813V5T1034 and Timited solid solutions
based on B’iVO4 [308].

sections BiVO4-T10

e. Vanadium/Titanium oxide Catalysts

A recent EXAFS study of V205—Ti02 catalysts has suggested a model for these
catalysts which consists of molecular species with two double-bond and two
single-bond oxygen ligands bound to the T1'02 support surface. The structure
observed is not similar to that of Vo0g. HWith the extremely high degree of
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disorder present, it would seem clear that any importance of crystal epitaxy
need not be considered when contructing a structural model [309].

Several investigations have been carried out for the oxidation of o-xylene
catalyzed by vanadium/titanium oxide catalysts. Bond and Konig [310] have
shown that hydroxyl groups on the surface of TiOZ(anatase) react with VOC'I3
vapor at room temperature to yield a partial monolayer of a vanadium species
which, after heating to 670K, is active for the oxidation of o-xylene. A model

+ .
5 1ons

was proposed [310] for which chemisorbed oxygen atoms doubly bonded to V
are the oxidizing species. If, from a single methyl group at an uncovered
site, o-xylene adsorbs by dissociation of a hydrogen atom, further oxidation to
phthalic anhydride proceeds smoothly. Studies of the dependence of catalytic
activity on the surface layer composition [311, 312], calcination temperatures
[312] and the addition of promoters [313] in the oxidation of o-xylene have
revealed that : a) a decisive role is played by the content and reactivity of
V205; b) optimum activity is achieved at <773K and VZOS concentrations at the
contact mass vary from 5-25 mole percent; and that ¢) the addition of alkali
metal oxides or TeO2 stabilize the oxidized form of V and lower the surface
acidity. A study of the comparative reactivity of some p-derivatives of
toluene (Q;MeC5H4R; R =H, Me, CMeg, F, C1) under oxidative ammonolysis
conditions on a V205—T1'02 catalyst has shown that the compounds for which R =
Me, CMes, F, C1 are all more reactive than p-teCcH,(H), and the main product
observed is the benzonitrile derivative [314].

The V205-T1'02 catalyst has been shown to be active for the reduction of
NO with NH3. The changes in oxidation state by the reaction of vanadium
supported on T1'O2 and TiOZ-coated SiO2 were followed by ESR techniques. The
V5+ is reduced by N0~NH3 to V4+, which is reoxidized by oxygen to V5+ [315].
Fujimoto and Shikada [316] have regenerated {70-90%) V205-T1'O2 catalysts for
NO reduction which had been poisoned by potassium salts. The method involves
catalyst calcination in air to oxidize all the vanadium species to V5+,
followed by treatment with a Na2504/(NH4)2304 solution to remove 97-98% of the
potassium salts. The V205-T1'02 catalyst was prepared with hydrozylates from
titanium tetra-tert-amyloxide and vanadium tetra-tert-amyloxide solutions
(89 ppm - 10% V205). The activity of the thus-prepared catalyst has been
examined for the NO-NH3-02 reaction [317]. Over 90% (at 623K) NOX reduction by
NH3 over a V205-T1‘02 catalyst was observed in flue gases containing high SOX
concentrations from an oil-fired boiler of a pitot plant [318].

A study of the oxidation of ethanol over a V205-Ti02 catalyst has revealed
a dependence of MeCHO formation on the V/Ti ratio, indicative of the active
dehydrogenation phase being amorphous V205 [319]. The turnover frequency for

V205-T102(anatase) was larger than that for V205-T102(rut11e) or unsupported
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V205 in the oxidation of ethylene [320]. Infrared spectroscopy monitored the
adsorption of ammonia and pyridine on V-Ti oxide catalysts for which the
vanadium content varied between 2 and 5 weight percent. Results indicated that
the catalyst exhibited both Broensted and Lewis acidities [321]. Haase and
coworkers [322] have investigated the formation of an active component layer in
coated catalysts. The coatings were prepared using a concentrated vanadium
oxalate solution and different amounts of acetic, oxalic and citric acid,,
different alcohols, detergents and polymeric substances. On the surface of
V205-T1'O2 layers, the coatings caused the formation of differently shaped V205
crystals.

f. Titanium Electrodes

The electrochemical reduction of HNO3 using Ti and graphite electrodes has
been achieved [323]; the current-potential and current-time curves and mass
spectroscopic product analysis were also obtained. Catalysis by Cu2+, Ag+ or
Pb2+ deposited at the base electrode was also discussed. An electrochemical
study on the prevention of bacterial attachment in seawater was carried out on
Ti metal and Sn0,-coated glass in the potential range 0.2 to -0.6V (vs NHE).
Application. of steady-state potentials decreased bacterial concentrations on
the cathode and anode by ca. 100-300 fold. The effect of potential on bacteria
supposedly arises because of in situ electrochemical reduction of 0, to H,0,
and OH™ [324]. The effect of anode material (Ti vs Ti-Ru alloy) on the

electrochemical oxidation of iodide ions was examined and polarization curves

2

constructed with Pt and graphite anodes as well [325]. The Ti is passivated by
anodic currents [325]. The electrochemical oxidation of ferrocyanide ions on

a passive Ti anode was examined. The characteristics of the kinetics of the
redox reaction are the higher anodic current and its strong dependence on the
prior treatment method of the electrode. The peculiarities in the kinetics
were related to the change in the mechanism of electron transfer through the
oxide film formed by mechanically polishing the Ti surface [326].

The kinetics of the active anodic dissolution of titanium in strongly
acidic chloride solutions (HC1) was performed at 353K. The structure-sensitive
method of photoelectric polarization and ESCA have characterized the state of
the rotating disk electrode surface, prepared from ¥T-1-0Ti [327]. Corrosion
tests have been carried out on a rotating disk electrode made of VT1-0 [329].
Riskin and coworkers [329] have also examined crevice corrosion of titanium in
sulfate-chloride media in the presence of an anodic current.

Effects of various technological factors on the formation of porous
titanium electrodes for electrophoresis have been studied as well as the amount
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of pore-former (NH4HCO3) used and the effect of sintering [330].

Anodes of Ti and T1'O2 have been tested for recovery of metals and oxides
to determine any technical or economical advantages they might possess [331].
Possible improvements in hydrogen production and storage using Ti electrodes
were undertaken by modifying the electrode with chromjum; an increased spectral
response was obtained though the overall efficiency decreased [332].

Platinized titanium anodes are superior to samples of dimensionally stable
anodes (DSA) prepared in the same way in electroflotation processes. This
could be attributed to the inability of the DSA to support the inversions of
polarity as well as do the platinized titanium samples [333]. Llectrochemical
photocells, composed of CdSe thin-film deposition on Ti (also Cr, Mo, Sn02,
glass C, graphite) as the anode and a Pt cathode, have been reported and the
current-voltage relations, output power efficiency, open circuit voltage, and
short-circuit current measured [334]. Polyphthalocyanine coatings on Ti
obtained by in situ synthesis with 1,2,4,5-tetracyanobenzene. The surfaces
were characterized by UV and IR spectroscopy and SEM. The stabilization of
these materials as electrodes in different electrolytes reveals a high faradaic
activity and anodic photocurrents upon visible-light irradiation [335].

Several titanium-supported metal oxide electrodes have been prepared and
their behavior investigated. The anodic behavior of a titanium substrate in
various acidic manganese(II) solutions was investigated to determine the most
suitable electrolyte for obtaining a Mn02/Ti electrode [336]. An experimental
analysis of the Br/Br redox reaction in a porous back-fed Rqu-coated Ti
electrode has been done, and a mathematical model of the steady-state process
proposed. The resulting design equation reveals that the back-fed electrode
could reduce the loss of Br across the separator and the ohmic loss in a Zn/Br
battery [337]. The study of corrosion characteristics of Ru0,-coated Ti
electrodes under anodic conditions in organic solvents reveals rapid
dissolution of the Ti support through pores and cracks in the active oxide
coating, eventually resulting in complete detachment of the surface layer.
Particular emphasis on this system in methanolic solutions is described [338].
Ru02—coated Ti anodes have been utilized in oxygen evolution and oxide
dissolution in acidic and basic media. The anode service life is affected by
oxide annealing time, annealing temperature, current density for oxygen
evolution, oxide loading solution temperature and pH. A common intermediate, a
surface-bonded oxyruthenium complex, was proposed for both oxide dissolution
and oxygen evolution reactions [339]. Potentiodynamic data was obtained for Ti
anodes coated with RuO2 + T1'02 + SnO2 mixtures, and compared with results using
electrodes coated with RuO2 + T1‘02 or pure RuO2 [340]. The effect of Sb-doped
SnO2 intermediate layer on the anodic characteristics of Ti-supported PbO2
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electrodes has been studied. X-ray diffraction results reveal the

intermeidate layer contains SnOz-SbOX solid solution, and small amounts of
T14Sb, T13Sb, T13
proposed, and factors for surface resitivity reduction discussed [341].

Sn, Sb0 and Ti] 2O. An electronic model for the electrode was

Optimal conditions for the formation and behavior of 'ﬁ-Co3D4 anodes under
conditions of chlorine evolution have been determined [342, 343].

6.7 TITANIUM SULFIDES AND SULFATES

The phase relation from TiS1.38 through T1'S1.96 at 1173K was studied
employing the thermobalance method under controlled sulfur pressure. Four
phases were found to exist: a) T1253 (4H) with a short-range ordering of
titanium vacancies; b) superstructure of Ti253 (4H) due to the ordering of
titanium vacancies; ¢) TiZSB; and d) TiS2 (2H) [344].

The relativistic corrections to the 'p-d' gaps of IT-TiS2 and TiSe2 were
calculated using self-consistent nonmuffin-tin OPW band structure results [345].
Also, the heat capacities of TiS2 from 5.87 to 300.7K were measured by
adiabatic calorimetry [346]. Auger and ESCA spectroscopy revealed the
stoichiometry of T1'S2 single crystals grown by the iodine vapor transport
method. Analyses varied from T10.8752 at the surface to Ti1.2852 at depths of
ca. 1000 nm [347]. Electron and x-ray diffractometric methods were used to
investigate polytypic T1'1+XS2 {x =0.25-0.33) with ordered titanium atoms and
vacancies [348].

Titanium disulfide has been prepared, and chemically and structurally
analysed. Thermogravimetric analysis of T1'S2 reveals two to four distinct
steps for the phases derived [349]. A pulsed proton nmr study of titanium-rich
T1'HXSZ-NH3 reveals that the diffusion of intercalated NH3 is not dependent on
the presence of titanium interstitials, although these do significantly reduce
the rate of NH, uptake [350].

The discharge characteristics of the T1'S2 cathode in organic solvents and
4 LiBF4 or LiPF6 at 298K have been studied
by Matsuda et al. [351]. It was found that the discharge capacities were large

their 1:1 mixtures containing LiC10

in a mixture of THF and y-butyrolactone containing LiC]O4 or in a mixture of
THF and propylene carbonate containing LiBF4. A rechargeable solid-electrolyte
cell has been developed using a copper ion conductor of rubidium copper jodide
chloride (Rb4Cu1617_5C113+5) and a T1'S2 cathode. At 298K, the open-circuit
voltage was 0,59V, the cell yielded a current of several tens of uA without
polarization, and the cell could be submitted to 2100 charge-discharge cycles
without showing appreciable deterioration [352].

The x-ray photoelectron spectra of T1'S3 with a one-dimensional structure
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were interpreted in terms of Ti4'(52)2‘52' with pairs of sulfur atoms (52) and
isolated sulfur atoms. The binding energies of the 52 pairs is 1.4eV higher
than that of the isolated S atoms, which is consistent with the Targer negative
charge of the isolated atoms. A molecular orbital scheme for the 52 pairs was
used to describe the structure of the valence band of T1'S3 [353]. Infrared
reflectivity measurements of quasi-one~dimensional T1'S3 with light polarizatiors
both perpendicular and parallel to the chains reveal that most of the infrared-
active phonons predicted by group theory are observed; the reflectivity
measurements were compared with Raman measurements [354]. TiS3 single crystals
grown by chemical vapor transport have been characterized by x-ray diffraction
and electronic transport property measurements. The photoelectrochemical
behavior in various media is reported. along with a photocorrosion mechanism.
The mechanisms were discussed in terms of the existence of 52 dimers and 32'
jons [355].

Several investigations of intercalated titanium sulfide compounds,
incorporating lithium, sodium, vanadium, chromium, silver, copper, zinc and
thallium, have been reported. Jaconsen et al. [356] have offered a model for
the electrostatic interactions between Li' ions and the conducting electrons in
the Tayered compound LiXTiSZ. The Li* jons presumably intercalate in the van
der Waal's gap and are treated as point charges in the dielectric. The strong
deviations from jdeality observed during intercalation of L1'+ in LiXTiS2 were
ascribed to electrostatic forces screened by the conduction electrons [356].

An x-ray diffraction investigation of L1'XT"|S2 reveals a three-fold superlattice
structure in the region where x = 0.33 [357].

Titanium-sulfur compounds have been prepared electrochemically on titanium
plates to be used as a cathodic active material for a Tithium battery. The
active compounds are formed via anodic oxidation of a titanium plate in molten
Na25-9H20 at 353K, Charge-discharge behavior was studied [358]. The
galvanostatic cycling of Li-T132 batteries in 1M_L1ASF6/propy1ene carbonate/
acetonitrile, in lﬂ_LiC104/propy1ene carbonate has been reported. The battery
performed best in LiAsFG/propylene carbonate/acetonitrile electrolyte with
respect to charge-discharge ratio, active material utilization, and cycle life
[359]. Improved cathode utilization (e.g., TiSz, CusS, CuZS, etc.) is afforded
employing 1M_L1ASF6 in 50%(vol) propylene carbonate/acetonitrile in primary
lithium batteries. It was suggested that the lower viscosity and lower molar
volume of the acetonitrile and incorporation of solvated Li* into the cathodic
material as part of the cathodic process are responsible for the improved
behavior of this system !E_LiASFG in propylene carbonate electrolyte
solutions [360].

A report on the thermodynamic and structural character of L1‘XT1'S2 has
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appeared [361]. Also, entropy measurements [GV/GT'X, V = emf, T = temperature]
on LT‘—LixTiS2 electrochemical cells were utilized to obtain information on the
entropy of LixTiS2 [3627.

A mean-field approximation has been applied to a triangular-lattice gas
model with three different site energies randomly distributed and nearest-
neighbor pairwise repulsion, to represent intercalated lithium in LixTayTi]_yS?
This model appears applicable for alloys where experimental results indicate
a disordered distribution of Jithium atoms [363]. The IixTayTi1_y52 system has
been studied as a potential rechargeable battery in terms of interactions
between 1ithium atoms and the applicability of a lattice gas model to the
problem of the ordering of these atoms [364].

Charge and discharge properties of L1'—T1'S2 and Na-TiS2 intercalation
batteries in relation to the structural changes of T152 have been reported by
Kikkawa and Koizumi [365].

NaxTiL2 (0 <xS1;L =5, Se) wre prepared by intercalation of sodium
into TiL2 in Tiquid ammonia, as well as by direct combination of the elements.
X-ray diffractometry characterized the second-stage intercalate (x ~ 0.3)
structure [366]. The magnetic properties of the insulating NaXCrxﬁ']*xS2
system were investigated by susceptibility and magnetization measurements down
to 4.2K and by EPR techniques to 77K. Geometrical considerations were used as
the basis for the ferro-antiferromagnetic transition [367].

Powder samples of VXTiS2 (0 £ x < 0.33) have been prepared and
characterized [368]. Presumably, the vanadium atoms are randomly distributed
in layers which are empty at x = 0, while the magnetic susceptibility follows
the Curie-Weiss law at 10-300K, For x < 0.2, the magnetic moment on every
vanadium atom is ca. 0.6uB. Angular-resclved photoemission speciroscopic
1S (05 x20.2) revealed the
existence of a localized impurity band, ascribed to excess Ti and/or V

results on the electronic structure of VXTi

fmpurities [369]. Results of near-normal incidence reflectivity measurements on
VxTi]_xS2 (0 <€ x £ 0.3) have been discussed in terms of a dielectric function
containing contributions from the valence electrons, the phonon, and the free
carriers [370]. The phase relations of the V]-xTix51.57 system have been
elucidated from x-ray diffracticn results, while the site distribution of Ti
and V atoms in the structure were clarified through an nmr absorption study.
The two apparently closely related properties were discussed in terms of the
metal-metal interaction of the face-shared octahedra in the metal-deficient
distorted NiAs structure [3717.

Stage II samples of AgXT1'S2 have been prepared via electrointercalation of
silver into TiSZ; the silver atoms undergo an order-disorder transition at Tc=
265K. Raman spectra were recorded and discussed [372]. The room-temperature
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transmission spectrum of AgXT1'S2 was measured at 1.3-2.8 eV for various x
values. A rigid band model, wherein charge transfer from the silver cation to
the lowest d conduction band of the host macroanion, was proposed to explain
the spectral changes observed [373]. An x-ray diffraction study of the basal
(*ab') plane and the short-range order diffuse scattering from intercalated
silver atoms.in disordered state-II Ago-]STiS2 reveals that the silver ions in
the intercalated plane occupy the octahedral sites, as well as a two-dimensional
disordered structure [374]. An experiment has been reported which presumably
makes it possible to distinguish between the intrinsic and extrinsic
contributions to the plasmon structure of the core lines in the x-ray photo-
electron spectrum of TiSz-Ag [375].

The electrochemical synthesis of CuxTiS2 has been reported [376], and
intercalation electrodes (such as CuXTisz) have been studied for potential use
in the storage of electrical energy generated by photoelectrochemical solar
cells [377].

The magnetic susceptibilities of the solid solution Cr1_XT1XS {(0.10 < x ¢
0.60) [378], and a new phase, In,Ti1gS3y, Prepared from titanium metal, ZnS and
titanium sulfide at 1473K [379] have been reported.

The x-ray crystal structure of T]TiSSe8 has revealed this selenide
compound to be monoclinic, space group C2/m [380]. A structural study of iron
intercalated titanium diselenides has also appeared in the literature [381].

The nature of complex forms of titanium{IV) which exist in concentrated
sulfuric acid solutions has been studied [382]. In sulfate solutions free of
C104', the polymerization of titanium(IV) has been investigated
potentiometrically in pure sulfuric acid solutions over a broad range of acid
concentrations. In solutions of 3-8M‘H2504, binuclear titanium(IV) complexes
are formed at comparatively lTow concentrations of titanium(IV) [383].

The thermal decomposition of Ti0(304)-H20 in air and in argon was studied
by DTA and thermogravimetry (TG). The TG curves are similar in both
atmospheres, indicating that air doss not affect the decomposition [384]. The
study of the impurity segregation of Nb, Fe and La during the solution
crystallization of (NH4)2T10(SO4)2'H20 from aqueous sulfuric acid revealed that
the total amount of trapped impurities is dependent on the initial degree of
supersaturation and the rate of crystallization [385]. The reduction of
titanium(IV) in (NH4)2T10(SO4)2-H20 solutions by zinc and aluminum was
investigated in terms of reaction conditions {temperature, length of heating,
nature of reducing agent) [380]. The reaction of water vapor and the vapor of
50-80% aqueous H2504 with CaTi(SO4)3(s) was studied tensimetrically. The
hydration reaction {3) presumably occurs via a step-like mechanism involving
the gradual formation of TiOSO4, then TiOSO4-H20 and TiOSO4-2H20. Such a
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CaTi(S0,); + 5 Hy0 ———¢p CaSO, + Ti0S0,"2H,0 + H,S0, (3)

mechanism can elucidate the sulfation of sphene [387].

Infrared spectroscopy and chemical analyses were used to follow the
extraction of titanium by bis{2-ethylhexyl)phosphate. At low HZSO4
concentrations, titanium is extracted as a chelate compound, not containing
50,27 [388].

6.8 TITANIUM HALIDES
a. Fluorides

The emission spectra during thermoluminescence have been recorded for
various LiF:Ti and LiF:Mg:Ti specimens. The results suggest that the
luminescence center is a defect complex of titanium modified in the Mg-doped
crystals by magnesium in various forms. Red emission is observed in the Mg-
doped crystals. The dependence of the thermoluminescence peaks on dose and
linear energy transfer appear to support the suggestion that the higher
temperature peaks are complexes which trap more than one charge [389].

The thermodynamic properties of crystalline T1'F3 have been determined by
emf measurements with a solid electrolyte cell consisting of Ti, TiF/CaFZ/
Al, ATF
methods [390]. The processes that occur during reduction of different valency

3 at 800-900K. The results were compared to data obtained by other

forms of titanium and the anodic oxidation of titanium in chloride-fluoride
melts were studied in order to better understand the conditions of formation of
titanium(IIl) fluorides [391].

The crystal structure determination of the peroxofluoro complex
KZTT(OZ)F4-H20 has revealed the complex to be monoclinic, with isolated
di(u-f1uoro)-bridge[T12(02)2F8]4' anions interconnected by hydrogen-bonded
water molecules forming infinite chains [392].

Using a multipulsed nmr technique, the isotopic average chemical shift of
]9F was measured in hexafluoro complexes of titanium, germanium, tin and
silicon [393]. The temperature dependence of the structural transformation rate
in NiTiF6'6H20 was measured by monitoring the ESR line of N1'2+ from the
trigonal phase. The dependence of the rate appropriate to the first thermal
cycle is indicative of the presence of a second transition with a critical
temperature T, = 126.0 = 0.5K, This second transition was suggested [394] as
being associated with an additional distortion of the (TiFG)Z' ion known to
occur in this temperature range. The Raman spectra of ZnT1F6v6H20 and
MnTiF6'6H20 as single crystals in different polarizations and in solution has
allowed the determination of mode frequencies [395]. Deuterium-2 nmr was
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empioyed to determine the quadrupole coupling constants and the direction

cosines of the principal axes of the electric field gradient tensors of the

deuterons in CoTiFG‘GDZO and ZnTiF6'6D20 single crystals at 300K. Temperature

dependence studies (185-300K) revealed structural phase transitions in both

complexes, at ca. 225K in C0T1F6-6020 and 230K 1in ZnT1F6-6DZO [396].
spectrascopy has been used to study the phase transitions in ZnTiF

MnTiF_-6H

6 20.

6

Infrared
-6H20 and

The 1iberational modes of the water molecule change significantly

around the transition temperature [397].

BaFZ, T1'02 and BaT'IF6 react at 773-973K for 14-20 hr, under argon to give
Ba3T12F1202. X-ray diffraction studies showed the orthorhombic structure of
Ba3T12F1002 (Figure 2) [398]. The thermal decomposition of Na2T1F6 in air,

Lkl 10°-8in* Opg1e  10%-8in® Bgpg Ighs Tealc hkl 10%-8in* O pgye 100 6i02 Og1e  Iong Ioale
130 11,42 — - 0,2 123 85,66 85,73 1 0.9
|KIRY 11,87 11,85 1 0.6 400 89,14 89,29 1 0.4
a1 12,15 12,13 1 0.2 040 93,57 93.65 1 0.3
111 17,72 17,7¢ 1 0,8 4140 04,09 495,09 3 20
Jhg 22,28 — — 0,2 322 98,73 08,84 1 0.7
(LR 23,39 23,34 2 1,5 140 99,14 99.20 A [*X})
ELRT 25,20 25,17 1 0,3 232 100,11 100,21 1 1.0
KR RT] 28,13 — - 0,3 004 100,79 100.87 1t | B
120 28,96 28,93 4 3,6 411 101,28 142 7 6.9
“1 34,43 — - 0,0 223 102,37 102,500 2 2.1
T2l 35,26 - — 0,0 330 102,77 — — 08
112 36,62 38,80 16 17,3 141 105,44 105,21 5 3.7
suh 45,88 45,67 19 20,6 303 106,83 — — 0,2
BRI 47,48 47,48 26 33,7 331 109,07 10910 . 353
ne2 48,59 45,60 12 19,9 033 109,32 ! 0.1
2v1 51,08 52,01 10 14,8 114 112,20 112,20 s 5.4
212 53,33 53,37 12 22,8 120 112,53 1.4
122 54,16 54,18 18 23,2 313 112,68 - — 6.4
P10 55,99 56,04 16 15.4 402 114,33 114,44 2 1.0

L 50,44 56,32 1 0,0 133 114,90 114,97 2 1,8
|l 099,20 58,22 21 26,0 240 113,85 115,83 1 0.6
nisl 58,93 — — 0,1 n4e 118,77 . 2,8
1wl 62,26 62,29 30 7.1 421 118,83 116,78 3 0.0

11 62,29 - 16,7 412 120,18 120,25 R 7.2
413 62,54 62,58 1 4,3 241 122,15 122338 2 1.3
151 64,50 64,50 10 8,8 204 123.07 _ — 0.0
113 88,11 68,12 3 4,4 024 124,18 . - 1.9

’ . 12434 7
z22 70,87 — — 0,0 142 124,34 1.6
] 73,53 73,86 4 3.2 332 127,97 127,99 30 22,1
2a0 74,92 75,03 1 0,6 214 128,92 128.95 3 3.4
Sl 79,83 — — 0,2 124 129,75 129,530 | 3 9.2
1 81,18 1,3 323 130.22 - — 0.2
231 81,22 81,31 1 0,2 233 131.81 131,74 1 1.4
152 83,40 83,50 4 2.9 422 137,73 137,76 15 9.3
213 84,82 - — 0,1
FIAIRE 2 Tabulation of observed and calculated crystal data for
u-Ba3T1 F](?OZI [398].
To

followed by vapor-phase

crystals.

Y

ysis of the resulting TiF4 or T1'0F2 produces T1'02
When heated in an electric furnace {1073-1373K)} for 4 min-4 hr, a

mixture of NaZTiF6 and TiO2 gave Na3T1'0F5 and TiF4 at 1073K, and TiOZ(rutile)

above 1073K.

At temperatures greater than 1173K, the rutile changes to

Na2T1'6013 on reaction with a sodium compound formed from the decomposition of
Na3T1'OF5 [399].
The complex formation equilibrium between Ti(IV) and F ions were studied

at 298K in 3M NaCl by measuring the free HF concentration in acidic solutions

with an fon selective electrode. The data were interpreted by assuming the
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formation of Ti(OH)2F+, Tify, and HT1F6' with given equilibrium constants [400].
Magnetic susceptibility, thermal analysis, x-ray powder diffraction, and IR and
Raman spectral measurements were employed to characterize N2H52n[TiF6]'5H20
which was jsolated from the HZTiFS/N2H6F2/Zn/H20 system [401].

b. Chlorides

A modification of the Born-Mayer equation (without compressibility term)
has led to the suggestion that a polynomial of the type in equation (4} be used

U = Ugpelk - 0.3729x + 0.0695¢° + ..... ] (4)

to calculate the lattice energy of titanium monochalide crystals [402]. Results
reveal a marked improvement over those reported previously. The viclet emission
bands of TiCl have been re-investigated by Devore [403], who has reassigned the
419-nm and 387-nm system to doublet-doublet transitions rather than quartet-
quartet transitions., Additionally, vibrational frequencies for each state
involved were established. New experimental data obtained from XPS has been
shown [404] to be applicable to the ionicity concept in solid state chemistry.
Applications presented included titanium halide compounds.

Vibrational and electrochemical studies have been performed for some
titanium subchloride compounds. Infrared spectra of gaseous TiC]a, TiC]a,
TiC12 and possibly TiCl were recorded using a microwave discharge through a
T1C14/argon mixture as the motecular source. The vibrational frequencies were
Tocated at 497 cn”! for TiCl,, at 489 cn™' for TiCl,, and at 450, 400 and 422
cm"] for TiCl [405]. The electrochemical behavior of Ti(III) and Ti(II) in
NaC1-KC1 melts (993K) was investigated by linear sweep voltammetry and
chronopotentiometry. Reaction (5) depicts the electrode reaction for the

Ti{III) + e —— Ti(Il), Ti(ll) + 2 & ——p Ti (5)

cathodic reduction of Ti(I1I). The diffusion coefficients are (3.4 + 0.7) x
107°, (4.1 £ 0.6) x 107>, and (9.2 + 0.5) x 107° en-s"" for Ti(1V), Ti(IlI)
and Ti(II), respectively [406].

Analyses of the reflectance spectrum of oc—TiCT3 and the absorption spectrum
of B-TiC13 (1.8-10.4 eV) has shown that the low-energy peaks {2-4 eV) of both
species may be assigned to Jocalized interionic transitions between d states of
neighboring titanium ions. The strong band above 4 eV was ascribed to charge-
transfer and band-to-band transitions. The anion 3p-cation 4s interband gap

was estimated to be ca. 7.3 eV for a=TiCl; and 6.9 eV for g-TiCl, [407].
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Fluorescence EXAFS measurements on MgC12-supported TiC13 (8.0 wt. %) reveal a
maximum of ca. 4 wt. % T1‘C'I3 interacts with Mgclz, leavirg a residue of 6-T1C13
It was also proposed that the Cl1 atoms Tikely interact with the coordinatively
unsaturated Mg atoms at the fractured side planes of the MgC12 particles [408].
Kushner and coworkers [409] have observed the inactivation of hydroxamic acid
siderophores when exposed to T1C13. From comparative IR and nmr spectral
analyses, the products of the reduction reaction were the corresponding amides.
Ionization potentials (Ik) have been calculated for TiCl4 using a) the CNDO-
Koopmans thedrem (KT) and b) CNDO-perturbative CI (PCI} methods. It was found
that the Iy values calculated employing the PCI method agreed better with
existing experimental data than values calculated using the KT method [410].
The melecular, Coriolis coupling and centrifugal distortion constants have been
evaluated using kinetic constants for tetrahedral Group IV halides, and found
to agree well with observed values [411]. High-resolution XPS of solid-state
TiC14 has afforded an analysis of the core levels, their shape-up satellites
and valence Tevels, as well as a comparison with gas-phase XPS data, UPS spectra
and theoretical models from the literature [412]. Direct observation of
47,4974 resunances in a series of T1'X4 (x =1, Br, I, OPr, NEtZ), (Cp)2T1'X2
(Cp = cyclopentadienyl; X = F, C1, Br, I, N3, NCS) and T1X62' (X = F, Br)
complexes has been reported by Nao et al. [413]. A detailed study of T1'C'I4
reveals the dominance of a quadrupolar relaxation mechanism. Correlation times
calculated from the Gierer and Wirtz relation combined with observed Ti results
afforded an estimation of the quadrupole coupling constants for 47’49T1 nuclei
to be 2.8 and 2.4 MHz, respectively. The 47,8975 nuclei appear to be as
sansitive to changes of halide ligands in the szMX2 series as the Q]Zr nucleus.

The electrochemical behavior of Tic14 in Tow-temperature organic melts
(e.g., urea, ammonium sulfamate, ammonium formate, acetamide) was studied to
determine the effect of decreasing temperature on titanium electroplating from
melts [414]. Thermal analyses and an isothermal saturation method were used to
study the TiC14—T1’I4 system at 203-423K. A phase diagram reveals that TiC1I3,
TiC1212 and TiC]BI melt incongruently at 289, 275 and 259K, respectively, and
the eutectic between T1'C'I4 and T1613I melts at 240K [415].

The chemical stability of the surface species formed from the reaction
between silica gel and T1'C'I4 has been examined. It was found that EtXA1C13_X
(x =1, 2, 3) is capable of dissolving large amounts of surface-anchored
titanium, and a mechanism proposed for the substitution of the anchored Ti by
A1 [416]. The reaction between anhydrous TiCl and pyrolytic graphite in the
Tiquid or vapor phase (250-500K, 0.1-0.6 MPa C1 pressure) affords a graphite
intercalation compound. After 120 hr., c54Ti].010.1C14.4510.05 forms at 350-
360K; and after 250 hr., C63T1C14-4]’f0rms at 364K. At higher temperatures,
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CnTiC]4.4510.05 {(n =61, 84, 116, 177) form. Various electrical properties of
these compounds were determined [417]. Vibrational frequency correlations and
neutron powder diffraction methods were used to characterize the crystal
structure of u~TiA12C18. As well, the IR spectra of a- and S—TiA]ZCIS and
TiA12C18-C6H6 have been described [418]. The magnetic behavior of Cs3Ti2C19
was investigated from the viewpoint of isolated binuclear (Ti2C19)3' units [419]
Thermochemical studies of the adducts formed between titanium subgroup
tetrachlorides and thiourea (thio) have afforded the heats of formation of and
the heats of solution of MC1,-thio and MC]Q-Zthio, as well as the heats of
addition of thio to MC!4 (M = Ti, Zr, Hf}. The stability of the adducts follow
the order M: Ti > Hf > Zr; and the heat of addition of thio fo MC14'thio is
only 40-80 kJ—mole'] [420, 421]. Infrared spectra of MC14'nthio (n=1,2)

reveal a dimeric structure with bridging C1 for M014‘thio, while MC14-2thio has

4

a similar structure but the second thio molecule is hydrogen bonded [422, 423].
Similar adducts MC14'nL have been prepared and characterized between TiCT4 and
L: acetonethiosemicarbazone [424]; semicarbazide [425]; urea [426]; acid

esters C,H.S0,0R (R = Me, Et, Pr), R'S0,0Pr (R' = Pr, Bul, pentyl} or

4°97772 2
C H-S0,0R" (R" = Me, Et, Bu) [427]; dithiooxamides [428]; N-acylsalicylamides

[SZSJ;thenazone and amidopyrine [430]; 1,2,4A4,3,5-tr1th1adiazo1e, AsF5 and
SbFg [431];and glycine [432].

Titanium tetrachloride reacts with BuSOZOR (R = Me, Et, Pr) and PhSOZOEt
to give [T1C13(O3SBU)]2 and [TiC13(03SPh)]2, respectively. Infrared and nmr
spectral data were interpreted in terms of a bridging sulfonate ligand with
coordination of two oxygen atoms to one Ti atom of the dimer and coordination
of the third oxygen atom to the second Ti atom [433]. Near-stoichiometric
barium titanyl oxalate tetrahydrate, BaTiO(C204)2'4H20, was prepared at BaC]Z:
TiCl4 and H2C204T1C14 mixing ratios of 1.05 and 2.20, respectively, at 343K;
the product was identified by x-ray diffraction [434].

T1C14 and MgCI2 react in dry C1CHZCOZEt to yield the monoclinic complex
TngC]S(OZCCHZCI)(C]CHZCOZEt)3
structure, Figure 3, reveals that the complex consists of two chloride bridges

depicted in Figure 3. An x-ray crystal

and one C]CHZCOZ' bridge. The T7i atom also coordinates three chloride ligands
and the Mg atom coordinates three C]CH2C02Et groups through the carbonyl
oxygen atom. Both Ti and Mg have an octahedral environment [435].

The physiochemical properties of the extraction system T1C14-acety1acetone-
1M HC1 were investigated, and afforded calculation of the work of cohesion and
adhesion and entropy and surface energy. FExtraction coefficients and percent
extraction as a function of Ti concentration in the system were also calculated
[436]. Optical-absorption spectroscopic studies afforded the rate constants
for the hydrogen photoreduction of gaseous T1C14, for which a photodissociation
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H(122) o

FIWRE 3:z Structure of the TngC'IS(OZCCHZCU'(CTCHZCCZCZHS)3

adduct molecule, indicating 30% probability thermal
vibration ellipsoids [435].

mechanism was given [437]. Liquid TiCl4 has been studied as a fire-hazard-free
practice bomb signal device. Upon use, the T1614 is expelled from the bomb and
imnediately reacts with atmospheric moisture to form a dense white cloud [438].
The reaction of TiCl4 and A'lMe3 with high-surface-area 51'02 was studied using
FTIR photoacoustic spectroscopy. The peak at 980 cm'] was assigned to the
strained, surface siloxane bridge in the dehydrated S'iO2 spectrum, Low-
frequency peaks previously unassigned were assigned to various M-0 and M-C
stretching vibrations of the products of the surface reactions [439].

The orthorhombic oxychlorides anTiZOGC'IX (Ln = La - Tm, x < 1) have been
prepared via calcination of LnT1‘03 or Ln2T1‘207 in a chlorine atmosphere.
Infrared spectroscopy and x-ray diffraction methods were used to characterize
anTi206C1 {440].

c. Titanium Chlorides As Catalysts
(i) T1'C13
The structure and properties of T1‘C]3 as a catalyst were investigated by
x-ray diffraction during its preparation via reduction of T1'C'I4 by Et2A1C1.
The crystallite dimensions and phase compositions (a, B, 8§, and y) were
determined [441].
The use of T1613 as a catalyst has been incorporated into poiymerization,
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reductive elimination and pinacolic coupling reactions. Qlefin polymerization
catalysed by an unsupported titanium-magnesium (from reaction of MgC]2 with
TiC13) catalyst has been studied by NQR (nuclear quadrupole resonance)
spectroscopy [442]. 2-Ene-1,4-diols undergo 1,4-reductive elimination on
treatment with T1C13-L1A1H4 to yield 1,3-dienes. For example, (E)- and (Z)-
HOCRR ' CH=CHCRZR30H [RR' = R2R3 = (CH,)g, R-R3 = Me, Ph, R = R? = Ph, R' = R3

= H] gave the 1,3-dienes RR'C=CHCH=CRZR3 in <83% yields [443]. Carbon dioxide
is electrocatalytically reduced at pH 7 in the presence of TiC]S, pyrocatechol
and Na2M004 at 1.55V {vs SCE) to produce CH4/CZH6/C2H4/C6 hydrocarbons in the
ratio 4.2/0.45/0.16/0.12 [4447. Aromatic aldehydes and ketones undergo one-
electron reductive coupiing on treatment with aqueous TiC13 in basic media to
give pinacols. Thus, PhCHO when treated with 15% aqueous T1C13 in alkaline
MeOH gave a mixture of d]/mesa»—[PhCH(OH)]2 and PhCH,0H [4457. Agqueous TiCl,
has been observed to promote the synthesis of substituted pyridyl glycols. As
such, RCOR' (R = 2,4-pyridyl, R’ = H, Me) reacts with R2COR® [R2 = R3 = Me;
RZRS = (CH,),, (CHy)ps R = H, RS = Me, Et, Ph] to yield HOCRR'CRZRON and
HOCRR'CRR'OH [446].

A Monte Carlo investigation of the adsorption of BeR2 and RZAlcl (R =
organic radical) on the surface of T1C13 crystals revealed that physical
adsorption determines the quantitative composition of centers. In the
subsequent stage of chemisorption, these centers may undergo rearrangement to
stereospecific active polymerization centers [447].

(i) TiC]4

Titanium tetrachloride has been incorporated into reaction systems for
catalysing debromination and hydrocyanation reactions, as well as in syntheses
and polymerization.

The debromination of the vic-dibromides RCHBrCHBrR' [R = H, R' = n-octyl,
EtCOCHZ, EtCH(OH)CHZ; R = Pr, R* = By; RR' = (CH2)6] with zinc and a catalytic
amount of TiC]4 in THF produced 82-91% RCH=CHR' [448]. Ito and coworkers [449]
have reported the conjugate hydrocyanation of «,f-unsaturated ketones via
hucleophilic B-addition of MeSCNC onto an enone activated by T1614, followed by
B-elimination of the tert-butyl cation to give a R-cyanoketone. Thus, reaction
of A4(10) 4“o)—octaﬁne—B—one with TiC14-Me3CNC
gave a 9:1 mixture of trans- and cis-10-cyancoctalin-3-one and a 7:3 mixture of
trans- and cis-10-cyano-9-methyl-octalin-3-one, respectively. Trialkylboranes

-octalin-3-one and S-methyl-A

and Tithium acetylides readily form trialkyl-(1-alkynyl)borates, which can
subsequently react with orthoesters in the presence of T1‘C14 followed by HZOZ/

NaOH oxidation to yield a,B-unsaturated carbonyl compounds. Reaction of
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PhC=CBPr3L1 with HC(OEt)3 in the presence of T1C14, followed by oxidation with
70% H202 and 3M aqueous NaOH, afforded PrZC=CPhCHO in 82% yield [450]. TiC'I4
promotes the rearrangement of naphthyl ethers. Specifically, the naphthyl
ethers (l) and (%) (R' = H, Me) rearrange to give the naphthofurans (3) and
(&), respectively [451]. Jenson [452] has reported on the quaternary systems

e
———
OCHZCBr=CH
0
() (3)
0 Me
OCHZCBr=CR' \
(2) (4)

M/M014/X8/A12C16, for which M = Ti, Zr and X = 58’ Seg.

An infrared spectral study of cmoplex catalysts based on T1614 and A1R2C1
(R = Me, Et) immobilized on polymer supports has elucidated the structures of
the active sites which catalyse olefin polymerization [453]. Several other
catalyst systems incorporating an organoaluminum component and a titanium-
halide containing component have been investigated for olefin polymerization.
These include the polymerization of 1-olefins catalysed by a RnA1X3_n (R =
C]_6 alkyl; X = €1, Br; N =1, 2)/methylaliyl hah‘de/TiC]4 system [454], the
copolymerization of butadiene with isoprene in the presence of 1:0.1:2 V0613/
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TiC]4/A1(Bui)3 [455], and the copolymerization of butadiene with propylene
catalysed by the 1—pheny]ethanone/TiCl4/A1(Bu‘)3 system [456]. The
polymerization rate of isoprene on T1C14/A1R3/e1ectron donor/unsaturated
compound in isopentane or toluene depends on the nature of the solvent and the
presence of an unsaturated compound [457]. A study of the polymerizations of
ethylene, propylene, l-hexene, and 1,3-butadiene over a SiOZ*supported TiCl4
catalyst using A]EtZC] or A1Et3
between the oxidation states of titanium and the polymerization activities of

as the reducing agent estabiished a correlation

the monomers [458]. Similar catalytic systems (i.e., TiC14/A1RnX3_n) have
been used in the polymerization of a-olefins [459, 4607, butadiene [461], and
ethylene [462, 4637,

A mathematical procedure to elucidate the lattice disorder by stacking
faults in polycrystalline solids was employed to study samples of MgC12
activated by ball-milling for various times in the presence of Ti614 [464].
This chloride has also been observed to catalyse the polymerization of cyclo-
pentadiene at 77-165K [465].

Chien and coworkers [466, 467, 468] have performed an extensive
investigation of a magnesium chloride supported high-mileage catalyst system
for the polymerization of propylene. The chemical composition of the catalyst
was determined at every stage of its preparation [466], as well as the physical
state [467]. The catalyst system involves the ball-milling of MgC]2 in the
presence of Bz0OEt, followed by reaction with p-cresol and A]Et3 and final
mixing with T1C14.

d. Bromides and Iodides

Thermal and x-ray phase analysis .data for the TiBrA—TiI4 system were
employed to construct a phase diagram. Continuous solid solutions are formed
with a minimum melting point at ca. 305K and ca. 16 mole% Til,. Also, it was
established that the cubic Tattice parameter depends on solid solution

composition [469].
6.9 TITANIUM HYDRIDES

MuTtireference double excitation (MRD-CI) calculations were performed on
the Tow-lying electronic energy levels of TiH to tentatively assign some
spectral data. Also, the calculated dissociation energy of TiH agrees well
with previously obtained data [470]. Calculations of the energy bands of model
supercells where the hydrogen atoms occupy various tetrahedral sites of the
face-centered cubic lattice were made for TiHX, where x = 0, 0.25,..., 1.75, 2.
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The Fermi level does not shift with respect to the d bands inasmuch as one new

state is formed below the Fermi level per hydrogen atom. The tetragonal

distortion of T1'HX with 1.8 < x < 2 is presumably due to a Jahn-Teller effect

as a sharp peak in the density of states at the Fermi level is present for

TiH, and TiH].75,
The phase transitions in TiH2 were examined by nmr spectroscopy. At room

? not clearly present for T1'H]'5 [471].

temperature, the crystals are face-~centered cubic; at 292K, the crystals
transform to the tetragonal phase via reordering of the hydrogen atoms; at 310K
the lTattice distortions present appear indicative of a fluctuational structure
[472]. Another nmr investigation of the structure of T1'H2 has been reported by
Kudabaev et al. [473]. Nmr spectroscopy was employed to determine the
temperature and concentration dependences of the spin-lattice relaxation time
(Tl)’ the Knight shift (K), and lattice parameters of T1'HX and ZrH, [474]. The
low-frequency dependence of the spin-lattice relaxation rate of spin-1/2 nuclei
moving by translational diffusion on a simple cubic Tattice has been measured
for H in Y-TiH].63 at 725K. The data fit the relationship in (6), that is

.

I

() = T,7(0) - Aw, /2 (6)

expected for three-dimensional solids [475]. A helium-bath cryostat and a
probe for nmr studies at 4.2K have been designed and tested for TiH.l.77 and
Tth5 [476].

The electrochemical formation of titanium hydride (Tin) has been studied
as a function of current density and time. X-ray diffraction patterns revealed
that a specific hydride is formed at each current density, independent of the
duration of the formation process [477]. A report of hydrogen permeation
through a-titanium and an electrolytically hydrided titanium has appeared, and
it was found that the hydriding facilitates hydrogen permeation [478].

A comparison of the pyrotechnic properties of Tin/KC1O4 and ZrHX/KC104
blends has been cited [479]. Also, the shock wave response of TiHX/KC1O4 has
been reported [480]. It was found that the resistance of TiH2 powder, as well
as Zer, toward high-temperature oxidation in air is not very high. At 523K,
oxygen begins to permeate the Tin lattice, accompanied by oxyhydride formation.
The formation rate of T1'02 was found to be limited by diffusion of oxygen
through the T1'02 layer, by gaseous products formed via interaction with
hydrogen {<923K), and by the presence of H20 [481].

Several intermetallic hydride compounds MZTinx have been prepared and/or
investigated. Laves phase (ClS)BeZTT forms a hydride with approximate
composition Be,TiH, [482]. Co,Ti reacts with hydrogen with combustion to yield
CoT1'2HX (x<3). When heated at 573-773K in argon or hydrogen, C0T1‘2H3 produces
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CoTi,, CoTi and H, [483]. The hydrogenation kinetics of activated FeTi were
examined via comparison of experimental data and theoretical results. The rate-
controlling step is thought to be the chemisorption of hydrogen molecules on
the metal surface up to a reacted fraction of ca. 0.4, involving the nucleation
and growth of the hydride. As the reacted fraction increases(z 0.4), the rate-
controlling step changes to hydrogen diffusion through the hydride phase [484].
Inelastic neutron scattering techniques were employed to measure the local
hydrogen vibrations in FeTix, for x = 0.6 (a~phase), 0.94 (81-phase), 1.4
(Bz-phase), and 1.86 (y-phase) [485]. The electronic structures of FeTiH and
FeTiH2 have been examined employing the APW method with warped-muffin tin
corrections and the tight binding CPA methods [486, 487].

High-resolution Fourier transform proton nmr has been utilized to
determine the hydrogen Knight shift (KH) and the magnetic susceptibility (Xm)
of thin polycrystalline foils of (u,a’)—Nbl_yTinX (0=y=<0.5;0%x¢:=1).
Both KH and X depend on the valence electron concentration, in agreement with
APW band structure calculations and the application of the rigid band model
[488]. High-resolution quasi-elastic neutron scattering examined hydrogen
diffusion in the Laves phase Mn1.8T11.2H3 at momentum transfers Q 0.17-1.95 A_]
at 100-375K. The dynamics of hydrogen diffusion on a microscopic scale are
governed by the existence of energetically different interstitial sites and by
blocking effects due to the high hydrogen concentration. This behavior was
described in terms of three moticnal states where hydrogen atoms a} propagate
over the energetically higher sites, b) are at rest in structural traps, and
c) exhibit a rapid local motion [489]. The magnetic properties (by
susceptibility, magnetization, and Moessbauer effect measurements) of the
paramagnetic C14 Laves phase T10.4OMHO.52’ the ¥ phase T10.46MHO.54’ the ¢
phase Ti0_48Mn0.52 and their ferromagnetic hydrides have been studied by
Hempelmann et al, [4907. The onset of ferromagnetism in the ternary hydrides
is presumably due to the volume expansion which causes a narrowing of the d
bands and thus increases the density of states at the Fermi level upon
hydrogenation.

Proton nmr spectroscopy was used to study the behavior of hydrogen in

Y0.40"10.60"0.90° V0.60T0.40M0.70 and Vg goTig poMp.77 @t 125-425K. A phase

separation was observed, with the - and y-phases predominating [491]. The
electronic structures of TiHX and VyT11_ny were elucidated from positron
annihilation results, based on s- and d-1ike electron number changes. The
author's [492] interpretation appears consistent with results from band
structure calculations.

The proton line shapes, spin-lattice and rotating-frame relaxation times,

and Knight shifts were determined for crystalline CuTiH CuTi

0.94° oty g and
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CuT12H2'63, and amorphous a—CuTiH1_4. The 1ine shape results presumably
indicate that protons occupy Ti4 interstitial sites in CuTiHO.94 and CuT1‘2H].9
while both T14 and Cu2T1'4 sites are occupied in CuT12H2.63. The proton second
moment results imply octahedral and tetrahedral site occupancy in a-CuTiH].4.
The hydrogen diffusion behavior was also investigated [493]. In addition,
activation energies for hydrogen diffusion and the densities of electronic
states at the Fermi level were obtained for these compounds [494].

The electronic and magnetic behavior of the hexagonal (C14) and cubic (C15)
allotropes of the Cr1_8Ti—H [495] and Cr1.8+o_1T1-H2 [496] systems have been
examined employing proton nmr and magnetic susceptibility measurements. For
these systems there is an unusual increase in the density of states at the
Fermi surface with increasing hydrogen/metal ratio, apparently due to changes
in the d-electron states although a high concentration of s-electron states at
the Fermi level is also present. Originally, an orthorhombic structure was
assigned to the non-stoichiometric CV1.8T1H3_5 compound. More recently,
Johnson and coworkers [497] have suggested that this solid consists of two
hydride phases, an a' Laves having a composition Cr1.8T1H2.8 and a face~
centered cubic phase with a much higher hydrogen content, Cr]_STiH5_3. The
high hydrogen concentration phase possesses a disordered fluorite structure.
Pressure-composition-temperature properties were determined for the system, and
a reversed phase diagram proposed. The proton relaxation times, measured by
]H nmr, of the low (a-phase) and intermediate (a'-phase) hydrogen
concentrations in CO-stabilized CrZTiHX with both hexagonal (C14) and cubic
(C15) Laves structures have been determined. The results infer rapid proton
diffusion for all phases at >200K, though Targe differences in diffusion
activation energies were observed. This behavior is structure-sensitive and is
associated with variations between interstitial site occupancies and diffusion
pathways for the C14 and €15 structures [498].

Bulichev and coworkers [499] have examined the rate of homogeneous
catalytic isomerization of a-alkenes by complexes (Q) (M = B, Al;X, X' = H,
halo) or (§) (M = B, Al; X, X' = H, haloy n = 1-3). Only.(8) or (g) {1 = A1)

Cp\\\\T;"' H“.}GI/’X
Cp’/, “'H"’ \\\X'

()
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having nonrigid Tigand environments and containing Al-H bonds exhibit catalytic
activity. The reaction presumably involves a} coordination of the alkene at
the six-coordinate Al atom, followed by b) insertion of the alkene into the
Al-H bond to yield a hydroalumination product; then, c) isomerization involves
coordination of the parent alkene to the hydroaluminated product giving a six-
membered transition state, which leads to d) g-elimination of the isomeric

alkene and the original hydroaluminated intermediate species.

6.10 COORDINATION COMPLEXES OF TITANIUM
a. Cyclopentadienyl Complexes

(i). Preparation, Characterization and Structure

A Tow-temeprature infrared spectral study of m-cyclopentadienyl derivatives
of titanium has been reported in the Russian 1iterature [500]. Manzer [501]
has reported the 1:2 reaction of T1C13 with T1Cp (Cp = cyclopentadienyl) in THF
to give >94% yield of the titanium(IIL) complex Cp2T1C1. Proton spin lattice
relaxation times have been measured to determine the rotation barriers of the
cyclopentadienyl ring in (n5-2,4—cyc1opentadien—1—y1)trich]oro titanium(IV)
(9.6 kJ—mo]e_]) and di-n5~2,4~cyc1opentadien-1-y1 titanium(IV) pentasulfide.
In the latter complex, two Ti processes were observed, with barriers of 8.9 and
7.7 I<J-mo1e'1 proposed for the axial and equatorial ring, respectively [502].
A negative chemical ionization mass spectral investigation of organometallic
complexes of titanocene with methane revealed the complementarity and
specificity of this technigue toward positive mass spectra by electron impact.
Some chlorinated titanocene complexes exhibit an ion-molecule attachment peak
corresponding to [M + C1]” [503]. Titanocene cations have been generated in a
novel gas-phase metal switching reaction between Ti" and a common metallocene
(NiCp2 or FeCpE) [504].
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The new 1,1'-ring-substituted titanocene dihalide complexes (R3E05H4)2T1'X2
(R = alkyl; £ =C, Si, Ge; X = halo, SCN) have been prepared by known
synthetic methods [505]. Analytical results, chemical and physical properties
and proton nmr spectral data were also reported. The highly reactive and
pyrophoric titanium(II) complexes Ti(CpMe)(CpR) (R = H, Me) (]) were
synthesized !ig;reduction of TT(C1)2(CpMe)(CpR) by potassium naphthalide in THF
at ~193K [506]. The crystal and molecular structures of (ns-EtC5H4)2T1‘C12 were
determined by x-ray structure analysis, for which the Ti-C1 bond length is
2.370(2) & [507]. Two complexes, C1,Ti[(n’-Cgh,)(CH,) PPh,1, (8) and
C12CpT1[(nS-C5H4)(CH2)2(PPh2)] (g), were prepared in good yields from TiCl, or
CpTiC13, respectively, and PhZP(CHZ)n(C5H4)Li (n =0, 2). The complexes (8)
and (g) undergo chemical reduction with aluminum, electrochemical reduction in
a CO atmosphere, and reaction with transition metal carbonyls to give
heterobimetallic complexes. The low-energy photoelectron spectra of szTiL2

Ti
I R
)
(CH,},PPh, {CH,),PPh,
Cl cl ‘/j;;ii::];
AN N
M Ti
¢l c1
(GHZ)nPPhZ (9)

(8)

(L =C0, F, Cl, Br}) have been studied by semiempirical MO calculations of the
CNDO/INDO type in the framework of many-body perturbation theory (based on
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Green's function formalism). The electronic structure of the dihalide
complexes were rationalized on the basis of a MO model that accounts for the
interaction strength between the cyclopentadienyl m orbitals and the halide
Tone-pair and ¢ combinations [509].

Reaction between szTi(CO)2 and [CpMo(CO)Zj2 in THF gave
szTi(THF)OCMo(CO)ZCp, which contains a uz—n‘ metal carbonyl bridge between Ti
and Mo [510]. Electronic and molecular structures were determined for the
5(US-A)6 and tetrahedral
Cp4M4(u3-AJ4 clusters. EHMO calculations were performed in order to explain

octahedral Cp6M6(u3—A)8, trigonal-bipyramidal Cpght

the structure and magnetic properties of Cp6Ti6(u3O)8 [511]. Polymers have
been synthesized from reaction (interfacial or aqueous solution polymerization)
of CpZTiC12 and various xanthene dyes (e.g., erythrosin B, fluorescein, Bengal
red, etc.). The polymers were found to be soluble in dipolar, aprotic solvents
though not in aqueous or simple organic solvents. The polymers can be used as
fluorescent dyes for paper and textiles, as dope dyes for plastics, and as
pigments for latex paints [512].

The synthesis and an x-ray diffraction study of (n-CBMeS)ZTi(n-C2H4)
(Figure 4} is reported by Cohen and coworkers [513]. The complex in Figure 4
participates in a wide variety of stoichiometric and catalytic reactions,
including the catalytic conversion of C2H4 to butadiene and C2H6, and the
catalytic isomerization of alkenes which occurs via a Tithium hydride

intermediate species. The standard enthalpies of formation for the crystalline

FIGURE 4: Structure of (ﬂ-C5M85)2Ti(n—C2H4), revealing 50% thermal
probability Tevel [513].
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complexes (n°-Ceil),Ti (Ph), [aHe" = 294.4 = 8.8 kd-mole™'] and

(nS-CSHS)Ti(Fc)2 (Fc = ferrocenyl; AHf° = 520.4 = 12.0 kJ-mo]e'I) were

obtained by reaction-solution calorimetry [514]. Reaction between szTiC12 or

(n C5H4Me) TiCl, and aryllithium compounds (aryl = substituted phenyl)
produces (n n =CgH 5)2T1(ary1)2 and (n -CcH 4Me) T1(ary1)2, respectively. The
complexes are stable toward hydrolysis, and reaction with HX (X = C1, Br, F),
acetyl chloride or Brz gave the dihalide compiexes [515].

The sulfinyl carbanion [Phs(o)CHz]“Li+ reacts with [Cp,TiC1], and

butyllithium to give a 31% yield of compiex (10) (X = S), which on treatment
with 1Me0S0,F followed by NH,BF, gave (19) with X = MeS+BF4" [5163. The addition

X

7\
T1i

(19)

of butyllithium to (n5-C5H5)T1(n7-C7H7) and subsequent reaction with thPCI

affords the titanium(II) phosphine complex (n5 o T1(n C7H6PPh2), which

5 5)
exhibits coordinating capabilities. A carbonyl ligand is displaced from
Ni(CO)4, Fe(CO)5 or Mo(CO)8 when reacted with the above phosphine complex to
yield the bimetallic complexes (n5—CSH5)Ti(n7—C7H6PPh2M(CO)n) (M = Ni, Fe, Mo;

n =3, 4, 5, respectively) (e.g., (ll)). The +2 oxidation state of titanium
remains intact in complex (]]). The crystal structure of complex (]1) shows

the Mo atom to be roughly in the C7-rin§ plane at a nonbinding distance of
5.442(2) R from the Ti atom. The thPMo(CO)5 groub causes a shortening of the
Ti-C5ring distance and a lTengthening of the Ti-C7ring distance. The
coordination ahout Mo corresponds to an octahedron with a long Mo-P bond length
and a short trans-Mo-C(5) bond distance [517].

Dehydrohalogenation of the haloacyl complex (12) (X = C1, Br) with strong



232

(::57 T4 {::)

PE:Z
Mo(CO)S-PhMe
)

CHZR .

////C
CPZT‘i \ “ Cp2ﬁ<l

N 0 C=CH,

(12) (13)

bulky bases produces the ketene complex (]3) (R = H); the latter complex exists

in two forms, which appear to be nZ(C,O) bound but differ in their mode of

aggregation. Both isomers react with ethylene and acetylene to form

oxotitanacyclopentanes [518].

A theoretical study of the Tebbe reagent CpZTiCHZAlmMe2 was done by ab
initio (ST0-3G) calculations on the model complex H2T1CH2A1C1H2. The calculated
structure of the model shows that Lewis acid A1C1H2 to be strongly bound to the
titanium alkylidene [519]. The thermally stable metallacycle (14) has been
obtained [520]. A novel route to the synthesis of titanaindene and
titanacyclopentadiene complexes has been reported by Shur et al. [521]. The
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(14)

titanaindene complex (LQ) was prepared by direct reaction of tolan with Cp2T1
and benzene, generated in the system Cp2T1'C12 + Mg + o-fluorobromobenzene in
THF. The treatment of szTiC12 with magnesium in THF containing tolan
(Cp2T1C12/Mg/Ph202 v 1 11 :2) gave the titanacyclpentadiene complex (}6) [521]

Cpy Cpy
Ti Ti
Ph Ph Ph
Ph Ph — L_p,
(15) (1)

szTiL and T1'L3 (L = PhN=CPhCPh=NPh) have been prepared and characterized
by nmr, infrared and electronic spectra, and magnetic moment measurements
[522]. The photolysis of szTi(CmO)2 in hexane containing excess C160 results
in facile formation of CpZTi(Cfso)z, revealing that the carbonyl ligands are
photolabile. Photolysis of CpZTi(CO)2 in hexane containing excess PF3 gave
86% CpZTi(PF3)2. CpZTi(CO)(PEtS) and CpZTi(CO)(PPhs) were also prepared. The

phosphine ligands in these complexes are very labile in solution and react with
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a variety of reagents (e.g., PFy, P(OPh),, n°-PhC=CPh, n?-CgFsC CCeFe). The

crystal structures of szTi(PFS)2 and szTi(CO)(PPh3) have been determined by

x-ray diffraction, as depicted in Figures 5 and 6 [523].

FIQURE 5: Structure of Cp Ti(PF3) , depicting (a) one of the two
independent mo]gcu1es 1% the asymmetric unit, residing on a
crystallographic mirror plane; and (b) a second molecule which
possesses no crystallographically imposed symmetry [523].

FIQNRE 6: Molecular structure of Cp,Ti(CO)(PEt,), with atoms
represented by their 50% “probability ellipsoids
for thermal motion [523].
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The crystal and molecular structure of Cp2T1(2,4,6—Cl3OPh)2 has been
reported [524]., The synthesis of [LZTi(phenoxy)Z(amide)z] (L = Cp, indenyl)
occurs via reaction of bis(amide)-bis(polyhydricphenol)titanium(IV) complexes
with cyclopentadiene or indene in THF/ROH. Upon heating, these complexes yield
L2T1(phenoxy)2. The infrared and UV spectra of [LzTi(phenoxy)z(amide)z] suggest
m-electron delocalization from the Cp or indenyl rings to the phenoxy ring via
the Ti d-orbitals [525].

Several complexes containing aryloxy ligands have been synthesized and
characterized. Among them are (nS-RC5H4)2Ti(0R')2 (R = Et, Pr; R' = E;R2C6H4,

2

2,4,6-C1,C.H,; R

3v62°
aryloxylation of (n5—RC5H4)2T1’X2 with phenols R'H., The relation between the

= H, Me, CMe3, Cl, Br, I), which were prepared via

nmr chemical shifts of (ns-RCSH4)2T1(0R')2 and the electronegativities of the
atoms and steric hinderance have been discussed [526, 527]. The 130 nmr
chemical shifts of the Cp ving in CpZM(Q_-RCGH4O)2 M =Ti, Zr, Hf; R = H, MeO,
€1, Br, I) have been observed [528] to move upfield as the M varies from Ti to
Hf. Furthermore, LFER are observed for the chemical shifts of the
corresponding carbon atoms in the three series. Separation of several
szTi(ary1oxy)2 complexes over silica gel has been accomplished by thin-layer
chromatography [529].

The preparation, structure and properties of dicyclopentadienylosalato-
titanium(IV) and dicyclopentadienylbis(hydrogen maleato)}titanium(IV) have been
reported, Both complexes are monomeric, the oxalato Tigand acting as a

bidentate chelating ligand, and each of the hydrogen maleate groups is bonded

via one oxygen atom to the titanium atom [530]. An x-ray analysis of

o

(n —05H5)2T1'(OBZ)2 reveals a distorted tetrahedral structure in which Ti is
attached to two n-C5H5 groups and two monodentate Benzoate ligands. The
relatively short Ti-0 bond lengths and the large Ti-0-C bond angles are
suggestive of Ti achieving an effective 18-electron configuration via Ti-0
w-bonding [531]. The synthesis and structure determination of szTi(OBz)2 has
been reported by Hoffman [532], along with a theoretical study of ligand-

bridged transition metal dinuclear organometallic complexes.
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The crystal structure of (W—CSHS)TE(N%)3 (Figure 7) indicates an approximate
pentagonal-bipyramidal geometry with bidentate NO3 ligands and the CSH5 in an
axfal position [533]. Some sulfanilates, metanilates and o-toluidine-sulfonates
of titanium(IV) have been synthesized. Thus, the treatment of (nS-CXHy)ZTiCJ2
(ns—CXHy = cyclopentadienyl, indenyl) with the appropriate acid yields

5

(n CXHy)ZTiR2 (R = O3SC6H4NH2—E, O3SC H,NH,-m, 0,SC.H Me(NHz)—3,4) [534].

64 = 73776 4

FIQURE 7: Structure of {m-C H5)Ti(NO§)3, with atoms represented by
1Tty

their 30% thermal”probabi ellipsoids [533].

The crystal structures of (n5-05H5)2Ti(OZCC6H5) (&l), (QS-CSHS)ZTi-

. 5 5 . ... 5
(OZCC5H6C02)T1(n -C5H5)2 (lg), and {n —C5H5)2T1(OZCC4H6C02)T1(n —C5H5)2 (L%)
have been determined, along with variable-temperature (3-12K, 298K) EPR spectral
data which were interpreted in terms of the presence of intramolecular magnetic
exchange interactions in the binuclear titanium{III) complexes [535]. The
hydrolysis of (n—CSH5)2T1C12 at pH >3.5 yields the trinuclear complex
(W‘C5H5k?7C]'O‘T7(W'C5H5)C]'O‘T1C](“'C5H5)2 {Figure 8); it can be isolated in
the crystalline state by treating (mw-C.H )2T1'C12 with AgZO and H

5Hs 0 in CHCT
[536].

2 3

The preparation and characterization of thiol derivatives of

bis(n5—methy1cyc1opentadieny1)titanium(IV) have been reported by Arora and
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FI@WRE 8: Structure of the trinuclear complex

(mw-CcH

5 5)2T1C1-O-Ti(ﬂ—C He)C1-0-TiC1 (m-CcH )2 [536].

575 576
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Multani [537]. Reaction of (n°-MeCgHy),

. . 5 .
in the formation of (n -MeC5H4)2T1(SR)2

dithienyl complex (n5~65H5)2Ti(u-thieny1)2 has been prepared in 78,5% yield via

TiC]2 with various thiols (SR) results

(R = Me, Et, Pr, MEQCH, HeZCHCHZ). The

the treatment of (n5-C5H5)2TiC12 with a-thienyllithium. Reaction of the
L . .5 . -
dithienyl complex with 12, Br2 or CC]4 gave (n —C5H5)2T1X2 (X =1, Br, C1),

. . . o 5 . _
while reaction with RCOEH gave 63-75% (n —C5H5)2T1(OZCR)2 (R = (OZN)2C6H3’
CGF5’ CFS’ CC13, CBra) [538]. The crystal structure determination of

(n5-C5H5)2T1(SCH3)2 reveals the Ti coordination polyhedron to be a distorted
tetrahedron formed by the two S atoms of the methanethiglato ligands and the
centroids of the Cp rings [539].

Titanocene dichloride reacts with NaS2CNRR' in refluxing CHZC12 to yield
(n°-CoHg) ;1 (S,CNRR')CT and (n =CoHe)TH{S,CHRR' )5 (R = H, R' = cyclopentyl;
R = Et, R' = m-tolyl) [540]. A similar reaction between (ns—C5H5)T1C13 and the
sodium dithiocarbamate in the appropriate metal/Tigand ratio affords

(n°-CoHg)TH(S,CNRR™) C1, (R = Et, R' = p-MeCH,; R = H, R' = cyclopentyl,

n“!'3en 64>

cycloheptyl; n = 1-3). The physical properties of (r15—C5HS)T1'(SZCNRR‘)nCl:,Vn

(R = Et, R' = EfMeCSHq) were interpreted in terms of a monomeric and non-

electrolyte nature, in which dithiocarbamate serves as a bidentate Tigand [541].
Similar preparative routes were reported by Soni and coworkers [542] for the

synthesis of (nS—MeC5H4)T1(SZCNRR')3 and (n°-CcHy ) TH (S,CHRR" ) 4
Et, MeZCH; R = Me, R' = Ph). The 0,0-diethylphosphonothioyl dithiocarbamate

(R = R' = Me,

derivatives (nS—R)ZTi{SZCNHPS(OEt)Z}CT (R = C5H5, MeC5H4, CgH7) have been

synthesized and characterized by electrical conductance, magnetic measurements,
infrared, nmr and UV spectroscopies [543].

Sulfuration of (nS-MeSCS)TicTZ with L"iZS2 results in a 55% yield of

complex (%Q); the crystal structure was determined [544]. The chelate

complexes (éi) (X =S, Se; R = COZMe, CF,; R' = H, Me) can be prepared by

3;
treating complex (%@) with RCECR. The crystal structure of complex (g))

{Figure 9) (X =S, R = COZHe, R' = Me) reveals a conventional

bis(methyTcyclopentadienyl)titanium moiety chelated by the S atoms of the
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Me Me
Me Me
Me Ti O e
Me Me Me e
S\S/
(20)
X R
(RCgh, ), T | X—X
x~ R (R'CH, ), T \x
(21) \x—x/
(22)

FIQRE 9: ORTEP drawing of the (CH3C5H4)2T1'52C2((302CH3)2 molecule
with thermal ellipsoids set at the 50% probability level

[545].
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dithiolene. Complex (Z&) reacts with a variety of dichloro compounds to yieid
Tigand exchange products [545]. The titanium(IV) complexes CpZTiLC1 and

CpZTiL2 (L = (%%); R = lle, Ph, g;HeCGH4, Cp) were prepared via reflux of

0
R
N/LS
H
(23)

CpZTiC12 with L in THF. Ligands L serve as N,S bidentate chelating agents
[546].

(ii). Reactions

Titanocene dichloride undergoes a variety of reactions. Reaction of
CpZTiCIZ with two equivalents of PhMe281Li, or reaction of CpZTiC1 with one
equivalent of PhMe251Li, yields the titanium(III) complex CpZTiSiMeZPh. Highly
regio- and stereo-selective silyltitanation by this species was observed with
acetylenes and 1,3-dienes [547], Cp2T1C12 is known to react with o~ and 8-
naphthol in 1:1 and 1:2 motar ratios at 353K in CHg to yield szTi(L)Ci (L =
a- and B-naphthoxy) and CpZTiLZ. The latter complex can also be prepared from
the sodium salts of naphthols in aqueous media [548]. In the presence of Et3N,
Cp,TiCl, reacts with HOXPh to yield CpZTi(OXPh)C1 (X = CH

CHMe, CH CHZ),

2> 2
which, when reacted with HC1, AcCl or BzCl gave CpZTiC12. Reaction of
szTi(OXPh)C3 with HZO’ [MeOH or EtOH produced the corresponding complexes [549].
Diphenyldiazomethane (PhZCNE) reacts with (CpTiC12)n to yield (CpTiC]Z)E—
(“'NZCPhZ) and then (CpTiC])Z(u—NZCPhZ)Z, in which the Ti atoms are bridged by
the hydrazonido(2-) ligands [550]. Reaction between (CpTiCTZ)n and Phi=NPh

has given (CpTiC])z(u-NPh)(u-Nzth) (Figure 10). The x-ray analysis of this
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FIQRE 10: The structure of (CpTiCI)Z(u—NPh)(u-Nzth),‘depicting
the crystallographic C, symmetry of the molecule [550].

complex reveals the presence of bridging hydrazo(2-) and phenyinitrene ligands
[550]. The soluybility of copolymers of Cp2M012 (it = Ti, Zr, Hf) with dioximes
of seven cyclic diones in 1-methylimidazole was observed to depend on the
nature of M and the symmetry of the dioxime, and was independent of the
copolymer chain length [551].

Cyclic voltammetry of szT'iX2 (X = C1, Br) in THF under CQ pressure
reveals that a chemical reaction with CO accompanies the addition of the first
electron to Cp2T1X2. After the transfer of one electron and a decrease in CO
pressure, electrolysis gave solutions which exhibited two ESR signals.
Electrolysis of the solutions at -1.8V vs SCE produced CpZTi(CO)2 in high yield
after the transfer of a second electron and absorption of CO. A mechanism
involving the generation of anions such as [szTi(CO)XZ]_ has been proposed
1552]. The use of chemically modified electrodes and the solution
electrochemistry of szTiCI2 was discussed by Willman [553]. The
electrochemical reduction of Cp2T1'C12 on a Pt electrode in a propylene

carbonate solution (containing LiC1G4) reveals an irreversible first reduction
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step and a compound resistant to anodic reoxidation. This compound presumably
forms via some chemical reaction which occurs subsequent to the electron
transfer process [554].

The dinftrogen reduction reaction in the (n-C5H5)2T1C12—Mg system in THF

]3C and 1H nmr methods and product characterization, The

was investigated using
results were interpreted in terms of the reaction yielding a mixture of
compounds in which the Ti atom is bonded to both the u-(ns:HS—fu1va]ene) 1igand
and to the Cp ligands. Dinitrogen undergoes reduction to NB_, which
subsequently forms M3N bridges (i = Ti, Mg) [555]. Reaction of Cp2T1C12,
Tf(OBu)4 or T1'C14 with excess PhMgBr under nitrogen pressure {100 kg-cmﬁz) gave
traces of PhNH2 after seven hours, but no PhNH2 forms in the absence of a Ti
complex. The analogous reaction of RMgBr (R = o- and m-tolyl) yields mixtures
of isomeric RNHZ, primarily through an insertion mechanism. Pyrolysis of
CpZTiR2 (R = m- and p-tolyl) under nitrogen pressure results only in the
production of mixtures of m- and E;MeC6H4NH2; this indicates benzyne
intermediate species [556]. The stereochemistries of the reductions of cis-
and trans-4-methylcyciohexyl-1-d bromide, under argon, with the 95:5
MeZCHMgBr/szTiC12 system, and of the unlabeled bromides with (CDS)2CHMgBr/
szTiC12 have been determined by 2H nmr analysis of the resulting cis- and
trans-4-methylcyclohexane-1-d [557].

The thermal decomposition of (nS-CSMeS)zTiMeZ in PhMe follows first-order
kinetics and yields (n5~C5Me5)(CsMe4CH2)T1Me and CH,. Labeling studies have
shown the decomposition to be intramolecular and CH4 production to occur by
coupling of a Me group with a H from the other TiMe group [558]. Reacting

szTi(CHzPh)C1 with CC14 in 6606 yields CpZTiCI PhCHZCC]3 and PhCH,CH,Ph at

2 272
ambient temperature. The benzyl protons of CpZTi(CHZPh)C1 and PhCH2CC13 were

found to exhibit enhanced CIDNP absorption, the first example of CIDNP
enhancement in a thermal reaction [559].
Insertion products, formed via allyl migration, are produced upon reacting

Cp,Ti{n*~allyl) or Cp,Ti (n°-1-methylal1y1) with C0,, PANCO, PACH=NPh, Me,CO



243

“eCN. Iormal insertion was observed with RNC (R = 2,6-xylyl); carbonylation
of szTi(n3-a]1y1) gave CpZTi(CO)Z and (CH2=CHCH2)3COH; and allyl elimination
occurs for reactions with CS2 or C2Ph2 [560]. Threg-g-methyThemoallyl alcohols
have been prepared stereoselectively by the addition reaction of
CpTi(CHZCH=CHMe)X (X = Cl, Br, I) with aldehydes. For example, reaction of
CpTi(CHZCH=CHHe)Br with EtCHO in Et20 yields 92% of a 96:4 mixture of threo-
erythro-H2C=CHCHMeCHEtOH [561].

The thermally driven metal to 1igand electron transfer from Ti(lI) to a
coordinated nitrogen (L) observed for (nS-CSHS)ZTi(L) (L = 2,2'-bipyridyl,
various substituted 1,10-phenanthrolines) also occurs when L = phthalazine.
The intramolecular electron transfer leads to the dimerization of phthalazine
to produce a binolecular complex [szTi(phthalazine)]Z, whose molecular
structure is depicted in Figure 11. The complex has been characterized by
crystal structure analysis, ESR and mass spectroscopy, and Fenske-Hall MO

calculations [562]. CpZTi(CO)2 reacts with DEDM {diethyldiazomalonate) losing

FI@WRE 11 : Molecular structure of
bis[bis(ns—cyc1opentadieny1)(phtha]azine)titanium] [562].
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C0 and yielding CpZTi(DEDM), in which the diazo ligand is n3—N,N,O—bonded to

Ti through both N atoms and one 0 atom of the ester groups. The complex was
spectroscopically and structurally characterized. WUhen the diazoalkane does
not contain substituents having donor atoms, the szTi unit promotes the
reaction of CO with two diazoalkane molecules to produce a carbohydrazido
ligand [563]. Reactions between CpZTf(CO)(PEt3) and either dimethyl maleate or
dimethyl fumarate in toluene solution at 273K lead to a single air- and heat-
sensitive product, CpZTi(CO)(n2-grgg§fne02CCH=CHC02Me). Dimetnyl maleate is
also catalytically isomerized to dimethyl fumarate under these canditions [564].

Acid hydrolysis of szTi(OR) (R = aryl) with HX (X = halo) proceeds in a

2
stepwise Tashion to yield szTf(OR)X first, and then Cp2T1'X2 under various

conditions. The reaction of CpZTi(OR)X with R'Li (R' = aryl) or R'OH/NaNHZ,

gives CpZTi(OR)R' or CpZTi(OR)(OR'), respectively [565]. The reaction of

Cp(ns—pyrro1y1)T1C} (nS-indeny])(nS—pyrro1y1)TiC]Z and Cp(nS—indeny'l)Ticl2

23
with oxime (8-hydroxyquinoline) in aqueous solution gives rise to the ionic

5' ] toq- = 1 = . = =
~RO(TiIL] O (R = C5H5, C9H7, R C4H4N, R C5H5, R

L = conjugate base of oxime). A number of halide and complex halo anions

derivatives [(n5—R)(n
C9H7;
present in the aqueous solution were isolated as salts of these ionic complexes
giving [(nP-R)(nS-ROTILT™ (X = B, 17, ZnCl,(H,0)7, Cdcl,”", Haely ),
which were shown to be electrolytes by conductivity measurements in
nitrobenzene solution. Proton nmr and infrared spectral studies revealed that
the ligand L is chelating; thus a tetrahedral coordination about the Ti(IV} ion

was proposed [566]. The [(nS-R)(nS-R')TiL]+CT_ complexes react with dithio-

. R .
carbamate anions in aquecus solution to give [(nS—R)(nS-R')T1L] X~ (X =

HeZNCS2 , £t2Ncs2 . (MeZCH)ZNCSE ) [567].

Cyclic volatammetry and coulometry were employed to investigate the
oxidative electrochemistry of Cp,,TiX2 {X = thiolate (SR), ferrocenyl (Fe)).

For the szTi(SR) complex in helN, three redox waves are observed in the 0.0

2

to +1.4V range. The first wave was assigned to Ti(Iv) <= Ti{Y) and was at

Jeast quasi-reversible, The second wave was assigned to a second, one-electron
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oxidation of the complex and to the oxidation of the product of the first one-
electron oxidation (i.e., [szTi(NCMe)(SR)]+). This ion supposedly arises by
reductive elimination of SR from [CpZTiV(SR)2]+ [568]. Cp2T1'S5 reacts with
Se2C12 in CS2 at 273K to form 1,2,3-triselenacyclooctasul fur as the main
product [569].

1,5-dienes can be prepared by séquentia1 Ti-mediated methylenation of
allyl esters, Claisen rearrangement, and a second methylene transfer reaction.
Treating the allyl acetate (%&) (Z = 0) with complex (%é) in the presence of
pyridine gave the corresponding methylene compound, (%%) (z = CHZ) in 85%

yield. The thermal Claisen rearrangement of (24) (Z = CH,) in pentane under
A 2

CHMeOCMe = Z

Me

(24)

CH

Ti < AlMe

C1

(25)
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argon produced the enone (2p) (Z' = 0) in 50-80% yield. Further methylenation

of (26) (Z' = 0) with (25) gave (26) (Z' = CH,} in 90% yield. Alternatively,

Me
CH

- r
--_CHZCMe Z

Me
(26)

the compound (%Q) (Z' = CHZ) could be prepared directly by treating (g&) (Z = 0
with excess (gg) for 12 hrs. at room temperature in the presence of pyridine

[570].
{i1i). Catalysis

Cyclopentadienyl titanium compounds are well known for their catalytic role
in isomerization and polymerization reactions. Additionally, they are known to
catalyse esterification, olefination, and hydrogenation reactions.

The isomerization of 1-hexene to trans- and cis-2-hexene is catalysed by
(CpZTiC1)2—LiA1H4, with maximum activity at a Ti: Al ratio of 1, ESR spectral
data are suggestive of the interaction between olefin and catalyst giving two
types of'active species : a) one responsible for hydrogenation and b} one
responsible for isomerization [571]. The cyclization and isomerization of
1,2-divinylcyclohexanes to give hexahydroindenes is catalysed by CpZTiH—A1H3.
Thus, cis-1,2-divinylcyclohexane gives the cis-indan (gl) and in the presence
of u-(n5:nswfu1va1ene)di-u—hydridobis(cyc1opentadieny]tftanium); compound (%Z)

rearranges to the cis-indene and gi§;(§§). in the presence of the fulvalene
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(20) (28) (29)

complex above, cis-1,2~divinylcyclohexane isomerizes at 408K to trans-isomer,
at 423K cyclizes to trans-(%z), and at 463K to Ergg§:(g§). Above 473K, the
cis- and trans-(28) compounds isomerize via the hexahydroindene (29) [572].
C8—C12 cycloalkadienes undergo catalytic isomerization in the presence of a
CpZTiH—containing catalyst to yield n-cycloalken-1-ylbis{cyclopentadienyl)-
titanium({I1I1I) (N = 2-6) compounds [573].

An investigation of the catalytic activity of szTiR X-R'pATX! (R = Et;

3-n
X =2Cl = X"; n=3) for ethylene polymerization showed an increase in activity
on addition of HZD to a system containing excess A1C13. The increased activity
was explained in terms of an interaction between the catalytic system and
A1C13'H20 leading to protonation of the active catalytic center (i.e.,
[szTiEtC1-A1C13H+]-A1C130H') which contains a labile Ti-C sigma bond [574].
Similar results were obtained for the catalyst system for which R = aryl or
C1-Cq alkyl, R' = Cy-Cyg alkyl or Cy~Cg alkoxyl, X or X' =1, Br and n = 0-3,
Hydrolysis, in this case, supposedly forms an alkoxane of general formula

REATOATR R (R, B, B, ® =x', R, 0ATRR) [575].

The esterification of phthalic anhydride with alcohols over CpZTiX or

2
CpTiX3 (X = halo) catalysts yields phthalate esters. For example, a mixture of

phthalic anhydride (1.5 mole), 2-ethylhexanol (3.45 mole) and CpZTiCI2 (0.98
mole) at 463K for 3 hrs, yields bis(2-ethylhexyl)phthalate [576]. The treatment

of RCH=CHA1(CH2CHMe {R=n-C Pr) with CpZTiC12 in CH2C12 yields

2)7 shis
1,1-dimetalloalkanes, which when reacted with the ketones R'COR? (R' = Me, Ph;
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R = Me, Et, Ph; RE = (CH2)5) give 70-82% alkenes RCHZCH=CR‘R:2 [577]. Cc-Cg
cycloalkenes have been prepared via hydrogenation of benzene or a
corresponding dione in the presence of the catalyst [sz_n(x)nTi(H)ZMH(X)]2

(h =0, 1; X =2cC1, Br) [578].

b. Other Coordination Complexes of Titanium

(i). Preparation, Characterization and Structure

Reaction of TiEtCl, with MeZPCHZCH PHe, affords Ti(Me,PCH,CH,PMe

3 22 2 e e
(Figure 12). The crystal structure determination of the complex has been

)EtC]3
interpreted in terms of a direct bonding interaction between the Ti atom and
the B-C-H system [579]. An ESR spectroscopic study of a paramagnetic titanium
methylene compliex (TiCHE-), as well as ESR evidence employing isotopically
labelled reagents, has demonstrated the facile exchange of the metal-bound CHZ

fragment with the CH, group of a terminal olefin (methylene cyclohexane [580].

@
NG

clm

FIQRE 12: Crystal structure of Ti(Me,PCH CHZPMEZ)EtC1

27772

39
showing the plane containing the PZTiCZH(ZS) atoms;

the C1(2) atom (not shown) is located symmetrically
on the CT1(3)-Ti axis below the plane.
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i%* v, Mn and Co

Studies on complexes of ethylene with Ti, Cr, Fe, Ni, Cu+, N
have shown that as the stability of the m complex increased, the olefinic bond
weakens and the C-H bond becomes tighter. Furthermore, as the oxidation state
of the metal increases,back donation decreases, and the C=C bond becomes less
disturbed [581]. The preparation of the allyl titanium(IV) complex
Me3T1(CH2CH=CH2) (stabilized as a 1:1 complex with 2,2'-bipyridyl) occurs via
reaction of Me4Ti and (CH2=CHCH2)3B in EtZO at 223K. TiC14 reacts with
CH2=CMeCH2MgC1 to yield Ti(CHZMeC=CH2)4. At 203K, this complex possesses an
a-allyl structure, though at higher temperatures a dynamic allyl system is
present. Thermal decomposition of Ti(CHZMeC=CH2)4 gives TT(CHZMeC=CH2)2 [582].
The cyclopropyl-containing bisarene titanium complexes, (RPh)ZTi and
[R(CHZ)SPh]ZTi (R = cyclopropyl), have been prepared by low-temperature
condensation of the metal with the ligand [583]. An x-ray analysis of
(n6~06H6)T1(C]zAlclz)z,,shown in Figure 13, confirms the molecular structure

proposed in 1961 by H. Martin and F. Vohwinkel for this compiex [584].

FIQRE 13: Structure of (nS-CGHG)Ti(C12A1C12)2 [579].
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The crystal structure of dibenzenetitanium(0) has been determined by
Tairova and coworkers [585], and found to possess the prismatic configuration
of the sandwich-Tike structure of (CGHS)ZCP. A sandwich structure was also
determined crystallographically for ditoluenetitanium [586]. Reaction between
TiC12 and the potassium salt of the 2,4-dimethylpentadienyl anion leads to the
formation of TiII(2,4-C7H1T)2, a pyrophoric, volatile, very electron deficient
(14 e7) and diamagnetic open sandwich complex. The stability of this complex
has been attributed to its low spin nature and large ligand size [587]. Wild
and coworkers [588] have synthesized racemic ethylenebis(4mbmém7-tetrahydro-1-
indenyl)titanium dichloride and have determined the molecular structures of
this complex, its meso isomer and a binaphthoate complex of its (S,5)-
enantiomer.

The 'H nmr spectra of [(n4—C4H6)(COT)]Ti (C4H6 = butadiene; COT =
cyclooctatetraene) in to1uene-d8 solvent were recorded as a function of
temperature. Direct evidence for a §;gi§7n4-butad1ene conformation was
obtained from sub~spectral analysis and iterative computer simulation [589].
Electronic absorption and ESR spectroscopies were employed to examine
(n-COT)(n5-f1uoreny1)Ti in fluid and frozen solutions. The results appear
consistent with those of previously studied ns—cyc1opentad1eny1 and ns—indeny]
analogs, though small variations were observed, attributed to the electron-
withdrawing effects of the benzo-substituents on the n5~05 ring [590].
ominant electronic spectral features in tetrakis(1-norbornyl)titanium{IV) have
been assigned to ligand-to-metal charge transfer (LMCT) transitions. Near-W
irradiation of this complex in non-polar solvents yields homolytic cleavage of
the Ti-norbornyl bond [591].

The relative stabilities of six alkyl-substituted titanocyclobutanes were
investigated., Results indicate that the substituent prefers the B-position in
monosubstituted metallacycles. Addition of a second B-substituent (e.g., Me)
to the metallacycle results in destabilization [592].

TiC]S(MeCH)(ROH)2 (R = Me, Et, Pr, Pr', Bui) compounds have been
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synthesized from TiC]S(MeCN) and ROH, and characterized by infrared
spectroscopy and thermogravimetry [593]. No observable EPR signals were
observed at room temperature for TiC]B(EtOH)4, TiC13(Pr0H)3, TiC]B(BUOH)3 or
TiC13(2—C4H90H)3. However, at 77K the (EtOH) and (BuOH) complexes exhibit axial
EPR spectra with g, > 9 > while the spectra of the (PrOH) and (2—C4H90H)
complexes are single absorption lines. The EPR spectral character for these
complexes seem more consistent with a facial (rather than meridional)
configuration of C1 ligands [594].
Syntheses have been reported of the n-1,2-azaborolinyl complex L2T1Br (L =

(%Q); R = CHe, [595], §£g5§7[TiC12(ArCH=NR)2] (Ar = 2-0C6H4; 5
4-MeC6H4, Et, Pr, Pri, Bu, Bu®®C, hexyl, octyl) [596], and the bridging carbene

R = PhCH,, Ph,

(30)
complex {TiCHSiMezNSiMe3[N(SiMe3)2]}2 [5977.
The crystal structure determination of bis[1,2-bis(dimethylphosphino)-
ethane]tricarbonyltitanium reveals a seven-coordinate, monomeric, phosphine-

1P and 130 nmr

substituted derivative of Ti(C0)7. Variable-temperature 3
studies show the presence of two separable processes, indicative of
stereochemical nonrigidity {598].

Konunova and Kudritskaya [599] have discussed the coordination compounds
of Ti(IV), Zr{IV) and Hf(IV) with urea. A convenient synthesis of M(bpy)3 and
M(phen)3 (bpy = 2,2~-bipyridyl; phen = 1,10~phenanthroline; M = Ti, Zr, Nb, Ta,
Mo, W, Re, V, Cr) has been reported [600]. For titanium, the bpy and phen
complexes can be made via sodium amalgam reduction of the titanium chloride.

Molecular orbital calculations were reported for (CpZTiR)ZN2 (R =H, p-tolyl).

The calculated energies of the ag-'-bu transition are 1.83 and 1.76&V for the
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R=H and R = p-tolyl complexes, respectively. The N-N bond orders are nearly
the same, though the negative charge on the N2 moiety seems larger for the R =
p-tolyl complex [601]. FResonance Raman spectra of the bridging dinuclear
dinitrogen rhenium{I) complex C1L4FEN2T1614(THF) (L = P(CH3)2C6H5) were
recorded. The FRaman lines observed under the conditions employed were

1

associated with the FéNZTi linkage vibrations, which are due to the ]E - A]

electron transition [602]. (EtD) P(O)COZEt (tepf) reacts with metal chlorides

2
at elevated temperatures to produce EtC1 and M(depf)n (depfH =

n+ T13+, V3+, Cr3+, Fe3+, etc.). The M(depf)n are

(EtO)P(O)(OH)CO2Et; M
Tinear, chainlike polymeric species, involving bidentate bridging depf Tigands
[603].

The coordination complexes Ergg§;T1C14L2 (L = R06H4NHCH=CHC(O)Ph; R =
H, 4-Me, 2-Me, 2-Me0, 4-Me0) have been synthesized and characterized by infrared
spectroscopy. The azomethane is oxygen-bonded to Ti and intramolecular
hydrogen-bonding within the ligand is observed [604]. The syntheses of the
following complexes has also appeared: TiU(OH)L2

(HL = 3-Br-2H0-5-CHCH,C(CHy)=NOH) [605], Ph,Til, (LH = salicylaldehyde,

3762 2
acetylacetone, benzoylacetone, dibenzoylmethane, methylsalicylate,
benzoylphenylhydroxylamine} [606], Ti(OPh)4_XC1X-nL (L = pyridine; n = 1,2;
C1

x =1, 2,3), Ti(0rh) L (L = 2,2'-bipyridyl) [607], and Ti(Ph 510)4 [608].

2v'2’ 3

Three titanium homoenolatus of alkyl propionates have been prepared via
reaction of T1c14 with 1-alkoxy-T-trimethylsiloxycyclopropane (alkoxy = MeQ,
Et0, MeZCHO) to give the dimeric five-membered chelates depicted in structure

(%i), 2-(alkoxycarbonyl)ethyltrichlorotitanium. The complexes react with

bromine and oxygen to yield the respective B-oxygenated propionic esters, while
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reaction with aldehydes produces y-hydroxyesters or y-chloroesters [609].

The reaction of Ti(OPr)4 with (PhCHZ)ZNOH results in formation of the
hydroxylamido complex Ti[ON(CHZPh)Zja. The Ti(ONEtz)4 complex shown in Figure
14 can be prepared from Ti(OPri)4 and EtzNOH. The crystal structure of the
complex in Figure 14 reveals a coordination number of 8 for Ti with the ligand
having 0,lM-coordination [610]. The preparation and characterization (infrared,

v, elemental analysis) of Ti(OR)Z[R'C(S)CHC(O)RZ]Z (R=rpri, aub; g = B =

FIQWRE 14 : Schematic drawing of the structure of
Ti(ONEt2)4 f6101.

le; R' = Ph, R2 = He) were reported by Kanjolia and coworkers [611].

The x-ray crystal structure of the dimer [Ti2(66H12N03)2(C3H7O)2] in
Figure 15 reveals that each half of the dimer contains one Ti atom, a
2,2',2"-nitrolotriethanolate Tigand, and a 2-propanolate group. The dimer
forms and octahedral coordination is achieved when an oxygen on one arm of the
nitrolotriethanolate chelate serves as a bridging group [612].

The preparation and characterization of the complexes TiO(HL)z-nHZO (H2L =
B,5-triketones or p-ketophenols) reveal them to be monomuclear. In addition,
they could be used as ligands to prepare homo- and hetero-binuclear complexes

[613].
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FIQRE 15: Stereodrawing of {Ti[N(CHZCH20)3][(CH3)2CH0]}2, for
which the hydrogen atoms have been assigned
arbitrary radii [612].

Substituted dithiocarbamate titanium compounds have been synthesized using
0,0-diethylphosphonodithiocarbamate [614], N,N-dialkyldithiocarbamates [615,
6161, monothiocarbamates [617]. The (n°-R),Ti[S,CNHP(0)(0EL),JCT (R = Cghg,
MeCSH4, indenyl)} compounds were prepared and characterized by infrared and W
spectroscopy to reveal a bidentate dithiocarbamate Tigand [614]. The treatment
of (n%-CqgHg),TiCT, with NaS,CNRR' gave (n5-Cy i), TH (S ,CNRR')C1 (n°-Cy g =

ns-f1uoreny1; R = Me, Et, CHile,; R' = Ph, cyclohexyl) [616]. A similar

2%
SN 5 . o -
procedure was utilized to prepare (n ~C]3H9)2T1(SZCNR2) (R = Me, Et, CHMeZ)
[617]. 1In all cases, the dithiocarbamate 1igand is bidentate. TiCl4(TT) and
TiC]A(TT)2 (TT = 1,3,5-trithiane) have been prepared and characterized by

Wade and Willey [618].
(ii). Reactions

The stereo- and regio-specific additon of CpZTT(UB—CHZZCHCH SiMe,) with

2 3)
aldehydes gives excellent yields of (+)-(R,5)-3-(trimethylsilyl)-4-hydroxy-1-

alkenes, which undergo deoxysilylation to give either (E)- or (Z)-1,3-dienes
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[619]. The highly diastereoselective addition of §£§g§¢(RCH=CHCH2)T1(OPh)3

(R = Me, MEZCH, Bu) to ketones results in good yields of tertiary homoallylic
alcohols which are diastereoisomerically enriched up to 98%. The addition
presumably invelves a Ti atom ccordinated to the CO group of the ketone in a
pseudo-1,3-diaxial relation to the vinylic hydrogen atom in the Ti complex
[620]. Stereospecific Tk-addition of (MeCH=CHCH2)T1'(OPh)3 (R = CHMe,, CHEt2,
CMe3, PhCHZCHZ, PhZCH, Ph, p-tolyl, ETFCGH4, nge0C6H4, 9702N06H4’ Q;NCC6H4) to
aldehydes produced 56-94% g -methyl-homoallylic alcohols (ég) [621].

OH
] /\/\CH
2
Me
(32)

The reaction of the titanacyclobutane (ég) with PhCZ= CPh to give the

titanacyclobutene (gé) is first-order with respect to (@é) and zero-order with

szﬁ>— Ces szﬁ:>- Ph

Ph

(33) (34)

respect to PhC= CPh, The rate-determining ring-opening of {33) to give
Cp2T1'=CH2 and olefin (free or complexed) is followed by rapid trapping by
incoming olefin or acetylene., Complex (33) and its analogs are effective
catalysts for the olefin metathesis reaction of terminal olefins [622].
Titanacycloutanes, specifically labelied in the o,p-positions, can be prepared

from 1-deuterated terminal olefins [623]. On interaction of these complexes
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with aluminum alkyls, two processes occur : a) the stereochemistry of the
a-center is scrambled by reversible trans-metalation; b} in a slower step, the
metallacycle is cleaved to the original olefin with scrambled stereochemistry
and CpZ-CHZ-A1R3. These observations are important in relation to olefin
metatheses reactions.

Propylene oxide inserts into metal-chlorine bonds to yield 2-chloroiso-
propoxy and 2-chloropropoxy compounds. For titanium complexes containing a Cp
ligand, the 2-chloroisopropoxy compounds are the major products. Insertion
into the metal-oxygen bond is obtained with an electronegative substituent such
as the fluorocethoxy ligand ('OCHECF3) [624]. A pulsed Taser in conjunction
with an ion-cyclotron-resonance mass spectrometer was used to generate and
study the gas-phase, ion-molecule reaction of Ti* with a series of alkanes.
This system is dominated by C-H insertions, though some C-C insertion leading
to alkane elimination is present. Tit also tends to release multiple sites of
unsaturation in the bound hydrocarbon [625].

Upon treating with MeZTim2 or Me3A1 in the presence of TTC14, a hydrogen
atom at the olefinic 4-position of homoallylic alcohols is replaced by a methyl
group. Terminal homoallylic aicohols afford E isomers. If the double bond is
internal, the carbon chain at the other side of the OH group gives up its
original position to the entering methyl group and switches to the other one at
the same carbon atom [626]. [(alkylthio)allyl]titanium reagents, prepared by
treating the allylic sulfides (35) R' - R = H; R =te, ® =i, Me; B = & =

Hy RO= R =te, =& =H; ® = Ph, Et, Me,C) with Buli and Ti(0CHMe, ),

3
react with RPCHO (R6= cyclohexyl, Ph, Me(CH2)4, PrCH=CHCHO) to produce erythro-

alcohols of the type in (QQ). However, if the starting sulfides have alkyl

R R Rt

R OH
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substituents at the y-position of (%é) RB=Me, ¥ =H, Me, R" = R = H), the
products are the vinyl sulfide derivatives (QZ). The erxthro—(%é) adducts may
be transformed into di- and tri-substituted oxiranes and 2-phenylthio-1,3-
butadienes with high stereoselectivities [627]. Titanium-induced dicarbonyl
3.4
R R°R

coupling reactions have been described by McMurry [628].

The transesterification of N-butyl chloroacetate by sec-butyl-o-titanate
in heptane has been shown to be second-order kinetically, first-order in each
reagent [629]. The interaction of hydrogen, ethylene, CO and N, with
superficial titanium-benzyl and titanium hydride compounds was studied by EPR
spectroscopy [630].

The thermal decomposition of chelates of 5,5'-methylenedisalicylhydroxamic
acid with various metal ions {including Ti(Iv), V(V), Mo(VI, Pb{II), Zn(II},
Ni{II), Cd(I1), Cu{lI), Fe(III), Cr{III} and A1(III)) has been studied by
thermogravimetric, DOTA, infrared spectroscopic and x-ray diffractometric
methods. The major steps (dehydration, transformation, and decomposition of
the intermediate N-hydroxylactams) were proposed to account for the formation
of metal oxides as the final products [631]. The first-order kinetics of the
thermal decomposition of Ti(acac)3 (acac = acetylacetonate) to yield acetone,
CO and CO2 were investigated by manometry and mass spectroscopy [632]. The
pyrolysis of Ti0O(OH)L (HL = 4,5~dimethyl-2-hydroxyacetophenone oxime) was
studied by thermogravimetry, and the results were compared with results
obtained for ML2 complexes (M = Pd, Cu, Ni, Co) [633].

Ugorets and coworkers [634] followed the reaction of Ti(OH)4 with A5205 in
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HZSO4 solution by infrared spectroscopy. The reaction proceeds rapidly at

first and then slows down. The fast stage was attributed to reaction of H2A594
with surface OH groups, and the slower part to interior reactions [634]. The
hydroxy complex ScTi(OH)Og-HZO results from reaction of Sc(OH)2+ and H2Ti03 in
HC1 solution at pH 2-4.3. Decomposition of ScTi(OH)OS-HZO occurs on heating
Ti0

at 673-873K to yield Sc20 and HQO [635]. Reaction between Ti(OPr])4 and

3° 2
trans-cinnamic acid (HCA)} or dihydrocinnamic acid (HDCA) in various
stoichiometric ratios praduces Ti(OPri)4_n(CA)n and Ti(OPri)Jr_n([ICA)n {n =
1.,3), respectively. Infrared studies were interpreted [636] in terms of CA and
OCA coordinating to Ti through hydroxy oxygen. An alcohol interchange
technique was employed to synthesize Ti(OBut)4_n(CA)n and Ti(OBut)q_n([IZA)n

(n =1-3) [636]. The racemization-free transesterification of N-protected (by
tert-butoxycarbonyl group) dipeptide methyl esters with MeZCHOH and PhCHZOH is
catalysed by the titanium{IV) alkoxide complex Ti(OCHMe2)4, giving 79-87%
iso-propyl esters and 72-89% benzyl esters, repsectively [637]. The synthesis
and characterization of [Ti(0OR) [HROIX (X =

](SbC16) [Sn(OR)4](SbC1

4 4> 6)4’
BF4, C104) and [B(OR)4](SbC]6)3 (RO = 1,5-diemthyl-2-phenyl-3H-pyrazol-3-one;
phenazone) have been reported [638]. These compounds were suggested as
intermediates in the acid-catalysed electrophilic substitution of RO. The

activation of B-carbon-carbon bonds in the reaction of Tif%

MeLiCHCHZCHZCHLiMe in decane at 606-626K to give propylene has been reported

(R = 0Bu, C1} with

by EnikoTopyan et al. [639]. Reaction between Ticl,

yields T1C14_n(OPh)n-2L {n = 1-4; L = acetophenone, benzophenone) [640]. An

_n(OPh)n and L in CCT4

octahedral structure was proposed for the product, based on infrared
spectroscopic and electrical conductivity results.

The effect of chemical exchange of oxygen-containing ligands (lactic,
mandelic, sulfosalicylic acids) on relaxation time of solvent (H20) protons was
studied using complexes of Ti3+ and VO2+ with Tigands as models [641]. Berrie
[642] has investigated the intramolecular electron transfer via 3-formylpentane

2,4-dionate in a ruthenium{III)/titanium(III) redox cross reaction.
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In the extraction of anionic titanium{IV) chelate compounds with
sulfosalicylic acid, pyrocatechol and pyrocatechol-3,5-disulfonic acid, the
degree of single stage extraction was observed to depend on a) the size of the
organic cation (benzylthiuronium, di- and tri-phenylguanidinium, quinine,
Ph4P+), and b) the composition of the extracted ion associated [643].
Conductometric, potentiometric and spectroscopic methods were utilized in the
determination of the stoichiometry of complexes formed from 1,3-
dimethylvioluric acid and trivalent titanium, vanadium, chromium, iron and
gallium in aqueous solution [644]. The effect of lactic acid, glycerol and
glycol on titanium{IV)/gallic acid/sulfosalicylic acid systems at various pH
values was compared spectrophotometrically. It was observed that lactic acid
forms mixed complexes, whereas glycerol and glycol do not [645]. Ram [646] has
presented mechanisms of titanium(III) reductions of keto acid complexes of
pentaammine cobalt(III) and catalysis of outer-sphere reactions by N-
substituted isonicotinic acid derivatives.

Electron spin resonance spectroscopy was employed to investigate the
selective radical oxidation (those in which tervalent carbon is bonded to a
substituent of the M type, e.g., OH) by titanium(IV) complexes. A Tower limit
of ca. 102 dm3-mole™ -sec™! was estimated for the rate constant of the reaction
of a Ti(IV)-EDTA complex with -CHMeOH [647]. The development of a catalytic
wave of hydroxylamine was observed in the presence of Ti(IV) with the
complexing agents EDTA, nitrilotriacetate, and 1,2-trans-diaminocyclohexane-
tetraacetate in a perchlorate supporting electrolyte [648]. The complexing
agents result in a shift of the Ti(IV) reduction wave to more positive
potentials. In the presence of hydroxylamine, a catalytic substrate wave
develops at reduction potentials corresponding to the Ti(IV) complexes; while
the complexing agents themselves inhibit the catalytic effect.

Alkylative amination of non-enolizable RCHO by R'Ti(NR%)3 yields 15-73%
RCHR'NR% (R = (un)substituted Ph, PhCH=CHCH2, Mesc, 2-furyl; R' = Me, Bu;

NR% = NEtz, piperidino) [649]. A highly diastereo~ and regio-selective
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homoaldol reaction between RCHO and the (1-oxyallyl)titanium complexes

(E)-MeCH=CHCH[Ti(Et ]OZCN(CHMe gives 97.0-99.5% (Z)-threo-

2)2
(R = Me

2)3

F%H(OH)CHMECH=CH02CN(CHM82) C, Me, Me,CH, Me c=CcH) [850].

2 3 2

6.11 MISCELLANEQUS

a. Electrochemistry

An investigation of the electrochemical extraction and reextraction of
inner-complex anions of Ti(I¥), in the presence of organic cations reveals that
in the presence of diphenylguanidinium, Ti{IV) is extracted up to 9% as a
complex with 2,7-dichlorochromotropic acid [651]. Employing the standard
Ti(Iv)/Ti(II1) potentials in a non-complexing supporting electrolyte, a
polarographic investigation was carried out to shed light on the mechanism and
kinetics of electrooxidation of Ti(III) ions on a mercury electrode. The
hydrolysis constant determined agrees well with those obtained previously by
potentiometry and EPR spectroscopy [652].

Electroreduction of CO to C1 - C4 hydrocarbons in aqueous solutions of pH
6-13 occurs in the presence of a titanium(III}-molybdenum(III)-pyrocatechol
catalytic system. The catalytically active species is the carbony! complex of
Mo(II1I), and the pyrocatechol complex of Ti(IIl)} serves as an electron relay
from the cathode to the active species in the bulk solution [653].

Cyclic voltammograms for Ti-doped a-Fe,0, electrodes in 0.1M NaOH show
small oxygen reduction and re-oxidation peaks negative of -0.4/ vs SHE. For
electrodes initially held negative of this potential, the onset of the photo-
current occurs at potentials well positive of the flatband potential of u—Fe203
These results were interpreted as due to the penetration of hydrogen into the
lattice. Oxygen reduction activity was observed to increase with increasing
dopant concentration. The behavior exhibited by this system was interpreted
in terms of reaction (7) as the rate-determining step, with titanium donors

0, + H,0 + g7 ———s W

2(ads) + OH (7)
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mediating charge transfer [654]. Titanium-doped Fe203 electrodes have been
used in the photoelectrolysis of water. The doping of Fe203 with Ti leads to a
shift in the flatband potential of the photoelectrode in the negative direction
The effects of doping and the use of external biased potential on the spectral

characteristics of the photolysis current have also been determined [655].
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