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4 TITANIUM
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INTRODUCTION

This article reviews the developments in the chemistry of titanium as well
as applications of titanium compounds covered by Chemical Abstracts from Volume
95, nunber 23 through Volume 101, number ¥2. I[n keeping with our most recent
review of this subject [2], the material is presented according to the element
bonded to titanlum.

General reviews on titanium covering the 1981 [3] and 1987 {4] calendar

vears have -appeared in this journal. Additionally, & short review on angle-
resolved photoemission experiments and band structure calculations for TiN has
been published [5]. Several reviews on titanium oxides have beecn written,
including one on titanium oxide based catalysts by Matsuda and Kate [6]}, on the
kinetics and mechanisms of anodic reactlons on oxide electrodes by Krishtalik
[7], and others on rarc carth perovskites [8], and KgTi6013 {91, Titanium
sulfide polytypes [Ti1+x52j weTe reviewed by legendre und coworkers |10 and by
Palesz et al. [11]. The electrochemical behavior and corresivity of Ti in
sulfide-containing aqueous solutien have been discussed [12], as have crystal
structure and density data of titenium chalcogenides and halides [13].
Newberry has reviewed, for 1982, the compounds of Croup IVE, VB, VIB and Vi@
{14], while the reactivities and stercochemical aspects of carbon-carbon bond
formation reactions using titanium reapents [TiCL4, RTLXS, RzTi(OR]3 and
RTi(NR;JE} wias presented by Takahashi [15].

Tt is worth noting the increasing amount of published waterial concerning

semiconductors and colloids employed in the catalytice and photocatalytic

domains.,

4.1 TITANIUM HYDRIDES

Surface-sensitive XPS and x-ray induced Auger electron spectroscopy have

been employved to analyse surface chanpes In TiH /KC104 powders during

0.65

accelerated aging at 333 and 393K. Cl forms at 0.02% per day for powders aged
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at 393K for less than 145 days; no decomposition occurs for KC10, samples
without pyrotechnic fuels under similar aging conditions [16]. The amount of
hydrogen released during heating up to B0OK and the decomposition energy of
TiHl.b were determined by the lH(lsN,aY)lZC method. The decomposition energy
depends on sample thickness [17]. The x-ray Raman spectrum from atomic
hydrogen in T‘1H]“g has been interpreted [18] in terms of primarily atomic or
molecular hydrogen trapped in the grain boundaries, there being no single
storage mechanism at room temperature.

The equation of state for Ag-bonded 'TiH2 was caleuelated over a large range
of densities and temperatures. The results agree well with shock-wave data,
and reportedly are an improvement over rational-function forms and additive-
volume-mixing schemes [19]. Ab initio MO approximations have been employed to
caleulate the potential inversion barriers, 'h', for tetrahedral and square
planar Til,, Sctl,”, TiF,, ScF,” and Ti, (H = a pseudo-hydrogen atom in which
the nuclear charge is increased to +1.1. In agreement with increasing
electronegativities in changing from H te H*, Sc to Ti and U to F, the 'h’
values increase in the series Tin-TiHZ, ScH;-TiH4, SCF4--TiF4, Tin-TiF4 and
ScH4--ScF4A [20]. A recent study [21] demonstrates the applicability of a
geometric model to predict stoichiometries and preferred hydrogen sites in
hydrides of intermetallic compounds, specifically hydrides of MBe, (M = Ti, Zr,

Hf, ¥} of three different structures.
4.2 TITANIUM BORIDES

Filonenke et al. [22] have studied the gas-free combustion of a pressed
mixture of Ti-31%B in an argon-filled bonb at 4 MPa for the preparation of

refractory TiB The ratic of combustion rates of pressed and freely suspended

2
specimens decreases from 1.3 to 1.2 with an increase of 80 to 10 mm in
diameter. A mathematical model has been developed for the process of gasless

combustion, with phase transitions for the Ti-B system as an example [23].

Crystals of TiB2 can be prepared via reaction of ferrotitanium and ferroboron
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at »1973K, having microhardness values of 3650 kef mm’f. The solubility of Fe
in 'I'iB__Z is »3 wt % | 247,

An investigation of the steady-state propagution of the ctombustion wave
for Te-xB-yTi systems with x = 1-6 and ¥ = 0.5-3 reveals that combustion
progresses in stages. The results suggest that the combustion rate depends on
the phase tramsition temperature nund not on the maximum combustion temperature.
For all samples, the final producls are Ti82 uranules, TiBz-Fe eutectics and
the noneguilibrium phuses FeiB, FeB and FeTi [23].

A rotating disk method was employed tn determine the diffusion coefficients
D and solution rate of tituniwm, chromium and bhoren in liguid copper and
nickel [26]. The solution rate of TiCr#, in liquid copper, nickel and Cu-Ni
allovs was also determined. The effective D values obtained for TiCrB2 in
liquid copper and nickel are 3.0 x 10“5 and 6.3 x 10_5 cmzscc'l, respevtively,
with the limiting step assigncd to the diffusion of B into the liquid matrix
[26]. An investigation of the species formed during solid-phuse reaction of
AIEOS, 5iC or cubic BN with TiBz, Bk or BEOS Indicates that the wost stable
species are those tformed from the reactants with the greatest difference in
clectrical properties, which i1s related to the difference in gap enevgies of
the reactants [27]|. The stability of AIN, 3N and AIN mixtures with By, Si,
ZrB,, Al,0; or TiR, at high temperatures depends-on the composition and
properties of the compounds forming on the surface of the oxidation product of
the refractory and the metal melt J28].

A TiB2 cathode has been used in the electrochemical reduction of AlCI in
an cquimolar »aCl-KC1 mixture at 973-1223K. The reduction of AlCIS oceurs
according to reaction (1) [28).

AlCl% + 3e —_— Al + 3¢ {1
4.3 TITANIUM CARBIDES

Dani lenko and coworkers [30] have calculated various thermodynamic

properties of the phases and the phase diagram of the titanium-carbon system.
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The Fermi surfaces in stoichiometrie TiC and TiN were calculated using the
constant-energy Korringa-Kohn-Rostoker/Green-function method, based on self-
consistent APW potentials and APW Fermi energies [31]. The physicochemical
properties of transition metal carbides (e.g., TiG, NbC, vCO.SS’ TeCO_gg] have
been calculated by a statistical methed using Chebyshev coefficients for the
description of the valence electron energy distribution and of the sublevels of
the metal and carbon ssgblattices in the carbides. Also calculated was the
préessure dependence of the physicochemical properties a3 a function of the
electronic structure under compression conditions [32].

Infrared spectra of interstitial TiC and WC were interpreted in terms of
a metal-metal-nonmetal bonding type [33]. Xomishi et al. [34] have obtained
the quasi-instantaneous Auger electron and Auger electron appearance potential
spectra (AEAP) of Ti, TiCX, TiNx and TiOZ.

Electron microscope studies of the annealing of Ti-C thin films indicate
that at <750K only TiC is formed irn the film. Saturation of the Ti film by C
occurs as a result of C-atom diffusion into Ti. At 750K, the formation and
growth of TiC 0, is observed, as a result of C- and O-atom di ffusion into TiC.
At ~1000K, oxidation of TiC occurs, giving TiC [35]. Oxygen diffusion
coefficients in TiCD.g? single crystals have been measured by a gas exchange
technique. In this method, the amount of stable isotope taken up by the
carbide is controlled by introducing a constant gas volume of oxygen-marked CO;
secondary ion mass spectroscopy (SIMS) measured the concentration profiles [36].
The effect of added TiC (< 50 wt % Ti) on the overvoltage of 02 and H2 evolution
on graphite in 1IN NaOH can be determined from peolarization curves [37].
Graphite with > 30 wt % TiC approximates TiC with respect to its
electrochemical properties.

AES and x-ray diffraction were used to characterize the thermal stability
of Al thin films on TixC films reactively-sputter-deposited on a silicon
substrate. The stability increases with increasing € content in the TixC

films. An enhanced stability obtained for a Ti3 ,C film pre-annealed at 1023K
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for 30 min to induce u phase scparation yielding a titanium silicide inner
layer and a TixC outer layer prior to Al deposition [38].

The reaction preducts obtained via electric explosion of the cubic phases
TiCXOY and TiuxoyHm include the original phases graphite und Tiozirutile and
anatase) [397.

Alokscev and coworkers |40] have analysed the physicnchemical
transformations occurring during the formation of Tix{'ﬁvl\'Z from TiO2 in a
nitrogen plasma flow containing hydrocarbons. The formation of TinyNa QUCUrs
via the formation of titanium clusters with subsequent nitridation and
carbidization by the gaseaus components, namely N and HON.  The
thermodynamics of the preparation of TinyNZ films by chemical vapor
deposition have been studied, and the relationships hetween the composition of
input gas mixture {TiCl4, Cily, N,, sz and the deposited film stoichiometry
has been discussed [41]. ‘The Ti-C-N phase diagram at 1673K was calculated
using the Redlich-Kister substitutional model. Literature data was utilized to
construct a phasc diagram at 1900K, the temperature for vapor deposirtion [42].

The micrestructures of TiC, TiN and TiCXXl_x pawders hefore und afrer
polishing were characterized by x-ray diffraction. Deformation induved defects
and microstresses were chserved, and dislocation densitics weve determined as a
Function of x [43j. The relation between the deformation characteristics and
the microstructure of Til~xXbeO.5Nﬂ.5 revedl direct correlations hetween grain
size and deformation {low in TiCU.SNU.S_NbCO.SxG.S and between the microstress
and the deformation in TiO.??ﬁbG.ZSCD,Sxﬂ.S' The results were interpreted in

terms of dislocation motionJ44].
4.4 TITANTUM NITRIDLS

Ultrafine TiIN particles (<0.l um) can be prepared using an arc to melt
titapium in a pitrogen atmosphere at 0.1 MPa pressure. A plasma gas-wolten
metal reaction involving activated atomie nitrogen serves an important role in

the particle formation [45]. A microwave discharge wethod was emploved to
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study the kinetics of the nitridation of titanium and product distribution [46].
The cffect of metal particle size and azide content on the amount of nitrogen
in titanium nitride prepared from titanium and Ba[N3}2 has been investigated
[47]. The nitrogen content decreases with increasing azide content. 'The
deposition of TiN films from reaction of TiCi, with N, and H, on graphite was
characterized over the temperature Tange 700-3673K. At 1373-1473K, single-
crystal TiN films of rocksalt-type structurc form; at higher temperatures,
Ti{C,N) films are formed [48]. The nitridation of AlSTi at 873-1573K proceeds
to 58% completion at 1273K with TiN and AIN formation, and to 98% completion
at 1573K with formation of highly dispersed TiN-AlXN powdered mixtures [48].
The kinetics and mechanism of TiK film deposition on porous (4-30%) iron
powders were investigated by Kirilyuk and coworkers [50], who observed a
maximum deposition rate at 12-18% porosity and TiN coatinpgs inside the pores.
At lower temperatures, amorphous films form, while crystalline films form at
high temperatures.

The Creen-function method has been utilized to calculate the number and
nature of TiN(0OOl) surface phonons. The electron-phonon interaction was
discussed in terms of the coupling of the electronic charge-density
deformations to the nuclear displacements [51). An x-ray diffraction study of
TiNU.BQ powder at room temperature reveals the electron transfer from the
titanium atom to the nonmetal sites is (1.5 ' 0.3) electronic charges [52].
Ti-N films with nickel concentrations ef 0-52 atomic % prepared by d.c.
magnetron and radic frequency reactive sputtering were examined by transmission
electron microscopy. A fully dense structure is confirmed by the maximum in
the microhardness and density and the minimum in the electrical resistivity.
The sample prepared by magnetron sputtering has a very inhomogeneous and
veided micrestructure and a lower hardness than the radio frequency sputtered
sample with similar Ni content. A theory was proposed |53] for the development
of a lamellar microstructure in the films containing two phases. The photo-

emission spectra of TiNl_x exhibit strong, resonance-enhanced, conduction-band
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cizission. ‘The increased cnhancement of the conduction-band peaks were
indicative of approx. 25% of the vacancy electrens being sound in non-(d-like)
states with a binding energy of ahout 2 eV [54]. Optical and electrical
characteristics of TiN films produced by N2+ implantation on titanium-coated
silicon wafers were studied in an e¢ffort to produce films with goad
transparency and conductivity to be used as antireflection coatings in solar
cell manufacturing |55}. Sclar selective properties of thin (5-120 nm) TiN
films on fused SiO2 and glass substrates have becn determined., Reflectance
and transmittance measurements confirm high zolar and visible transmission, and
suffiviently high infrared reflection {3%]. The isobaric heat capacity of TiN
was calculated from infrared absorption spectra and elasticity constants, and
found to agree fairly well with the experimental duta [57].

Yaleskalne and coworkers [58] bave studied the kinetics of the
decomposition of TiN powders in minerval acid and Nalll solutions. The catalytic
activity of nitrogen-deficient TiX was investigated in the ortho-para
conversion of hydrogen [59]. The phase equilibrium has heen determined for two
iscthermal sections in the ternary system Ti-Al-N. At 1273K, the H-phase
TizAll\' and the cubic perovskite-type phase 'l‘iSAlN are found; at 1573K, TiSAlzN:_,
is also found [60]. The thermal conductivity of Si3N4~TiN composites with Tix

dispersed uniformly in the SjSN matrix was measured at 293-1173K [61]. With

4
increasing Tik content, the conductivity of composites having the crystalline
S:’t,),\:',1 matrix decreuses drastiecally. The effect of added Ti atoms on the

crystallization of amorphous Si.,EN4 thin films has heen investigated;

precipitated TiN particles enhance the crystallization of 8-5i N, [62].

4 .5 TITANIUM SULFIDLS AND SELENIDES

Under high pressures at 1273K, stoichiometrie TiS, formation accompanies
non-stoichiometric TiS, from a starting stoichiometric mixture of titanium and
sulfur. Further reaction yields stoichiometric TiS,, as does reaction of

£

titanium and TiS; at 1273K after 2 hours [63].
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The calculation of electronic structure by the X5 method of discrete
variation in the numerical basis of atomic orbitals, and x-ray spectra of
clusters of [Ti?SG]14+ in TiS, have been obtained. Additionally, KgS and
LII,IIITi emission spectra, and the Lipp quantum yield of Ti and Ly Spectra
of Ti in TiS, have been interpreted [64]. Raman spectra reported [65] for
2H-Ti1'0682, 4H-T11.1682, 12R‘Til.1652 and 4H-Til.5482 at 300K were interpreted
in terms of results obtained for TiS,. With increasing titanium content, bands
due to the Alg-type mode hecome weaker compared to bands due to the Rg—type
mede. Palosz [66] has discussed the effect of titanium layers on the process
of ordering of sulfur and titanium hexagonal layers in pélytypic Til.252
crystals. The stability of different arrangements of molecular S-Ti-S5 layers
causing structural pelytypism in Ti-$ crystals may he influenced by
fluctuations of the density of extra titanium atoms in the TiS2 lattice.

Measurements of velocity and attenuation of ultrasemic plate mode waves
were carried out on TiSz, TiSe2 and TiSO_SSel_5 at 4-300% [67]. TiSe2 exhibits
large ancmalies associated with the occurrence of a charge-density-wave
transition near T, = 200K. The temperature dependence of the velacity in TiSe2
below T_ was accounted for by anharmonic¢ and electron-phonon contributions,
which reflect the opening of an energy gap on the Ferml surface by the charge-
density wave. Above the Tc’ the observed velocity changes affected by
fluctuations over a wide temperature range wWere associated with phonon mode
softening near the L point of the Brillouin zone as T. is approached [66].

Holleck and caworkers [68] have reported test results obtained with
hermetically sealed prototype secondary lithium batteries employing TiSz,
Cr0.5V0.552 and MoS, cathode materials. The results indicate that cells based
on amorphous MOS3 exhibit the highest quasi-theoretical energy density.
Charge-discharge characteristics of lithium anodes and TiS, cathodes were
investigated in LiBF, solutions of THF and/er 1,3-dioxolane [69]. Charge-
discharge potentials at the Li electrode are most stable in THF/1,3-dioxolane/

LiBF,, while the charging efficiency with respect to the TiS, electrode is best



156

in THF/LiBF4. The discharge praperties of Lif’]‘iXS2 x = L.o0 - 1,137 batteries
have been studied in sceveral orpanic solvents {THF being the wost favorable?,
and x-ray powder diffractometry was employed to churacterize the discharged
products [70], Urohlems auffecting discharge voltage profile, current density
and energy density of solid state batteries incorporating vitreous solid
olectrolytes have been shown to ho decreased by using lavercd cathodes. Those
investipated included a structure consisting of distinct lavers of a halogen
{1, Bry and an intercalating cathode matcrial [TlSE], sundwich structures of
the type '1"182/.\(/'1'152 (X = 1, Br)l, and X lavers cneapsulated in a TiSS shell.
Reportedly, the halogen enhances the removal of LI iens frowm the intercalating
TiS, layer by controlling the continuous regeperation of the TiS, until all the
halogen is converted to LiX [71]. Kikkawa and coworkers [72} have studied the
effect of TiS2 nonsteichiovmetry on the discharpe of a Li-TiS2 battery, and
found it to be controllable. The etffects of lithiuvm anode passivation on the
performance of Li/LiAsFG——3—mcthylsulfolanc_/TiS2 rechurgeable cells were
studied by SEM, XPS5 and FTIR spcetrascopy in order ta identify the chemical
speciecs formed on the anode [73]. A dotailed mechanism for electrolyte
degradation hus been proposed. A current-pulse relation method was emnloyed to
determine the chemical diffusivity of Li in leTiSz {0 < x < 1} cathodes in a
Li/1.5M I,l'.r\s]--'6——3—!]1(—:Lh}'lsulfo]ane/'l'i.‘ig hattery [74].

Atomic hydrogen ts intercalated into the interlayers of Ti82 via reduction
of TiS2 with prannlar zinc in dilute HCl. A pressure-jump technique with
conductivity detection was cmploved to obscrve Jdouble relaxation im TiSz(HE.
The fast relaxation time increases with pH and decreases with particle
concentration, while the slow relaxation time remains approximately constant.
The fast and slow telaxations were attributed to protonation-deprotonation of
protonated surface sites and proton intercalation-deintercalation in the
interlayers of '1‘152(11), respectively. The kinetic parameters reveal that the
proton intercalated into TiSELH] interlayers serves as a strong solid acid

comparable te a mordenite [75]. Kozinkin et al. [76] have found that the amine
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nitrogen atom in TiSz, containing interstitial BuzNH, Et KH and cyclohexylamine,

2
is coordinated directly to the Ti atom. The amine-containing '[‘:'LS2 is easily
oxidized in air at 283K, with formation of TiO2 and Sg-

Threc-fold superlattice structures have been observed [77] at LiO,SSTiXZ
during the Li interculation of Tin (¥ = 5, 5). A satisfactory match between
observed and calculated x-ray powder diffraction intensities was obtained; a
mode}l with a tripled 'c'-axis was proposed for these complexes. Lithium and
sodium intercalations in Tis, have been investigated by transmission electron
mitroscopy [(TEM) using lattice imaging and diffraction contrast techniques.
Observations on both NaxTiS2 and chemically prepared LiXTiS2 reveal highly
dislocated structures. A model was proposed wherein the dislocations are
introduced to accommodate misfit strains caussed by nonuniform intercalation and,
for NaxTisz, to initiate phase transformations, leading to potentially
irreversible structural changes in cycled material [78], TEM studies in
intercalation in sclid-battery materials point to a model in which battery
intercalation in NaXTiS2 leads to a highly nonuniform microstructure with
complex intergrowths of different phases. The misfit between different phases
and phase transformations were described by dislocations which are capable of
achieving very high densities [79].

The topochemical reaction of NaxTiS2 solid phases with I, in MeCN leads to
several modifications of TiS,. The lT—Ti52
deintercalation of the rhombohedral phases SR[I)—NaxTiS2 and SR(IL]-ﬂaKTiS2.

modification is found by

Deintercalation of the hexagonal phase 2H(1}-NaxTi32 leads to a strongly
disordered ZH-TiS, phase with a "chch" stacking of 5. The structurc was found
to be compatible with a mechanism of deintercalation consisting of parallel
displacements of TiS2 sandwiches [80). A structural study of Nax‘.’x'[‘il_xs2
reveals only the 3R(Ib}~type phase in the composition range 0.3 < x < 1.
Electrical, nmr and magnetic measurements confirmed a metallic-type behavior
[81].

Ba,TiS, has been obtained from Ba,Ti0, and CS, at high temperatures and
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characterized by fr, Raman and UV/VIS spectroscopies, powder x-ray
diffractometry and magnetic susceptibility measurcments [82].

Crystal growth, characterization and photeoelectrochemical properties of
zrl-xTixSB (0 < x < 0.33) have been determined and cowpared to those of pure
ZrSS. Resistivity decreases with increasing Ti content, and the onset of
photoresponse shifts to lower energies with a significant rise in guantum
cfficiency. The results were related to the formation of a lower encrgy band
consisting of Ti-like orbituls [83}. Angle-resolved XPS hus been employed to
study self-intercalated single crystals of TiiVi_xvﬂ}Sz. A palar-angle
distribution curve of photoelectrons emitted from interstitial lattice sites
was reported [84]. Tts shape differed significantly from that of the clectrons
emitted from regular sites. Scveral techuniques were emploved to intercalate
Mn pmetals into TiS, crystals with a IT-CdT,-type lavered structure [85]. 'The
EPR signals of the intercalated specics reveal a Mn2+ stute with a 'g'-value of
A

. -4 -1 . . ,
2 and a hyperfine structure constant A = 80 x 10 cn ©, indicative of a

strong ionic crystalline environment [85]. Layered LiTi M = ¥V, Cr, Fel

152
have been preparcd directly from a mixture of L125 and M [86]. The structure
is 1T for M = ¥V and Cr, and 3R for M = Fe. Magnetic and Moesshaucr data
indicate that Fe is high-spin and divalent for ¥ < 0.5, that Cr is trivalent,
and that V is nonmagnetic.

Vol'pin and coworkers [87-89] have performed an extensive x-ray emission

spectroscopic study of the electronic structure of the titanium disulfide-

[

mctal intercalation compounds MxTiS2 M Fe, Co, Ni}. ‘They found that the
interstitial Fe atoms in I—‘eXTiS2 (0 % x £ 1) interact with the matrix atoms in
such a way that the electron density from Fe atoms is transtferred into the
vacant 3d-band of TiS,, und the degree of oxidation of the Ti atoms decreases
while that of the $§ atoms remains constant [87]. TiKBS x-vay fluorescence
spectra of FeXTiS2 [x = 0.25, 0.5¢, 0.75) show that the interstitial Fe atoms

present in the interlayer regions of Tis, are responsihle for decrcasing the

oxidation state of Ti. This effeect increases as x increases, veaching a 3+



159

oxidation state at x = 0.75. The appearance of a short-wavelength maximum in
the Ti KBS spectra is indicative of the presence of Ti-Fe interactions {s8],

The Ti Kul x-ray fluorescence spectra of MXTiS2 (M = Fe, Co, Ni; x = 0,15, 0.25,
¢.33, 0.50, 0.75, 1.00} and Lil'OTiS2 reveal that the introduction of M atoms
into TiS2 results in an electron density transfer from M to the Ti atoms. The
magnitude of the transfer depends on the reduction capability of M and
decreases as Ti » Fe > Co > Ni [89].

A spontaneous intercalation/corrosion reaction of TiS, cccurs upon the

2
placement of 1T-TiS, crystals in aqueous AgNO;. The reaction is reduced or
eliminated on using dilute electrolyte or an organic solvent. Open-curcuit
emf potentials of the hngisszg’(glycerol)IAg electrochemical cell was
reported as a function of x, and the ohserved features correspond to the
structural changes induced in the host TiS, lattice by the intercalating Ag
ions {90]. Schelz [91] has alse investigated the silver intercalated lT—TiS2
system. F\gXTiS2 can serve as a reversible electrode in contact with
electrolytes. It can be prepared via reaction of metallic Ag with TiS, at
1090K and by the reaction of AgZS with metalliec Ti and § at 1000K, Ewmf
measurements were performed on the electrochemical cell with solid electrolytes:
Ti/Ag/ Ag4RbIS/AgXTiSZJTi. Depending on the x value, the Ag TiS, exlsts in the
form of three different phases [92]. The electronic component of the
thermoelectric power was measured for AngiSZ and LixTil.OSSz (0 < x< 1, 323K
< T(temp) < 473K). The heat of transport of Ag+ ions was much smaller than
the activation enthalpy for Ag+ conduction, suggesting a high ionic polaron
binding energy in these materials [33].

The specific heat of lT—Taol93TiO.07S2 in the Anderson localized states
was measured from 0.2 to 5.0K in magnetic fields up to 60 kOe. Below 3.3K, a
Schottky-type excess specific heat was observed, and explained on the basis of
Coulomb interactions [94]. The preparation and crystal structures of T1,TiS,
and Tl 'l"i.S&‘1 reveal them to be isostructural. They are characterized by

4

+ .
isolated tetrahedral thicanions connected to each other by Tl ions. The Tl
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FIGURL 1: The structure of T14T154, which 1s isostructural

with T14Ti5e4. The projection shown is that

parallel to fOO01] [94].
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atoms are surrcunded by sik and seven chalcogen atoms, respectively, in an
irregular and pelar arrangement, indicative of stereochemical activity of the
lone electron palr of the T1" ions (Figure 1) [95]. Huntley [96] has discussed
the structural and magnetic properties of transition metal intercalated

titanium diselenide.
4,6 TITANIUM HALIDRES

a, [FLOURIDES
Thermographic and visual-polythermal studies have defined

crystallization fields of initial components and solid solutions formed from
K3TiC1F6 angd K3NbClF7 [97]. A ternary eutectic occurs at 927K with the
composition K2TiF6 {41 mol%j/KszF? (41 mel%}/KC1 (18 mol%). In the presence
of KC1, the continuous seolid sulutions formed by K2TiF6 and KszF7 are unstable
[97]. In solutiom, NazTiFﬁ reacts with ammonia in the presence of HCl to
initially form Ti(OH]FSE_ and TiClFszn, and subsequently T:‘L(OH]4 [28] .

The progression rate versus temperature for the supercooled structural
transformation: in NiTiFﬁ'GDzﬁ has been compared to that of NiTiFé‘GHEO.
Deuteration lowers the critical temperature by sbout 14K, and a second
transition, seemn in the hydrated salt, was not unambiguously observed. Energy
parameters were calculated from a fit to a nucleation and growth model [99}.
The temperature dependence of the zero-field transverse susceptibility,)(L ,
of the isostructural compounds NiMF6'6H20 (M = Ti, Zr, Si, Sn) has been studied
and found to be nonordering as these compounds are easy-axis ferromagnets [100].
The synthesis and crystal structurc of YbTizosF has been reported by
Lobkovskaya and coworkers [101]. ¥YbTi,0:F is orthorhombic with Yb atoms in
archimedian antiprismatic coordination and the Ti ion in octahedral
coordination. The F is coordinated to some Ti polyhedra and some Yb polyhedra
[101].

b. CHLORIDES

(i) TiCl,
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The vibtutional spectrum and normal coordinate analysis of B-'l'iCl3 have
been performed [102]. The Azu mode is lower in freguency than that in a-TiCla
and one of the Ti-Ti stretching vibrations (at 281 um_lj corresponds to a Ti-Ti
stretching lorce constant of 81.6 N/m [102].

TiCl3 is known to reduce hi-hydroxy imidaroles {&) (R = PhCHE, Mesc,
MCZCHCHE, Bu, pentvl] in methanol/water to yleld the N-protio derivatives (%]

which are useful procursors of chiral amino ucids [103]. In aguecus solution,

OH H
N i
TiCl,
Me \ R —_— He \ R
N N
(2)
('1\,'} i

selected nitroscamines of the type RR'NNO {R = R' = C1_4 alkyl; RR' = [CH2}4,
(CHZ}S, £CH2C”2]20} are reduced by TiCl3 to give the aliphatic hydrazines
RR'NNH, in good yield. Reduction of MeOCH.,NMaND produces MeNHNH2 as the major
reaction product, whereas other reducing agents give a mixture of primary and
secondary amines [1047].

Mixed crystals of TiC13'1/3A1C13 {commercially known as TAC-131) have been
enmployed successfully as a catalyst for the polymerization of propylene [105].
An increase in isostereospecificity and activity is observed when the vatalvst
is trecated in a nitrogen atmosphere at 343-363K for several hours with diethyl
ether in heptanc. The optimum gquality is achieved at a ]jt?O/TiCI3 ratio of
approximately 0.15 - (.20 mole/1 [1053]. Diffractometry and infrared
spectroscopy were used to characterize the reaction of TiCl3 with polymeric

suppert in combined grinding. The grinding of TiCl3 with polyethylene or

pelypropylene supports, having methacrylate or polyacrylonitrile, significantly
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affects the structure and catalytic properties. The activity and
stereospecificity of the catalyst increase simuitanzously when a shortage of
functional groups is present on the support [106]. Corradini and coworkers
[107] explain the similar properties of TiC13v and MgClz—Lewis hase catalysts
in the isospecific polymerization of a-olefins in terms of the analogous
structure of catalytic sites Tesulting from the epitactic growth of small TiC13
units on unsaturated surfaces of MgCl,. Computations of the non-bonded
energies of different diastereoisomeric complexes of these sites suggest that
the main factor in determining their stereospecific properties is the fixed
chiral orientation into which the growing polymeric chain is forced.

In the presence of visible light, the reduction of C02 in aqueous solution
in the presence of TiCls-treated zeolite Cah affords HCO,H, HCHO and oxalic
aeid. The yields increase when reducing agents (e.g., Cr2+, V2+, MOS+ and

metallic Al, Zn or Mg) are present [108].

(ii) TiCl,
The gquantum yield for the photoreduction reaction (2} in ethancl
depends on the concentration of Ticla, H,0 and [iC1 in the ethanol solutions

[109]. A complex mixture of photoproducts is obtained upon photolysis (X =

*
A 254 nm » T )

254 nmy of TiCl4 in HZO/EtOH solutions. The mixture is composed of (a) a
binuclear complex containing TL(III}, Ti{IV) and OH, (b) a monomeric hydroxo
complex of Ti(I1l}), (c) [TiO{H20)5]+, and (d} a mixed complex of formula
[TiClx(H20}y(EtOH]z]n+. The compositiun of the mixture and the concentration
of the single product depend on many factors, including water concentration,
irradiation time, and system acidity [110]. Kryukov and coworkers [111} have
experimentally confirmed the formation of molecular hydrogen in the photo-

+ . . . .
catalytic reduction of Ti4 in TiCl, seclutions in ethanol. A mechanism
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assuming complexation of Bt with the Ti ion and formation of atomle hydrogen
has been propased, The photolysis of TiCl_1 in a frozen ethanol matrix leads to
. Lot . - .

the formation of Ti complexes possessing the same coordination sphere as the
C A+ .
inmitial Ti complex [112].

. . ; I . - s : .

The clectrochemical reduction of Ti from a solution of 11L14 in M5S0 has

been examined to determine the possibility of depositing metals that cunnot be

deposited {rom aguecus solution [1E3]. The reduction products of gruphite
laminar compownds with TiCl, were studied by x-ruy diffraction, DSC, Auger

clectron microanalysis, and Moessbauer spectroscopy.  The reduction leuds to
decomposition of the Taminar compound and the formation of titanium chloride

on the sample surftace [114], A 91% vield of l-dodecanol is obtained via

reaction of equimelar amounts of l-dodeccone and TiC14~2KBH in MeOCH,UH (Me,

1
followed by hydrolysis with 5% 1,0,[115]. The recaction of methvlene bromide
with dicyclopropyl ketene in the presence of TiCl, in CH,CL,/THF yvields

1,1-dicyclopropylethylene and 1,I-dieyclopropyleyelepropane. The analogous

nct S th neCod. COMe oives (. Moo ‘ _ i .
reaction with n C;HIDLO“L oives n LHH15C1D CH2 (31 [116]. The rouction of

n—C7H}5

Me

(3)

L7

TiCl, with formamide has heen reported by Aspandiyarova [117].

A kipetic study of the reaction of the alkvl sulfonates RSOSCHgR‘ (R =
alkyl, Ph; R' = alkyl) with Ti(.‘]l_1 to give alkyl chlerides suppests the
formation of a complex which decomposes in the rate-determining step via
nucleophilic attuck by Cl™. The large nepative activation entropies are
indicative of a highly ordercd transition state, characteristic of SNE

reactions |[118]. A related invesiigation reveals complex formation via
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reaction of the alkyl sulfonates RSOER' (R = Me, Bu, Ph, substituted phenyl;
R' = Me, Et) with TiCl4 in proteinert solvents., The complexces react with
benzene to produce alkylbenzenes and alkyl halides [119].

The activation energics of the TiCl4 vapor phase reactien with copper,
coated by un oxide film of variuble thickness, have been determincd. The
reaction rate increases in the presence of molecular oxygen [120]. The
kinetics of the reaction of copper films with TiCl, vapor have been studied
gravimetrically 1n a flow of dry air at 298-453K. The rate curve obtained is
initially logarithmic and then hecomes parabolic. Those TiCl4-copper films
prepared at temperatures below 353K are subject to hydrolysis, while those
prepared at higher temperatures are stable in a humid atmosphere [121].

Gaseous TiO2 and TiOC'L2 are ylelded from the reaction between TiCl4 and
H0. A vibrational infrared spectroscepic analysis shows that TiO2 is non-
linear with Ti-0 stretching frequencies of 844 and 965 cm-l; TiOCl2 has a
Ti-0 stretching frequency of 818 cm-l and a Ti-Cl stretching frequency of
~5 35 cm_l [122]. TiCl4 reacts with the dialkoxy silanes R3-nR‘nSiNHR" (R =

D; R' = CICI,CIH

2 2O, EtD, Pr0, Bul, Me; R" = Ph, C . H.CH,; n = 1,2) at

652
mR'nSi[NHR”}mxTiC14 n=0,1;, m=2,3; x =

ClCHZCHz

different molar ratios to give Rd-n-
1, 2}. The adducts were characterized by elemental analysis, and infrared and
nmr spectroscopies; the nitrogen atoms are the coordinating atoms [123].
Infrared spectroscopy was also employed to examine the solid-state
configurations of the 1:1 and 1:2 adducts which result from reaction of TiCl4
with R-amino thiones and B-kcto amines. The results suggest that the bi- and
tetra-dentate amine thiones coordinate through the nitrogen atoms where R-keto
amines coordinate through exygen [124].

The cyanamides BR'RNC=N (R ' = R" = Pri] react with TiCl4 to give
R'R"NC=NTiCl, L1257,

The crystal structures and spectroscopic properties (UV and IR) of the
complexes formed by TiCl4 with esters have been investigated in an ongoing

study of the structures of highly efficient polypropylene polymerization
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catalysts. TFor example 'l'iCl4 and FhCOOEt {=L] rield two complexes, TiC14'L

and TiC]d-EL'MgCIZ. the x-ray powder diffraction analysis reveals that the
former complex is formed In the catalyst preparation process by the milling-
seaking methoc [126]. The chemical composition of u MgCl,-supported
poelymerization catalyst has been determined at every stage of its preparation,
which involved ball milling of MgCl2 with ethyl benzoate, rcactlon with
p-cresel, addition of A]Ets, and reaction with 'l‘iCI4 [127]. Highly active
catalysts for the polymerication of cthylene and propylene are chtained from
the interaction of orpganic and hydride compounds of Ti, Zr, HY, V or {r with
silica and alumina. Results of a study of Ziegler-type catalysts prepared by
SUppOTting TiCld on silica and MgCl2 and activsting by an orpanc-aluminum
compound were also reported [128]. Addition of alkylaromatic esters to the
TiC14/MgCI2 + AIR3 system yields a highly active propylene polymerization
catalyst. A study of the kinetics of ethylenc polymerization catalysed by
’IiCl4/MgC]3 and TiCld—Ti[OBu]4/MgC12 in the absence of hydropgen reveals grcater
propagation rate constants and lower apparent activation energies when compared
to ordinary TiCl4 and AlR; catalysts [129]. On the other hand, a study of the
rate of ethylene polymerization catalysed by TlC]d—phenetole—EtzAlBr shows 1t
to depend only on the Al-Ti ratic. At constant TiCl, content, an increase in
the AL:Ti ratio gives rise to accelerated catalvst formation and increased
catalyst activity [1300]. 'lhe kineties of isoprene pélymerization in the
presence of Ziegler catalysts have been rcported by Bresler et al. [131]. The
catalysts employed were prepared via the reduction of TiCl, by PhMgBr or

5 Bu,Mg-AlEt.. Both the catalyst activity and polymerization decrease on
addition of cither EEETBuzAlCl ar EEETB“3A1 to the catalyst system.

The treatment of the unsaturated alcohols 3-butyne-1-cl and 4-pentyn-2-ol
with Et2AlCl, followed by treatment with '['iCl4 under various conditions,
selectively gives (E)-3-hexen-1-ol and {E}!-4-hepten-1-ol, respectively. The
reaction results from a syn-ethylmethylation of the multiple bond, with no

conplications observed from in situ R-hydride elimination [132]. A kinetic
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investigation of the TiCla—catalysed Friedel-Crafts benzylation of PhCH2C1 in
excess aromatic hydrocarbon suggests the reaction to be first-order with
respect to PhCH,C1 and second-order with respect te catalyst. The reaction
mechanism involves attack by PhCII2+ or a PhCH2+Ti2C19_ ion pair on the aromatic
[133]. Pozdnyakovich and coworkers [134] reported that benzylation of m- and
p-tert-alkyl toluenes (PhCHZCI} give mixtures of the corresponding 2.4-, 2,5-,
4,2-, 5,2—} and S,S-Me(RCMeZ}C6H3CH2Ph (R =Me, Et). Less than 4% o-, m- and
p-MeCcH,CH,Ph were formed.in the presence of TiCl,.

Thermal analytical data were employed to construct a phase diagram for
the TiCl4/TiBr4 system. A continuous series of solid selutions is formed with
a minimum melting point of 247K and 13 mol % TiBr, {135]. Chikanova and
Vorontsov [136] have determined the thermodyvnamic conditions for producing an

electrolyte melt of the binary system TiCl,-PCl.. Various two-component oxide

4 5

structures have been prepared with the use of TiCl,, PCl

4 3 VOCl3 and CT02C12

by a method of molecular stratification on & silica surface. The (fSim]sTiOH
surface group consists of a series in which TiCl4 substitutes the metal-oxo
groups [137].

Intracavity laser spectroscopy has heen used to determine the spectral
bands Til4N, TilSN and Ti0 in the absorption spectra of TiCl,-N, pulsed
discharge plasma [138].

An investigation of the current and nature of the ester solvents (E =
EtDAc, BuCAc, PrOAc) on the anodic dissolution of titanium in ester solutions
of TiCl4 reveals two types of processes occurring. These processes are related
to the electrochemical discharge of anions with a [TiClS'E]- composition, and
to the chemical process of oxidation of the metals of the cations [TiC13'3E]+
and [TiCla'E]+. At lower current density values, the electrochemical process
predominates, while the chemical process dominates at higher (»1 A{dmz)-current
densities. The rate of electrochemical dissolution of the metals is determined
by the electron-donor properties of the ester ligands and increases with

decreasing overall Taft constant of the acid and alcohol radicals of the
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complex ester molecules [139].

{311} Miscellaneous Chlorides
An attempt has been made to caleulate the stability constant of

o
TiC16“ in concentrated HCLl using spectrophotometric data, However, the

T

zxtinction coefflcient of 'l'iCI{j , caleulated by cxtrapolation, was not
sufficiently accurate to allow stahility constant calculatians [1401.  The
infrared and low-tempervature Raman spectra of (ISJTi(JIS‘Jllj[] have heoen neasured
in the a4000-200 cm_l region. Additienally, normal coordinate calculations
were performed {or Lrans—[TiC]z[H20J4]+. The prescnce of this ion in
CszTiC15-4H20 was reportedly [141] confirmed by the similaritics in their
vibrational spectra, Auper electron microanalyslis and x-ray phuse analyvsis

of the reduction products of the layered graphite Lklll.U{lﬁtld,S(l}

(k - 5%-
78) indicate the formation of titunium and graphite [142]. The electronic
structure of the dibenzotetrathiofulvalene ion-radical salt with '{‘i:(,'lg_ has
been determined from x-rav emission specivoscopy [143].  The stuhility

constants of Tio1 and TiDCT, (1.04 and 0.2, respectively’i have Dheen

determined using an Jon-cxchange wethod [1447,

¢. BROMIDES

A reinvestigation of the vieolet emission bands of TiBr rcveals the
production of five band systems when T'i[h‘r1 and argon arc passed through a
microvwave discharpe. Three of the systems reportedly arise Ffrom TiBr, one
from TiBr2 or TlBr+, and one trom TiBrS, Vibrational anzlyses arce piven for
two of the TiBr systems [145). An effective Hamiltonlan has beoen developed for
the treatment of exchanpe interactions in a pair of transition metal ions with
orbitally degenerate ground states [146|. ‘'lhe Hamiltonian retains a partial
3-

degeneracy of singlet and triplet pair states, and was applied to Tiﬁxq (X =
Br, Cl] dimers. The gross experivental features of Rb?}Ti.,Brg and €5,Ti,Clg

agree fairly well with the theoretical mode!l, with strongly antiferromagnetic
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coupling and rationalizatien of exchange parameters by an approximate MO
calculation [146]. Employing molecular kinetic constants and the Kilson's FG
matrix method, the general quadratic valence field was applied to the solide
state metal-hexahalo species RZTiX6 {R = (C2H5)4N, Cs}. For the first time,
the compliance constants, vibrational mean amplitudes, shrinkage constants,
Coriolis coupling constants and rotation distortion constants are reported for

these ions [147].

4.7 TITANIUM OXIDES

a., TITANIUM OXIDES, EXCEPT TiO2
Nonstoichiometric TiO, films have been prepared by dual ion beam

sputtering, and have been characterized by a high absorption indeéx.
Additionally, deposition conditions are reported for cobtaining either TiOx
films with an adequate reproducibility of film properties [148]. Theoretical
studies of optical scattering show that transparent layers deposited on-a rough
surface may possess an antiscattering effect. Roche and cowcrkers [149] have
experimentally shown that such predictions arc trume for titanium oxide provided
exceptionally stable deposition conditions are employed. Thermodynamic
properties have been calculated for the nonsteichiometric titanium oxide TiOx
(0.85 € x £ 1.25} by the method of cluster components [150]. The overlap
molecular integrals and the Ti-Ti bond screening energy, 'V', in TiO were
calculated by solving a four-electron problem which accounts for the
interaction of the electron of the d orbital from each Ti atom and two
electrons of the 2p orbitals of the oxygen ion. The resulting 'V' values
exhibit a direct telation to the formation of structural vacancies [151].

Structural defects occurring in plastically-deformed, nonstolchiometric
rutile, Ti0,_ , {0 < x < 0.0035), have been characterized by high-resolution
electron microscopy. The observed crystallographic shear planes possess
considerable local diserder in orientation and structure, implying a different

precipitation mechanism for these defects compared to those in quenched
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nondeformed materials of similar compesition [152]. The extrinsic and/for
intrinsic nature of extended defects in TiOE_x have been analysed by drawing
Burger's circults directly onto high-resolutien elecetron micrographs. Above
the extended defect precipitation temperature, an cssentially interstitial and/
or vacancy nature of the small defects responsible for Ti0, . are implied.
Images suggestive of a partial wall of anion vacancy defects were also

obtained [153]. Chemical diffusion coefficients have been measured for various

nonstoichiometries of Tioq_x at 1323K.  The resnlts were comparcd with those in

the literature, and were interpreted in terms of a major constituent,

. - 3+ . . .

interstitial Ti , being responsible for the diffusion. As a conscoucnce,
oxygen vacancics possibly associated with shear plancs in the 1101‘99—T1011995
part of the nonstoichiometric domain are expected to be minor defects in this
oxide []54]. High-rescolution electron microscopy along with vontrolled
specimen preparation were emploved to investigate the nature and structures of

{100} platelet delects observed in TiQ (0% x T 0,0055%. The platelet

2-x
defect precipitation was explained in terms of new linear cationic interstitial
defect models which exist within the nonstoichiometric phase [1557.

A method tnvolving in situ annealing using an electron microscope was
reported to study the phasc transition of evaporated TiOO.S films. Single
crystals of the &-phasc precipitate during annecaling; alse, appearing during
annealing were two translition structures possessing ordered vacancies of Ti and
0, respectively. Diffcrences in lattice distortion of the two transition
structures, relative to the parent rock-salt type lattice, suggest that the
effective atemic volume of Ti is larger than that of @ in the transitioen
structure crystal [156]. the effect of thermobaric treatment on the magnetic
sus¢eptibility of TiOx {x = 0,84, 1.05, 1.27) has becn studied. The ohserved
changes in the magnitude of the mawynetic susceptibility arc interpreted in
texrms of a change in the structural characteristics and charge state of atoms

subsequent to the action of high remperatures and pressures [157].  Kutzler

and Ellis [158] have calculated the x-rav 'K'-edge photoabsorption cross
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section of TiO employing the self-consistent one-electron local-density theory.
Additienally, energy levels, charge distribution, and cross sections are
reported from a 27-atom microcrystal with a molecular-cluster approach in the
discrete-variational method.

Micrometric particles of powdered titanium oxides (TiOz, T1203, Ti0) were
characterized by laser microprobe mass analysis (LAMMA). The stoichiometry of
the sample can be correlated with the relative intensity distributions of the
positive or negative cluster and atomic ions. Variations in laser energy
density and in ion lens potential also affect the ion intensity distributions.
Similar conclusions were reached via application of the valence model [159].
The structural chemistry of Magneli phases in TiXOZX-) (4 € x<9) at 115, 140
and 298K has been examined by LePage and Marezio [160]. At 140K, a significant
cell-parameter change at the Jower transition and a:5-fold superstructure
gccur.  The 140K phase is triclinic and corresponds to long-range order of the
titanium valences. Expansion and contraction of the Ti-Ti distances in the
rutile-like chains can be correlated with the electrostatic repulsion of the
titanium ions.l Chemical transport experiments on the phase Ti, 051 with HgCl,

reveal a neighbor phase with higher cxygen content (Ti } deposited at a

x+102x+1
lower temperature Ty Similar results were obtained using TeCl, as the
transporting agent. These results and thermodynamic calculations suggest.it is
possible teo calculate the composition of a compound deposited at Ti in systems
with numerous close~neighbor phases and for given experimental conditions [161].
Similar experiments showed that in the presence of traces of HZO’ the
neighboring phases with a higher oxygen content are deposited in the zone with
the lower temperature T, The transport is duc to the formation of HC1l from

Hg(]l2 or TeCl,, as confirmed by the use of HCL or NH4C1 as the transporting

agent [162].

b. MIXED METAL OXIDES
Canali and cowarkers [163] have studied the interactions and

compounds formed between titanium and LiNbO; which occur before the true
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titanium In-diffusion process for optical waveguide production. Lithium
insertion into various closc-packed Ti0, frameworks has been investigated using
neutron diffraction. A simple model based on nminiwmizing cation repulsion was
emploved to rationalize the structures and diffusion of lithiom in lithium
inserted anatase, Lio.STjOZ’ the spinel LiT1204, aund the lithiated spinel
L12T1204 [164]. Crystal structure dcterminations of these oxides reveal that
lithium partially occupics the hiphly distorted octahedral intcrstices in the
anatase framework in five-fold-coordination with oxygen in Liﬂ_S'I'iO2 [Figure
2). A pormal spinel structure ohtains for cubic Li,Ti 0y with LL in the

tetrahedral sites. In LijTijO4, the Ti remains in the spinel positions but the

Li is displaced, filling all of the avuilable octahedral sites [165}. The

FIGURE 2: The structure of LiO STiOq,

The anatase framework is accentuated by

anatase form.

cutlining the '1'i0{j octahedra. Trianpgles, Li;

open circles, Ti; diamonds, 01; squares, 02 [1G34].



metallic nature of LiTi204 has been confirmed by the presence of a Fermi edge
in the helium l-excited valence-band UPS spectrum. tlowever, the measured
density of states at the Fermj energy is significantiy lower than expected

from an independent-electron interpretation of the magnetic susceptibility.

The difference i3 due [166] to a strong interaction hetween the conduction
¢lectrons and lattice vibrations. 'The localization of conduction clcctrons
observed in the final state in the Mg Ka-excited Ti-2p XPS spectrum of LiTt,0,
its the result of a Coulomb interaction with a core hole [166]. ESR
spectroscopy and magnetic susceptibility were used to characterize the
Lil+xTiZ—x04 spinel. The two types of localized woments observed were
associated with two Ttypes of defects; an oxygen vacancy and an Ol ion.
Unpaired clectrons are trapped as Tis+ ions adjacent to these defects, and the
strong tetraponal ficld is likely associated with the formation of a static
(TiO)+ ion via displacement of the T1 ion from the defect. Spin relaxution
then cccurs through thermal ionization of the trapped electron, which
apparently is related to a static-dynamic transition in the 11 ion displacement
[167). Porotnikov et al., [168] have recorded the infrared and Raman spectra
(33-1000 cm_lj of LizTiOS, and compared the data to a group theory analysis and

. . . 6,7 . . s . .
to an 1sotopically-substituted ’fLL?Tlo The effective coordination numhers

3
and the Madelung part of the lattice enerpgy have been caleulated for the

isotypic compounds KLisTiO4 and-KLiESiO4 [169]. At temperatures of 573-773K,

the clectrical conductivity is significantly increased upon partial replacement
S s . e dE At . v as ‘
of 51 in L148104 by larger ions (Ti , Ce ) tu give Ll4b1]_xTLxO4. There

appears to be an optimwm ratio of the size of the migrating Lt ion and the
size of the migration chammel, as determined by the size of the Ge4+ or Ti"H
ions [170]. Belinskaya and Filina [171] have studied the formation conditions,
composition uand iom-exchange properties for the alkaline hydrolysis products in
the TiC]4—H20—MOH (M = Li, Wa, K) systems ut pH 10 ond greater than 12. The

M:Ti melar ratio in the precipitate depends on the aging time of the

precipitate in its mother liquor. X-ray phase analysls was employed to
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characterize the major caleined precipitates, identified as Li4Ti15012,
1\32’1‘1307 + N32T15011, and K2T16013'
Berdewski and Blasse [172] have investigated the nonradiative relaxation

by multiphonon emission for the >

D, (+°Dy) level of Eu”" in NaGdTiO, in the
temperature range 4.2-298K. The temperature of the relaxation rate is
indicative of a fifth-order pracess, while the frequency of the emitted phonons
corresponds with that of Gd-0 stretching vibrations. The static structure
factor S{q) for the Frenkel-Kontorova model Hamiltonian has been treated on the

basis of a high-temperature expansion of the transfer-integral equation (TIE),

Ti 0,, reveals that

Application to the potassium hollandite K]'54Mg0'?7 7.23%4

experimental results are not reproducible for S(q) at substrate potential

Ug & 1, though it gives consistent results for UR = & and a correlation length
Aa = 3.1 [173]. A study of the character of the magnetic conversion of
diluted ferrites, including Mgl.SFETiU.SD4 (Mg-Ti), shows the existence of
ordered and disordered spins (mictomagnetism) [174]. X-ray powder diffraction
was employed to obtain the crystal structure of CaTlid

containing RZO R = Lla,

3 3¢
Dy, Pr, Lu, Y, Cr). The R203 additives do not affect the lattice parameters,

as they apparently are not situated in the lattice but at grain boundaries [175].
The difficult-to-prepare monoclinic crystals CaTigAlgolg and LaTi2A190lg have
been successfully produced by a relatively simple method [176]. The reaction
between molten A1203 and TiO2 in a solar furnace gives B-A%QTiOS, which has

been characterized by x-ray diffractometry and Raman spectroscopy. The 200 f:m_1
band in the Raman spectrum of B—A12T105 corresponds to valence vibrations of
the Al-0 bonds in distorted [A106] octahedra, as confirmed by the Raman spectra

of Al T105 s0lid solutions [177].

2x782 (1-x)
Infrared spectroscopy and x-ray diffractometry have also been employed to
determine the effect of acidic or basic molecules and of the structure of a
V-Ti-0 (VQOS/Tioz) catalyst on the catalytic oxidation of alcohols. With

increasing V,0g concentration {(V:Ti = 2-11)} the concentration of the active

surface V=0 groups increases [178]. TEM studies of the ternary system VTiOK
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{x = 1.750-1.900) at 1373-1473K reveal the formation of a homologous series of
oxides which have been formulated as vain—zozn—l (5 % n € 10). 7The new phases
are described as derived from the rutile structure through the application of
the crystallographic shear on the (121)r planes. Unit ccll parameters are
reported for the V2Ti7017 and V3T1601? phases, which also possess micro-
synthetic intergrowths [179]. Kidoh and coworkers [180] have characterized the
structure and electron density distribution in the ilmenite-type MnTiD3

crystal (Figure 3). A small amount of partial disorder cccurs in the cation
arrangement of the rhombohedral crystal examined. The electron ¢loud azbout the
'1'14+ ion is deformed s¢ as to shield the positive charge of the Mn2+ ion, as in
CoTil;. A positive-density region spreads between the nearest Mn2+ ions in

the deformation density map, which suggests dire¢t interaction between Mn and

Ti. The antiferromagnetic order observed in the {0001) plane at low

temperatures does not contradict the presence of such direct interaction. The

33089 (6]

2919147}

o
FIGURE 3: Bond lengths, in A, in the MnO6 and TiO6

octahedra of the ilmenite-type MnTiO
crystal [180].

3
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electrochemical behavior of the natural ilmenite FeTiOg has been investigated
by cyclic veltammetry [181]. The valences of the metal ions in FeTiOH are
Fe{ll) and Ti(iV}, bascd on analyses of currvent-voltape curves. The preparation

0, (x £ 0.9) have been

and the electto- and photoclectro-chemistry of Fe‘Til_\ X

reported [1821]. Uata from Moessbauer spectra of Fel_xMx01+5 M=71i, V, Cr,
Co, Ca) have becn interpreted in terms of the oxidetion state of Fe heing
betwcen +2 and +3 which depends on the composition ot the sulid solution [183].
The mono¢linic Fe2T105 system has been characterized by high-resolution
electron microscopic images and by their computer simulated lmapes, with the
ald of electron and x-ray powder diffractometric methods [184]. X-rav phase
analysis, infrared spectru, clectricul conductivities, photovlectron emission
and diffuse reflection spectra of (TixFel-x]203 (x = 0-0.1} solid solutions
reveal the samples to be true substitutional solid seolutions with a uniform
distribution of Ti hetween the surface and the bulk. Electronic conduction
occurs via ionization of the donors Ti4+'FeE+, s1tuated 0.5eV helow the
conduction band [185].

Porous metallic supports {stainlecss steel PNS, Nichrone FNKh, Ti and Ni}l
corrode by molten M[Nosjm‘nﬂzo during the preparation of the oxide catalysts
Co.0

COI—xMxO {M =Ti, Ni, Cr, Fc}, F6303’ and Fe XMKO (M= Ti, N1, Cr).

O35 s 1-
The corrosion is accompanied by ineclusion of the support metal ioms into the
lattice of the catalytically-active oxide and bv a change in 1ts phase
composition [186]. The electron density distribution in a Colily crystal was
examined by single-crystal x-ray diffractometry. ‘'The obscrved deformation
densities about the Co2+ jon are explained in terms of the high-spin §? 1on
clectron contdguration in an octahedral field. ‘the Ti4+ jon lies in & negative
region of the deformation density map, and a positive peak eoxlists on the three-
fold axis [187]. The thermal decomposition (1300-1700K} of CoTi0. apparently
proceeds via two steps, with COTiEO5 an an intermediate product having a

standard heat of formation of -2162.7 kJ-molell (from the elements). The

decomposition was examined hy mass spectrometric Knudsen cell determinations
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and by vacuum thermcbalance experimeﬁts, with subsequent x-ray uanalysis of the
residues [188]. For the first time, an electrical field induced texture effect
has been observed in the Moessbauer spectra of NiTi03~Fe203 pellets [1897%.
Thermegravimetry, DITA, isothermal studies, x-ray diffraction and chemical
analysis have been utilized to study the thermal decompesition of
ZnTiO[C204)2'2.5H20. The decomposition occurs via three steps: {a) a two-stage
dehydration of ZnTiO{C204]2'2.5H20 between 295K and 453K; (b) the second step
involves decomposition of the oxalate at 450-573K, while (¢) the third step
results in the formation of oxides as the end product. The end product, when
isothermally heated at 973(20)K, is the cubic znZTiSOS’ which on further
heating (1173(25)K) gives cubic Zn2T104 [150].

The formatien of strontium titanate, SrTiO3, has been examined by
thermegravimetry (TG) and by x-ray diffractometry. The reactivities of several
starting materials [Sr[NOS}Z’ SrCOS, SI(OH}Z, TiOz-nHZO, anatase, rutile] were
I

co and

also studied; the reactivity decreases in the order OH , NO 3

3
anatase, TiOz'nHZO, rutile [191]. A three-terminal capacitance dilatometer was
employed to determine the linear thermal expansion of Sr’I‘iO3 at 10-150K. The
temperature at which the dilation is minimal {37.5K} is wvery close to a
transition point [T = 32 ! 5K) predicted by Cowley [192]. Mueller and
Berlinger [193] have measured the effect of uniaxial {100}, [111] and [110]

. . + L4+
stresses on the EPR fine-structure lines of Cr3 at 300K on octzhedral Ti

sites in 5rTiQ, and Mg2+ $ites in Mg0. The intrinsic superposition-model

3
parameters and spin-lattice strain coefficients were determined, Partial
. . L ht Y . . 4+ S+ <
substitution of ¥ for T1 = in SrTlO3 yields Sr[l—xfz][jx/ZTl (l-x)v x03 (x =

0.5}. The effect of the cation vacancies thus created on the polarity of the

substrate bonds was investigated, and the optical and electrical properties of

the product studied. It was suggested [194] that an increase in covalency of

the M-0 bond (M = small cation) in the perovskite is due to the incorporation
5+

of V' . Thermogravimetric measurements as a function of oxygen activity at

1473-1673K on a series of lanthanum-doped Sr’I‘iO3 prompted Flandermeyer et al.



[195] to pestulate a model that assumes the ahsvoption of cxcess oxygen in the
structure which compensates the donors via cationic defect formation. A
comparison of this model with the experimental results reveuwled reasonalle
agreement. Gulva and Gyvori [196] have examined the perforwances of
photoclectrochemical cells with STTiOS, BuTiOS and KTaUS electrodes. The
voltammetric characteristics, the response to vonductance, nonconductance and
WY solar radiation, and the sexternal electirical potential reyuired to prime the
electrolytic process have becn reported for polycrvstalline SrTiO5 phote-
electrodes [197].

The mineral sritankite

Tig 67j0 i5s orthorhombic (space group Pben),

rg 5 2
with Zr and Ti distributed at random wmong the sites of the a-lead dioxide
structure. Llach metal lop is bonded to six oxypen atoms forming distorted
{Ti,Zr)06 octahedra |198]. Ti and ¥b are not randomly distributed in
monoclinic (space group C2/m) TleZO?, for which there is preferential
ouvcupation of cne type of site by the Ti atoms [199]. Grecger and coworkers
[200] have cmployed EXAFS and XANES (x-ray absorption near edge structure
spectroscopy) to evaluate the effect of alpha-recoil damage in metamict,
annealed and synthetic complex titanium-nichiun-tantalum oxides. A comparison
of results obtained for the metamict vs amnesled and crystalline samples
indicates minor changes in the first courdination sphere (Ti-0) and major
disruption of the second coordination sphere (Ti-Ti) for the metamict state.
The data were Interpreted in terms of a mechanism tn which tilting of cation
coordination polyhedra is the prinvipal effect of any damage resulting fram
aipha-recoil events.

The organic interculates H, 5(LH]O  TINBO; 1. = NH,, MeNH,, EtNH,, BukH,,

33
PriH,] have been prepared via reaction between HTiNBO, and L [201}. The rutile

type RuxTi 0, coatings are metastable solutions wherein chloride ions are

1-x

. - . . 2- . .
likely to replacc the oxide ions on the sublattice 07 sites [202],

The luminescence of Bi_Ti3017 erystals results from the interaction of the

4

domain boundaries with c¢rystal lattice defects. An electroluminescence
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gxamination ofBidTiSO12 shows that during pulsed polarization reversal only the
finul stage of polarization reversal, correspending to a side movement of
domain boundaries, is accompanied by the luminescence [203]. Room-temperature
Raman spectra of single-crystal BilZTiO20 exhibit relatively narrow and sharp
low- frequency Raman lines, with increasing linewidth as the frequency increases
to 318 cm_l tollowed by a decrease for the highest frequency modes [203}. The
frequencies of the normal vibrations of [-symmetry in the room-tempcrature
infrared reflection spectrum (10-50 um) of single-crystal Bilgiozo were
cbtained for the center of the Brillouin zone of the sample. The resuits were
compared with previously published data from Raman and infrared transmission

spectra of BilzTiO and to refine the data for BilZSiO20 und BilzGeOZU [204].

207

At B0-300K, the photochromic effect in Bi MOZG crystals (M = Ti, 5i, Ge)

12
depends on the absorption coefficicnt in the absorption shoulder spectral
region and on the concentration of trapping sites with Ep = 0.5 - 1.2 eV [205].
Senuliene et al. [206] have investigated the existence of a complete range
of solid solutions between BiIZSiO20 und BilzTiO20 and their optical properties.
The optical spectra revealed (a) absorption in the vicinity of the fundamental
edge, (b} infrared absorption and reflection, dnd (c) specific rotation of
plane polarized light for Bil2Si1—xTix020' Intergrowth compounds [X1][YM] are
yielded upon interaction of LiBiSO4C12—type compounds (X1} with members of the
bismuth titunate series {[M202][Mm-1Rm03m+1]’ m = 1-4}. ‘The ideal space groups
for the intergtowth compounds are reportedly F4/mmm or Cmmm; however, all
[X1][YM] compounds are distorted, thus possessing symmetry lower than P4/mmm or
Cmmm. A trial, ideal structure [Pb8102C1][Bi4T13012] {space group Cmmm) was
given; as well, a possible model of the true unknown structure was discussed
and compared to the orthorheombic structure of Bi4T13012 {see Figure 4} [207].
The preparation of BaT-iO3 from Ba(NOs}z, BaCOS, Ba{OH)2 or BaC204 and
TiOz-xH 0, anatase or rutile has been examined by thermogravimetry and x-ray

diffractometry. BaTiO3 forms in the reaction of Ba(NO3]2 with TiOz, while

other titanates result from reaction of other reactant combinations. The
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FIGURE 4: A schematic picture of the ideal cvrystal strucrure of
[PbBlojCl][Bi4Ti§012] in snace group P4/mmr.  The heavy

atom parameters are from 4 refinement in Cmom. Emvoty,
bilack and double c¢ircles indicate O, Ti and {1, squares (Ph, Bij.

rcactivity of reactants is of the order Ba{NOS}z > BaCO3 ko Ba[OH)z and anatase
> TiOE'xHZO ¥ rutile; BaC204 is converted to the carbonate pirior to reaction
with ‘k'j[}2 [208]. Beauger and coworkers [20%] proposc a mechanism to account
for the macroscopic reproduction of the various solid-solid interfaces expected
in the preparation of BaTiOs fram BaCO3 and TiOz. The mechanism cntails {a)
the formation of BaTiO3 at the expense of Ti05 by Ba di (fusion from BaCo, (b}
the formation of BazTiO4 at the cxpensc of the BaTiO; layer via Ba diffusion,
and (¢} the conversion of Baz'l‘io4 to BaTiO3, with release of an unidentified
species of Ba0 stoichiometry which diffuscs towards TiO2 through BaTiO3 te form
BaTiOS.

Active hydrated TiO, reportedly [210] reacts with aqueous ammonia solutions

of BaCl2 to yield amorphous barium polytitanates, containing < 4.1 x 10—3 moles
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of barium per gram of TiOz. At 1173-1273K, crystallization of BaTi409 ocours.,
SEM and AES methods were utilized to study the epitaxial growth mechanism for
the vacuum condensation of BaTiO, films by thermal evaperation onto SrTi0g,
TiOZ(rutile) and A1203{ruby} substrates., Faceting and lateral growth of
islands of small lattice misfit and parallel crientation suggest a Frank-van
der Merve mechanism [211]. The crystal structure of BaT1036902 has been
examined using the EPR spectrum of F93+, contaminating pure BaTiO3, at 113-433K,
The observed powder spectra were classified according to pure BaliOg, Iightly
doped BaTiO3 (0,05-0.5 mole % CeOzj, and heavily doped BaTiO3 {1-3 mole % Ce02L
The possibility of observing crystallographic phase changes in ferroelectric
polycerystalline BaTiO, with various Ce0, concentrations was confirmed by
c¢bserving the EPR spectra of high-spin [Fe3+) in pelyerystalline BaTiQ; at
various temperaturcs [212]. CGuenter and Jameson [213] obtained the structure
of orthothombic o'-Ba,Ti0d,, and related it to that of monoclinic S-BazTiO4 (see

2119,

Figure 5). The TiO4 tetrahedra are discrete, and three Ba atoms possess

FIGURE 5: The coordination polyhedra for orthorhombic a'-Ba,Ti0, (first

three columis) and monoclinic B-BazTi04 {last column) [213].
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irregular eight- fold coordination while the other three Ba atoms huve

irregular six-fold coordination. Styuctural refincments have been performed on
the isestroctural (space groups Poz/mme) six-layer, R-tvpe hexagonal ferrites
BaTizF04011 and Ba5n2F04011. The structure consises of h-stached Baby and 9
layers in a I:2 ratio. Three octahedral sites are ocoupicd bhetween 0, Tayers,
and an octahedral site and a tetrahedral site are occupicd between the Ra and
04 layers. Thre octahedral sites are occupied by 'L {or Sn} uand Fe, while the

pair of tetrahedral sites is accupied by one Te atom  isce Figure 61 {214].

FIGURE &: Unit c¢ell structurc of BaSn,FedO
with BaTlgFeﬂﬂl].
solid civeles, ovtahedral sites ocooupied hy (Sn, Ti) and bej

which is isostructural

e
Shuded circles, Ba; open circles, O

smadl open circles, tetrahedral site sccupied by be with

an pooupation rate of 500 | 2147

The composition and crystal structure of orthorhombic (spuace group Pha 2)

Bas.?iprg‘STilHOS4 have heen refined. The structure reportedly [215] consists
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and to two other Ti06 groups ([T19027}0] with BaPr lying hetween the channels.
A modified relaxution method has been emploved to determine the specific
heat of a single crystal of pure BaTiO3 [216]. The results reveal a pure T3
dependence of the specific heat in the 3-10K temperature range with no
anomalous cxtra contribution, contrary to the general 13/2 term expected for
the specific heat of ferroelectrics at 2-10K. The experimentally ocbserved

polariton spectral features of NH,C1 and BaTi0; crystals have been analysed on

3
the basis of theoretical calculations, taking inte acceunt polariton Fermi
resonance [217]. The room-temperature high frequency edge Raman spectra have
been recorded for tetragonal BaTiOs. Two new narrow width lines, not
previcusly cited, are reported [218]. Sharon and Sinha [219] have determined
some of the photoelectrochemical properties of n-BaTiO3 doped with La, prepared
by the alkoxy method. The bandgap (3.19 eV}, donor level and space charge
region were cbtained. Furthermore, the flatband potential does not depend on
the nature of the electrolyte, except for KI and Fe(GN)ﬁa-, while the
conducticn band-edge position depends on the nature of the electrolyte. This
suggests that the metal-semiconductor model of Mott-Schottky is not strictly
applicable to the semiconductor-electrolyte system.

valley and Klein [220, 221] have utilized the charge-transport model of
photorefractivity to evaluate four figures of merit that can be used to
characterize the performance of photorefractive materials. The figures of
merit include (a) the steady-state index change, (b) the response time, {c) the
energy per area to write a grating with 1% diffraction efficiency, and (d) the
index change per absorbed energy per unit volume {photorefractive semsitivity]),
The indices are evaluated as a functien of grating period and applied external
electrical field for BalESiOZO {(a fast material with a relatively small
electrooptic coefficient) and BaTiO3 fa slower material with a larger
electrooptic coefficient).

The synthesis and analysis of lanthanum titanate has been cited in the

Russian literature [222). The phase relations at 1473-1623K for the sections
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l,ad'l'isolz/MTiO5 (M = Ca, Sr, Baj, LazTiOS;’MTi/D3 (M = Ca, 5r), and
La4TiSOIZ/L32Mg'1'iOEJ have been istablished by x-ray phase analysis. The

formation of Mla, Ti,0

4T, fM = Ca, 5r, Ba}, La T13’5Mg0‘50]5, Ca2L34f15018 and

15 5

LaﬁTiJMgOIB’ having hexagonal perovskite structures, was identified [223]. The
crystallization temperatures of LHZIS*XMSXTiOS M = L1, Na, K} were determined
by x-ray phase analysls and DTA. The addition of M leads to a decrease in the
crystallization temperature in the scquence L1 > X > Na [224],

The effect of initial pressure on the overall] kiretics of the
decomposition of N,8 over the double perovskite La,li€o0, at 673-755K has been
established. As well, the catalytic activity of LazTiCOO6 has becen compared to
that of other LazTii‘-[O6 compounds (M = divalent tramsition metal 1ons) [225].

Van Dijk et al. [226,227] have investigated the electrical and catalytic
properties of some oxldes with the flueride or pyrochlore structure, including
lanthanide titanates doped with cerium. 'lhe bulk magnetization and magnetic
susceptibilities of HOTiO3 and ErTiO3 single crystals have been determined
[228]. For IioTiO3 and HrTiOS, eusy direction of magnetization is along the
b- and c¢-axes, respectively, with respect to the 'Pbnm' chemical cell. The
saturation magnetic moments along the esasy axes are 7.53(2) uB per formula unit

for HoTiO0; and 6.8(2) uB for };'rTiO5 at 4.2K [228].

c. 'l'iO2

(i) Preparative Methods

A radlo-frequency glow discharge promotes the reaction between TiCl,
and oxygen to deposit TiO2 thin films at low temperatures (298-973K) [229}.
Ultra-fine (120-1500 R) TiOz[rutile) particles have been preparcd from TiC.l4
at <373K and have been calcined. The effect of particle size on the photo-
catalytic activity in aqueous methanol has been reported [230]. Electrolysis
of a TiCl, solutien in the presence of 5 mole % Z.I‘OCI2 in a diaphragmless
electrolytic cell vields the sol of hydrated Ti.O2 [231]. 'I‘iO2 thin films have
been preparcd at 403-523K by chemical vapor deposition invelving TiCl,

hydrolysis on ua heated disk that rotates a silicon substrate [232]. Rutile-
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type T102 needles are produced upon chemical-vapor deposition from the TiF4fH20
system at elevated temperatures. Employing a flow method from a NazTiFéfTiOZX

H20 system under controlled conditions, the Ti0, needles grow preferentially in
2 1)

the [0D1] direction [233]. Ultrafine amorphous TiO2 particles (¢ 300 m“-g~

have alsoc been preparsd by chemical vapor deposition of Ti(OPr1]4 (reaction 3}.
Ti(O0Pr), ———® Ti0, + 4CH + 2H0 (3)

The reaction is catalysed by the Ti02 deposit on the reactor wall [234]. The
photocatalytic activity of Pt[TiDQ, for which the TiO2 was prepared from
Ti [OCH[C}13}2]4, depends on the calcination temperature of 'I'il’}2 [235].

T102 optical coatings were obtained by ion-sputtering techniques, for use
as multilayered interference mirrors and filters on glass substrates. The
coatings were characterized by their absorption coefficients, film thickness
and transmission spectra [236]. The utilization of argon and oxygen ions to
bombard a film during deposition was studied as a potential technique for
controlling the optical and mechanical properties of Ti0, fiims [237, 238].

Thin films of TiD2 formed by sputtering techniques were found to be

mechanically stable, mearly amorphous and very adherent [239]. Nb205~d0ped
n—TiD2 has been prepared by vacuum annealing; the conductivity changes have been
measured as a function of deping [240].

A thin-film polycrystalline Ti0;(rutile) photoanede obtains by the
oxidation of a titanium sheect in air at 873K for 3 hr, fellowed by activation in
hydrogen at B73K for 1 hr. The photoanode's optical-to-electrical conversion
behavior was determined from flatband potentials, current-voltage curves, and
spectral response [241]. The structure and elcctrochemical properties of TiO2
photoanode films, prepared via reactive evaporation of titanium im 10d4 tory

oxygen, have also been investigated [242],

{ii) Structure and Characterization
- +
The equilibrium geometrical parameters of Tig, {also ScO2 s V02 1

F5cQ, FTio" and FCuQ) have been calculated by the Hartvee-Fock method utilizing
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valence double-exponential Roos-Veillard-Vinot basis sets for 3d metals and
double-exponential Oors-Sieghahn basis sets for oxvgen and fluorine, The
calculations favor an angular structurc with a valence angle {(QTi0) equal to
115° for TiO2 [243]. Munnix and Schmeits [241] have calculated wave-vector-
resolved and -integrated surface densities of clectronic states for defect-free
TiO, [110] and TiO2 [001] using the scattering thcoretical method. The creuation
of these surfaces leads essentially to oxygen p-derived resonances in the
valence-band region and to titanium d-derived resonances in the conduction
band region. In agreement with available UV-photoelectron spectroscopic
results, the gap for both faces is free of coccupied surface states. Neow
structural models werc derived for oxygen vacancy defects which vecur in
impurity and dopant-controlled regimes of slightly substoichiometric rutiles.
An analysis of the electrostatic valencies of the oxvgen bLons led to «
suggestion that the oxygen vacancies should readily trap H ions. These new
small defect models offer un explanation for the many contlicting
interpretations of physical property measurements of reduced and doped rutiles
[245]. Computcr simulations have shown that small defeets should vield
cbhservable contrast for bright-field phasc contrast images of rutile. The
calculations provide a basis for reliable interpretation of ohserved images,

1f artifact contrasts can be excluded or controlled by the preparative

method [246]. High-resolution clectron microscopy and controlled preparative
methods have allowed examination of the nature and structuce of smull defects
existing within the nomstoichiometric rutile phasce T102—x 0 < x <€ 0.01).

Using new lincar cationic interstitial defect structural models, the atomic
mechanisms involved in crystallographic shear plane nuclcation and growth and
the eventual evolution to an ordered crystullographic shear structure have heen
elucidated [247]. Calculations have heen performed for the encrgetics of
reduced Ti0,(rutile] crystuls containing (i) an isolated {132} crystallographic
shear plane, {ii) an ordered array of {132} crystallographic shear planes
corresponding to an oxide of composition TiZUOSQ’ {iii} a vacancy disk lying on

{132} planes, and (iv} an ordered array of vacancy disk lying on {132} plancs,
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which yields the crystal composition Tizoosg. The calculations employed the
polarizable point ion shell model and account for the electronic
polarizabilities of ions involved, The results suggest that vacancy disks will
be converted into crystallographic shear planes in real crystals, and will not
exist as discrete defects. Also, a change in dielectric constant does not
appear to have a significant effect on the stability of vacancy disks, but does
have an effect on the enerpetics of crystallographic shear planes. The latter
observation suggests that c¢rystallographic shear planes are only favored in
crystals of high dielectric constant [248]. Woning and Van Santen [248] have
predicted greater reducibility of the coordinatively unsaturated Ti4+ ions at
the rutile surface than at the anatase surface, based on calculations of the
electrostatic potential at the most demsely pack rutile [110) and anatase (D01}
crystal faces. As a consequence, the intrinsic Lewis acidity of coordinatively
unsaturated Ti4+ ions at the yutile (110) face is larger than that of the Ti4+
ions at the anatase face.

X-ray diffraction line broadening studies of shock-lodded TiOZ(rutile)
have been performed to determine residmal lattice strain and coherent
crystallite sizes. Rutile exhibits residual strain values near 2 x 1(}_3 at
peak shock-loading pressures of 20-27 GPa. Coherent crystallite size reductiom
with decreasing pressure, and a gradual strain decrease and crystallite size
increase with temperature were observed [250]. The high-temperature single-
crystal x-ray diffraction analysis of TiOZ[rutile] at 300-1280K reveals an
increase in the oxygen positional parameter with increasing temperature [251].
Ovchinnikov and Luk [252] have published a paper on the structural
transformations in hydrolytic titanium dioxide films in the Russian literature.
The effect of mechanical grinding on the structural transition of TiQ, has been
studied using several anztase samples prepared from different starting
materials and with varying particle size. It was observed that the rate process

of the anatasesrutile transition depends on the initial particle size and is

independent of the difference in starting materials or of surface adsorbents
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[253].

The Raman spcetra of two matural (from the Ural-polar veogion) brookite
T102 samples have confirmed x-ruy phasc analyvtical data which show that one
sample is free of large amounts of impurities while the second sample contains
rutile. The Raman spectra cxhibited 3¢ active vibrations, sipnifticantly morve
than the nunber observed for unatasce or rutile [254]. REledtron snergv-ioss
spectroscopy [(ELS} has been employed to study the clectremic, loculized and
de localized vibrational losses of TiO.‘2 (11d}. DBand-gap defecet states arc
indicated by electronic loss fecatures at defect surfaces at approximately & eV,
while in the higher loss-energy repion above 3 eV, weil-known interband
transitiens have been detected. Vibronic loss structures were characterized by
three different delocalized Tuchs-Kliecwer surface phonons as well as multiple
and combination losses thereof [255]. The measured Stark effect induced in the
ipfrared lattice bands of the Ti-0 oscillator in ’[':'LO2 has demonstrated that the
intensity of refleciion from the electrically polarized oscillators depends on
induced polarization effects. Estimates of the degree of polurization and the
dipole moment were rmade [256].

The atomic bonding in 'I':'LO2 films depesited by ion heam sputtering of metal
targets has been gxamined by x-ray photoclectron spectrascopy (XPS). The
results show a sipngle bonding state and no evidence of suboxides ahove a 5%
level. Sputter-deposited Tifl, exhibits a relatively narrow (1.7 eV} ls Jine
{257]. The intrinsic data of the XPS and x-ray-induced Auper clectron (XAES)

spectra of Ti0; has been reported, along with spectral data for Sc,C

-, V,0_ and
-3 o

5
Ni0Q [258]. AES and electron stimulated desorprion {ESD) studies revesdl a
marked incrcase in the 0:Ti ratio on a Ti0, sample at 575-975K.  This
observation i anomalous inaswmuch as the oxvgen-rich surface is observed under
conditions for bulk reduction of Ti0,. 'The ESD lowers the 0:Ti surface ratios
- PR . + - - S . -
by removing positive ions such ay O [250]. Surface defects produced in Tig,
{110} by thermal treatment and ron bombardment have heen studied by XPS, XAES

and ELS techniques. iHigh-temperature low-oxygen pressure treatment leads to
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the formation of point defects with characteristic shifts in the cation core
levels (Ti 2p and Ti 3p) of 1.7 eV towards lower binding energies and in the
anion core level {0 1s) towards higher binding energy. S3Simultaneously,
attenuation of non-bonding oxygen 2p valence band states, an additional Auger
peak at 5.3 eV higher cnergy than the LSMZSV transition of ideal surfaces
without point defects, and a pronounced electron loss feature at 0.8 eV were
observed. The results suggest a defect-reluted gap state with mainly Ti 3d
contribution 0.3 eV below the conduction band edge .[260].

The annealing bchavior of shock modified TiDz(rutile} powder has been
studied by TEM, x-ray, line-broadening, and ESR. Dislocations generated by
shock treatment persistessentially unaltered through the 748K annealing, while
substantial recovery is observed after the 1273K annealing [261]. An x-ray
absorption fine structure (EXAFS) examination of crystalline Tioz{anatase) and
highly dispersed T102 prepared via hydrolysis of Ti(BuO)4 indicate that the
latter sample has a mean particle radius of Rg = 35 A in which 30% of the
T102 octahedra lie on the surface. An analysis of the EXAFS data indicates
that the dispersed material is of the anatase form with coordination distances
identical to those of the crystalline sample for all coordinations involving
the coupling of three octahedra. ‘'lhe results were explained on the basis of
increased compliance of the surface over that of the bulk [262].

Photoconductivity in c¢rystalline TiOz[rutile] is preduced by competing
single- and two-photon events; the first-order and second-order
photoconductimetric cross sections are 3.6 x 10-26 cm2 and 1.54 x 10‘50 cmq—sec,
respectively. A thermoluminescence study of TiO,(rutile) reports traps with
thermal ionization energies between 0.4 and 0.9 eV below the conduction band,
Traps with photoionization energies of 1 and 2 eV below the conduction band are
believed responsible for the observed results, and may or may not be due to
impurities (alumina) known to be present [263], Kinetic energy distributions
of various ionic species from a TiO, film have been obtained using the energy

cut-off property of an ion reflector in a laser microprobe mass spectrometer.
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The energy distributions were attributed predominantly to the locus of ion
formation in the accelerating elecrrostatic field [264]. 1In situ multiple-
beam interferometry {MBI) reflection has been emploved to cbserve titanium
thin-film high-temperature oxidation and to determine the extinction ceefficient
of TiO2 thin films. The extinction coefficient of Ti0, is B = 3.6 x lCI:1 cm_l
for the He-N¢ laser wavelength & = ©€32.8 nom [265].

The effects of x-ray und y-ray previous-irradiation on the visgosity and
the aggregative stability of Ti02 powder suspensions have been examined. When
the powder is irradiated at a 10-100 Hz dosc, the stahility of the suspcnsion
in polar orpanic liquids inereases significantly. This is duc to the formation
of additional positively charged centers on the surface of the particles [266].
Walther and Schirmer [267] have Investigated the effect of stochastic interface
roughness as well as of film thickness 'd' on light scattering from sputtered
TiO2 lavers on a quartz glass substrate. The study shows dominating interface
scattering and a 'd'-dependent interference of scattered light. Caiculations
reveal the importance of microroughness autocorrelation functions for
describing the scattering.

Flash photolysis (347 nm) of a TiO2 sol containing an adsorbed electron
scavenger (e.g., platinum, methyl viologen) gives rise to an immediate broad
absroption with lmax = 475 nm. The absorption decays within militseconds in
acidic solution; and within wmicroseconds in ulkaline solution depending on
{OH"|. The absorption spectrum is the result [268] of excess positive holes
trapped at the surface of the colloidal particles. Upon flash photolysing a
Ti0, sel containing an adsorbed scavenger for positive holes {e.g., polyvinyl

P

alcohol, SCN }, a bread absorption (A = 650 nm} is observed, which decays in

max
the presence of an electron scavenger. The absorptien spectrum has been
attributed to excess electrons trapped close to the surface of the colloeidal
particles [268].

Rakhmanov and coworkers [269] have found that the efficiency of spectral

sensitization of TiO, photoimaging layers depends on the method of sensitization
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of the dye into the layer. The highest sensitization cfficiency is achieved
when dJye absorption on the TiD2 layer surface is performed prior to the addition
of a protective coating on the layer. It was observed that moisture adsorption
and desorption in TiQ, optical filters can be retarded via bombardment with

3 keV oxygen ions. The retardation is presumed to be due primarily to a
swelling of the TiO2 surface as the material is converted from crystalline to
amorphous [270].

Yolou and Nadjo [271] report direct observation of surface states at
n—TiO2 by the impedence technique using acetonitrile, a solvent not expected to
strongly sclvate the surface. A layer of Tioz[rutile} has been investigated to
determine the quantum yleld of the primary charge separation and the role of
surface states [272]. A qualitative model of the photoeffect in rutile layers
was presented. The modification of a TiO, film surface with malonic acid

o to 4 x 10-4 M, for 5-60 min) leads to an increase in film sensitivity

(4 x 107
by a factor of 20-100, to an increase in the absolute value of the photo-
potential, to an increase in the rates of reduction processes on TiQ,
electrodes, and to a cathodic shift of potential [273]. The treatment of Tid,
films on Ti or on a dielectric support by H2C204 solutions at 368-370K leads to
an increase in the film's photosensitivity by a factor of 3-5 and 10-50,
respectively. The surface modification tesults in increased absorbance values
of the photopotential and decreased relaxation rate, decreased dark anodic
current in the potential range O to +1.8 eV, a shift in the cathodic direction
of the stationary potential, and a decreased concentration of ionized donor
levels [274]. A study of Ti{'TiO2 growth in 5M NaCl at 363K (pH = 2.5} gives
Tise to a linear log i vs log t plot with the well-known slope of -0.94. For
potentials lower than 1.4V, growth follows the inverse log law from which
various parameters were calculated [275].

The E-pli dependence of Ti0, electrodes has a linear nature with higher
angular coefficients than theory predicts. The effect of the semiconducter

nature of electrodes on the pl-function was investigated by determining the
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E-pH dependence for samples of '['i,-’TiO2 {doped with 1 and 5 mole fraction
ruthenium) exposed and not exposed to UV light [276],

Voltummetric experiments have given evidence that H202 is photogenerated
in an intermediate step of the water splitting reaction on an n—"['iO2
polycerystulline electrode. Tt was sugpested [277] that the photo- and clectro-
luminescence properties of n-Ti0, in contact with aqueous solution could
result from the inclastic electron transfer from the semiconductor conduction
band to bandgup surface states associated to chemisorbed HEOJ molecules, The
preparation of TiO2 clectrodes by plasma sprayving snd thelr
photoelectrochemical behavior in 0.1N NaOll have hecn reported [278]. This
plasma spraying technique shows promise for the praparation of large ares TiQ,
electrodes for the photoelectrolysis of water. o-xylene, p-xylene and toluenc
are oxidized on irradiated n—'I'iO2 clectrodes to the corresponding aldehydes and
alcohols in acctonitrile contuining Lt,NCIO, and Ft NBr. Under irrudiation,
anodically and photochemically gencrated bromine radicauls catalysed the
oxidation by dissolved oxygen [279}. The semiconductor TiOZ[B} , obtained by
hydrolysis of K2T1409 and subsequent heuating, possesses 4 crystul structure
which can accomodate the insertion of guest atoms. Photoelectrochemical
experiments have characterized the polycrystalline material as n-type with an
energy gap of 3 eV. Electrochemical rcduction of protons at TjOZ(B} electrodes
results in the appearance of new electronic states within the energy gap. thus
rendering the semiconductor sensitive to visible light. Thesc states
presumably originate trom intercalated hydrogen which diffuses through the
sample. An anodic photocurrent is observed upon opticael excitallon of these
stutes, and has been interpreted as light-induced deintercalation of hyvdrogen
From TiOE(B] to yield protons [280]. Model calculations have been performed to
estimate the catalytic influence of electrochemical diodes on the ruate of
¢le¢tron trunsfer reactions {281]. A distribution function of the current
density i(E) independence on the clectronic encrgy ¥ was obtained. The

predictions from this nodel seem to be in reasonable agrecment with
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experimental results recently obtained for passive Ti and Ti.TiOZXAu—diodes
[281].

Photoelectrochemical conversion with a polycrystalline T102 clectrode,
prepared by flame oxidation of titanium metal, reveals the processcs to be
sensitive to applied voltage, oxidized T102 thickness, and to the concentration
of the solution in the photoelectrochemical cell [282]. The anodic current
begins at -0.8Y¥ in 1N NaOM, while the photocurrent appears at approx. 420 nm
and increases with light intensity. Thc emf of the cell drops at a rate of
58.5 mV/pH. Photoelectrochemical properties of photoanodes prepared from
'l'iD2 films deposited onto Ti substrates by plasma-enhanced chemical vapor
deposition have been determined [283]. The plasma-deposited photounodes
display quantum efficiencies higher than those for thermally grown films and
comparable to those reported for single-crystal rutile. Presumably, the
microstructure of the plasma-deposited films is primarily responsible for the
high quantum efficiencies [283]. A thin-film polycrystalline n-Ti0,
photoanode was obtained by thermal oxidation (at 873K} of a Ti sheet in air
[284]. Doping with Y-Cr or La-Cr simultaneously creates the possibility of
enhanced quantum efficiency and spectral response to visible Iight [284].

Abdullin [285] has reported preliminary results on a study of the nature
of inclusien of T102 particles (&.5- 2 um in size) during the electrodeposition
of zinc on the (00013} and {1070) faces of a zinc single crystal. An
electrodeposited TiOz-polyacrylate~nickel composite electrode has been prepared
for a photoelec¢trocatalytic reaction [286]. Fornarini and coworkers [287] have
further examined the energetics of p/n photoelectrochemical cells containing
simultaneously illuminated p-type photocathodes and n-type photoanodes, using
appropriate combinations of n-TiOz, nﬂNSez, n—MoSez, n~WSz, p-InP, p-GaP and

p-5i electrodes.

(iii} Reactions Of and On TiO,
Infrared spectroscopy is an interesting tool to study the

disproportiocnation of NO on Ti02. During UV irradiation, Ti0, catalyses the



194

oxidation of CO, CH und MeOH hy nitrogen oxide [288). TPD studies of the

17
formation of ethan:, ethyvlene, and proprlene in the irradiated CI[4/T'102 system
indicate that the process is most effective under x-ray or long-wavelength light
irradiation behind the edge of the fundamental absorption band of the TiQ, [289].
Upon UV irradiation of an aqueous solution of Kqu(Cst in the presence of HCHO
and metallic oxides (TiOz, Ma0, U203}, several amino acids (glycine, o-alanine,
aspartic acid) are catalvtically formed [290].

The naturc of surface species formed during the thermal decomposition of
[Fe(CO)S] on clean T:iO2 powder has been investigated using Moessbauer
spectroscopy and volumetric pas-phase anaiyses, On all T'lO2 samples, low-
temperature decomposition ({383K) leads to the {ormation of an Fez+ species and
an 1-‘eO species, both of which arc likely associated with surface OH groups.
lligh-temperature decomposition (673K} vields a nearly complete conversion of the
metal to the Fez+ species [291}. The photoussisted heteropeneous
decompusitions of 1,2-dibromomcthane, 1,1-dibromomethane [292], ClCHZCHZCI,
€1

C=CC12, C1CH,LOLH, and CIECHCOEH [283], ClCH=CC1

2 2772

catdalysed by TiQ,. 1,2-dibromomethanc and 1,1-dibromomethanc are degraded to

2 and CHC]3 [204] are

HBr and CO2 in dilute agueous suspensions of near-UV-illuminated TiO, {292],
while the decompositien of CICH=C{1., and CHCl3 pive tIC1 and €O, in the presence
of solar-illuminated TiOz[anatasej [294], as does the decomposition of

Cl1,C=CCl,, CICO,Ci,E1, CICH,CO,H and Cl,CHCO.LL in the presence of near-Uv-

2 272 2

illuminated TiO: 1293].

The reduction of 'l'iO2 and TiCl, in a hydrogen plasma Jet has been studied
by Kikukawa et al. [285]. For TiOz, the hiphest reduced product is TiQ;
titanium metal is not ocbtained. Colloidal '[‘:‘[.O2 sensitizes the photoreduction of
Methyl Orange 1o a2 hydrazine derivative, for which a maximum rate is achieved
at pH 4.7 in an oxygen-free system and at pH 3.0 in the presence of oxygen.
Similar behavior was observed for Methyl Red. I'luash photolysis experiments

showed that clectron transfer from Ti0, to Methyl Orange depends on the

2

protonated dye concentration and on the potential of an electron in the Ti0,
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conduction band {298]. The rates of Cr2072' reductidn. and HCOZH
decarboxylation on T'iD2 photocatalysts were examined as a function of

temperature. While no appreciable temperature dependence was observed for the

2072-, the logarithmic rate for HCO,H decarboxylation seems to

reduction of Cr
depend linearly on the reciprocal temperature up to ca. 333K whereupon a
tendency of saturation occurs [297].

The effect of y-irradiation on the catalytie activity of T:iO2 and ZrQ, in
the reduction of CO, has been examined by Shishkina and coworkers [208]. A
review by Malati and Wong {299] discusses doping T‘102 for use in solar energy
applications. Also included is a section on the photecatalysed reduction of
C02.

The rate of hydrogen oxidation on TiOz(ruti]c) is one order of magnitude
higher than that on TiOQ{anatasc], owing to the different bond strength of the
surface oxygen [300]. Infrared spectroscopy and product apalysis have been used
to determine the influence of preadsorbed pyridine on the adsorption,
dehydration, and dehydrogenation of EtCHMeOH on TiO2 [301). In the presence of
oxygen, the major products from thc butexide are butenes with EtCOMe being a
minor product; in the absence of oxygen, only butenes are formed. Preadsorbed
prridine inhibits butene formation and enhances that of EtCOMe [301]. The
effect of added TiO2 on the oxidation of Cr203 in highly disperse mixtures
with A1203 during calcination in air at 875K has been investigated by chemical
analysis and magnetechemical techniques [302].

The photocatalytic oxidation of SO2 and/or cis-2-butene in oxygen over
Ti02(anatase} ylelds 803 from SO2 and C02 from cis-2-butene. The presence of
502 reduces the photocatalytic activity of TiO2 on the oxidation of cis-Z-butene
[303]. The TiOz—sensitized photooxidation of sulfides yields sulfoxides and
sulfones, with sulfide radical cations as the proposed reaction intermediates
[304]. The roles of oxygen and water in the photocatalysed oxidation of

aromatic hydrocarbons {benzene, tolusne} on TiO2 were investigated in order to

determine the mechanism for the formation of radicals [305]. Eledtron
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transfers trom HEO and toluene to the photogencrated positive holes,
synchronized with electron transfer from the photosxcited Ti0, te oxygen,
rtesult, respectively, in aromatic nuclear hydroxylation to vicld phenolic
products and in the oxidation of the side chain of toloene to glve PhCHon and
PhCHO | 305]. Several substituted naphthalenes react with oxygen to vield
ring-cleaved products upon long-wavelength UV ilrradiation of TiO_2 powders
suspended in oxygen-saturated acetonitrile solutions. A mechanism imvolviog
sensitized formation ot the substituted naphthalenc cation radical is proposed
| 5061, Unsupported TiO2 collelds catalyse the phetooxidation of Mcthyl Orange
and congomltunt reduction of oxyvpen, The presence of H203 inhibits ecxidation,
while the presence of cationic surfactants and catlonlc polwmers increases the
rate of oxidation [307].

The Tiognphotouatalysed hydroxylation of CG“SOH and C6H30Na has been
studied under a variety of experimental conditions, [n the presence of oxygen,
o-, w- and p-hydroxybenzoic acids were formed in the same isoneric distribution

observed for -0QH attack on CGHSOH' In the absence of oxygen, the yvield of
hvdroxy compound is quite Tow, though hiph vields are found on addition of
Fe(111). The cffects of oxygenated slurries and added Hzt']2 have also been
determined. The results appear consistent with the genevation of -QH via the
positive holes of the TiOE particles, followed by -0fl attuck on the aromatic
ring und subscguent oxidation of the hydroxy adduct with oxygen or Fe(lll} to
yield the corresponding phenol [3U8). ‘'lhe TiOz-photocatalysed hydrogenation of
alkenecs and alkynes with water to produce major hydrogenation products
accompanied by CsC and CZ( bond fission products were studied by Anpo et al,
[309]. Water molecules, and not surface OllT groups, are thought ta be
responsible for the reaction. The €=U and C=C bond fission that accompanies
hydrogenation is likely due to the interaction of the alkenes or alkynes with
the trapped clectron (T13+) and hole (-OH)] pairs [309].

Santacesaria et al. [310] have studied the kinetics of hydrated TiO2

precipitation by thermal hydrolysis from sulfuric acid solutions. 'The rate-
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determining steps arc kinetic-controlled, rather than diffusion-controlled, and
an increase in H2804 concentration affords a decrease in nucleation und growth
rates, Zirconium stabilizes nitric acid solutions which contain titanium; the
stabilization apparently is the result of interaction between hydrolysed

and Zr0, from the

zirconium and titanium compounds. The preoeipitates of Ti.O2 2

nitric acid selutions are hydrated polymeric species [311]. The reaction of
HSPO4 with Tioz'xHZO was examined as a function of temperature, HsPO,
concentration, and reaction time. The maximum degree of }I3P04 conversion is
achieved in 40 min at 373K, and a conversion of less than 50% was attained. The
reaction is accelerated in the presence of other acids (e.g., H2804] [312}.

Thin TiO2 films prepared by thermal oxidation, vapor deposition, and
anodic oxidation have been examined for their composition, surface structure,
and film thickness [313]. Additionally, their electrical and
phatoelectrochemical properties werc also determined [313]. The efficiency of
differently prepared TiO2 particles in the photochemical water splitting
reaction through band gap irradiation of agueous susﬁcnsions has been examined
by Borgarello and Pelizzetti [314]. The effects of pH and loading with noble
metals and RuO2 are reported. RuL22+—derivatized (L = diisopropyl-2,2'-
bipyridine-4,4'-dicarboxylate) T10, particles loaded with Pt and Ru0, were
shown to be active in producing hydrogen from water by visible light in the
absence of a sacrificial organic donor [315]. Muraki and coworkers [316] have
reported that the photocatalytic oxidation of H,0 on TiO2 particles yields
initially only the formation of H202, in contrast to the commonly accepted
supposition of oxygen generation. Freshiy precipitated polycrystalline
amorphous and colloidal Ti0,(anatase) were deemed inefficient photocatalysts for
hydrogen preduction from water and propan-2-ol and for methane and hydrogen
production from acetic acid, Their reuctivity is attributed to the formation
of titanium{III) species rather than electren-hole pairs [317]. In the presence

of redox catalysts [TiOz, Pt, Pd, ZnD, Ni} and an aqueocus solution of proflavin

+ . .
and methylviologen [MV2+], the reduction of HZO by MV is accompanied by
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hydrogen evolution., A temperaturce dependence study shows enhanced hydrogen
. . R . o+ . R
evelution at higher teomperatures (339K} and hindered MV reduction. At 339K,

hydrogen yields increase with a1 decreasc in pressure [318].
d. M/TiQ,

Group IfA
Isothermal sections of the CuOKYQOS/TiOq systelr werc cxamined by x-ray
diffracrion at 1273 and 1473K.  No ternary oxlde formation occurs. At the

temperatures cited, the YEDS/CaSTiEOT(CaTiOS, Ca4T130 and CaTiOB/

10/

Y, TG0 (Y
2

5 Tizo?J sections are quasibinary [319].

2

Group VB

A high-resolution electron microscopic study of the disorder in two
types of rutile-related crystallographic-shear phases reveals variations in
orientation of the crystallegraphic-shear planes [320]. The samples tested
include rutile that was melted in an argon-are furnace, and a Vjos-dopcd Ti0,
quenched from 1873K [320]. Electron microscepy and electron diffraction,
coupled with EPR, have been employed to detect substitutiomal and/or
interstitial V4+ ions and isvlated extended defects at low Vils cancentrations.

At higher V,0, concentrations, the cxtended defects become ordered, giving rise

3
to the homologous series (MDOEn—l} for which M = Ti + ¥V {321]. An x-tay
absorption fine structure study of UZOSITioz catalysts shows that the
catalytically active surface phase supperted on anatase does not possess a
structure characteristic of V,0. [322]. When supported on unatase, the basic
structural unit possesses two terminal (r = 1.65 R) and two bridging {r = I‘QU;}
bonds. The catalytic activities of unsupported and supported V205 catalysts
were examined for the oxidation of H, [323]. The active oxygen species is
believed to be the surface V=0 species. The turnover frequency for V205/T102
and ‘-"205/;\1203 remains constant and independent of the kind of support or VEOS

content [3231. A similar study was carried out for the oxidation of carbon

monoxide, for which the turnover frequency of 1.;’7()‘,,/'"!"1{:)._j samples increases with
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increasing V,0; content [324]. The results indicate that the oxidation of GO
on V205 catalysts 1s a structure-sensitive reaction, and that the activity of
surface defects is much higher than that of the surface V-0 species in the
smooth (010} face of V205.

The effects of V205 deposition on TiO2 {anatase, rutile) has been
examined under conditions in which TiO2 acts solely as a support [325]. The
catalysts were characterized with respect to their activities and
selectivities in the oxidation of o-xyleme, toluene, p-methoxytoluene and
p-tert-hutyltoluene. Higher selectivities to partial oxidation products and
lower selectivities to total oxidation products (except for p-tert-butyltoluene)
were observed with V205—T102[anatase) catalysts compared with VZOS-Tiﬂz(rutile)
catalysts. The results were rationalized in terms of lower acidity and lower
degrees of V,0- reduction of the anatase catalysts [325}. ESR studies of V205
deposited in different guantities on the surface of rutile and anatase reveal
that reduced V205 is present on both TiU2 surfaces as dispersed [V=0]2+ groups
and V4+ ions in the V205 phase [326]. In the anatase-containing samples, the
[V:0)2+ groups are densely placed and resistant to oxidation in an oxygen
atmosphere, while the (V=0)2+ groups on rutile are more scarcely dispersed and
more easily oxidized. Of several supported metal oxide catalysts investigated
for the selective gas phase oxidation of toluene, the VZOS/TiOZ catalyst system
appears to be most effective [327]. The different catalytic behavior observed
for V,0. supported on Degussa TiO, and Tioxide Ti0, was attributed to the
presence of phosphorus and potassium impurities in the Tioxide sample; for the
latter, 4 large negative effect on the catalytic properties has been observed.
These impurity effects were studied in detail for the oxidation of toluene to
benzoic acid and of c¢-xylene to phthalic anhydride [328].

Infrared spectroscopy [329-331] and x-ray diffractometry [330, 331] were
employed to study the oxidation of alcohols catalysed by VZOS/TiOQ‘ Vorob'ev

and coworkers [332] report kinetic data for the oxidative ammonolysis of taluene

on a V205/T102 catalyst; the redox mechanism of Mars and van Krevelen seemed
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applicable [332].

The kinetics of the reduction of nitric oxide by ammonia on supported V.0,
catalysts have been investigated by several groups |333-335%0. A study of this
reaction at 333-373Kk on \-’205 supported on ']'iOz, ;\1203, ET‘I_)Z, S'i():} and MgQ shows
that the surfice V=0 groups are catalvtically-active centers and the rate
constants arc proportional to the surface V=0 group concentration [333]. Wong
and Nobe [334]| have looked at this reuction in the presence of oxygen on TiOz
(anatase)- and 'l'iOZ[rutilej—supported \-’205 catalysts prepared by the chemical
mixing technigue and the impregnation method. The following abscrvations werce
made: 1) the intrinsic rates of the NO—NH3—02 reaction are first order with
respect to MO and zers order with respeet to NHS for all catalysts; 1i) the
intrinsic activity of the V‘:O;;‘Tio2 catalysts, prepared by the chemical mixing
technique, is greater than that for cotalysts prepared by the inpregnation
wethod; and iii) the '1‘102|_'rutiic-:}-5uppurted vatalysts have the lowest activities
owing mainly to their low surface arcas. Another investigation [335] has
focussed on the deactivation ot 4 VBOS/TiOE catalyst with deposited alkali metal
salts, and on catalyst regeneration. In the reduction of NO with NHS in the
ahsence of SUX, the degree of deactivation is signiticantly affected by the type
of salt deposited: the order is KU1 = K2C03 > haCl > N.’AZCO;S Ey KN03 > 1\'250_,1 >
;\'aNO3 > Na,80,. The effect of the salts (transformed into sulfates) on the
degree of deactivation decrease in the prescnce of SOx. The deactivation is
caused mainly by the reaction of alkali metal salts with YEOS, leading to the
formation of an inactive oxide complex. The catalysts can almost he completely
regenerated by washing with water [3353531.

Kiwi and coworkers [336] have examined niobium-doped T102 with respect to
its inclusion in water photeocleavage processes. EPR spectra of Nb-doped T10,
have indicated that nichiuw occupics substitutional Ti4+ sites in the form of
w? agly,

The temperature dependence of the solubility limit of Cr?O% in
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TiOz[rutile} has been investigated by electron microscopy. The following
observations are reported: i} [’I‘i,Cr}Dz_x is a true nonstoichiometric phase,
containing small defects effectively randomized hamogeneously throughout the
rutile lattice; ii) the approximate temperatures for small/extended defect
equilibrium in (Ti,Gr)Oz_x (0 % x € 0.05) were determined. The results have
been interpreted in terms of linear cationic interstitial small defect models
[337]. The amplified susceptibility effect was used to determine the presence
and relaxation of the spin-spin temperature in magnetically diluted TiOz:Cr3+
crystals [338]. The observed behavior was rationalized as a manifestation of
spectral diffusion in the EPR line which is broadened as a result of spin-spin
interactions between paramagnetic centers distributed randomly within the
sample. The broadening in such a system is essentially nonuniform, and the
spectral diffusien is a process of formation of a quasi-nonequilibrium spin-
spin reservoir [338].

A finely dispersed titanium-molybdenum catalytic system was successfully
prepared thermally upon precipitation of {NI-14}6M07024'4H20 from solutions on
TiO2 followed by baking at 773K [339]. A wvariety of surface spectroscopic
techniques were used and chemical activity measurements made to characterize
several supported metal catalysts, that included Mo om TiO2 and A1203. The
reaction of the catalysts with H2 and HZS/H2 diagnosed different species [340].
The direct synthesis of hydrazine over MOOS/TiDZ/Mg[Osz and amorphous Ti0,
{among other catalyst systems) has been performed, along with activation of
{li + N} by silent discharge at room temperature [341]. Molybdenum/titanium
oxide catalysts catalyze the oxidation of ethanol [342] and propylene [342, 343).
An infrared and x-ray diffraction study of the MnDSITiOZ catalyst shows that at
low Mo content, MoO, is highly dispersed on TiQO, with the formation of an
amorphous phase associated with the weakening of the Mo=0 bond [342]. TiQ,
promotion is associated with the rate acceleration of the reduction step [342].
In the propylene oxidation reaction, the catalytic activity depends on the

phases present, and an increase in Mo content stabilizes the anatase form of
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Tio, [343].

well-dispersed, supported oxidic catalysts have heen synthesized via
reaction (adsorption] of {Fe[acﬂcjsj {acae = weelylacetonate! with the surface
Oll groups of a TiO2 suppert [344]. An almest complete monolaver of Fe 0 can be
formed on T102 by continuous adsorption of [Fc{acac)Sj. X-ray diffractiaon,
Moessbaver spectroscony and magnetic susceptibility mensurements were employed

to characterize the TiO,/Fe¥b,0 /¥h(Q, system [345]. The study shows the

6

following: i3 isolation of a wide domain of rutile solid selution; 1i) Te is

divalent in the wholec Jomain; 11i) a sccond type of Te(II) is observed in the

. . .
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Q.,, presumably a conscquence of a smull loss of oxygen

. . - . C e ot - co

invelving the formation of Ti7 . A study of the conductivity amd
thermoelectrical power in this system estublished the presence of two domains,

*
in which the 7 bands involve the Ti-3d und Sb-4d orbitals. The first domaln

. . . IV LTEL oy
is characterized by the simultaneous presence of T1 , Ti and Nb, and

v CIT LW I P . .
02——ke szob‘_llo.SNhU.SOB’ [he second demain,

in which all titanium ions arc trivalent, is characterized by the simultancous

presence of Ti]I], Nbl\, and Nb\ and corresponds to the triangle XNb \(
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Fe, ?\bZD()—-TIU'SNbO_SO2 [3153]. The carbon monoxide/hydrogen reactions over

B

corresponds to the trisnpgle Ti

), - -

iron/titanium dioxide catalysts have heen examined [346, 347], as has hcen the
TioﬁXFe703 system for usc as a heterojunction anode {348].
e -

The photoelectronic praperties of a TiJ.QTRUO.OSOE biphasie crystal in an

L

. . - Lot
aqueous ¢lectrolvte have heen examined [349] to determine the effect of Ti

substitution by Ru4+ on the electreochemical and photoelectrochemical
properties. Ruthenium ions in the ’!'iO2 lattice form 2 narrow cationic impurity
band, between the oxygen-2p valence band and the titanium-3d conduction band.
Several proups [350-356] have investigated the vse of RLLOZ;’TiD2 unodes in the
chiorine evolution reaction. Janssen [350] has reviewed the mechanisms and

the kinetic data for this reacticn on various types of E{UOE;’TiG;3 vlectrodes,

and has presented new experimental results. The chlorine evolution on this



203

type of electrode occurs according to the Volmer-Heyrowsky mechanism, where the
Volmer reactiomn is in quasi-equilibriun, and the Heyrowsky reaction and
eventually the diffusion of molecular chlorine away from the electrode surface
into the bulk sclution determines the potential-current density relationship,
On Rqu/T102 anodes, the rate of cvolution-ionization of chiorine increases with
increasing pH. Additienally, the order of the reaction with respect to H*
depends on pH and on the eléctrode potential; the order with respect to C1  does
not depend on pH and is equal to one. To account for these results, a stepwise
reaction mechanism was proposed in which the slow clectrochemical stage of Cl~
discharge precedes the fast electrochemical stage occurring with the

detachment of H' [351]. Spasojevic and coworkers [352] report an anodic
electrocatalyst, having a titanium substrate with a catalyst of RuOZITiOZ, for
use in chlor-alkali cells, chlorate cells, seawater electrolysis and similar
applications. The performance of the catalyst was characterized by determining
the anodic potential at constant current versus time, by Tafel curves, and by
its durability, along with charging currents, electrode charge and crystal
structure. The properties of a RuOZ/TiO2 anode in which the active material is
deposited on an intermediate layer (30-60 pm) of porous titanium have been
studied for the electrolytic manufacture of chiorine, chlorates and other
chlorine-containing compounds [353]. The change in composition of the active
coating of a Ru02/T102 anode during operation in strongly acidic solutions was
studied by Auger electron spectroscopic and x-ray microanalytical methods [354,
355]. A substantial enrichment of the coating in ruthemium is observed, along
with the introduction of a significant amount of chiorine into it. The low
corrosion resistance of these anodes in strongly acidic chloride solutions is
presumed due to the instability of the titanium component of the coating under
these conditions [354,355). Computer programs have been developed to analyse
electrochemical reaction schemes with application to the evolution of chlorine
[356].

The RqufTiO system is known to catalyze the Fischer-Tropsch synthesis of

2
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hydrocarbons [537, 358], co, reduction [359], and the oxtdation of 50, [360],
of benzens, chlorobenzene and dichlorobenzene [361f. I[n the Fischer-Tropsch
reaction, the catalytic activity of RUOEKTiﬁzﬁunatusc, rutile’ depends on the
caleination temperature of the support, the crystul structure {anatase ar
rutile), and the reduction temperaturce [357|. A comparison of the activities
of Rqu/TiO2 and Ru02/;‘\1203 catalyst systems in the Fischer-Tropsch reaction
reveals that RuDz_fTi(J2 bas the higher activity for the Fischec-Tropsch
synthesis and lower selectivity for methanation. These trends were elucidated
by the reduccd chemisorption of CO and H, likely caused by a strong metal-
support interaction [358}. ‘the reduction of CO, to HCO,lL, HCHO and McOfi  was
performed by illuaminating aquecous suspensions of TiOz with a high-pressure
mercury lamp |358]. ‘The rate of product appearance is enhanced by doping 'I'i()..3
with Ru02. Inasmuch as the efficiency develines under prolonped 11luminatiaon,
it was suggested that the observed photoreduction 1s not o truly vhotocatalvtic
reaction [35%9]. The effect ot a transfer-agent catalyst {imlide ion) on the
anodic oxidation of SUZ in I{ZSO4 solutions has been investlgated in connection

with the possibility of chtaining hydrogen in the 11,50, thermodynamic cvele

4
[360]. The iodide lon catalyses the electrooxidation of 502, and results in
higher reaction rates. RuOE/Tiﬂz anodes and on graphite electrodes,
benzene, chlorchenzene and dichlorchenzene are clectrochemically inert [361].
The electrolysis ol NaC1l/HC] solutions can take place with titanium anodes
coated by thermal decomposition of RuCl; or RuCljfTiCIS. Polarization curves
were determined for the oxypygen evolution process, the rate of which was used to
ass5ess the activity aﬂg selectivity of the clectrode [362]. The
photoelectrochemical propertics of Ti0, single-crysial electrodes on which small
amounts of RuO2 were deposited have been investigated by Sakata et al. [363].
The Ru02 on n-type semiconductors serves as o reduction catalvst for the water-
splitting reaction and other Tiydrogen-evolution reactions. Tn the presence of

+ . 3 o .
strong clectron aceeptors such as Ag or Fe” , the RuQ, on 1102 functions as a

reduction site faor photocatalytic oxygen evolution., The kinctices of reduction
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Iy and [Ru[bpy)3]3+ {bpy = 2,2 -bipyridine), in the

of aqueous solutions of Ce
presence of catalytic amounts of RuO2 colloids stabilized with polybrene and
colleidal T102 particles loaded with Ru02, have been examined by stopped-flow
spectrophotometric techniques. The TiOZIRuO2 colloidal particles are very
active catalysts [364]. The preparation of rhodium- and ruthenium-leaded Tig,
particles from cluster precursors ([Rhé{CD)ls], [Ru3(C0}12]] has been reported,
and their activity in mediating water decomposition via band-gap excitation
determined. Bifunctional Rh/Rqu—loaded T102 exhibits optimal performance, with
an overall light-to-chemical energy conversion efficiency of 0.13% [368].
Experiments performed by Takasaki et al. [366] have shown that the particle
size of cobalt in a Co/T102 catalyst increases with increasing reduction
temperature up to 873K. At 273K, where the TiC, anatase~rutile transformation
accurs, the cobalt particles redisperse to individual crystaliites. The
redispersion was confirmed by measuring the specific activity of the cobalt
catalyst for propene hydrogenation. High-temperature x-ray diffraction
spectroscopy was employed to determine the relationship between the TiO2 Phase
transformation and the cobalt redispersion. The specific activities and
selectivities of unsupported cobalt and cobalt supported on TiO,, A1203, 510,,
C and MgQ have been measured for the CO hydrogenation reaction. The specific
activity varies with support, dispersion, metal loading and preparation
method. The order of decreasing CO hydregemation activity at 1 atm and 498K
for catalysts containing 3 wt, % Co is Ce/TiO,, Co/SiOz, CG/ALZOS, Co/C and
Co/MgDd. Product selectivity was best correlated with dispersion and extent of
reduction [367]. EXAFS studies have established the formation of tiny clusters
of (-10304 in a TiO2 support after calcination of Co/TiO2 catalysts prepared by
an alkoxide technique. That the Co metal particles in the catalyst can be
controlled to an even size level after reduction by hydrogen is due to the high
dispersion of the Co,0, clusters [368].

The temperature-programmed reduction (TPR) of Rh,:’TiG2 catalysts reveals

two reduction peaks, ascribed to the reduction of small, well-dispersed Rh203
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particles and of larpe, bulk-like Rh,0, purticles. Reduction of Rh,0. is
complete ut »450K, while TiO2 ts reduced partly by a metal-vatalysed process at
*500K [369]). ESR and nnr spectrescopy were used to study a Rh/TiOszutileJ
catalyst roduced at 773K after contact with air and subsequent hydrogen
treatment of the passivated suample at Ty = 295 - 773K [370]. The results
indicate that, at Ty < 573K, hydrogen is strongly bunded to the Rh particles,
and reversible peneration of Ti3+ ions and hydrogen species weakliy adsorbed on
to the metal oceur. A mechanism was proposed that implicates heterolvtic
splitting of “2 at the metal-support interface, followed by proton stahilization
on the support. At T, > 573K, further H, adsorption on the metal and on the

H

support occurs, leading to a deeper reduction of the support [370}. An
"
clectron spin echo study of 117" in Eh/Ti0, Formed by the reuction with I, at

. - R . L
room temperature shows that no deuterium exists within 0.6 nm of Ti [371].

The formation of Ti3+ is presumably dwe to clectron transfer from D utoms to
T14+ at the boundary between Rh metal and TiUZ, and subsequent stabilization

of D atoms by OH anions on the 'l'iO2 surface. A study of the thin film model
using several surface science techniques provided evidence for the role of

both encapsulation and electronic effeccts in Rh;"['i{}2 catalysts [372]. An
indirect effect of the support on the kind of bimetallic interaction has heen
observed on kKh-Ap catalysts supported on ’I‘iO2 compared to Siﬂz. The effect
occurs at significantly lower tcomperatures than the direct strong metal-support
interaction between Rh and TiOE. The main feature of the indirect etfect is
the pronounced decay in the ”2 chemisorption capability and activity for cthanc
hydrogenclysis with time when the catalysts are left in flowing H2 at 323K,

The hehavior was rationalized in terms of 3 modification of the energetics ot
the metal-wetal interactlon, which mway causce the Ay to spresd over the Rh
particles [373]. The effect of various supports [Tid,, AlEOS’ SiOE, Mp0O} for
thodium catalysts has been investipated with respect to the adsorption,
desorption, and dissociation of CO [374]. The reactivity of surface carbon

produced by CO disproportionation was also examined. COU adsorption at 300K on
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the variecus supported Rh samples yields almost identical infrared spectra,
while the desorption temperature of CO (463-473K) is nearly the same for all
the samples. The efficiency of the various supports in promoting CO
dissociation over the rhodium catalysts decreases in the order Tig, > A1203 >
SiO2 > MgO [374]. The addition of alkali metal cations to TiOz-supported
rhodium catalysts results in an improved selectivity for C2~0xygenated
compounds in the CO—II2 reaction under atmospheric pressure. The dependences
of the reaction rates on pretreatment conditions and reaction temperatures are
also reported [375]., Mechanisms of ethancl formatien via CO insertien in a
methyl-metal bond or in a methoxy group have been described by Deluzarche et
al. [376) with regard to the results of Takeuchi and Katzer (1982) concerning
the isotopic repartition of 13C and 180 in the ethanol formed from a mixture
of 13C160 and 12ClSO. The reaction was carried out on a RhITiO2 catalyst.
High-resolution transmission electron microscopy, in situ ferromagnetic
resonance studies, and a scanning Auger surface analysis have afforded an
insight inte the intimate details of the Ni-TiQ, interactien. The combined
results of these studies have led to the development of a model that involves
the migration of Ti-0 moleties onto the surface of the Ni particles during

reduction in hydregen [377]. Pejryd [378] has carried out a sclid state emf

study of the equilibria (4] and {5) at 1020-1520K by measuring the eguilibrium
Ni(s) + Ti0,(s) + 1/2 0,(g) 4+—> NiTiO(s) (1
Ni(s) 9 1/2 0,(g) d=———dp NiO(s) (s)

oxygen partial pressures with an oxygen concentration cell. The dependence of
Toom- temperature hydrogen productien from liquid methancl or propancl on the
degree of reduction of Ni and the Ni content of UV-illuminated (® 297 nm)
Ni/TiO2 catalysts was recently examined [37%]. The optimum rate of hydrogen
production from methanol occurs at approx. 5% Ni content. The Fischer-Tropsch
synthesis over pickel supported on TiOZ, A1203 or SiO2 yields Cll, regardless of

the H/CO ratic. For Ni-Ti on the same supports, C1~C5 hydrecarbons are
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produced [380]. Raupp and Dumesic [381] have suggested that the apparent
suppression of CO and H2 adsorption typically observed at 300K for TLDE—
supported Group VIILI catalysts (e.g., NiKTiOEJ may be due to the existence of
T102 species on the surfaces of the metal particles. For the catalyst prepared
via deposition of a submomolayer amount of titanium and subsequent oxidation
in situ on a polycrystalline Nt foil in ultvshigh vacuum, the activation energy
for €O desorption is significantly reduced by the presence of Tj_O2 surfice
species. Kao [382] has reviewed thc surface properties and carbon monoxide
hdyrogenation activities of Ni/TiOz. The adsorption and catalyvtic behavier of
mixtures of 7.0% NifTi02 and 0.6% Pt/TiO2 have been investigated [383].
Turnover frequencies based on oxygen adsorptien remain constant, while
activity per gram of metal and turnover frequencies based on hydrogen
adsorption are 1.5 - 2.5 times greater 1n the mistures. The results are
thought to be consistent with a model that attributes the higher activity to a
strong metal-support interuaction effect which changes the intripsic propertics
of the nickel erystallites [383]. Chung and coworkers [384, 383] have studied
the catalytic CO hydrogenation reaction over several differently prepared
Ni/TiUZ(IOO) and Ni/TiDz(lllj mode]l catalysts at 463K, PH = 60 lorr and pCO =
20 Torr. On the basis of their results, a model was proposed for strong
metal-support interaction in which the presence of 'I‘iO2 on the metal surface,
induced by high-temperature treatment, and the possible incorporation of
surface or subsurface hydrogen act synergistically to modity and waintain the
activity of TiOZ—supported catdlysts [384]. Auger and vibrational
spectroscopy provided evidence for the segregation of TiOX (x ¥ 1) on nickel
and its effects on carbon mwonoxide chemlsorption. Both physical coverage of
the Xi surface by TiOx and the chemical intevaction between N1 and Tiﬂx on the
surface are involved in the strong metal-support intervaction [385].

An XPS study of pallsdium particles dispersed on TiO, substrates
indicates a positive shift ot the Pd 3d5/2 core level hinding energy, reaching

approx. 0.8 eV at high dispersion. Possible mechanisms for the observed
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energy shifts were discussed [386]. lligh-resolution transmission electron
microscopy and hydrogen chemisorption measurements elucidated the sintering
behavior of Pd supported on Ti0, and on AIZO3 following reduction at S1073K.
The anomalous behavior of Pd/’TiD2 was rationalized in terms of a model in which
reduction of 'FiO2 to Ti40? leads to the simultanecus formation of mobile
titanium suboxides; these are free to migratc onto the metal particle surface

[387]. The surface of amorphous Ti0, is capable of staﬁilizing a high

pA

concentration of 02- when annealed at <823K. When Pd is supported on porous

T102 glass, reaction with H2 at room temperature and low pressures produces
paramagnetic T‘i3+ centers, with concomitant destruction of 02_ [388]. <Carturan
and coworkers [389] have prepared supports for glass-titania-palladium
catalysts in the hydrogenation of olefins. Glass beads (38- 75 u in diameter)
were contacted with a degassed Ti[OBu]4 solution in ethanol, air-dried, and

heated to 673K, Addition of Pd was made by immersing the TiO,-coated beads in

2
a peniane solution of Pd[CSHSJZ, reducing with hydrogen, and drying at reduced
pressure, The TiO2 layer contains surface OM groups and promotes Fd dispersion

5CF-Xy-5W molecular orbital calculations indicate that the Pt metal-T102
support interaction is such that no metal-metal bonding occurs. The
calculations showed that the [Ti06}8- configuration reproduces acceptably the
electronic properties of TiOz. Calculations for the [PthiOs)B‘ model show a
strong repulsion between the Pt atom and the adjacent oxygen ions, thus making
it improbable that Pt is able to approach safficiently near the {Tioﬁjs_
configuration for metal-metal bonding to occur, even though there is some
bonding between the Ti-3d and Pt-5d orbitals [380]. Henrick [391] has
published a polemic to show that the cluster calculations of J.A. Horsley [392]
do not represent the interactien of Pt atoms with T13+ species at oxygen ion
vacancy sites on the TiO2 surface, and thus cannot explain localized charge
transfer in strong metal-support interaction. A subsequent reply by Horsley
[393] has also appeared.

A thermal deserpticn spectroscopic study of the adsorption of D, on
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Pt/TiU2 powders reveals two thermally activated states in addition to
chemisorption on Pt. The activated stutes werc attributed to spillover states
on the oxide. One state was ascribed to spillover on a special oxide site,
possibily TiOK assuciated with the Pt metal [394). Sequential dosing of fi., and
D2 on Pt/TiO2 followed by thermal desorption into vacim yields incomplete
isotope mixing of the desorbing products and provides evidence for the
spillover of hydrogen and/or deuterium from the Pt onte the oxide [395]. High-
temperature oxidatioen confirms the vrescoce of an intermediare state in the
spillover mechanism. Oxygen titration esperiments, coupled with the

desorption of sequentially Jdosed isotopes, indicute that desorption of
spiliover deuterium prececds by a mechsanism involving surtace migration back to
Pt sites rather than recombination and desorption directly from the oxide [396].
Oxygen isotope exchange cxperiments on neat Tif]2 and on Pthi02 containing 0.5,
5 or 10 wt. % Pt gave the following results: 1) on increasing the Pt content,
the isctope exchanpe rate decreases for pre-oxidized samples; ii) homogeneity
of surface oxygen 1s decreascd by the ¥t deposits for oside surfaves with a
siightly reduced stoichiometry, but remains unaffected for pre-oxidized
surfaces [397].

The reducibility of Pt on 'I'iO2 and Y—A1203 has been examined by
temperature-programmed reduction. Reduction of Pt/T102 leads to metal-
assisted reduction of the support. Below S00K only a small part of the support
is reversibly roduced in the near vicinity of the metal particles; above S00K
further metul-assisted reduction of the Ti.O2 support eccurs, likely promoted
by increcased ion mobility [398]. Catalysts consisting of Pt films on oxidized
titanium have been studied by secondary lon mass spectruscopic methods to
determine thelr temperaturc-dependent structural characteristics.

Encapsulation of the metal overlayers by the support material was observed and
correlated with thermal desorption spectra. The encupsulation and electronic
interactions occur simultaneously teo alter the behavior oi’ these catalysts

[389]. For Ti0, supported metal catalysts which are reduced ut temperatures
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greater than 1015K, a shielding of the metal particles from gases is ohserved
and attributed to a phase transformation of anatase to rutile with a concurrent
encapsulation of the metal particles [400]. An x-ray photoclectron spectral
{XPS) investigation of Pt and Rh supported on TiO2 and Y-Alz(.)‘.j shows that: i)
for Pt/TiO2 pre-reduced at less than 1015K, slightly higher binding energies
occur than for Pt!AIZOS; ii) for MfTiO2 samples pre-reduced at greater than
1015K, an increase in binding energy of the metal core levels occurs in
combination with a decrease in the dispersion of the metal. The hehavior was
explained [401] by encapsulation and spalling of the metal particles during an
observed anatase+ rutile phase transformation, Sungbom and coworkers [402]

have performed an XPS study of the platinum species photodeposited on TiO, from

2
aqueous H2PtC]6 in the presence and absence of an acetic acid/sodium acetate
buffer. Two Pt{TiOz{anatase} catalysts prepared by different methods have been
characterized by XPS, electron microscopy and cyclic voltammetry [403].

Various samples of 110, and Pt/T102 were investigated by x-ray diffraction

2
before and after hydrogen or vacuum trecatment at elevated temperatures. The

appearance of a Pt Ti x-ray diffraction pattern secemed relevant to the strong

3
metal-support interaction on the Pt/T102 catalvst [404].

The chemisorption of hydregen, carbon momoxide, and oxygen on Pt/TiO2 was
studied in order to develop a technique for measuring Pt dispersion aon TiOZ.
Hydrogen adsorption was found to be the mest satisfactory technique to measure
dispersion subsequent to the destruction of the metal-support interaction [405}
The cxtent of isothermal chemisorption of hydrogen, carbon monoxide and oxygen
on the surfaces of Pt crystallites supported on Ti02, 5102, &1203, MoO3 and
sodium tungsten bronzes has been measured at 77-523K and 0-5 kPa. Under these
conditions, the extent of adsorption (g, in umcle per gram) rarely reaches a
saturation value (qmax) and in general the gradient dgq/dp is affected by Pt
dispersion, surface area, nature of the support and of the adsorbate, pressure,

and temperature [406]. Surface area measurements have been made for titanium

deposited on ultra-high purity Pt particles which were subsequently oxidized
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and reduced. The results {rom BET and H:' and CO-adsorption measurements argue
against morphelogical changes and alteration of the Pt Fermi level by electron
transfer to explain the behavior, but do support a model of specinl active
sites existing at the Pt-T10, interface [407]. Hong and Chen [408] have
determined the effect of Nb205 dopant on the clectrical conductivity of a
l‘t/TiO2 metal-semiconductor cutalyst under H2 and CO atmosphercs. The ctfect
was attributed to the impurity level of the doner impurity NbEOS. A strong
interaction bhetween Pt and thoe TiO2 suppert has heen ohserved In a reductive
high-temperature treatment, that producces an incrcase in the catalytic activity
as # result of a decrease in CD coverage of the active Pt surface [409]. The
frequency shift of the intrared abserption band of adsorbed O was the probe
used to monitor the oxidation state of platinized TiOE(anatascj photocatalysts
[410].

The electrocheuical reduction of CUE at platinized and non-platinized T102
film electrodes has been examined by cyclic voltammetry. CO2 undergoes strong,
irreversible adsorpticn on the Pt/TiOz surface and results in the formation of
an electrochemically detectable species. The reduction of adsorbed CO2 ar the
Pt/TiDz clectrode produces two kinds of reduced species, whose cxistence was
explained in terms of surface diffusion of the reaction intermediates and/or
products between adsorption sites at 't and at TiO2 [411]. An AES and XPS
study of the adsorption of CO, on TiO2 and PthI'U2 was carvied out by Tanaka
et al. [412]. The C 1ls XF spectrum exhibits six different specles, assigned to

2

graphite , HCOS_, COsh-, adsorbed COE’ TiC on TiOz, and adsorbed {0 on Pt.
The preparation of a photocatalyst from TiO2 particles loaded with 0.7%

't and coated with a film of poly{vinvlpyridine} supporting zine

tetrapheny lporphyrin has been reported; the use of this photocatatyst for the

oxidation of SOZ ftas heen described [413]. ‘the low ctficiency (0.07%) of

conversien of light to oxidizing power was attributed to light scattering

effects in the system.

The photacatalytic hyvdrogenation of alkynes and alkenes with water over
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TiO2 vields photoproducts formed by hydrogemation accompanied by fission of
the reactant C=C or C=C bond as the major products. Over Pt/TiOz, a
significant enhancement of hydrogeonation without bond fission is observed,
along with the formation ¢of oxidation products (CO, COZJ. With Pt/TiOz, a
photoelectrochemical process predominates, with the reduction of i on Pt
particles and the oxidation by OH: on T102 bringing about photohydrogenation
witheut bond fission and the formation of oxidation preducts, respectively
[414). The effect of lignite on the photocatalytic dissociation of water vapor
was studied in the presence of platinized TiOz[rutile} under UV light. In the
presence of lignite, HZ/CO2 mixtures were producced, indicating lignite
gasification [415]. The quantum efficiency for the photolysis of water vapor
over NaDH-coated Pt/Ti02 catalysts is reported. The photocatalytic activity
depends on the crystal structure and the source of TiOZ, though not on the
catalyst preparation method. Various observations were made: i) the activity
of anatase is greater than that of rutile irrespective of its sourcc; 1ii) the
activity of anatase is affected by impurities, the degree of crystal growth,
and grain size; iii) the activity of Tutile is affected only by grain size. A
maximum quantum efficiency of 19% was achieved using MCB anatase [416]. There
is a hydrogen/deuterium isotope effect for the hydrogen evolution site in
photocatalytic processes on Pt/TiOE. The cbserved separation factor (5.3 &
0.5) is similar to that reperted for a Pt electrede, but different from that
for a TiO2 electrode. The Pt sites are the reduction site on the catalyst

[417].

Group IB

A double-coated TiOzng/stainless steel (88) semitextured substrate
has been developed for incerporation in an amorphous silicon solar cell. The
surface irregularity of the TiOz/Ag/SS back surface reflector yields an
increased short-circuit current density which corresponds to an increase in
the solar cell collection efficiency in the longer wavclength region of visible

light [418]. X-ray diffraction, TEM, chemisorption of N0, H, and Q,, and
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H,-titration ol adsorbed exypgen have been emploved to characterize a catalyst
of very small silver crystallites supported on TiO: [4397. The influence ot
the concentration of tonized donors in a ']‘iO2 electrode on the energy
conformity of the Ag+fﬂg redox potential In solution and of the surface states
formed in 'l‘iO2 by finc silver particles have been investigated by Strel'tsov
et al. [420]. The Ti0,/Ag/TiC, multilaver configuration forms an optically
trunsparent infrared reilective coating. The depasition of the T'iO2 films
from liguid polymer solutions gives substantial advantages over the rf

. -8 .
i421]. Adsorption of Ag+ at 10 to 1u mol-ian

H
[

sputtering desorption method
2 - . : - . -
per <m on a 1iQ0, film does not causc changes in the speciral distribution of
. P R AU - .
film sensitivity; however, changes anre ohserved for [Ag | = 10 mol-ion per
2 + . - . A . . .
cm” . The Az in Tid, films containing hexamethvlindocarbocyanine tedide serves
tc create localized electronic states in a forbidden gap of TiQ, which leads to
) N . . . + o,
an increased officicncy of dyve spectral sensitization. The Ag  ton and dve
molecules interact on the Ti0, surface to form a complex which undergocs a
AP . . 0 , - s
photeinitiated decomposition to form Ag” latent dmage centers [422]. Similar

results were obtained by Fujimoro and coworkers [423).

Group IIB

The electrodeposition of ZnﬁTiOE coatings, carried out in a Zn804/
Nazsoq/KAl{SO4]2/dextrin bath, was studied with respect to the etffects of
cauthode current density, bath tewmperature, and agitation intensity in the bath
on the preperties and composition of the cleetroptates [424]. The composition
and structure of the interface layer between polverystalline CdSe films and
oxidized titanium substrates, used as photoelectrodes, have been examined by
transmission electron microscopy and electron diffraction techniques. In
samples exhibiting good adhesion of layers, Cd-Ti intermetallic compounds and
oxides are found; such compounds are absent in samples with poor adhesion
[425]).

Group ITTA

Okazaki and coworkers [426] have shown that a ternary oxide having
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the atomig¢ ratio Ti/SifAl = 47.5/47.5/5 exhibits a high catalytic activity for
cumene e¢racking after a surface fluorination using 1 wt, % HF., While the
T102/5102/A1203 catalyst slightly promotes methanol conversion (to olefins)
when the mixed oxide is preparéd by coprecipitation, surface treatment (using
CFSCI) yields enhanced catalytic activity. The binary oxide catalyst TiOz/
A1203 is inactive for olefin formation, though TiOZ/Alzo3 prepared by
coprecipitation and surface-treated with CPSCl is active. XPS measurements
reveal that fluorine atoms, introduced ipto mixed metal oxides by fluorination

using CF,Cl, selectively combines with aluminum atoms on the mixed oxides

3
prepared by coprecipitation. The addition of Q.S% Ti0, to 0.3% Pd/A1203
yields increased thermal stability and stabilizes the catalytic activity of
Pd/’A1203 in the hydrogenation of benzene [427]. The crystallization thermal
expansion coefficient, chemical stability toward distilled water, density, and
infrared reflection spectra have been determined for MOZ-AI(P03}3 (M = Ti, Si,

Ge) as a function of MO, content (£ 25 mol %).. The results were discussed in

2

terms of association and degree of polymerization of PO, tetrahedra in the

glass structure, which depend on the coordination states of A15+ and M4+ [428].

Group IVA

Schwiecker [429] has discussed the fabrication of optical multilayers
from the dielectric materials TiO2 and SiO2 by eclectron bombardment or by
thermal methods. Reflection and transmission curves dotermined the quality of
the multilayers. A study of the interaction between Ti and SiO2 films at 673-
1243K shows that the reaction proceeds in a layer-by-layer manner, and

consists of reduction of 5i0, as a result of the formation of a titanium-rich

2
silicide at the interface. At high temperatures, a titanium-rich oxide forms
near the surface [430]. The stability of silane monclayers, synthesized on
TiOz-electrodes during the photoelectrolysis of water at various pH values,
has been determined by XPS [431]. In general, silane layers suffer noticeable

lpsses after a Coulomb,/cm2 of charge was passed. Crosslinking the silane

layer during synthesis and reacting the electrode a second time effected a
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significant improvement in the stability. The most stahle silane laver was
prepared from SiCl4 cupped with Me,5iCl, [431]. Clear, homogeneous,

monolithic gels were obtained in the M,0/M'0,/510,/P,0. system (M = Li, Na, K;

5
M' = Ti, Zry by a low-temperature chemical polvwerization from netal or non-
metal alkoxide hydrolysis [432].  The rutile/anatase phase composition of
TiO2 ITavers in all dielectric multilayer SiOszlO2 optical coatings has been
characterized by Raman spectrescopy [433]. By contrast, XP3 was ewmploved to
characterize the surfave chemical composition ot various 3i0,-coated Ti0,
powders [434]. Electrochemival and photoelectrochemical processes occurring
in 0.3N K,50, at the TiOE/Si heterojuction have been reported by Kulak and
Poznyak [4353].

Rutherford back scattering, nuclear rcaction analyvsis and x-ray
diffraction methods have ascertained the behavior and effect of oxygen on
titanium silicide formation in the Ti0,/51 and Ti/T10,/51 systems [4303%.
hiffusion of oxygen toward the surfacc region occurs during the growth of the
silicide layver. When the oxygen concentration in the surtace layer exveeds
the solubility ¥imit, titanium oxide precipitates and the siliclde prowth
nearly ceases [436]. The sume authors [437] have exanined the oxyvgen behavior
and its effect on the unnealing propertics of these two systems. Min'ko and
Trunacy [438] bhave determined the solibility of "J"JO_2 in silicate melts by an
alectromotive force method.

The electrochemical characteristics of glasses of the system NaEO/KJU/
’]‘iOE(TiEDS)/'SiO2 have heen investipated using galvanic cells of the type
Ag/agCl/KC1(sat'd ] solution A/plass/solution/reference electrnde [4349].
Ichikawa ¢t al. [440] have shown that cthanol yields from the CO/]I2 reaction
over Rh/SiO2 catalysts increase significantly when SiO2 supports containing
Ti, zZr, Hf, Th, ¥, Xb and Ta oxides are cmployced. Additlonally, incrcased
rates of C2H4 hydrotformylation to yield LtCHO and PrQi were noted upon
addition of zirconium and titanium oxide precursors to the RhfSiO: catalvst.

Ti0, and Zr02 promote CO association and CO insertion to form acyl precursors
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for the formation of Cz—oxygenated compounds .

The preparation of an improved PbD2 anode on a titanium substrate
{instead of graphite) has been reported by Hine and Yasuda [441]. Titanium
was treated in hot 15% oxalic acid, coated with a RUCISKTi{OBu]4facidified
butanol solution and fired in air at 773K for 5 minutes. Some oxidation of
the interlayer and/or titanium was cbserved during the electrodeposition of

PbOz.

Group VA

Homogeneously mixed fine powders of the Ti02-P203 system have been
prepared by wet chemistry from titanium alkoxides and H3P04 in an ethanol
solution, and by rapid drying with the Heiss Petroleum Trocknung (HPT} method
[442]. The reaction between the components and the homogeneity of chemical
compositions in the powder and its sintering were characterized by infrared
absorption spectroscopy, thermogravimetry-DTA, dilatometry, x-ray diffraction
and SEM imagry after heat treatment ({523-1273K) [442]. DTA, chemical analysis,
infrared spectroscopy, and x-ray phase analysis were used to characterize
phases in the TiOz—H3P04 system at 463-523K, from which the compound TiP207
was identified [443]. PCI; reacts with y-Al,0; at 373K to yield AlCl, and
POClS, while TiO2 Teacts with PCl5

TiCl, end [PC14][TiC15], respectively [444]. Alse, T102 reacts with §,C1, and

in POCl3 in a 2:1 and 6:1 ratic to give

chlorine to produce TiCl4 and [SCIS][TiCIS].

Lanthanum Series

The hydrothermal preparation and characterization (x-ray diffraction,
infrared spectra, thermal analysis) of 1.5 NazofLHZOB/S T'102 (Ln = La, Nd, Sm,
Gd, Tb, Dv, Er, Yb) have been reported by Zaginaichenko and coworkers [445].
The compounds for which Ln = La, Nd, Sm amd Gd possess a cubic perovskite-
type structure, while the other compeunds are less symmetrical. A series of
phases has been synthesized by ceramic methods in the MZOS'TiOZ systems (M =

Nd, Pr, La) at 1473-1623K. The most probable composition is believed to be
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M4T19024, as obtained from composition aznalysis and density determinations.
An x-ray diffraction study of the compounds M4T19021 shows they are
orthorhombic, space gronp 'Fddd' [44s]. TiOE,-’NdEO3 (0.25 mol®) systems have.
been prepared via thermal decomposition of the coprecipitated hydroxides,
tollowed by annealing at 673, 873 and 1013K. The effect of !\'d203 on the
structure change 1in TiO2 has wlso been examined. The unatase > rutile
transition 1is inhibilted by Nd203 [447]. Vthuse egullibria in the I.EuzC)S,f"l':‘LO:J
system have heen studied at 070-2600K in air by DTA and x-rvay phase analysis
[448]. The compound Eu TiO5 incongruently melts at 2000 F I5K and undergoes

2

a polymorphic transition at 19706 F 15K; while the compound Euzfiqoj

congruently melts at 2110 t 25K,
4.8 INTERMETALLIC COMPOUNDS

Results obtained from specific heat determinations af several alioys
with TiA13~typc structures have been discussed in terms of theoreticul
caleulations of band structure and stability of the ordered alloys [449].
Interactions between titonium ¥ilms and boron-implanted silicon substrates at
923K reveal the formation of significant amounts of intermediuate silicide
phases (TiS1 and TiSSiS], and thus a highcr sheet resistance. Annealing at
2 973K results in conversion of the titanium film into predominantly TiSiz,
with a2 lower sheet resistance. Borop accumulates on the surface as a
consequence of redistribution into the silicide laver during annealing [4507.
Profound amhient gas cffects have been obscrved [451] on the reaction af
titanium with sijicon. Alter the start of reduction of interfacial oxides,
the initial stage proceeds rapidly, the extent of which depends on the nature
of the titanium-gas interaction. 'The final stage commences wpon interfercnce
of the silicide phase and the anbient species, with the rate depending on the
nature of the latter.

The effect of thermal activation for hydrogen absorption on the surface

of YeTi has been investigated emplaving i) transmission and reflection
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elecetron diffraction to study structural changes, and ii) magnetization to
re-gxamine the magnetic evidence for surface segregation of elemental iron
[452]. Several oxides of iron and titanium were ohserved on the FeTi surface
following activation. The role of these surface oxides is important in the
activation and inhibition of hydrogen zhsorption in FeTi [452]. The hydriding
kinretics of YeTi were studied before and after complete activation. Those
specimens exposed to the air could be reactivated at 291K without heat
treatment. The kineties reveal an initial slow reaction rate due to the
presence of an oxide film on the FeTi surface. Reaction rate enhancement was
observed upon compacting the FeTi powder with aluminum or manganese powders,
which react with the oxide adsoxbed on the FeTi surface. During the
activation heat treatment, the oxide film is broken down and new catalvtic
FeTi surface sites are exposed [453]. laboratory-scule experiments with
granulated FeTi show that fluidized bed reactors are superior to stationary
bed reactors for hydrogen absorption-desorption cycles. This conclusion was
based on observatiens i) of casier coeling of fluidized bed during hydrogen
absorption, ii) of a faster rate of hydrogen sbsorption in the fluidized bed,
and 1ii) of the absence of FeTi sintering and reactor deformation due to hot
spots with the fluidized bed [454].

A three-terminal capacitance method has been used to measure the
temperature dependence of forced volumetric magnetostriction Sw/6H for
Nil-xTix (x <0.1). At ~8 at. % Ti-Ni, the value of Sw/SH changes from
positive to negative with increasing temperature. Thermodynamic and
Kornetzki-Kouvel relationships were used to determine the pressure coefficients
Sinu/dp and dln Te/6p [455]. NiTi and NiTi, have been prepared by a
coprecipitation, reduction, and diffusion treatment, and the electrode
potential-time vrelations determined [456}. Electrical resistivities, lattice
parameters, Curie temperatures and spin-discorder resistivities were reported
for Co,Ti {x = 0, +(¢.25, -0.25) [457]. Bardl and coworkers [458] have

2" 3-x
studied the surface properties of the ordered PtSTi because of the changes in
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the catalytic behavior of Pt in the presence of Ti in the reduction of oxygen
to H20 in acid fuel cells. Common electroless plating and clectroplating baths
have been used in the plating of titunium and its alloys, with purticular
attention paid to surface activation prior to plating. With titanium alloys,
the laser phase is dissolved and the surface topography gencrated by activation
depends on the alloy and on its heat treatment condition [458],

A rotating disk anode of titanium alloy VT 1-0 (2,6 mm in diameter) was
used to investigate the effect of the anode potential on the elccetrical
resistance and capacitance of the surface film on titapium and on the current
density. Bascd on increasing the localization of the titanium machining
process, the recommended electrolytes include il NaCl 50 o/t + NaECrEOT'QHZO
35 g/L and ii) NaCl 50 g/L + NaSCr307‘2H20 35 g/L + LiC1 10 g/L. Under these
conditions, a sharp change in surface film properties (resistance and
capacitance) 1s observed, resulting in changes in current densities and current
efficiencies as well [460]. Corrosion properties of Ti {V1 1-0) have heen
studied by several groups. Scdenkev and coworkers [461] have investigated the
cOrrosion resistance of technically pure Ti VT 1-0} in a system composed of
HNOSXChloride/fluoride, and Found that after 200 hours the samples are covered
with pits. The pitting corrosion potentials of Ti {VT 1-0) alloys were
determined in hot (€ 413K] concentrated chloride selutions (23% KCLl, 40% LiCi,
25% NH4C1, 40% CaCIZ, 30% MgClz, 30% NiC]Zj [462]. Several corrosion
inhibitors [e.g., benzotriazole, 2-mercaptobenzotriazole, citric acid, sodium
hexametaphosphate, sulfosalicviic acid, dicyclohexylammoniwam nitrate, lithium
chromate, ferrous oxalate, lithium molybdate, lithium hydroxide} were tested
for various metal alloys, including Ti (VT 1-0) which was observed to be the

most resistant alloy [463].

4.9 TITANIUM ELECTRODES
Koyanagi [464] has bricfly reviewed the properties and applications of
noble metal-elcetroplated titanium electrodes. The influence of the manganese

ion (0.1-0.5 ppm) on the current efficicney has heen investigated in the dircet
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electrolysis of seawatey on titanium electrodes coated with noble metals and
their oxides. The anodes studied include Ti coated with Pt, Pt black, Ir02/Pt,
erZ, and PA0O/Pt. The coated anodes were subsequently coated with various
thicknesses of MnO2 by electrodeposition, and the active chlorine concentration
in seawater was measured following electrolysis. The FdO/Pt-coated electrode

exhibits a high inttial current efficiency and is minimally influenced by

manganese [465]}. The electrode reaction 6 has been studied on Ti, Nb and Ta

Mno,” + Je + 41’ &= w0, + 2HO (6)

planar electredes. During the reduction of MnOa-, control of the process
alters from electrochemical tc limitations mixed with diffusiom in the solid
phase [466].

The behavior of mechanically-polished and/or anodically polarized Ti
electrodes at low positive potentials at pll 0.3 and 11.0 was investigated. The
oxide electroformation potential on a mechanically-polished electrode exhibits
a complex dependence on bulk solution pH, possibly due to hydroxy complex
formation on the titanium oxide surface [467]. The addition of a second, more
inert oxide [ZrOz) to an active RuO2 layer on a Ti ancde substantially
increases the service life of the anode with respect to oxygen evolution in
6M NaOH. Optimum service life (approx. 200 Hrs.)} obtains for an 80/20
{Ru02/2r02) mel% oxide mixture. The increased stability was attributed [468]
to better protection of the base metal attack on the Zr0,.

A study of the kinetics of evolution and icnization of chlorine on a Ti
electrode coated with nickel cobaltite has been carried out by constructing
steady-state polarization curves. On the spinel NiC0204, a4 three-stage
mechanism of discharge and ionization of chlorine occurs with the first fast
electrochemical step occurring with the detachment of a proton [469]. The
effect of C1, Br  and I  on the hydrogen evolution overvoltage on Ti (VT 1-00)

in 0.5M H SO4 has been studied for various electrode surface treatments

2
{electrochemical pelishing, HF * HNO3 etching, HF etching followed by rinsing
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with water). The magnitude of the change in hydrogen overvoltage on a 11
electrode during halide ion adsorption depends sipnpificantly on the conditions
of electrode surface preparation [470]. T7The behavior of activated Ti
elcctrodes in mercury electrolytic cells were investigated with respect 1o mode
of activation: etching, and coating with rutheniwn and titanium chioride
solutions and annealing in air to vield a RuO.3 and 'l‘iO3 surface .laver. The
good quality of these activated anodes were characterized by industrial

studies at wvarious current density values, with protection against short-

circuiting and wvarious thicknesses of the active layer [471].

4,10 CCRROSION
The weight loss method wus ewploved to determine corrosion losses of

the titapium alloy VT 1-0 at 293 and 313K in 2M H,SO0, with F~ addition. The

4
VT 1-0 alley is very corrosion-resistant upon addition of 0.070M Fe{lII) and
0.20M AJ(T111) [472]. OGravimetric and clectrochemical techniques have been 'used
to study the corrosion behavior of titanium in air at 593-813K In a molten
system composed of 55 wt.% EnSOd, 25 wt. %t RC1I and 20 wt.% Nalll. The

corrosion in a sulfate-chloride melt occurs with mixed anodic-cathodic contral
[473]. A study of the corrosiom of Ti, Mo, and ¥ in a fuscd sulfate-chloride
electrolyte has also becn reported [474]. HKrepivkina [4751 has found that

Ti {VT 1-0) possesses a high corrosion resistance in media containing NH4SCN
and thiourea at 293-333K, when compared to various stainless stecl samples.
Polarization curves have been vhtained for Ti (VT 1-0) in 'E.r(JCl2 solutions at
291-343K [476]. In this mediuwm, Ti has a high corrosion resistance, and a
corrosion potential of ~175 mV [vs -500 mV in IC1).

The corrosion characteristics of the local dissolutien of titanium in
concentrated chloride solutions has been studied by Ruskol [477], who has also
determined the pitting cerrosion of Ti im Ca(?l2 solutions [478). Titunium is
comnonly employed in chloride-saturated NaCl solutions. The corrosion fallure
mechanism, conditions for inhibition of hydrogen absorption, and the corrosion

of Ti due to oxygen-chlorine compound build-up in such media have been
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elucidated via cathodic polarization methods [479]}. The steady-state
potential of Ti has been determined in CaClZ, SrCI2 and BaC12 melts (vs a
chlorine reference electrode) at 1073-1373K in an argon atmosphere to explain
the effect of the nature of the cation {Ca, Sr, Ba) on the corrosion behavior
of Ti. With increasing temperature and decreasing cation radius, the steady-
state potentials became more positive [480]. The corrosion behavior of Ti
coupled to stainless AISI 304, Monel and Inconel materials in methanaol
containing 0.4% HC1 has been elucidated. In the absence of coupling to these
materials, the Ti corrosion rate is very low. Upon coupling, the corrosion
rate increases dramatically [481].

Tungusova and coworkers [482] have elqcidated the characteristics of
corresion and the electrochemical behavior of titanium in solutions of
ammonium and potassium fluorides. Similar studies were performed on the

behavior of Ti in NH HF, and KHF

4, 5 solutions (£ 5M) at 293K. In KHF, media

2

containing Na+; the corrosion of Ti decreases monotonically with increasing
salt concentration. In concentrated NH4HF2 sélutions, the addition of NaF
activates the corrosion process, apparently caused by the formation of a mixed-
salt film on the metal surface [483]. .Gerasyutina et al. [484] have determined
the influence of tropeeolins 0, 0D and 000 indicaters on the corrosion rate and
polarization of Ti (VT 1-1) in 5N H,50, and 5N HCl. The tropeolins apparently
provide a 94-99.8% protective effect for Ti at 293-353K at comparatively low
concentrations (0.5-10 mmol/L). The application of an external current in
electrochemical production processes has been investigated as a means of
protecting titanium from corrosion [485]. Also, the corrosion resistance of

titanium parts of a membrane bipolar electrolytic cell has been studied by

Balitskii and coworkers [486].

4. 11 TITANIUM MELTS
The electrode Teaction mechanisms and diffusion rates of metal ions
deposited on a cathode are important factors in metal electrowinning and

eglectrorefining in order to determine the maximum allowable values of electrade
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current density, the clectrocrystallization nature of the cathodic depesits
and the purity of the resulting mwetal. Makarov and Balikhin [487] have
investigated the behavior of Ti ions in low melting salt mixtures based on
chilorides of potassium, magnesium and lithium, which enables one to perform
¢lectrolytic refining of titanium at Y73K. The same authors uvtilized a method
of continuous pletting of polarization curves with linear scunning of potential
to elucidate the cathodic process during electrovetfining and production of
titanjum in KC1-NaCl, KC1-LiCl and KCI—MgC]2 electrolytes [488].
Chronopotentiometry and linear sweep voltamaetry were used to study the
electrode reaction steps of Fi(III) and Ti(IT) in NaCl-KC1 and LiCl-KC1
eutectic melts, Diffusion activation energies have been determined from
diffusion coefficient data at various temperatures; and the effects of
temperature on Ti electrocrystallization was discussed [489]. The effect of
decreasing the strength of the chlorotitanate complexes formned in nelts on the
di ffusion coefficient of titanium has bzen examined hy chronogalvanomettic
methods. The optimun electrolytic conditions for this study consist of a
mixture contzining 38-42 mol% MgC]Q/KCl, which melts at a sufficiently low
temperature and yiclds a high limiting diffusion current value at low
temperatures [490].

A study of the potential dependence of graphite and some metal anodes on
the current density in different melts containing titanium chioride (NaCl/KC1/
MgClz,’TiCls/TiCIE) has been carried out by Voleinik and coworkers (4911, and
the clectrochemical corrosion of titanium in alkaline earth chloride melts has
been investigated [492].

the discharge of titanium and zirconium from chioride-fluoride melts at
983K has been characterized by chronovoltammetry. The ratio of Ti and IZr in
the cathodic deposits depends on the concentrations of K,2rF —and of K,TiF . in
the melt; as well, this ratic can be altercd by using I° to contrel the
basicity of the melt [493]. Barannik and coworkers [494, 485] have studied the

reaction of air with TiC12 and 'i‘iCl3 dissolved in NaCl-KC1 melts containing
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varying amounts of MgC12 and Mg. The Ti concentration in the melt decreases
more rapidly when the melt is in contact with air, in contrast to contact with
argon or an air/argon mixture, and when MgCl2 is present.

Claims have been made regarding the desirability of molten salt
anodizing in anhydrous media. However, recent results on the anodization of
Ti, Al, Nb, W and Mo samples in a low-melting urea-NH4N03 eutectic at 318-358K

reveals that H20 seems to be a necessary electrolyte component, by influencing

the oxide growth process and breakdown voltage [496].

4,12 COORDINATION COMPLEXES OF TITANIUM
a, CYCLOPENTADIENYL COMPLEXLS
The crystal and molecular structure of the bimetallic complex
[{n -C5H5)2T1(u—H)zAl(H)z]z[CI{S}zNCHZCHzN(Clls)2 CgHg is illustrated in Figure

7. The complex is triclinic, space group P1, wherein the two szTillelH2

FIGURE 7: General view of {szTiA1H4}2{CHB)ZNCHZCHEN(CH3]2.

Thermal ellipscids are shown for P = 0.3 [487].
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moleties are linked by a tetramethylethylenediamine molecule. The Al atown is
bonded to the Ti atom by a double hydrogen bridge, and has trigenal

bipyramidal sterecochemistry [497]. Aromatic aldehydes are known to be coupled
by [Ti[Cp]z(Cojz] to produce pinacols and olefins in good vield. Iu contrast,
aliphatic aldehydes react to give primarily the corresponding alcohols, while
aronatic ketones produce a mixture of products.. Scheme I depicts a rrasonable

reaction course which can account for the observed products [498]. The

R R )
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Grignard reaction of BuMpBr, n—CllH23C0C1 (lauroyl chloride) and [Ti(CPJZ(Cl]z]
in diethyl ether at room temperature produces lauryl alcohol in 58% yield. A
similar reaction with ethyl laurate at 273K vields 60% lauryl alcchol, while
reaction in refluxing diethyl ether pives 72% luuryl alcohol [499]. The
titanium complex prepared from {Ti[Cp)z(CI}z] and NaBH4 in THF in the presence
of crown ethers efficiently promotes the catalytic hydroboration of alkenes,
styrenes and alkynes with NaBH4 to yield sodium alkyl- and alkenyl-borochydrides;

these are converted into alcohols, phenylalkancls and alkenes, respectively

[5007.

b. OTHER COMPLEXES

Krasochka and coworkers [501} have elucidated the structure of
bis{benzene)titanium(Q}, BBT, and bis({toluene)titanium(0}, BIT, via x-ray
diffractometry. BBT is triclinic, space group FT , while BIT is rhombohedral,
space group Pbca. Both complexes possess 4 sandwich structure. The Extended
Huckel MO method was employed to determine the electronic structures of BBT
and BTT, for which the calculated metal-ligand and ligand-metal charge transfer
transitions agree well with cxperimental absorption spectral data. The
electronic spcetra of the distorted octahedral complexes [Ti[Cl)E(THF)S],
[Ti[Cl]S{THF)Z(CHSCN)] and [Ti[CljS{CHSCN]S]'have been interpreted employing
the angular overlap model using the transferability assumption for the single
ligand parameters. A determination of the ¢ and T bonding parameters ey for
the Ti(III)-ligand bonds has led to a two dimensional spectrochemical series;
e : Cl < C,H0 (THF} < Cli

o] 48 3
heterogeneous catalyst [Ti[PhCH2}4]/TiCl4 has been developed for the

CK and €t CHSCN < C4H80 < €1 [502). The

polymerization of ethylene. Other main group and transition metal chlorides
were substituted for TiCl4; excess AlCl3 or MgC12 and [Ti(PhCH2}4] also yield
polymerization catalysts [503].

Reaction between TiCl4 and the N-benzylidene-N',N'-dimethylethylene-
diamines, L = RC,H,CH=NGIL,CH,NMe, (R = K, 2-C1, 4-Cl, 2-MeO, 4-MQ, 4-Me),

gives TiC14L compléxes which have been characterized by elemental analysis,
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electrical conductivity, and infrared and proton nmr spectroscopy. The ligand
I is5 bidentate towards titanium [504]. An XPS investigation of the titatrane
complexes LTIiR (“SL = triethanolamine; R = 0-COR'T-twvpe substituents, R' =
various substituents}, using the direct comparison method, has verified the
existence of the N+ Ti dative bonds. The le binding energy of the titatranc
vomplexes are 0.4 to 0.9 eV higher than thut_éf ”SL’ and the Ti?p3f2 binding
energies are lower than that of the corresponding composite materials. 1In
agreement with dative bond formation, there is an inc¢rease in the coordination
number and 4 dJdecrease in the inner shell binding energy in the acceptor atom
(505]. TiCl4 reacts with KNPh2 in a 1:3 molar ratio in henzene to yield
Ti{Nth)SCI_ Other N-organyl substituted metal apides have also been prepared,
incimding Ti(NHPh)4 and Ti(NHPh)SCi from TiCl

and NaNHPh, and Ti{NPhjthnﬂC e

4 65

from TiCl, and C H.CH,MgCl [506].

3 a5
The photoexcited triplet state of oxotitanium{I¥} tectraphenylporphyrin,
{(TPP}Ti=0, has bheen investigated by ESR and laser photolysis [507). At toom

temperature in ethanol, (TPP)}Ti=0 is in cquilibrium with (TPP)Ti=0{EtOH) in

which LtOH is coordinated in an axial pousition {reaction 7). Laser photolysis

] 0]
N [ N N
3 : '—H 14 ;-
/ Ti / + EtOH @ e—— / Ti l {7
]
M N Nt N
1
0

experiments of (TPP)Ti=0 in acvidic EtOl solutions at room temperaturc reveal
that the triplet state, {TPP)Ti:Os*, is efficiently quenched by protons via a
diffusion-controlled process. The queaching wmechanism is presumably due to
electrophilic protonation (reactions 8-10), where the lifetime of (TPP)Ti+-GH3*
was assumed to be very short as no transient ascribable to this specics was
observed during proton-induced decay of (TPP]Ti=05*[50?}— Treating

(TPP)T&I¥=O with catechol (Hzcat} or 3,4-toluenedithiol (H,tdt) yiclds
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* e
(TPP)Ti=0" + EtOH,” ==———® (TPPITi -oH + ErOi (8)
* *
(TPPyTi *-01° » (TPP)Ti"-OH (9)
(IPP)Ti’-0ll + EtOH ——— (IPP)Ti=0 + EtOH,’ (10)

{TPP]TiIV(cat) and [TPP)TiIﬁ{tdt), respectively [508]. Electrochemical
rcduction of the products results in the formation of the anion radicals
(erePyTi 1Y (caty)” and [(PP)TiY (tdt)]7. The unstable titanium(III) complexes

11t I1L

[(TPPITi {cat)]” and [{(TPP)Ti(tdt}] form upon reaction of (TPP)Ti F with

the sodium salt of the chelates. Both reduced catecholate derivatives are

VIO}?. A mechanism has been proposed to account for

transformed into [(TPP}TiI
the auto-oxidation of [(TPPITi' 'l(tat)]™ to (1PP)Ti'V=0 ana (rpPyTi®V(ran)
[308]. Chang [509] nas recently reviewed some elcctrochemical and spectro-
electrochemical studies of metalloporphyrins containing Ti, Mo, Ni, Fe, and Ru.
The preparation and characterization (x-ray diffraction, magnetic

measurements, infrared and electronic spectra, XP5) of Ti{M(CNjé] (M = Co, Rh,
Ir) have bcen reperted. All complexes form a three-dimensional framework of two
octahedral coordination units MC6 and TiNﬁ. Upon formation of Ti[M[CN)é] fram
the cerresponding potassium salt, the 7 back-donation in the [M{CN]6]3_ moiety
is enhanced bf the bridge formation through the cyanide ligand. The complex is
depicted in Figure B8 [s10]. M'CI4 (M = Ti, Te, 5n, S5i) reportedly reacts with
M(HZL] (M = Cu, Ni; H4L = 3—H02C—2—H0C6H3CH=NCH2CH2

yield MIM'CIZ; these complexes have been characterized by elemental analysis,

N=CHC6H3—2—0H-3FC02H} to

electrical conductivity, magnetic measurements, and infrared and electronic
spectroscopy. The carboxylate groups coordinate to M' and the nitrogen and
phenolic oxygen atoms coordinate to M [511].

Malhotra and coworkers [512] reported the preparation of Ti (ONp) C1,
(NpOH = Z-naphthol; n = 1-4) and Ti(Oijq-NpOH by the reaction of TiCl4 with
KpOH in the appropriate molar ratio in benzene under various experimental

conditions., Molecular weight and infrarcd spectroscopic studies of these
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FIGURE 8: Structure of Ti[MfEN}G]. Solid cirecles, M:
larpe open circles, Ti; small solid circles, C:

smali open circles, N |5117.

titanium(1V) naphthoxide complexes suggest they are dimeric with MpQ bridges.

Monomeric, nonelectrolytic TiCInLd-nLé (HL = naphthol; n = 2,3 L' =

agetophenone, benzophenone, CH;C[UjCZUq} were prepaved via reaction of

TiCInL and L'. The dimeric complexes Til. L' result from the reaction

d-n

hetween TtL4-HL and L' {5314}, TiCl4_nLn [IIL = naphthol; n = 1-3) react with

4

various a-hvdroxvaldehydes and ketones [H) = benzoin, 2-hvdroxyacetophenonc,
salicylaldehyde} in the apprepriate molar ratio to produce TiLSQ, TjLEQCl,
TiLzQE, TiClgLQ, and TiC]LQz. Possible structures for theose cowmploxes were
presented, based on clemental analyses, conductance, cryvescopic and infrared

spectral measurements [514]. Additionally, TiClnL4_H L = Z-naphthel; n = 1-3})

rcact with amine N-oxides teo give TiClnL4~nA7 (A = pyridine N-oxide, -, B-

and y-picoline N-oxide) and TiCl L, A' (A" = 1,10-phenanthrolineN,N'-dioxide,

2,2'-bipyridineN,N'-dioxide). 0On the other hand, TiL;-HL reagts with these

1

amine N-oxides to form TiL-&, {or TiL-A%) [515],

The alkoxy chlorotitanium(!11] complexes M(OR)HCI3~H (M =Ti, V; R = Me,
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Et, Bu; n = 1,2} have been prepared via reaction of MC1l_ and HC(DR]3 (reaction

3

11}. The reaction mechanism postulated [51671ikely involves the six-member

TiCI3 + nl[C[OR)3 — Ti(OR]DClB-n + n RC1 + n lIC{OJ0R {11}
{n=1,2)
cyelic intermediate (%). The Ti(GR]nCIS_n complexes are polymeric probably the

{/ \.{i

result of the presence of alkoxide bridges, although chlorine bridges and
partial direct metal-metal interaction cannot be ruled out [516]; Chadha and
Gupta [517] have demonstrated the strong Lewis acid behavior of Ti(GR]Cl3 and
Ti(OR}2C12 (R = Me, Et, C2H4C1, CZHZFS) by their formation of 1:2 complexes
with DMS0 and pyridine, and 1:1 complexes with naphthaldehyde. Whereas the

1:2 complexes have six-coordinate titanium(IV), the corresponding 1:1 complexes
are dimeric. Reaction between Ti[ORJ4 (R = Et, Pri} and AcNCS yields
Ti(OR)4_n(NCS]n'xACOEt (R=Et,n=1-3, x=0; n=4, x=1; R=PFr,n=1,2,
X = Q). The Ti{OEt}4_n(NCS]n complexes, for which n = 1 and 2, are dimeric in
benzenc with bridging ethoxide. In acetone, all of the products are monomeric
[518]. Ti(OR), (R = Et, Pri) reacts with HL ( HL = CZHSCH(OH)CH=CHCH5] in the
appropriate molar ratio to give TiL4. The product was characterized by
elemental analysis, malecular weight determination and infrared and nmr
spectral studies [519], Reaction of the Ti(OPri']d—NaNp—N2 system (NaNp =
sodium naphthylide) with Ezgﬂngt[H]Cl(PPhsjz produces considerable yields of

free ammonia. Hydrogen promotes the formation of ammonia [520]. The reduction
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of titanium in Ti(0Bu) ~ has

1.5

| hy treating it with EtSAl, LEE,AICT or Br AT

been examined with respect to the effect of temperaturs, Al:TL ratio, and
duration of the reaction on the kinetics of Ti® format on [S217.  Pilati and
coworkers [522] have studied the mechanism of the polycondensation formation
of poly(hutylene terephthaliate} catalyscd by TI(OBU]J. Kinettc equations were
derived and discussed cmploying model moelecules, und compared to experimental
results obtained ut various temperatures and reactant molar ratios. Ti{OBu]4
and aniline serve as catalvsts for the esterification of adipic acid and
tevrabromophthalic anhydride by Z-ethyl-1-hexanol and 1-octanol. A kinetic
study has shown that i) adipic acid 1s wore reuctive than tetrabromophthalic
anhiydride, i1i) 2-ethyl-i-hexanol is nore reactive than l-octanol, and Lii)
Ti(OBu), is a more effective catalyst than aniline [523],

The kinetics of styrene polymerization, vatualysed by Ti{OBu}CJ3 and
AlEtszlBu; cocatalysts Ln heptune, have been examined. Maximum steady-state
rates were achleved at an Al:Ti ratio of 1.5:1, and were first-order in monomer
and catalyst. The overall polymertzation activatlon energy (44-16 kJ/mole) is
in good apreement with a coordinated anioni¢ mechanism, for which an alkylated
'I‘iBuCl3 is thought to be the species affecting the polymerication [524]. The
reaction of enel silvl ethers ROSif—]c3 [R = CEt=CHMe, C{CszMci-3,4,ﬁ}=CHMe,
cyclohexenyl, methyl-substitutcd cvclohexenyl| with T'LCl4 has produced the
trichlorotitanium enclates ROTiCls, which arc unique owing to their relatively
electron deficient double bonds. The enolate structure of the products was
deduced from ]H nmr spectra [525].

Chaudhuri and Diebler [526] have employed spectrophotometric and
temperature-jump relaxation techniques to study the eguilibrium and the
kinetics of complex formation of titanium with acetate (Ac¢ ), monochloroacetate
(ClAc™), and dichloroacetate {Clec-] in agqueous media. The kinetic data
inditcate that at least two reactiovn pathways contribute to the formation of
L2
)

L. 2+ . L2t . .o .
Tide Tl[ClAc}Z and TifCI,AC A strong associative character tor the

. . . LIt L. . .
substitution processes at Tl(H?OJﬁ ions 1s indicated by increasing second-
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order rate constants with ligand basicity. Cation exchange and spectroscopic
studies of the complexation of titanium(IV) with oxalic acid as a function of
pH and titanium concentration have shown the formation of protonated and
pelynuclear titanium oxalate complexes. 'The equilibrium constant :for the
formation of Ti[OH]2{0204} is 34 ' 5, and the stability constant is (1.8 % 0.3)
x 10° [527].

A gray-black film forms on the nickel cathode in an electrolysis cell with
a platinum anode and a 0.18M K2TiO[C204)2 bath. The film is amorphous and
contains 50% titanium, though detailed identification was not perfermed [528].

PbTi0(C,0,),

-4H20 and Pb(TilprrX}O(C204}2'nHzO {x = 0.5, 0.25) have been
prepared and characterized by x-ray diffraction, infrared spectroscopy and
thermal analysis. ([n air or oxypgen, the decomposition occurs in three stages:
1) dehydration, 1i) decomposition of the oxalate to a carbonate, and iii)
decomposition of the carbonate to Pbir0; [529].

The trunsesterification kinetics of the carboxylic acids RCO,Bu (R = H,

2

Me, Bu, Me3C, CHClZ, CC1 CHzBr, CHZOPh, CHZCHZCI, CHPhZ} by sec-butyl

35
orthotitanate have been determined in heptane [530]. The kinetics of the
reaction between a titanium(IV) peroxo.complex and Fe{1Il) were examined by
spectrophotometric methods at 408 nm and by LSR spectroscopy. The postulated
mechanism involves intrasphere electron transfer between Fe(TI) and Ti(IV) in

a2 binuclear peroxo bridged intermediate {[531].

The synthesis and spectral properties of TiCls(glyH]3 {glyH = glycine)
have been reported. The complex was characterized by potentiometric curves,
chemical analysis, magnetic properties, and infrared and electronic
spectroscopy [532]. A green complex with lmax at 710 nm forms upon reaction of
a solution (pH = 2) composed of Alizarine S, Ti'" and Ti®® (4:1:10). Neither
of the two titanium species alone has an effect on the sbserption spectrum of
the dye {Amax = 420 nm), although at pH 4 Ti4+ forms a 1:2 complex with the dye
have Kmax at 510 nm. A mechanism in which the 1i%" reduces the dye to its

. L4+
leuce form, catalysed by Ti4+, and the leuco compound forms a complex with Ti
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and Ti%*, was proposed [533). Jabs and Gaube [534] have characterized the
titanvl ascorbate complexes '['i(}I.E'Z‘HZO and TiO(OHIEL (HL = T-ascorbic acid) by
electronte, infrared and 1H nrr spectra,  Measurenents of the HSU+
concentration of agqueous solutions of hoth complexes led ta a simple model for
describing their protolytic behavior, An analvsis and comparison have been
made of the exact (Keutecky theory} and approximate (reaction layer theoryvd
equations for describing kimetic polarographic currents. The electroreductions
of a Ti(IV) citrate complex and a Ni thiocyanate complex revealed that the
exact and approximate solutions lead to similur constants for the rate of
formation of the electroactive complex of the metal [535].

Spectrophotometric methods have Deen epploved to study the formation of
monocomplexes of Ti(TIl), Cr(ILI} and Al{LlIl) with mannose at pit 1.5 and ionic
strength 1.0 [NH4C1} at 263 * 1K |[536]. Titanium(1T1] and vanadiam{111]
acrylate complexcs have been cited in the Russian literature [537].

The new titanium{[¥) chloroacetate complcxes TiLELé and TiLOECCC13}4
[HL = ClCHECOZH, HL' = vycleopentadiene, acetylacetone; HL = CLECHCOEH, HL' =
cyclopentadiene, acetylacetonc, salicylaldehyvde, Z-hvdroxyacetophenone,
§8-hydroxyquinoline; HL = ClBCCOEH, HL' = cyclopentadiene, salicylaldehyde} were
preparcd from TiLéCl2 and Nal. In the TiLzLé compiexes (HL' # cyclopentadiene?,
the acetate groups are monodentate, forming octuhedral complexes; in TiCngz,
the acetate groups are bidentate [534].

Electrode reuaction parameters (k.. o) huve been determined at 298K for
Ti{IV} svstems (Ti-oxalic acid, Ti-EDTA, Ti-N-(2-hvdroxymethy[)LEDTA, Ti-CvDTA)
and the uranyl ion in acidic sclutions. The parameters were determined using
approximate equations of current-potential curves derived by Nishihara for the
d.c. polarographic catalvtic wave. The presence of a large ¢xcess of oxidizing
agent and a maximum wave on the catalytic waves werc found to interfere with
the cxperiments [539].

The preparation and characterizatlion (ESR, nmr and infrarved spectra} of

the titanium(IIL} complexes TiZL3C12 (HEL = mandelic acid) have heen reported.
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These dimeric complexes are formed by the bridging carboxylato groups with the
coordination of the deprotonated alcohel group [540]. The semi-synthetic
antibiotic organometallic derivatives of 6-aminopenicillanic acid (R} M =
Ti{IV), Zr(IV), HE(IV), R = Cp, ns-indenyl) have been prepared and claimed to

possess in vitre bactericide activity. Substituents into the penicillin

Me

—

Me

]
—

R\ M /NH
R/ '\

\c0211-14£t3

nucleus effects changes in the antibiotic activity and B-lactamase
susceptibility. Infrared, UV and 1H nmr spectra for the Ti{IV} complex are
reported; the complex is biologically active against various drug-resistant
bacteria [541].

The solvelysis of TiCln{MeSO (n = 1-3) with CImH mCCO2H (m = 1-3})

3}4—n 3-

{n = 1-3; HL = C1 H CCOzH). Most of these complexes

vields Tan(MeSO .

3}4-n
have bridging MeSO3 groups and Ti[06] chromophores. TiLn{MeSO3)4_n form 1:1
and 1:2 complexes with 2,2'-bipyridine and pyridine, respectively {[542].

A spectrophotometric study (190-350 nm) at 298K and lonic strength 3
{NaCl1) has revealed the formation of titanium(IV} complexes with protdanated

prrophosphate ions, specifically TiD(H2P207322- and TiO(H2P207). Protonation
constants for H2P2072- (pH-titration method) are 22.4 M_l and 5.0 Mhl far

H3P207_ and H,P,0., respectively [543]. While Nb and Ta are extracted as

HNbF6 and HTaF6 with bis{2-ethylhexyl)phosphate [BDEHP] serving as a neutral



236
extractant, i is extracted in complex forn, such as TIOF(HA,) where HA is
HDEHP [5447.

The titanium 1T} complex [Til,{H,0),]CL {§) {HE. = 3-i{4-pyridy1ltriazoline-
5-thione} has heen prepaved and characterized by infrared and clectronic

spectra and magnetic moment measurements. The synthesis of () involves mixing

OH

=
=
[ %)
I
Z-r

l\\

—e

Tt

() ———

OH

A\
.

LTw

(5

TiCl, with the ligand in a 3:1 (Ti:i) molar ratic. The spectral and magnetic
moment results have been interpreted in terms of an octahedral structure in

which the two H,0 molecules are uat trans positions [545].
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