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(i1)
Abstrabt

In this ihvestigation a pombination of phyéico-chemical
>techniques ﬁamely potentiohetric, conducﬁometric>ana écht:ophotéﬁeﬁric
methods Have beeén used.to-study'several aspects of the chemistry of
.fitanium(IIIS in agueous éolutiﬁﬁs. The results obtained have brovided »
- new 1nformation abouf the hydfolfsis.of_fhe hexaquotitanium(iII) ion qnd
complex formation in titanium(III) thiocyanéte and.sulphate solutions,

| It is shown that the'hydrblysis of hexaquotitahium(III) ion
Jin chlofida'solutions takes pl;ce in two stages.. At iow pH values
primary hydrolysis occurs as given by thg equation
‘Ti(H20)63+ + OH e======ﬁﬂi(oH)(H20)5?+‘ | } )  (15

At slightly higher pH values secondary hydrolysis occurs as_given by

the equation ¥

TEL(OH) (H,0).*F 4 20H" = Ti(0H); (s) o o (2)
Both thé.pfiMary and sgcoﬁdary hydrolysis products dimserise 6n standing
fOrming hydroxy-bridged and oxy-bridged species respectively;v Under.m
certain conditions the secondary hydrolysis pfoducts oxidise with thé'
evplution of hydrogen to Forh 1:1 ﬁixed oxidation sfate speciés._ The
raté of évblution.of.hydrogenvis dependent on the h*droxide_ion
cohcentratioh. ‘The pH range over which'the’respective hyarolysis
reactions occur‘depenag_on the total chloride ion conéentra;ion.'

. Titanium(III) forms two cbhplexeé in aqﬁebus th}ocyanate
solutions; a.1:1 catioﬁic spehies Ti(NCS)(H20552+ and a 1:4;ahionic
'species Ti(NCS)a(HZU)é- . A 1:1’titanium(III):titanium(IV) mixed
oxidation state species is formed during the oxidation of titanium(III)
thiocyangte solutions,

In dilute sulphate solutions, titanium(III) forms a series

of'complexes given by eqdations (3) = (5)



(iii)

. 3+ | 2- T B 4+> _ . '
2 Tl(H20)6 + 50, F%====9T12(SQA)(H20)1O (3)
‘Tiv(so )(H,0) 4+ 4350, 22 Ti(s0,).(H,0),~ ' (4)
ST2rTNe N 2710 4 N 472V 2774 -

. - 2o~ . See e
Tl(SOA)z(HZU)a + 250, <————>T1(804)4(H20)2 _ .(5)

The létter 1:4 complex pérsists in sulphate solutions up to'abbut

4 molar and at higher»cohcenfratiéns forms polymers, At very high
sulphuriq}acid concentrations i.e. about 15;18 molar, these polymers
coliapse to for5=the anﬁydrbus épecies Ti(HSOA)(SUA). The relatiﬁely
stable pale violet 1:2 tetrahydrate can be crystallised from solution

and feadily converted to the anhydrous form,

Vac., 98°C

Tl(HSUa)‘SUA)(HZO)a e Tl(HSUa)(SOA)
pale violet pale blue

Hydroxy sulphate spécies are formed during the hydrolysis of the abqvg
complexes,and_mixéd oxidation stafe titénium(III) titanium(IV) species
are formed when solutions Eontaining_fhe above complexes are allowedbté'
oxidise in air. |

where.poséible, stability‘constahts are estimated for the
complexes formed in each system, | |

From this new information together with existing data for
other systems, trends in the co-ordination behaviour‘de titanium(III)
are discussed,

| In each of the systems studied titanium mixed oxidation state

species were detected during the oxidation offtitanium(III) cohpiexeé.
Following from-this the mixed valence chehistry of titanium has besn‘
revipwed and the significance of this type of behaviour in understanding

the chemistry of titanium(III) is considered,



(_iv")'

To thelbest of my knowledge, this thesis contains no
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CHAPTER 1

Introduction

In the.ihduétrial pracessing of titénium compoqnds, £itahium is
almosf alwayé presenf as titénium(IV); Many processes invoclve reacfions
in sdlutionﬁand studies héve been made of - complexes formed in adueous
titanium(IV)-systemsf, Titaniﬁm(IV) can be easily reduced to titanium(III)
in aﬁuequs?solution;. Cdnsequently the use of titanium(III) compounds as
alternative.intermediates in industriél procesées seems feasible. However,
_by.comparison with titanium(1V), much less is known about titéniuh(III) :
bcomblexes. For ex;mple; it is.surprising that only limited studiesvof the
hydéolyéis of.titanium(iil) haQe'beeﬁ made and the exéct.néture of
titaﬁium(III) hydroxidé precipitates has not been investigated in detail.

As uell,,thefe’appears to be very little information available on.the
" nature of the.titanium(IIIj.spépies present in sulbhate solutions.

The relatively"limited extent of studies of titanium(III) systems’
may réflect'the problems associated with titanium(III) being a reducing
atht..»Titanium(III) in aqpeous'soldtion is a mild reducing agént..

TiO2Zaq>+ 2" ; e_§======§ Ti?;q) +.H29’ o E°=v_071vvolt1
This.aerial ﬁxidation of titanium(III) solutions is significantly retarded
ih strﬁng acid solutions 2-4 and écidic-solutions of titanium(III) salt§
are quite stabie in an inert atmosphers e.g.; under nitrogéh._

In very dilute hydrochloric acid solutions fitanium(IIi) exists.

as the hexaquo'[}i(H20)63ﬂ “ion 277, - when ligands such as OH™, F, €17, .
_ - 2;-_ 2 3 complexing : ,
CN 4, NCS , SD4 ’ C204 " PD4 and / organic ions are added to

solutions containing the hexaquo ion, complexés'of the type [TiLX(HZO)ym+],
- .are formed. The chemistry of these complexes . was reviewed in 1968

by Clarke; ~Quite.a few studies of.titanium(iII) chloro complexes formed in

7,,9-12,%%d several workers have

13-19

hydrbchloric acid solutions have béenvmade
looked at aqueous titanium(III) fluoride systems . However, few other

titanium(III) systems héve been investigated in detail,



The aim of this present work has been to investigate in more
detail the hydrolysis of the hexagquotitanium(III) ion in chloride
solutions and to stﬁdy the nature of thé titaniﬂm(III) complexes formad
in'aquqous thiocyanate and sulphate solutions. The results obtained
have enabled 6omplex formation in tﬁese systems to be understood, Trends
in the co-ordination behavioﬁr;ofltitanium(lil) have become more aﬁparenf'
and attention has been drawn to the significance of hixad‘valence

titanium(III) - titanium(IV) species in these syétems.
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CHAFTER 2

The hydrolysis of titarnium (ITI) in acueous chloride media

2.1 Introduction

| One detailed study of the hydrolysis of the hexaquotitanium (111)
ion in dilute solutions has been reportedzo. However the results presented
did not take into accéunt dimerisation reactions which are very common in
hydrolytic equilibria. IMore recent studies in 1968 and 1970 of the’

hydrolysis reaction21’22

showed that dimerisation does occur but data are
reported only for concentrated halide solutions (ionic sfrength 3 molar).
All thetresults in the above three studies were based on potentiometric

measurements, In additions, the studies were limited in detail to primary

hydrolysis behaviour, i.e., the formation of soluble 1:1 Ti (III) : OH

species. No detailed studies of secondary hydrolysis behaviour involving

the formation of titanium (III) hydroxide precipitates, have been reported.

A prelimindry investigation of the system showed that both
spectrophotometric and pH measurements were time dependent. In an attempt
to understand this behaviour and relate it to the overall hydrolysis picture

measurements were made

(a) as soon as possible after the addition of base and vigorous
nixing,
{b) after the solutions had equilibrated and measurements were stable

These are referred to as "initial" and "equilibrated" solutions respectively

in this chapter.

It was also noted that hydrogen evolution occurred in the presence
of some insoluble species., This behaviour was investigated in a separate

"~ kinetic study.

In this chapter, results of a new investigation of both the

primary and secondary hydrolysis reactions of the hexaquotitanium (III) ion



are presented. Hydrolysis constant§ for the primary hydrolysis‘species_“
in dilute solﬁtions and the solubility product of insoluble titaniUm(III)-‘
hydrﬁxide are reporﬁed for the first time. The nature OF»ﬁhe insoluble
sbecies -is: discussed and a new»exﬁlanafion for the formation of £hese_
different coloured precipitates,is»pressnted with supﬁorting'evidence. 
Also a mixéd oxidatiﬁn state hydrolysis species has been discovered., The
results obtained include potentioﬁetric, analytical and épectral daig ;é

a function of pH, chloride ion conéentfation aﬁd time, for the hydrolysis

system,

262 Experihental.

Rapid potentiometric titrationsvuerevused tofstﬁdy the speciss
'fifst formed, Fast stirring was used to ensure rapid mixing of tﬁe
£eactants, total tifration time being usually less thanvd minutes.- The
apparatus for rapid titration measurehents is shqwn in Figure 1. It
consisted of a combined pH electrode coupled to a recording pH electrometér,
(fl,‘;ﬁégefhe; - “:;with-a motor driven QUml piston burette calibratea tb
0.01ml, Solutions of titanium(III) in dilute hydrochloric acid (see |
Appendix 1) were titrated with SOdium hydroxide, During the titnatidn the |
solutions Qere stirred and nitrogen bubpled through rapidly to preveht
aerial oxidatioﬁ. ‘The ﬁgﬁaiﬁchioiide'ian ébhbenffé%ibn'WQé.va:igg;?y>ffj
Taﬁdiqgt7_gs;LyﬁNH4C1,;Ammonium saltst.haﬁef'mini$a1 ééeing effects on glass
slectrodes © 'and enable -high chloride ion concentrations to be obtained.
Conseqﬁently solutiong high in,cﬁldride ion cpncentratioﬁ were also
titrated uiﬁh ammonium hydroxide.

Spectroscopic studies were made .(see also Apﬁendix é) to-obtain,
'mo:é ipfo:mation‘about the nature of the hydrolysis species‘present iﬁ'
solution, The spectra of the initial species présent were'obtainea from
solutions where a fixed aliquot of titanium(III)'solution w;s addad to
prepared solptiﬁns containiné knowﬁ amoqnts of base., These solutions Qere

then transferred after shaking, to glass cells and their absorbance

" measured immediately, The total time for the opsration being about 3

mimittas



recording pH o piston
electrometer magnetic burette start
’ ‘ stirrer ——<® switch
. Nz _
.-Fiqure 1, - Apparatus for rapid titration measurements,

The final hydrolysis species formed were studied by equilibrium

measurements, For all these measurements, series of individual solutions

containing fixed titanium(III) and chloride ion concentrations and Qarying

concentrations of base fanging from zero to excess of that required for

{

compléte hydrolysis, were prepared and made to constant volume (s0m1s).

The solutions were then allowed to equilibrate by standing inAéééléai,ﬁ

flasks under a nitrogen atmosphere to prevent aerial oxidation. After

equilibrating for 20 hours, individual pH, spectral or analytical measure-

ments at room temberature i.e.,af21-22°C; were recorded,

The latter analytical studies were made to providse additionalf

evidence for the stoichiometry of the hydrolysis reaction._ Analyéié

i of the titaniuﬁ III content of solutions was madeiusing-the-apparatus-

shown in Fig 2. -

_solution were taken and

PR

7’5 ml aliquots of the reaction. ..

"3
T

- - - Ny

~_;.k made to about 20mls with

nitrogenated 5M HC1 and nitrogén gas was continuously bubbled through the



burette,

stoppered
funnel

(for oddls‘.g
sample

.prte(rfppw\‘ i W C_—_sz

pul
250ml \/
- pyrex N,
beaker_—
' - O_J -
o\/

Magnetic
stirrer

Figure 2. Apparatus for titanium(III) analyseéx

solution during the titration. A 10% NH,SCN solution (Smls) was added as .
indicator and the solution titrated immediately with nitroganated 0 020M

NHaFe(SO solution, Chloride ion determinations were made by Veolhard's

4)2
method, titanium(III) being oxidised to titanium(IV) with nitric acid

titrating
beforshand, or by estlmatlng " the total TiCl, and HCl concentrations by /'
to pH 7.0 with 3

/ standard sodium hydroxide solution.
Information about the mechanism whereby hydrogen was evolved
from certain solutions containing titanium(II1) hydroxides was obtained

from kinetic studies. The rate of evolution of hydrogen was measured using

apparatus consisting of a water manometer (which could be closed off for



high pressures) and a mercury manometer. Both manometers were connectéd
to a glass stoppered conical flask. The apparatus was immersed in a

Aﬁéter batﬁ thermostated to SD;DDC, and the solution being studied was
stirred magnetically from- "below: The rate of evolﬁtion of'hyafogen Qas
followed by méasuring tha'change in pressure (i.e. the change in height of:
.the ménometars) with time.. The apﬁaratus was initially flushed with
nitrqgan-(byvbubbling through the manometers)., The volume of the apparatus

was determined by water displacement.

2.3 Results
| Figure 3 shows the typical pH behaviqur obsérved during rapid

titrations of titanium(III) in dilute chloride media. In region (a) primary
hydrolysis occurs resulting in the formation of a solubie 1:1 Ti(I11):0H™
» complex. _Ih region (b) the uptake of another two equivalents of OH™ occurs,
corresponding to the formation of Ti(UH)3 (bfown precipitate). Simi;af
titration curves were ohtainéd‘over the chloride ion.concentration rahge
0.4 to 4,5 M (see also Abbendix 3). Equilibrium potentiometric tifratiéﬁ
data for individuai solutions containing yarying amounts of bassare shown inv
Figure 4 (see also Appendix 4), A 1:1 complex is stiil formed in the
primary hydrolysis region, although mucﬁ lower pH values were obtained,

| Spectral dafa for both the initial and fimal primary hydrolysis
species, (at low chloride ion concentrations), for varying cbncentrations_éf
base are shown in Figures 5 and 6., These studies of the hydrolysis
behaviour show that in non-equilibrated solutions where ﬁeasurements wéfe
made ;mmediately after mixing, the intensity of absqrption increases Qith{
increasing eoncentration of base and the position of ﬁaximum absorption
shifts from 495 nm'tqwardsvdaﬂnm. On standing (to givé equilibrated
solutions) the intensity of absorption in each solution increases further
but theré is no change in the position of tge peak, F:om individua;-
absorption measurements étlABOnm on a series of solutiens (see Appendix 5)

and assuming that a stable coﬁplex'is formed so that n represents the



N

region (b) — -

&— region (a) ——>

| —l l 1

0.0 _ 1.0 2.0 3.0

n

Figure 3. Rapid pH titration curve for 04113M-titaﬁium(III) (80 mls) with 1.97M NaOH.

[Cl—] = 0.45M in the initial solution. n = ratio[aﬂi]:[;i(II{y;



[Ti(III)] = 0.0906M

[c17] = 0.352M

i g n

0.0 - 1.0 - 2.0
- .

Figure 4. . pH of equilibrated titanium(III)'sQlutions.
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Absorbance

0.0 1 ' y ".1 ) 1 . | .
400 440 480 520 - 560 600 640

Wavelength (nAm)

) and equilibrated

.Figure 5, Spectra of initial (
(- - ~) solutions of Eitanium(III)vwhare'ﬂ‘= 0.00»(.),
0.31 (8), 0;50 (El), usiﬁg'1'cm cells, . |
| [Ti‘(III):].= 0.0892m. [e17] = 0.334M,
ffaction of titanium(III) which has undergone hydrolysis, the e*tinction
cdefficients of the pfiméry hydrolysis species pres;nt.in the.initial
and equiiibrated solutions were calculated (see Appendix 5)'t6 be
6.7 111.0:and iU.S.t 1.0 moles f1 litres cm-j reépectivély. At higher"

- chloride ion concentrations when base is first added to the violet
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Absorbance

1 1 1 - | 1

400 - 500 600 700 800 . ‘900
’ wavelength (nm) )

Figure 6, Spectrum of equilibrated titanium(III) solution where |

n= 0.64, using 1 cm cells._[Ti(III)] =.0.0950M, [?1?]: 0.364M,

solﬁtibns the:color similarly da:kens. However, the solutions fhani
qgiqkly become turbid dUé to secondafy hydrolysis also opcuring_in thiéu
région'précluding detailed spectral studie$.> Cenerally-nu solution
spectra could be :eéorded for thevsecbﬁdapy hydrolysis region due'td tﬁe

- presence pf‘precipitate. .Homévéf at vefy,high chloride ion concenttatioﬁs

(~9 holar),tha'precipitate in equilibratadvsdlutions appeared to sett1é
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" Absorbance

. 1 o . L _ 1
400 500 ' 600 700 800 900
| Wavelength (nm) '

Figure 7. Spectra of equilibrated solutions of
titanium(III) where n = 0.00(°), 0.19(0), 1.20(A), "
2,22(0 ), using 1 cm cells.

[Ti(III)] = 0.0880M, [01'] = 8.80M,

more compietély,_leaVing'minimal turbidity in the supernatant solution.
Solutidn‘spectra'fbr thege solutions containing_Qarying amounts of base
are shown in Figure 7. No change in'thevpoéition of maximum absorbance
(550 nm) was observed showing that the initial.éitanium(lll) species in
solution remains unchanged; i.e., There was. no avidqnca of primary

hydrolyéis occuring. The variation of the absorbance of individual"



- Absorbance at 550 nm.

- 18

0.0 - 1 1 1
'. . 0.0 : - 1.0 . 2.0
. =
Figure'a; Abgorbance (at SSd nm) of équilibrated solutions .
of titanium(III)

. [Ti(III)] = 0,0880M, [Cl-:]';_.- B8.,80M. Path length = 1 cm,

3.0
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solutions at 550 nm;_as base iq addeﬁ is shown in Figure 8. No chaqge in
absbrb;nce iS'bbéerved until preciﬁitafion occurs. Then the value jumps
‘sharply due to an. increase ih:ébéorbance>caused by scattering Qf the light
by some colloidal particles of the precipitate remaining suspended in'fhe>
"solution. ~However,‘overali the absorbance decreased uniformly tomatds
© zero as the ;;atio of hydroxyl ioné addéa ténded towards 5.‘ This laftér'-
_ observation being 66nfi;med by. the anal}fical‘mork. |

The results of analyfical-studiesvof the variation of the
titaniUm(IiI)_content of equilibrated solutions during Hydrolysis in dilU£e 
‘chloride media are ghowﬁ in Figure 9. The titanium(III) content rémaiﬁs
constant until'precipitation'begins atbﬁ = 1.0, After this titgnium(III)_
is removed from sblution‘at the rate of 1.00 Ti per 2.00 OH added, by the
formation of brown Ti(UH)s-precipitate (region (a) in Figure 9) until |
'F~u1.5. On standing the brown precipitate initially formed darkens
bécoming'black bu§ no hydrogen-evqlution is observed in these.aoiutioﬁs. Ih
regionf(b),vtﬁeré appears to bs no incre;se in the amount of black
~ precipitate present., Instead, on standing, hydfogen evolution is observed
and a dark blue solution forms. Also thextitanium(III) content of_?hé
solution,decreases.atvthe rate of 1,00 Ti removed per 4,00 OH™ added; iﬁ
thié region, Wheﬁ an aliguot of the dark blue solution is added to S.SM
HCl»solution; a white turbidity forms indicating the presence of titanibm(le.
In region (c) the dark SlQe species coagulates aﬁd settles on tﬁe bqttbm,:
and the rate of removal ot titanium is again 1,00 Ti per 2.00 OH™ added, At
-high'chlofide ion concéntrations a different analytical curve is'dbfained.ﬂ
The.Variétion of'the titanium(III) content of these equilibrated solutions
lis shown in-Figura 10.. A dark biue pragipitate settles in the hydrblysed
solutions, . Hydrogen evolution is’also observed; The.slope 6? the curve
showalthat the.titanium(III) is removedbuniforhly from solution at tﬁevrate
of.1.00 Ti per 3,00 DH-:addgd, This confirms the earlier spect;ophotomgtric"
' reéuit, | | | | | |

"The data obtained from the kinétic study qf.the rate of evolution -



'Percentage of titanium(III) in solution

15

100 |
Y

Q

80

60

40 ;

20

0.0 1.0 = 2,0
n .

- Figure 9. Titanium(III) content of equilibrated solutions

during hydrolysis in dilute chloride media.
[Ti(III)J = 0.0906M, [cl'J = 0.352M,
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Percentage of titanium(III)'in solution

0.0 1.0 2.0 3.0

=] |

Figure 10.  Titanium(III) content of equilibrated solutions
during hydrolysis in concentrated chloride media.

[ri(1in)] = o.0sgom, [c17] = s.s0m.

-of hydrogen are given in Appendix 6. Rate curves show two distinct linsear
vsectiqns in thé initial stages. vAn examp;e is given in Figure M. Thg
change frpm one linear section to the other corresponded to the chénge in
golor of the precipitate from b;own to black. As the réaction proceeded‘
further the rate of evolution of hydrpgen decreased gradually to almost
zero (see Figure 12) corrésponding to the formatibn of the dafk blue

species. The "apparent oxidation numbers" in Figure 12 wers calculated



Pressure (mm Hzo)'

0 S . t 1

17

[o o] i
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~
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. Figure 11. Rate of svolution of hydrogen.

[_Ti(in)] =_0.184,:"[0H'] = 1.680M, [ti"] = 0.668M,

14



Apparent Oxidation Number

18 .

- 100
O
3¢5+
301
N . ST L
.0 200 - 400 _ : 600

Time (minutes) .
:Figure 12. . Rate of evolution of. hydrogen

[Ti(lu)] 0. 0391m, [_cm J=o. 894, [01 = 0,142,

"from the number of moles of hydrogen evolved, assuming that 0.5 moles of

hydrogen are involved for each mole of titanium(IV) produced.
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2,4.1 Primary Hydrolysis

Evidence for the primary ﬁydrolysié reacgions has been.obtained
from pH, spectrophotometric and analytical data. |

The pH tifration curves Figures (3) and (4) show the formation-
of a soluble 1:1, Ti:OH- complex. The lower pH values obtained for |
equilibrated solutions as compared with those obtained oh rapid ﬁixing
could be caused by the following phenoména.
(1) An oxidation type reaction
(ii) Slow completion of the hydrolysis reaction
(1i1) ‘Some subsequent co-ordinétion reérrangément or briaging tqéctién to

form a more stable species,
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Figure 15. Variatidn of rate of hydrogen svolution with

- L .
0.42

hydroxide ion concentration for second reaction

-

[Ti(III)] = 0.0920M, [cf_] = 0,334M,

_No evidénée of oxidation was observed in the.primary hydrolysis;
region., This was confirmed by the analytical data which showed that the
titanium(III) content remaihéd unchangea (Figure 9), ' The possibility of the
reaction having not,reaphed completion is.élso eliminated because the shift
in the pseak positionlfrom‘ags nm ﬁouards dabvnm.(FiQUre 5) is observed-
.immediately after mixing. The only cHange in the spectrum on standiné is a
slight increase in abéofbance; This fype.df behavier has.been observed
for.other transition hetélé 23,and it is Qell known that dimeric spaciesra;e .

often formed by the hydrolysis of metal ions 24, 25.
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Schaffer and Joréanéenzs, in thei:'work on binuclear dohpiexes
ot chromium(III) suggest that the spectra of complexes with ceﬁtfal atoms ,2
.coupled by two hydroxy brldgas do not differ greatly from the spectra of
mononuclear complexes. The presence of oxygen bridgea, however, has been
- found to influenCe the spectra qplta con51derably._»
. - ‘For the titaﬁium(ill) saiutiohs,‘sinte>the dimerisation-is o
accbmﬁanied by only a'slight increasé iﬁ bana intenéity,'this suggests the
formation of é hydroxy bridged species'(i.e; Tiz(OH)é(HéO)84+) rather than
an oxy bridged species (i.8. Ti U(H O) ).
The potentiometric, spectrophotometrlc and analytlcal studles
'thﬁs suggest that the primary hydrolysis of titanium(III) in dilute’
‘chloride solutlons 1nvolves the formatlon initially of a monomeric species
Ti(H 0)6 . +0H™ ———\Ti(OH)(H 0) : , _ -(3){
followed by dimerisation o
2T1(0H) (H,0) 2+=T1(H 0) 4 (0H),Ti(H,0),** 4210 -(4)
}This'is iﬁ agreemant with the conclusions reached by previous workers
from limited studies in 3 molar halide solution321’22.
Simllar behaviour has been observed in the vanadium(III) system.
Pajdbwskizz shoued by a spectrophotometrlc study that the primary hydrolysis
involved thg formation of both mopomeric'V(OH)(Hzﬂ)s. and dimeric |
VZ(OH)2(H20)84+. The latter sﬁecies has the higher e*tihction coefficignt.
R subsequent magnetic study of the vanadium(IiI)_hyd:olysis strongly supportedi'
- the ptqsénce:of hydroxy bridges.;n the dimeric spec18327. -Simiiar behaviour L
also occurs in the aluhiniuﬁ(III) systemfas tecent 2701 NMR,studies by
| Akitt ot a1?® of the hydrolysis and pblymerisation of ‘the Al(H 0)63+'catioh '
‘have shown the positive existence of Al(H 0) , Al(OH)(H 0) , and dimﬁfic'
A12(0H)2(H20)8
The hydrolysi§ constant/3i for the monomeriéiépecieé was
evaluated using the hetﬁdd}outiined below, ”

For the reaction _
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If Ti(0H)(H,0). %" is a stable complex, then
o [H"} | | - .

fr™ o
where n represents tHe ratio of hydroxyl ion added to titanium(III) ion

initially present.

i.e. _lc:g[j,1 = log | ( 'ﬁ_- ) _ pH | -(8)

1=n
Uéing equation (8) and the potentioﬁetric titration data, the-cons;ant_fpr
the primary hydrolysis of Ti(H20)63+ was calculated at six equally spaced-
points in the region 0< n ¢ 1 (region (a) in Figure 3) to be logf-?1 =.-2.59
+ 0,20 and -2,91 + 0.20 on duplicate'runs (see Appendix 3).' The standard
deviation of 0.20 was due to (i) expérimental errors associated with very
fapid titrations and pH measurements, and (ii) competltlon from the
»dlmerisation reaction, The ionic strength in region (a) was 0,41 + D 01M.
The effect'of the‘variation of ionic strength on the value of loglﬂa i§
discuséed later, but for comparison of hydrolysis data with that for other
metals,‘the4ion;c strength must be the same. Table 1 comparss the presen§:
results uitﬁ those of other metal ions at similar ionic strengﬁhszs, énd-?
shows that titanlum(III), vanadlum(III) and iron(1II) exhibit very 31mllar

prlmary hydrolysis behaviour.
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Table 1
. Comparison of log ﬂ.1 v_alues. for the primary
hYdrolysis in dilute solutions of metals of

the-fifst transition series,

Metal o logﬁ1 Ionic Strength Temperaturs

Scandium(III) " =4,9 0.1 .20
, . | o
. Titanium(III) -~ =2.,9 0.4 - 22
Vanadium(III) “2.9 1.0 - 20
Chromium(I11) -4,3 0.5 20

Iron(III) - -2.6 . . 0.1 . 20=22
~ Cobalt(III) -1.8 1.0 ' 24

*This work.,

Some wo:kerS'report’stability constants i.e. log KT

values, .
for the hydrolysis speciés. However this is less practiéal as it requires
knowing accurately thes pKu value for the solution under the hydrolysis'

conditions, For the reaction Ti(H20)63+. +0H-;====2Ti'(DH)(H20)52+ -(9)

 K1 ] ’[Ti(OH)(H20552+] . | o)
[Ti(H20)63+][UHj]
and iog K, = ‘pKu‘ + log/g1 - | : | -({1).

29,30

From published data pKw was calculated to be 14.38 in 0,41M NaCl: at -

22°C (see Appendix 8). 'Thus,'from'equation'(11) log K{ equals 51.48 1-0.20i'

at 22%. | ‘ L R
The extent of diﬁeiiééfiéﬁcan'be gauged‘from the change of pH

with time, .An exampie of this is shown in Figure 16.- The curve iﬁplies

that for this solution aﬁproximately 25% dimerisation has occurred after

20 minutes, The hydrolysis data reported by Pecsok and Fletcherzo' S
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fFiqure 16. ‘Change of -pH with time for a solution n = 0.64

.,[71(111)] =10.078N , [01'] = 0.4M,

were obtained from measurements made ovei a period of  20-30 minutes,
Obviously significant dimerisation would have occurred during this tims..

This would eXp;ain the higher'K1 valués'ghiph they report (e.qg. log K1 =
11.80 in 0.50 KBr at 25°C). : | |
As the chlofide ion cdncentrétion,wéé incregséﬁ up to SM no
significanf change in the shape of the rapid titration curve was observed
(see Appendix 3)', Using the theory outlined by equations (5) to (8), log/éi
valuda uere calculéfed_(see Appendix:S) at these higher chloride ion

concentrations and the results are compared in Figure 17. 'Thafhyérolyéys"
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Figure 17. vEf‘f‘act'o'f‘- chloride ion concentration on the

primary and secondary hydrolysis constants (I = total chloride

_ion concentration),.

‘[d= Paris and Gregoj.rez1 (using ‘bromide _ion),é: Krentzien _énd

22

o Brito®?, O = this work.
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”constant'ﬁéiues fér thé mbnohydroxylspecies inqrease with increasing
chloride ion concent:ations as a result of the increasing ionic étrength.
:Thua the behaviour appears to obey simple Debye-HUckél_theéfy, since under
'-thgse conditions activity coefficients also increase with inéreésing ionic
" strangth,l | |
| Thié behaviour alsd suggests that titanium(III) chloro complaxeé

fopmed in ﬁhese’solu£ions ﬁavé re;étively low stability (which is in agree-
maent with repbrted stability daté7), as if this wefe not so, compe£itidn
from chloride idn to form éhloro species would tend to cause a decrease in
the stability of the hydroxy species as the chloride ion concentration

increased, Other studies'of'the_primary hydrolysis of titanium in 3M K(:lz.'2

and 3M KBrz1

have been'reporﬁad and these results'a:e aiso compargd»in'
Figure 17, -

| By using the eduilibrium pH data it was aléé possible to
célculatg'the hydrolysis constant for the dimeric species. for the reaction

+

S 3+ X 4+ , f
T1(H20)6 + H,0 —_—> 3 T12(DH)2_(H20)8 T -(12)

_ [Ti’z(o'H)z(Hzo)B“] £

VERTE [Ti(H20)63_+:] [qu] | | R ;(13") .
) @ [Ti(iII)])%[H+]

(1_5)1}1(111)] - for a stab;a‘comblex : -(14)

| .-'.,.1ogﬂ1"2 = % log 12’- - pH - 1'69»(1-5) - {; log [Ti(III)] -(15)
Using eduation (15) and data as in Figure 4, log/g12 values calculated at
"four poihts in the rééion o<i;€71 gave a mean of -1.64 and a standard
'déviation of 0.04 (ionic strength constant at 0.352”)-(393 Appendix 4).
Other workers report log/éalealues at 25°C of -1.65 and -1.95 ¥ 0.17 in

1

3M KBr2 and 3M KCl22 respectively.

At low chloride ion concentrations. e.g. 0.,35M, negligible

i

secondary hydrolysis occurs in the primary hydrolysis region i.e. ne<1.
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.Hoygvéf, ag:the eﬁloride.ion’coﬁbentration is increased ghe amdunﬁhbf'
seﬁoﬁdary'hydrolysis occu;riﬁg in the lower pH région also increasss
Until_at very high‘chloride ion conbentrations (~9 molér) no primary
hydroi?éis is observed ih fﬁebeqﬁilibrétéd solutions. This is diécﬁssed :
,iﬁ mofe detail in the hext_sectibn. For this reason no attempts were
.madé to calcuiéte/312‘vaiues at ﬁigher chloride ion poncentrations.i

The stability constant K for the dimeric species, and the

12

dimatisation constant KZQI; at lom chloride ion éoncentfations were .

calculated from the bH data. For the reaction _ .
' ' ' K ' .
" 3+ - 12 > 4+ ~(16)
TL(H0)g™" +0H 5 === % T1,(0H),(H0)g ™" +2H,0

' log K12 was calculated to be 12.74:1 0.04 at-22DC (ionic-strength»d.35N)
(see Appendix 9) and for the reaction
2+ 22 5 s 44
,2Ti(0H)(H20)5 T T12(OH)2(H20)8 + 2H,0 (17)
log K22 was calculated to be 2,52 ¥ 0.24 (see Appqndix 9). The

“comparative:stabiliﬁy\f/bf the moﬁonuclear and binuclear primary hydrolysis
‘sbecies for some metals of ,the first f:ansitibn serieszs \cgﬁ,befgéﬁgéd

‘_}ﬁfrom the log Kso valueS'givenfih Table 2,

i

- Table 2
Metal log,Kzz: Ioﬁié‘Stréngth Tempeﬁathre °c -
Scandium(111) '3;9'x 0.8 | 25
Titanium(111)  _§.5;*" 0.4 22
| vanédium(lll) ‘.1.8v'° 40 20
Chromium(I11) 5,3_, 1o | 25
Iron(111) 2.6 1.0 20

* This wo:k.
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2.4.2 ~Secondary uyarbiysis

| _ From the results sectidn it caﬁ"ﬁe seen that tﬁree secﬁndary
hydrolysis products are'Fdrmédy>namely brown, blabk,-and blue preéipitéteé;
'Under certain conditlons the brown spec1es changes to black then blue on -
standing. Thus time,ls an 1mportant variable; As the behaviour is alsof
' affected-by the chldride ion7concentratioﬁ it too has to:be considered. In
f_.this section the béhaviour at vefylow éhlo:ide ion conceﬁtratipns is
discussed first., Then thé effectvof.increasing the Ehloridé»ion cﬁhcentfation
up to a yery high value (about 9N)'is.compéred,

»Informaﬁion about the bfown éﬁecies was pbtained from the rapid
titratibn data. fhe rapid potentiometric'titraﬁion curve (Figure 3) shouws
,ltﬁe upfakq'of»another two equi@élents of OH in the pH range 3.8 to 5;7. It
is in this region that a brdwn pfecipitate is formed. This corresponds to

2H20 | ;} e
and - Ti(OH)(H,0) 2+ SN Tl(UH) (s) +2Ht + + 3H,0 -(18)

the reaction = ' 2H+ + 20H =——2

The hydrolysis constant/e for thls reaction uas evaluated from the pH

data as
2
Lhi*] :
_/3 3 _ Eﬂ(uu)(Hzo)szf] o R o -(19)
i.e. log /g_ = - log [ji(oH)(H20)52+] - 2pH o --(20)

 since Ti(QH)(HZO)SZ+ is a stable complex,

[, 2*]) = -m) [rzaun] - -(21)

 where m is the fraction of titanium(III) precipitéted, i.e. the ratio-of.” '

20K added to thg titaniUm(IiI) ion initially present (fri(1in)]). o
i.e. 105,4% = - log (1-m) [Ti(1ID)] - 2pH j' -(22)

Using quation.(zé), log/ﬂ% values calculatéd at twelve'equallyvspaced'

points in region (b) gave mean log/é? values'of—e 02 and-8,07 with a

standard deviation of O, 08, on duplicate runs (see Appendix 3). The ionic

~ strength in region (b) was 0.385 % 0.,012m, "
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" The soiobility orodUot value for the.brown precipiﬁaﬁe was
also detérmined from the pH data.i e. for the reéctioo
| Ti(DH)(H o) . +20H —~——E§~——> Ti(UH) (s) + 5H20 (23) -
... log K3 was calculated to be 20.71 - 0 os8. Thus:forlthe 1nsoluble brown
precipitate Ti(OH)’ log-K op = -32.19 ~ 0.28 (see Appendix 9). |
"As no study of the complete hydrolysis of titanium(III) has :
been reported prev1ously no SOlUblllty product data for titanium(III)
are

hydroxide /' available for comparison. However log Ksb values for other

- trivalent transition metal hydrox1d9325 aré_shomn in Table 3.

Table 3

Metal - log KSp s Ionic Strength 'Temperaturo
'Sééndiom(lll) ~29,7 o - | 25
Titanium(III)v 532.2* | i, 0.5 B 2

Vanadium(II1)  =34.4 o o 25
Chromium(I1I)  =30.2 o Y,
Iron(111) -35.6. 0 28

Cobalt(I11) ~40.5 0o | 25

; ThlS work.

Thus titanium(III) hydroxide has a’ Similar solubility product
to other transitioo metal hydroxides._

’Log,/3 valués obtained from titration data for solutions
containlng higher chloride ion concentrations (see Appendix 3) are comparod
in Figure 174
| The eduilibrium ootentiometric titration curve (Figurela)
‘rcompared»with the rapid titration curve (Figuré 3) shows the significant
" changes in pH which occur on stonding. Further information on this unusual

hydrolysis behaviour was obtained by analytical studies. The variation of
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'titenium(I;I)_preSentvin_solutidh after the addition of var*ing amounte of
sodium hydroxide to solutions centeining D.OQDéh Ti(III) and 0,352M C1~ and
ailowing them to equilie;ate, is shown in Figure 9, The.titanium(IiI)
>cdntentffemainsvconstant until precipitationvbegine at n = 1.0, .After thie
titaniUm(iII) is remeved frem selution at the rate of 1.00 Ti per 2,00 OH
”‘.edded, by the formation of brown solid Ti(OH), (region(a) in rigufe 9)
until A¥1.5. |

On sﬁending, the brown precipitate darkens becoming blaek'bue”ho
‘Jhydrogen evolution is observed, so that it is unlikely that the precipitate
contains any titanium in the'+4.oxidation state, Instead this‘darkening is
probebly associated with the replacement of hydrqxide greubs’by oxide ions;'
Also in this region after-equilibratien, theva valuee decrease with
increasing eddition of OH~., If it is argded that in the. primary hydrolysis
region UH-vions are eupplied by the reaction
| | .TiQH2+e====é 117t SoH" ) o . | -(543,
then in fhe region 1.0¢< n< 1.5, as the black insoluble Sbecies is forhed
from the 1l'iUH2+ ions, it reduces thebconcentraEioh of thie latter ion,
coneequeetly reducing the equilibrium coecentration of UHb ions and thus'thev
lpH. The minimum in the bH curve occurs at n=1.5, the.pH then being -2.30.

If as seems likely, the black insoluble compound is the oxy=-hydroxy species

TiO(OH).nHZU, then for the equilibrium’

Ko o 3
3L (0H),(H,0) % 420 —==22= - Ti0(0H).nH,0 (s)  =(25)
‘ ' ' + (5-n) E,0 '
K23 = [fiz(oH)z(HZO)Baf] %[QH'12_ | o L =(28)
+%. log Ky, = 2pOH - % log [Tiz(OH)2(H20)84+] o ~(27)

After the addition of 1.5 equivalents of OH , 0,75 equivalents of
Tiz(UH)Z(H20)84+ remain (0.25 equivalents being pfecipitated as the hydrated
oxide) and

,f,[Tiz(OH)z(Hzo)éaf]' = 194%2.[fi(11?ﬂ | 'V'..e- '. ;(25)
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= 24,89 (see also

giving from equation(27), (pKu = 14,38), log Kos

Appendix 4),
- Since this value uas‘calcﬁlatad at the minimum in the pH curVe,
“the actual ﬁalde.’is.lo‘g' K23>/24..89.

. Therefore, for the equilibriuh

3+

Ti0(OH).nH,0(s) e====Ti(H,0), + 30H - o =(29)
from equations (26) and (16)
109 Kgp = = 109 Kyq = log K, -(30).
i.e. log K__ 2> =37,63
Also, for the equilibrium o o | ,
Ti(0H),(s) Koy TiO(OW).nH,0(s) C=(31)
(brown) : (black) : o
log k | = log K _ - log K : (
- D 8pbrown ‘SDblack -(32)
e, 1og'KD> 5.44 o ,

Thé biack prsgipiﬁatevﬁas va:y readilyvoxidised.and.extrame care
 was necessary to sliminate contamination from oxygen., 'The>stability.of thi§ 
 prec1pitate was also very sensitive to chloride ion conéantration and as a
result it uéé only present in equilibrated solutions when minimum chloride
ion concentrations were used. Otherwise qxidation to the dark blue soluﬁle
species discussed bélow tended tﬁ»dccqr. | |

In region(b) (of Figure 9) the prééipitate which fﬁrmé initially
is browh, but this thrné'biack within a'few,minutés. Howevef, on standing
.hydrogen is evolved and the additional pfecipitate which.ﬁould_nqrmally be
expected, appéarsvto redissolve to give a,dérk.blue 501u§ion. .This feaction
is combleted.in about 20-hburs.v (Note: the'éﬁount df pfeﬁipitate formed inv
part(a) (see Figure 9) does not appear to increaée dufing the further feabtionv.
in region(b);) Because a soluble sbeciés is formed, the loss ofvtitaﬁium(ill),
in this region must be due to bxidétipn éo titanium(1V). The_ratiq of
titanium(IV) formed to [UH;]is 0.5045:2.0000. As the overall change in

stoichiometry corresponds to Ti(OH)zf————QSTi(OH)S,,thié suggests that one -
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in every two titanium-ions mhich react with hydroxide ions is also oxidised
to the +4 oxidation state, . That is, the dark blue species contains Ti(III)
_ and Ti(IV) in the ratio 1:1. UWhen aliquots of the dark blue solution are
-added to SN ‘HC1 eolution, a white turbidity Forms, confirming the presence
of T1(IU)

The dark blue species is quite stahle in eolution and no further:
hydrogen evolution .is observed on.standing.' Abeorhance data at 740 nm from,
a series of solutions gave an eXtinction-coefficient'in the order of S00
' moles-1 litres cm (see Appendix 10) so that the complex probably corresponds
to the polynuclear species observed by Pecsok and Fletcherzu. An example.of
: the eolution spectrum is;shown in Figure 18, The high extinction coefficient
of thie complex mould.seem to be indicative of a mixed oxidationbstate complex.

In region(c) (of Figure 9) the dark blue species had coagulated |
and settled as a colloidal gel like precipitate. The rate of removal_of-
-titanium(III) confirmed that the stoichiometry:outlined_by eduation(23) wae
- still being,obeyed. Thie aalting out effect is typical of the behaviooryof_:
the colloidal precipitates often formedlby hydrated metal oxide or hydroxide'
speciee; | | - |

'No mixed oxidation statevtitanium»hydrolysie’product appears'to;
have been p081t1vely 1dentified prior to this work although, Hartmann and
| Schlafers in 1951 speculated that the dark blue precipitate formed by the B
addition of base to titanium(III)»solutions might_be_a mixed oxidation.state
compound. |

| Investigation of the nature of the brown and black titanium(III)

hydroxide precipitates is very difficult because of their extreme sensitivity
“to aerial oxidetion and auto-oxidation, and their colloidal properties. In
the eimilar iron(III)'eyatem, which does not have’the same oxidation problems,
deepiteAinnumerable studies of precipitation in hydrolysed iron(III)deolutione_
very little‘is known about the relationehip_between hydrolysis products 1n_>_'
eolution and the mechanism by which a eolid phase is produced31. yHowever it
eeeme likely that the formation of a aolid.phaserinitially involves

elimination of co-ordinated water from the iron atoms together with further
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Figure 18. Spéétrum'of the dark blue 1:1 mixed.oxidatiohvstate
:Species in equilibfium with T12(0H)2(Hé0)aa+, using 0.1 cﬁvcalls.‘
Fraction of titanium estimated present as dark blue species is
O0.16. Total titanium concéntration in solution.is 0.0950M, and
" chloride ion 0.364M. The absorbance . due to T12(0H)2(H20)84+ at

740 nm is estimated to be 0.065.
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.oxolation'reactions. Atkinsdn et 3132 proposed that the hydrolysis proceeds
by progressive elimination of H' from Fa(H 0) , followed by formation of
polymeric spec1es with oxo and hydroxo linkages. Studies of tha'ageing-:
behaviour of iron(III) hydrolysis products ehow that if iron(III) is initially
precipitated under rapid conditions i.e. using excess base, as iron(III)
»hydroxide gel,‘then the ageing of this prac1pitate produces, depending on
the other ions present, (o(,ﬂ,_. orK) F;e_O'(OH_.)31.’32; Analytical stodi‘es of‘
iron(III)lhydroiide sols by Spiro et a1%3 showed that they contain |
predominantly hydroxyl bridging. In the gallium(III)~spstemiwhich.has also
been extensively studiedsa, Ga(OH)3 is precipitated initially by the action
of bases on gallium salts. On standing the precipitate.ages forming GaU(DH).V
Similar aluminium' hydroxides are also known;d-f Al(OH)3 Bayerite;,K-Al(OH)3
Hydrargillite and X- Al10(OH) Boehmite, and the position of‘the protons in .
" . these compounds has been derived'From Proton Magnetic resonance_studiesséw
The change from brown to black in the titaniom(III)vhydroxide
system is a similar ageing- process; and by comparison with the more studied
iron(III), gallium(II1) and aluminium(III) systems it seems reasonable’ to
propose that the brown precipitate is an hydroxy bridged polymeric spacies

represented by the formula~Ti(0H)3.mH 0, and that the black precipitate is

, 2
T10(0H).nH,0.

| It is known that at very nigh chloride ion ooncentrations
(greater than about 8 molar) titanium(III) chloro complexes predominate in
solution7’g and it~is intereeting toicompare the different aqoilibrium
hydrolysis behaviour in these solutions. ‘Using LiCl, chloride ion
concantrations of aboot 9 molar coold be obtained readily, however under
these conditions accurate pH. neasurements could not be made36-38-
Consequently this section of the uork is mainly qualitativa and based on
_spectral and analytical data. | o

Spectral studies of solutions containing titanium(I11),

(0.088M) and chloride ion, (B,BON) showed that the observed spectrum

A

max 550_nm,:see,Figure 7) is very similar to that observed by_Schlafer
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and Fritz12 for solid trans ;'[Tiél (H 0)4] C1.24,0 (N __ =545 nm). Uhen

’base is first added to the violet solutions of TiCl (H 0) * such that

'-.B<r1<1, the color becomss darker. This suggests the formation of the

chloro prlmary hydroly31s species T1C1 OH(H 0) which probably dlmerlses
rapldly.anhe solutlons quickly bacome turbid, precluding apactral studies of
“ the chloro-hydrolysis.apaciea; Uhan base is first adaed to the origlhal
“violet TiCl2(H20)4+ solutions soch_that 1<1 <3 a brown orecipltate-is
'formeo which.rapidly.darkehs. In both regions the brecipitates are slomly
'oxidised_to a dark blue spaciea; hydrogen being evolved simultaneoysly.~ The
v'final result is the formation of a dark Elua'preclpitate.in solutidns.ovary
fhe range 0<:=-<3, Qith the unhydrolysed_TiClz(HZD)a+ species remaining in
fjsolution above the pracipitate (aee spaotra Figure 7). vToe variation of the
'absorbance of the solutions_at 550 nm, asrbase is added is shownvin Figuré 8.
No chénge in absorbanca is obsarved until precipitation ocours. Then the
value Jumps. sharply due to scatterlng of the light by a small amount of. the
precipitate remainlng suspended in the solutlon as colloidal particles.
However, overall thé.absorbance decreased uniformly towards zero as the
‘numoer of hydroxyl ions added tended'towards 5; The Variation of the
‘titanium(III) content of these eduilibrated solutions is shown in Figure 10,
Toe slooe of this curve also corresponos,to titanium belng removed .as the
'oark'blua precipitafe at the rate of 1,00 Ti(lII) per 3,00 OH™ aoded ano
. confirmad_that complete precipitation of.tha titaniuo occurs, ~

| Thus in equilibrafed concentrated chloride solutions,'secondary

hydrolyslé probably reaults from'thevfollowing reactions
(1) Addition of excess base

T1c1é(0H)(H20)3 + 20H" > Ti(OH) (s)v + 2017 v(rapia), -(33)

(brown)
. and subsequently
TL(OH),(8) e===== TiO(OH).nH 0(s) - - =(34)
‘ (black) - ' o

(ii) Slow.hydrolyais‘bfva.dimaric‘chloro primary hydrolysis speciés-e.g.
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Cl.(OH).(H,0) :==§===22T10(DH) nH D(s) + sut + 4C17 (slow) -(35)
4 2274 % -2 :

: : : (black) o f :
- (iii) ‘Auto oxidation of the black precipitate to form the dark‘blue mixed
'oxidatlon state species which settles. as a gel like prec1pitate at these

high chlorlde ion concentrations.

-2;4;3 'Reactione involving the evolution of hydrogen.

| The euolution.of a gee from solutione containing titanium(III)l
hydroxide‘prec1pitates is an unusual phenomenon. fhe gas was obeerved to

© causs a lighted match to explode, establishlng that it was hydrogen baing
evolved, Spontaneous hydrogen evolution from a metal hydroxide in solutlon
is relatively rare and.only associated withllow oiidation etates of. |
transition type metals.’ fitanium(III)hhydroxide had been known to undergo
this type of_behaviour for some time39 but no detailed study of the reactlon
appears to have been,madevpreviouslf. Hydrogen evolution also occurs in
some tltanium(III) -.fluoride systems, .The very slow evolution of hydrogen
from titanium(III) fluoride solutions in hydrofluoric acid has been reported 14

'and ,KTle is oxidised by water with the evolution of hydrogen18 according to

the reaction
2KTIF,  + 4H,,0 5=====;=ee Ti0, + K, TiOF, + AHF'+ H . - -(36)
The only other well known case of hydrogen evolution involv1ng

- a metal in solution in the trivalent state is that of uranium(III) If a red
hydrochloric ecid eolution of uranlum(III) chloro complexes is added to .
aqueous ammonia, a pale orangeared precipitate of‘U(DH)3 is_observed which.ﬁ
eubsequently.chanoes tO'pale greenlU(.DH)4 with the evolution of hydrogen49_42.

| "Seeeral metals ln the.divalent state llberate_hydrogen’?rom f
solutlon. TlCl ~when diseolued in water liberates hydrooeng andiv(sz)6?+
simllarly liberates hydrogen but not in acid eolution f 3. Chronium(II)
ions are also unstable in aqueous golution and evolve hydrogen at ratee
.varying with acidityband the-anione presentaa’as,

Few studies of the kinetics and mechenisme for these types of

hydrogen evolution reactions have been made, The kinetics ofythe'oxidation
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of ruthenium(1I) in 2.5M KC1 (pH 1.5, '30°c) by water has been siudied by
Rechnitz and Catherinoaﬁ. No pH effect was observed in the pH range 0 5
3.to 1.5, and the reactlon was also independent of chloride ion concentra-
tlon in the range 1-4 molar; From the’ ev1qence 1t was conclyded that

- water itself acts as the oxidising agent, the overall reaction being

Ru(II) +H20 -—-A Ru(I1I) +5~H 7 +oH” -(37)
The mechanism proposed was
,__§l2!_; - ' ;
HO + Ru(I1l) === H,0 4 Ru(III) -(38) ..
H0™ o2t H,0 C =(39)
i.e, a 1st order rate was observed., The ruthenium case is therefore quite
from '

differantin;that for titanium where a strong dependence on OH™ concentra-
tion was obsérved, - |

For the titanium(IiI) gystem the dependence of the rate of
hydrogen evolution on the hydroxide ion coﬁceﬁtration was different~for.tﬁe
brown and black hydroxidé precipitates, A simple reaction mechanism

suggested by equation (1) would be
K

X +OHT =t g - =(40)
(slow k,) '
R 4OH ‘S——TJ—J—‘— product C =(a1)
thus rate = kg ko fA] [UH S - . -('42).
7] = Kaé o] 3 Ix] e - —(43)
o d(H,) 3 j’ 2 | |
e 27 = kK, * |X]|oH , . =(44)
ANNPR I
and from equation (2) for the black precipitate would be .
Y =—2—— g - » ~(45)
low k_ - . '
B + OH €=;;=:;=é=% © products S .. =(46)
thus rate = k. [8)[0H7) | o =(a7)
[e] =x D] -
oL 90y kgkg V] [o"H']' o  —(a9)

dt
with both reaction systems connected by‘a slow equilibrium of the type

.X;===£Yv where X and Y are the initisl titanium(III) species, i.e.
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At high'ﬁhlﬁridé ion cbnpentrafions the %ormatibn of
.titanium(III) chloro~aquo species tends to promote thedimefisgpignﬂreacﬁions,
the auto 6xidatian réactioﬁs and the formation of the secéndary hydfolysis
speéiés, Tﬁue‘the effect of chlpfids ion concentration on the hydrﬁlysié
behéViour would Qeem to support thé’suggestion of Glebov47 that the
repiacament bf water mblécuies by chloride'ions ih the co-ordination sphere
of titénium(III) incpeases.the raté of exchanée of the molecules in tﬁe:' |
hydration shell of the titanium ion,

_The studies of the rate of evolution of hydrogen which fakés
place'during the auto-oxidation of the brown and black_pfecipitaﬁes,»appear
to be the first studies ofbthis type carfied out forutha’titanium(lll) sYstem_ _
and_héve'suggested that the aétuél spgcies reduced is hyd:oxiaa ion. 'It‘has
also been noted with'ihterest'that, if excesé bass is'hét present, this
oxidatiﬁn procésé stops once ﬁhe.qohposition of the 1:1 titanium(III)
'titahium(IVj mixed bxidaﬁion_stata species is.reached. This emphasiseé the

importance of mixed valence compounds in titanium chemistry.,
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CHAPTER 3

~ Titanium(III) thiocyanate complexes in agueous media

3.1 Inifodu&tiqn

| Several étudies of'compléx.Formaﬁion betweeh.the_thiocyanafe
 ion and~tifaniuﬁ(1f1) in aﬁuedus solutién have been mad93’40;49_51;
'.Hdwgver thase.have been limited in~extent’ahﬁ the reported data éppea: to
 con£$in some inconsistencies. For.exambié, Jorgenseﬁao éugges£s that a
1¥3.Ti(III) : NCS~ species is formed in solution, while from a similar
solut.idn‘Sutton52 isolatea a 1:4 complex. Van der Pf‘drdtens3 repofts thev
'prebaration of a 1:6 compound but more recent work has been unable to
confirm ﬁhissz._ Several workers have>pr§p§sed thé formation of a 151

complex invsoluticm:"’l‘g-51

but no direct evidence has yet been presented,
Consequently the titanium(III) thiocyanafe system in aqueous solution ié
stillvnot'élearly underﬁtood.

" In fhis chaﬁter, results of a new:investigatioﬁ.of compléx
.formatioh in aqﬁeous solution.oyer the thiocyanate ion cdncentration réngé_
0-7 molar are presented; These resulfs eﬁable discrepahcies in the
iiteféture to be explained. Direct evidence confirming tﬁé formation of'tﬁg
ﬁreviodsly reported 1:1vTﬂNC$(H20)52+ speciegvhas beénvobtainad. The
‘ existéncg of a 1:& comp}ex Ti(NCS)a(Héd)z- in solgtion has beén demonstrafed
and its Fofmation constant esfimated. No study of the actual_ﬁonding
bétwean the thiocyénate ligand énd titanium(III) has been mads in,fhis work.
Hogéver'a comprehénsive.infra-red study of vanadium(III) thioﬁyénétes by_
Bohlané and Malitzke® has established that the £hi§¢yénate is bonded to the
vénadium via nitrogen fathér'than 9ulphur.and it is assumed from ihis
'evidence that the anions in the titaniumlthiocyanate complexes.ara aiso
‘N-bondéd.

The oxidatiqn o% titanium(III) thiﬁcyanate solutions in airxhas

also beenvstudied and evidence is‘presenfed for the.formation of a new 1;1

TL(111) : Ti(IV) mixed oxidation state species.
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3.2 Experimental_

Thé studies.involved_conductoﬁetric and spectral measurements

of titanium(III) - thiocyanate solutions. |

| Conductometric megsurements were used to determine the metal:
ligand ratios of the compléxes formed in solution, A conductance cell of
similar design to that used by Jones énd Bollinger55 was consfructed of |
pyrex glass. Platinum disc electrodes'D.BO ctm diamafer were uséd, the
separation distance being 25,50 cm, This.cell gave reiatively high
resistance values for the solutions (300-600 ohms) which fe§Uited in gobd
sehsitivity be;ng obtained for the measurements. The resistancé values were
obtained using an A.C.‘conductance bridge désc;ibed'by LeongS6. By using an
A,C, technidue, polarisation errors mere.minimised. Thé basic circﬁit was
essentially a modified Uheatstqne Bridge (see Figure 19), The ratio érms
R, and R

3

a separate resistance box, capable of having resistance values betwsen 0,02

4 vere képt equal at 100,00 ohms qach and the mqasuring arm R2 was
énd 10000 ohms, Resistancebchénges of 0.1 ohm were detectabls. »Conducténce
measurements were made on a series.of carefully prepa;ed solutions. Eacﬁ |
solution contained a fixed quantity of titanium(III) in dilute hydrochloric
.acid and varying amounts 6f ammonium thiocyanate, The solutions were made
to constant.volumevand allowed to equilibrate to constant tempsrature.
Spectfophotometric measurements of thevfitanium(III)-thiocyanate
solufions Qere made to obtain information about the nature of the,complexes
formed in aolution and also to provide data for estimating the Formatibn
constants of the var;ous spec;es. Series of individual solutiqns sach
containing a fixed quantity of titanium(III) with varying amounts of
_ thioqyaﬁatg ibn'wére p:eparéd for different ranges of thiocyanate ion
concentrations, Absorbanbe méasurements over a range of wavelength Qalues.
were made on sach solution, | |
It Qas_necessary to take précautions against aerial.oxidation of

titanium(I11) and'ali solutions were presaturated with nitrogen,
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Oscillator

'r,,J

l

Screenad .and Balanced Traneformer

‘COnductence
Cell

Figure 19. Conductance Bridge circuit.

_'Spectrophotometric studies were also found to be the most
useful for monitoring the oxidation of titanium(III) in thiocyanate
~solutions. The procedure used involved following the changes in the

spectra of solutions with time, durlng equ111bration in air. The

titanium(III) content of the solutlon was determined by direct titration

(see Chapter 2,2) immediately follouing the. absorbance measurements.
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3.3 Results

The chaﬁge in bondﬁctivity as_thefﬁiocyana@e ion concentration }
Tis incraésed:for a_series'of.solutiqﬁs'having'cohstant titéniuh(III)
concentfa#ioniis shown in Figure 20. Two_distinct'breaks'in the cdrve can
-bg ﬁbéervéd. These breaks cqr:éspond tb_metai ligand ratios of 1:1.and
 1$4. N

Figure.zi shows the affect of-iﬁcreasing amounts of th;ocyaﬁéte
ion on the absorbance of in&ividugl solutions of titaniuﬁ(III) in dilute |
hYQrochloric acid; .Tha intensity of absorption increases wiﬁh increaéing_-
cohcentration of thiocyénéte‘ionv(seé also Figure 22) and the position of
"maximum absorption shifts from 495 nm to 540 nm. As the concentration is?
increaéed to give a large excesé of thiocyénate ion i.e. up to about 7 molér,
the position:of maximum abﬁorbance shifts to 550 nm (see Figure 23) and the
absorbance of the solutionAalso iﬁcreasgs (see also Appendices - 11 and 12).

when-these solutions were left to stand in air it was noticed
that their qolor darkened éomswhat before fading fové yqliow color. At;the_
lerr thiocyanate ion concentrations. i.e. less thaﬁ about 2M, a yellow-white

“

’5‘j§formed. fAt the higher concentrations however,

preéipitategiv:i;
no precipitate appeared to form, instead the viqletvsolution waé observed
to darken in color and change through various shades of brown,_eventual1y
forming a dark yéllpw solution, An example of the change in the titanium
(IIi)» 6onqentratién_uith.time as ﬁxidation ocﬁurg is éﬁo@n in Figure 24,

The spectrum of the solution was aléo reéﬁrded gt‘different stages during
~the oiidgtion. These spectra showed that as the tqtgivtitanium(III) content
-decréased due to oxidafiqn.to titaniqﬁ(lv) thq ébsorbéncg peak‘(h ha§=55066)

: similarly decreased, while abso:bance in the ultraviolet iﬁcreasad strongly
(Figure 25). For the'results-representéd in Figure 25, the ionic.strength
ana éotal'hitanium'content were constant, and therefore the spectrab
coffespond to a contiruous variétipn of @itanium(III).and titahiuﬁ(IV); Job
diffsrende'ploﬁs of the absorbancé‘data at 4sd ﬁm and 470 nm, aqubtained in

Appendix‘13,‘ara,5hbwn_in Figure 26. Thesefpiots indicate the formation of



Cdnductance (mho x~104)

as:'

Figure 20,  Conductometric titration curve for'fitanium(III)
- with thiocyanate ion. Temperature = ZO;UOC.,
7 = ratio [NesT] & [1i(111)]

) | [Ti(ul)] = 0.,0920, [C17] = 0.3$4m_
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a 1:1 mixed oxidation state species,

3.4 Discussion .

The results obtained have enébled'the stoichiometry and stability

constants of the titanium(III) thiocyanate complexes; formed in soiution, to

" 0.8}F

0.6

0.5—'

0.4]

Absorbance

0.3}

0.2¢

A L "

420 460 ' 560 540 ' 580 620

o .-Wavelengfh_(nm)

.Figure 21. Spectra of solutions of titaﬁium(III) where. -
5 = 0.0(a), 1.30(b), 3.26(c), 6.52(d), Qsing 0.5 cm cells.

[ri(111)] = o.082m, [€17] = 0.334m. 3 = ratio [wcs™J:[Ta(111)].
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. . be determined,
The two distinct’breaks in the conductometric titration curve
'-'.(Figura.20 can be interpreted as due to the formation of 1:1 and_

v'-fid species,

0.9-

Absorbance

0.1 N 4 1 : 1 2 ' 1 1

0 R 2 349 4 5 6 7
Figdre 22, Variation of ébsorbance at 540 nm with
thiocyanate ion concentration for titanium(I11) solutions.
A= ratio [NcST]: [Ti(111)].. Path length = 0.5 em, -

[ri(un)] = 0.0920m, [c17)= o.334m,
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Figure 23, Spectrum of titanium(III) in 7,20M ammonium thiocyanate
~solution (i.e.4§= 212) using 0.5 cells,

[ri(111)] = o.034m, [Cl"] = 0,263M,
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. ot oy 3+ - ey _ 2+
i.e. Ti(H20)6 + NCS v_____Tl(_Ncs)(H2o)5 + H0 _-(1)
~and Ti(NCS)(H20)52+ + 3NCS-.;::::eTi(NCS)a(HZO)Z_ ~+3H,0 -(2)

. The formation of the former complex (as given by equation (1)) confirms

3449-51

- previous work ’ while the latter spec1es, Ti(NCS) (H 0) has not

2 4
previously been identified in 'solution. However the solid complex
NH;TI(NCS)Q(Hzo)Z.has been isolated'Ffom;a SOlution'containing 0.25M
TiCls.GHZO and 1.50ﬁ NHANCSSZ.l No evidence for the existence in solution

| of a Ti(NC$)3(H2O)3 species suggested by Jorgensenap was observed. Thie is
' not unexpected as the evidence for thse e#istence of the 1:3 species wae
based upon the fact that a purple titanium(III) thiocyanate complex could
be extracted into ether solution, and it was assumed thet this was the
neutral species, However, as NHaTi(NCS)A(HZO)2 was prepared by an ether

extraction procese it seems likely that the species reported by Jorgensen
in solution

was in fact the 1:4 complex. No ev1dence For the formation/of a 1:6 epec1es,

53

reported to have been isolated as (K,NH Ti(NCS)6.6H 0 by Van der Pfordten ™,

4)3 2 ,
was observed. Repetition of Van der Pfordten's work by Sutton52 feiled to
yield a pure sample of the'violet thiocyanate oomplei from aqueous solution.
| 1t seems likely that the complex isolated by Van der Pfordten in 1836 was .
actually an impure sample of NH4Ti(NCS)4(H20)2. The spectrophotometric'
reeuits could not be used to confirm the compoeition of the epecies forned as
e Yoe and Jones molar vafiation plot57,gaue a smooth cufve (Figufe 22)‘
‘rather than intersecting linee;

l_SUfficient information, however, can be obtained from the
epeotfophotometric data to enable stability constants for the various
titanium(III) complexes to be estimated; | ‘

For the 1:1 oomplex, from equetion(1),
[Ti(NCS)(H20)52+] .

K = ' - - =(3)

[Ti(H20)63f][Ncs"]

Using the method described in Appendix (11), absorbance data at SUD'nm_end_
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Percentage titanium(IV)

L 100 S o ~ °

: pm-1-(temperature 20°C). A value of log K

1 A | | l 1 A

0 20 40 60 80 100 120 . 140

Time (hours)
Figure 24. Rate of oxidation of titanium(III) to titanium(IV).

[fi(lll{]initial = 0.034m, [c17] = 0.281m, [WH,NCS] = 6.40m,

600 nm for solutions where the NCS :Ti(III) ratio ranged from 0 to 9, gave
log K1'values of 0,410 and 0,407 and E%ax(SAO nm) = 27,0 he 0.3 moles =1 1

, = 0.17620,030 for the

titanium(III) complex has been calculated by Dieblerso. However the

values obtainéd in this work are similar to the values of log K1 w0,4~0,5
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found.for the mono thlocyanate complsxas of aluminium and several of the
trivalent " f-block" slements (see Table 4) . Other trivalent transition
 metal N(NCS)(H20)5 2+ complexes 8.g. where M = V(III), Cr(III), Fe(III) and

Ru(IIl), are more stable.

Table 4

‘ Stébility Constants of some 1:1 mstal thiocyanate complexss.

Metal | Tgmpoc T Ionit(;grength log K,
Pu(1II) 25 - - 1 _ 0.46
Am(111) | ;s 1 0.50
cf(rtn) 25 Coa 0.49
cm(111) 28 1 0.3
Ti(I11) 20 0.5 0,41
AL(111) 23 0 0.42
V(III) 25 1 - 241
ce(111) - - 25 B 3.1
Fe(111) 20 1.2 2.1
Ru(IIiI) 70 1 | 1.8

*
This work.
For the 1:4 complex, from equation(2)
) _ [Ti(nes), (Hy0), ]
14 = A o .3
[n(m:s)(nzo)5 ] nes™]

Using the method described in Appendix 12, absorbance data at 520 nm ana

~(a)"

Lo

560 nm From aolutions where the NCS .Ti(III) ratlo rangad ‘from 47 to 212,

gave log K,, values of =1,67 and =1.85, and E. (550)_50 92%1.0

14
temperature 25°C).
Thus for the ' reaction

Ti(H0) >+ ancs” L TL(NCS), (H,0)7 + 4H.0 -(5)

2
-(6)

log/’4 = log K1 + log an

i.e. log /2 = =1.34 2 0,10



53

Absorbance -

moie )
fraction
curve Ti(Iv)
L ' (b) 0.109
o-La) (e)  0.245
O O o (d) 0.475
4 - Q (e)  0.696
- . (f). 0,891
! (b) . (ag) 13000
L 0O, ® OO
e @
@
@
. .
O) . (J
N1 A(C)
- A A
{J
@ . .
A
: A
@
A A
L 0.5 0 )
7\
Q)
. A~ (d)
® A
- ‘ A A
A
& A
A
A (J
L 0.3
Q - A Q
() > ] | ] sl L] (8) A
A M L)
\A [}
@
Q ' .
(a) 4
+ Q L , ' - . f
' 0.71 o - "-x-xwix)\
. I - [ g) . 1 i 1 :
400 450 @ 500 550 - 600 650 700

mayalength (nm) v
Figure 25, Spectra of titanium(III),_titanium(IV) continuous variation

soluti'ons uéiﬁg-D.E cm cells, [Tgto{:alz 0.034M, [Cl‘f]-.—. 0.281M, [NHQNCS] =6,40M '
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; : No stabillty constant for thlS 1:4 complex has been reported prev1ousiy

and the negatlve logﬁ value shows the low stability of the tltanlum(III)
.species compared with. reported ‘log ﬂd values of 4,71, 6.31, 3.22, 3.40,7_ .
':_0..86 énd O’..OO for the tetrathi’o-cyanate complexes of chromium(I-II);v i_ron(III),

indium(1I1), bismuth(III), europium(n_l) and americim(III), respectively?s. _

0.5—.

0.4

0.3

AD

0.2

0.1

e

0.0 - . 0.2 0.4 . 0.6 0.8

0.0

mole fraction of titanium(IV)
Figure 26. Job's continuous variation method, difference plots,

0~450 nm, A~470 nm,
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1Fop the 1:1 mixed oxidation state species given by the
reaction

K .
Ti(III) + Ti(IVv) —;——11_—* Ti(111) Ti(v) - =(7)

+0.3

a value of log K11 = 0,9 (-O 9

)was calculated (see Appendix 13)., Since

the titanium(III) in the above equilibrium consists of a mixture of 80%
Ti(NCS)a(HZD)2 and 20% Ti(NCS)(H 0) , it does not seem uorthwhile to

' speculate on fhe nature of the mixed oxidation state species except to say -
-.that it ie presumably a dimer containing either bridging thiocyanate or

oxo ions., This type of behavieur for titanium(III) in thiocyanafe media

1has not been repofted previousiy. However the formation»of a similaf
titanium.1:1.mixed oxidatien stafe species has been demonstrated in

concentrated chloride media and log K for equation (6) in 12m hydrochlorie

40

11

acid was reported as 1,08

3.5 Conclusion

Complex formation in the aqueous Ti(I1II) -'NCS-.system can new
be ciearly understood, New species are formed when NCS- ions are inﬁreduced
'»into solutions containine Ti(H~D) ’ by the replacement of either one or
four of the water 1igands in the hydration shell by NCS ligands. No
stepwise replacement is observed which appears to be charactaristic‘of
titanium(iII) co-ordination behavionf. in addition, it has been shown for
.the firsf time that‘oxidation of tifanium(III) tniocyanate complexes
proceeds via the formation of a stable intermediate 1:1 Ti(III) Ti(IV) mixed

_'oxidation state species,



3-to the preV1ously reported 64 sa1t T4 (SO ) 4.8H 0.
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CHAPTER 4

- Titanium(III) sulphate complexes formed in aqueous solutions

A.l_ Introductionv

lt is generally assumed that titanium(III) in dilute sulphatex
'eolutions exists as the titanium hexaquo ion Tl(H 0) 3+ 8. This follows
from the work of Hartmann and Schlaf’er5 who measured the spectra of 0, 117M
.titanium(III) sulphate solutlon, 0.100M titanium(III) chloride solution

.12H 0, and found that the

4)2

“and solid cesium titanium alum CsTl(SO 2

abeorption‘maximum fell at,492 nm in each caee. It is well known that the
trivalent metal ion exists as a hexaquo conplex in alurﬁs58 and detailed

; studies of the beheviour of titanium(III) in aqueous chloride solutions
show that in dilute chloride eolutions titanium(III) exists predominantly.
as the hexaduo.ion7. Thus there is eupporting evidenoe For Hartmann and
Schlafer's results onititanium(IIl) chloride SOlutions and solid alums, “
However there is conflicting evidence for titanium(II11) sulphate'eolutione;
For example, Arris and Duffy report that the spectrum of titanium(III) in

_.D m HZSUa has an aheorbance maximum at 510 nmsg. This suggests that
complex formation with sulphate ion does occur even in dilute solutions.

No other epectral data for titanlum(III) in dllute aqueoue sulphate

solutions appear to be. available in the literature « 77 C, f f: e .

e (TSI N - P

»
| “In this chapter, results.of a detailed-studysof complex Formation."
,between titanium(III) and sulphate ions is presented. Direct evidence for
the exlstence of several speciss in solution, not prev1ously 1dent1f1ed,~1sv
given. The species predominetlng in dilute sulphuric aC1d solutions has been

isolated as the solid complex Tl(HSO )(SD )(H U) - ThlS SOlld corresponds

)
- < - . !/
- - - -

In addition, the neuw solid titanium(III) compound Ti(HSO )(SO )

has been prepared and studied. This latter compound has also been identlfied

as the titanium(II11) species present in concentrated sulphuric acid solutions.
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Results of an investigation of the o#idation'of titanium(II1) sulphate
solutions are presented. These complemeﬁt existing studies in this. area
:'and poqfirm theiformation;of a stable mixed qxidation>sta£é intérmediate :
species during the oxiaation. Data for the hydrolysis of :titanium(III)
sblphate solutions.are reported for the first time and show that the
'hydrolysié behaviour obsered is, in several respects, guite differenfif?om
' that ForAtiﬁéniUm(IIi) chlo?ide_solutions reported invChapter 2, Evidence -
is presented for the existence of titanium(III) hydroxy sulphate compiexas
during primary hydrolysis,.as well as the forﬁation_of a mixed oxidation .
state hydrolysis speqies'aftervsecondary hydroleié occurs, as in Chaptef 2.
The results in this chapter include potentiometriec, analytical, spectfal and
conductometri§ data for titanium(III) sulphate solutions of varying acid and

sulphate ion concentrations.

4,2 Titanium(III) — sulphate complexes formed in acidic aggeoué,soiutions

4,2, 1 Experimental

(a) Solution'studies

In aqueous‘sUIphurib‘acid solutibné, thé hydrogen-s@lphaté ion ié.
i.the main aniénic species at all concentrations belown/16‘molar60. Howévsr,
from raportéd evidance61; in ammonium sulphate solutioné the sulﬁhata ioﬁ
predomina;és; Thus in this work ammoniuh sulphate Qésvuséd to adjuéf fﬁe
sulphate ion concentration. Titanium(III) in dilute hydrbchlor;c écid waé>
us;d as the source of hexaquotitanium(III) ion, enabling studiqé to be made
at éulphate ion';oncentrations ranging.dowﬁ to zera.'

"The variation of absorbance with suiphate_ion ﬁoncentration was
used fo détermine fha métal:ligand ratios qf the species present in solutiﬁn.
Sgries'qf individual solutions containing a fixed quantity of titanium(IIi) :
" with a varying.amobnts of sulphate ion were prehared. Abéorbance mqaéuré- |
- ments over a range of'uavelehgthvvalues w§re'mad9. Thesevsbectra werevélso'

used to prbvide information about the nature of the specises present, Some
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spectra of titanium (Iii) in strong sulphuric acid solutions were also
recorded for comparison.

Conductometric titrations were used to confirm the metal: ligand
ratios obtained above, The proéedure used was identical to that used for
the thiocyanate systeﬁ described in Chapter 3.2. |

Again, as in the work descrlbed in the previous two chapters,
it was necessary to toke precautlons against aerial oxidation of titanium (III)

and all solutions used were presaturated with nitrogen.

(b) Soiid Complexes

Ti(HSO )(so )(H o) »0.11H,SO

2 4
100 mls of 15% welvht per volume Ti (SO4)3 solution in 23% weight per
volume H 804 (see Appendix 1) was heated slowly under nitrogen with 60 mls

of concentrated sulphuric acid until crystals started to form. The solution !
was then allowed to cool sléwly. The small pale violet crystals were
filtered through sintered glass and washed sparingly with acetone before
being dried undér vacuum over KOH,

Found T4 (III), 14.71, 14.72, 14.88%

Found 5042‘ , 63,0 , 62.6%
Calculated for Ti(HSO,) (SO,)(H,0),.0.11H,S0,; Ti(III) 14.78%,
47 YT 2774 > ,
' 504 62, T

Ti(HSO4) (so4).o.11nzso4

2774

under vacuum using the apparatus shovm in Figure 27, Water was given off
PP gu

The compound Ti(HSO4)(504)(H20)4.O.11H SO, was heated to 98°C under nitrogen

leaving a pale blue ponder.
( Found Ti(III), 18.88, 19,11, 19.0%%
Tl(HSO ) (so )20, 11H,S 0, requires 7 (IIT) 19,01:5)
The compounds were anzlysed for titanium (III) by dissolving in
5vmolar hydrochloric acid and titrating with standard ferric ammonium
sulphate solution. (see Chapter 2.2. Solid UV-visible reflectance spectra

were recorded using undiluted samples mounted in an a2irtight holder having

a silica window. I.R. spectra were run using conventional nujol mulls. Sulphate
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analyses were done by the filteiycrucible‘method91’TiB+ having been previously

precipitéted’frdm sblution.with~NHAQH and filtered off.

:4.2.2 Results

TFigure 28 shows the shift in the position of maximum absorbancei

-for a series of solutions where the sulphate ion concentration was increased

;
ARRY

sealed e

g[qss ' N2/VC1C
tube , / |
. - ‘\\\_.
- — . |
) ( e t condensed
. N1 N
SOlldl L ) Y /// HZO
samp T o |
-(poWd:r)\\ | | ok
- 328%3 N L_J liquid
' &3 -+~ N
) T
jé . _ : '

= _vacuum .

flask

. Figure 27. ' Dehydration apparatus.

‘with respect.tova constant amount of titanium(III), The peak maximum
rapidly shifts from 495.nm to about 509 nm, then less,:apidly to 520 nm
‘where it levels off before slowly'increaéing touard§ 527 nm, Some of the
" solution spectra»ére shown in figure 29; A molar variation plot-of-ﬁhe.'
absorbance at 520 nm (Figure 30) gave intersecting lines corresponding to
‘the formation of 2:1vaﬁd.1:2, Ti(III):SUaz- cohp;exes. A éimiiar plot g£
'540 nm (Figﬁfe'31)'over‘aﬁ extended range of sulphété.ion concehtrations
‘confirmed the formation of the é:1 and 132 species ahd»demqnstrated the
‘existence of a 1:4 species,

The results of the coﬁductohefric titratioﬁ studies for seriQS'
gf solutions confaiﬁing.tmo rahges of sulphaée ion concentrétioﬁs are

shown in figures. 32 and 33. Breaks in the curves corresponding to
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© 530}
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Figure 28. Variation of peak position with sulphate ion
 concentration for titanium(1II) solutions.

2~
T = ratio [so g [Ti(IIIﬂ

[Tl(Illﬂ = 0.0928M, fc1"] < 0.478M,

= métalzligand.rafios of 1:2 and 1:4 were obsérvgd, cﬁnfirming the
v spectrophotometric evidance for the formation of these spec1es.

When a series of solutions contalning 2 mls of 0.5M Ti(III)
in dilute H2504 (see Appendix 1) and X mls of concentrated H2
'.x = 0, 1, 2, 3, .....23) made to 25 mls with' distilled wafer, were allowed

(where

to stand for some time (4 days) small pale violet crystals of -
, Supernatant
Ti(HSOa)(504)(H20)asettled out of solutions where Xx =9 to 17.//§olutiohs
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‘Figure 29. Spectra of titanium(III) solutions containing varying
.amounts of sulphate ion, using 1 cm cells,

- .:'[_50421"] : [Ti(III)J - 0.000(a), 0.516(b), 1.852(c), 3.611(d).

| | [Ti(nl,)] = 0.0756M, [c1'] = 0.357M,

1

where x = 11 to 15 wére colorleés,.there being a considerable quantity bf
crystéls hreéent; suggesting that virtually all tﬁg.titaﬁium(lll)’was
precipitated undef these cqhditions.. The solutions where x = 20 to 23
'wefe a charégteristicvblué colbr and an examﬁle of Eﬁa'yiéiblé apectrﬁm of

these solutions is shown in FigUre 34,



O~

62

Absorbanée‘at 520 nm.

0.271 i L L |  K 1 ' 1

0.0 1.0 2,0 ' 3.0 4.0
Figufe 30. Absorbance valuses at. 520 nm for titanium(III)‘
solutions containing varying aﬁounts>of'sulphate ion.
- 2= . (i ' '

r.._[SDA ]_._LTi(II_I)]. | | |
\-Ti(III)], = 0,0756M, [c1‘]; 0.357M. “Path length = 1 cm.

‘Reflectance spectra for the solid compounds are shown in

Figure 34 and infrgre@[’absorption-data are summarised in Table 5,



. evidence for the existence of three titanium (III) sulphate species

: Table 5
Peak Positions (1200~600 em”! region)

Ti(HS04)(504)(H2o)4 | 73 (150, ) (S0,)
665 _ , 660
015 © 1020
1040(s) -1050(b)
180(0) 1130(b)

4.,2,% Discussion

 From the molar variation»absorbance data (Fisures 30 and 31)

~ _evidence for the existence in'solution of 2:1, 1:2 and 1:4 titanium (III):

sulphate, complexés is clearly presented, Other workers have also reported

93
9

‘however thé-stoichiometry of each oompiex was not identified. Because the

molar variation plots give straight 1ines for the 2:1 and 1:2'species,-the

comolexes are qulte stable and thelr formation constants cannot be obtalned
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¢ from absorbance data « The 1:4 complex is less stable, however,as there are

- two other species competing in equilibrium; the system is very complicated

and again the formation constant cannot be determ.lned°

The conductomctrlc titration results (Flgures 32 and 33) confirm the

spectrophotometric data that 1:2 and 1:4 tltanlum (III) sulphate oomolexes

“are formed. No break correspondlng to the formation of the 231 species is

observed, which implies that this spec1es has similar ionic moblllty and
stability to the 1:2 complex, This is consistent with the spectropnotometric
evidence that both these'complexes'are'very stable, No evidenoe>for the

éxistencetof higher complexes or intermediate 1$1vor 1:3 species is

Observed,'again in agréementvwith the spectrophotometric data.

By comparing Figures 30 and 31 w1th 28, it can be seen that the
2: 1 complex would probably have an absorbance maximum at about 509 nne This

spectrum, belngrSLmllar to that for'the hexaquo ion, sug@ests'that the

complex contains a highbdegree of aquation and could probably be assigned

the structure Ti(HZO)S(SO4)Ti(HéO)54+'oontaining a bridging sulphate group,

unidentate with respect to each titanium (III) atom. The plateau at 520 nm
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Figure 31, Absorbance values at 540 nm for titanium(III)v'_
solutions containing varying amounts of sulphate ion.
= [502' : [Ti(lli)]

[ji(llli] 0. ogzam [c1 ] = 0,478M. Path length = 1 cm.
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Figure 32. Conductometric titration curve for
titanium(III) with sulphate ion,

T =‘ratio'[$042-J: [ri(111)] . Temperature = 20.0°

[T} = 040755”: [c17] = o0.357m,

in Figure 28 cleariy demonstrates that this is the position of the
absorbance maximum for the 1:2 species, For the 1:4 species, being less

stable, the poéition of the peak'moves much more slowiy towards its
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Figure 33. 'Conductomatrib titration curvé for
titanium(III) with sulphate ion,

= ratlo [50 LTi(III)] Temperature = 29.8°C

[Ti(III)] 0.0799M, [c1 = 0.334M,
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»cnéraoteristicfvalue_of 527-nm; _This oomplexfmos£ likoly oontains fouf
unidentate sulphate groups with two molecules of water complsting the
octahedral co;ordination. uThe'péak_position of the latter'specios
" corresponds wiﬁh thatAreported'by Gorosnchenko'and Godneva63 who mado ‘
..Bpectrophotometric studias of tltanium(III) in sulphuric’ acid solutions
>over ﬁho rango 10-100% H2504. They observed that in the region 10—40%
H250a (i.e. approximately 1.6_to 7.2M) the titanium(III) solutions have an
'absorbanoe makimum at 52? nm, The Qériétion in absorbance at 527 nm over
this'concsntfation,range (taken Ffom.their reported.spectra) is plotted in
'Figuré 35 and shous thét the gradual inorease in absoroance whicn uould be
expected, begins to increase quite rapidly a£ high concentrations.(greéter.
than abou£ 4M), This behaviour suggests that the 1:¢4 species forms polymors
at these hlgh concentratlons. |

| A@‘hlgher sulphuric acid conoentrations,_i.o; up to approximately
70% H,50,, obsorvations'in this work show.that'a paie violet titanium(III)
salt crystaliisas from solution. In the solutions contalnlng 44% to 60%
almost all the titanlum(III) appears to be prec1p1tated after several days.
A similar observation has been made by other workers64 who found tbat 90797%
~precipitation occurred in solutions contalnlng 38%-54% H 4. As the salt

' concentrated B

crystallises from: ‘:ﬂ[  W\§ulphu;ic acid solutions, removal of traces of
oulpnuric acid soluent arevdifficulf. Consequently”the'composition of’tne .
salt has been reported as 3T12(5045 #H. S0, .25H 0®° and

3772774 27
6

371 (SO «2H,_S0 .26H 0 6 reflecfing the dlfficulty in obtaining -a pure

4)3 274
- compound, However it seems that the salt would be better formulated as

Tiz(sﬁa)s.sto4 8H2063 64.. The salt.preparod in this work gave a mean -

titanium(I11) analysis of 14,77% corresponding to a Formula weight of 648

S0,.8H,0 suggesting, as expected,

compared with 626 for pure T12(SDA)3.H2 )

éinbe the compound was precipitated from a strong HZSD4 solution, that a

2774
The peak position for the violet salt, i.e. 520 nm, (seev

small amount of H S0, (calculated 0,22 mole) was occluded in the crystals,

Figure 34) corresponds with the peak for the 1:2 species in solution, This
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(c) 0.042M TL(III) in 92%/H,50, ( € o v5).
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Figure 35. Absorbance data at 527 nm for
titanium(III1) in sulphuric acid solutions
[Ti(III)]'= 0.01M, Path length = 5.017 cm.

Values taken from reported spectraﬁs.

correlation becomes more obvious when the formula of the salt is
rearranged and factorised by 2 giving H [Ti(soa)z(Hzo)aj . i.e. The violet
compound is the acidvsalt.of the 1:2 complex.

Since sulphate ion can éct as a uni-, bi- and tri-dentate
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ligand” " and the degree of the hydration does not always reflect the number

of water molecules co;qrdinatedﬁag the actuél bonding arrangement around
the central titanium(III) ion must be considered-cérefully. As no evidencse

for the loss of only 2H20 on heating, forming>a HTi(SOa)z(HZO)2 species, or

‘the uptake of only 2H20.hygrdéoopically by the anhydrous salt was observed,
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it séamstvery likely thét'glllé waters aré cg;ordinated.v That is, the
éulphate-ion is-acting as a uhidegtgte ligand. Infrared studies

S frequencies
suppo:teq this, Both'compounds gave three SO stretching/ in the region
1200-1000 cm 1, and studies of other metal sulphate compounds suggest that

frequencies
i three SO stretchlng/ are observed for unidentate sulphate groups wlth Four
stretchings being observed in the bldentate casesg;. As well the salts show
égme characteristics of.the spactra reported For'biéulphate salts70. This
.1s not surprising as in sulphUriclacid.at thé concentratigns which the'salt
precipitates,.bisulphate ion and sulphate ion are tha main anionic speciés in
1 solution60?61. Thus thé proton in the salt is mogt grobably lgcated on a
sulphate ion-giving the»stnugtuge Ti(HSOa)(SUA)(HZU)a. This leaves little
doubt that the structure of the 1:2 species both in solution and as a solid
containg 4 waters co-ordinéted.

The formation ot 1:2 metal sulphate complexes in soiution has
been reported . for Sc(III), many of the lagthanides and actinides, Cr(III);
Fe(I11), Co(III), Ru(III), AL(III) and In(;rl)zs. .Vanadium(III) and 1ron(111)
salts COrreéponding to the violet tetrahydréte have also been‘rebortéd-i.é-
\/(11504)(304)}(Hzo)'47-1 and re(Hsoa)(soa)(Hzo)472. However this‘is the first
tima»that titanium(III) sulphate species have been identified in dilute
sulphate solutions, and also the first time that the nature of the pale
violet sélt has begn determined, It is gorth.ngting that - this latter,
coﬁpound is stablg in air (a sample having been stored in air in'a'yacugh
dgé}éé@ﬁ#{over KOH for about 12 months without déqomposition being observgd)
and may bg'a convenient way_of storing a Uater.so;ubie source of
',titanium(III). |
Dehydration of. the pale violet salt causes it to. change to pale
' blue and analysis shows that this blue compound has a titanium(III) content
of 19,03% corresponding to a formgla weight of'252. By compafigg this -
tonmula weight with that for the violet salt i.e. 324, -the dif?erence is 72

atomic weight units. i.e. The loss of,éxactly 4H_0 had occurred confirming

2
that the pale blue compound‘is the anhydrous salt Ti(HSOa)(SUa). This
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" blue compound has ah‘aoeonption maiimum at-630 nm (see Figore'345

'Solutlons wlth a very hlgh sulphurlc acid concentration contalnlng
’: tltanlum(III) have a 81mllar_blue color. The spectrum of D 04N tltanium(III)
in 92% sulphurlc acid is given 1n Flgure.34.k Slmllar observations have been
reported by other uorkarssg 63,’ The variation of the position of max;mum '
aoso;baoce with sulphuric acideOncentration-For titanium(I11) in conceotrated.
‘sulphuric acid solutione ia shoon in Figure 36, Eitfapolation of the_ouroe.
to 100% sulphuric acid gioesAtHe-posit;on_of maximum absorbance at about

»630 nm, cofreeponding to that for the anhydrous 1?2 complex. This is
congsistent with the behaviour of concentrated sulphurlc ac1d as a dee;coagt:
Tha structupe of this blue anhydrous 1:2 complex could inyolye,t:identate.
Aeolphate groups (as in othef aohydroos 1:2.meta1 sulphate complexessj)jor.a>
vnoolymeric structure involving oidentate or even possibly unidentate;_sulphata_
grouos. .However as the position of maximum_absorbance has shifted |
ooneidefably (630 nm'compared‘with 520 no) and the extinction coefficient of

the eoecies in solution. is relatively loua/3$g’63

’ ittis not likely to be.a

polymeric species but rather to contain'tridentateveulphate ofoups.v |
This is the first time that.the.nature of the blue titanium(III)

epeoiea preeent in concentrated sulpouric acid solutions has been onderetood

and also the first time that the anhydrous blue titanium(III) sulphate .

compound has been prepared and characterised,

4,3 0Oxidation Studies

t d.s.ﬂ-'Egperioenta;

. . No data onAthe formation of mixedvoxioation state titaniom_speciesv
in dilute sulphate solut;ons‘appearsvto_be available,lso a epecttophotometrio 
study wae maoe'of;the behaviour of titaniuM(IiI)rdubiog its oxidation by air.

in 0.9M (NH (SO )'solution;’ This sulphate ion ooncentration was usedato

4)2
avoid the pre01p1tatlon of white titanium(IV) hydrated oxide which was
observed to occur when solutlons containlng titanlum(III) and low sulphate

1onAconcentrat10ns (less than about 0.6M) were oxidised by'alr. The
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Fiéﬁre 36. 'Variétion 0% peak position with
suiphuric acidvconcéntfation-for titanium(III) in
strong sulphuric acid solutiﬁns; _
0 ~This work, &~ Arris and Duf‘f‘ysg,

‘7?Gorosﬁchenkq and Godnéva6

Q~vsolid Ti(Hs0,)(S0,) (anhydrous).

(irdéédupéiused involved following the changes in the spsctra of solutions
with time as they were allowed to equilibrate in air., The titanium(I1I)
contenf of the solution was determined by direct tifration (see Chapter 2a2)

immediately following the absorbance measurements.,
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4.3, 2- Results

| ~“When solutions.coﬁtaining titénium(III) ions and sulphate
ioﬁé wéfa allomed to stand in éir théy QBre observed to Chéngé‘Sléwﬁ&ﬁ"
vﬁolor frAm.blue to feddish brown, then brown, then fade étadually.ta
eventuaily become célorless.'.An example of the change of thel>
titanium(II1) content (% oxidation) witﬁ.time for a solution, is shown
‘in'Figure 37. Somg of the solution speptra at various stages duriné
the oxidation are given in Figdre 38 (also_see absorbance data tables 1é and 19,'
Appendi* 14), These show that as the £itanium(III) content decreasesv
due to oxidatioﬁ to titanium(1IV), the absorbance of the solution
incréases strongly in fﬁe First‘part,and then gradually decreases back
Vto zero, corresponding to the colorlessvclear fully oxidised solution.
ODuring the oxidation process the position quthe absorbance maximum

gradually shifts from 530 nm towards 480 nm.,

4,3, 3 Diécussion

The dark color of sulphuric acid solutions tontaining

40,48

‘titanium(II1I) and titanium(1V) has been known for some time and

gxamination of éarly spgctrophotpmetric data48 sﬁows that approximately
a 1:1 titanium(III):titahium(IU) combiek is formed, A detailed sfudy63
. of the Formation of mixed oxidation staté'sbecies in 1.8 to 10,.,8M H2504
cpnfirmed the formation of a 1:1 speciés with a éharacteristipl
absorbance maximum of 472 nm, No formétion constant was determined.
However, by replotting the reported absorbance data (see Figuré 39) éhd»
using the method outlined in Appendix 13, the formation Eonstant’for thg
reéctién

Ti(II11) 4 Ti(IV) === Ti(III)Ti(IV) | : - =(1)
was calculated to be 9.5 t‘0.7 i.e. log K.= 1.0, This-is the fifst time

that the formatidn constaht for the titanium mixed oxidation state species

in sulphuric acid solutipns has been faported.
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Figure 37, Rate of oxidation (in air) of titanium(III) in
sulphate media, Temperature~'25°c

;[Ti(;ll)] = 0.0826M, [01fj_= 0.478M, [(Nﬁa)zsoé]'; q.agam,

The resqlts of the study,  in this work, of the oxidation
of titéhigm(III) show that a mixed oxidation state species is also{j-
formed in dilute suibhata media., Since the ionic strength and‘total '
titanium concentrationlﬁere constant during the study, the épgctrg
Figure.38 correspond to a contiﬁuous variation ofutitanium(III) and
.titanium(IV). Job difference plots of thé dat%,(Aﬁpendix 14) at
530 nm and 476 nm (Figure 40) suggest the formétion of a 4:1 titanium

(III):titanium(iV) mixed oxidation state species. The ratio of the
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Figure 38. Spectra of titanium(III) solutions at different

‘'stages of oxidation. Mole fraction of titanium(IV) was

0.000(a), 0.045(b), 0.203(c), 0.460(d), 0.656(s), D'.856(f‘)..:
[vi], . . = o0.0826m, [c17)= 0.478m, [(NH, ).50, = 0.894m
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_Figure 39.' Reported absorbance -data for
. titanium(III) titanium(IV) continuous variation -
solutions in:20% sulphurié acid53;(1 cm cells)s

[11] ,o4ay = 0-001084M.

slope of .theb tangents drawn in ’Figure 40 is 4'1 and AD x occurs at

~ 20% Ti(1V). From the Job plot data the value of K For the reactlon_

2
4 Ti(III) + Tl(I\/) (Ti(III) Q’l(IV)) B -(2)



._7"7' i
.was calculated to be 18 % 5 iees - log K = l-3 (sea Appendixv14)...Thus in :
dilute sulphate solutions the mixed valence titanium sp801es formed is of
a different nature and more stable than_the_corresponding species formed
’in‘strongdsulphuric acid solutions.
- A simple mechanism for the oxidation process'is:given by

‘equations 3-§ ]
R ' - 0"

11(111). \—————L———‘——---- ’fi(l\l) | ‘_ o ..(3)
ATi(III) + Ti(I\I) "—‘—'——‘61(111)) (Tl(IV)) ‘-(a)--"'
(T:L(III)) (Tl(I\I)>‘=—O_——->__ STi(I\l) - i _ -(5)

since the percentage oxidation vVersus time curve (Figure 37) shows that
:thevrate of oxidation decreases uniformly, reaction(S) probably“
_ 'predominates uith the mixed valence species being more stable tovox1detion.
: Thus the initial rate (1n1tial slope of- curve Figure 37) is indicative of i
the rate of oxidation of - titanium(III), (reaction(3)), which is faster in .vi,
eulphate solutions than in thiocyanate solutions (compare Figure 24), |
tThis is in agreementvwith other workers ‘who have observed that the presence;i
of thiocyanate ions reduces the rate of oxidetion by oxygen of titanium(III)
chloride solutionss, while dilute sulphuric acid catalyses the oxidation734
Also in this study: it was. noticed that the. presence of only a_.'
.small amount of titanium(IV), i,e.'during the early stages of oxidation,
"}caused the absorbance ofvthe:solution t0'increaselquite.considerably (see :
'Figures 38 and 40) The effect‘of‘a small;amount.of'oxidationvon'the -
'extinction coefficient of titanium(III) is given in Figure 41, and shows_
’that after 5% oxidation the extinction coeffic1ent has almost doubled‘due' '
to. the formation of the mixed ox1dation state epecies.f Cdnsequently.only a
a fraction of a percentAof oxidation results in large errors in extinctionlpi
: coefficient. By comparing the. percent oxidationvversus time data.given in”n-
'Figure 37, with data in Figure 41, the observed extinction coefficient of
~a fresh titanium(III) sulphate solution exposed to air, uould increase by

>1% every 2 2 minutes. This explains the difficulty in obtaining eccuretely
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Figure 40, Job difference plots for titanium(III) titanium(IV)
-igure 24, Joh ,

continuous variation solutions.

[T)totar = 0.0826M, |C1 ]-‘- 0.478m, [(NH,), 50,] = 0.894M
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% Oxidation

Figure 41. Variation of the apparent extinction

coefficient of titanium(III) (€) during the early
stages of the oxidation of titanium(IIl) in sulphate

‘media. €= " (absorbance at 500,5 nm):
(Ti (III) content of solution (moles 1-1))

[n]total = 0.826M, |c1 ]: 0.478M, [(NHa)ngaj = 08941,

reproducible spectral data when studying titanium(III) sulphate systems.

Because a straight line relationship between absorbance and
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" percent pxidétipn is obéeryed duféhg the'parly stages-pf oxidafibn-(see
'Figurps 40 aqd 41)‘this phenpﬁena'could.have a useful.anaiytipal )
application.” That is, a single absorbapce measurement on a titanium(II11)
éUIphate 901u£iop of knpun titapium(III) content could‘be‘used to give the .
>amount .of oxldation which had occurred (1.9. the amount oF titanium(IV)
 present) providing a callpration curve had been prepared for the partlcularf
sulphate concentrat1on of the solution used (such as. 1n Figure 41) - This ”
' is a much 91mplar, faster and more accurate method than the alternatlve
pethods74 available. | |
The resuits.preéenfed in this secfion have shpwn that titanium

mixau oxidation state specieé Form-ih piiute sulphafe sdlutioné,_as_wsll és
in strong sulphurlc acid SOlUthﬂS. For the ?irst.time stapility‘cpnstants.
for these mixed valence species have besen determlned Also it has been
uemonstrated that the Formation of these species must be considefed when
making accurate:spactrophotometric measurements of aqueous titanlum(III)

sulphate systems.

4,4 Hydrolysis Studies

4,4,1 Experimentél_

As no data.pn the hydrolysis of titaniuﬁ(III) in aqueous_sulphaté
hgdip‘has been'paported, a study.of this system wps carriep out. }hé
hydrolysis behaviour at high ahd low sulphate ion concentrations under bath
initial and equilibrium conditions were ipvestigated. 4Ammonium sulphappzwas
agpihuused_po‘vprygthe suiphate ionﬁconcentréﬁion.‘ The:maximuﬁ wppkable
'poncentratidn was limited to less thph 4 mplar.

Rapid potentiometric tltratlons wepe used to study the spacies
1n1tia11y Formsd. Tovdeterm;ne-the metal:hydroxidé ion rat;ovat difFerent.
'sulphate.ion strengths,'titanium(III) solutions ppntaipingpsuiphate ipn'
conteptfationé rangipg f;am 0 to AM were-pitraﬁad-with.NHAOH. The

Lpprgdupé'fused for thé,titrations was the same as. that described eérliér»
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in‘Chapter'2.2; To.determinebthé numper.of sulphate groups prepeht in
the titanium(III) hydfo%& sulphate speciep formed, a‘series of'solutions
contalnlng a range of sulphate ion concentrations were titratéd with
1ncrea31ng allquots of base, the pH belng qu1ckly measured 1mmedlately
aFter each-addltlon; “ |

| fo; étpdies of the hydrolpsis speci93~pr§sent'under
eqpilibrium conditions, series pf individual soiutions'conpaining fixedf‘
titanium(III) and sulphafé ion bonceptrationé_and vérying_cqncenprapioné
of bése were prepaped and equilibrated. Tha{proceduygigused was.ﬁpe‘
- same as that described in Chapter 2.2 fop.the eqqilibrium studies of the
hydrolysis in chloride medla. pH meésurepants were égain made tp
determine the metal: hydroxide ion ratio- for the hydroly31s spec1es. The
-‘variation of the titanium(III),content_qf the solutions was noted to cpéck ‘
phe stpichiometry of the Hydrplypis :eaption. 'Also, visiblepspebtra for
some of the solutiops weré redorded to prppide additiohal infopmétiop about

the hydroxy splphate species present.

4.4, 2 Results

(a) Initial hydrplysis pehaviour

Some rapid pH titratlon curves (total t1me 3 mlnutes) for
titanlum(III) solutions containing different sulphate ion concentrations
are shown in Figure 42, The presence of a small amount‘of-sulphate‘ion
caused significant changes'in pH values and the shape -of the titratipn
curpe.i As the sulppate ion'concenfrapion pas ihcfeaséa furtﬁer the pH
values sldwly increased, The variétionvof pH pith sulpﬁaté ipn |
concentration is shown in-more petail in Figufe 43, |
() Equlllbrlum hydroly31p behav1our

The equ111br1um potentlometrlc titratlon curve for titanlum(III)

in dilute su;phate media is given in Figure 44, Each pH value shown was

obtained from individually equilibrated splptions. The correspondihg-
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7.0 L
0 4,0 8.0 12,0 16,0 20,0

Volume of ﬁ.gom NH,, OH (mlg).
Figure 42. Rapid titration curves for titaniUmtIII)
- solutions coﬁtéiniﬁg va;ying.suiﬁhéte ioﬁ concentrations.
[71(111)] = 6.0573m, [c;'] = 0,241M,
| | [(NHg)ZSOAJ = 0.00M(a), 0.53N(b),:3,73m(c). 
’ ‘Initial volume = 75 mls.
1,0'..; = 4,775 mls, ——-—-— = apparent region é)f‘

-ppecipitation.

' variation of the titanium(III) concentration in solution ié also plotted,

In region (a) a purple solution was ppesent} in région-(b) the solutibn‘was
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Figure 43, pH of titanium(III) solutions, containing varying amounts of
~taure 4ao. v o ' o ; .

sulphate ion, immediately after the addition'oF'0.0(a), 2.D(b); 3.0(c),
4,0(d), S. D(e) mls of 1,79M NH OHe n = ratio [ [Tl(III)J
2

.[Ti(lll)]_: 0.0928M, [blx] = 0,478M Inltlal volume ; 5 mls.
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derkerhahd a small emount of a dark'preoipiﬁete was presenf; in reqgion
.(o)'a reddish hrown‘eoiuﬁioh was present above a-brown.precipitate. fhe
,intensity of_the oolor_of the solution uhiformly decreased to zero in
*hﬁhjs latter region. ‘No hydrogen evolution was observed. In region (d)ve
<oieer soldriondwes present above a derk blueybreoipitate and slow hydrogeh"'
vevoletion was observed; Spectra ofrﬁhe‘soldtions ar various staoes of the
hydrolysis are shown in Figure 45, “ |
The equ1libr1um potentlometrlc titration curve and tltenlum
(III) analysis data for solutiomns contalnlng a high sulphate ion ooncentra-
tion_are shown in Figure 46, In regioh (a) two stepwise primary hydrolysis
.equilibria'uere obseryed_suggesting the Forﬁatioh of a soluhle 1:2 onQ
Ti(III)-species.and a soluble 1:1 OH-:Ti(IiI)'speoies._ fn solutions where
,,ﬁ> 1.ﬁ.secondary hydrolysis occurred and hydrogen evolutionvoae also
obServed resulting in the Formarion of the derk blue speciesr In region.
.(c) a dark blueuprecipitate had settled.but in region (b) no.precipitate
was present there being instead an inrensely'dark blue soiution.- The |
rate of decrease in the tltanlum(III) conoentratlon in this reglon was
1 0 T1(III) per 4,0 oH™ added. When excess hydrochloric acid was edded to
an allquot of the dark blue solution a'cloudvahite precipitate»formed
indioatino the presence of titanium(IV)s Spectra of the soldtions'ef"

various stages of the hydrolysis are shown in Figure 47,

4,4,3 Discussion

The stddy of rhe ihitiel hydroiysis behaviour of titenium(ILIy
in sulphate solutione has'shoon that qdite different reactions ocour
.codpared dith thar in chloride media. - The change in.the_shape of the
. potentiometric titrafion curves ih the preeence of sulphate ion (see '
Figure d?) is indicative-of the formation of hydroxy sulphare comple;es.
The hydrolysis of the hexaquo t1tan1um(III) ion proceeds via the Formatlon

of 'a soluble 1:1 T;:OH species followed by the precipitatlon of Ti(UH)
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Figuré ZS. Spectra of titaniym(III)_sulpate_solutions.at different

stages during hydroiygis; using 1 cm cells. 7= 0.08(a), 0.81(b),

" 1.18(e), 2.10(a), 2.48(e). [ri(ill)]'=“o.oszm, [so42'] = 0.148M,

'asvfurther base is added in the regibn 1< n<&3, In dilute;sulpﬁate
sdlutions,‘providing-sufficient sulphate ion'isvpresent to complek'with'v
~all the titanium(III), the hydrolysis firstly proceeds via the formation

of é soluble 1:2 Ti:OH™ species. Because'of'the'very dark cblor.of the
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Figure 47. Sﬁectré of fitanium(ifl);églphate solutions at différenf '
- stages during hydrolysis, using 1 ch.cells. E_%'D.DU(a), D.25(b),. 
0.59(c), 1.10(a)". [r1(111)] = 0.084n, [5042‘] = 3,bam o

*+v 0,1 cm cells, .

solutions it is very.difficult to tell exactly when precipitatidn~be§ins
during thése rapid titrations, However it .appears that'precipitation of

brown Ti(OH)3 does not begin in the sulphate soluﬁions until m7 2.
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Increasing_the sulphate ion contentration does not changevthe shape.oF'
the titration curveAi.e; thers is no change in the overall stoichiometry
of_the hydrolysis reaction, but merely increases the pH values;as higher
concentrations of base.are redoiredvfor hydrolysis_in lieu of the “
' increased stability.of the,titaniom sulphate conplexes onder these:
conditions,. » | | a | -

Thus_initially} when base ig added to'titaniom(III) soiu£;oa;
containing sulphate ions,  primary hydrolysisjinvolyes the_formation ot‘a
soluble 1:2 li:DH- species _ | . - o |
Ti(sg,) (r,0) (32 20H-.;.-—=__—=Ti(DH)z(SDQ)b(H’20l.)§,1-.2b_4)f +(a-b)50, 2" =(6)
.followed by secondary hydrolysis reSulting From'the'uptaks of another OH-d‘
group to form a bromn precipitate of titanium(III) hydrox1de

)(1 2b)+

‘Tl(oH) (so (H 0

4)b + OH™ —-—sTi(oH) .nH O(s) + bSOa . .-(7)

The attempt to. determine theinumber of sulphate ligands
1nvolved in. the primary hydrolysis hydroxy sulphate species, by studying
‘1n more detail the effect of sulphate ion concentration on the 1nitial pH .
values was not successful, The relativs chanqes in pH w1th respect to‘the_'
change in‘sulphate ion concsntration is quite small (see Figure 43) .and
tended to be gradual.rather than stepwiss. As a result, interpretation of
the data is quite-difficult and inconclusive. Also, oecause-of the lack of
| stability data for titanium(lII) sulphate species, and the'complex nature
of the systen, no attempts were'made'to estimate hydrolysis constants.

| Under equ111brium conditions, the hydrolysis behav1our was

quite dlfferent. |

At lou sulphate ion concentrations, the final hydrolysis
behaViour was both unusual and complex., Firstly, two types of precipitate
were observed to form, a brown precipitate and a.small amoont ot black
precipitate..'Secondly, no hydrogen eyolution was observed until after all
‘the titanium(III) had been prebipitated i.e. excess base was present, From
the potentiometric titration curve.Eigorev44, the predoninant primary

hydrolysis reaction involves the formation of a soluble 2:3 Ti:0H™ species



(up_to 3 = 1.5) which reﬁuifes'ﬁ;5>OH;.t§ precibitate bfomn f;taﬁium(lll)
Hydroxide. However, because a smail amount of a black precipitaté |
(probably TiO(QH).nHZO) begins to form after n = 1,0, this indicates that"
:a.lassef-hydrol}sis»reacﬁ;on is also taking place involving the formation
" of a édlublé 1:1 Ti;DH-.priﬁary hydrolysis species wﬁich'reQUires 2.0 OH
to precipitate %he'titénium;. This.type.of miXEd'hydrolysis behéviopr is
not ﬁhe#éected'as fiﬁanium(III)'Forms several sulphété spebiés in solution,
.Consequently the observed amount of baée required for precipitation during
secondary hydrolysis‘was 1.62 DH—, compared with j;SD_OH- for the
o ppedominant reaction and 2.00 OH for fhe lesser féactioh;

Spectra of the splutions (seé Figure-AS) showgd thét in the
primary hydrolysis region the aﬁsorbaﬁce increésed with each additionai
. aliqudt'of base added.but'only a very slighﬁ shift inAtﬁe positionvof.the
absorbance maximqm was observed. This suggests that tﬁe OH™ grduﬁs aré
simply replacing water molecules in thg co-ordination sphere qf the
.tiﬁanium(III) sulphate complex, pfqbably fo:ming‘én_hyaroxy bridged species
€4Qey Tiz(OH)s(SOA)*(HZU)y. As ghg predomihapt titanium(lll).sglphaﬁe

complex is Ti(SO (H20)4- in dilute solutions, x is probably equal to 4,

4)2 _
Fﬁr the secbndary‘hydrolyéis:ragion; the spectra confirmed that none of the
dark blue mixed.oxidafion state hydroxy'species was present;. This is in
- agreement with the obsefvation that no hydfogen Qas svolved, |

Still different hydrolysis béhaviour was observed.in solutions
high in sulphate ion concenfration. The titanium(III) sulphate speéieé

5« . S
H2O)2 s From

present,. prior to hydrolysis, in these solutions is Ti(SOa)a(

Figure 46 it can be seen that the primary hydrolysis of this titanium(IIT)
.suiphate'complex involves the formation of two soluble species,reléted by
a stepwise equilibria i.e. .
. S- - . . ’ a-
2T1(504)4(H20)2 + OH F::::eTl(SDA)X(HZD)y(OH)Tl(SOa)x(HZD)y. -(8)
X . ‘ \ a= - . - ' b-
Tl(SOa)X(HZU)Y(UH)Tl(SDA)X(Hzo)y +DHE=ﬁJ1(SDA)X(HZO)Z(OH)2T1(504)X(HZG)Z

-(9)
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.The spectra of eoiutione infthe.primary hydrolysis region (Figure’47)
show that 519n1f1cant changes in absorbance occur as the hydroxy spec1es
torms, However no notlceable peak shift uas observed suggestlng that
~again, as in dilute sulphate solutions, hydroiysie inyolves the
replacement of co-ordinated water py bridging,hydroxylvgroups. Tnde for
equations (8) andA(9) the most likely values for x, y and z would be
4, 1 end_Oerespectivelyt In solutrons where the second primery hydroleie.
epecies formsi'ae in equation“(g)? very nigh absorbance.valuee were o
obteined with a eecond peak appearing at approximately 640 nm, Thie
suggests that a small- amount of the dark blue secondary hydroly51s spec1es
may be in equlllbrlum, masklng the spectrum of the latter prlmary
hydrolysis species, |

Where.n ) 1 the'presence of the dark.bldepspecies having an
intense absorption band in the 700-750 nm region (see Figure 47) and the
evolution of hydrogen from these solutione show that:a mixed oxidation
 state nydrolysie~epecies iS'formedr The variation of the titanium(III)
dcontent of tne solutions (see Figure 46) ehods that-under these;conditions'
1.0 Ti(II1) is removed as Ti(IV) pe; 4.0 oH‘ added. Tnis_rate is the'.'
. same as that observed for the secondary hydroly51s of titanlum(III) 1n.
chlorlde medla (Chapter 2) and thus confirms the formatlon of the 1:1
Ti(III):Ti(IU) hydroxy species.

Very few other trivalent metal hydrogy sulphate syeteme in
eolution have been investigated. Vanadium(III) has been snown to,form a
132 V(IIi):QH- complex in-the‘presence'of sdlphate ione75 and tne .

o : -,

+
0, and CrZ(OH)z(SO-

di-hydroxy bridged cnromium(III)'species Crz(UH)ZS 4)3

have been reported 76 77. Scandium is also known to form anvhydroxy sulphate -

complex, Sc(OH)(SUa)2 _

2-, over a range of sulphate ion cOncentrationszs.
The results in this work have shown for the first time that
similar titanium(111) hydroxy sulphate complexes are formed, Several

different complexes were detected and the type of complexes formed are a

Functlon of tlme, pH and sulphate ion concentratlon.
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4, 5 Conclusion;'

St o-

-t o
PESERRSES .

i.The results presaﬁted in tﬁis chapter have showhfgz:/ -
; §_that.;omp1§x formatioﬁ between titaniUm(III) and sulbhaté iqn does
occur.in dilUtevsolutidné.- The complexes formed have been identified and
characterised aﬁd this has. led to thé_identification of the titaﬁium(llf)
épecies,presénf in cdncéntrated sulﬁhuric.a;id'sqlutions a§ wéll.

. | It has alsq been‘éhomn that as-a>resu1t of the Forﬁatipn of
these_titgnium(lli) sulphate‘complexes,.the hydrolysis of titanium(III) in
sulphéte solutions is quite differehtf7§?that in_chloride solutions,

- The studies of.the qxidatioh of titanium(III) sulphate
solutions.haﬁe QiVen_fnr thé.first tiﬁe_éﬁability data for mixéd valéncé
'Ti(III):Ti(IV)‘sﬁlphaté compiexes‘aﬁd Eﬁq_impoftance’of-the formétioh of

these species in titanium(III) sulphate systems has been shoun,



CHAPTER 5.

Some aspects of the'solutiondchemistry of titanium(III)

5, 1 Sumnary

As discussed in the procedipg ;chapters, several aspects of
;.;the chemistry of titanium(III)'in_aqueousisolutions have.been studied;
i’This'inVolved'investigating the nature of the hydroxidefspecies formed
at diffsrent pH values and the type of‘compleres formed in'theipresence
of thiocyanata ions and sulphate ions. |
The hydroly31s of hexaquotitanium(III) ion in dilute chloride o
_solutions takes place in two stages. At low pH values primary hydrolysxs
‘occurs as given by the equation _' _ |
.Ti(HZD)G oM . TJ.(DH)(H o) B o -(.1)'}
At slightly'highergphivalues secondary hydrolySis occurs.givenlby the
eduation ’ | | | | | |
| TH(OH) (H0). 7 20K ;=—-._-—"T'i(0H)'»( y o -(2)
.-éoth the primary and secondary hydrolysis products dimerise on standing
to form hydroxy-bridged and oxy-bridged species reepectively. This
behaviour is fairly common in hydrolyticEMUllibria 4. :Under certain '
conditions the secondary hydroly31s products oxidise with the evolution
of hydrogen to form a dark blue 1:1 mixsd ox1dation state SpBCleS.l The
pH range over. which the respective hydrolysis reactions occur depends on
the total chloride ion concentration. On incraasing'the chloride ion
'concentration (over the range 0.4 to AN) the 1ogp values increase
approx1mately as the square root of the total chloride ion concentration.
Titanium(III) forms two complexes-in aqueous thiocyanate :_'
solutionss a 131 cationic species Ti(NCS)(H 0) nd'a 1:4 anionic speciee
: Ti(NCS)a(HZO)zl. A1 1 titanium(III) titanium(lv) mixed oxidation state
species is formed during the oxidation-of’titanium(III) thiocyanate ,

golutions,
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_In dilute sulphate.solutions, titanium(III). forms a series

" of complexes given by equations (3) - (5)

2 Ti(H, 0) »;5042"' é____—-___---—»MZ(sol})(H,Zq)m“‘* o : ,- -(3)
'Ti2(SDA)(H20)10é+v ftSEQA?_;;====£2Ti(SOA)2(H ) , | 'e(A)lu'
T1(504)2(H-0)'- 4 250;2*;=====3T1(504)4(H 0).5‘ o _l-;(§)_"

The latter 1:4 complex persists in sulphate solutions up to- about 4 molar
and atphigher concentrations forms polymers. At very high sulphuric acid
concentrations i.e. about 15-18 mOlar, these polymers collapse to form the
anhydrous spec1es Ti(HSO )(SU ). The relatively stable~pale violet 1:2
tetrahydrate can be crystallised from solution and readily converted to the
anhydrous_form. . | o | '

Vac., 98°C.

N

-Ti(HSO-)(so o) (H,0), =3 Ti(HSDa)(Sod)A - =(6) .

pale violet - ; moist_alr pale blue - . o

Hydroxy sulphate species are formed during the hydrolysis of the above o
complexes and mixed oxidation state titanium(III) titanium(lv) species are

formed when solutions containing the above complaxes are alloued to oxidise

in air.

5.2 Titanium(III) co-ordination complexes.

- The titanium(III) complexee 1nvestigated in this work showed
vcharacteristic co—ordination behaviour.' The hydroxide thiocyanate and
sulphate ligands studied all appeared to behave as unidentate ligands with
brespect to each titanium etom, end formed complexes containlng 2: 4° 1 5. orh
0 6 octahedral co-ordination. . This trend is even'more-distinct when,other
aquo titanium(lII) complex ions are'compared. Table‘d clearly illustrates

this. Generally 2:4
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Table 6
- Titanium(III) complexes -formed in agueous solutions

2:4 Co-ordination  1:5 Co-ordination 026 Co-ordination

. 'f + ~'."' 2+ L 3+
Tlfz(Hzo)ﬁp; TlF(Hzo)s Tl(H20)6
TiCl,(H0),*  TiC1(H,0) 2+ qiF 3=

‘ 275 6

- : - gy 24 [ P

Ti(SUa)Q(H 0), * Ti(Ncs)(HZO)S * Ti(cn), -
Ti 2(0H),, (K, o) TL(OH)(H0) 2" *  Ti(OW), polymer *.

- , T -

TiF (H o) 3 712(594)(H20)1D . Ti(C Ua)z |

_ R 2= :
| Tl(NCS) (H 0) Tlcls(HZU) | n(soa)2 *

-Ti(SOd)a(H 0)

*’lnvestigated in’this work.,
co-ordlnatlon species tend to form, the 1:5 spec1es belng usually less
: stable, while 026 co-ordination only occurs w;th ligands that complex
_‘strongly or under extreme condltlons f»éffa oery large excess of one
‘llgand is present.,vv |
Thls characteristic co-ordlnatlon behav;our also appears to
~apply to reactions in non-aqueous solvents. For example, in liquid -

348 ~ 78

ammonia the tltanium(III) _complexes Ti(NH and Ti(CN )(NH

3)6 3)2

. are reported-to form. . Acetic acid complexes TiCla(ACOH)2 and .

TiCl (AcOH)z- have'been prepared ln non-aoueoos solvents7g@ 'And when

T1Cl is dlssolved in alcohols such as ethanol; 1-propanol, s-butanol

. and cyclohexanol, complexes of the type TlCl (alcohol) are for:med'8
Where 2:4 and 1:5 co-ordination occurs: dlstortlon of the

.octahedral-environment around the titanium(III) atom also exists.: This -

oistortlon is. dlrectly accommodatlng the energy requirements of the

Jahn-Tellsr effect for d‘systems.

5.3 Titanium(III) mixed oxidation state complakes

The formatlon of m1xed oxidatlon state compounds 1.e. oontalnlng

the same element in dlfferent valence states, has been knomn for a long time; o
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A,reviem ofjmixedrvalence'chemistrv by Rooin and DaysO has shown‘that
~ almostiall_the £ransition-metals are known to form mixed’oxidation '
stateﬂcompoonde;' |

‘Z_.lifanium(IlI) isdeasilv.oiidised,tolritaniomQV)and because ofA
thie titanium(lll) and fitanium@ﬂ)are often present together in.solutlon.
A careful examlnation of the literature.for'tltanlum(III)'eysteme reveale ;
lfhat.a sdrprisingvnumcer of miked valengé-fitaniumlepecles have'oeen
reoorted;. For example,.in concentrated'chlorlde solutione\e;gg 12m
hydrochloric‘acid,_ahdark binuclear titanium species confaining equal
amounts'of.titaniom(llI) and tiﬁenium(lV) has'been reported to existaol'
A dark blue 131 titanzum(III) tltanlum(lv) hydroly31e speciee has bean
identifled in this work (see Chapter 2) and the studies in Chapter 3 N
have shown ‘the formetlon of a 1 1 tltenium(III) txtanium(lv) epecles in
concentrated aqueous thlocyanate media. Ev1dence for the formatlon of a
Ry hexacyano—complex K [Ti(III)(CN) Ti(IV)(CN)'} has been reported by
Helnt291.d In sulphurlc acid media, the- dark color of solutlons containlng .
titanium(III) and titanium(IV) has. been known for some time40 48 nndv .o

detailed studles oF the behav1our in 1:8M to 10 BN sulphuric - ac1d hae

again shown the formatlon‘of a 1'1 mixed valence complex. An interestingv

E.S.R. study of the oxidation of trie (acetylacetonato)tltanium(III) has   ,

been made by Lo and Brubakeraz. Thelr data also suggest“ the- formatlon
-of a. mixed oxidation state acetylacetonate spe01es.

-From these reported 1nstances of the exlstence of t1taniumv
~mixed;oxidatlon etate specles, it is clear,that during qxidatlon reactione
»in‘solueion the occurrance‘of mired valence lntermediatevcomplexee ie'thed
rule rather than the exception, However the Formatlon of these epeciee -
hae been overlooked in most 1nvestigations of tltanium(III) syetems._ For
example, studiee of the kinetice of . the ox1dat10n of titanium(III) in a

solution in the preeence of fluoride ione13 15,-chlor1de 1ons3 73 83-85,'

iodide ionseﬁ, perchlorate ions_;’§73 nitrate ionsas and euiphate ionezfd'

84,88 have been made but in none of these studiee has the possxble effect o



'of'thetformatiOn of mixedioxidation state species on'thedoxidatiOn o
'mechanism‘beenvmentioned; :Houever,_definite.kinetic effects relatedito;
fthe formation of mixed,oxidation state species_are known, ’Ubservations
by Heintz"' on the oxidation of K;T1(CN) showed that once a 1:1 ratioi. :
of titanium(lII);to titanium(IV)'was'attainedbthe;oxidation proceeded
more slowlye A similar obser.vation ‘has-_‘b:een made in this work 1n
relation to the auto-oxidation of titanium(III) hydroxide iﬁ solution '
(see Figure'12) Hydrogen evolution proceeds until the dark-blue 1 1.
mixed ox1dation state species is. formed, and thereafter proceeds only
"slowly in the presence of excess base. .1.e. Uniform oxidation throughito'
white titanium(IV) hydrated oxide is not observed. A similar curve has:
been obtained for the oxidation of molybdenum(II) acetate in 12N hydro-:
' chloric acid g, Again, once a mean oxidation number of 2.5 was obtained
corresponding to the formation of the 1 1 molybdenum(II).molybdenum(III)
pspecies, the rate of oxidation decreased.

The,eyidence discussed_above illustrates the importance;of thevf
formation'of'mixed valence'species in understanding-the_chemistry‘of' |
'titanium. -As»well, the need toten9ureithat no oxidation takes place-.

during the study of titanium(II1I) systems is emphasised;

5.4 _Conclusion -p_ : -

The application bé a combination ot‘physico-chemical teChnioues
namely potentiometric, conductometric and spectrophotometric methods has
enabled successful eluoidation of the titanium(III) hydroxide, thiocyanate
‘and sulphate systems., This approach to studying the solution chemistry of
titanium(III) would also be applicable to studying the titanium(III)

- phosphate and titanium(III) fluoride systems which to date have not been

syetematically investigated.

The additional information about titanium(III) systems obtained.

as avresultvof this work has enabled some’ characteristic;trends in_the



98

' po—ordination'behaviqur of octahedral titanium(II1) complexes to be
distinguishad.  Evidence that titanium(III) reduces hydroxide ion has
been preéented and the extent of titanium(III) titanium(IV) mixed

'oxidétion state compiéxes‘in,titanium chémiétry-hés been demonstrated, -
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Appendix l »

- .'Chemicals and solutions used

litanium(lll)'solutions'were orepared from the -
following’é{D.H. solutions:- | | |
(i),', Titanium'triehloride solution (technical, about'12 S% weight
'per volume TiCl and containlng about 15% weight per volume -
HEL (total)k
'(ii) Titanium trichlorida solution (low in iron, contains zinc
chloride, about 15% weight per volume TiCl )
(iiil Titanium(III) sulphate solution (technical, 15% waight per
| ..volume Ti (504)3 and containing about 23% weight per. volumsv
150, (total)). | | |
Ferric-ammonium sulphate.solutionslwere prepared From
Hopkin and williams A R; ammonium farric sulphate (assay not less
than 99,0%), 9 6459 was dissolved 1n about 500 mls of nitrogenated
| distillsd.water to which 5 mls of 50%_sulphuric acid had been added.
This was then made to 1 11tra uith nitrogsnatad distilled uater. |
Sodium chloride solution, 0.200M was preparsd by
'dissolving dry B.D.H. A.R, sodium chloride (2-9239),;".d18ti119d
water and.making to 250:mls. | ‘
Silver nitrate solutions were standardised against standard
sodium chloride solution using K2Cr04 indicator, |
~Thiocyanate solutions (dilute) were standardised'against
:standard Silver.nitrate solution using'saturated ferriovalum solutionjas
_ indicator. | | | | |
| | Ammonium sulphate solution (0 390M) was standardised by
sulphats ion analysis (grav1metric Baso, msthod)

Hydrochloric acid solution (1 BDUM) ‘was standardised by

',chloride ion analy51s (Volhard's mathod)
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'Sodium hydr6xide solﬁpions werebsfanqérdiséd againsf_-
'étandafd hydroch1oric acid uéihg bromofhymol Siue indicator.,
_A“AmmoniUm hyﬁrdxide solu;iohé were étandardised-againsﬁ-
,_standard hydfdch16ric acid’Using'brpﬁo-crésoi-gfaen in&iﬁatdf, .
| ~ The bH metsfs were standardised using 0,050M potéssium'.

" hydrogen phthalate solution (pH 4,00 at 20°C, 4.01 at 25°C)°,.
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Appendix 2
Eguigment7
prical densitylmeasurements'OF.solutions were made__f
“using Uniﬁam»SPSOb aﬁd_Pérkin tlmer'ADDUA Spect:écord spectropﬁbtdmgferé;.
‘A Zeiss PMQ-II speétrophotometer.uaévdsed for reflectance.spectré '
‘méasugéméhts;- | | .
»Inf:a-réd spectra were run on'a Perkin Elmer 221»spéctr6;i
hhotéméter. | | |
| _..Répid potentiometricutitration curves wefévfeéqrdéd 6n'a'
"Heath éuilt" pH Recérding_Electrpﬁeferg whilé individual pH méésureA
‘menfs-meré.ﬁéde mith Héfriba and ?ye Pofentibﬁetfic pH meters,
,CohdUctance.measQremehtsAwere made uéing-a reseapch A;C. _

conductance bridge.
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- Aggendix'3 

pH titration data

(i) pH titration results

Run 1.

80 ml solution containing 0.113M Ti(III) and 0,450M C1™

titrated rapidly with 1,97M NaOH.,

Vol,NaQH

Voi.NaUH

. Vol.NaOH

-Vol,NaOH

. (mls) . pH (mls) CpH- (mls) ~  pH . (mls) pH .
-0,00 11.63: ' 5;11 2.52 9.71 4,18 14.31 4,70
1.02 1.68 5.62  2.59 10,22 4,34 14,82 4.76

1S3 175 a3 2072 10,73 445 15,33 4,83
2,06 1,79 6.4 2.89 C 1124 452 15.86 4.88
2.56 1.91 75 2.94 75 459 16.35  5.01
3.07 2,02 7.67  3.07 12026 461 1686 5.16
3.58 2,15 8,18 3.31 12,78 4,62 17.37  5.40
409 2,27 869 360 1328 4,62 - 17,89 | 5.63
4.60 2.38 "9.20  3.96  13.80 4,66 18,40 'zs.asﬂ
Run 2 .
80 ml solution contaiﬁing 0.113M'Ti(111)*énd 0.450M c1fu"
titrated rapidiy with 1,97M NaOH.

Vol.NaOH Vol.NaOH - Vol.NaOH Vol.NaOH o

(m1s) pH (mls) " pH (mls) pH . (mls) pH
0,00  1.70 5,27 2,55 10,01 4,28 14,75 4,77
1.06 175 5.80 2.68 . 10.54 4.38_ ” vié.zé 4,86
1,59 1.78 6,32 2.80 . 11.06 -4.51 15.80 4.88
2.11 1,89 6,85 2,93  11.59 4,60 16,33 5,00
2.64. 2,00 7,38 3.06 12,12 ' 4;63”' 16.86  S.14
3.17 2,04 7,90 3,20 12.64 . 4.65 1?,38 5,38
3.69 2,21 8.43  3.45 13,17 4,69 17.91  5.58
4,22 2.30 8.96 3;80 15;70 4,74 1b;43, 5.80
4,74 9,48 4,10 14,22 475 18;96,_ 6,b6

2,44
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75 ml solution contaihing 0‘0573m:Ti(III) and 2,26M C1~

15,19 -

ﬁtiiraged rapidly with 1.08M NH, OH. -
| Vol.NH,OH © Vol,NH,OH Vol.NH,OH | VoL.NH,OH
(mls)" " pH ~(mls)" pH (mls): pH (mls)" pH
0,00 1.13 4,92 1.78 0.83  3.38 14,75 4,33
0.60  1.14 5.53 _1,§0 10,45 3.65 © 15,36 4;40,
1,23° 1.19 6.5 2,03 11.06  3.85  15.98 4,49
1.84 1.27 6;75 2.17v. 11.68 4400 16,59 4,58
2,46 1,35 7437 2,33 12,29 4.10 72 4,92
3,07 1.42 7,99 2,49 ©r2.00 4. 17.82 © 5.90
3469 1,54 8.60 2.69  13.52 428 18.44 6,66
4,30 166 9.22  3.02 1413 429 19,05 7.02
“Run 4?: _
75 ml solutioh'pontéining 0,0573M Ti(ilfj»and 3.59M C1™
titrated rabidlyvyith'1.DBM NH, OH, - o
Vol.NH,OH Uol.NHaﬁH | Vol,NH,OH Vol.NH,OH
| (mls) ~pH (mls) - pH (m1s) - - pH- {mls) - pH
0,00 0.97 5;23 1.7 10,57 3.57  15.85. 438
0.66 0.99.  5.95 1,86 11,23 3.77 16452 4.50 .
132 1,06 6.61 2,00 11.89 3,94 17.18 a.as;"
.98 1.13 727 2.16 '12.55 . 4.03 »17.64 5,95
2,68 .21 793 236 13021 43 18,50 6.60
, 3,30 :11;32 8.59 _" 2,57 '>13;87 | 4,20 {9;1é 6,92
3.9 1.44 9.25 - 2.88 14;53'” 4.23
4.62. 1,58 9,91 3,28 ' 4,30
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Run 5

75 'ml solution containing 0.0573M Ti(I11) and 4,93M C1~

titrated rapidly with 1,081 NH,OH,
VOl.NH,OH Vol.NHabH- o 'Vo;.NHAUH . fVol.NHadH. 
(mls) ~pH (mls)” - pH (mls) pH . (mls) ~pH
ﬁ'o;do _ Q.75 _. _,5.4{' ]'{;57 10,82 '3.49 ' "16.22 -', 4;29"
0.68 _0.?9 6,08 . 1,71 . 11,49 3.70 16,90 _ 450
1235 0.86 . 6.76 S 1.87 12,17 3.84 } 17.58 : 5.25_’
2,03  0.94 N 7.44 'jz;oa; ,52.84' _‘ 3.95 18.253.3- 6;16
'__2;70,~ 1,04 o 8eM 2.22 1352 4,02 118;93”- 6.58
3.38: 1,17 8,79 2.46- 14,20 4,07 _19(5@ B 5;87'
406 1,29 9.6 2.83 | 14,87 413 ol
4.%3. _i1;42,' 10,16 3,23 15.55 4,19
,(ii)' calculatedl primary hydr-o'lysis data i.é. 0<ne
| Ruﬁ~1 | | | | - ' ,
pH T _1og'TEF o ;og/§1v'_ -~ [er7)
2,52 0.148 - 0,759 .'93,28 0,422
| 2.50 o 0.259 | =0.456 .' ,-3;05 | '0.420
2,72 0.370. S -0.231 ;2;95.' | b.417'
281 0.481 ~0,033  -2.84 0,415
2,94 ) 0.692 0,162 2,78 0.413-
3.07 0,704 - 0,376 - -2.65 . - 0.410
3.3 0.815 0644 —2.67 - 0,408

I+

- . ) . *
“mean 109/31 ==<2,89 0.20

b+

mean [ €17} = 0.415 £ 0,007 i.e. I = 0.644

*sge (*) p10s -



Run 2

s,

pH n log 73-2: -l_og/;’: I
2,55 0.195 -0.616 =3.17 0.422
2.68 ','9.310' 0,248 -3.03 0.420
2.80 0,425 -0}131~ -2,93 0,&17
.‘2.93 0,540 o.o?o ~2,86 0.415

3.06 o.éss,’ 0,279 -2.78 0.412
3.20 0.770 1 0.525. -2.67 0.410
, %
mean .logﬁ,l = =2,97 - 0.1? .
mean [C17)= 0.416 % 0.006M i.e. JT = 0.645
* Standaf_d deviation calculated using equation (1)
o s.0. = 3ER | ——
ede (1)
"_u'lhere &R = sum of residuals f‘rom mean=value, |
| t= numiner of vaiués | |
Run 3 o -_E_ . ' ”_,'
pH n log 1-n ibg/% | '[01’J
2.03 0.098 -0.963 2,99 . 2.089
2,17 0.251 " 0.475 -2:65 2.073
2.33 0.405 ~0.167 2,50 2,058
2.49 ' 0.560° 0,105 2,38 2,042
2,69 0.714 0,397 . ;2.30' 2,028 .
3,02 0.622 '  .-2.40 2,013

0,869

mean 1og¢/f = 2,50 ¥ 0,20

',‘,me'an E:l-] = 2,05 i"O.UdM i.e, J?: 1.‘43"
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.Run 4
—pH n log "_l—n' log /31 [Cl ]
2.00 0.214 . -0.565 -2.57 3.299.
2.16 0.379 ~0.215 - -2,38 3,273
2.34 0.545 - ' 0.079 -2.26° 3247
2.57 0.711 0,391 -2,18 3,221
2.88 0.877 0.853 -2.03 3.196
mean log ﬂ,' = -2.28'%0.20
mean [c17] =3.25 ¥ 0.0sm s.e. JT = 1.80
Run S - . S ' S
- S -
pH n . log 1—r-1' ' log/"; o I.C»l';] : '
1,17 0.080 ~1.060 -2.77 4,560
1.87 0.251 - ~0.475 -2.35 4.522
2.04  0.422 ~0,137 -2.18 4,485
2.22 0,591 0.160 -2,06 4,449
2.46 0,761 0.503 -1.96 4,413
2.83 0.930 1,235 -1.59 4,378
mean log'ﬂf‘ = -2,15 z 0.34
mean [(:1'"] = 4,47 2 0,09M i.e. J1 = 2.1
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. (iii) calculated secondary hydrolysis data i.e. 1{5(_3;.'5.».892'0_(»5(?6 .'

Run 1

log

4,45

4,52

4,59

(1-m) '[Ti(III)] .(i-ﬁ)[fi(lllﬂ _1ogﬁ§

0,815 | ' 5_0;0993'. ~ -1.090 . -7.81
0.757 . 0.0992 . =1.124 o -n92
_6.701  0.0987 - —1.160 48.02,.
0,644 0.0981  -1,19§’. -8.02
0.589 __-; 0.0977 . -1.240 -  8,00
0.533 :0,0970. :l-1.286? . =7.95
0,478 0.0966  -1.335 .,-?-94
0.422 - .0.0960 ~1.392 _ -é.01.
0.375 ."_' 0.0955. —1.445 8,07
0.310 . 0.0943 -1.532 8,13
0.255 0.0945  -1.618 8,14
0,200 | 0.0940 - -1.726 8,29

0.397
0.394

0,393

0.390
0.388

©0.386

0.384 |

0.381

 0.380

0,377

. 0,379

'0.373

Run 2 -

mean log ﬂ?) ==-8.02 % 0.08 :
‘mean C17 = 0,385 = 0,012M i.e. =062

' . log » B
Cee-m o [am) (- o] 18

el

0,828 . 0.1000 - =1,081 ~7.68

0.770 0.0995 . ~1.116 1 -7{9¢ _
0713 0.0089 -1.152 -8.05
0.655°  0,0983 - =1,191 -8,07
0.598 0.0978 ";1.233' ,.‘89¢7
0.540 - . 0,0972 L1280 =810
'0.483"g ,' 0.0967 - =1.331° " ~8.15.
0,425 0.0962 . ~1.388 -8.11
o;sésvii 0.0956  © -1.4s4 . =8.09 o
0.310  0.0951 ©  -1.530 -8.19
0.253 - 0.946 1,622 ~8.14
0,195 . 0,941 i,- ~1.738. | -8.26

0.398

0.395

0.393

0,391

0.389

. 0.386

- 0.384

0.382

0,380 -
0.378

"0.376

0.374

1+

mean log‘@:-B.O? 0.80

mean [C17]= 0.386 ¥ 0.012Mm i.e. 41 = 0.62.

1+



| - 1ea. R
pH. (1-m) LTL(erﬂ' (1-m) {TicrIn)] 1og/§ , ,[@l'];»
3.85 0.834 0.0499 -1.381 6,32 1.970
4,00 0.756 0.0496 ~1.426 . -6.57 1;§55
4,10 :o.seov  0.0492  =1.475 —6.72 1,942
4.18 10,603 10,0489 ~1.530 _6.83 "1,928
4,24 0.525 0.0485  =1.593 : -6.59 1,915
4.29 0.449 0.0482 -1.665 6,91 1.902
4,33 0.371 10,0479 : -1.750 'f6.§1 1.639
4,40 0.294 _0.0476 ~1.856 -6.95 1,876
4,49 0,216 0,0472  -1.991' ~6.99 1.863

(4,58 0,140 0.0469 - =2.,182 fé.sa 1.851

" mean log/d, = ~6.81 % 0.15

mean [€17] = 1.91 £ 0.06m i.e. JT =.1.38

‘Run 4 o
. T - . log . . o _ .
pH' (1-m) [Ti(III)J _(1—5)[}1(111)J'1og/33 Lc1*]
3.77 '0.813 ;0.0498 1392 ~6.15 3,S.i22'
3.94 0,730 0.0495 “1.642 6,44 3.099
4.03 0,647 0.0491 -{.498 6.56 ;.075
4,13 0564 0.0487 1,561 =6.70 3,052
4.20 0,481 '0.0484 -1.633 6,77 3.030
4.23 0.398 0.0480 . 1,719 ~6.74 3.007
4,30 0.315 0.0476 . -1.824 ~6.78 " 2.985

4,38 0,233 . 0.0473 -1.959 ;6.8b‘ 2.964
4.50 6;149 d.oa7d' ~ 2,157 -6;84_- . 2.942

‘mean lqg'/’s = .-6.64 0.7 |
1 = 1.74

mean [c17] = 3.03 ¥ 0.09m “i.e.
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. Co - . log _. R P
pH (1-m) v[ii(IIIﬂ (1-m) [Ti(111)] 109/% "
3;49 0.864 ' 0.0501  -1.363 ~5.62 _ 4.3oé

3.0 0.780 - 0.0497 '51.411 5,99 4,275
3434 | 0.5§5i, 10,0493 -1.465" -6.21 f,v4.242

3,95 0.611 0.0489 -1.524 -6.38 4,200
4,02 0.525 0.0485 l-1.593_' 6445 4t
4.07 0,440 0.0482 -1.674 6,47 4.145
4,13 0.356 0.0478 -1.770 - -6.49 . 4,114
4,19 0,270 0.0475 -1.893 ~6,49 4,083
4,29 0.186 0.0471. ;é.057- ~6.52 - 4,053
4.50 0.101 .Q.oaas- -2.326 ~6.67 4,023

- mean vldg vﬂ:,’ = . =6,33 '_'-t 0.22

mean [tl'] = 4,16 £ 0,14m i.e. J1 = 2,04



© Calculated log/?é,values,

LRI

endix 4

.}A

Values_of/jizvcalbulafed from equilibrium pH daté.Figureld

. usiﬁg-eduation‘(jS)'ovahapter 2 are shown below. Each'solution.contained

VU.OQOGM Ti(III), 0,352M C1~ and varying_amounts'of 2,06M NaOH. Total

" volume of.eaCh‘gblution'waS'SU mls,:

" Note % log [T

i(IIi)]-= -0.52

169(1-5).

109(%)

pH ' n 1og 312
1,78 0.182 =1,0410 -0,0872 -1.69
1,99 0.364 -0,7399 ~0.1965 ~1.64

2,20 0,545 | ~0,5638 ~0.3420  =1.62
2,46 0,727 -0.4389 ~0.5638 160
’.mean log 12 = -1.64 ¥ U.O&*

Appendix 3,

Standard deviation calculated using equation(1) of K
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Appendix 5

Calculation of extinction coefficients for the

pfimaty hydrolysis speéies.

For EHe f§ac£ion' o |
T;(qu)63+ O éf=====¥"Ti(DH)(H2b)52+  ‘ '1_ (1) )
from Beer's.Law, | 1 » | ‘.' i4 . o .
Ebe - o | . -  (2)
‘where A': ATi(H 05 3+ ' + 'ATi(UH)(H d) 2+ . : (3)
2% » 2 s ;
= measured abéofﬁance of the s6lution

& = molar éxtinctioh.ﬁoefficient-
b = path length = 1 cm in this work
c = concentration, moles iit;e—1
Thus A =ab e | ' (4
where a = coefficient of absorbance ber conceﬁtration of titaniﬁm(IU)
present. _ | » F: _ :
i.e, E = t_zziiijj o L ' - o (8) o
where [Ti(III)] is the total éoﬁcéntgation_of titanium(111) in solution,
Since Ti(ﬁH)(H20)52+ hés évrélativelyvhigh formation constant:(see |
Chapter 2) o ‘ : . : i v
[Ti3+]'= (1-n) [Tl(III)J ' o - (6)_
where n represents the ratio of hydroxyl ion added to tltanlum(III) ion.

initially present. From equation (a)

A, 3+ = (1=n) a,., 3+ (7)
T1(H20)6 , T1(H2Q)67 _
and substituting 'in equation (3) gives
A= (1‘“)671(1420)63+ + AT1(0H)(H 0) : (8)

The results obtained are shown in Table 7.
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Table 7

: o . * . - N
- Absorbance data at 480 nm for initial solutions

containing 0,0892M Ti(111) and 0,334M C1”

n :  _(1-5)" A R (1éﬁ)aTi(H'd)'3+ C AT (oMY (H 6) 24
V27’6 _ MTAN278
0.00  1.00  0.320 - 0320 .00
0.2 o.és',7  0.368 . 0.282 . . N 0.086
031 0.69 0,379 - N 'Q.221 - - D.158
0.50  0.50 0,450 " oae0 0.290
0,69 0.31  0.566 0,099 O o.ae7.

* S
Path length =1 cm.

A plot of A 2+ versusxﬁ éhould be a'étraight'line of sldpe '

Ti(UH)(H o)

2+, see Flgure'da. - Thus - from Figure 48 and uSing.equatipn(S)'

‘T;(OH)(HZU)S | e
Eriony (w0, 2 = 5.0092
| 2%)s
ices & 2+ = 6.7 21,0 moles™ litre cm 'at 480 nm.

Ti(OH)(HZD)sv |
For the,reaction _
Ti(OH)(sz)52+ = 3 Ti (OH) (H 0) a+ : (10)
6ne méle.df monomer gives % mole of dimér; However, for the dlmeric
vspecies.the extinction coefficient is gi;en as‘absorbance pervmola of
tifanium(IiI),'not per mﬁle of. dimer. Thué the thedry dutliﬁad Ey

equations (2) - (9) for calculatlng A 2+ can,bé applied similarly'

Ti (DH)(H 0)
to calculate AT (0H¥§H U) 4+ « The rasults obtalned are shown in Table B..
_ Table 8

'Absqrbance"data at 4B0.nm for equilibrated solutions

containing 0,0892M Ti(III) and 0,334M Cl-J for 1 cm cells,

oo (-n) A - (=mdagy (H, 0) * R (on), (H )
0.00 1,00 . . 0.320 0,320 ) 0,000 -
0.12  0.88 0,39 0,282 012

0,31 0.69 0.466 0,221 - 0:245
0,50 0,50  0.630 0,160 0.470

0.6  0.31 . - 0.846 0,089 0,747



13

0.8L
D.6L—
o .
g ‘
8 0.4
L)
o
3
0.2 '
) 5
0.0 . 0.2 0.4 0,6 0.8
'ﬁ .
Figure 48.

- o~initial, A~ equilibrated

slope (a) = 0.60,.'slope(b)‘= 0.94

4+ versus n should be a stralght 11ne

A plot of ATi (UH) () 0)
slope = ary (DH) D) 4+ (see Figure 48). Thus from Flgure 48 ‘and
using equatlon (5) 'E v . oy 4+ 0,94

i.e. 3 4+.= 10,5 £ 1,0 moles™'1 cm™" at 480 nm,

Ti (OH) (H 0)



114 |
Aggendix 6

'Evolution of hydrogen - kinetic results

(i) Summany of results

Each SOlUthﬂ contalned a. 09200 T1(III) and 0 334M c1~ and
.varying amounts of 2,100M NaOH, Total volume of each solution was 50 mis.

R = 2,19 mls of. base.

Vol NaOH Corrected log(corrected$

'Rdn No (mls) Vol NaOH. Vol NaOH) Rate(1) ipg Rate(1) 'ﬁate(Z)
420 15.3. 1.1847 0.964  -0,0150 1,236
2 T 20 - o34 . ousos
3F a0 o Csar - »s.dpf
e - 45 $ 40,3 ~ 1.6053 “3.ia | 0.4969 3.69
s a0 35,3 1.5478 1,983« 0.2974  3.396
6 B 0.3 1.4814 1.682  0.2258 | 2.073
7 35 ©30.3 | 1.4814 1.596 | 0.2037 2,253
8 30 2503 0 1.4031 0.677  -0.1694  1.441
| 9 25 20,3 43078 . 0.333 - -0,4776 1;472' :
S0 20 5.5 1.1847  0.629 -0.2013 1,300
11 - 15 10,3 1.0128 | 0,352 ~0.,4535 0,733
12 10 5.3 0.7243 | 0.119  -0.9245 | 0.588
13 40 35,3 © 1.5478 2,088 0.3198 2,878
- A 40.3 © 1.6053 2.425  0.3847 3,063
-~ .

. Zero corraction;'hydrogeh evolution'occurs'when n>»1.5; i.e. after
4,67 mls of base have been added (including‘allowanbe for neutralization .

of freé,acid inifially.present). 'Sée also Appendix'7,

T [ricn]
F [Ti(1in)]

(ii) Kinetic data

0.0391M, [cl‘] = 0.142M, total volume = 47 mls.,

0.1840M, [tl'] = 0.668M,

Tims values in minutes,'pressure'refers,to height reading of
watef'manometer’in cm, -Temperature cbnstant‘étISO.DOC.
' : W - . R - L
¥ Data plotted as log OH  concentration in Figure 14, (CH

concentrathn is proportlonal to volume ‘of NaOH added for constant volume
solutlons) : : :
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Run 1~ - air pressure 75,50 cm Hg.

time pressure time - pressure- time . pressure time: pressure

0.0 5.0 . 5.0 . 10.60 . 15.0 22,47 35 47,50

0.5 . 5.88 6.0  11.70 - 16,0 23,74 e 153,47
'.1{é5 - 6.00 7.0 12.85 17.0 25.00 ' 45 . 58.90
150 6,10 . 8.0 14,06 -18.0A 264,25 50 64,70
2.0 6:20  9.0'5}'15.25 2000 v}‘?8-80 o s5 70,60 -
- 6.30 . 10.0 - 16.46 22,0  31.20 60 76,00
3,0 8.6 1.0 17.66 24;0, © 33,75 65 .81.25
3.5 9.6 12,0 18.81 _ 26.0 36,18 70 86,50
4.0 9.65 - 13.0 20;05': 28,0 38,76 - 75 92.00 .
45 0.1 140 21,30 30.0 41.20 2 8.5
Run.2'. air pfessQre 75;04 cm Hg.

_ time  pressure time ‘pressure time v pfeséure Ctime pressure.
0 10.25 o0 50.88 162 . 70.21 322 80.42
2 11.08 "'_' 85  '52.40  1871,' 70,80 333 j.' eb;ég ':
s 1.e 100 se.os 192 710 362 31.61 
10 13.78 105 55.70 - | 197 "71.75-{j ’3§5' , i81.si
15 16.35 110 s7.10 202 . 72,40 382 82.05
20 19.59 115 se.ap éo7f '73-95, 392 éé.oéfv
25 22,07 120 v59.56 212 73.sof 402 82.50 ;
30 - 24,80 125 '50,49: 27 74.25 412 82,50
35 27.50 130 62.01 222 : 74.48 422 82.85

40 30,01 135 62,05 227 75.15. 434 83,11v;l 
45 32.51 140 63.80 237 - 76.10 :_ 443 8311
50 35,03 145 54;50 . 262 76.50 454 83.71
55 37.35 150 65.19 247 76,80 462 83,71
60 39.65 155 . 65.90 252 75 472 8374
65  41.60 . 160  66.70 262  77.82 482  83.74
70 . 43,78 165  67.54 - 272 78.32 - 622 85,29
75 45.63 170 68.14 282 78.80 652" 85,84

8O © . 47.48 175 69.26 292 . 79.35 682 . 86,20

85 49,14 - 180  69.90 302 79,38
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Run 3 ‘air pfes;ure 75.16 cm Hé;
:timE- -préssUré, time pfessdre “time p;éssure_ “time ,pressure
© 0.0 6.0 3.5 24,38 8.0 50,55  12.0  74.95
0.5 9.18 4,0 27420 8.5 53.58 13.0 éo.as
1.0 1.5 - 4.5 29.50 9.0 56,60 14,0 . 86,80
1.5 13.55 . 5.0 3280 9.5 59.82 - 15.0 92.60
2.5 18.85 6.0 38,60 10,0 - 62482 © 46,2 99.0
3.0 21.80 7.0 44;55 1.0 68.8
v.§Un 4 air pressure 75.24.§m Hg.'
| time praséure' :tiﬁe' pressure '}tiﬁe pressure time pressure
0.0 5,10 4.51 20,30 vls;sﬁ 38.65 18 67,40
0.5 6.90 5.0 22,00 10,0 40,45 19 70.35
1.0 8.35 5.5 23.7 vf{1 44.12° 20 73,28
1.5 9.66 6.0  25.68 17 47,54 22 79.00
ij;o: 10,38 6.5 27.6_ 13 50,95 24 éa;éei'
}2.5’ V13.25 7.of' '29;28' 14 54;2% 26 '90;85'
3.0 14,88 7.5 31,02 15 57.85 28 95.50.
3.5 v16.1§v. 8.0 32.95 16 60,96 30 99,48
4,0 17.60 8.5 34,90 17 64,05
Run 5 vair pressure 75,37 cm Hg.
time :>Dressure _ timé ‘pressure time ’bfessure time. p;éssQre'
6.0 5.0 5.0 20.52 - 10.0  37.46 22 71.45
0.5 7.0 5.5 | 22,12 11 40,67 24 76,06
1.0 B.11 6.0 23,75 12 44,00 26 eo.éé_;
1.5 8.15 . 6.5  25.40 . 13 47.26 - 28 84,79
2.0 10,38 7.0 27.18 14 so.ao; 0 88.96
2.5 11.72 7.5 28,88 . 15~ ;53.35 32 92,80
3.0 13.50 8.0 . 30,65 16 56455 34 96,17
3.5 . 15.23 8.5 32,20 18 léé.oo, 36 - '99.23”
4.0 17.10 9.0 33,98 19 64.39 | |
4.5 19.00 . 9.5 35.70':._' 20 - - 66.75
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Run 6 | | aii'pfeésufe 75,38  cm Hg.
fime . pressure- time pressure : time pressbure time preésure
0.0 6.0 »6.07 17,80 . 14 . 34,45 26 55.95'
0.5 788 - 6.5 18.80° 15 36.56 27 N 58.90
1.0 e;es. | 7.0 19.80 - 16 38.56 28 60,55
1.5 9;50 7.5 io,éA,, ;_’i? 40,70 39 :_ . 62.85
2.0 © 10,26 . 8.0 21,88 ,'15 . Avaé.ssi 30 64.55
2,5 . 11,30 8.5 © 22.88 19 44.50 :' 3ég | 66.20
3,00 12,08 9.0 23,935 20 46.68 34 71.60
3.5 12,92 9,5 . 24.94 21 48.63 36 75.10
4.0 - 13.89 0.0 25.97 - 22 . 50.65 - 38 . 77.80
4.5 14,83 11 28,07 23 52,49 40 80.95
5.0 15,77 12 30,25 24 53,51 . 45 88,00
5.5 16,80 13 8.3 . 25 saes
Run 7° . air pressure 75.'0'8v cm Hg.
time | praséufe fime pressure | f.iﬁle : préssbre | ‘time _ p‘_resv.su,r.e
0.0 5.0 5.5 15.40 12 . a0 26 60.63
0.5 6.80 6.0 16,75 13 B 32,46 28 64,49
1.0 7.53 6.5 17.90 14 .; ‘34;69‘ - 30 68.49
15 825 7.0 19.23 15 36,94 32 72,25
2.0 © 9.09 7.5 20018 . 16 39.29 34 75.90
2.5 9,88 8.0 21.10 17 41,48 36 79.60
3.0 10,74 8.5 22.30 18 43,69 . 38 - 83,08
3.5 11,40 - 9.0 33,35 BT   :45.§0' 40 86.45
4.0 12,36 9.5 24,55 . 20 48,02 45 " 94,25
45 1330 10.0  25.80 '22 ) 52,30

5.0 14,41 11.  28.09 24 - 56460
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Ruﬁ S. . . air pressure 75,58 cm Hé.
| time pressure _timé.rpresshre time >pressure time pressure
0.0 4,60 6.0 10.45 .. 14 20.88 32 . 46,25
0.5 6.2 - 6,5 10.87 15 22.29 34 48,98
- 1.0 . _6.55_;‘ 7.0 11.25 16 _.25.557~ 36 51,eof_
45 7.20 7.5 11,80 - 17 24,70 40 5706 -
2.0 . 7.52 8.0 12,30 - 18 . 26,47 45 64,07
2.5 7.82 8.5 12,86 - 19 27.87 S0 70,21
3.0 8,13 9.0 13.48° 20 29,17 55 75,97
3.5 8,50 9.5 14.20 22 32,00 60 81.40
4.0 8.82 10,0 14,88 24 34,94 65 é5.§0
4,5 9,22 11 _16.14'{f 26 - 37.89 70 91,25
5.0 9.65 12 7.5 28 400 75 858
5.5  10.08 13 19.59 30 © 43,53
Rﬁn S air pressure‘75,58 cm Hg.
| time pressure . time -pressure ‘timeA . pressure 'timé . pressﬁre
0.5 7.0 6.5 10,00 15 20,75 36 51.44
1.0 7.45 7.0 10,30 16 2227 38 54,37
1.5 7.95 %,5 10,82 © 17 23.51' 40 57.28”
2.0 8.2 8.0 1130 18 24.90 45 64,07
2.5 f 8.41 8.5 11.85 19 1-25.30 s 70476
3.0 8.60 9,0 12g35' 200 - 27,75 55 : ?7.09
3.5 8.75 9.5 12.92 22 30,89 60 83,31
40 8.92 10,0 13.88 24 33,92 65 89,41
'4.5_ 9,12 1 .,{5.37' " é6  © 36.85 70 95
5.0 9.0 12 16,70 vfzé | . 39.85
5.5 9.42 13 18.24. 30 42,70

6.0 . 9,56 14 19,51 32 45,67
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Run 50 - air pressure 75.77 crﬁ Hge
time _ .pr.-eis_sure_. time i pressure timé px.'es>sur-e .tifna préssu'reA.
0.0 8.0 6.0 12,87 14 22,10 32 45,00
0.5  8.85 6.5 13,30 15 23,30 34 47,49
1.0  9;é0 . 7.0 . 13.82 -f 1s 2451 36 50,15
1.5 9,80 7.5 ; ia.a2' 17 - 25,70 38 52.56
2.0 10;30 8.0 14,92 18 26.92 40 55,49
2,5 10465 ,-845 15,37 19 28,20 45 61,59
EX R 10,98 5.0 15.85 20 29.sb'x ©so 6766
3.5 11425 9.5 16,60 22 32.01 55 - 73.80
40 11.57 10,0 17.22 26 34,60 60 79;59:
4.5 11.89 11 16.77. 26 37.23 65 85.38
,_5’0 12,22 12 19.98 28 39.86 70 90.98
5.5 1255 13 20,91 30 42.60 75 95,55
Run 1_1 ' bair présstj;e ’fo?S cm Hg.
time presbsu.re '-vtimlte pressufe 5 t'.ime ' ;preséuxje _ t»inj‘e-v pr,ess'UreA_
0.0 7.50 7.0 12,53 19 20,18 ss 45,90
0.5 8491 7.5 12078 20 20,70 60 B 49,45 |
1.0 10,18 8.0 13,000 22 22,20 . 65  52.95
1.5 10,40 8.5  13.27 24 23.56 75 59,50
2.0~ 10.60 9.0 13.48 25. 24,80 90" © 69,01
2.5 10,78 9.5 1371 28 -26;30.' 95 72,28
3.0 10,90 10.0 © 13.89 _30,‘ 21,77 100 75.24
3.5 . 11,05 11 14,66 32 29,05 10 81,05
PR 11.21 12 15034 3 30,49 f120“ 87,03
4.5 11,33 13 15,91 <36 31.95 130 92,77
5,0 11.60 14 . 16,60 - 38 33.40° o
5.5 11,87 16  17.47 40 34,99
6.0 12,06 17 18,86 45 38,67

6.5 12.33 18 . 19,53 50 42,32
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Run 12 a.i.r.' preséur'a.'.?vs.51 cm Hg.
.time pfessure time  pressure '~time- : préssuref. time . ﬁréséuré
0 . 7.0 16 - 9,55 30 16420 50 27.32
10 7.0 7 9.90 3 16,95 55 31.60
2 7.19. 18 10,35 32 7.3 6o 32,64
4 760 19 10.80 33 17,40 85 35,30
'Ae  7.80 20»-n 51.23" 3 '1' 59,00 70 37,93
.7 7.88 . | 2 11.65 35 E 20,04 75 40,60
8 8.0 22 12,50 36 20.50 80 43,21
9 8.0 .23 12,50 38 21.00 85 45.78
0 e2s 24 12 39 . 21,80 90 | 48,43
Mo 8,40 25 13,35 . 40  f':22.20 95 51,01 -
2 861 26 13.80 e 22,80 105  56.41
13 B.85 27 1455 42 23,39 111 61481
14 9,05 28 15,20 43 24,06 120 - 64.4
15 . 9,30 29 1s.ab 46 __25.D5’
Run 13 air pressure 7:;.6.7 cm Hg.
| time pressufe time_ pressure timé - bressure time ‘pressure
0.0 6.50  5.0. 19.83 10,0 33.88 20 61,45
0.5 - 9.20 . 5.5 20.98 1M 36.85 22 © 66412
1.0 10.08 6.0 22,40 12 39,70 24 70,50
1.5 11.1b 6.5 23,77 13 42,70 © 26 75,08
2.0 12,12 7.0 25.30 14 - 45,30 28 79,54
2.5 = 13.18 7.5 26,80 45 47,90 30 84,00
3.0 14,32 8.0 28,12 © 16 50,70 32 88.20
3.5  15.38 8.5 29.50' 7 s3.40 34 92,07
4.0 16,90 8.0 31.50 18 . 56,20 36 o5.54

4,5 . 18,50 9,5 32,40 19 - 58,74
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Run 14 air.preésure 73,63 Em'Hg.
time pressure timé pressﬁre time pressure _time' pressurei
0.0 . 4,50 5.0 19.30 10,0 34,60 20 62470
0.5 5,75 5,5 20,65 11 -; 37.65 22 67.55
9.0 702 6.0 2218 12 . 40.65 26 77.02 .
'1;5,i.v'v9;08' 6.5 23.80 - 13 . 43.67 28 81.60
2.0 10,40 . 7.0 25,40 RIS 46,45 3D 85,87
2.5 - 11.62 7.5 26,97 15 49.20 32 90.07
3,0 12.83 8.0 28.50 16 51.90 - 34 93,80
3.5 14,35 8.5 30,00 _4? © 54,61
4.0 15.84 9.0 31,55 18 57.57
4,5  17.40 9,5 33.00 19 60415

~The volume of the apparatu§‘was found to be 236 cés.
(iii) Theory
Since sMali bore fubing Qas used in the manomatérs (;~1mm i.D.)
'th; change iﬁ volume with increasing pressure‘ié negligible and thus ffom
the gas equation |
T o= o8
undser Conditionélof constaht volume and temperéture, the cﬁahge in é;essursv.

-is directly proportional to the change in the number of moles.



Appendix 7

Kinetic fesults conﬁ.

Calculation of n at.[oﬁi] 0.20M for a solution containing 0,0920MTi(III)
and 0,334M C17. | S
[c17] -3 [Ti(III)]'

= 0.334 = 0,276 = 0.058M .

0

For this solution [H+]

.*. Concentration of base after neutralisation of free acid = 0,200-0,058

i.e. effective [pH‘]': 0.142M

R = ratio [on7]: i}
0,142 | -
5555 1.54

i.e. Frbh Figures 13 and 15, hydrogen evolution occurs in solutionsvwhére

n Y 1.5,



Aggendix 8

Calbulatioh of pKu iﬁ 0.41M NaCl at 22°C

The vériatibh'of'pKQ with temperature For,waterzg ié‘given in">

-Figure'ﬁé. Thus at 229C the idnic product of water is .

'.»[Hgoggﬂj“ Rt

For 0.41m Nac®®,  Bu¥ow .o
= 8 : 1=l
now K, = 3H SoH . [HH]UIUH] .
' ®H,0 - [H20]

2
- 1§g'<xH §DHV)'- log [H*][oHﬂ

auzo' ' [320]

;.°'me

.= 04275 + 14.400-

i.e. pK = = 14,375 for 0.41M NaCl solution at 22°C.
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Appendix 9

Theqrx for the calculation of K12, K22, K

K., and K
"sp

. fFrom equatlon (16) of Chapter 2
. [Tl (DH (H 0) 4*] %
lTi(H20)63+]lpH ]
LD (o005 ]
[H*] {ow7) '[Ti_(H20)6;+J[H2-0] |
From equation (13) qf Chapter 2
/312 f'='[T%é(0H)2(H2°)Ba+] : [Hf]

Lrsu,™ ] L]

" e e log K12 =v-pKw + log/?‘12

22
From equation (17),of‘Chapter'2
4¥7
k= LTi(0M),(H0) "]

2
’ [Ti(oH)(Hzo)sz*] 2

From equation . (6 ) of Chapter 2 '

/K31 [Tl(DH)(H 0)52+]LH+]
[Tl(H o) 3+JlH 0]

2

22 /312

o e log K22 = 2(109 - log/$ )

Thus - from equations (3) and (6) K

From equation (23) of Chapter 2

3 [Ti(oH)(HQU)SZf][UH'Jz

'(1') '.

(2)

(3)

(@)

(5) o

(6)
(7)

(8)

C(9)
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14.6
14,4

14,2

K

- log

14,0

.1308 - _Avl' 1 .
. 10 - . 15 ‘20 ’ 25 . 30
L ~."" "Temperature °c e
Figqure 49, . .
Ky i 1 E [ﬁf] S .
B T L TS s B
From edﬁation:(19) of Cﬁapter 2
: +2
A -l )
3 | [Ti(QH)(H20)52+] - 0N
T log K3 = 2pKu +. iog/ég' | - (12)
For Ti(OH)S(solid)
, B4 - .
Kep = [Ti(H20)6_+]LDH”] | o o (13)
_,' ) g N - ’ ‘ -2
_ [ra(n,0) >*|{oH] . ;{Ti(OH)(H20)52+][m1]. N

(14)
[Ti(ou)§H20)52+j R o
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" From equation (10 of Chapter 2

. ' 2
) i [ Ti(om) (H0). %]

o ._[Ti(H_20)63fJ['F]H_]:

'Thus ffomfquatibns (9) and»(15) '

;.e. 199 Ksh = - ;og K1»_ 1og_K

(15)

~a®)
“7n.
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© Appendix 10

'-Célc018tioh of extinction coéffigient of dark blue species

‘Absorbance data at 740 nm for aquilib:ated'individual_
_solutions in the region 1< n<3 (i.e. 0< m<1) containing the dark blue

" .species are shown in Table 9., Each solution contained .

fabie 9,
:Absorbancékﬂ) ._ 'v:(1-;)ATi (D;) (H.d) 4+ fACONPIGX
. per cm m : 2" 2'° .2 '8
0.777 . 0.000 o 0,777 " 0,000
5.07 0,074 o 0.720° o a3s
:7;60 - : 0;153 I 0,654 R _ 6.95
10,67 0.242 o Ca.ses . 10.08
14,78 0,326 0.5 | 14426
© 15423 0.411 0.458 YR T
17,5 0,495 0,392 o - '16.75;-
19.85 0.579 . EERTI 19.52
22,85 - . 0.663 - '0.262. e . 22.59
26,7 o.r . o.ae7 o 28,5
24,3 | d.azz- o | S 0.3 L 26,2
0.62 - -0.916 S ': 0.065 " 0.55
0.06 - 1,000 , | © 0.000 . 0,04
* A |

TiZ(OH)z(H20)84+ at 740 nm calculated from absorbance data fig. 6,

initially 0,0950M Ti(I1I1) and 0,364M C1~ énd varying amounts of 2.000M
'NaOH, The absorbance was meaéu?ed using 0.1 cm cells. The absorption values

for the dark blue complex (A ) were calculated using the theory out-

complex .
lined in Appendix 5. A plot of A "versus m should be a Stréight line-
: _ complex » _ o : ST
~of slope aﬁdmplex (Figurg 50). The scatter of ppinﬁs at the highar m yalués

is largely due to small amounts of the cohplex settling as a cpllqidal>gel.
In the last two solutions most of the speciesjis precibitated. The slope in

Figure S0 is 43,6. Thus from equation(5) of Appendix s’ééomplex = Bﬂgéga



Absorbance per .cm

ice &
. © . -complex

L1280

*Estimated error.,

0.8

=" 460 i‘20*vmc:ltas"qlv.{t';res bmﬁ1, at 740 nm,

-



'Aggendix’f1

‘.,'Calculation of stability constant fop the 1:1 .complex.

T1(NC5)(H o)

'Fbrvihe reaction TL(H 0) + NCS™ e== Ti(Ncs)(Hzo)s?+ +'H20
S [Ti(Ncs)(H20)52+} . o .(
K, = - - - (1) -
1 : 3+ - o o
- [i;(ﬂzo)ﬁ. J[Nps ] .

Assuming that the formation df.a 1:4 compiex.canbbe.neglected in diiﬁﬁaA-'

’Atﬁiocyaﬁaté solutiﬁns, the ébsorbéhce 6% fhe.s01ution will ba-giVeh by:

A ,;_E,,5;[713f] + & 2+[fiN032+j fo£-1 em cells (2)

: Ti _ TiNCS ' o oo .
l(note; ammonium-fhiocyanate'solutiohs'hava zero absorbahcé in tﬁe

wavéiéngth région étudied). The~totél.titahium cénéehfrétioh ié gigén

by » S »> ', | C B . : | o v

S [rauny = [Ti;fl; + [TiNC32+J* = constant f:V‘g o (3) -

Substituting 3 in 2 and rearranging gives

TiNgs? € o+ [riam]e o (a)
[ | ]{TiNCSZ T13% g i :
But‘{}i(lili]g' 3 = A, = Initial absorbance reading. Thus
, Tt ' » : oo
,[TiNCS2+] = g A:_- Ao ;(5)
o ¢ -
Tines?t Tt
[Ti3+] = [%1(111)] CA=RA ~ (6)
- : ffT 2+ - &3+ o -
: iNCS Ti »
~f[Nc5’] = [Ncs J A - Ag, B o ()
- TiNCS S Fas R o

where [NC§jr otal thiocyanate ion concantratlon. The valuas.qf thé

concqntrat;on.terms in equatlon 1~are given by equations 5, 6 and 7;'
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The value oF‘E' ' ~wasiobtainad by substituting uafying numerical values
TiNCS :
'1n the above equatlons until the best fit of the data was obtained, since,

lT1Nc52+J ,
From'equatlon' 1 a plot of - 3+] versus [NCS_]should be a stralght line

[r

-The absorbance data at 500 nm and 600 nm for a serles of

2+

. of slope K1.
individual solutions are~shown in Tables 10 -and 11. Each solution contained |
O, 0920M T1(III), D 334N c1” and varying amounts of NH NCS up to:0. BAN. ~Total

‘volume of each solutlon was 50 mls. Absorbance values ‘were measured using

0.5 .cm cells.



131

\ ' Table 10

Data at 500 nm

R A [Ti(illﬂ-fzfq [Ncst [vcs™] Lranes™]
(Absqrbance‘ per cm) At o E at : : [T13+] S
': n.342 0.0000 . 0,0920 | | D.ooo»: Q.oooo~; ﬂ;D¢U0'
0,444 o .6,0051 | 0.0869 0,030 0.0249  0.0587
0,540 . 0.0099 - 0,0821 0,060 0.0501  0.1206
0.638 . .0.0148 0,072 0,090  0.0752 0;1917 
0,720 0.M89 0,073 0,120  0.,1011  0.2565
0,79 0.0226 10,0694 0,150 0.1274  0,3256
0.864 0,026 0.0659 - 'o,ﬁeo | 0.1539  0.3961
0928 0.0295 o,dsza. 0,210 0,1808  0,4650
0.982 ~ 0.0320 | 0.0600 0.240  0.,2080 10,5333
1,044 0.0351 0,055 0,270 _'0Q234§ . 0.6169
1.096 - 00,0377 - 0.0543 0,300  0.2623 0.6943
1,176 - 0.0417  0.0503 0,360 0.3183  0,829§
1,248 00453  0.0467  0.420  0,3747 0,9700
1.306  0.0482 ' 0,0438 0.480 0.4318 " 1.1005
1,364 © . 0,051 10,0409 0,540 0.4889 -‘1.2494
1,420 0,059 0,031 0,600  0.5461 1,417
10506, . 0.0562 0,0338 q.7éq - 0;5618 1.7219
1;584 o 10,0621 0.0299° 0.840  0.7779 2,0769
£ oy = 23;7*'moles-1l cm-j, oo calculated'e 2+(540 nm)’ o
CTanes®t o TINCS .
= 27.3 holeg_ji 6m.j? £ 3y = 3,72 molesf1l cm-T,
A o Ti
'.'»ETi-IQCSZ+ '- eTi3+ ='AE_=' 20.0Amoles-1l 'cm-;]'
.

_yaluevgivihg'bést fit of experimental data,
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..&—"}’M‘ '

~Table 11

Daté‘at 600 nm

o | A-A . h-A L o

o o Mg ; o -1 o= L1incs?t)
' (Ab_s_;o_rbancre per cm) . A £ [Tl(III)l -A_E [NC_‘SVJT [NCS_j v [Tl3+] .

. 0.192° .. - - 0.0000. - - 0,0920 0,000  0,0000 .0,0000

0,282 o © 0.0050 _0.d876',": n.ozd. 1Q.0250___d;ds75’
0.370 © 0.0099 | 0.0621 . 0.060  0.0501 J0;1?06"
o052 0.0144 | d'°7751. 0,090 0,0756 01856
o.s24 0.0184  0,0736 . 0.120 0,{016 0.2500
0,594 00,0223 0.0697 . 0,150  0,1277 0.3195
0.656  0.0258  0.0662 0,180 0.1545"v0;339§
0,716 0.0291 0.0620 0,210~ 0.1809 044626
0,764 0.0318  ° 0.0602 _0424ovi_vo.2dsé' 0.5282
o.e20 0.0349 0.5 0,270 0,2381  0.6112
0.856 " 0,036 0,055 0,300 0;2631 0.6697
»O.Qjﬁ - ooas 0.0507 0.360  0.3187 0;8546
1.0080 . 0,0453  0.0667 0,420 0.3747 0.9700
1066 0.0486 6.0434 0,480 0.4314 1,120
 1.124 © 0.0518 . 0.0402. 0.540  0.4882 1.289

1.178 = 0,048 - 0,0372 0,600 . 0,5452 1,473

. o4 = 20,1 moles "l cm ', .°, calculated 2+(540 nm)
T TiNeseT , SR Tincs?t

34" 2.09 moles™ 1 'vcm-‘lv, Aé=18.0 moles™ 1. cm™ .

= 26,7 moles™ 1 cm-'.‘lv-," E
ol ' . Ti

‘Plots of the data at 500 nm' and 600 nm are shonin in Figures 51 andV5_'2. .V'A B
good straight line fit wavs:obtvained upv to thiocyanate ion concentratipné of
" 0.4m, At higher cbncentrations the curve deviated from the straight line,

'invdit_:a.ting that the formation of the'1§4 spe;’:ies.was beginning’. to be

Cow . . : ,  ' . © . Y
"{value.giving best "f’it of experimental -data )
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1.4

-ﬁ;ZF

:f:1.§rj.

 foaes?|
[Ti3+]'_7

| .004",

P 042 -

N ) g ) : g n

a0 0 3 04 0.5

Lo ldv

o es)m

. Figure 51. . -

_.signifiCEnt in these solutions, From the siopes:ofbthe'curheég.K1vwas

dound to.be'2.57 and-2,55-réspectiVély.
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~'AEEendix 12

talculation of ‘stability constant for the 1:4 complex Ti(NCS)a(HéD)é-.

For the reaction Tj.(NCS)(H20)52+ + 3NCST e==Ti(NCS),(H,0) )~

o _[Ti(NCS_)A(Hé"U);] | L o
'14. , [T_i(N_cs)('Hzo)gf"][N_cs“]v S - .-'}-_(1.)

*'In concentrated solutions, the absorbance of the solution is givenvbyi

«“‘A‘A=. <,€Ti_§+[T1 +J + &Tmcsz’" [TlNCS J +'&Ti(Nc's)ZJ R ¢}

- for 1_cm‘palls; 'Frbm'equation 1 nF‘Appendik 11,

[T1Nc52*j;‘ k1 [T‘i3+j'[NCS-] L o (3)

- and from equation 1_,'[11-(Ncs)‘].=k K, [T’i"”'_],wcs‘} e O

The total tltanlum(III) content of the solutlon is glven by.

| [Ti(III)] [T13+] + [_Ti‘ncsz"] -;-"[Ti(NC.S),ZJ_; .;cons{?a.nt o | (5)

‘Aftér substituting‘equations 3 and A;'eqUétion 5 becoméS:

A.[fi.(III)T],:? [T13+]§1 + K:*[Ncs | + KMK1 [Ncs 1%} :_ B f '} (6)

‘Substltutlng equatlons 3, 4 and 6 1nto equation 2 and rearranglng

to separate K glves.

14

Kigfr-¢ Ti(NCs) [Tl(III]} [Ncs.]d :-E 3+ [‘Ti(III)]‘-A + ET Ncsz‘,,._.'.,.
ll_Ti(III) [Ncs J-AK[NCSJ |  " o .___('.,)' "

S writing Ao for E 3+ [TI(III)J for & 2+ [Ti(III)]'and"

. Ti NFS

& o
Ay for Ti(NFS) Ti(III)] ’ equatlon 7 81mpl1fles to.

, KM{&A - A? K, [NCS ]“ T.A—Ao' -ll-'(.A-v-A":)jK{[NCS.J‘ : '} I:(‘s)--,

A ;;is knouwn for@T13+, and K1.and_A1 are known.For_TiNC52+. ‘The

'éduilibrium thiocyénaﬁe,concantration.is givén bys
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[ncs™)= [nes™]- o o= LTLNCC ] - Q[Tl(NCS) J S )
. total _ ] : - -
pravér,vfpr a weak'1:4.compIEX'iﬁ solutions containing high
" thiocyanate ion concentrations, equatién 10 becomes a goud éhprox—
imatioh'andlequilibrium thibcyanate.cbnéentrétions were calculated
thms way. o E : R R R
LNrs fwcs Tiots 5" [Il(III)] o o)
. . { : ' _ s . co a
,'Slncela graph.of{A - Ao) + (A - 51)K [NCS J.v?rsus (A4-_A)K1 LNCSAJ.

the value of A' was obtained

" should be a stralght llne of slope K14, 4

'by substltutlng varylng numer1cal values Ain equatlon 8 until- the best
fit'of the data was-qbtained. . .

.The.absorbance data'atASZO_nh‘énd 560 nm for é;se?les of indiVidual ;
sglﬁtiéné are shéwﬁ in Tables 12 and 13. ﬁacﬁ solution contained_

o;osadm Ti(i11), 0.263M le_éhd.vérying'amoﬁntsiofINHaNCS up to 7.20M, -
JTotal,valuhévbf éachfsol@iion Qés‘SD hléa '5b§ofbahce}valhgs.Qera.

- meésuréd pélng:b.s ém céllé;_ | |

Table 12

Data at 520 nm For 1 cm cells.

(A + A ) +

4 (A-A )K [Ncs ]

T
[ves™], ,[Ncsf] (Apso:bance per'Cm) (AA-A)K1[Ncs,J

0,00 0.000 0,126 0,000 0,000
1,60 1.573 . 0.812 .. 10,9 0,360
2.40 2,371 0,958 44,67 1,227
3,20 . 3,170 . 1,098 T 106453 . 2,636
4,00 -3.969 © 1,78 . 210.83 - - 3.948
4,80 4,769 - - - 1,268 . . 320.36 5,720
5,60 5,568 1,354 . 383,78, 7,798
6440 - 6,368 - . 1,402 | 454,62 9.574
7.20 7,168 1.436 . . 500,10 11,273
K, = 2,56, A, = 0,893, A, = 1,510
1 A 1 T4 o . R
§ : 4 - =1 -1 . - : :
i.e. =4= = 44,4 moles ' lecm , ..%, calculated E . (550 nm)
[Ti(IIIH , o o T1(NCS)
-1 . o

49 9 moles " em .,
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" "Table 13

Data at 560 nm for 1 cm cells, -

U Y - | SR (. A R
[nes™]; ;LN;S ] (Absorbance'pe; 9m)_v' (R =R)K, [NCST]" (A=A, )k, [NCS]

0.0 0,000 0.106 0.0 ~ 0.000
1.e0 1573 o.e2a o 16,5 0.372
.f{é.bd< 2.3m. '0,988' , “‘ o 6{.7' o 1,355
3,20 3.170 1,130 e 2,809

B 4,00 3.969  1.256 ;A O 313 fi‘ | 4.666:_-

4,80 4,769 1.368.: S sosar 6.853
. 5.60 5,568 ,1;460f o 713;4_, . 9.9
6,40 6,368 s o eera .t. = ,:11;775

7,20 7.168 - 1.604 - 9867 . 14,233

= 0,910, ‘A, = 1,750
1, .%. calculated £ _ (550 nm)
e : .Ti(NCS)A L -

- f.e.'vga = 51,5 mo;as-1lvcm-

= 51,8 mples-1l'cm-1;-*value giving best fit of experimental data.

Vpiots of fﬁavdafé ai.SéOvnm and ssdlhm-afé shown' in Figures 53'an§.54;
éome séattef in ﬁhe'déta,uéé ﬁbsefvéd due:to magﬁification of expé?ihentai
er#ﬁfs‘by ﬁhé Ath'ﬁOwér.gérhﬁin the paicylation; From the slopes qflthe‘
'curvés,iK ‘ ' ‘ | ' .

14”was_f0uhdftd be 2.1 x 1Of2‘ahd 1¢4 x HQ-Z r?sbectively.
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Appendix 13

CaICllatlon of formatlon constant For 1:1 mlxed ox1dat10n sta te QQec1as.

(i) Theory
. For the reaction Ti(III) + Ti(1V) &===Ti(111)Ti(1V)

) ﬁﬁ(rn)rinv)] |
Fiam]frian]

FprAcontiaudQsﬁvariation ablutinns,ﬂiotal'absorbanba is_giuen by:

A “f'aa@'_ci +1.'ay,<.1,—'vj-c>.+'ac¢‘ . (2)
 uhére v = total'moie fractibﬁ of Ti(IQ) present, 1= v % totai mole
fraction of T1(III) present, and c ; ﬁola’fractioh ofvdimer forméd.
| 3, a,. and ac = the relatlve absorpt1V1ty coeff1c1ents of T1(III),

Tl(IV) and dimer. respectlvely. Reartanging'9quation 2 gives

A ALY —.a (1QV) vé .p<ac f'84 é;a3)' (3)

i.e. AD-= cAa v (4)

where[ﬂ) A - aav - a (1 - v) being the 30b dlfFerence parameter. In-

tha limit as v ) ﬂ, cC = v, and slmilarly,'ln the limlt as (1 - v)

) O, c = (1 - v) _ Therefore, from_equat;on 4

S @en) = - o@An) CaAs (s
(dv u=0 ( dv ) (1-‘\;):0 '

That 1s, the slope oF the tangents to the curve at v JO and 1, Qive
the relative absorpt1v1ty coefficient . leFerence (ZXa) of the complex.
leing these values of Aa, and equétions 4 and 6, and’ADmax data, the.

equilibrium constant K11 was calculated.

K11-.= _c : - PR (6)
- (v~c$g1-v-c) : '

(ii) Thiocyanate system data -

100 ml.solupion containing'O;USADM titanium, 0.261N'C1-; and

G.QUNVNHASCN. The ti;anium(lli) content of the aolution at various stages
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.més determined by titrating 2 ml'aliquots~with:U.D?HUN Fe(NHA)(SDA,)2
-sdlutioh, uéing a 5.ml micro~burette. The absorbance data for the
solution at 450 nm and 470 nm are given in Tables 14 and 15, LD.S cm cells
Usad}.

Table 14

. Nata af 450 nm

a, = 0;245 moles-1l'cm-7; a, =,1.302‘moles-1l 06-1
: A ' , o o
(AbSOrbance per pm) 1=y 183(1;v) a8,V ' AD
_o;zééf . 1.000 o 02480 0,0000  0.0000
v:'o.éia' PR n.aei 0.2210 0.1420 °  0,2150
0.886 0,785 0.1872 0.3190  0.3498
' {;216 H:' o o.sés - '0.1302,‘ : ’d.6184  D.4674
1a296 0.304 . 0.0754 10,9062 - 0.3144
| 1.324 _  : 0,109 0,0270 ©1.1600. 0,1370
1.362» ,_ “ i 0.000 0,000 _:'1,3020: 0,000
 Table 15 -
Data at.&TD nm
a, =-0;666'mdlés-1i cm-1; a, = 0.422 molesf1i émf1
(Ab‘;s‘orbanc.'e. per cm) - ST A a3(1‘-v) - 3,V | "~ AD
0.486 1.000 - 0.4860 0.0000 0,000
0.584 0.891 6,4330,' - b;oaso | -0}1070'
0.646° © -~ 0,755 0.3670 = 0.,1034  0.1756
0.688 0.525 0,255 _'0.20041  - 0.2326
0.622  ’ . :, | 0&304 - ’b,1473 10,2938 0.1604
05500 0,109  0.0530  0.3760  0.0710

0.422 - 0.000.  0,0000 = 0,42200  0,0000




yaz
'blotg of QD Qar#us v'a:e sﬁoun in ?igure 26; Tﬁevélope of the tanéen£ )
.ﬁo thé;cd;ye at v=0 énd 1, gives ﬁhé_rélative absbfptivity coefficieﬁt-
6F'fhe compiéx;:égiv Unless a stable_complex'is formed, tﬁese tangeqps a
- ganndtlbg_pstimated.with aﬁy a;cﬁfacy. Hpuever tahgenté’to the curves
Qére'éétimaﬁed and -the Qaiues 6Etaihéd:toge§hef withlthé calculated '

'correspohdinguk ) vaers1are given in Table'16.

1)
Table 16
SO . g} . ~({daD) I
Vavelength(nm) (dv )v:G A | (ﬂv JL=1- LY
as0 237 2.2 . 1,33 1643
&0 1,60 1.2 0.67 14,7

“The larga varlatlons in K,, are a result of the experimental errors in

11
'estimating_thé tangents to the curves, because of the low stability_bf '

" the complex. -

(iii) - Sulphate systém'daﬁa..‘
VUsing'tHe'dafa repdrted by'Gorosthénko and Gddnev563 replotted
Cin Figure 39 the tangents to. the curve were eqtlmated and the values

_ obtalned together wlth the. calculated correspondlng K,, values are given in 

» 11
o Table 17

Table 17‘.

limit L yalug S . .K11’.

daD e o R
\dv =0 - 032180 . 1013

- (daa0) - - R
dv =0 - = " .0,3127 L B
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" Appendix 14

Calculation of formation constant for 4:1 mixed oxidation state species. -

Let the total molebfréction of tjtanium(lV)_brésent' = v
Let the total mole fraction of titanium(1711) present = 1 =-v
- Let the total moie ftaction:of dimer'présent = ’= c

"_Let'as and a_.= the absorpt1v1ty per cm, .per mole fractlon of tltanlum(III)f

’ and dlmer reqpectlvely. Tltanlum(IV) doas not absorb under these,

-f condltlons in the wavelength reglon studled. fFor the raactlon-

| aTl(III) + Tl(lv)-———:eé (Ti(III)) (Tl(IV)) B - (1)
A:the total absorﬁance oé tﬁé solutlon is given by ‘

-A =-;a§ (1“f vlf.éq)  + acc _.., ’:2:;' . '_Hi'..i, (2j'.
féarféﬁg;ngléqQation:(45) éiyes o

ey () = e -day) @

3Qméo 2 caa     ‘ X L ’ “E'M) 
;wherez§D =‘Af- a3(1fv) is the Job éifférenﬁé.paréheter.j | |

- Absorbéaée,dafa at 476 nm énd 530 pmvéfe shﬁwn in Tables 18'and.1§.

Total titénium conéentratibn}; Q;082§M; tbtél cﬁloridenion'éoncentrégion

0.478M, total .sulphate ion concentration (as ammonium sulphate)

0.894M,
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V.Tabie 18

‘Data at 476 nm

.. . (Absorbance per em) - . (1-v) a (i) 4o

b.zSév 400 0,258 ) _j'i ‘ 0.005
0,292 0.993  0.286 . 0.036
"’0;352_'AA o }'d.gséf'-‘  o.2se o008
g.a36 0,973 10,251 -  oaes
0.550 e '_10.955 L 0.4 0,304
'0.630 .,-  ,:;'o.ési 0 D.262 '-__ o 0-?88
otz 0.904 . . q.233 o 0,490
Cours 0.881 0,227 0.548
:d,eoa': - _f"  ,b‘797 - 1;0;505' - 0.599
"Q.76§v '2 S S0.700 e ‘fj’o.Séz
0,678 o 0.540 "_,0;ﬂ3§ ' - 0.539
0572 ': 0;433. i' 0.{12A o 0.460
0,4§6 - "..‘." 0,344   _ 0,089 - - 0.407' 
o8 - 0.252 fv» 0,085 | 0.3

0,232 0 o 0,037 0,195




145

> .. o Isple 1y & .

Data at 530 nm
g » ( i
. A o L, -
"~ (ARbsorbance per cim) . (1=v) - . 33(1-v) ' . AD

Co.388 “1.000 0 0.388 0.000 -

‘0.5 0.993 - . © 0,385 . 0,030
. : | - L v co
0,459 | 0,985 - 0.382 0.077

0.524 RS 0;973A A‘-': 0.378 - 0.146
- 6.610 - _: | 3 G,st" o n;3%q . ' g' 0;240”
0.667 T puame e  0;364 0,303
o 0;733‘->v S 3'0;9Q4'~ | _6;351--' - 0.382
0,783 -  V._*.'. 0,881 Coam2 0.4
o790 0.797 io,sogt- 0.8
x_d.?éé_. S | ;'0;701. ;.:»'; 0,212 0,470
.ean . 0.540 .' w210 0.438
'f;.ﬁ;sso o _' ,fo.ajs" 0168 o 0.382
0,473 o oes 10.1;3 - oéjad’:
';,0.359" . | 3 j.=0.252 ' | :,o.bga. o }:,LU;2§1

0,217 . . 044 . 0056 - 0,167

In Fhe‘llmlt as.v-;0-,'1c =V énd'(_dv )v:@ =D a. il.e._Fpr é plqtvpfvéko

versus v, the slopétof the tangent to the curve at'g=0 gives the .
'_ absorptivity cpeﬁﬁi@ient'of the complex éc} Thus for aquation'(l)_
s oaam, (i)

C [Ti(;LJﬂ“[Ti(;v)]-

'(5)'.v'

e

e R e L (s)

'-f Usingy a values Obtéined Frpm'the'tangents_tb the curve FigUré_dO and
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A D values at v=0,203, C at v=0,203 was calculated using equaﬁion (a),
and KM:' was calculated from this data using eauation(6),Also, from »
~equation (3)

'A_g = ac' - Zxa3

" The abs'ofptiVity be_f t'ivtanium(.-III)_atom for the complex is

ac

- and the exti’r'ictiqn coaf‘ficient‘ of the comp:lex per titanium(III) atom is

given by %’= % . R - (8)
4_[T1]'

- The results obtained are summarised below

T o)

. N : . SV TR i
- Wavelength dAD o C - K & moles 1 cm.
_‘(nm)g (fac—)v=o (v=0.203) a (mole )
476 6.60 - 0,0908  22.8 2341

530 . 5.85 0.0822 14,2 22.4
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