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"Some Contributions to Oxo, Fluoro,and Peroxo 

Chemistry of Boron and Titanium 11 

Abstract 

The above mentioned thesis is based on the results of studies 

involving syntheses and assessment of structures of some oxo, 

oxofluoro and heteroligand-peroxo compounds of boron, and 

syntheses and physico-chem~cal studies of heteroligand-peroxo 

complexes of titanium{IV)o Further, the thesis also contains a 

direct synthesis of alkali oxotetrafluorotitanates(IV). The 

subject matter of the thesis has been distributed over eight 

Chapterso The results described in Chapters 3-8 have been 

grouped into two parts, viz., Part A and Part B. While Part A, 

consisting of Chapters 3 and 4, deals with the studies on 

the above mentioned aspects of boron chemistry, Part B, which 

includes Chapters 5-8, contains the results of studies on 

titanium(IV) chemistryo 

Chapter 1 presents a ~rief introduction pertaining to 

the research embodied in the thesis. It highlights (i) th~ 

importance of and the interest in the studies of peroxo-element 

chemistry in general, and heteroligand peroxoborate and hetero-

ligand peroxotitanate(IV) compounds in particular, and (ii) proble 
-'1'1l~ 

associated with the reported methods of syntheses of oxo-compounds 

of boron, alkali pentafluoroperoxotitanates(IV), and alkali 



(ii) 

oxotetrafluorotitanates(IV)o Another piece of a problem, as 

emphasised in this Chapter, is the lack of evidence regarding 

the existence of complex diperoxotitanate(IV) species in the 

solid stateo This Chapter also projects the scope of work on 

the chosen aspects of boron and titanium chemistry. 

Details of the methods of elemental analyses and the 

instruments/equipment used for the characterisation and struc-

tural assessment of the newly synthesised compounds constitute 

the basis of Chapter 2o 

PART A 

Chapter 3 of the thesis describes a new route to the synthesis 

of potassium and ammonium pentaborate dihydrates, 

A ~B5 o6 (0H) 4~o2H2 0 (A= K or NH
4
), and synthesis and structural 

assessment of new fluoro(hydroxo)oxoborate dihydrates, 

A2 ~B202F2 (0H) 2_7o2H2 0 (A= K or NH
4
). 

A ~B5 06 (0H) 4~o2H2 0 (A= K or NH
4

) has 

The synthesis of 

been achieved from the 
\ 

reaction of a suspension of boric acid in water with potassium 

hydroxide or aqueous ammonia at pH 9. Compounds were precipitated 

with acetylacetoneo The identity of the compounds have been 

established on the basis of the results of elemental analyses,, IR 

and laser Raman (lR) spectroscopic studies. The molar conductances 

of A ~B5 o6 (0H) 4_7o2H2 o, recorded at 23°C, were found to be in 

r'l -1 2 -1 order (~ 120J L em mol ), and time dependent molar conductivity 

studies of the compounds suggest that they do not undergo decom-

position in water at ambient ternperatureso 



(iii) 

White microcrystalline A2 ~B2 02F2 (0H) 2_7o2H2 0 (A= K or 

NH
4

) compounds have been synthesised from the reaction of a 

solution of boric acid and the corresponding alkali fluoride, 

AF (A= K or NH
4
), in 48% HF in the molar ratio of B:AF as 

1:2o5 1 followed by warming at a steam-bath temperature. Charac-

terisation of the compounds were made from the results of 

elemental analyses, IR and lR spectroscopic studieso The compounds 

decompose in water at ambient temperatures thus precluding their 

molar conductance measurementso The results of IR and lR spectros­

copic studies suggest that the complex species ~B2 02F 2 (0H) 2_72-0 
contains two tetrahedral boron atoms with a B~ ~B linkageo 

0 
Chapter 4 of the thesis provides an account of the first 

reported synthesis of peroxofluoroborate complexes, 

their characterisation6 and assessment of structureso The 

complexes A
2 
~B(02 )F3_7o4H2 0 (A= Na or K), and 

(NH4 ) 2 ~B2 (o2 ) 3F 2_7 have been synthesised from the reaction of 

boric acid with aqueous hydrofluoric acid and hydrogen peroxide 

at pH 9, maintained by the addition of alkali hydroxide or 

aqueous ammonia. Precipitatio~ of the compounds from the reaction 

solutions was achieved by the addition of ethanolo The new compounds 

have been characterised on the basis of the results of chemical 

analyses, molar conductance measurements, pyrolysis at 130°C, and 

IR spectroscopic studies. The complexes are stable at room 

temperatures, however, they start decomposing at 130°C. An analysis 

of the results of IR spectra suggests that while the complex 



(iv) 

L:BCo
2

)F
3
_72- ion contains a peroxide group bonded to the boron 

centre in a triangular bidentate (c2v) fashion in addition to the 

coordinated fluoride ligands, the complex L:B 2 (o2 ) 3F 2_72- species 

contains two boron atoms each of which is tetrahedrally linked 

to one end of a bridging 0-0 ligand, one coordinated triangularly 

bonded peroxide group, and a terminal fluoride ligand. 

PART B 

Reported in Chapter 5 are a direct synthesis of alkali-metal and 

ammonium pentafluoroperoxotitanates(IV), A
3 
~Ti(02 )F5_7 (A= Na, 

K or NH
4
), first synthesis and structural assessment of potassium 

trifluoroperoxotitanate(IV) trihydrate, K ~Ti(02 )F3_7.3H2 o, and 

potassium and ammonium difluorodiperoxotitanates(IV), 

A
2 

L:TiP
2

)
2

F
2
_7 (A= K or ~~4 ). In view of the difficulties 

encountered in the synthesis of A
3 
~Ti(02 )F5_7 (A= Na, K or 

NH
4

) using the literature reported method, a direct procedure 

has been developed for the synthesis of A3 ~Ti(02 )F5_7. The new 

method involves a reaction among freshly prepared Ti02, aqueous 

hydrofluoric acid, and hydrogen peroxide at pH 6, adjusted by 

the addition of alkali hydroxide or aqueous ammoniao The compounds 

were characterised, and their identity established from the 

results of chemical analyses, conductance and magnetic suscep-

tibility measurements, and IR and laser Raman (lR) spectroscopic 

studieso The advantages of the new method has also been 

accentuated. 



~) 

It has been shown that the reaction of a solution of 

freshly prepared Ti0
2 

in 40% HF with an excess of aqueous hydrogen 

peroxide and KOH, followed by the addition of hydrofluoric acid 

to adjust the pH of the reaction solution between 8 and 9, affords 

the yellow microcrystalline potassium trifluoroperoxotitanate(IV) 

trihydrate, K ~Ti(02 )F3~o3H2 o, in a high yield. The compound 

has been characterised by elemental analyses, magnetic suscep-

tibility measurement and IR and lR spectroscopic studieso IR and 

lR spectral results show that the peroxide group isbonded to the 

titaniurn(IV) centre in a triangular bidentate (c2v) manner. The 

compound is stable in the absence of moisture.K ~Ti(02 )F3_7o3H2 06 

which decomposes in water at ambient temperatures precluding 

molar conductance measurement, is diarnagnetico 

The synthesis of light-yellow potassium and ammonium 

difluorodiperoxotitanates(IV), A2 ~Ti(02 ) 2F 2_7 (A= K or NH4 ), 

has been accomplished from the reaction of a solution of freshly 

prepared Ti02 in 40% HF with 30% hydrogen peroxide at pH 9 

maintained by the addition of potassium hydroxide or aqueous 

ammonia until a faint yellow colouration was developed; the 

compounds were precipitated from the reaction solution by adding 

ethanol in a nearly quantitative yield. The identity of the 

compounds, A2~Ti(02 ) 2F 2_7 (A= K or NH
4
), has been ascertained 

on the basis of the results of chemical analyses, molar conduc-

tance and magnetic susceptibility measurements, and IR and lR 

spectroscopic studieso The molar conductances of A2 ~Ti(02 ) 2F 2_7 



(vi) 

recorded at ambient temperatures have been found to lie in the 

range 220-240 1l-1cm2mol-1 in conformity with their formulaso 

The results of magnetic susceptibility measurements of the 

compounds provide evidences for their diamagnetic nature, and 

lend support to the occurence of titanium(IV) in each of themo 

IR and lR spectral results provide an unequivocal evidence for 

the occurence of triangularly bonded peroxide (o
2

2-) groupso 

The spectroscopic results also show that ~ (0-0) decreases with 

an increase in the number of coordinated peroxide groups. Further, 

the results of lR spectroscopic studies in solution suggest that 

the complex species ~Ti(02 ) 2F 2_72- retains its structural identity. 

Chapter 6 of the thesis describes the synthesis and 

physico-chemical studies of potassium and ammonium diperoxo-

(sulphato)titanate(IV) tetrahydrates, A2 ~Ti(02 ) 2so4~o4H2 0 
(A= K or ~~4 ), and molecular mixed-ligand peroxo complexes of 

titanium(IV) of the types ~Ti(02 ) 2 (L-L)_7 (L-L = 1,10-phenan­

throline (o-phen) or 2,2~bipyridine iliipy), and 

~Ti(02 ) 2 (thiourea)_7oH2 0. The synthesis of A
2 
~Ti(02 ) 2so4_7o4H2 0 

(A = K or NH
4

) complexes was achieved from the reaction of 

freshly prepared Ti0
2 

with 7o65M H
2
so

4 
and 30% H2o2 at pH 2o5-3, 

maintained by the addition of KOH or aqueous a~monia. The yellow 

diperoxo(sulphato)titanates(IV), which were obtained in very 

high yields, were characterised and their identity established 

from the results of elemental analyses, magnetic susceptibility 

measurements, and IR, lR, and EPR spectral studieso The 

A2 ~Ti(02 ) 2so4_7o4H2 0 compounds are practically insoluble in 



(vii) 

water and stable upto 120°C. The complex peroxo(sulphato)­

titanates(IV), A
2 
~Ti(02 ) 2so4_7o4H2 o, are diamagnetic in nature 

and are EPR silent in conformity with the occurence of titanium(IV) 

in each of themo The presence of triangular bidentate peroxide 

( 2-) 2-02 and chelated sulphate (so4 ) ligands in the complex 

~Ti(02 ) 2so4~2- ion has been ascertained from IR and lR 

spectroscopic studieso 

Syntheses of molecular mixed-ligand peroxo complexes of 

titanium(IV) of the types ~Ti(02 ) 2 (L-L)_7 (L-L = o-phen or bipy) 

and ~Ti(02 ) 2 (thiourea)_7oH2 0 were accomplished from the reaction 

of a solution of freshly prepared Ti02 in 40% HF with an ethanolic 

solution of 1,10-phenanthroline, an ethanolic solution of 2,2~ 

bipyridine, an aqueous solution of thiourea, respectively, and 

30% H2 o2 at pH 7 maintained by the addition of aqueous_ammoniao 

They are stable for a prolonged periodo The compounds are insoluble 

in water as well as in common organic solventso The IR and lR 

spectra provide evidence for the occurence of triangular bidentate 

. " {0 2 -) . h peroxlaes 2 ln eac of the complexes. hbile o-phen and bipy 

occur as bidentate ligands in the respective compounds, thiourea 

in ~Ti(02 ) 2 (thiourea)_7oH2 0 acts as a monodentate ligand. The 

compounds are all diamagnetic in nature in accord with the 

presence of titanium(IV) 0 

Laser Raman spectroscopic evidence for the existence of 

oxoperoxotitanate(IV) containing 'titanyl' moiety in aqueous 

solution and synthesis of an unusual example of peroxotitanate(IV) 

complex potassium oxoperoxodichlorotitanate(IV) monohydrate, 

K2 ~Ti0(02 )cl2_7oH2 0, constitute the subject matter of Chapter 7o 



(viii) 

Laser Raman (lR) spectrum of an yellow solution obtained from 

the reaction of a freshly prepared Ti0
2 

with potassium chloride, 

hydrogen peroxide and hydrochloric acid at pH 6, adjusted by a 

careful addition of KOH solution showed --- in addition to the 

(022-) expected modes of peroxide a distinct polarised 

signal characteristic of~ (Ti=O). The yellow solution as obtained 

above on being treated hrith ethanol, to initiate precipitation, 

afforded light-yellow microcrystalline K
2 

l:Ti0(0
2
)cl

2
_7oH20 

compound in a very high yielQo The compound, vlhich is insoluble 

both in water and common organic solvents at ambient temperatures 

precluding molar conductance measurement, is diamagnetico An 

analysis of the results of spectroscopic studies suggests that a 

monomeric oxoperoxotitanate(IV) species formed in solution 

undergoes polyrnerisation in the process of its isolation in the 

solid form via ~-oxo bridges in the crystal lattice. The results 

also provide evidences for the occurence of a briangularly bonded 

2-peroxide (0
2 

) groupo Further the spectra suggests that the 

complex species ~Ti0(02 )cl 2~2- has a distorted octahedral 

structure through -Ti-0-Ti- interactionso 

Chapter 8, indeed the concluding Chapter of the thesis, 

contains the results of studies involving the synthesis, 

characterisation, and assessment of structure of alkali-metal and 

ammonium oxotetrafluorotitanates(IV), A
2 
~TiOF4_7 (A= K, Cs or 

NH
4

)o In view of the problems encountered in the synthesis of 

pure ~TiOF4_72- by the literature methods, a new procedure has 

been developed for the synthesis of pure A2 ~TiOF4_7 (A= K, Cs 



(ix) 

or NH4 )o The new method of synthesis is based on the reaction of 

freshly precipitated Ti0
2 

with 4M sulphuric acid and an aqueous 

solution of the corresponding AF (A = K or hTH
4

) with the molar 

ratio of Ti:AF being maintained at 1:7. While the potassium salt 

was spontaneously precipitated from the reaction solution, 

precipitation of ammonium salt required the addition of ethanol. 

The corresponding Cs+ salt has been prepared from the ammonium 

salt, (NH4 ) 2 
~TiOF4~, by metathesis. The A

2 
~TiOF4_7 compounds 

are all white products and decompose in water at awbient tempera-

a 
tureso That, the titanium occurs in its +4 oxidation state (d ) 

in each of the compounds is evidenced by the results of magnetic 

susceptibility measurementso They are also EPR silent. The IR and 

lR spectra provide evidence for a distorted octahedral structure 

of the complex ~TiOF4_72 - ion with -Ti-0-Ti- interactionso 

The results of research described in Chapters 3, 4 and 5 

have been published, and those described in Chapter 8 is now in 

press, while the work described in Chapters 6 and 7 have been 

communicated for publication. 

Chapter 3 

J. Cherne Soc., Dalton Transo 1 1987, 

Chapter 4 

Inorgo Chemo 1 1985, 24, 2580g 

Chapter 5 
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Polyhedron, 1985, _i, 1449; Inorg. Chern., 1986, .£2,, 168. 

Chap1:.er 8 

Ind. J. Chern., 1987, in press (IC 5439/87). 
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"Some Contributions to Oxo, Fluoro,and Peroxo 

Chemistry of Boron and Titanium" 

Abstract 

The above mentioned thesis is based on the results of studies 

involving syntheses and assessment of structures of some oxo, 

oxofluoro and heteroligand-peroxo compounds of boron, and 

syntheses and physico-chemical studies of heteroligand-peroxo 

complexes of titanium{IV)o Further, the thesis also contains a 

direct synthesis of alkali oxotetrafluorotitanates(IV). The 

subject matter of the thesis has been distributed over eight 

Chapterso The results described in Chapters 3-8 have been 

grouped into two parts, viz., Part A and Part B. wnile Part A, 

consisting of Chapters 3 and 4, deals with the studies on 

the above mentioned aspects of boron chemistry, Part B, which 

includes Chapters 5-8, contains the results of studies on 

titanium(IV) chemistryo 

Chapter 1 presents a brief introduction pertaining to 

the research embodied in the thesis. It highlights (i) th~ 

importance of and the interest in the studies of peroxo-element 

chemistry in general, and heteroligand peroxoborate and hetero­

ligand peroxotitanate(IV) compounds in particular, and (ii) problem: 

associated with the reported methods of syntheses of oxo-compounds 

of boron, alkali pentafluoroperoxotitanates(IV), and alkali 



(ii) 

oxotetrafluorotitanates(IV)o Another piece of a problem, as 

emphasised in this Chapter, is the lack of evidence regarding 

the existence of complex diperoxotitanate(IV) species in the 

solid stateo This Chapter also projects the scope of work on 

the chosen aspects of boron and titanium chemistry. 

Details of the methods of elemental analyses and the 

instruments/equipment used for the characterisation and struc-

tural assessment of the newly synthesised compounds constitute 

the basis of Chapter 2o 

PART A 

Chapter 3 of the thesis describes a new route to the synthesis 

of potassium and ammonium pentaborate dihydrates, 

A ~B5 o6 (OH) 4~o2H2 0 (A= K or NH
4
), and synthesis and structural 

assessment of new fluoro (hydroxo) oxoborate dihydrates·, 

A
2 
~B202F2 (0H) 2_7o2H2 o (A= K or NH

4
). The synthesis of 

A ~B5 o6 (0H) 4_7o2H2 0 (A= K or NH
4

) has been achieved from the 

reaction of a suspension of boric acid in water with potassium 

hydroxide or aqueous ammonia at pH 9. Compounds were precipitated 

with acetylacetoneo The identity of the compounds have been 

established on the basis of the results of elemental analyses, IR 

and laser Raman (lR) spectroscopic studies. The molar conductances 

of A ~B5 o6 (0H) 4_7o2H2 o, recorded at 23°C, were found to be in 

r'l -1 2 -1 order (ca 120~L em mol ), and time dependent molar conductivity 

studies of the compounds suggest that they do not undergo decom-

position in water at ambient temperatureso 
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White microcrystalline A
2 
~B2o2F 2 (0H) 2~c2H2 0 (A= K or 

NH
4

) compounds have been synthesised from the reaction of a 

solution of boric acid and the corresponding alkali fluoride, 

AF (A= K or NH
4
), in 48% HF in the molar ratio of B:AF as 

1:2o5 1 followed by warming at a steam-bath temperature. Charac-

terisation of the compounds were made from the results of 

elemental analyses, IR and lR spectroscopic studieso The compounds 

decompose in water at ambient temperatures thus precluding their 

molar conductance measurementso The results of IR and lR spectros­

copic studies suggest that the complex species ~B2 o2F2 (0H) 2_72-0 
contains two tetrahedral boron atoms with a B~ ~B linkageo 

0 
Chapter 4 of the thesis provides an account of the first 

reported synthesis of peroxofluoroborate complexes, 

their characterisation, and assessment of structureso The 

complexes A
2 
~B(02 )F3_7o4H2 0 {A= Na or K), and 

(NH4 )
2 
~B2 <o2 ) 3F2_7 have been synthesised from the reaction of 

boric acid with aqueous hydrofluoric acid and hydrogen peroxide 

at pH 9, maintained by the addition of alkali hydroxide or 

aqueous ammonia. Precipitatio~ of the compounds from the reaction 

solutions was achieved by the addition of ethanolo The new compounds 

have been characterised on the basis of the results of chemical 

analyses, molar conductance measurements, pyrolysis at 130°C, and 

IR spectroscopic studies. The complexes are stable at room 

temperatures, however, they start decomposing at 130°C. An analysis 

of the results of IR spectra suggests that while the complex 



(iv) 

~B(02 )F 3_7
2 - ion contains a peroxide group bonded to the boron 

centre in a triangular bidentate (c2v) fashion in addition to the 

coordinated fluoride ligands, the complex ~B2 (o2 ) 3F 2_72- species 

contains two boron atoms each of which is tetrahedrally linked 

to one end of a bridging 0-0 ligand, one coordinated triangularly 

bonded peroxide group, and a terminal fluoride ligand. 

PART B 

Reported in Chapter 5 are a direct synthesis of alkali-metal and 

ammonium pentafluoroperoxotitanates(IV), A
3 
~Ti(02 )F5_7 (A= Na, 

K or NH
4
), first synthesis and structural assessment of potassium 

trifluoroperoxotitanate(IV) trihydrate, K ~Ti(02 )F3_7o3H2 o, and 

potassium and ammonium difluorodiperoxotitanates(IV), 

A2 ~Ti02 ) 2F 2_7 (A= K or NH4 )o In view of the difficulties 

encountered in the synthesis of A
3 
~Ti(02 )F5_7 (A= Na, K or 

NH4 ) using the literature reported method, a direct procedure 

has been developed for the synthesis of A
3 
~Ti(02 )F5_7. The new 

method involves a reaction among freshly prepared Ti0
2

, aqueous 

hydrofluoric acid, and hydrogen peroxide at pH 6, adjusted by 

the addition of alkali hydroxide or aqueous ammoniac The compounds 

were characterised, and their identity established from the 

results of chemical analyses, conductance and magnetic suscep-

tibility measurements, and IR and laser Raman (lR) spectroscopic 

studiesa The advantages of the new method has also been 

accentuated. 



~) 

It has been shown that the reaction of a solution of 

freshly prepared Ti0
2 

in 40% HF with an excess of aqueous hydrogen 

peroxide and KOH, followed by the addition of hydrofluoric acid 

to adjust the pH of the reaction solution between 8 and 9 1 affords 

the yellow microcrystalline potassium trifluoroperoxotitanate(IV) 

trihydrate, K ~Ti{02 )F3_7o3H2 o, in a high yield. The compound 

has been characterised by elemental analyses, magnetic suscep-

tibility measurement and IR and lR spectroscopic studieso IR and 

lR spectral results show that the peroxide group isbonded to the 

titanium(IV) centre in a triangular bidentate (c2v) manner. The 

compound is stable in the absence of moisture.K ~Ti(02 )F3_7o3H2 0, 
~hich decomposes in water at ambient temperatures precluding 

molar conductance measurement, is diamagnetico 

The synthesis of light-yellow potassium and ammonium 

difluorodiperoxotitanates(IV), A
2 
~Ti(02 ) 2F2_7 (A= K or NH

4
), 

has been accomplished from the reaction of a solution of freshly 

prepared Ti02 in 40% HF with 30% hydrogen peroxide at pH 9 

maintained by the addition of potassium hydroxide or aqueous 

ammonia until a faint yellow colouration was developed; the 

compounds were precipitated from the reaction solution by adding 

ethanol in a nearly quantitative yield. The identity of the 

compounds, A2~Ti(02 ) 2F 2_7 (A= K or NH4 )~ has been ascertained 

on the basis of the results of chemical analyses, molar conduc-

tance and magnetic susceptibility measurements, and IR and lR 

spectroscopic studieso The molar conductances of A
2 
~Ti(02 ) 2F 2_7 
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recorded at ambient temperatures have been found to lie in the 

range 220-240 Jl-1cm2mol-1 in conformity with their formulaso 

The results of magnetic susceptibility measurements of the 

compounds provide evidences for their diamagnetic nature, and 

lend support to the occurence of titanium(IV) in each of themo 

IR and lR spectral results provide an unequivocal evidence for 

the occurence of triangularly bonded peroxide {o2
2-) groupso 

The spectroscopic results also show that~ (0-0) decreases with 

an increase in the nurrber of coordinated peroxide groups. Further, 

the results of lR spectroscopic studies in solution suggest that 

the complex species ~Ti(02 ) 2F 2_72- retains its structural identity. 

Chapter 6 of the thesis describes the synthesis and 

physico-chemical studies of potassium and ammonium diperoxo-

(sulphato)titanate(IV) tetrahydrates, A
2 
~Ti(02 ) 2so4~o4H2 0 

(A= K or h~4 ), and molecular mixed-ligand peroxo complexes of 

titanium(IV) of the types ~Ti(02 ) 2 (L-L)_7 (L-L = 1,10-phenan­

throline (o-phen) or 2,2~bipyridine iliipy), &nd 

~Ti(02 ) 2 (thiourea)_7oH2 o. The synthesis of A
2 
~Ti(02 ) 2so4_7o4H2 0 

(A = K or NH
4

) complexes was achieved from the reaction of 

freshly prepared Ti0
2 

with 7o65M H2so4 and 30% H2 o2 at pH 2o5-3, 

m&intained by the addition of KOH or aqueous ammonia. The yellow 

diperoxo(sulphato)titanates(IV), which were obtained in very 

high yields, were characterised and their identity established 

from the results of elemental analyses, magnetic susceptibility 

measurements, and IR, lR, and EPR spectral studieso The 

A2 ~Ti(02 ) 2so4_7o4H2 0 compounds are practically insoluble in 
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water and stable upto 120°C. The complex peroxo(sulphato)­

titanates(IV), A
2 
~Ti(02 ) 2so4_7o4H2 o, are diamagnetic in nature 

and are EPR silent in conformity v'lith the occurence of titanium (IV) 

in each of themo The presence of triangular bidentate peroxide 

2- 2-(02 ) and chelated sulphate (so
4 

) ligands in the complex 

~Ti(02 ) 2so4~2- ion has been ascertained from IR and lR 

spectroscopic studieso 

Syntheses of molecular mixed-ligand peroxo complexes of 

titanium(IV) of the types ~Ti(02 ) 2 (L-L)_7 {L-L = o-phen or bipy) 

and ~Ti(02 ) 2 (thiourea)_7oH2 0 were accomplished from the reaction 

of a solution of freshly prepared Ti02 in 40% HF with an ethanolic 

solution of 1,10-phenanthroline, an ethanolic solution of 2,2~ 

bipyridine, an aqueous solution of thiourea, respectively, and 

30% H2 o2 at pH 7 maintained by the addition of aqueous ammoniao 

They are stable for a prolonged periodo The compounds are insoluble 

in water as well as in common organic solventso The IR and lR 

spectra provide evidence for the occurence of triangular bidentate 

peroxides (o
2

2-) in each of the complexes. ~bile o-phen and bipy 

occur as bidentate ligands in the respective compounds, thiourea 

in ~Ti(o2 ) 2 (thiourea)_7oH2 o acts as a monodentate ligand. The 

compounds are all diamagnetic in nature in accord with the 

presence of titanium(IV)o 

Laser Raman spectroscopic evidence for the existence of 

oxoperoxotitanate(IV) containing 'titanyl' moiety in aqueous 

solution and synthesis of an unusual example of peroxotitanate(IV) 

complex potassium oxoperoxodichlorotitanate(IV) monohydrate, 

K2 ~Ti0(02 )cl2_7oH2 0, constitute the subject matter of Chapter 7o 
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Laser Raman {lR) spectrum of an yellow solution obtained from 

the reaction of a freshly prepared Ti02 with potassium chloride, 

hydrogen peroxide and hydrochloric acid at pH 6, adjusted by a 

careful addition of KOH solution shov.red - in addition to the 

(02
2-) expected modes of peroxide a distinct polarised 

signal characteristic of~ (Ti=O). The yellow solution as obtained 

above on being treated with ethanol, to initiate precipitation, 

afforded light-yellow microcrystalline K2 L:TiO(o2 )cl 2~.H2 o 
compound in a very high yielcio The compound, vlhich is insoluble 

both in water and common organic solvents at ambient temperatures 

precluding molar conductance measurement, is diamagnetico An 

analysis of the results of spectroscopic studies suggests that a 

monomeric oxoperoxotitanate(IV) species formed in solution 

undergoes polymerisation in the process of its isolation in the 

solid form via p-oxo bridges in the crystal lattice. The results 

also provide evidences for the occurence of a triangularly bonded 

( 2-peroxide o2 ) groupo Further the spectra suggests that the 

complex species ~Ti0(02 )cl 2_72- has a distorted octahedral 

structure through -Ti-0-Ti- interactionso 

Chapter 8, indeed the concluding Chapter of the thesis, 

contains the results of studies involving the synthesis, 

characterisation, and assessment of structure of alkali-metal and 

ammonium oxotetrafluorotitanates(IV), A2 ~TiOF4_7 (A= K, Cs or 

NH4 )o In view of the problems encountered in the synthesis of 

pure ~TiOF4_72 - by the literature methods, a new procedure has 

been developed for the synthesis of pure A2 ~TiOF4_7 (A = K, Cs 
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or NH
4

)o The new method of synthesis is based on the reaction of 

freshly precipitated Ti0
2 

with 4M sulphuric acid and an aqueous 

solution of the corresponding AF (A = K or NH
4

) with the molar 

ratio of Ti:AF being maintained at 1:7. While the potassium salt 

was spontaneously precipitated from the reaction solution, 

precipitation of ammonium salt required the addition of ethanol. 

The corresponding Cs+ salt has been prepared from the ammonium 

salt, (NH
4

) 2 ~TiOF4~, by metathesis. The A2 ~TiOF4~ compounds 

are all white products and decompose in water at ambient tempera­

tureso That, the titanium occurs in its +4 oxidation state (d
0

) 

in each of the compounds is evidenced by the results of magnetic 

susceptibility measurementso They are also EPR silent. The IR and 

lR spectra provide evidence for a distorted octahedral structure 

of the complex ~TiOF4_72 - ion with -Ti-0-Ti- interactionso 

The results of research described in Chapters 3, 4 and 5 

have been published, and those described in Chapter 8 is now in 

press, while the work described in Chapters 6 and 7 have been 

communicated for publication. 

Chapter 3 

J. Chemo Soc., Dalton Transog 1987, OOOOo 

Chapter 4 

Chapter 5 

Polyhedron, 1985, i 1 1449; Inorg. Chern., 1986, 25, 168. 

Chapter 8 

Ind. J. Chern., 1987, in press (IC S~l9/87). 
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Chapter 1 

INTRODUCTION 

Boron is the fifth element in the Periodic Table and only 

non-metal of Group-III having the ground state electronic 

configuration ~He_72s 2 2p. It is the only non-metal that is 

'electron deficient' and this confers a property on it leading 

to multicentre bondingo 1 It occurs as a trace element in most 

soils, and is present in sea-water to the extent of a few parts 

per million. Borax, Na
2

B4o7 .10H2o, is the principal source of 

boron and is present in hot springs and lakes in volanic region. 

N t 1 b h t tabl ' t lOB d llB i ' a ura oron as wo s e ~so opes an , occur ng ~n 

the ratio of 19.6 and 80o4, respectively. Boron is invariably 

present in the component of all animal tissues and plays an 

2 
essential role in the nutrition of higher plantso While pure 

boron has practically no applications, its compounds find a 

wide range of uses. Boric acid is used as an antibacterial, and 

uses of berates as wood-preservatives and in the preparation of 

b '1' 1 11 k ~ 10B is used oros~ ~cate g asses are we - nown. •ue isotope as 

a control in nuclear reactors and also a neutron detectoro 

Despite the 2s 22p electronic configuration, boron displays a 

valency of three in all its compounds. The trivalency is achieved 
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by promoting one of its 2s 2 electrons to a 2p orbital : 

2 2 2 2 ls 2s 2p ~ ls 2s2p • It requires further two electrons to 

complete the rare gas configuration which it is ready to accept 

from another molecule or ion. In doing so, boron compounds behave 

as Lewis acids. Owing to a strong diagonal relationship, the 

chemistry of boron shows a close resemblance to Si than that of 

the other elements of the group : Al, Ga, In and Tlo 

Being close to carbon in the first row of the Periodic 

Table, boron is also capable of forming stable bonds with those 

atoms which constitute most organic compounds. The chemistry of 

organoboron compounds started enjoying a continued interest 

following the discovery of the 11 inorganic benzene 11 borazine and 

the subsequent preparation of various organic borazine der~vatives. 

The majority of organoboron compounds contain trigonal planar 

boron and a wide variety of examples within this category are 

supplied by orthoborates B(OR) 3, where R can be an alkyl or 

1 3~ ary groupo Organoboron compounds have an exten,sive chemistry 

and the research on this aspect of boron chemistry has undoubtedly 

opened up new horizons and this still continues to be a promising 

area of research. Many organoboron compounds are used as additives 

to lubricating oils and certain types of fuel and as components in 

the preparation of azo dyes. The therapeutical and industrial 

6-8 applications of organoboron cempounds are well known. Some of 

them exhibit bacterial and insecticidal properties as well. 

However, this manifestation of boron chemistry has not been 

elaborated herein as our present interest pertains to studies 

involving non-organoboron compounds. 
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Unlike the other elements in the Periodic Table, the 

inorganic chemistry of boron has become more diverse and complex 

because of combination of some unique properties. The chemical 

properties of boron is influenced primarily by its small size and 

high ionisation potential {8.296 ev/atom). Thus the total energy 

3+ required to produce B ions is far more than would be compensated 

by the lattice energies of ionic compounds. Consequently~ simple 

electron loss to form a cation does not play any part in the 

chemistry of boron. Instead, covalent bond formation is of prime 

importance and all of its compounds are predominantly covalent. 

These factors coupled with the similarity in electronegativity 

of boron and hydrogen and a high affinity of the element for 

oxygen form the basis of an extensive area of research on boron 

chemistry. As mentioned earlier that boron never occurs as the 

free element and all naturally occuring boron compounds contain 

boron-oxygen linkso Thus the B-0 chemistry is the oldest branch 

of boron chemistry. Boron is rather inactive to attack by chemical 

reagents. The predominant characteristic of reagents which attack 

boron is their ability to form B-0 bondso As noted above, the 

high affinity of the element for oxygen is the basis of formation 

of a vast number of borateso The range of structures adopted by 

borates in the solid state include both trigonal planar (B03 ) and 

tetrahedral (B04) unitso An interesting aspect of boron chemistry 

9 is marked by its ability to form polymeric species in which the 

trimeric B03 rings are fused to other units at tetrahedral boron 

atoms forming a complex polyanion through linking together of so3 

and B04 u.~its by shared common oxygen atoms. Amongst a number of 
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polyborates pentaborates form an interesting class of compounds in 

the field of B-0 chemistry primarily because of their structural 

peculiarities. Potassium pentaborate dihydrate, K ~B5 o6 (0H) 4_7.2H2 0, 
which has enjoyed the privilege of having been attended to by 

10-12 . d several workers, appears to be the best character~se one. 

This complex species has been known since 185513 and has served as 

a subject of several investigations eversinceo The reported method 

of its preparation requires either a drastic condition13 or the 

involvement of an appreciable amount of fluoride. 12 In view of 

this, it was considered necessary to try for an alternative general 

synthetic route to potassium and ammonium pentaborate dihydrates 

without using any drastic conditions, and also without involving 

F- ions because fluoride is also a good ligand for boron. 
-

Accordingly, such studies were undertaken as a part of the research 

programmeo Synthetic strategy was planned and potassium and ammonium 

compounds of the complex anion ~B5 o6 (0H) 4_7- were synthesised, 

characterised, and identity establishedo 

·of 
The chemi~t~trivalent boron is governed by the effect of 

the vacant Pz orbital which gets involved either in intramolecular 

(p-p)TI bonding or multicentre bonding or reactions with lone pairs 

of electrons on other moleculeso One of the important points of 

its chemistry that deserves a special attention is the ready formation 

of fluoro compounds. BF3 is one of the best examples of this category 

in which boron is so close to be coordinatively saturated that it 

occurs as a gas with a very low condensation temperature. Because 

of the donor properties of fluoride it is notable that a BF3 molecule 

does not undergo dirnerisation probably owing to formation of internal 
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dative TI-bonding of the molecule. The vacant Pz orbital of boron 

may in~eract with a filled pn orbital of fluoride to give a 

B-F TTbond which would then be stabilized to monomeric form as a 

result of resonanceo Since there are six electrons around the boron 

atom in the planar BF3 molecule, it shows a strong tendency to accept 

a pair of electrons making a total of 4 pairs of electrons, with 

each of them being directed from the central B atom toward the 

corners of a tetrahedron. BF3 is a powerful acceptor molecule and 

under suitable conditions reaction of the kind BF3+F-~ 

occurs to afford the stable complex species, the tetrafluoroborate. 

It is noteworthy that tetrafluoroborate ion, BF4-, undergoes 

partial hydrolysis in aqueous solution forming hydroxofluoroborate 

anions14 ~BF (OH) 4 ~ -. This kind of reaction was first demon-n -n 
strated by Berzelius 160 years agoo 14 The syntheses and studies of 

properties of various complexes derived from the anions have 

15-19 engaged the attention of several groups of workers over the 

yearso A survey of literature provides evidences for the existence 

of hydroxo(fluoro)borates, fluoro(hydroxo)oxoborates 20 , 21 and 

oxo(hydroxo)borates10111 in aqueous solutions as ascertained from the 

results of physico-chemical studieso In addition, investigations 

concerning kinetic behaviours of mixed fluoroborates and polyborates 

have received a considerable attention presumably again owing to 

their structural importanceolO-l 2, 22123 In order to obtain further 

insight into this aspect of boron chemistry, synthesis of such 

compounds is the pre-requisite. In view of this and also taking note 

of the fact that fluoro(hydroxo)borate moiety exists in solutions20 , 21 

it is quite rational to anticipate that such species can be isolated 
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in the solid state by proper choice of experimental conditions. 

This would also enable one to make an assessment of their structures 

and study their properties. Taking into consideration of the 

information gathered from the preceding discussion and also as a 

1 t h ff rt f h . t' t 24- 28 f th lab t seque o t e e o s o ot er 2nves 2ga ors o e ora ory, 

in which the present work was carried out, involving the studies 

of fluoro element chemistry, it was considered that investigations 

involving synthesis, characterisation, and structural assessment 

of newer fluoro compounds of-boron would be quite rewarding. 

Accordingly, such studies were undertaken and hitherto unknown 

potassium and ammonium compounds of the complex ~B2o2F2 (0H) 2_72-
ion have been prepared and characterisedo The appropriate 

experimental conditions to isolate them in the solid state have 

also been worked out. Chapter 3 of the thesis presents an account 

of the results of these studies together with those of potassium 

and ammonium salts of the complex pentaborate, ~B5o6 (0H) 4_7 -ion. 

Besides oxide and fluoride, peroxide (o2
2-) also constitutes 

a good ligand for boron and the chemistry of peroxoborate appears 

to be quite exciting although studied much less exhaustively by 

earlier workerso Reaction of borates with hydrogen peroxide or of 
29 . 

boric acid with sodium peroxide is now a text book story and the 

product obtained thereof forms an important oxidising component in 

many detergents because it affords hydrogen peroxide in solution 

which makes cleansing effect more powerfulo The crystal structure 

of the aforesaid compound bas been shown to contain the 

~B2 Co2 ) 2 (0H) 4_72- anion, with two peroxo groups bridgiug the 
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tetrahedral boron atomso It is evident from literature that the 

reported existence of any heteroligand peroxoborate remains 

unprecedented. 

Simple peroxo complexes are those which contain peroxides, 

hydroperoxides, and water molecules. The heteroligand-peroxo 

complexes are mixed-ligand peroxo complexes containing one or more 

than one peroxo groups, one or more monodentate or polydentate 

ligands. Heteroligands may range from monodentate ion~ to bulky 

porphyrinso The stability of peroxo complexes is generally enhanced 

by specific heteroligand combinations. ~~ny simple peroxides undergo 

spontaneous explosion, some are very sensitive to shock or decompose 

above ooc, while several do not exist at all as stoichiometric 

compounds. On the _other hand, many heteroligand peroxo complexes 

are appreciably stable so that they can be recrystallised even 

from boiling aqueous solutions, heated in vacuo and remain unchanged 

for prolong periods in closed containerso Accordingly, a considerable 

amount of success has been achieved in obtaining stable heteroligand 

30-32 . peroxo compounds of metals ~n recent years providing scopes 

for further studies involving them. We were unable to discern any 

obvious reason as to why heteroligand peroxo compounds of boron 

have not been synthesisedo As a case in point, ·for example, both 

1 (F-) ( 2-) f uoride and peroxide o2 , independent of each other, are 

capable of formation of compounds with t~e element; thus it is 

quite rational to expect that under suitable experimental conditions 

both the aforesaid ligands can be simultaneously brought to 

co-ordination with borono It is quite evident therefore that studies 

involving peroxofluoroborates would be a rewarding area of new 
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research warranting attentiono In view of the above non-exhaustive 

discussion, studies on peroxofluoroborate chemistry were undertaken 

and a few compounds of the types A2 ~B(02 )F3_7o4H2 0 (A= Na or K) 

and (NH
4

)
2 
~B2 (o2 ) 3F2_7 have been synthesised, characterised, 

and an assessment of their structures has been made. Chapter 4 

of the thesis presents the results of our investigations relating 

to peroxofluoroborate chemistryo 

Apart from the studies of boron chemistry, investigations 

concerning heteroligand-peroxo compounds of titanium in terms of 

their methods of syntheses, characterisation, reactivity, and 

structural :elucidation constitute one of the frontier areas of 

. 33-38 research on titanium chem~stryo 

Titanium is the first row group IVB transition metal, ninth 

most abundant element and constitutes :about 0.63% by weight of the 

earth's crust. Besides its manifold uses in industries and in 

39 laboratories, some of its compounds have also been used as model 

systems in research related to bio-inorganic chemistry.36 The metal 

has the ground state electronic con+iguration ~Ar_73d24s 2 and 

exhibits oxidation states ranging from -1 to +4. Of these, +4 state 

is the commonly encountered and most stable oxidation state of the 

metalo Compounds in the lower oxidation states undergo ready oxidation 

by air, water or other reagents to titanium(IV)o The lower oxidation 

states of the metal are stabilised generally by lT-acidic type of 

ligands as it happens with other metalso T.he highest oxidation state 

of the metal, behaving as a Lewis acid, is found in compounds which 

contain strong electronegative ligands like fluorid3, oxide, sulphate, 

peroxide etco 
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The aqueous chemistry of titanium(IV) seems to have received 

relatively less attention despite its continued interest. 40 Though 

it has been claimed that titanium(IV) compounds in an aqueous 

acidic solution contains the 'titanyl', Ti02+, ion yet the question 

about the existence of this ion remained as a matter of prolonged 

disputeo 41- 44 However, some recent publications45 ' 46 have confirmed 

the occurence of monomeric structures of titanium(IV) compounds 

with terminal Ti=O ('titanyl') unito The presence of this core 

has also been established in aqueous acidic solutions by indirect 

techniques such as ion exchange, 47 potentiometric titration, 41 

electromigration, 48 and kinetic studies of electron-transfer and 

complexation reactions, 42• 43 • 49- 53 and in some solid compounds by 

X-ray crystallographic studieso54• 55 T.he 'titanyl' ion, Ti02+, has 

also been shown to form some compounds with different ligands where 

titanium{IV) is usually in 6- or 7-coordinationo56 An important 

point about the oxotitanium(IV) complexes which also deserves a 

2+ comment is that the TiO group occurs not only in its monomeric 

form but also as a polymer with -Ti-0-Ti- interactions. 

It has been known for over a century that characteristic 

colour reactions may take place when hydrogen peroxide is added to 

solutions of transition metal derivatives,s?,SS and some peroxo-

transition metal compounds have been isolated in the solid stateo 

Peroxo-metal compounds, besides having an intrinsic interest of 

their Own•59- 68 f id abl nd · · • are o cons er e a grow~ng ~mportance 

particularly in relation to the catalysis of oxidation69 including 

hydrogen peroxide itsel£, 30 and the storage and transport of oxygen 

in biological systems 0 ?0,?l Some transition metal peroxide compounds 
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are also used as reagents for epoxidation of olefines, and hydroxy­

lation of alkenes, and aromatic hydrocarbons. 30• 72173 

Although the term molecular oxygen refers to the free 

3 -uncombined o2 molecule with the ground state ~g' the term dioxygen 

has been used as a characteristic designation for the o2 moiety 

in any of its several forms, and can refer to 02 in either a free 

74 or a combined state. For use of this term, the existence of a 

.covalent bond between the two oxygen atoms is essentialo Thus, a 

metal-dioxygen complex refers to a metal containing o2 group 

co-ordinated to the metal centre, and no distinction is made between 

neutral dioxygen or dioxygen in any of its reduced forms. Accordingly, 

a metal-peroxide complex is one in which the coordinated dioxygen 

resembles a peroxide (o2
2-) anion. 70 A common characteristic of 

these complexes is the o-o distance, which lies between 1o40 and 
0 0 2-

1o52~ (1o49~ for o2 ), and the corresponding infrared frequency 

~ (D-0) which occurs between 800 and 950 cm-1 -1 2~ (802 em for o2 ). 

As mentioned in passing while discussing the chemistry of boron, 

earlier in this section, that heteroligand peroxo complexes are 

mixed-ligand complexes and the stability of peroxo complexes is 

enhanced to a great extent by specific heteroligand combinations. 

The importance of peroxo-metal complexes in the biochemical field 

and its significance have been duly emphasised in the contemporary 

literature.30- 32• 35 , 36, 71• 75 - 78 The reactivity of peroxides, 38• 73 

and the lability of metal-oxygen bonds in special heteroligand 

environments in solutions are of particular interest in biochemistry, 

but are not easy to assess directly. 
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A comparison between the peroxo and unreduced dioxygen 

heteroligand complexes reveals that the chemistry of the two 

shows a marked difference owing to the presence of two extra 

* electrons in the antibonding 0-PTf orbitals of the peroxide 

( 2- 2-ion o2 )o The electron rich o2 ion therefore preferably 

forms complexes with metal ions of low dn electronic configuration, 

while the neutral dioxygen molecule favours higher dn metal 

acceptorso However, these two oxygen species have at least two 

things in common: (i) both are stabilised by specific hetero­

ligand spheres, and (ii) both are of importance in biochernistryo 

T.he importance of neutral dioxygen complexes in biochemistry is 

well known, 70 but the biochemical connection of the metal peroxo 

complexes with biological processes is still not very well 

understood. 

3 -
Molecular oxygen is a paramagnetic molecule having a l:g 

ground state, and a molecular orbital description is 

2 *2 2 4 *1 *1 
KK (2so- g) (2so- u ) (2po- g) (2pTT u) (2pTT g ) (2pTT g ) 

where KK term indicates that the K shells of two oxygen atoms are 
3 -

filled. The two unpaired electrons in the z= g 9round state occupy 

* one each of the two degenerate antibonding 2pn g · orbitals, leaving 

o2 with a formal bond order of two (Fig 1-1). The addition of one 

and two electrons to a neutral o2 results in the formation of 

( -) (022-) super-oxide o2 and peroxide species, respectively, leaving 

0 - 2-2 with a bond order of 1G5, and the o2 with a bond order of oneo 

The way in which a peroxo group is expected to coordinate to metals 
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2p 

can range from a symmetrical bidentate to a terminal monodentate 

position, including all possible angles in between. The structural 

classification of dioxygen complexes can be represented as follows 

(Fig. 1-2) in terms of Vaska's rationalisation: 74 
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Structural 
Designation 

ll,1 dioxygen 

1"12 dioxygen 

'l1 • ~1- .dioxygen • 

Y)_1 . Ttl dioxygen • 

~2 
: 1l_2 

dioxygen 

~1 
: ~2 

dioxygen 

Vaska Classification 

'l'ype Ia (superoxo) 

Type IIa (peroxo) 

Type Ib (superoxo) 

Type lib (peroxo) 

Figo 1-2 Structural Classification of dioxygen complexes 

The bridging fJ -peroxo could vary from cis-planar and trans­

planar to trans-nonplanar configurationso An unusual symmetrical double 

79-81 bridging was also found, however, such structures are very rare. 

Deviations from the ideal symmetry are often encountered. In the case of 
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heteroligand fields the deviations are due to the inherent symmetry 

* of different ligands. Additional prr electron delocalisation to 

0 the metal ion is anticipated which would therefore favour a d or a 

low dn metal ion configurationo The stereochemical polyhedra in 

heteroligand peroxo complexes are often fairly-predictableo The 
82 83 pentagonal bipyramidal arrangement is the most common 1 for 

transition metal complexes, in oxo-peroxo heteroligand surroundings, 

usually with two coordinated peroxo groups in cis-position and the 

oxo group in the axial position. This kind of structures are often 

observed for many peroxo-vanadate(V) complexes. 

Infrared spectroscopic studies are essential for the 

characterisation and structural assessment of peroxo-rnetal complexes 

and Raman spectroscopic studies not only complement but also augment 

the results of IR studies.34• 84- 88 The peroxo metal complexes 

involving a metal and a peroxide ligand bonded in a triangular 

bidentate manner would be expected85 to give rise to three vibrations 

of symmetry. species (2A1 + B2), and these may be designated as 

~1 {A1 ; o-o stretching); ~2 (A2 ; symmetric metal-peroxide stretch) 

and v 3 (B2 ; asymmetric metal-peroxide stretch). All the three 

modes are both IR and Raman active. While the A1 modes are polarised, 

the B2 modes are depolarisedo The~ (0-0) band is the most sensitive 

-1 and intense one and characteristically occurs between 800 and 900 ern • 

T.he heteroligand environment does not cause any appreciable change 

in the frequency of this band, but is sometimes affected by the mass 

of the metal centre indicating coupling of the'N {o-O) with M-02 
2-vibrations. The co-ordination of o2 groups in a triangular bidentate 
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manner is by far the most common and is similar to the one proposed 

by Griffith89 for the bonding of o2 in oxyhemoglobin. It is imperative 

to mention here that Raman spectroscopy can also be easily applied 

to solutions, and the results of such studies provide further 

information concerning the identity and structure of a complex species 

in solutiono 

The reaction between titanium(IV) and hydrogen peroxide was 

first recognized in 1870 by Schoenno 90 It produces an intense orange 

colour and therefore the reaction has always served as a sensitive 

test for the detection of either reagent. Although some solid 

peroxotitanate(IV) complexes were documented in relatively older 

literatures, there is little agreement over their composition let 

alone their structureso The complexity in peroxotitanate(IV) chemistry 

is an acknowledged problem~ 91 and the system becomes more complicated 

owing to the formation of different peroxotitanate(IV) species with 

a variation of pH of the reaction mediumo Thus the deep orange colour 

produced by the addition of hydrogen peroxide to an acidic titanium{IV) 

solution starts turning pale ultimately becoming colourless with the 

hike of pH of the reaction mediumo A perusal of literature further 

reveals that heteroligand-peroxotitanium(IV) chemistry have received 

a relatively, less attention and reports on heteroligand peroxo­

titanates(IV) are rather scanty, except for a few sulphate-, chloro-, 

and fluoro-peroxotitanates {IV) •92 Among the fluoro-peroxotitanates (IV), 

however, A3 LTi (02) F sJ (A = Li:, Na, K or NH4) 92 appears to be the 

be~t characterised one and is the most often quoted example of a 

typical peroxotitanate (lV) compound. The 

and currently used for the prep9ration of alkali pentafluorope 
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titanates(IV), A3 ~Ti(02 )F5_7 (A= Li, Na, K or NH4), requires the 

~TiF6_72- complex as an essential precursor, which results in an 

extra preparation stepo In order to overcome the existing problem 

involved in the recommended method of synthesis, a simple and a 

direct. general synthetic route to alkali pentafluoroperoxotitanates{IV), 

A3 ~Ti{02 )F5_7 appears to be highly desirableo Within the context 

of the chemistry of peroxotitana~es(IV), to our knowledge there is 

no reported evidence of any diperoxotitanate(IV) complex in the 

solid state although some other members of the first-row transition 

series form a number of well-defined diperoxo compounds.82• 93 - 96 

Some of the rather old reports have argued for the existence of 

diperoxotitanate(IV) in solution. 91• 97 We were unable to find out 

any convincing reason for the absence of information regarding the 

synthesis of any diperoxotitanate(IV) complex in the solid formo 

Studies in the aforementioned directions were therefore warrantedo 

As already mentioned that the colour of titanium(IV)-hydrogen peroxide 

system depends heavily on the pH of the reaction solution resulting 

in the formation of different complex peroxotitanate(IV) species in 

solution. In this context it appeared quite rational to study the 

effect of variation of pH, keeping the heteroligand unchanged, on 

the composition of solid product isolated at different stages. 

Such studies can be envisaged at least in two different ways, vizo, 

{1) by gradually increasing the pH of the reaction solution and 

isolating the product at different pH, and (2) by first raising the 

pHhto an alkaline range followed.by lowering it down to an acidic 

regiono Accordingly, reactions among titanium{IV), hydrogen peroxide 

and F- have been studied at different pH leading us to the direct 
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synthesis of alkali pentafluoroperoxotitanates(IV), A3 L:Ti(02)F5_7 

(A= Na, K or NH
4
), synthesis of a new potassium monoperoxo­

trifluorotitanate(IV) trihydrate, K L:Ti(02)F3_7o3H2o, and first 

synthesis of potassium and ammonium diperoxodifluorotitanates(IV), 

A
2 
~Ti(02 ) 2F2~ (A= K or NH

4
>. A detailed account of the results 

of afore-mentioned investigations constitute the subject matter 

of Chapter 5 of the present thesiso 

As a sequel to our studies on the chemistry of heteroligand 

peroxotitanates{IV), we were also curious to investigate the mode 

of binding of sulphate with titanium(IV) in the complex formed in 

2-the reaction with hydrogen peroxide in the presence of so4 o 

It is now an evidenced fact that the mode of binding of so4
2- with 

2-transition metal in the presence of o2 ligand is not always 

similar--sometimes it is co-ordinated to the metal centre, either 

98-101 . as a chelatedligand or as a bridging group, while ~n a 

number of cases it is unable to enter into the coordination sphere 

and occurs as an ionic species.102 With a vie~ to getting an insight 

into the peroxotitanate(IV) chemistry, studies involving hetero­

ligand diperoxo compounds of titanium(IV) have been identified as 

an aspect demanding a relatively greater attentiono Strategically, 

this could be achieved through the synthesis, characterisation, 

and structural assessment of a number of compounds with varying 

heteroligands, viz., sulphate, N-heterocyclic ligands, and 

thiourea etc. 
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Peroxometal compounds are potential oxygen donors to 

organic substrates and are generally used for the epoxidation of 

olefineso 30 The recent use of a peroxo compound of titanium(IV) 

as a catalyst in organic synthesis38 is an example of the utility 

of transition metal peroxides. In view of this, it was considered 

important to obtain molecular mixed-ligand diperoxo compounds 

of titanium(IV) in the solid state so that such compounds might 

serve as good candidates for studies of catalytic oxidations in 

terms of activation of the o-o bond of co-ordinated dioxygeno 

Keeping the above in view a systematic study involving 

synthesis, characterisation, and structural assessment of 

heteroligand diperoxotitanates(IV) was undertaken as a part of 

the present research programme and hitherto unknown alkali 

diperoxomonosulphatotitanates(IV) tetrahydrates, 

A2 ~Ti(02 ) 2so4_7o4H2 0 (A= K or NH4), and three molecular 

mixed-ligand diperoxo compounds of titanium(IV) of the types 

~Ti(02 ) 2 (L-L)_7 (L-L = 1,10-phenanthroline 'or 2,2~bipyridine), 

and ~Ti(02 ) 2 (thiourea)_70 H2 0 have been synthesisedo Chapter 6 

of the thesis describes the results of our afore-mentioned 

studies. 

Although solid peroxo complexes of both titanium and 

·vanadium can be synthesised £rom aqueous solutions, there exists 

a marked difference in the types of the compounds obtained 

thereofo Whereas most of the reported peroxo complexes of vanadium 

are oxo-peroxo species, 82 , 93 , 103- 107 the corresponding compounds 

of titanium(IV) are very sparseo To our knowledge, the only 
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reported example of such a compound, that has been also charac­

terised crystallographically, is K2 ~Ti20(02 ) 2 (dipic) 2_7 
{dipic = dipicoline) 108 albeit a few non-peroxo compounds 

containing Ti02+ moiety are known. 54• 55• 109 Nevertheless, it 

appears generally accepted that oxo-titanates(IV) are quite 

rarely encounteredo That titanium(IV) compounds in aqueous acidic 

solutions contain the 'titanyl' moiety and that the ion Ti02+ 

is the main species of titanium present in such solutions are 

now certaino 45 ' 46 The structural unit of monomeric titanium{IV) 

oxo-compounds contains a Ti=O ('titanyl') core, 45• 46• 55 while 

those of polymeric complexes contains oxo-bridged ( jU-oxo) 

species through -Ti-0-Ti- interactions. 44• 110 However, the 

question of a possibility of existence of oxo-peroxotitanate{IV) 

complexes containing a 'titanyl' moiety in aqueous acidic solution 

and isolation of any product from such solutions has not been 

addressed before. In view of this, it was considered important 

to first explore the possibility of existence of an oxo-peroxo­

titanate(IV) species in solution followed by isolation of the 

product and making an assessment of its structureo In order to 

get a further insight into the chemistry of peroxotitanate(IV) 

·complexes, studies involving such compounds of titanium(IV) 

appeared to be a fascinating aspect of investigation. A planning 

of synthetic strategies and working out of appropriate experi­

mental conditions are i~ortant pre-requisites for thiso Such 

studies have also been carried out as a sequel to our endeavour 

in thi~ field, existence of oxo-peroxotitanate(IV) in solution 

has been demonstrated, and potassium oxoperoxodichlorotitanate(IV) 
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monohydrate, K2 ~TiO(o2 )cl 2_7.H2 o, has been obtained in the 

solid form. The structural assessment of the compound has been 

made by various physico-chemical techniques. The results of the 

above-mentioned investigations have been incorporated in 

Chapter 7 of the present thesiso 

Interest in the field of chemistry of fluoro-containing 

t . i 1 d t b d' .. hi 111-118 rans~t on meta compoun s seems o e never 1rn~n~s ng. 

This field of transition metal chemistry continues to attract 

much attention and produces new and exciting resultso 119- 122 

Peculiarities of such compounds particularly in respect of their 

magnetic and structural behaviours probably make them relatively 

more interesting than thos~ containing other halides. Some of 

the inherent properties of fluorine, eogo, its very high electro-

negativity and small ionic size render it suitable for stabilising 

higher oxidation states of metals. Applications of such compounds 

as insulators and serniconductors123 impart a further importance 

to the studies involving themo Consequently there has.been a 

considerable growing interest in the research relating to the 

synthesis, and studies of properties, and structures of fluoro 

compounds of transition metals. 

Like many other transition metals, titanium also forms 

oxofluorotitanates(IV) 1 although information on such compounds 
55 

are restricted to only a few reportso ~e complex ~TiOF5_73-
is probably the most well characterised oxofluoro complex of 

titanium(IV) though ~TiOF3~- has a reported existence.124 

In addition to these two complex species evidences concerning 
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oxotetrafluorotitanates(IV), ~TiOF4~2-. are also documented 

in the literatureo125 - 128 However, despite a number of attempts 

125-128 ~ J2-made by earlier workers synthesis of pure L TiOF4 

could not be successfully achievedo T,he complex in each case 

was contaminated with other products of titaniumo Studies on 

129 
this still appear to be continuedo In a recent investigation 

involving a high temperature thermal decomposition of a peroxo 

complex K2 ~Ti(02 )F4_7~ K
2 
~TiOF4_7 has been obtained as one 

of the main products·o Here again, contamination of the product 

stood in the way of obtaining a pure compound. This drew our 

attention and it was considered imperative to develope a suitable 

synthetic route to ~ure oxotetrafluorotitanate(IV), ~TiOF4_72-, 
complexo Investigation of the spectroscopic properties of such 

compounds is expected to yield some valuable information regarding 

their structureso In view of the preceding discussion, studies on 

oxotetrafluorotitanates(IV) were undertaken and a new synthetic 

route to pure A2 ~TiOF4_7 (A= K, Cs or NH
4
), has been developedo 

The compounds have been characterised and an assessment of their 

structure made. Chapter 8 of thesis contains the results of the 

afore-mentioned studies. 

The new results reported in the present thesis have been 

broadly divided into two parts viz., Part A and Part B. While 

Part A of the thesis, consisting of Chapters· 3 and 4, presents 

the work on boron chemistry, Part B, comprising of Chapters s, 6, 

7 and S, deals with the results of studies involving the chosen 

aspects of titanium chemistryo Each of these chap~ers has been 
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so designed as to make it a self-contained one with a brief 

introduction, sections on experimental, and results and discussion 

followed by relevant bibliography. Some of the new results have 

_ been publi~ 1·?.d, some are now in press, while the rest are under 

communicationo 
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Chapter 2 

Methods of Elemental Analyses and Particulars of Instruments/ 

Equipment Used for Characterisation and Structural Assessment 

of Compounds 

The methods employed for the quantitative determination of various 

constituents, and the relevant particulars of the instruments/ 

equipment used for the characterisation and structural assessment 

of the newly synthesised compounds are given in this Chaptero 

Elemental Analyses 

1 Boron 

(i) Determination of boron gravimetrically as nitron tetra­

fluoroborate1a 

In a typical procedure, an accurately weighed amount of the 

boron compound was dissolved in water and the solution was treated 

with 20-25 cm3 of 0.1N NaOH solution in order to decompose the 

compound. The mixture was heated for ~ 10 to 15 min on a steam­

bath to ensure complete decomposition. The solution was filtered, 

and the filtrate was collected in a polyethylene beakero The 

filtrate was diluted to about 60 cm3 with distilled water and 

acidified with dilute (5N) sulphuric acid using methyl red as the 

indicator. To it was added 15 cm3 of 10% nitron reagent followed 
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by the addition of 2 crn3 48% hydrofluoric acid with stirring until 

the precipitate ceased to appearo The solution was allowed to 

stand overnight and then cooled in an ice-bath for ~ 2h. The 

precipitate was filtered on a weighed porcelain crucible and 

washed well (5 to 6 times) with saturated nitron tetrafluoroborate 

solution, and finally dried to constant weight by heating at 

The above mentioned method was used for the estimation of 

boron in alkali-metal and ammonium peroxofluoroborate complexes. 

(ii) Determination of boron as boric acidlb 

An accurately weighed amount of the boron compound was 

transferred quantitatively to a 250 crn3 volumetric flask, and 

the volume was made up to the rnarko An amount of 25 crn3 of this 

solution was titrated with standard O.l(N) hydrochloric acid 

using methyl orange as indicatoro To another amount of 25 cm3 of 

the solution was added the quantity of standard hydrochloric 

acid determined in the previous titration followed by the addition 

of 2g of mannitol and shaken well until dissolved, and a few drops 

of phenolphthalein was also addedo It was then titrated with 

standard sodium hydroxide solution until a faint but permanent 

pink colour appearedo 

3 1 ern 1~ NaOH solution := o.06184g of H3Bo3 



-33-

The method described above was used for the determination 

of boron contents in pentaborate and fluoro(hydroxo)oxoborate 

compoundso 

Titanium2 

Titanium was estimated gravimetrically as titanium 

dioxide. 

In a representative procedure, an accurately weighed 

amount of the titanium compound was dissolved in a minimum 

volume of dilute (2N) hydrochloric acid and form which titanium 

was precipitated out as hydrated titanium oxide by the addition 

of a dilute sodium hydroxide solution. The precipitate was 

separated by filtration, washed several times with water to make 

it free from alkali, and then dissolved in 3(N) hydrochloric acid. 

To the clear solution thus obtained was added a slight excess of 

a freshly prepared 6% aqueous solution of cupferron with stirring 

until the curdy precipitate ceased to appear. The precipitate was 

then filtered off on a filter paper. The precipitate alongwith 

the filter paper was transferred in a large crucible and was 

cautiously ignited with a gradual increase in temperature to 

constant weighto Titanium was finally weighed as Ti02 • 

Active Oxygen (Peroxo Oxygen) 3- 5 

(i) Perrnanganometry3 

An accurately weighed amount of the peroxo-boron or the 

peroxo-titanium(IV) compound was dissolved in 7(N) sulphuric 

acid containing ~ 4g of boric acid. Boric acid was used to 



-34-

prevent any loss of active oxygen through the formation of 

peroxoboric acid. The resulting solution was then titrated with 

a standard potassium permanganate solutiono 

This method is suitable for the determination of peroxide 

contents of peroxo-boron as well as of peroxo-titanium(IV) 

compounds. 

(ii) 4 Iodometry 

In a freshly prepared 2(N) sulphuric acid solution, 

containing an appropriate amount of potassium iodide (£S lg in 

100 cm3), was added an accurately weighed amount of the peroxo-

boron or peroxo-titanium(IV) compound with continuous stirring. 

The mixture was allowed to stand for £S 10 min in co2 atmosphere 

in the darko The liberated iodine was then titrated with a 

standard sodium thiosulphate solution, adding 2 cm3 of freshly 

prepared starch solution when the colour of the iodine was 

nearly discharged. 

( ) (02
2-) iii Determination of Peroxide by Titration with a 

4+ 5 standard Ce solution 

An accurately weighed amount of the peroxo-titanium(IV) 

compound was dissolved in a 2(N) sulphuric acid solution in the 

presence of an excess of boric acid (ca Sg). Peroxide was then 

determined by titrating with a standard Ce4+ solution. 
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Fluoride6 

An accurately weighed amount of a fluoroborate or a 

fluorotitanate(IV) compound was dissolved in water and the 

solution was treated with alkali (eogo sodium hydroxide) in 

order to decompose the compound. The mixture was heated over a 

steam-bath for £! 10 min to ensure complete decomposition. 

Titanium in a fluorotitanate was precipitated as hydrated titanium 

oxide, and separated out by filtration, and washed several times 

with water. The filtrate and washings were collected for fluoride 

estimation. In the case of boron compounds, the solution was 

straightway used for the estimation of fluoride. To the combined 

filtrate and washings in the case of titanium compounds and to 

the solution in place of boron compounds, 2 to 3 drops of bromo­

phenol blue indicator and 3 crn3 of 10% sodium chloride solution 

were added and the whole was diluted to about 250 cm3 • Dilute 

nitric acid was added to it until colour changed to just yellow, 

followed by the addition of dilute sodium hydroxide solution until 

the colour ultimately just cnanged to blueo The mixture was 

subsequently treated with 1 cm3 of concentrated hydrochloric acid 

and s.og of lead nitrate, and heated on a steam-bath. After all 

the'lead nitrate had dissolved, SoOg of crystallised sodium 

acetate was added to the solution and the solution was digested 

on a steam-bath for about half an hour with occasional stirring. 

The whole was allowed to stand overnighto 
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F th · t · t' t' Sa th i 't t 1 d or e grav1me r1c es 1ma 1on, e prec p1 a e ea 

chloride fluoride, PbClF, was filtered through a weighed Gooch 

crucible (grade 4) and weighed as PbClF after drying at 140-150°C 

to constant weight. In the volumetric estirnation, 6b the precipitate 

PbClF was quantitatively collected by filtration through a 

Whatman 542 filter paper and washed once with cold water, then 

3 to 4 times with saturated solut~on of lead chloride fluoride, 

and finally once more with cold water. The precipitate was dissolved 

in 100 crn3 of 5% (v/v) nitric acid by heating over a steam-bath 

for 4-5 min. A known excess of saturated OolN silver nitrate 

solution was added to it, followed by digestion on a steam-bath 

for 30 min, and then cooled at room temperature in the absence of 

light. The precipitated silver chloride was filtered through a 

sintered glass crucible and washed with cold water. The unreacted 

silver nitrate in the filtrate and washings was titrated with a 

saturated OolN potassium thiocyanate solution using 1 crn3 of 

ferric ion indicator solution until one drop of thiocyanate solution 

produced a permanent faint brown colour. The amount of silver 

nitrate in the filtrate, thus found, was subtracted from that 

originally added, and the content of fluoride was calculated from 

the amount of silver nitrate consumed. 

1 cm3 of 1~ AgN0
3
::: Oo0190g ofF 
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Chloride7 

An accurately weighed amount of the chlorotitanate{IV) 

compound was treated with 25 crn3 of water and was dissolved 

completely by the addition of a few drops of dilute nitric acid 

solution. The clear solution thus obtained, was treated with 

dilute sodium hydroxide solution followed by heating the mixture 

over a steam-bath for ~ 15 min for complete decomposition. 

Titanium in the compound was precipitated as hydrated titanium 

oxide which was separated out by filtration and washed several 

times with water. The filtrate and washings were collected for 

chloride estirnationo To the combined filtrate and washings 5 cm3 

of 6N nitric acid and a known excess of saturated Oo1N silver 

nitrate solution were added, and the whole was stirred well until 

the coagulation of the precipitate was complete. The precipitated 

silver chloride was filtered through a sintered glass crucible 

and washed thoroughly with very dilute nitric acid (1:100). 

The unreacted silver nitrate in the filtrate and washings was 

titrated with a saturated Oo1N potassium thiocyanate solution 

using 1 cm3 of ferric alum indicator until one drop of the 

thiocyanate solutiGn produced a permanent faint brown colour. 

The amount of silver nitrate in the filtrate, thus found, was 

subtracted from that originally added, and the content of chloride 

was then calculated from the amount of silver nitrate consumed. 

1 cm3 of l! AgN03 ::: o.03546g of Cl 
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A known amount of the sulphatotitanate (IV) COIT!Pound was 

treated with 25 cm3 of water and was dissolved completely by the 

addition of a few drops of dilute HN0
3 

solution. A 30% solution 

of sodium hydroxide was added to the above solution slowly with 

stirring and the mixture was heated over a steam-bath for ca 

30 min. The precipitated hydrated titanium oxide was separated 

by filtration and carefully washed 2-3 times with cold watero 

The combined filtrate and washings was concentrated by boiling 

and neutralised with dilute nitric acid (volume of the solution 

was £2 230 cm3). This was acidified by the addition of o.3-0o6 cm3 

of concentrated HCl solution and heated to boiling. A warm solution 

( 3) -- ( 3 10-12 em of 5% barium chloride 5g Bacl2.2H2o in 100 ern of 

water) was added from a burette or a pipette drop by drop with 

continuous stirring, and the resultant precipitate was allowed 

to settle for ~ 2 min. The supernatant liquid was tested for 

complete precipitation by adding a few drops of barium chloride 

solution. The process was repeated until a slight excess of barium 

chloride was present in the mixture to ensure complete precipi-

tation. The mixture was kept covered over a steam-bath for lh in 

order to allow time for complete precipitation of Baso4• The 

precipitated barium sulphate was filtered through a previously 

weighed sintered glass crucible (grade 4) using gentle suction. 

The precipitate was washed with warm water until the filtrate gave 

no precipitate with a few drops of silver nitrate solution. The 

crucible with its content was dried at ~ ll0°C and heated for 
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10-15 min at a higher temperature (~ 600°C) followed by cooling 

in a desiccator. The ignition process was continued until constant 

weight was attained. 

The sulphate content of the sample was finally weighed 

as Baso4• 

Sodium and Potassium 

Sodium and potassium contents were determined by flame 

photometry. A solution containing sodium or potassium ions was 

acidified with hydrochloric acid. The acidified solution thus 

obtained was then used for flame photometryo 

Carbon, Hydrogen, and Nitrogen 

Carbon, hydrogen, and nitrogen were ~stimated by micro 

analytical methods. The results of analyses were obtained from 

Amdel Australian Micro Analytical Service, Port Melbourne, 

Victoria 3207, Australia, and also from Micro Analytical 

Laboratories, Regienal Sophisticated Instrumentation Centre, NEHU, 

Shillong 793003. 

Particulars of Instruments/Equipment Used 

pH Measurement 

The pH of the reaction solutions, whenever required, were 

measured by using a SystronicsType 335 digital pH meter (and also 

by BDH indicator paper)o 
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Molar Conductance 

Molar conductance measurements were made using a Philips 

PR 9500 conductivity bridge and also by a SystronicsType 304 

digital ~onductivity bridge. 

Magnetic Susceptibility 

T.he Gouy method was used to measure the magnetic suscep­

tibility of the complexes. The compound Hg L-Co(NCS) 4_/ was used 

as the standard for calibrationo 

Infrared Spectra 

Infrared spectra were recorded on the following 

spectrophotometers: 

(a) Perkin-Elmer Model 297 

(b) Perkin-Elmer Model 983 

Laser Raman Spectra 

Laser Raman (lR) spectra were recorded on a SPEX Ramalog 
0 0 

Model 1403 Raman Spectrometero The 4880A or 5145A laser line 

from Spectra-Physics Model 165 Argon laser was used as the 

excitation source. The scattered light at 90° was detected with 

the help of a cooled RCA 31034 photomultiplier tube, followed by 

photon-count processing systemo 

T.he sample was held either in a quartz capillary or in the 

form of a pressed pellet. In some cases solution spectra were 

also recorded. The recording was done at ambient temperatureso 
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ESR Spectra 

ESR spectra of polycrystalline solid compounds were 

recorded using a Varian E109, X-band ESR spectrometer with 

lOOK modulatoro c 
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Chapter 3 

A New Route to Potassium and Ammonium Pentaborate Dihydrates, 

A ~B5 o6 (0H) 4~o2H20 (A= K or NH
4
), and Synthesis and Structural 

Assessment of New Fluoro(hydroxo)oxoborate Dihydrates, 

A
2 
~B202F2 {0H) 2~o2H20 {A= K or NH4) * 

The tetrafluoroborate, BF
4
-, and its hydroxy derivatives 

~BF {OH) 4 ~have a long history and syntheses and studies of n -n 
properties of various complexes derived from the anions have 

1-6 received a considerable attention over the yearso Interest 

in the studies involving polyborates and mixed fluoroborates has 

been highlighted in Chapter lo Potassium pentaborate dihydrate, 

K £s
5
o6 (0H) 4J.2H20, an interesting species in the field of B-0 

chemistry, is an example of an unusual structure in which the 

structural unit has one tetrahedrally co-ordinated B atom. The 

compound has been known for over a century and the literature 

methods of synthesis of this compound involve either a drastic 

condition7 or the use of an appreciable amount of fluoride. 8 

Our contention was to develope a new and general synthetic route 

to potassium and ammonium pentaborate dihydrates, A ~B5o6 (0H) 4_7.2H20 
(A= K or NH4 ), using a mild condition without involving fluoride. 

* The results described in this Chapter have been published: 

J. Chemo Soco, Dalton Transo, 1987, 0000 • 
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The present Chapter of the thesis deals with the details of a 

new method of synthesis, and characterisation of potassium and 

ammonium salts of the complex ~B5 o6 (0H) 4~- ion. 

Although there are physico-chemical evidences for the 

existence of various fluoro(hydroxo)borates and fluoro(hydroxo)-

9 10 11 oxoborates, and oxo(hydroxo)borates ' in aqueous solution, 

report on solid polyborates or oxoborates containing fluoride as 

one of the ligands seems unprecedented. In view of a considerable 

interest in the chemistry of fluoroborates and also considering 

the fact that fluoro(hydroxo)borate moiety exists in solution, 

it was expected that such species will be capable of being 

synthesised under suitable experimental conditions and isolated 

in the solid state. Accordingly, such investigations were 

undertaken. 

The present Chapter also describes the first synthesis, 

characterisation, and structural assessment of potassium and 

ammonium fluoro(hydroxo)oxoborate dihydrates, ~ ~B2o2F2 (0H) 2_7.2H20 
(A= K or NH

4
)o 

Experimental 

The chemicals used were all reagent grade products 

(BoD.H., Eo Herck, S .D •s, Loba-chemie, and IDPL) • 
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Synthesis of Potassium and Ammonium Pentaborate Dihydrates, 

A ~B5 06 (0H) 4_7o2H2 0 (A= K or NH4) 

A typical procedure 

To a suspension of 1o0g (16.17 mrnol) of boric acid in 

~ 5 cm3 of water was added a 20% solution of potassium 

hydroxide or 25% aqueous ammonia (sp.gr. Oo9) in the case of 

NH4+ salt, under constant magnetic stirring first to dissolve 

the boric acid and then to raise the pH of the medium to 9. 

An amount of 6 cm3 of acetylacetone was then added to the reaction 

mdxture and the whole was stirred for ~ 30 mino wbile the potassium 

salt was spontaneously precipitated from the reaction mixture at 

ambient temperatures, the corresponding ammonium salt was obtained 

by concentrating the content of the reaction vessel until a 

white product began to appearo The compounds were washed twice 

with ethanol and finally dried in vacuo over concentrated sulphuric 

acido The yields of K ~B5 o6 (0H) 4_7o2H2o and NH4 ~B5o6 (0H) 4_7o2H2 0 
were 1.6g (34%) and 1o4g (32%), respectivelyo 

Synthesis of Potassium and Ammonium Fluoro(hydroxo)oxoborate 

Dihydrates, ~ ~B202F2 (0H) 2_7o2H20 (A= K or NH4 ) 

Since the methods of syntheses of alkali fluoro(hydroxo)­

oxoborates are similar only a representative method is described. 
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An amount of 2.0g (32.34 mmol) of boric acid was mixed well 

with the corresponding alkali fluoride, AF (A= K or NH4), in a 

polythene beaker, with the maintenance of the ratio of B:AF at 

1:2.5. To this was added 8 cm3 (192 mmol) of 48% HF to obtain a 

clear solutiono This was then heated for ~ 30 min over a steam-

bath keeping the beaker uncovered in a ventilated hood. The volume 

of the reaction solution was reduced in this process, and the 

potassium or ammonium fluoro(hydroxo)oxoborate dihydrate was 

precipitated in a high yield. The product thus obtained was 

separated by filtration, washed three times with ethanol, and 

finally dried in vacuo over concentrated sulphuric acido The 

specific gram amounts of reagents used and the yields of 

A2 ~B202F2 (0H) 2_7.2H20 (A= K or NH4 ) are shown in Table 3-1. 

Elemental Analyses 

Estimations of boron, fluoride, potassium, nitrogen, and 

hydrogen were performed by the methods described in Chapter 2 of 

the thesis. The results of elemental analyses of A ~B5 o6 (0H) 4_7o2H2 0 
(A = K or NH4 ) are given in Table 3-2, while those of 

A2 ~B202F2 (0H) 2_7o2H2 0 (A= K or NH4 ) are reported in Table 3-3. 

Results and Discussion 

It is known from the chemistry of boron that a high affinity 

of boron for oxygen is a dominant factor for the formation of a 

vast number of berates. T.he berates consist mainly of B03 moieties 
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Table 3-lo Amounts of Reagents Used for the Synthesis and 

the Yields of A2 ~B2o2F2 {0H) 2_7o2H2 0 (A= K 

or NH4) 

I 
I 
I Yield I 

Compound I 
I g (%) I 
J 
I 
I 
I 

K2 ~B202F2 {0H) 2~o2H20 4o5 
(58) 

I I 

: Amount of: Amount of 
I I 

: boric a:::ki : 
I 

: g {mmol) 
I 

2o0 
(32 o34) 

2o0 
(32o34) 

I :g 
I 

AF 

(mmol) 

4.7 
(81 o04) 

3·0 
(81o08) 

Amount of 

48% HF 

cm3 (mmol) 

8.-0 
(192) 

8·0 
(192) 
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K or.N 

13ol 
(13 o26) 

5o04 
{5 o12) 

Found % (Calcd. %) 

B 

18o58 
(18o70) 

19o89 
(20ol4) 

H 

2o54 
(2o72) 

4o24 
(4.39) 
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Table 3-3o Analytical Data of A
2 
~B202F2 {0H) 2_7o2H20 

(A = K or NH
4

) 

Compound I 
I 

: K or N 

32o62 
(32o50) 

Found % {Calcd. %) 

B 

9o1 
(9o16) 

F 

15o78 
(15o83) 

11o05 19.0 
(lloll) (19o19) 

H 

7ol 
(7 .07) 
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with the occassional occurence of B04 units. An interesting aspect 

of boron chemistry is marked by its ability to form polymeric 

specieso 12 Alkali-metal borates have been the subject of much 

studies and the structural elucidation of polyborates have 

evoked a considerable interestoS,lO,ll One such example is 

potassium pentaborate dihydrate, K ~B5 06 (0H) 4~o2H20, which 

has drawn the attention of several workers8• 10• 11 probably 

because of its structural peculiaritieso This compound was first 

reported in 1855 and was prepared by boiling a solution of KOH 

dissolved in a saturated solution of boric acid keeping the 

8 K:B ratio at ca l:So Recently in 1983, Emsley et al. have also 

reported the synthesis of this salt from boric acid partly 

dissolved in water and their procedure involves an appreciable 

amount of potassium fluorideo It was emphasised8 that the 

fluoride ions have an important role as a catalyst in bringing 

about the polymerisation of boric acid leading to the formation 

of pentaborate species, ~B5o6 (0H) 4_7 -.Our concern in this 

context was to develope an alternative general method for the 

synthesis of potassium and ammonium pentaborate dihydrates, 

A ~B506 (0H) 4_7.2H20 (A= K or NH4), without using any drastic 

conditions, and also avoiding F- ions, unlike the earlier 

methods, 8 because fluoride is also a good ligand for boron. 

Strategically, it was thought that simply by proper adjustment 

of pH by the addition of potassium hydroxide or aqueous ammonia, 

which would also act as the source of counter-cations, the complex 

species might be generated in solutions and then isolated in the 
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solid state. The strategy seems to have workedo Thus the present 

method involves the reaction between a suspension of boric acid 

in water and the·corresponding alkali hydroxide at room temperatures 

followed by the addi~ion of acetylacetone. It is imperative to 

mention that a slow addition of alkali has to be continued until 

the medium attains pH 9o Addition of the stipulated amount of 

acetylacetone (vide Experimental) brings down the pH to 8 owing 

to its weak acidity. Acetylacetone apparently played two roles 

vizo, (i) it helped in controlling the appropriate pH of the 

medium, and (ii) it facilitated precipitation of the desired 

compound from the reaction solution. The new method is easy to 

man~ulate and in this way A ~B5 o6 (0H) 4_7.2H2 0 (A= K or NH4) 

compounds can be synthesised without making use of F- ionso 

T.he compounds are white microcrystalline products, 

soluble in water at room temperatures. They permit molar 

conductance measurements and the values are found to lie between 

-1 2 -1 120 and 130 Jl em mol showing that the compounds are 1:1 

electrolyteso Molar conductances of the solutions of the compounds 

recorded at the intervals of 7, 15 and 30 days indicated no 

apparent change in the 11M values attesting to their stabilities 

also in solutionso In order to further establish their identity, 

the IR and laser Raman (lR) spectra of the compounds were 

recordedo While the IR spectra were recorded in the solid state, 

the lR spectra were recorded both on solids as well as on their 

solutions. The spectral features are identical to those reported 
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in the literature10• 13 for the salts of the complex ~B5o6 (0H) 4_7-
iono These results and those of chemical analyses are in excellent 

agreement with the formulas of the compounds suggesting that the 

compounds are the same as those reported earlier in the 

lit t 
8,10,11,13 era ure. 

In view of the physico-chemical evidences concerning the 

existence of fluoro(hydroxo)borates in solutions, 9 it was expected 

that similar species could be isolated in the solid state by 

proper adjustment of experimental conditions. It has been found 

that a reaction of a mixture of boric acid and potassium or 

ammonium fluoride, AF (A= K or NH4), in the ratio of H3Bo3 :AF 

as 1:2.5, with 48% HF at a steam-bath temperature leads to the 

synthesis of hitherto unknown potassium or ammonium fluoro(hydroxo)­

oxoborate dihydrate, A2 ~B2o2F2 {0H) 2_7.2H2o (A= K or NH4). The 

pH of the solution, immediately after the formation of the compound, 

was found to be 2. The reaction was facile and the yields of the 

products were also high. The spontaneous separation of the compound 

from the reaction solution is an advantage of the method. It is 

necessary to carry out the reactions at a steam-bath temperature 

as this probably facilitates the reaction, and more so the volume 

is reduced considerably allowing the compound to be thwarted out 

of the reaction medium. 

The compounds, A2 ~B2o2F2 (0H) 2_7.2H2 0 {A= K or NH4), are 

white microcrystalline products and insoluble in organic solvents. 

T.hey decompose in water, thus precluding their molar conductance 

measurements. They do not melt upto 250°C. The results of elemental 
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analyses of the K+ and NH4+ salts suggest the stoichiometry of 

K:B:F:H and N:B:F:H as 1:1:1:3 and 1:1:1:7, respectively. 

Accordingly, the compounds have been tentatively formulated as 

A
2 
~B2o2F2 (0H) 2_7o2H20 (A= K or NH4 )o Strong desiccation of 

the compounds over concentrated sulphuric acid did not remove 

the water of crystallisationo Owing to a pronounced tendency of 

boron to form a tetrahedral structure, a dimeric formula over a 

monomeric one is preferred which has been augmented by the 

results of spectroscopic studieso 

The B-F and B-0 vibrations are important spectroscopic 

probes for molecular structure assessment, and are amenable to 

a direcu study by IR and lR spectroscopy (Table 3-4). TheIR 

-1 spectra showed bands at £2. 596, £2. 746, and £S_ 1300 em , and 

-1 a broad absorption at ~ 1060 em , the broadening of which 

is probably because of overlap of B-o14 and B-F15 vibrational 

modeso The band at ~ 596 cm-1 has been assigned to AJ (B-OH), 
16 

-1 those at £S. 746 and ~ 1300 em have been attributed tG 

~ (B-0-B) and ~ (B-o-B) modes, respectivelyo 17 In addition the s as 
-1 spectra show two extra bands at £S 1640 and ~ 3450 em typical 

for b (H-0-H) and~ (o-H) of uncooi:dinated water. 18 The absorp-

-1 tions at 3157, 3040, and 1400 em in the spectrum + of the NH
4 

salt have been attributed to ~3 , ~l and .V 
4 

+ 19 modes of NH 4 • 

The lR S;pectra of both the compounds were recorded only on solids 

as they decompose in water even at room temperatures. The charac-

teristic features of lR spectra are the peaks at 2! 775, ~ 820, 

-1 -1 and ES, 5 95 em o The peaks at £S_ 775 and ~ 5 95 em have been 
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assigned to~- (B-F) 20 and::.) (B-OH) 16 modes, respectively, originating 

from the presence of co-ordinated fluoride and OH and compare very 

well with those observed for some other complex species of boron. 

The signal at~ 820 cm-1 has been assigned to~ (B-0) 16 (of the 
J B-0-B frame work). However, a corresponding band in the IR spectra 

could not be precisely identified probably owing to its overlap 

with the B-OH vibration. Thus, it may be inferred from the results 
~ ~ .~ t 

of IR and lR spectroscopic studies that the complex species contains 
.,...........o............ .-,~ 

two tetrahedral boron atoms with a B B linka9e, ~in addition 
............ 0............ ,,-

to one F- and one OH- being terminally bonded to each -of the two 
l ..... ...t... 
~- " boron atoms, and accordingly the complex ion has been formulated 

as ~B2o2F2(0H) 2~2-o 

Thus it is evident from the present studies that the classic 
..... ,- ~ 

oft-quoted pentaborate, A £B5o
6 

{OH) 
4
Jo2H

2
0 (A =- K or-~NH4), can be 

synthesised rather easily, directly from the rea~tion of boric acid 

with potassium hydroxide or aqueous ammonia at pH 9 without using 

-any drastic conditions or fluoride ionso The white crystalline 

A ~B5 06 (0H) 4_7o2H20 compounds are stable and do not decompose 

in water. 

Potassium and ammonium fluoro(hydroxo)oxoborate dihydrates, 

~ ~B202F2 (0H) 2_7o2H2o (A= K or NH4), can be obtained from the 

reaction of a solution of boric acid with AF and 48% hydrofluoric 

acid. The compounds do not melt upto 250°Co Unlike the 

A ~B5 06 (0H) 4_7o2H2 o compounds, they decompose in water. The complex 
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Table 3-4o Structurally Significant IR and laser Raman (lR) 

Bands of A
2 
~B202F2 (0H) 2_7o2H2 0 (A= K or NH

4
) 

Compound IR Raman Assignment 
-1 -1 em em 

596w 595 ~ {B-OH) 

746m ~ (B-0-B) 
s 

775 :; (B-F) 

K
2 
~B202F2 (0H) 2~o2H2 0 

825 ~ (B-0) {of the B-0-B 
framework) 

1065br :v (B-0) +~ (B-F) 

1300w ;:; 
as 

(B-0-B) 

1640m s (H-0-H) 

3450m ~ (0-H) 

598w 595 ~ (B-OH) 

749m )J {B-0-B) 
s 

778 ~ {B-F) 

820 ~ {B-0) (of the B-0-B 
framework) 

1060br ~ {B-0) +;; (B-F) 

(NH4 ) 2~B2 02F2 (0H) 2~o2~0 1305w ~ (B-0-B) 
as 

1640m ~ {H-0-H) 

3455m ~ (0-H) 

3157m ~3 J 3040s ~1 N-H 
1400s ~4 
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~B202F2 (0H) 2_72- species contains two tetrahedral boron atoms 
0 

with a B~ :>B linkage, in addition to one F- and one OH- being 
0 

terminally bonded to each of the two boron atoms. 
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Chapter 4 

Alkali-Metal and Ammonium Peroxofluoroborates, A2 ~B{02 )F3_7.4H20 
(A= Na or K), and (NH

4
)

2 
~B2 Co2 ) 3F2_7. First Synthesis of 

* Peroxofluoroborate Complexes 

The reaction of borates with hydrogen peroxide leads to 
1 

products which probably contain the complex ~B2 (o2 ) 2 (0H) 4_72-
ion and the alkali-metal salts of this anion constitute an 

important oxidising component in many detergents. ~e commercially 

most important compound in this context is Na2 ~B2 Co2 ) 2 (0H) 4_7.6H2 o. 
No heteroligand peroxo complex of boron is known to our knowledge, 

although many reported examples of such compounds of metals are 

documented in the literatureo 2- 9 Interestingly, introduction of 

specific heteroligandS in the coordination sphere seems to increase 

the stability of peroxo complexes of elements and permits isolation 

in the solid form thus providing a scope of studying their proper-

ties and making an assessment of their structures. In view of a 

considerable amount of success that has been achieved in obtaining 

stable heteroligand peroxo compounds of metals in recent years, 7- 9 

it was expected that similar species of boron could also be 

isolated in the solid state and the results obtained would provide 

* The subject matter of this Chapter has been published: 

Inorqo Chemo, 1985, £!, 2580o 
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internally consistent data regarding the effect of heteroligands 

on the stability of peroxoborate systemso 

Chapter 4 of the thesis deals with the first synthesis, 

characterisation, and assessment of structures of the title 

compoundso 

Synthesis of Alkali-metal and Ammonium Peroxofluoroborates, 

A
2 
~B(02 )F3_7o4H2 0 (A= Na or K)l and (NH4 ) 2 ~B2 (o2 ) 3F2~ 

As the methods of synthesis of the afore-mentioned 

compounds are similar, only a typical procedure is described 

below. 

To a suspension of 2o0g (32.34 mmol) of boric acid in 

ca 15 cm3 of water was added alkali-metal hydroxide, AOH (A = Na 

or K), or aqueous ammonia solution, under constant magnetic 

stirring, first to completely dissolve the boric acid and then 

to- raise the pEP.of the medium to 9o While sodium hydroxide or 

potassium hydroxide was added as a 20% solution, the aqueous 

ammonia was added as its 25% solution (sp.gr. Oo9). An amount 

of 6.0 cm
3 

(120 mmol) of 40% HF solution was added and the 

resultant mixture was stirred for ~ 5 min. The pH of the 

resultant solution was adjusted to 9 by a careful addition of 

the corresponding alkali-metal hydroxide solution or aqueous 

ammonia, and the mixture was cooled in an ice-water bath for ca 

15 min followed by the addition of 14 cm3 (123o4 mmol) of 30% 

hydrogen peroxide. The solution was cooled in an ice-water bath 

for ~ 10 min under slow magnetic stirring and the pH of the 
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solution was raised once aga.in to 9 by adding the corresponding 

alkalio Addition of a nearly equal volume of ethanol to the above 

solution produced white crystalline alkali-metal or ammonium 

peroxofluoroborate in a very high yield. The compound thus obtained 

was separated by filtration, washed three times with ethanol, and 

finally dried in vacuo over concentrated sulphuric acid. The amounts 

of reagents used for the synthesis and the yields of 

~ ~B(02 )F3~.4H20 (A= Na or K) and (NH4) 2 ~B2 (o2 ) 3F 2~ are 

reported in Table 4-1. 

Elemental Analyses 

Estimations of boron, fluoride, peroxide, sodium, potassium, 

and nitrogen were accomplished by the methods already described 

in Chapter 2 of the thesis. The results of elemental analyses of 

the newly synthesised compounds are given in Table 4-2. 

Results and Discussion 

The reaction of orthoboric acid with hydrogen peroxide 

produces the peroxoborate-species ~B2 {o2 ) 2 (0H) 4_72- in solution
1 

and the alkali-metal salts of this complex ion are prepared from 

the reaction of berates with hydrogen peroxide. The sodium salt 

can also be prepared from the reaction of boric acid with sodium 

peroxide. Further it is well-known from the familiar chemistry 

of boron that fluoride reacts with trivalent boron rather easilye
10 

Thus it was expected that under the appropriate conditions both 

'd (022-) ( -) perox~ e and fluoride F ligands might be made to coordinate 
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Table 4-1o Amountsof Reagents Used for the Synthesis and the 

Yields of A
2 
~B(02 )F3_7o4H2 0 (A= Na or K) and 

(NH4)2 ~B2(02)3F2_7 

Compound 

Na2 ~B(02 )F3_7o4H2 0 

I I 
I I 

: Yield : Amount of 
I :g (%) 
I 
I 
I 
I 

6oS 
(92) 

6 
(74) 

4o5 
(72) 

I 

: boric acid 
I :g 
I 

(mmol) 

2.0 
(32 0 34) 

2o0 
(32.34) 

2o0 
(32.34) 

I 
I 

: Amount of 
I 
I 40% HF I 

I 3 
: em (rrunol) 

6 
(120) 

6 
(120) 

6 
(120) 

I 
I 
I 

: Amount of 
I 

: 30~ H2o2 
: ern (rrunol) 

14 
(123 0 4) 

14 
(123 o4) 

14 
(123.4) 
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Table 4-2o Analytical Data of A2 ~B(02 )F3_7.4H20 (A= Na or K) 

and (NH
4

) 2 ~B2 (o2 ) 3F2_7 

Compound 

Found % (Calcdo %) 
I 
I 

:A or N 

45o35 
(45 0 98) 

31o54 
(31o27) 

14o47 
(14o62) 

a Peroxo-oxygen 

B 

5o21 
(4. 96) 

4o52 
(4 0 3 2) 

11o64 
(11.28) 

14o8 
(14o69) 

13o2 
(12o8) 

51o2 
(50 o07) 

F 

27o11 
(26.16) 

23.12 
(22.79) 

19o75 
(19.82) 
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with boron in the presence of each other to produce heteroligand 

peroxoborate complexeso 

Strategically most important was the evaluation of a suitable 

pH of the reaction medium to enable formation of the desired 

complexeso Accordingly, the reactions of boric acid with alkali-

metal hydroxide, AOH, or aqueous ammonia, 40% HF, and 30% H2o2 

solution were performed at pH 9 which gave rise to the formation 

of the complex ion ~B(02 )F3_72- in the case where the alkali­

metal hydroxide was either NaOH or KOH, and ~B2 (o2 ) 3F2_72- in 

the case of aqueous ammoniac The complex ions were isolated as 

Na
2 

L:B(0
2

)F
3
_7.4H

2
0, K

2 
~B(02 )F3_7o4H2 0, and (NH

4
) 2 ~B2 (o2 ) 3F2_7 

in,very high yields by the addition of ethanol which facilitated 

precipitation. The peroxofluoroborate formation reactions are 

best monitored through peroxo-oxygen estimationo This is accom-

plished by isolating a small amount of the sample from the 

reaction mixture followed immediately by the estimation of active 

oxygen. It must be emphasised that maintenance of pH.of the 

reaction medium at 9 is very vital for the formation and thence 

successful isolation of the cornpoundso It has been observed by 

carrying out similar reactions at pH 3-4 that the products 

obtained thereof contain very low level of peroxide suggesting 

thereby that acidic condition of the reaction medium is not 

conducive to the formation of peroxofluoroborate species. 

The synthetic reactions were monitored by IR spectroscopyg 

-1 ~ The appearance of a strong band at~ 860 em due to~ (0-0), and 
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-1 "\ a band at££ 1050 em owing to~ (B-F) in the IR spectrum of a 

small amount of the sample isolated from the reaction solutions 

indicated the formation of peroxofluoroborates. 

Characterisation and Assessment of Structure 

The newly synthesised alkali-metal and ammonium peroxo-

fluoroborate complexes are all white crystalline stable products 

and can be stored in sealed polyethylene bags. Their stabilities 

can be ascertained by periodic estimation of peroxide. The peroxide 

content in each of the compounds was estimated by titration with 

a standard potassium permanganate solution and also with a 

standard ce4+ solution, in the presence of boric acid to prevent 

any loss of active oxygeno The results obtained thereof and those 

of the analyses of other constituents of the compounds suggest 

2- - + + the stoichiometry of B:02 :F as 1:1:3 in each of the Na and K 

salts, and 2:3:2 in the NH
4

+ salt. Accordingly, the compounds have 

been formulated as Na2 ~B(02 )F3~0 4H2 o, K2 ~B(02 )F3_7.4H2 o, and 

{NH4 ) 2 ~B2 (o2 ) 3F2_7o The peroxofluoroborates do not melt upto 

300°C, however, the (NH4 ) 2 ~B2 (o2 ) 3F2_7 compounds volatilises 

at about 165°C. Pyrolytic studies reveal that while all the 

compounds start losing peroxo oxygen at~ 130°C, the Na+ and K+ 

salts also start expelling water at nearly the same temperatureo 

The compounds are stable and permit molar conductance measurements. 

The molar conductances of the compounds have been found to lie 

between 230 and 270 ~ - 1cm2mol-1 (at 22°C in water) in very good 

agreement with their formulas. A slightly higher value in the 
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+ case of the Na salt might be due to the presence of a trace 

of impurity, presumably sodium fluoride, arising from its low 

solubility a 

The infrared spectra of peroxofluoroborates are quite 

characteristic. The most significant feature of IR spectra of 

the compounds are the absorptions (Table 4-3) at ~ 1050 and 

-1 .... 11 
~ 860 em which have been assigned to the~ (B-F) and 

~ (0-0) 12 modes, respectively, o~iginating from the presence of 

coordinated fluoride and peroxide ligandso The position of~ (0-0) 

2-suggests a strong possibility of the o2 ligand being bonded to 

the boron centre in a triangular bidentate (c2v) manner, and 

the complex anion ~B(02 )F3~2- may be a pentacoordinated monomer, 

however, the possibility that the complex ion is tetrahedral with 

a terminal 0-0 group can not be ruled outo The IR spectrum of the 

complex anion ~B2 (o2 ) 3F2_?2- shows a pattern generally similar 

to that of ~B(02 )F3~- species, except for much greater broa­

dening of the band at 1050 cm-1 • Thus it is believed that the • 

stereochemistry of boron in the ~B2 (o2 ) 3F2_72- ion is tetrahedral, 

h (02
2-) w ich is attained through coordination of one peroxide 

ligand in a triangular bidentate fashion, one terminal fluoride 

(F-) ligand, and one end of a bridging 0-0 ligand. An alternate 

structure of the dimer, similar to that found for NaB03 o4H2o, 

with two 0-0 bridges connecting the two boron atoms (i.eo a six 

membered B2o4 ring), is also possible irrespective of the mode of 

coordination of the third peroxide groupo In view of the struc­

tural study of the complex anion ~B2 (o2 ) 2 (0H) 4_72-, the latter 
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Table 4-3. Molar Conductance Values and Structurally Significant 

IR Bands of ~ ~B(02 )F3_7.4H2 o (A= Na or K) and 

(NH4}2 ~B2(02}3F2_7 

I 
I 

Molar I IR I 

Compound : conductance I -1 Assignment 
' 

I -1 2 -1 I 
em 

: n. em mol : 
I 

1060s :::; (B-F) 

860m :::; (0-0) 

Na2 ~B(02 )F3_7o4H2 0 270 3450m ;; (0-H) 

1640m 6 {H-0-H} 

1050s ;v (B_-F) 

860rn ,:J (0-0) 

K2 ~B(02 )F3_7o4H2 0 255 3450m ~ {0-H) 

1640rn 0 (H-0-H) 

1050 (s,br) ~ (B-F) 

850rn ~ (0-0) 

(NH4)2~B2(02)3F2_7 234 3155m ~3 
3045s ~1 N-H 
1400s ~4 
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structure appears more likelyo The additional bands at ~ 3450 

-1 + + 1 rnbl . and £2 1640 em in the case of Na and K sa ts, rese e ~n 

their shapes and positions those arise from~ (0-H) and b(H-0-H) 

. . 13,14 T.h b d modes, respect1vely, of uncoord1nated watero e roa 

nature of the ~ (0-H) band in each case indicates a fair possibi-

lity of hydrogen bonding through F---.. -H ......... p interactions o The bands 

at 1400, 3045, and 3155 cm-1 in the spectrum of (NH4 ) 2~B2 Co2 ) 3F2_7 
have been attributed to the ,V 

4
, .:V 

1 
and ;; 

3 
modes of NH4 + o 

15 

Thus, it may be inferred from the results of studies 

described in the present Chapter that the hitherto unknown 

peroxofluoroborates, A
2 
~B(02 )F3_7o4H2 o (A= Na or K), and 

(NH
4

) 2 ~B2 (o2 ) 3F2_7. can be synthesised under the appropriate 

experimental conditions and pH.9 has been found to be conducive 

to the synthesis of such compoundso The complexes are comparatively 

more stable than the simple peroxoborateso The results of IR 

spectra suggest that while the complex ~B(02 )F3~2- ion contains 

a peroxide group bonded to the boron centre in a triangular 

bidentate fashion in addition to the coordinated fluoride ligands, 

the complex ~B2 (o2 ) 3F 2_72- species contains two boron atoms each 

of which is tetrahedrally linked to one end of a bridging 0-0 

ligand, one coordinated triangularly bonded peroxide group, and 

a terminal fluoride 1igando 

The results of the present investigations may have an impact 

on the chemistry of peroxo-boron compounds and it is expected that 

further research in this area will generate more information 

pertaining to peroxo-boron chemistryo 
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Chapter 5 

Direct Synthesis of Alkali-Metal and Ammonium Pentafluoroperoxo­

titanates(IV), A
3 
~Ti(02 )F5_7 (A= Na, K or NH4), and First 

Synthesis and Structural Assessment of Potassium and Ammonium 

Difluorodiperoxotitanates(IV), A
2 
~Ti(02 ) 2F2_7 (A= K or NH4), 

and Potassium Trifluoroperoxotitanate(IV) Trihydrate, 

K ~Ti(02 )F3_7o3H2 o* 

The importance of and the interests in peroxo transition 

metal compounds, which rendered them the focus of one of the active 

areas of contemporary research, have been emphasised in the 

literature1 - 7 and highlighted in Chapter 1. Many transition metals, 

of which titanium is not an exception, give colour reactions with 

hydrogen peroxide owing to the formation of complex peroxo-metal 

species in solution. Although the chemistry of peroxotitanate(IV) 

complexes has a rather long history, only a limited number of 

heteroligand-peroxotitanates(IV) have a reported existence ----of 

which sulphate- and fluoro-peroxotitanates(IV) are the frequently 

8 8 quoted ones. The only fluoro-peroxotitanate(IV) known to our 

knowledge is A3 ~Ti(02 )F5_7 (A= Na, K or NH
4
). The literature 

method of synthesis of ~ ~Ti(02 )F5_7 requires ~TiF6~2- as an 

* The work described in this Chapter has been published: 

Polyhedron, 1985, 4, 1449; Inorg. Chern., 1986, 26, 168. 
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essential p~ecursor which involves ap extra preparation stepo 

Within the context of the chemistry of peroxotitanates(IV), 

there is no reported existence of any diperoxotitanate(IV) 

complex in the solid state although evidences concerning the 

occurence of such complex species in solutions are documented 

in the literatureo 9 We were unable to think of any obvious 

reason for the lack of information regarding the synthesis of 

diperoxotitanate{IV) complexes in the solid formo 

It was, however, expected that diperoxo complexes of 

titanium(IV) would be capable of being synthesised under suitable 

experimental conditions. In view of this as well as the intrinsic 

1-7 importance of peroxo-metal compounds, a systematic study 

involving synthesis, studies of properties, and structural assess­

ment of peroxotitanate(IV) compounds was undertaken. This has 

now led to the synthesis of a series of novel fluoroperoxo­

titanate(IV) of the types A
2 
~Ti(02 ) 2F2_7(A = K or NH

4
) and 

K ~Ti(02 )F3_7o3H2 0. 

The present Chapter reports a direct method for the synthesis 

of A3 ~Ti(02)F5_7 (A= Na, K or NH
4
), and first syntheses, 

characterisation, and assessment of structures of potassium and 

ammonium difluorodiperoxotitanates(IV), A
2 
~Ti(02 ) 2F2_7 (A= K 

or NH4 ), and potassium trifluoroperoxotitanate(IV) trihydrate, 

K ~Ti(02 )F3_7o3H2 0o Characterisation and structural assessment of 

the newly synthesised compounds have been made by various physico­

chemical studies including laser Raman (lR) spectroscopyo 
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Experimental 

Reagent grade chemicals were used for the present studies 

(E. Merck, S.D 1 s, BoDoH., and Loba-Chernie). 

Synthesis of Alkali-Metal and Ammonium Pentafluoroperoxotitanates(IV), 

A
3 
~Ti(02 )F5_7 (A= Na, K or NH

4
) 

In a typical reaction, to a stirred cold solution of 2.0g 

(25 rrunol) of Ti0
2 

in 20 3 (400 mrnol) of 40% hydrofluoric acid ern 

obtained by heating the mixture for .£§_ 20 min, was added 20 3 
ern 

(176o4 rnmol) of 30% H2o
2 

at ££ 20°C. After the solution was stirred 

for ~ 10 min at 20°C the corresponding alkali-metal hydroxide, 

AOH (A= Na or K), or aqueous ammonia was added in small portions 

with s.low stirring until the pH of the solution was raised to 6 

whereupon yellow microcrystalline alkali-metal or ammonium penta­

fluoroperoxotitanate(IV), A3 ~Ti(02 )F5_7 (A= Na, K or NH
4
), was 

precipitated in a very high yield. While sodium or potassium 

hydroxide was added in the form of powder, aqueous ammonia was added 

as its concentrated solution (spogr. Oo9)o The cooling bath was 

removed and the compound was separated by centrifugation, washed 

three times with ethanol, and finally dried in vacuo over concen­

trated sulphuric acido 

The specific amounts of reagents used for the synthesis and 

the yields of A
3 
~Ti(02 )F5_7 (A= Na, K or NH

4
) are reported in 

Table 5-lo 
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Table s-1. Amounts of Reagents Used for the Synthesis and the 

Yields of A3 ~Ti{02 )F5_7 {A= Na, K or NH4) 

Compound 

Na
3 
~Ti(02)F5~ 

I 
I 
I 

:Yield 
I 

: 9 {%) 
I 
I 

s.s 
(90) 

6.5 
(89) 

5oS 
(96) 

I 

:Amount 
I ! Ti02 in 

(nunol) 

2o0 
(25)-

2o0 
(25) 

2o0 
(25) 

of 

g 

Amount of 

40% HF 
3 em (mmol) 

20 
(400) 

20 
(400) 

20 
(400) 

I 

:Amount of 30% 
I 

: H202 
I 3 
: em (mmol) 

20 
(176.4) 

20 
(176o4) 

20 
(l76o4) 

Synthesis of Potassium and Ammonium Difluorodiperoxotitanates{IV), 

Since the method of synthesis of potassium or ammonium 

difluorogiperoxotitanate(IV), is a general one, only a representative 

procedure is described belowo 

In a typical synthesis, loOg (12.5 mmol) of Ti02 was dissolved 

in 10 cm3 (200 mmol) of 40% HF by warming over a steam-bath for ~ 

20 min. The clear solution was cooled to ~ 20°C followed by the 

3 addition of 20 em (176o4 mmol) of 30% H2o2 with stirringo To the 

solution was added in small portions powdered potassium hydroxide 
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+ 
or aqueous ammonia (sp.gr. o.9) in the case of NH4 salt, with 

slow stirring until the pH of the reaction solution was raised 

to 9. The colour of the solution first turned red and then yellow 

giving a yellow precipitate at pH ~ 6, which slowly went into 

solution with simultaneous decrease in the intensity of colour, 

with the progress of addition of alkaline medium. The ultimate 

colour of the solution at pH 9 was very faint yellow. Addition of 

ethanol to this solution afforded-a very faint yellowish white 

microcrystalline potassium or ammonium difluorodiperoxotitanate(IV) 

compound 7 A
2 
~Ti(02 ) 2F2_7 (A= K or NH

4
), in a nearly quantitative 

yield. Each of the compounds was allowed to settle for ££ 20 min, 

separated by qentrifugation, and purified by washing 3-4 times 

with ethanol. The product thus obtained was dried in vacuo over 

concentrated sulphuric acido The amounts of reagents used £or the 

synthesis and the yields of A2 ~Ti(02 ) 2F2_7 (A=~ or NH4 ) are 

shown in Table 5-2o 

-synthesis of Potassium Trifluoroperoxotitanate(IV), Trihydrate, 

K ~Ti(02 )F3_7Q3H2 0 

An amount of 1.0g {12o5 mmol) of Ti02 was dissolved in 10 em 

(200 mmol) of 40% HF by heating for ca 10 min over a steam-bath. 

The clear solution was cooled to 20°C and 20 cm3 {176 0 4 mmol) of 

30% H2 02 was added under stirring, followed by the addition of 

17.5g (311o9 mmol) of powdered potassium hydroxide. The colourless 

solution thus obtained was maintained at ~ 20°C for 15 min. 

Dropwise addition of 40% HF to the solution until the pH of the 

3 
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medium was reduced to 8-9, changed the colour of the reaction 

solution to yellow and afforded yellow microcrystalline potassium 

trifluoroperoxotitanate(IV) trih}~rate, K ~Ti(02 )F 3~o3H2 0o 
Addition of hydrofluoric acid was stopped at this stage and the 

product was isolated by centrifugation, washed 3-4 times with 

ethanol, and finally dried in vacuo over concentrated sulphuric 

acid. 

Table 5-2. Amounts of Reagents Used for the Synthesis and the 

Yields of A
2 
~Ti(02 ) 2F2_7 (A= K or NH4 ) 

Compound 

Elemental Analyses 

I 

:Amount of 
Yield • 

: Ti02 in g 
g(%) (mmol) 

2o6 
(91) 

2o2 
(94) 

1o0 
(12 o5) 

1.0 
(12o5) 

Amount of 

40% HF 

cm3 (mmol) 

10 
(200) 

10 
(200) 

Amount of 

30% H
2

o
2 3 em (mmol) 

20 
(176.4) 

20 
{176.4) 

Quantitative estimations of titanium, peroxide, fluoride, 

sodium, potassium, and nitrogen contents of the compounds have 

been made by the methods already described in Chapter 2o 
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The analytical data of A
3 
~Ti(02 )F5_7 (A~ Na, K or NH4), 

and A
2 
~Ti(02 ) 2F 2~ (A= K or NH4), and K ~Ti(02)F3~o3H20 

are set out in Table 5-3. 

Table 5-3. Analytical Data of A3 ~Ti(02 )F5_7 (A= Na, K or NH4), 

A
2 
~Ti(02 ) 2F2_7 (A= K or NH4), and K L:Ti(02)F3_7o3H20 

Compound 

(NH4) 3~Ti(02 )F5_7 

K2 ~Ti(02 ) 2F2_7 

(NH4)2~Ti(02)2F2_7 

K ~~(o2)F3_7.3H20 

Found % 
I 
I 

:A or N Ti 
I 

28o1 19o3 
(28o 28) (19 o64) 

39o8 16o7 
(40.14) (16.39) 

18.51 21.2 
(18o35) (20o 9) 

34o7 21o3 
(34.28) (21) 

15.21 25o3 
(15 .06) (25.75) 

17.3 20o45 
(17 oO) (20o82) 

a Peroxo-oxygen 

(Calcd. %) 

oa F 

13o6 38o4 
(13.12) (38.96) 

11o2 32.9 
(10 0 95) (32o51) 

14o2 41o8 
(13.97) (41o48) 

28.4 16.3 
(28o06) (16 .66) 

34.8 20o8 
(34o4) (20.43) -

14.2 24o3 
(13.91) (24. 78) 
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Results and Discussion 

It is well known that titanium{IV) produces a characteristic 

colour with hydrogen peroxide solution and it serves as a very 

good test reaction for the detection of the metalo 9 Reactions of 

-titanium(IV) with hydrogen peroxide are, however, complicated and 

differen~types of complex peroxo-titanate species are formed with 

a small variation of acidity/alkalinity of the reaction media. 

This is probably one of the main reasons why not much is known 

about peroxotitanates(IV). Pentafluoroperoxotitanate(IV), 

~Ti{02)F5~-, is the most often quoted example of a typical 

peroxotitanate(IV) compound albeit a few more also have been 

reportedo10• 11 However, no direct method of and the optimum pH 

· required for the synthesis of the complex are known to date. ~e 

procedure recommended and generally used for the purpose requires 

the ~TiF6~2- complex as the essential precursor, which results 

in an extra preparation stepo In order to circumvent the existing 

difficulties a search for the direct synthetic route to such 

compounds was therefore re~ired. Considering that the reaction of 

hydrogen peroxide with titanium(IV) leading to a complex peroxo­

titanate(IV) of a definite composition is highly dependent on the 

pH of the reaction medium and also that fluoride is known to form 

complexes with titanium(IV), it was expected that pentafluoro­

peroxotitanate(IV) complexes could be synthesised directly from 

Tio2 by proper adjustment of pH of the reaction solutiono Thus,­

evaluation of an appropriate pH for successful synthesis of 

pentafluoroperoxotitanate{IV) complexes is emphasised to be an 

important pre-reguisiteo In the present case, the suitable pH 

for the synthesis was found to be 6. The strategy of the reaction 
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was that Ti02 would dissolve in aqueous HF forming a fluoro­

titanate(IV), in situ, which without isolation would then be made 

to react with H2o2, at pH 6 of the reaction medium to afford the 

complex ~~(o2)F5_73 -o The reaction took place accordingly and 

afforded yellow microcrystalline alkali-metal and ammonium 

pentafluoroperoxotitanates (IV)·, A3 ~Ti (o2)F5J (A = Na, K or 

NH4), in very high yields. The procedure is straightforward and 

simple and the spontaneous separ~tion of the compound from the 

reaction solution at pH 6 is an additional advantage of the 

methodo 

In order to synthesise hitherto unknown fluoroperoxo­

titanate(IV) complexes containing two peroxo groups bonded per 

titanium(IV) centre, the reaction of a solution of Ti02 in 40% 

. HF was conducted at a much higher concentration of the alkaline 

medium lpH_9) with the anticipation that an increased pH would 

2-favour and facilitate introduction of more than one o2 group 

into the coordination sphere of titanium(IV) at the expense of 

some F- ligands already bonded to the metalo Thus, in accord with 

the strategy synthesis of difluorodiperoxotitanate(IV) complexes, 

A2 ~Ti(02 ) 2F2~ (A= K or NH4), was achieved at ~H. 9. That pH 9 

is conducive to the synthesis was obtained from the facts that 

A3 L:Ti(02 )F5~ which formed at pH 6 started dissolving with the 

progress of hike of P-H, that the colour of the reaction solution 

started becoming pale and ultimately very pale at pH-9, and that 

the product isolated at pH 9. showed a clear shift of the ~ (o-o) 

mode in the IR spectrum to a relatively lower frequency ca 860 cm-1 
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-1 in contrast to ~ 900 em typically observed for the rnonoperoxo-

titanate(IV) complexes, A3 ~Ti(02 )F5_7 (Table 5-4). T,he product 

isolated at pH values between 6 and 8 showed two ~ (D-0) modes at 

-1 ~ 900 and ~ 860 em 1 suggesting thereby that the peroxide uptake 

process is in progress but is not complete until pH 9. A plausible 

mechanism, in view of the compounds isolated at pH 6 and 9 as 

A
3 
~Ti(02)F5~ and A2 ~Ti(02 ) 2F2_7, respectively, and also taking 

into consideration of the reported method of synthesis of 
3- 9,.12 - -

~Ti(02 )F5_/ · complex, is that a fluorotitanate(IV) complex 

is first formed from the reaction of Ti02 with 40% HF, which 

subsequently undergoes stepwise peroxogenation to afford 

~Ti(02 )F5y- and ~T·i(02 ) 2F2J2-o This certainly indicates that 

2- -o2 can displace some of F around a titanium(IV) centre at higher 

pH values even in the presence of a high concentration of fluoride 

ionso It is quite reasonable to assume that other heteroligand-peroxo 

complexes of titanium could be obtained directly from Ti02 o 

Considering the importance of pH in the syntheses of 
we 

fluoroperoxotitanate(IV) complexe~were also interested to study 

the effect of variation of pH to the reaction among titanium(IVJ:., 

2- -o2 and F , by firs~ raising the pH to an alkaline region followed 

by bringing it down to an acidic range. Accordingly, the reaction 

of a solution of Ti02 in 40% hydrofluoric acid with hydrogen 

peroxide was conducted at a highly alkaline condition followed by 

adjustment of pH of the reaction medium between 8 and 9.by a careful 

addition of 40% HF which led to the successful synthesis and 

isolation of a novel complex peroxotitanate(IV), potassiQm 
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trifluoroperoxotitanate(IV) trihydrate, K ~Ti(02 )F3_7.sH2 0, in a 

high yieldo It is believed, here again, that ~i02 dissolves in 

aqueous hydrofluoric acid to give a fluorotitanate(IV) species, 

which in the presence of an excess of hydrogen peroxide undergoes 

peroxogenation, facilitated b~ the addition of alkali. A practically 

colourless solution obtained at this stage indicates the eventual 

formation of a highly peroxogenated titanium species which might 

not be containing any coordinated fluorideo However, since the 

contention was to investigate the effect of lowering of the pH of 

the reaction medium, alkalinity of the reaction solution was 

reduced using 40% HF, which ultimately led to success in synthesis 

o·f the complex LTd. (o2)F3J- ion at pH 8-9. :rn an attempt to 

evaluate the effect of further lowering of pH on the composition of 

fluoroperoxotitanates(IV), pH of the reactio~ solution was adjusted 

to 6, and the compound isolated therefrom exhibited all the proper­

ties of already known complex K3 ~Ti(02)F5~o 

~e compounds A3 ~Ti(02)F5J are yellow and A2 ~Ti(02 } 2F2_7 
and K £Ti(02 )F3~o3H2o are very light yellowish-white micro­

crystalline productso While A3 LTd.·(02)F5J and A2 L'Di <o2 )j2F2J 
are soluble in water at room temperatures and do not exhibit any 

noticeable tendency for hydrolysis, K ~T~(o2 )F3_7o3H~O is stable 

in the absence of moisture, and in water it decomposes slowly. 

The A3 L~i(02)F5J and A2 £Ti(02) 2F2J compounds permit molar 

conductance measurements and the conductances of A3 f:T:i (o2 ).F 5J 
{A= Na, K or NH4), and A

2 
£~<o2 ) 2F2_7 (A= K or NH4) have been 

found to lie in the range 350-370 and 220-240 Il -lcm2mol-1, 

respectively, in conformity with their formulas. The room temperature 
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molar conductance of K ~Ti(02 )F3_/o3H20 was higher than the 

expected value. Due to their instability many peroxometalate 

compounds do not permit molar conductance measurementso Thus the 

higher value in the case of K.~Ti(02 )F3~o3H20 is not too 

surprisingo The diamagnetic nature of the compounds,. as evidenced 

by the results of magnetic susceptibility measurements,. support 

the view that titanium occurs in its +4 oxidation state in each 

of the newly synthesised compoun~s. The determination of peroxide 

content, considered to be extremely important, to ascertain the 

number of peroxide groups bonded to titanium(IV) centre,. was 

accomplished by redox titrations with a standard ee4+ solution 

and also with standard KMn04 solution in the presence of boric 

acid to prevent any loss of active oxygen. The results of which 

conspicuously suggested the presence of one peroxide group 

coordinated to titanium(IV) centre in each of the A3 ~Ti(02 )F5~ 
and K ~Ti{02 )F3_7o3H2o, and two peroxide groups in 

A2 ~Ti{02 ) 2F 2_7 compoundso 

~e o-o and metal-02 vibrations of peroxometal compounds 

are important spectroscopic probes for molecular structure assess-

ment in such systems and are amenable to direct. study by IR and 

Raman spectroscopy. i¥PicallYf the IR and laser Raman spectra of 

the A3 f:_Ti (o2)F 5J compounds exhibit peaks {Table 5-4) at ~ 
-1 -1 90Q, £2. 600 and ~ 530 em o The peak at ~ 900 em has been 

assigned to ~ (0-0) ...J 1 ,. while the ones at ~ 600 and at ~ 

530 cm-1 have been attributed to~ (Ti-02) ~3 and~ (Ti-02) ..V 2 
. 12 13 modes, respect1velyo " The IR and lR spectra of the 
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Table 5-4o 1>1olar Conductance Values and Structurally Significant 

Infrared and laser Raman Bands of A
3 
~Ti{02 )F5_7 

(A = Na, K or :t-..ll1
4
) 

I 
I Molar Raman a I IR 

Corqpound : Conductance I -1 -1 Assignment 
I -l 2 -l I em ern : n Cffi ffi0l 1 
I 

900vs 900s (p) ~ (o-o) ~ l 
600s 600rn{dp) ~ (Ti-0

2
) ~3 

Na3 ~Ti(02 )F5~ 350 549s 525s (p) ,v (Ti-0
2 

) ::) 
2 

450rp. :v (Ti-F) 

240m 250m Ti-F def 

900Vs 900s (p) ~ (o-o) .;; 1 

600s 600m(dp) :; (~i-02) ~3 
K3 LTiC02 )F5J 370 530s 520s (p) ~ (Ti-0

2
) ,J

2 
430rn ~ (Ti-F) 

230m 270m Ti-F def 

905vs 900s (p) ~ (o-O) ~1 
600s 590m(dp) ~ (Ti -0

2
) :.,) 

3 
(NH4 ) 3~Ti(02 )F5_7 365 530s 530s (p) ;;; (Ti-02) .v2 

430m ~ (Ti-F) 

225m 270m Ti-F def 

a Abbreviations: p, polarised band; dp, depolarised band 
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A2 ~Ti(02 ) 2F2_7 compounds bear a very strong resemblance with each 

other {Table 5-5) and show absorptions at ££ 860 and 830, ~ 610, 

and ~ 520 cm-1 representative of :J (o-o) ~1 and;; (Ti-02) ~2 and 

~3 modes, respectively, of coordinated peroxideo A medium intensity 

-1 band at ~ 430 em observed in the IR spectrum of each of the 

compounds has been assigned to;; (Ti-F) o 
12 However, a counterpart 

could not be observed in the corresponding lR spectra probably 

-1 because of its exceedingly weak nature. The band at ~ 250 ern 

most likely owes its origin to a Ti-F deformation modeo The observed 

positions of .-J (o-o) and ~ {Ti-02) are those that one would expect 

2-to observe for a triangularly bonded o2 • Considering c2v being 

2-the local symmetry of coordinated o2 ligand, three vibrations 

(two A1 and one B2) are expected to be IR and Raman active, of 

which the two A1 modes ( ..\)1 # ,) (0-0) stretching, and .:)2, ~ (Ti-02) 

symmetric stretching) are polarised, while the B2 mode ( ~3 , ~ (Ti-02 ) 

asymmetric stretching) is depolarised in the Raman spectrao 12 

'I'he ~ 1 mode occurs at 800-900 em - 1, and the ~2 and ~ 3 modes fall 

in the region 500-600 cm-lo On the basis of the sharpness and 

intensity of the observed lR signals and Raman polarisation 

measurements on solutions, the frequencies at ca 530 and ca -. 
600 cm-1 for the A3 ~Ti(02 )F5_7 have been attributed to the ~2 
and~3 modes, respectively, of~ (Ti-02), while the signals at 

~ 610 and~ 520 cm-1 for A2 ~Ti(02 ) 2F2~ have been assigned, 

respectively, to the ,J 2 and .J 3 modes of ~ (Ti-02 ) • It is probably 

2- -the changes in stoichiometry of Ti:02 :F , and the structures 

of the complex ions, as one goes from the mono- to the diperoxo 
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Table 5-So Molar Conductance Values and Structurally Important 

Infrared and laser Raman Bands of A2 ~Ti(02 ) 2F 2~ 
(A = K or l\.iH

4
} 

I 
I Molar a I IR Raman J Corrpound : conductance -1 -1 Assignment 

-1 2 -1 em em .n em mol 

860vs 860s (p) 
~ ~1 840s 825s(p) (0-0} 

K2 ~Ti(02 ) 2F2~ 235 620s 600s (p) ~ (Ti-02} ~2 
50 0S 525rn (dp) ,:; {Ti-02) ~3 
430m ;; (Ti-F) 

250m 270m Ti-F def 

860vs 860s (p) 
.J .Jl 830s 830s (p) (0-0) 

(NH4)2~Ti(02)2F2_7 225 620s 600s (p) ,'J {Ti-02) ~2 
510s 520m(dp) ~ {Ti-0

2
) :)

3 
450m ~ {Ti-F) 

250m 270m Ti-F def 

aAbbreviations: p, polarised band; dp, depolarised band 

species, that cause the frequency reversal of ~2 and~3 • Since the 

lR spectra of the solids as well as their solutions recorded under 

identical conditions do QOt reveal any notable change in the 

pattern of the spectra or in the positions of the signals, it is 

believed that the complex species ~Ti(02)F5_73- and ~Ti(02 ) 2F2_72-
retain their structural identity also in solutiono The splitting of 
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~ (0-0) in the case of the A2 L:Ti{02) 2F 2_7 compounds very likely 

originates from the coupling of the in-phase --- out-of-phase 

vibrations of the two coordinated peroxo groups. A clear shift 

of~ (0-0) from~ 900 to~ 850 cm-1 in going from L:Ti(02)F
5
_;G­

to ~Ti(02 ) 2F2_?2 - is a clean indication of a decrease in the 

2-0-0 bond order with an increase in the number of coordinated o2 

groups. Since peroxide ligands bind to Ti through donation from 

two antibonding TTP orbitals, titanium (IV) will become a worse 

acceptor with increasing number of o2
2- ligands. This will make 

titanium(IV) withdraw less electron density from the antibonding 

2-) rrp (02 orbitals, which will increase their repulsive character 

and in turn weaken the o-o hondo Hence, o2
2- multisubstitution 

should result in weakening of the 0-0 bond, &s observed in the 

present worko 

The infrared and laser Raman {lR) spectra of 

K ~Ti(02 )F3_7o3H2 0 are also very informative and characteristic. 

The significant features of the spectra of K·~Ti(02 )F3_7.3H20 
involve the bands of coordinated peroxide (o2

2-) ligand, fluoride 

(F-) frequencies, 0-H stretching and H-0-H bendingo The IR as well 

as the lR spectra of the CO~Iq)ound exhibited (Table 5-6) the ::; (0-0) 

and~ (Ti-02 ) stretchings of the coordinated peroxide (o
2

2-) 12113 

occuring at 900 and 860 cm-1 EJ1J, and at 610 cm-1 ~3 } and 

-1 ~ ,) 
530 em ~2 ). The fact that the 'V {0-0) (v1 ) and the complementary 

~ {Ti-02) fJ 2 and ~ 3 ) mcx:les in the IR and 1R spectra were observed 

in the positions stipulated for a triangularly bonded peroxide 

(02
2-) renders it certain that the peroxide is bonded to the 
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Table 5-6o Structurally Significant IR and laser Raman (lR) 

Bands of K ~T.i(02 )F3~o3H20 

Compound IR, Raman Assignment 
-1 -1 em em 

900vs 900 
~ ~1 860s 860 

(0-0) 

610s 610 ~ (Ti-02) ~3 
535s 530 :;; (Ti-02) ~2 

~ ~Ti(02 )F3_7o3H20 440m ~ (Ti-F) 

310m 285 b (Ti-F) 

1640s 0 (H-0-H) 

3450m ~ (0-H) 

titanium(IV) centre in a triangular bidentate (c2v) mannero The 

other structurally significant bands are those which owe their 

origin to the presence of coordinated fluoride (F-) ligand. 

The positions of the bands and the pattern of the spectra which 

.originate from coordinated fluoride ligand are essentially similar 

to those observed (vide Supra) for the A3 ~Ti(02 )F5~ and 

A2 ~Ti(02 ) 2F2~ compounds. Any further discussion in this context 

may thus be redundant. The only point to be emphasised here is 

the appearance of two additional bands at 3450 and 1640 cm-1 in 

the IR spectrum of.trifluoroperoxotitanate(IV) complex which 

resemble in their shapes and positions those of unco-ordinated 

water14 and have been assigned to ..V (D-H) and b (H-0-H) modeso 
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Further, it was erophasised in the literature15 that the~ (o-H) 

band at 3455 cm-1 is rather typical of lattice water. Therefore, 

it is inferred that the water molecules are not coordinated to 

the metal centre. 

Following are the main points that emerged out of the 

present investigations: 

Fluoroperoxotitanates(IV) of the_types A3 ~Ti(02 )F5_7 and 

A2 ~Ti{02 ) 2F2~ {A= Na, -K or NH4), and K ~Ti(02 )F3_7o3H20 
can be easily synthesised directly from the reactions of Ti02, 

40% HF, and hydrogen peroxide at pH 6, 9, and 8-9, respectivelyo 

While the complex ~Ti(02 )F5~- ion very likely ~as a pentagonal 

bipyrarnidal structure so often encountered in transition metal 

peroxide chemistry, the complex species ~Ti{02 ) 2F2~2- may 

have a hexa-coordinated structure. The complex ~Ti{02 )F3_7-
may be a penta-coordinated monomer, however, it is more likely 

that the complex has a distorted octahedral structure through 

-Ti-F-Ti- interactions. ~e peroxide ligand is bonded to the 

metal centre in each case in a triangular bidentate (C2v) manner, 

2-and the o-o bond order of co-ordinated o2 ligands decreases 

with the increase in the number of such groups bonded to the 

metal centreo 
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Chapter 6 

New Mixed-Ligand Peroxo Compounds of Titanium(IV). Synthesis, 

Characterisation and Physico- Chemical Studies of 

A
2 
~Ti(02 ) 2so4_7o4H20 (A= K. or NH4), and ~Ti(02 ) 2 (L-L)_7 

(L-L = 11 1Q-phenanthroline or 2,2~bipyridine) and 

£T.i (02);2 (thiourea) JoH20 

Peroxo complexes of titanium(IV) besides having an intrinsic 

importance can also act as reagents and catalysts· in organic 

synthesiso1 Some of its compounds have also been proposed as 

model systems for the biochemistry of titaniumo 2 TQtanium gives 

colour reactions with hydrogen peroxide owing to the formation 

of peroxo-titanate(IV) species in solution3 but not many of the 

products have been isolated in the solid state probably because 

of their stability as solids or might as: well be due to the lack 

of suitable synthetic methodso Interestingly, the introduction 

of specific heteroligands in the coordination sphere seems to 

increase the stability4-9 of such compounds and perrni~s isolation 

in the solid form providing a scope of studying their properties 

and making an assessment of their structures. Synthesis of 

well-defined peroxo-titanium (IV) conpounds is thus an important 

prerequisiteo Within the context of the chemistry of peroxo­

titanates (IV)., heteroligand diperoxotitanates (IV) are scanty 0 lO, 11 

The only examples of the afore-said types of compounds are 
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~ ~Ti(02 } 2F2_7 (A= K or NH4}, as described in Chapter 5, 

recently synthesised by,us, but there is still a lack of infor­

mation regarding diperoxotitanate(IV) complexes containing 

bidentate heteroligand. Moreover, very little is known regarding 

molecular heteroligand peroxa complexes of titanium{IV). An 

additional interest-adheres to latter type of compounds because 

such compounds may provide a possibility of studies of catalytic 

oxidatien in terms of activatio~ of the 0-0 bond of the coordi-

nated peroxideo 

As a sequel to the work described in Chapter 5 the limit 

of heteroligand has 

1,10-phenanthroline 

- 2-now been extended from F to so4 , 

(o-phen), 2, 2~bipyridine {bipy) and thiourea. 

Chapter 6 of the thesis reports first synthesis of 

~omplex diperoxotitanates(IV) of the types: 

A2 ~Ti(02 } 2so4_7.4H2 0 (A= K or NH4), and ~Ti(02 ) 2 (L-L)~ 
(L-L = o-phen or bipy), and ~Ti(02 ) 2 (thiourea)_7.H2 0o The 

present Chapter also deals with the studies of properties and 

assessment of structures of the newly synthesised compoundso 

Experimental 

Reagent grade chemicals were·used for the syntheses 

(B.D.H., E·-· :Herck, SoD Is·, SISCO, and Loba-Chemie) o 
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Synthesis of Potassium and Ammonium Diperoxomonosulphatotitanate(IV) 

Tetrahydrates, A
2 

/:Ti (o2) 
2
so

4
Jo.4H

2
0 (A = K or NH4 ) 

A Typical Procedure 

An amount of loOg (12.5 mmol) of freshly prepared Ti02 was 

dissolved in 30 cm3 of 7o65M sulphuric acid at room temperatureso 

To this was added 25 cm3 {220o5 mmol) of 30% H2o2 with stirring 

and the reaction container was placed in an ice-water batho To the 

deep red solution thus obtained was added potassium hydroxide or 

aqueous ammonia with constant stirring until the pHi of the solution 

was found to lie between 2o5 and 3 with the colour of the solution 

being changed from red to yellowo While potassium hydroxide was 

added in the form qf a 20% solution, aqueous ammonia was added 

as a concentrated solution {spogro Oo9)o Yellow potassium and 

ammonium diperoxomonosulphatotitanate(IV} tetrahydrates, 

A2 £Ti Co
2

) 
2
so4Jo4H2o (A = K or NH

4
)_, were spontaneously precipi­

tated at pH 2o5-3. The product thus obtained were separated by 

filtration, washed three times with ethanol, and finally dried 

in vacuo over concentrated sulphuric acido The amounts of reagents 

used for the synthesis and the yields of A
2 

L:Ti(02 >2so4_7o4H2o 

{A= Kor NH4 ) are set out in Table 6-lo 
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Table 6-lo Amounts of Reagents Used for the Synthesis and the 

Yields of A2 ~Ti(02 ) 2so4_7o4H2 0 (A= K or NH4 ) 

I I 
I I I I 

:Yield :Amount of :Amount of: Amount 
I . I I I 

of 
Compound : g {%) : Ti02 in g : 30i H2o2 : 7 o65 M

3 
H2so4 I 

I (mmol) : em (nunol) : em I 
I 

K2 ~Ti(o2 ) 2so4_7o4H2o 3.2 1o-O 25 30 
(71)--- (12o5) (220.5) 

(NH4 > 2~Ti(o2 > 2so4_7.4H2o 3 1o-o 25 30 
(76) (12o5) (220.5) 

Synthesis of Diperoxo(1,10-phenanthroline)titanium(IV), 

~Ti(02 ) 2 (o-phen)_7, Diperoxo(2,2~bipyridine)titanium(IV), 

~Ti{02 ) 2 (bipy)_7 and Diperoxo(thiourea)titanium(IV) Monohydrate, 

~Ti(02 ) 2 (thiourea)_7oH2 o 

Since the methods of syntheses of L:~i(02)2(o-phen)_7, 
['"Ti (02) 2 Cbipy) J, and LTi Co2) 2 (thiourea) J.H

2
0 are similar, 

only a representative method is describedo 

An aqueous suspension (10 cm3 of water) of freshly 

2repared loOg (12o5 mmol) of Ti02 was dissolved by the addition 

of 1 cm3 (20 mmol) of 40% HF and warming over a steam-batho It 

was then cooled to reom temperature followed by the addition of 

a concentrated ethanolic solution of 11 10-phenanthroline (2o5g, 

12o6 mmol), 2,2~bipyridine (1.95g, 12o5 mmol), and a concentrated 

aqueous solution of thiourea (Oo95g, 12.5 mwol), respectively, 

maintaining the molar ratio of Ti :ligand as 1 :1o An amount of 
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15 cm3 (132.3 mmol) of 30% H2o2 solution was added to it and the 

resultant mixture was stirred for ~ 10. min. The reaction container 

was then placed in an ice-water bath and the pH of the solution 

was adjusted to 7 by adding aqueous ammonia (spogr. Oo9)o While 

phenanthroline compound was spontaneously precipitated from 

the reaction mixture, the corresponding bipyridine and thiourea 
3 compounds were obtained by the addition of cold ethanol ~ 15 em 

with slow stirring until the lemon-yellow product ceas€d to 

appear. The compounds were allowed to settle, and then isolated 

by centrifugationo The products thus obtained were washed three 

times with ethanol and finally dried in vacuo over concentrated 

sulphuric acid o 

The yields of 

Elemental Analyses 

~Ti(02 ) 2 (o-phen)_7 
LTi (02) 2 (bipy) J 

was 2.4g (65.7%), 

was 2o3g (68.6%), 

Quantitative estimations of titanium, peroxide, sulphate, 

carbon, hydrogen, nitrogen, and potassium were made by the 

methods described in Chapter 2. The results of elemental analyses 

for A2 LTi (o2 >::2so4_7.4H2o .{A = K or NH
4

) are reported in 

Table 6-2, while those :E6r ~Ti {o2) 2 {r,.;.L) J (L-L = o-phen or bipy) 1 

and ~Ti(02 ) 2 (thiourea)_7. H20 are given in Table 6-3o 
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A or N 

21o21 
(21o83) 

aPeroxo-oxygen 

Found % (Calcdo%) 

Ti 

12o96 
(13 .37) 

14o88 
(15.15) 

18.1 
(17 .87) 

20o4 
(20o25) 

26o22 
(26 o82) 

30o64 
(30o39) 

Table 6-3. Analytical Data of ~Ti(02 )2(L-L)_7 (L-L = o-phen or 

bipy) and ~Ti{02 ) 2 (thiourea)_7oH2 0 

Found % (Calcdo %) 
Compound 

Ti c . H N 

16o35 22o05 49.2 2.69 9o51 
(16.43) (21o91) (49.31) (2o73} (9o58} 

17o65 23o95 44o65 2o9 10o38 
(17 o 91) (23 o88) (44o 77) (2o 98) (10 o44) 

~Ti(02 ) 2 (thioureal7.H20 23o42 31o01 5o7 2o85 13.45 
(23.30) {31o06) (5o82) (2o91) (13o59) 

aPeroxo-oxygen 
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Results and Discussion 

The main problem that comes on the way to the study of 

peroxotitanates(IV) chemistry is probably the lack of a suitable 

starting reagent for the synthesis of such compounds. Although 

Ti02 is a very commonly available source, it suffers from the 

problem of very poor solubility. For example, whereas v2o5 is 

highly soluble in aqueous hydrogen peroxide, Ti02 is noto 

An ~ged sample of Ti02 is also not readily soluble in inorganic 

acids except aqueous HF. The first task was therefore to improve 

the solubility of Ti02 so that a simple starting material is 

easily accessible. It was observed that a freshly prepared Ti02, 

obtained by treating a solution of commercially available Ti02 

in 40% HF with aqueous ammonia imparts a better solubilityo 

Accordingly, a solution of freshly prepared Ti02 in dilute H2so4 

was made, and allowed to react with an excess of 30% H2o2 solution 

at an ice-water temperature to obtain a deep-red solutiono To 

facilitate peroxogenation of titanium(IV), the pH of the reaction 

solution was raised to 2o5-3 whereupon the solution colour 

changed to yellow accompanied by precipitation of an yellow 

product. The IR spectrum of the product showed the presence of 

2- 2-both coordinated o2 and coordinated so4 and the results of 

chemical analysis revealed a Ti:o
2

2-:so4
2- stoichiometry of 

1:2:1. The product was obtained in a high yieldo 
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As a· sequel to our efforts on some aspects of titanium 

chemistry described in Chapter 5 and also in view of the successful 

- 2-
isolation of complex diperoxotitanates(IV) involving F or so4 

as heteroligands, it was of interest to us to synthesise mole-

cular heteroligand diperoxo compounds of titanium(IV) containing 

N-heterocyclic ligands, namely, 1 1 10-phenanthroline (o-phen) and 

2,2~bipyridine ~ipy), and thiourea. In accord with the synthetic 

strategy, a clear solution of Ti0
2 

in water was made by the 

addition of a few drops of HF and was reacted separately with 

o-phen, bipy, or thiourea (vide Experimental), the pH of the 

resultant solutions was raised to 7 by adding aqueous ammonia 

from which heretofore unreported compounds ~Ti(02 ) 2 (o-phen)_7, 

~Ti(02 ) 2 lliipy)_7, and ~Ti(02 ) 2 (thiourea)_7oH20 were obtained 

in high yields. While ~Ti(02 } 2 (o-phen)_7 was precipitated 

spontaneously from the reaction mixture, the other two compounds 

required the addition of alcohol for bringing about precipitation. 

It is necessary to mention that addition of a very small amount 

of HF was required in order to make a clear solution of Ti02, 

but the product in each case indicates that under the present 

experimental conditions F- does not coordinate to titanium, as 

evidenced from the results of chemical analyseso The methods 

described for the syntheses of A
2 
~Ti(02 ) 2so4_7o4H2 0 {A= K 

or NH4 ) as well as ~Ti(02 ) 2 {L-L)_7 {L-L = o-phen or bipy) and 

~Ti(02 ) 2 (thiourea)_7oH20 are direct and easy to manipulate. 
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Characterisation and Structural Assessment 

The compounds A
2 
~Ti(02 ) 2so4_7.4H2 0 (A= K or NH4), and 

~Ti(02 ) 2 (L-L)_7 (L-L = o-phen or bipy) and ~Ti(02 ) 2 (thiourea)_7. 
H20 are yellow in colour and are insolubleo They are diamagnetic 

and EPR silent in conformity with the occurence of titanium(IV) 

in each of them. The A2 ~Ti(02 ) 2so4_7o4H2 0 compounds are rather 

unstable, whereas ~Ti(02 ) 2 (L-L)_7 and ~Ti(02 ) 2 (thiourea)_7oH2 0 
are stable and can be stored for a prolonged period in sealed 

containers. Their stabilities can be ascertained by chemical 

estimation of active oxygen contents and recording their IR 

spectrao Strong dessication of the compounds A2~Ti(02 ) 2so4_7.4H2 0 
(A = K or NH4), and LTi (02) 2 (thiourea) _7o.H2o over concentrated 

sulphuric acid did not remove the water of crystallisationo 

However, the freshly synthesised A2 ~Ti(02 ) 2so4_7o4H2 o compounds 

start losing water on heating at ~ 120°C; the dehydration process 

is accompanied by the simultaneous loss of peroxide, thereby 

precluding a genuine dehydration. In order to determine the number 

( 2-of peroxo groups o2 ) 1 present in the compounds, coordinated 

to titaniurn(IV) centre, chemical determination of the peroxide 

content must be considered irnportanto The peroxide estimation 

was accomplished by redox titrations separately involving a 

4+ standard KMn04 solution and also a standard Ce solution. In each 

case boric acid was used to avoid any·loss of active oxygen. The 

results of replicate determinations of the peroxide as well as 

those of Ti contents conspicuously suggested the occurence of 
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Ti:02
2- as 1:2 in each of the newly synthesised compounds lending 

credence to the contentiono 

The IR and laser Raman (lR) spectra of the compounds are 

quite characteristico Owing to the insolubility of the compounds, 

the lR spectra were recorded only on solids. The significant 

features in the spectra of A
2 
~Ti(02 ) 2so4_7o4H20 (A= K or NH4 ) 

involve bands of coordinated peroxide and sulphate ligands, 0-H 

stretchings, and H-0-H bendings (Table 6-4)o A strong band at 

-1 ££ 860 em in each of the IR and lR spectra has been assigned to 

mode of the coordinated peroxideso 12 The complementary 

cm-1
o The SO bands arising from mode appeared at £§_ 620 

2-the presence of so4 ligand were observed at ~ 1150, ££ 1120, 

-1 ~ -1 ~ 
and~ 1060 ern assigned to ~3 , at~ 980 em assigned to~1 , 

-1 \ 
at~ 675, £2 630 and~ 580 em attributed to~4, and at ca 

-1 "\ 13 14 455 em due to ~2 modeo ' The SO vibrational pattern, 

especially the splitting of the ~3 and ~4 modes into three bands 

each, in the IR as well as in the lR spectra, clearly suggests a 

lowering of symmetry of the so
4

2- group from Td to c2v. Accor­

dingly, it is inferred that both the peroxide as well as the 

sulphate ligands are bonded to the titaniurn(IV) centre in a 

chelated manner. The presence of unc9ordinated water is unambiguous 

in the present cases and the corresponding~ (0-H) and ~(H-0-H) 

modes of water were observed in positions similar to those 

b ed t 15,16 
o serv in various other cases containing lattice wa er, 

making any further discussion redundanto This as well as the loss 

of water at~ 120°C suggest that the water molecules in the 



-100-

water. 

Table 6-4o Structurally Significant IR and Raman Bands of 

Compound IR Raman Assignment -1 -1 
ern em 

K2 ~Ti(02 ) 2so4_7o4H2 o 855m 860 -v (0-Q) 1 ~1 
610s 620 ,;; (Ti-0

2
) 

980m 980 .-\)1 
455m 460 .v2 

1160s, 1120s, 1150,1120, ~3 s-o 
1050m '1060 

675s, 635s, 670, 630, ~4 
585m 580 

3450m ~ (0-H) 

1640s 6 (H~O-H) 

(NH4 ) 2~Ti(02 ) 2so4~o4H20 860s 850 -v (0-0) 1 .v1 
620s 620 ~ (Ti-02 ) 

980m 980 ~1 
450m 450 -v2 

1150m, 1115s, 1150,1120, .v3 s-o 
1060m 1050 

670s, 630s, 670, 640 .v4 
580m 580 

3455m tV (0-H) 

1640s & (H-0-H) 
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The spectral features of the compounds of the types 

~Ti(02 ) 2 (L-L)_7 (L-L = o-phen or bipy), and ~Ti(02 ) 2 (thiourea)_7. 
H

2
o are'relatively more complicated than those of the other 

compounds reported in this Chapter. The IR and lR spectra of all 

the compounds were recorded at ambient temperatureso The fact 

that the 4 (0-0) and the complementary~ (Ti-02 ) modes in the IR 

and in the lR spectra were observed in the positions stipulated 

for a triangularly bonded peroxide, renders it certain that the 

peroxide (02 2-) ( ) ligands are bonded to the titanium IV centre in a 

chelated manner in each of the compounds. In addition, the IR spectra 

of ~Ti(02 ) 2 (o-phen)_7, ~Ti(02 ) 2 (bipy)_7,and ~Ti(02 ) 2 (thiourea)_7. 
H20 showed the characteristics of coordinated 1,10-phenanthro-

li 17,18 2 2'b' 'd' 18,19 d th' 20 li d ne, 6 - ~pyr~ ~ne, an ~ourea gan s, respec-

tivelyo The Ti-N stretching modes originating from the coordinated 

N-heterocyclic ligands for ~Ti(02 ) 2 (o-phen)_7 and ~Ti(02 ) 2 (bipy)_719 
were observed (Table 6-5) at 382, 312 cm-1 18 and at 370, 348 cm-

1 

respectively, providing further support to the occurence of 

coordinated o-phen and bipy ligands in the corresponding ~ompounds. 

TheIR spectrum of ~Ti(02 ) 2 (thiourea)_7oH2 o showed a large negative 

shift in the N-H region together with a positive shift in the C=S 

stretching region compared to those of free thiourea suggesting 

that the thiourea ligand is coordinated to the metal centre through 

f 't 't t 20 i th t d Th f one o ~ s n~ rogen a oms n e presen compoun o .ere ore, 

it is evident- that thiourea ligand is coordinated in a monodentate 

manner. Another important feature of the IR spectrum of 

~Ti(02 ) 2 (thiourea)_7.H2 o is the appearance of two ~dditional bands 
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at 3450 and 1645 cm-1 , which resemble in their shape and position 

those observed for H2o of the A2 ~Ti(02 ) 2so4_7o4H2 o (A= K or 

NH
4
), and suggest the occurence of lattice waterolS,lG 

Table 6-5o Structurally Significant IR and laser Raman (lR) 

Bands of ~Ti(02 ) 2 (L-L)_7 (L-L = o-phen or bipy), 

and ~Ti(02 ) 2 (thiourea)_7oH20 

I I 
I -I 
I IR I Raman Compound I I 
I -1 I -1 I I 
I em I em 

Assignment 

I I 

850m 860 :) (0-0} 

~Ti(02 ) 2 (o-phen)_7 
615s 610 

382m} 
312m 

iJ {Ti-0
2

) 

~ (Ti-N) 

860m 850 i) (0-0) 

LTi (02) 2 (bipy) J 620m 610 ~ (Ti-02) 

370m} :v (Ti-N) 348m 

855m 865 -v (0..0) 

610s 620 ~ (Ti-02) 

/_Ti (02)..2 (thioureal7pH20 163lm 'b (NH2) 

."'1470m ~ {C=S) 

3450m ,.:; (O..H) 

1645s a (ffi..D-H) 

3147m ~ ( NH2.) 
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In view of the potential use of titanium(IV) peroxo compounds 

as catalysts, studies involving the complex diperoxotitanateiiV) 

particularly the newly synthesised molecular heteroligand-peroxo 

compounds of titanium{IV) ha~e been undertaken; experiments 

involving such compounds are now underway and the results of 

which will be described elsewhereo 

Thus, it is evident from the results of investigations 

described in the present Chapter that under the appropriate experi-

mental conditions a host of heteroligand diperoxo compounds of 

titanium(IV) of the types A
2 
~Ti(02 ) 2so4_7o4H2 o (A= K or NH

4
), 

and ~Ti(02 ) 2 (L-L)_7 (L-L = o-phen or bipy), and ~Ti(02 ) 2 (thiourea)_7. 

H2 0 can be synthesised. While the complex ~Ti(02 ) 2so4_72- ion and 

molecular mixed-ligand peroxo compounds of titanium(IV), vizo 1 

~Ti(02 ) 2 (o-phen)_7 and ~Ti(02 ) 2 lliipy)_7 may have hexa-coordinated 

distorted octahedral structures, the complex ~Ti(02 ) 2 (thiourea)_7. 

H2 o may be a penta-coordinated monomero 
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Chapter 7 

Laser Raman Spectroscopic Evidence for the Existence of Oxoperoxo-

titanate(IV) in Aqueous Solution Containing 'Titanyl' Moiety and 

Synthesis of an Unusual Example of Peroxotitanate(IV) Complex 

Potassium Oxoperoxodichlorotitanate(IV) Monohydrate, 

Albeit both titanium and vanadium form complexes with 

hydrogen peroxide, studies on the peroxo chemistry of the former 

are far less exhaustive than those of the latter. Though solid 

peroxo complexes of both titanium and vanadium can be synthesised 

from aqueous solutions, there exists a very significant difference 

in the types of the compounds obtained thereofo wnereas most of the 

1-4 reported peroxo complexes of vanadium are oxo-peroxo species, 

except for a few highly peroxogenated vanadium(V) complexes which 

do not contain any oxo group, 5 ' 6 those of titanium present a 

different picture, and examples of oxoperoxotitanates(IV) are very 

sparseo The compound K
2 
~Ti2 0(02 ) 2 (dipic) 2_7 (dipic = dipicoline) 7 

is probably the only reported exampleo In spite of the existence 

f f 1 t ' ' T'02 + ' t S-l1 th o a ew non-peroxo comp exes con a~n~ng ~ rno~e y, e 

chemistry of mixed oxo-peroxo compounds of titanium(IV) remains 

very poorly investigatedo Thus, a systematic study involving such 

compounds is extremely important. Of concern to us, in view of the 
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above and also as a sequel to the work on peroxotitanates{IV) 

described in Chapters 5 and 6, was to generate an oxoperoxo-

titanate(IV) in solution followed by isolation in the solid state 

which has now been achievedo 

The present Chapter gives an account of the results of such 

studies including the synthesis, characterisation of the title 

compound, K2 ~Ti0(02 )cl 2_7oH2 o. 

Experimental 

The chemicals used were all reagent grade products (B.DoH., 

E 0 11erck, s oD Is, and Lob a -Chemie) 0 

Evidence for the Existence of Oxoperoxotitanate(IV) Complex 

Containing 1 Titanyl 1 Moiety, and Synthesis of Potassium 

Oxoperoxodichlorotitanate(IV) Monohydrate, K2 ~Ti0{02 )cl 2_7.H2 0 

An amount of 1.0g {12.5 mrnol) of freshly prepared Ti02 

was mixed well with 9o4g (126o17 rnmol) of potassium chloride in a 

beaker with the molar ratio of Ti02 :KCl being maintained at 1:10o 

To this was added 25 cm3 (220 0 5 mrnol) of 30% H2o2 with stirring, 

and the reaction container was placed in an ice-water bath. The 

whole was stirred for ~ 10 rnino An amount of 15 cm3 of 9M hydro­

chloric acid was added to the resultant mixture to get a clear 

deep red solutiono Dropwise addition of KOH solution (30% w/v) 

to the above mixture until the reaction solution attained a pH of 

6, changed the colour of the solution to yellowo Laser Raman 
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spectrum of a sample of the above solution was recorded at ambient 

temperatures and the spectrum exhibited, in addition to the expected 

modes of peroxide (o
2

2-), a distinct polarised signal at 970 cm-1 

assignable to .:V (Ti=O) sho\"ling the existence of oxo-peroxotitanate (IV) 

t ' ' T' o2+ ' t con a~n~ng ~ mo~e Yo 

The yellow solution obtained as above was then carefully 

treated with a small amount of pre-cooled ethanol until light 

yellow precipitate just began to appearo The whole was then kept 

in an ice-water bath for £2 30 min, and the compound was separated 

by filtration, washed twice with ethanol, and finally dried in vacuo 

over concentrated sulphuric acido 

The yield of 

Elemental Analyses 

Estimations of titanium, peroxide, chloride, and potassium 

were performed by the methods described in Chapter 2. 

Analytical data of K2 ~TiO(o2 )cl 2_7.H2 0 
Found: K, 29o5; Ti, 18o3; o2

2- (active oxygen), 12.1; Cl, 26.9%. 

Calcdo for K2 ~Ti0(02 )ci2_7oH2 0; K, 29o65; Ti, 18.25; o2
2- {active 

oxygen), 12o16; Cl, 26o99%o 

Results and Discussion 

The chemistry of complex species of titanium(IV) containing 

the 'titanyl', Ti02 +, moiety have been the subject of much 

discussiono 12- 14 The fact that titaniurn(IV) is capable of existing 
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as the 1titanyl 1 species in aqueous acidic solution, like vanadium 

2+ in the corresponding oxidation state does as VO , is now 

. 15 16 certalno ' Conspicuous absence of reported examples of oxo-

peroxotitanate(IV) species in the solid state except for the one7 

mentioned earlier in the introduction section of this Chapter 

caused us to first explore the possibility of existence of oxo-

peroxotitanate(IV) species in solution which would strategically 

be followed by isolation of the producto It was observed that the 

reaction of a sample of freshly prepared Ti0
2 

(obtained by dissolving 

a commercial variety of Ti0
2 

in aqueous HF followed by precipitation 

with aqueous ammonia) with potassium chloride, aqueous hydrochloric 

acid, and hydrogen peroxid~ afforded a deep red solution which on 

being carefully treated with potassium hydroxide solution until 

the pH was raised to 6 produced an yellow solution characteristic 

of the formation of a peroxotitanate(IV) in solution. The laser 

Raman (lR) spectrum of the solution showed -- in addition to the 

2-expected modes of peroxide (02 ) -- a distinct polarised signal 

at 970 cm-1 which undoubtedly owes its origin to~ (Ti=0). 15
c
16 

This, therefore, provided a clear information concerning the forma-

tion of an oxo-peroxotitanate{IV) species in solution-- as antici­

pated in view of a large excess of o
2

2- ion (vide Experimental) -

allowing us to state that oxoperoxotitanate(IV) complex containing 

a true •titanyl• moiety is capable of being formed under appropriate 

experimental conditions. The other aim was to isolate such a species 

in the solid formo In order to achieve this a similar yellow solution 

was prepared and the cold solution was treated with a small amount 

of pre-cooled ethanol to just initiate precipitation of a light 
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yellow compoundo On allowing the reaction mixture to stay at an 

ice-water temperature for ~ 30 min afforded a light yellow 

product in a very good yield. Th~ function of ethanol in the 

present synthesis was to bring about and facilitate precipitation 

of the desired producto The product on being isolated, purified, 

2- -dried, and analysed revealed the stoichiometry of K:Ti:02 :Cl 

as 2:1:1:2o Accordingly, the compound has been tentatively 

formulated as K2 ~Ti0(02 )cl 2_7oH2~• Strong des~ccaticn of the 

compound over concentrated sulphuric acid did not remove the water 

of crystallisation. Pyrolytic studies reveal that the compound 

starts losing water at ca 110°C, a temperature at which peroxide 

is also losto 

The newly synthesised compound, potassium oxoperoxodichloro­

titanate(IV) monohydrate, K
2 
~TiO(o2 )cl 2_7oH2 o, is a light yellow 

microcrystalline producto The compound did not permit molar 

conductance measurement owing to its insolubility in both water and 

common organic solventso The result of:magnetic susceptibility 

measurement as well as the fact that the compound is EPR silent 

lend support to the occurence of titanium{IV) in the aforesaid 

producto The compound is quite ~table for a prolonged period and 

its stability is ascertained by chemical estimation of peroxide 

content from time to timeo The importance of estimations of active 

oxygen content in such compounds has been already emphasised in 

Chapter 5. The results nf peroxide estimations, by redox titrations 

involving separately standard potassium permanganate and cerium(IV) 

(02 2-) solutions, suggest the presence of one peroxide per 

titanium(IV) in_the complexo 
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Although the infrared spectrum of the compound is straight-

forward, the observed bands and their positions are very infor-

mative, howevero The significant features of the spectrum are the 

absorptions (Table 7-1) originating from the presence of co-ordi-

2-) -1 ~ nated peroxide (o
2 

at 860 (vs) em assigned to 'V (0-0) <V 1 ) 1 

at 600(s) and at 535(s) cm-1 attributed to the complementary~3 
and ~2 modes, respectively, of~ (Ti-02 ) vibrations, 4 ' 6117 and 

at 470 cm-1 due to~ (Ti-Cl)o 18 Another important feature of the 

-1 spectrum is the appearance of a medium intensity band at 720 em 

and the clear absence of any absorption in the 97.0 cm-1 region. 

It is, therefore, very reasonable to argue that the terminal oxo 

group of the 'titanyl' moiety which _w~s present in the complex 

formed in solution has now lost its identity in the corresponding 

solid compound leading to the formation of an oxo-bridged ( tJ -oxo) 

species through -Ti-0-Ti- interactions as evidenced by the presence 

of a 720 (m) cm-1 band corresponding to .V (-Ti-0-Ti-) 19 vibrations. 

Two additional bands at·1640(s) and at 3460(m) cm-1 are typical for 

those arise from the occurence of uncoordinated water, 20121 and 

have been assigned to b (H.-0-H) and ,V (0-H) modes, respectivelyo 

Taking into account of the results of chemical analyses,, magnetic 

susceptibility and EPR measurements, and IR spectroscopic studies 

it appeared logical to assign K2 ~Ti0(02 )Cl 2_7oH2 0 being the 

formula of the compound with the complex ~TiO(o2 )c1 2_72- species 

having a distorted octahedral structure which it has attained 

through -Ti-0-Ti- interactions with the contiguous titanium centres 
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in the crystal latticeo The insoluble nature of the compound adduce 

support to the polymeric nature of the afore-mentioned complex ion. 

Table 7-1o Structurally Important Infrared and laser Raman (lR) 

Bands of K
2 
~Ti0(02 )cl 2_7oH2 0 

Compound 

860vs 

600s 

535s 

720rn 

K2 ~Ti0(02 )ci 2_7oH2 0 
470rn 

1640s 

3460rn 

Raman 
cm-1 

860 

605 

530 

480 

650} 
520 

460 

Assignment 

;y (0-0) .v1 
;y (Ti-0

2
) ~3 

;:y (Ti-0
2

) ,;; 
2 

;y (-Ti-0-Ti-) 

-\) (Ti-Cl) 

::J (-Ti-0-Ti-) 

~ (H-0-H) 

;v (0-H) 

• 

In order to get further support concerning the formula and the 

proposed structure of the complex, laser Raman (lR) spectrum of the 

compound was recorded at ambient temperatures. Owing to the insolu-

bility of the compound, the lR spectrum was recorded only on solid. 

The lR spectrum strongly augment the IR spectral observationso The 

salient features of lR spectrum are the signals (Table 7-1) at 860, 

at 650, at 605, at 530 1 at 520, at 480, and at 460 cm-lo The bands 

at 860, 605 and 530 cm-1 complement the corresponding IR absorp~ions 

owing to ,J (0-0) (\)
1
., ~ (Ti-0

2
) .V

3
, and ,J (Ti-0

2
) .V

2
, respectively,6 ' 17 
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2-and conform to the occurence of a chelated peroxide Co2 ) ligand 

co-ordinated to the metal centre in a triangular bidentate (c2v) 

manner. The signal at 480 cm-1 is related to that observed at 

470 cm-1 in the IR spectrum of the compound and is assigned to 

~ (Ti-Cl) 0 It is important to note that, here again, like in the 

IR spectrum, no signal typical for the Ti=O group could be observed. 

This renders it certain that the complex ion does not have any 

Ti=O groupo However, signals at 650, 520 and 460 cm-1 due to 

~ (-Ti-0-Ti-) 22 vibrations supported the proposition that the 

complex ion in the solid state does not have a monomeric structure 

with Ti02 +(~titanyl') unit, instead the complex species polymerises 

during the process of isolation in the solid state from solution. 

In conclusion, it may be noted that like vanadium, the 

hitherto unreported formation of oxo-peroxotitanate(IV) complex in 

solution containing a 'titanyl' moiety is evidenced. The complex 

species formed in solution, under the present experi~ental condi-

tions, polymerises in the process of its isolation in the solid 
# 

form via f-oxo bridges in the crystal latticeo In addition, a 

distorted octahedral structure of the complex ion ~TiO(o2 )cl2_72-, 
through -Ti-0-Ti- interactions involving contiguous titanium atoms, 

is in agreement with all the presently available data. In this way 

further insight into the chemistry of oxo-peroxotitanate(IV) may 

be gainedo 
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Chapter 8 

Synthesis and Spectroscopic Studies of Alkali-Metal and Ammonium 

* Oxotetrafluorotitanates(IV), A2 ~TiOF4~ (A=~ Cs or NH4) 

Although both titanium(IV) and vanadium(IV) form oxo-cations 

Ti02+ and vo2+, respectively, in aqueous solution, examples of solid 

oxo-complexes of the former are fewer as opposed to a host of oxo-

vanadates(IV)o As a case in point, for example, solid oxo-fluoro 
1 2 2 

, £voF
4
J - , and complexes of vanadium (IV) include f:voF 

3
J--

3 
£voF5y-, ~;rhereas for titanium £TiOF5J

3- is probably the only 

well characterised4 fluoro complex of the metal although ~TiOF3_7-
has a reported existenceo5 Of some concern was the complex oxotetra­

fluorotitanate(IV), /:TiOF4_72-o Despite a number of attempts by 

6,.7 . r J2-other workers, synthes1s of pure L TiOF4 could not be 

achieved. ~he complex in each case was contaminated with other 

8 products of titanium. In a recent study involving a high temperature 

thermal decomposition of a peroxo co~lex K2 £Ti(02)F4_7, 

K2 LTiOF4_7 was obtained as one of the main productso Here again, 

contamination of this product by inseparaple species stood in the 

way of obtaining a pure compound. In view of this and also owing 

to a considerable interest in the structural assessment of 

oxotitanates(IV), 9- 11 we felt it imperative to improvise routes to 

* The work described in this Chapter has been accepted for publication: 

Ind. Jo Chern., 1987, in press 
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the synthesis of the title compounds in a pure form and make an 

assessment of their structureo 

The present Chapter, indeed the concluding Chapter of the 

thesis, reports on a general synthesis of pure A2 ~TiOF4_7 
(A= K, Cs or NH4), their characterisation, and structural assess­

ment based on the results of IR and laser Raman (lR) spectroscopic 

studies. 

Experimental 

Reagent grade chemicals were used for the syntheses (B.DoHo, 

S.D's, Eo ¥~rck, Loba-Chemie, and IDPL)o 

Synthesis of Potassium Oxotetrafluorotitanate(IV), K2 ~TiOF4_7 

Freshly prepared loOg {12o5 rnmol) of Ti02 was dissolved in 

3 36 em of 4 M sulphuric acid at room temperature to obtain a clear 

solution. To this was added a solution of Solg (87.93 mmol) of 

potassium fluoride dissolved in 20 cm3 of water under constant 

magnetic stirring with the molar ratio of Ti:KF~as 1:7 whereupon 

a white product appeared immediatelyo The reaction container was 

then cooled in an ice-water bath for 15 min and the compound was 

separated by filtration. It was then dissolved in 50 cm3 of warm 

water which on cooling to room temperature gave potassium oxotetra­

fluorotitanate(IV), K2 ~TiOF4~. This was then separated by filtra­

tion, washed twice with ethanol, and finally dried in vacuo over 

concentraten sulphuric acido 
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Synthesis of Ammonium Oxotetrafluorotitanate(IV), (NH4 ) 2~TiOF4_7 

An amount of loOg (12o5 mmol) of freshly prepared Ti02 

was dissolved in 36 cm3 of 4 M sulphuric acid at room temperature 

to get a clear solutiono To this was added a solution of 3.25g 

(87.83 mmol) of ammonium fluoride dissolved in 10 cm3 of water 

with the molar ratio of Ti:NH4F being maintained at 1:7 followed 

by the addition of ethanol with constant stirring until the 

white product started appearing. The addition of ethanol was 

discontinued at this stage and the reaction container was cooled 

in an ice-water bath for 45 min until the precipitation was 

cornpleteo The compound was then separated by filtration, washed 

twice with ethanol, and finally dried in vacuo over concentrated 

sulphuric acido 

Synthesis of Cesium Oxotetrafluorotitanate(IV), Cs 2 ~TiOF4~ 

cs2 ~TiOF4_7 was precipitated spontaneously when solid 

(NH4) 2 ~TiOF4_7 (2o84 mmol) was adaed to a c}ear solution of 

3 CsBr (8o52 mmol) dissolved in 10 em of water. The white product 

was separated by filtration, washed twice with ethanol, and 

finally dried in vacuo over concentrated H2so4 o The yield of 

Cs2 ~TiOF4_7 was Oo9g (78%)o 

The details of amounts of reagents used and the yields of 

potassium and ammonium oxotetrafluo~otitanates(IV) are set out 

in Table 8-lo 
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Table 8-1o Amounts of Reagents Used and the Yields of Potassium 

and Ammonium Oxotetrafluorotitanates(IV) 

Compound 

Elemental Analyses 

Yield 

g (%) 

1o9 
(6 9 0 7) 

1 0 8 
(82) 

I 
I 

Amount of : 
I 

Ti02 in g: 

(mmol) 

1.0 
(12.5) 

loO 
(12 oS) 

Amount of 

AF in g 

(mmol) 

Sol 
(87. 93) 

3o25 
(87 .83) 

I 
I 

: Amount of 4M 
I 3 
: H

2
so4 (em ) 

36 

36 

Quantitative estimations of titanium, fluoride, potassium, 

and nitrogen were made by the methods described in Chapter 2. 

The analytical data are given in Table 8-2, while structurally 

significant ±nfrared and laser Raman (lR) bands alongwith their 

assignments are reported in Table 8-3o 

Results and Discussion 

Taking into account of two important points, (i) that a 

nlli~er of direct methods6 ' 7 failed to provide pure oxotetra­

fluorotitanate(IV), ~TiOF4_72-, free from other products contai­

ning titanium and (ii) 1titanyl', ~i02 +, moiety certainly exists 

in solutions, 9- 11 it was thought that an indirect route through the 
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Table 8-2o Analytical Data of A
2 
~TiOF4_7 (A= K, Cs or NH4 ) 

Compound 

K2 ~TiOF4J 

Cs2 ~Td.OF4J 

A or N 

35o24 
(35o77) 

15o45 
(15 o90) 

Found % (Calcd. 

T.i 

21.89 
(22o01) 

11.45 
(llo82) 

26o80 
{27 0 27) 

%) 

F 

34.5 
(34o86) 

18o24 
(18o 71) 

42o9S 
(43 .18) 

prior formation of an oxotitanate(IV) in solution might be .. 
appropriate for the synthesis of pure A2 ~TiOF4_7 (A= K or 

NH4 ). The strategy of the reaction was to produce titanyl sulphate, 

TiO(so4 >, 12 
in situ which without isolation would be made to react 

with an excess of fluoride ion to get an access to ~TiOF4_72-o 
Thus fres~ly prepared Ti02 (obtained by dissolving commercial 

titanium dioxide in 40% HF and then treating with aqueous ammonia) 

was first dissolved in an excess of dilute sulphuric acid to 

generate titanyl sulphate, TiO(so
4
), 12 in solution. The clear 

solution was then treated with alkali-fluoride, AF (A = K or 

NH
4
), to produce A2 ~TiOF4~. The role of alkali-fluoride was 

not only to fluorinate the 1titanyl 1 , Ti02+, species but also to 

act as the source of counter cations, A+o Addition of ethanol was 

required to just initiate precipitation of {NH4 ) 2 ~TiOF4_7 owing 
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to its high solubility, and recrystallisation of K
2 
~TiOF4_7 

from water was necessary to remove any coprecipitated K2so4 • 

The procedure is fairly simple and does not involve any pre-

synthesised fluorotitanate or peroxotitanate. Because of the 

higher yields of products obtained by this method, which is also 

easy to manipulate, this synthetic route offers an additional 

advantage. The cesium salt cs
2 
~TiOF4_7 was prepared by meta­

thesis between (NH
4

)
2 
~TiOF4_7 _a?d CsBr (vide Experimental)o 

The success of the present method of synthesis of oxotetrafluoro-

titanates(IV) depends on the formation of titanyl sulphate 

specieso Thus it is evident from the above discussion that fluoride 

is a better ligand for Ti02+ than sulphateo Indeed our endeavours 

for synthesising mixed ligand fluoro(sulphato)titanates(IV) have 

not been successful so faro The results showed that the compounds 

were binary fluorotitanates(IV) rather than the desired fluoro­

(sulphato)titanates(IV)o A direct interaction of Ti0
2 

with aqueous 

hydrofluoric acid was not conducive because of a pronounced 

2-tendency of the metal to form TiF6 o 

Alkali-metal and ammonium oxotetrafluorotitanates(IV) 

A2 ~TiOF4_7 (A=~ Cs or NH
4
), are white products ~nd are stable 

when out of contact with watero The results of elemental analyses 

suggest that the compounds are pure and are consistent with their 

formulas. The compounds are all diamagnetic, as evidenced from 

the results of magnetic susceptibility measurements, in conformity 

with the contention that titanium occurs in its +4 oxidation 

t t (d0
) · h h T 1 '1 t s a e ~n eac of t emo hey are a so EPR s~ en o 
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The IR and laser Raman (lR) spectra of all the compounds 

+ are identical except for the NH4 modes of the ammonium salto 

A typical feature of IR spectra of the compounds is the occurence 

-1 _j of an absorption at ca 605 em assignable to~ (Ti-F) arising 

out of coordinated fluoride and compares very well with those 

cited in the literature.13 ' 14 The appearance of a medium intensity 

Table 8-3o Structurally Important Infrared and laser Raman 

Bands of A2 ~TiOF4_7 (A= K, Cs or NH4) 

IR Raman 
Compound -1 -1 Assignment ern em 

720rn 650} 530 ~ (-Ti-0-Ti-) 

K2 ~TiOF4_7 
435 

608m 610 ,v (Ti-F) 

300m 285 Ti-F def 

725m 655 } 
535 ~ (-Ti-0-Ti-) 

cs2 LTiOF 4_7 440 

605m 612 ~ (Ti-F) 

300m 290 Ti-F def 

726rn 655} 530 ~ (-Ti-0-Ti-) 
435 

604m 612 ;J (Ti-F) 

(NH4) 2 LTiOF 4J 305m 288 Ti-F defo 

3155rn ~3) 3045s ..;,)1 M-H 

1400s ~4 



r---------------~--------------------------~8 

r ...::r I 
u...: 
0 

~ 
L---1 

N 
~ 

N 

8 
("') 

0 
0 
....:r 

0 
0 
L!) 

0 
0 
I..D 

0 
0 
['-.. 

0 
0 
(l) 

0 
0 
CJ) 

__..... 
r-

'E 
u ..._,. 

a:: w 
m 
L 
:J 
z 
w 
~ 
~ 



r---------------.--------------------------, 8 

r:;' 
u..: 
0 

~ 
N 
t.n 
u 

N 

0 
0 
--:r 

0 
0 
lD 

0 
0 
lD 

8 
1::--

0 
0 
m 

0 
0 
0) 

,.-.... 
..--
'E 
u ....__, 

0:: 
w 
co 
::2: 
~ z 
w 
~ 
~ 



0 
0 
('I 

0 
0 
(Y) 

0 
0 
!..[) 

0 
0 
tO 

0 
0 

~------------------------------------L---------~~ 
A~!suatu I uewe~ 

_.... 
0:: 
w 
ro 
2 
:J z 
w 
> 
~ 



-123-

-1 band at ~ 720 em in the IR spectra of all the three complexes 

is important and owes its origin to the vibrations of -Ti-O-Ti­

moietieso15 The absence of any band in the region 900-1050 cm-1 

typical of ~ {Ti=O) causes us to infer that the oxo group does 

not occur as a terminal one but is present as a bridging group 

giving rise to an infinite chain of -Ti-0-Ti-. The band at ~ 

300 cm-1 in each of the three complexes most likely owes its 

origin to a Ti-F deformation mode. The bands at 1400, 3045, 

and 3155 cm-1 in the IR spectrum of ammonium salt of the complex 

/:TiOF 
4
J 2- ion have been attributed to ..V 

4
, .V1 , and .V

3 
modes of 

+ 16 
NH4 o It is pertinent to mention here that while alkali 

oxotetrafluorovanadate(V) compounds of the,type A !:voF
4
_7 

(A = ~ Rb, Cs or NH
4

) form a monomeric species containing a 

vanadyl (V=O) moiety, 17 those of the corresponding compounds of 

titanium(IV) form a polymeric species through -Ti-0-Ti interactions. 

The laser Raman (lR) spectra of alkali oxotetrafluoro-

titanates(IV) bear a very strong resemblance with each other 

suggesting that the compounds are structurally similar. The spectra 

were recorded only on solids, &s the compounds decompose at room 

temperatures in watero The characteristic features of the lR 

t f 11 th th 1 th k t Ca 610 Cm-1 spec ra o a e ree comp exes are e pea ? 
14 assignable to~ (Ti-F). The assignment is in order. The spectra 

-1 -1 
also display medium intensity bands at .£§. 650 ern 1 ~ 530 em 1 

and at ~ 435 em-1 originating from the presence of -Ti-0-Ti­

interactions which, in accord with the literature,
18 

have been 

attributed to.::) (-Ti-0-Ti-) modes o 
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It may be concluded from the results of studies described 

in the present Chapter that while potassium and ammonium 

oxotetrafluorotitanates(IV), A
2 
~TiOF4_7 (A= K or NH4 ), can 

be synthesised in the pure form directly from the reaction of 

Ti02 with 4M H2so4 and AF, the corresponding Cs+ salt can be 

prepared by metathesis between CsBr and (NH
4

) 2 ~TiOF~·Further, 

the results of IR and laser Raman (lR) spectral data suggest 

that the metal centre is hexa-coordinated through a -Ti-0-Ti­

interaction, and the complex ~TiOF4_72- ion has a polymeric 

distorted octahedral structureo 



-125-

References 

1o MoKo Chaudhuri, SoKo Ghosh, and Jo Subramanian, Inorga Chern., 

19841 £l, 4439o 

2o S. Ahrland and B. Noren, Acta Cherne Scando 1 1958, 12, 1595o 

3o T.R. Ortolano, Jo Selbin, and SoP. McGlynn, Jo Chern. Physo 1 

1964, 41, 262o 

4o K. Dehnicke, Go Pausewang, and W. Rudor££ 1 Za Anorga Allgo 

~01 1969, 1££, 64. 

5o A.K. Sengupta, SoK. Adhikari, and H.S. Dasgupta, J. Inorgo 

Nuclo Chern., 1979, 41, 161o 

6o GaEo Dmitrevskii, AoA. Belitskaya, M.I. Savchenko, and 

L.Po Kharchenko, Zh. Neorg. Khimo 1 1968 1 13, 2663o 

7o Chern. Abst., 1970, 73, 81105v; 1973, ]2, 147791y; 1973, ]21 

147794bo 

8. G. Pausewang and R. Schmidt, Zo Anorg. Allgo Cherno, 1985, 523, 

213. 

9. J.Do Ellis and A.G. Sykes, J. Chern. Soco 1 Dalton Trans., 

1973, 537o 

10o Mo Graetzel and FoP. Rotzinger, Inorg. Cherno, 1985, ~' 2320o 

11o P. Comba and A. Merbach, Inorg. Chern., 1987, 26, 1315o 

12. R.J.H. Clark, D.Co Bradley, and P. Thornton, 11 The Chemistry of 

Titanium, Zirconium and Hafnium", Pergamon Texts in Inorganic 

Chemistry, Volo 19, Pergamon Press, Elmsford, New York, 

1975, p 377o 

13o AoP. Lane and DoW.A. Sharp, Jo Chern. Soc. A, 1969, 2942o 

14o S. ~~licev and J. ¥~cek, J. Chern. Soco, Dalton Transo 1 1984, 

297o 



-126-

15. RoSoP• Coutts and PoC. Wailes, Inorg. Nuclo Chemo Letto, 

1967, ~~ lo 

16. Ko Nakamoto, "Infrared Spectra of Inorganic and Coordination 

Compounds 11
, 2nd Edn., Wiley-Interscience, New York, 1970, 

p lOBo 

17o MoKo Chaudhuri, HoS. Dasgupta, S.K. Ghosh, and D.To Khathing, 

Synth. React. Inorgo ~~to-Orgo Chemo 1 1982, 12, 63o 

18o K. Wieghardt, U. Quilitzsch, Jo Weiss, and B. Nuber, 

Inorgo Chemo, 1980, 19, 2514o 



APPENDIX 



-127-

Appendix 

LIST OF PUBLICATIONS 

lo A New Route to Potassium and Ammonium Pentaborate 

Dihydrates, A ~B5 06 (OH)
4
_7.2H

2
0 (A= K or h~4 ), 

and Synthesis and Structural Assessment of New 

Fluoro(hydroX1~)oxoborate Dihydrates, 

A
2 
~B2o2F2 (0H) 2~o2H2 ~ (A= K or h~4 ) 

M.Ko Chaudhuri and Bo Das 

Jo Chern. Soc., Dalton Trans., 1987, OOOOo 

2 o Alkali-Hetal and Amllonium Peroxyf luoroborates o First 

Synthesis of Peroxyfluoroborate Complexes 

MoKe Chaudhuri and Be Das 

Inorgo Chemo 1 1985, 24, 2580o 

3o Potassium Trifluoroperoxotitanate(IV) Trihydrate, 

K ~Ti(02 )F3_7o3H20 
MoK. Chaudhuri and Be Das 

Polyhedron, 1985, i, 1449. 

4o Direct Synthesis of Alkali-Metal and Ammonium 

Pentafluoroperoxytitanates(IV), A
3 
~Ti(02 )F5_7, 

and First Synthesis and Structural Assessment 

of Alkali-Metal and Ammonium Difluorodiperoxy­

titanates{IV), A
2 
~Ti{02 ) 2F 2_7 

M.Ko Chaudhuri and B. Das 

Inorgo Chern., 1986, 25, 168c 



-128-

So Synthesis and Characterisation of Potassium, 

Cesium and Ammonium Oxotetrafluorotitanates(IV) 

M.Ko Chaudhuri and Bo Das 

Indo Jo Cherne, 1987 in press (IC 5439/87)c 



DALTON--71157 Df~l 
J CHE\1 SOC DALTO>. TRANS 1987 Approved 0001 

Note 

A New Route to Potassium and Ammonium Pentaborate Dihydrates, 
A[B 5 0 6 (0H) 4 ]·2H

2
0 (A = K or NH 4 ), and Synthesis and Structural Assessment 

of New Fluoro(hydroxy)oxoborate Dihydrates. A,[B 2 0 2 F2 (0H) 2 ]·2H 2 0 (A = K 
or NH 4 ) 

Mihor K Chaudhuro ·and Bomalendu Das 
Department of Chemistry. North-Eastern HJ/1 UmvefSity. Shlflong 793003. India 

Potassoum and ammonoum pentaborate do hydrate. A[B,O,(OH),)·2H,O (A~ K or NH,). and 
fluoro(hydroxy)oxoborate dthydrates, A,[B,O,F,(0~1=l·2H,O (A ~ K or NH,) have been 
synthes1sed. respectovely, from the reactton of a suspensoon of bone ac1d on water w1th potassoum 
hydroxode or aqueous ammonoa at pH 9 followed by the addotoon of acetylacetone. and from the 
react1on of a solutiOn of bone ac1d and the correspondong AF (A~ K or NH,) on 48% HF at steam­
bath temperature The or charactensatoon and structural assessment are based on the results of 
elemental analyses and conductance measurements. 1 r and laser-Raman spectroscopoc studoes 

lt '' ~dllno\\n th~n BF~ ton undergoes p . .lrtl..tl hydrolys1~ m 
w.uer rormmg hydroxo(nuoro)bor.lle dO IOns I [BF.(OH) •• ] -. 
Jnd the comple\es den\ed from them are the subject of active 
rc<;cctrch 111 boron chcmrstry 2 t> M1xed ftuoroborates and 
polvbor.Ht..' h.l\fe ,,\...,o rccci\Cd much at\enuon pnmM1Iy 
bec.lu..~ of thc1r ~tructur.1l 1mportJnce.., 11 The synthes1" 
of ~uch compound' IS,, prcreqUJsttc Among the non orgdno 
boron Llllllpoun<l" pent.lhor.lle forms the mteresung spec1e~ 
K[B,O,!OH).}2H,O m wht<h ohe 'lrucourdl umt h•s one 
tetr,lilt:llr.!lh co-ordm.ltcd B ,uom 10 .1nd this h.1s ,\ttr,tcted 
~..ontmucJ ullcrc-.t over the )e tr-.., 1u The reported method-. of 
'' nthc~'' of tlu-. compound mvolve e1ther b01hng of d ~oluuon 
of KOH u,,..,oJvcd 1n .t -..ttur.ltt:d Jqucou-. solullon of hone 
.u..Jd I~ ('If·' pol.l\\lllm nuonde ,,,ded reJcuon of H ,BO, p.trtl) 
u,.., ... nhed m v. •• ta 111 The role of K l- "'·''"' expl.uned 10 tn term-. of 
.1 1...11 d) 111.. erTect on the polymc:n:"~Jlll>n of H3BO, Th1:"1 p.tper 
report ... .1 nev. gencr.tl route to potdS~Jum And Ammomum pcntd 
hor.1tc <hhydr.lle> A[B,O, (0Hl.}2H,O (A = K or NH.J 
u ... mg nuld Londltlon-. Y.l\houtmvolvm.,g F 

There 1s phy~lco-chemJc,lf ev1dence for the e~1stence 
of h\dro:\: (Ouoro)bor.lles ftuoro(hydroxy)oxoboratcs, 1 ' .md 
oxo(hydro-.:) )bor.uc~ H ~ m Jqucous solutions. however the 
O>ol.tllon or [B,O,F1(0H)1]' seems unprecedented In con 
unuJllon of our c.trher work on boron compound' lo" c1nd dlso 
1n v1c'' of .t consJdcrJble 1nterc"t m the chcm1str) of ftuoro 
berates Y.e hJvc de, eloped J -.ultdble method of ~ynthes1s of 
A,[B,O,F,(0Hl,}2H,O (A ~ K or NH.l and chdractensed 
thCJiby chemJc.ti an.lly!tes 1 r .tnd l.1ser~Raman spectroscopic 
«tfd1es 

E>.penmental 
The chcm!Cdls uo;;ed Y.ere .til re.tgent grade lnfrdred spectra 
\\ere recorded on,, Perkln Elmer mode\983 spectrophotometel; 
-.ep.Ir.nel) m KBr .1nd m NujOl med1.t The \aser-Rdm..J.n spectr.l 
Y.en: recorded dl .tmbJent temper.1ture' on d SPEX RJmJiog 
model 1401 'pectrometer usmg the I me dt 4 880 A from d 
Spectrd Phv~1cs model 165 .trgon laser JS the excatdtlon "'ource 
The 1\Jmple ""·'~held e1ther m J qu,lrtzc.tpllldry or m the form of 
d pres~cd pellet Moldf conduct.mce me.tsurements \I. ere mJde 
b) U>C of d Phrhps PR 9500 conducllvlly bndge The pH or the 
reJcllon -.oluuono., '"·'~ meJsured \\lth <I Systromcs type J35 
dl£11•1 pH meter .md .tl,o ""h pH mdtc.nor (BDH) p.1per 

08 :23 87 12 51 DAL394 OL 0003 TMFI.OW~ 

C~-< 3455 JN931748 

S1ntlw~l\ uf Pcllct\\lll/11 mu! Amnwwum PenwhoHH< {), 
lndwt1 '· A[B,0.(0H),}2H,O (A~ K or NH.l-T)ptcdll) 
to d suspension of bone dCJd (I 0 g. 16 17 mmol) my. Jter (5 Lm \) 
Y.JS added pot.lSSJum h)drox1de or Jqueous JmmonJ,\ under 
\..On:.t.mt m&gneuc surnng fns\ to d1sso\vc the bone .1C1d dnd 
then to rdl~e the pH or the mediUm 10 9 Pot.tSS!llm hydrO\ Ide 
Y.J.s Jdded JS d 20'\1 soluuon ,md Jqueous dmmon1.1 .ts lts 25 
>oluuon ('P gr 0 8N) Acetyl.1cetone (6 em 'J Wd' then ddded to 
the re~Jcllon mururc • .md 1he "hole was strrrcd for ca 10 mm 
While the pot.tsSJum ~.dt "·1" ~pontaneously precJpll.lled from 
the rc.tLtlon soluuon ..tl .unb1cnt tcmper.llure.., the corrc ... 
pondlllg .tmmomum s.tlt \\,J:"~ obt.uned b; concentrJIIOn until .1 

>'htlc product beg,m to •ppc.tr The compound' "ere "·"hcd 
tv.Jce with eth.tnol.md fln,tlly dncd mrmtm O\l!r conccntr.lt~!d 
<.;u!phum. JCid The y1cld ... of K(B'!i0b{0Hb}2H 20 .1nd 
NH 4 [B,O.!OH)4 }2H,O "ere I 6 g (34",.) Jnd I 4 g (11 ,) 
re.pecuvely ; Found H. 2 55 B 18 6 K, 13 1 C die for 
K[B,O.!OH).}2H,O H 270 B i87.K 112''., Mol.orcon 
duco.mcc m V.Jier 120 fl 1 em' mol 1 Found H 415 ll 19 9 
N 505 C.olc ror NH.[B,0.(0HJ.}2H,O H 440 B 10 I' 
N 5 10'. Mol~tr c.onduLt.mu.:: tn Y..,llCr 11(} n-l Ltn' mol I: 

S11Jthe\l\ nj PotaHWIJI am/ Ammomum Dl/luoro(rhlllclm\fJ) 
dw,#i}hormc Dtlndwtl\, A,[B 20 2F2(0HI,]·2H,O (A~ f.. 
or NH~) --Bone Jcld (2 0 g 12 14 mmol) \\,11\ mu;cd well y, nh 
ohe corre>pondong AI- (A = K or NH.) on • polyeohylenc 
beJker m.tmtdlnlllg a B AF r.tllo of I 2 5 To this V.JS J.ddcd 
48n .. HF (8 cm 3

• 192 mmoJ} w obtam d cledr solullon Th1s v..t ... 
then heJted for la 30 mm o\cr d stedm b.Ith m .1 ven111.11cd 
hood The volume of the rc.u .. uon solurJOn Wo:JI\ reduced m thh 
process and the reqmred "'.tlt V.dS precipitated m h1gh y1cld 
11 wJs r.ltered oJT "·"hed three umes wnh eth•nol, •nd fmdll) 
dned 1111muo over concentr.lled sulphunc Jcld The y1elds of 
K,[B,O,F,(OH),}2H,O dnd [NH.],[B,O,F 1(0H).12H 10 
were 4 5 g (58~ 11 ) and 4 2 g t66'_r.,) respecuvc1v \Foundti 2 35 
B. 9 10, F. 15 8 K 32 6 Calc ror K,[B 20,F2(0H),}2H,O H 
25trB 915.F.1585.K.325 Found H.710.B.Ii05.F.i90 
N. 14 I C•lc for [NH.],[B,O,F,(0H),}2H,O H 705 B 
lll.F 192 N 1415';,J 

£/ememal Anafl \'"1\ --The horon content of eJCh of the com 
pound' v..ts esllm.Hed volurnetnc.lll) dS bone Jcld by tltrdtlon 
Y. lth J ~l.lnd.trd SOlUtiOn Of~od1Um h)dTOX.Ide 111 the prC'oCncc of 
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m.mnuol 1" Fluondt: Y .. ts estimated .ts ledd chlonde fluonde 
PbCIF 11 PotdSSJUm dnd nitrogen were determmed b)' methods 
de~cnbed edrher 11 Hydrogen was esttmJ.ted by a mtcro 
.mJlytlcJI techn1que (RSIC CDR! Luck now) 

Results and D1scusston 
An mterestmg aspect of the chemiStry of boron IS II< Jblhty to 
form polymenc spec1es ", g K[B,06 (0H).] 2H,O Ahhough 
thts particular spcctes h.ts been stud ted by sever.JI workers our 
concern wJs to develop d gencr.d dltern.JtiVC method for the 
synthesis ofpot.tsstum .md dmmonJUm pentabordte dthydrdtes 
A[B,O.(OHJ.] 2H,O (A = K or NH,) wuhour usmg drdsUc 
condllton.. md .tl..,o .tvoJdmg F 10ns unhkc the edrher 
methode; 10 bcc.tuse Ruonde 1s Jl"o J good hgc.~.nd for boron 
Stnteg1cJllV 11 v.Js thought thJt the demed synthe<IS could be 
IChle\ed Simply by proper JdjUStment of pH USing potdSSIUm 
h\drox1dc or .Jqueouo;; .tmmom.t whtch J.lo;;o .JCl d"i the source of 
counter c.ltJOn The str.Jtegy seems to h.1ve worked Thus the 
present method mvolves the rec1c11on between a suspenswn or 
HJBOJ an YHller .and the corrco;pondmg dlkcih at room temper 
.tture folloY.ed b) the .tdd1t10n of J.Cetyldcetone It IS Imperative 
th.u slo" addn10n of the alkdh IS contmued until the medwm 
.tttdms pH 9 AdditiOn oft he st1pul.1ted dmount of dcetyiJ.cetone 
decre1.o;e, the pH to 8 owtng to 1ts wcdk dCidlty Acetylacetone 
1pp trent!) pldys two roles 11: (1) 11 helps to control the 
pH of the mediUm ,tnd (11) 11 [dCiiltdtes preclplld!IOn of the 
compound The new method IS easy to mampulate .md an this 
""' A[B,O, !0HJ.}2H,O (A = K or NH.) cdn be syntheSised 
"tthout mdkmg u ... e ofF tons 

The compounds ,tre Y.hile mJcrocrystdllme products soluble 
m water Their molar conductances 120 dnd 130 {} 1 em, 
mol 1 o;ho" th~tt they ,tre 1 1 electrolytes Molar conductdnces 
or ~olut1011~ oft he compound~ recorded .11 mtendls of? 15 dnd 
10 d md1c,lted no dppdrent chdnge m A values attestmg to the1r 
o;t thJhlle.., The 1 r ~pectr 1 were recorded m the o;ohd state y, h1le 
ho;er RJmJn spectr.t "ere recorded both on the sohds dS well JS 
on the1r ... olullons The spectral fedtures are tdentJcal to tho~e 
rcnmted 10 the hter tture 7 8 for sal to; of the ton [B 50t>t0H}4 ] 

Th1" "" mfer thJt the compounds K[B,0 0 (0H)4 ) 2H,O •nd 
NH.[B,O.(OHJ.] 2H ,0 dre the sdme dS those reported 1n the 
htcr.tture"' 10 

In \h.\\ of the phy~1co chcmJCJ.I cv1dence conccrntng the 
L\t~ILm.~.. of fluoro(hydroxy)borc~tcs m solut1ons 1' 11 "d' 
c\pcCtLd th 11 ~nmldr spectcs could be tsoi.Jted 10 the sohd state 
b, proper .Jdju~tment of cxpcnmcntdl conditions It hdS been 
found th II the reJcllon of,, mtxture of HJBO, •nd AF (A = K 
or NH.) '" the rdiiO or I 2 5 With 48~. HF at steam bJth 
temper uure le•ds to the synthem of A,[B,02 F 2(0H),}2H,O 
(A = K or NH.) The pH of the <oluuon 1mmed1dtely •fter 
form 111011 of the compound "·'s found to be 1 The reJ.ct10n w ~~. 
f.,cde and the y1elds of the products were h1gh The stedm bath 
temper uure prob 1bl) flc1ht llC(i the re.lctJon and the (iolut1on 
\lllumc ,.., reduced c..on,ldc . .rdbly .allowmg the compound to be 
preclplldted 

The compounds .1re white mtcrocryo;t.tlhne products m 
-.olublc 10 org 1mc \Ohent.., The) detompo~e m "dler .md do 
not melt up to 250 C The elementJI •n•ly>es of the K • dnd 
NH/ ~ tlh o;;ug.ge ... t stmchewmetnes of K B F H dnd 
N B F H d< I I I 3 dnd I I l 7 respectl\el> Accordmgly 
the compound' hJve been tentJ!Ively formuldted as A,[B, 
0 F,(OH)] 2H 20 (A= K or NH.) Strong deSICCJtiOn over 
concentr 1ted H .. SO~ d1d not remo\e they, Jter ofcrystdlhsJ.tton 
0" mg to the pronounced tendcnC) of boron to form " 
tctr 1hedrJI structure ,, d1rnenc formu!J 1~ preferred over J 

monomcnc.. one J.nd th1s IS ~upported by the result' of 
'pcctroscopac ~tudJC\ 

The R-F and B-0 \JbrJllono; Jre tmport.ml ~pcctroo;cop1c 

probes for moleculdr struc..ture a..,o;e(ismcnt md ..1rc J.mcn.J.ble to 
d1rcct study by 1 r dnd ldo;er Rdmdn spectroscopy The 1 r 
spectra showed bands at (a 596" l a 746m and (a 1 100" 
em 1, .tnd a broJd absorption at ta I 060s em 1 the broademn~ 
"probdbly due to overlap ofrhe B-0 ' 9 Jnd B-F '"modes The 
bJnd at en 596 em 1 has been ass1gned to v(B-OH)" those at 
ca 746 and ca I 300 em 1 10 v.,m(B-0-B) dnd ', .. m(B-0-B) 
respectively 22 In add1t1on the spectra shov. tY.o bJnds Jl u1 

I 640m dnd ra 3 450m em I typiCd! of o(H-0-H) md v(O-H) 
of unco ordmated water ,J 24 The absorption-; J.t 1 157m 
1 04Q, dnd I 400, em I In the ,peLt rum or the NH,. 'dt hd\L 
been attnbuted to \ 3 v 1 dnd v4 modes of NH..a • B The !Jser 
RJmdn speclra of bolh compounds m lhe solrd sCdCe exhibited 
'>lgndb ,11 u1 775 ca 820 .1nd ca 595 em 1 The pe.1ks ,It ca 775 
.md cct 595 em 1 hdve been dSSigncd to \(B-F) 2" dnd 
v(B-OH) 11

, respecuvely and comp1re ver) "ell with those 
ohserved for mdny fluoro(hydroxy)bordte specte' The Sign t1 "' 
w 820 em 1 h•s been dSSigned to \(8-0)' 1 (of the B-0-B 
framework) However d correspondmg band m the 1 r speclrd 
could not be preciSely 1denufled probJb\y owmg tons overl•p 
wuh the B-OH v1brat10n Thu.., zt ffid) be mrcrred from theo.,c 
re~uhs thdt the c..omplex spec1es contdJnS two tctrahLdral boron 

Jtoms V.1th J s::::g::;s hnkage m •dd1!1on to one F and OH 

tcrmmJI!y bonded to edch of the two B dtom; .1ccordmgly the 
complex 10n has been formu!Jted dS [B,O,F,(OH),J' 
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It has been known for quite some time that orthoboric acid 
reacts in solution 1 with hydrogen peroxide giving peroxyboric acid, 
which most probably contains the [B2(02h(OH)4]2- anion. Al­
kali-metal salts of this anion are also-known and constitute an 

(1) (a) Greenwood, N. N. "The Chemistry of Boron"; Pergamon Press: 
Elmsford, NY, 1975; Vol. 8, p 887. (b) Hansson, A Acta Chern. Scand. 
1961, I 5, 934 · 

0020-1669/85/1324-2580$01.50/0 

I 

t 
I important oxidizing component in many washing powders. The 

commerciallly most important compound in this context is Nar 
B2(02h(OH) 4·6H20. No heteroligand peroxyborate is known to 
our knowlcUge. As a part of our program of synthesis, structural 
assessment, and studies of reactivities of peroxy compounds of 
metals,2 we'have extended our investigation to boron and expected 
that the results obtained would provide internally consistent data 
regarding the effect of heteroligands on the stability of peroxy-

' borate sy~tcms. In this report we present an account of the 
' synthesis and assessment of structure~ of the first examples of 

heteroligand peroxyborates of the types A2B(02)F3·4HP (A = 
Na or K) and (NH4) 2B2(0zhFz. ' 

(2) Chaudh~m. M. K.; Ghosh, S. K. Polyhedron 1982. /, 553; lnorg. Ch~m. 
1981, 2{, 4020; Inorg. Chern. 1984, 23, 534; J. Chern. Soc., Dallon 
Trans 1984, 507. Bhattacharjee, M. N.; Chaudhun, M K.; Dutta, 
Purkayastha, R.N. J. Chern. Soc., Dalron Trans 1985, 409. 

I , 

~ 1985 American Chemical Society 
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Table 1. Analytical Data, Molar Conductanc~_Yalues, and Structur~lly Signiftca:Jt IR Bands of A2B(02)'F3·4HP (A= Na or K) and 
(NH4hBl(OlhF2 I 

molar conductance, 
compd n-1 cm2 mo\-1 AorN I 

(NH4hB2(02).lF2 234 14.47 
(14.62) 

Na2B(02)F3·4H20 270 45:35 
( 45.98) 

I 

~ 

K2B(02)F3·4H20 255 31.54 
(31.27) 

"Peroxy oxygen 

Experimental Section 
The chemicals used were all reagent grade products. Infrared spectra 

were recorded on a Perkin-Elmer Model 125 spect~photometer sepa­
rately In KBr and in Nujol media. Molar conductance measurements 
were made by using a Philips PR 9500 conductivity bridge at 2~ °C, with 
the concentration of each of the solutions being maintained at 10-3 M. 
The pH of the reaction solutions was measured with a Systronics Type 
335 digital pH meter and also with pH indicator .(BDH) paper. 

Synthesis of Na2B(02)F3·4H20, ~2B(02)F3·4H20, and (NH4h~r 
(02hF2• General Procedure. To a suspension of 2.0 g (32.34 mmol) of 
boric ;~cid in ca. 15 cm3 of water was added alkali-metal hydroxide: or 

f ammonium hydroxide (AOH; A = Na, K, or NH4) solution, under 
. constant magnetic stirring, first to completely dissolve;.he boric acid and 

then to raise the pH of the medium to 9. While the sodium hydrox~de 
or potassium hydroxide was added as 20% solutlbn, the ammonium hy­
droxide was added as its 25% solution. An amount of 6.0 cm3 (120 
mmol) .of 40% H F solution was added, and the resultant mixture was 
stirred for ca. 5 min. The pH of the resulting solution was adjusted to 
9 by the addition of alkali-metal or ammonium hydroxide solution, ifnd 
the mixture was cooled in an ice-water bath for ca. IS min, followed by 
the addition of 14 cm3 (123.4 mmol) of 30% hydrogen peroxide. The 
solution was cooled in the ice-water bath for ca. lO min under slow 
magnetic stirring, and the pH of the solution was raised once again to 
9 by adding AOH solution. Addition of a nearly equal volume of ethanol 
to the above solution produced white crystalline alkali-metal or ammo­
nium peroxyfluoroborate in a very high yield. The compound thus' ob­
tained was separated by filtration, washed three times with ethanol, and 
,finally dried in vacuo over concentrated sulfuric acid. · 

The yields of Na2B(02)F3·4H20, K 2B(tl2)F3·4H20, and (NH4HBz· 
(02)JF2 were 6.5 g (92%), 6 g (74%), and 4.5 g (72%), respecti":ely. 

Elemental Analyses. Boron was estimated gravimetrically, after the 
peroxy oxygen was expelled, as nitron tetrafluoroborate.3 The peroxide 
content in each of the compounds was determined by redox titration with 
a standard potassmm permanganate solution.• Sodium and potassium 
were estimated by the methods described in our earlier papers? Nitrogen 
and fluoride analyses were obtained from Amdel, Australian Microana­
lytical Service, Port Melbourne, Victoria 3207, Australia. Fluoride in 
the Na2B(02)F3·4HP compound was also estimated gravimetrically as. 
lead chloride fluoride PbCIF. 5 All analytical data, molar conductance 
values, and structurally significant IR band positions and their assign-
ments are summarized in Table I. 1 

Results and Discussion 
Synthesis. The reaction of orthoboric acid with hydrogen 

peroxide produces the peroxyborate species [B2(02h(OH)4]~- in 
solution,1 and the alkali-metal salts of the complex ion are prepared 
from the reaction of berates with hydrogen peroxide. The sodium 
salt can also be prepared from the reaction of boric acid with 
sodium peroxide. Further it is well-known from the familiar 
chemistry of boron that fluoride react~ with trivalent boron rather 
easily.6 Thus it was expected that UJlder the appropriate con-

(3) Vogel, A. I." A Text Book of Quantitative Inorganic Analysis"; I,.ong-
mans, Green and Co.: New York, 1962; p 578. 

(4) Referenc~ 3, p 295 .. 
(5) Reference 3, p 269. 
(6) Reference I a, p 956. 

% found (% calcd)
1 

B· oA• F lR, cm-1 assignt 

11.6~ 51.21 19.75 1050 (s~ hr) IIB-F 
(11.28) (50. 0J) (19.82) 850 (m) 1'0-<J 

3155 (m) PJ 

3045 (~) VI 

1400 (s) 114 

5.2) 14.8' 27.11 1060 (~) Pa-F 

(4.!!6) (14.69) (26.16) 860 (m) 110-<J 

3450 (m) P(}..H 

1640 (m) 0H-<>-H 
I 

4.52 13.2~ 23.12 '1050 (&) ~'R-F 

( 4.32) (12.8 (22.79) 860 (m) PO-<J 
I 3450 (In) ii(}..H 

1640 (m) OH-o-H 

ditions both peroxide (Ol-) and fluoride (r') ligands may be made 
. to coordinatr to boron in the presence of each other to produce 
,heteroligand peroxyborate complexes. ' 
· The role of pH in the synthesis of such compounds have been 
··emphasized2 recently. Accordingly the reactions of boric acid with 
alkali-metal or ammonium hydroxide, 40% HF, and 30% H 20 2 

. solutions were: conducted at pJ-l 9, which gave rise to the formatioh 
,'of the C?mplc~ i~ns [B(02)F3]2-, in the ca~e where the alkali-.metal 
.hydrox1de was e1ther NaOH or KOH, and [B2(02) 3F2]2-, m the 
·case of NH40H. The complex ions were isolated as· Nn2B-
(02)F3·4H20, K2B(02)F3·4H 20, and (NH4)zB2(02) 3F2 in very 

. high yields by the addition of ethanol, which facilitated precip-
1 itation. The peroxyfluoroborate formation reactions iue ~est 
1 monitored through peroxy oxygen estimation. This is accomplished 
' by isolating a small amount of the satnple from the reaction 
1 mixtur~. followed immedia,tely by the esti'mation of active oxygen. 
, It must be emphasized that a pH 9 reaction medium is very 
, conducive to the formation and isolation of the compounds. Our 
1 
attempts to explore the possibility of synthesis of peroxyfluoro­

,1 bor'ates at a lower pH (3 or 4) were in vain. The compounds thus 
obtained were found to contain very low levels of peroxide. 

Characterization and Assessment of Structure. The peroxy­
: fluoroborates are all white crystalline stable products arid can be 
' stored in sealed polyethylene bags. Their stabilities can be as­
' certained by 1periodic estimation of peroxide. The peroxide content 
1 in each of the compounds was estimated by titration with a 

standard pot'assium permanganate solutipn. The results obtained 
~· thereof and those of the analyses of Qther constit\lents of the 
' compounds 1(Table I) suggest the stoichiometry of B:O/-:r as 

1:1:3 in each of the Na+ and K+ salts aJ?d 2:3:2 in the NH/ salt. 
Accordingly, the compounds have been formulated as Na2B­
(01)F3·4H1b, K1B(01)F3·4H10, and (NH4hB2C02hF~. The 

I peroxyfluoroborates do not melt up to 300 °C; however, the I 

(N'f'I4) 2B2(02) 3F2 compound volatili;zes at about 165 °C. Pyrolytic 
. I' studies reveal that while all the compounds start losing peroxy 

oxygen at ca. 130 °C, the Na+ and K+ salts also start expelling 
water at nearly the same temperature. :rhe compounds are stable 

I , ' 
and permit molar conductance measufements. The molar con-

' ductances of the newly synthesized compounds have been found 
: , .to lie between 230 and 270 g-t cm2 mot1 in very good agreement 
1 with their.formulas. A slightly higher value in the case of the 
' Na+ salt might be due to the presence of a trace of impurity, 

presumably sodium fluoride, arising from its low solubility. 
The mo~t significant feature of IR spectra of the peroxy-

- 1 f.luoroborates arc the absorptions at ca. 1050 and ca. 860 cm-1, 

which have been assigned to the ''n-F7 'and v0 •0
2·8 IJIOdes respec-

1 tively originating from the presence of coordinated fluoride and 
peroxide ligimds. The pcs\tion of vo-o suggests a strong possibility 

· (7) Greenwood, N. N.J. Chern. Soc. 1959, 3811. 
(~) Griffith, W. P. J. Chern. Soc. 1963, 5345, 1964, 5248. Griffith, W. P.; 

Wickins, T. D. J. Chern. Soc. A 1968;.397. 
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of the Ol- ligand peing bonded tp the boron center in a triangular 
bidentate (C;w) manner,2•8 and the complex anion [B(02)F3j2- may 
be a pentacoordinated monomer; however, the possibility that the 
complex ion is tetrahedral with a terminal o-o group cannot be 
ruled out. TheIR spectrum of ihe complex anion [B2(02hF2F­
shows a pattern generally similar ~o that of the [B(02)F3j2- species, 
except for much greater broadening of the band at 1050 cm-1• 

It is believed that tl\e stereochem~try of boron in the [Bi02hF2F­
ion is tetrahedral, which is attaiped thro11gh coordination of one 
022- ligand in a triangular bidentate f~shion, one terminal r 
ligand, and one end of a bridgi'ng 0-0 ligand. An alternate 
structure of the di~er, similar to that fdund for NaB03·4Hp, 
with two o-o bridges conhecti~g the two boron atoms (i.e., a 
six-membered BP4 ring), is also possible irrespective of the mode 
of coordination of the third peroxide group. In view of the 
structural study of the complex anion [B2(02h(OH)4j2-, the latter 
structure appears more likely. The two extra bands at 3450 (m) 
and 1640 (m) cm- 1 in the case.'of the Na+ and K+ salts were 
assigned to the ''o Hand OH-o-,11 modes of~ uncoordinated water.9 

The broad nature of the ~'o-H 'bahd in each case indicates a fair 
possibility of hydrogen bonding thiiough f . ..:H-F interactions. The 
bans at 1400 (s), 3045 (s), and 3155 (m) cm-1 in the spectrum 
of (NH4hB2(02hF2 have been attributed to the v4, v1, and v3 

modes of NH/. , .. 
1
, ' 

Thus, it is evident from the prFsent work that, under the ap­
propriate condition~. pcroxyfluoroboratcs c..'ln be prepared and such 
complexes are app~eciably stable. 

' 
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POTASSIUM TRIFLUOROPEROXOTITANATE(IV) TRIHYDRATE, 
K[Ti(02)F3] · 3H20 
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Abstract-Potassium trifluoroperoxotitanate(IV) trihydrate, K[Ti(02)F 3] • 3H2 0, with the 
peroxide (0~-) being bonded to the Ti(IV) centre in a triangular bidentate manner (C 2 ,) as 
evidenced from theIR and laser Raman spectroscopic studies, has been synthesised from the 
reaction of a solution ofTi02 in 40% HF with an excess of30% H 2 0 2 and KOH, followed by 
the addition of aqueous HF to adjust the pH of the reaction solution between 8 and 9. 

It has been known that Ti(IV) produces a 
characteristic colour reaction, with H2 0 2 , which is 
used for the detection of either reagent. 1 Some solid 
peroxotitanate complexes have been reported, 
however, there is little agreement over their com­
position let alone their structure. 1

•
2 Penta­

fluoroperoxotitanate(IV) complex, [Ti(02)F 5] 
3
-, 

is rather well studied, and constitutes the only 
example of fluoroperoxotitanate(IV) known to date. 
Reported herein are the synthesis and assessment 
of molecular structure by IR and laser Raman 
spectroscopic studies of a new fluoroperoxo­
titanate(IV), potassium trifluoroperoxotitanate(IV) 
trihydrate, K[Ti(02)F 3] • 3H2 0. 

EXPERIMENTAL 

The chemicals used were all reagent grade 
products. IR spectra were recorded on a Perkin­
Elmer Model 983 spectrophotometer. The laser 
Raman (LR) spectra were recorded on a SPEX 
Ramalog Model 1403 spectrometer. The 4880 A 
laser line from the Spectra-Physics Model165 Argon 
laser was used as the excitation source. The scattered 
light at 90° was detected with the help of a cooled 
RCA 31034 photomultiplier tube followed by 
photon counting processsing system. The spectra 
were recorded at ambient temperatures by making a 
freshly prepared solution of the sample, or a pressed 
pellet of the compound. Molar conductance was 
measured using a Philips PR9500 conductivity 
bridge. The pH of the reaction solution was 
measured with a Systronic Type 335 digital pH 

*Author to whom correspondence should be addressed. 

meter, and also with pH indicator (BDH) paper. 
Magnetic susceptibility was measured by the Gouy 
method, using Hg[Co(NCS)4 ] as the calibrant. 

Synthesis of potassium trifluoroperoxotitanate(I V) 
trihydrate, K[Ti(0 2)F 3] • 3H20. An amount of 1.0 g 
(12.5 mmol) of Ti02 was dissolved in 10 cm3 (200 
mmol) of 40% HF by heating for ca 10 min over a 
steam-bath. The clear solution was cooled to 20°C, 
and 20 cm3 (176.4 mmol) of 30% H 20 2 was added 
under stirring, followed by the addition of 17.5 g 
(311.9 mmol) of powdered potassium hydroxide. The 
colourless solution thus obtained was maintained at 
ca 20°C for 15 min. Dropwise addition of 40% HF to 
the solution, until the pH ofthemedium was reduced 
to 8-9, changed colour of the reaction solution 
to yellow and afforded yellow microcrystalline 
potassium trifluoroperoxotitanate(IV) trihydrate, 
K[Ti(0 2)F 3] • 3H20. Addition of hydrofluoric acid 
was stopped at this stage and the product was 
isolated by centrifugation, washed 3-4 times with 
ethanol, and finally dried in vacuo over concentrated 
sulphuric acid. Yield ofK[Ti(02)F 3] • 3H2 0 was 2 g 
(69%). 

Elemental analysis. Peroxide, fluoride and potas­
sium were estimated by the methods described in 
earlier papers. 3 Titanium content in the compound 
was determined gravimetrically by estimating as 
Ti02 , after precipitation with cupferron.4 Found: K, 
17.3; Ti, 20.45; 0~- (active oxygen), 14.2; F, 24.3%. 
Calc. for K[Ti(0 2)F 3] • 3H20: K, 17.0; Ti, 20.82; 
o~- (active oxygen), 13.91; F, 24.78%. 

RESULTS AND DISCUSSION 

The pentafluoroperoxotitanate(IV), [Ti(02)F 5]
3
-, 

was synthesised from the reaction of TiF~- with 

1449 
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H 20 2. It was expected, however, that a viable syn­
thesis of fluoroperoxotitanates(IV) may be possible 
from Ti02 under suitable conditions. In view of, 
this and also considering the importance of pH in 
the syntheses of peroxometalates, 3 •

5 the reaction 
of a solution of Ti02 in 40% HF with hydrogen 
peroxide and KOH was conducted followed 
by adjusting the pH of the reaction medium between 
8 and 9 by the addition of 40% HF. This has led to 
the successful synthesis of potassium trifluoro­
peroxotitanate(IV) trihydrate, 

K[Ti(0 2)F 3] • 3H20, 

in a high yield. It is believed that Ti02 dissolves in 
40% HF producing fluorotitanate(IV) in solution 
which subsequently undergoes peroxygenation in 
the presence of H 2 0 2 and KOH ultimately leading 
to the synthesis of the complex [Ti{02)F 3]- ion at a 
pH 8-9. Further lowering of pH to 6 by the addition 
of 40% HF produced the already known complex 
K 3 [Ti(02)F 5]. 6 ' 7 

Potassium trifluoroperoxotitanate(IV) trihyd­
rate, K[Ti(02)F 3] • 3H2 0, is stable in the absence of 
moisture, and in water it decomposes slowly as 
evident from the comparatively higher molar 
conductance at room temperature. The results of a 
magnetic susceptibility measurement show that the 
compound is diamagnetic suggesting the occurrence 
of titanium(IV). Estimation of peroxide, ac­
complished by red-ox titrations separately involving 
standard potassium permanganate and Ce4 + 

solutions, conspicuously suggested the presence of 
one 0~- per titanium atom in the compound. 

The IR spectrum of the compound showed bands 
at 900vs and 860s em-\ at 610s em-\ at 535s em-\ 
at 440 m and 310 cm- 1

, while the laser Raman 
spectra, recorded in the solid state as well in a 
solution, were similar exhibiting peaks at 900 and 
860em-\ at 610em-\ at 530em- 1 and at285 em- 1. 

The peaks, at 900 and 860 em - 1 assigned to 
V--0--0--- (v 1), at ca 530 em - 1 to Vn--0

2 
(v2), at 610 em - 1 

to vTi-o2 (v3), and at ca 300 em - 1 to bn-F• are in order 
and well precedented in the literature.3

•
5

-
7 The 

additional bands in the IR spectrum are assigned 

to Vn-F (440 cm- 1
), va-H (3450 cm- 1

), and c5H-O-H 
(1640 em - 1) modes respectively of un-coordinated 
water.8

-
10 The fact that the v-O-O- (v 1) and the 

complementary vTi-o2 ( v 2 and v 3) modes in theIR and 
LR spectra were observed in the positions stipulated 
for a triangularly bonded peroxide, renders it certain 
that the peroxide (0~ -)is bonded to the Ti(IV) centre 
in a triangular bidentate (C2 v} manner. 

Thus, it may be inferred that potassium 
trifluoroperoxotitanate(IV) trihydrate, 

K[Ti(02)F 3] • 3H20, 

with the peroxide ligand being bonded to the metal in 
a triangular bidentate fashion, can be synthesised 
directly from Ti02 . The complex [Ti(02)F 3]- may 
be a penta-coordinated monomer; however, it is 
more likely that it has an octahedral or a distorted 
octahedral structure through - Ti-F-Ti­
interactions. 

Acknowledgement-We thank the Department of Atomic 
Energy for financial assistance. 
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Yellow alkali-metal and ammonium pentafluoroperoxytitanates(IV}, A3[Ti(02)F5] (A = Na, K, NH4), have been synthesized 
directly from the reaction of Ti02 in 40% HF with 30% H20 2 at pH 6 maintained by the addition of the corresponding alkali 
metal or ammonium hydroxide. Novel alkali-metal and ammonium difluorodiperoxotitanates(IV), A2[Ti(02}zF2] (A = K, NH4), 

have been synthesized from the reaction of a solution of Ti02 in 40% HF with 30% H20 2 at pH 9 maintained by the addition 
of the corresponding AOH, followed by precipitation with ethanol. The compounds are all diamagnetic and permit molar 
conductance measurements. The IR and laser Raman spectra suggest that the peroxide groups are bonded to the Ti4+ center in 
a triangular hi dentate ( C2v) manner and that vo-o decreases with the increase in the number of coordinated peroxide groups. 

There has been a considerable recent interest in metal complexes 
that contain peroxide. 1•2 Some of this interest originates from 
the probable biochemical significance of peroxymetal complexes1•3 

and the potential use of hetero ligand peroxymetal compounds 
containing macrocyclic ligands as models for biological systems.3 

Our interest in this area stems from developing suitable methods 
of syntheses and making assessment of structures of hetero ligand 
peroxymetal compounds. We have embarked on a research 
program designed to find suitable methods for syntheses. Within 
the context of the present work there are certain aspects of the 
chemistry of peroxytitanates(IV), as reported in the literature,4•5 

that remain unclear. Notably important among them are the lack 
·Of a direct method for synthesizing alkali-metal and ammonium 
pentafluoroperoxytitanates(IV), A3[Ti(02)F5], and the absence 
of any reported existence of difluorodiperoxytitanate(IV) com­
plexes, A2[Ti(02hF2]. Reported in this paper are a direct general 

(1) Djordgevic, C. Chern. Br. 1982, 18, 554. 
(2) Campbell, N.J.; Capparelli, M. V.; Griffith, W. P.; Skapski, A. C. 

lnorg. Chirn. Acta 1983, 77, L215. 
(3) Guilard, R.; Latour, J.; Lecompte, C.; Marchon, J. Inorg. Chern. 1978, 

17, 1228. 
(4) Connor, J. A.; Ebsworth, E. A. V. Adv. Inorg. Chern. Radiochern. 1964, 

6, 286. 
(5) Clark, R. J. H.; Bradley, D. C.; Thornton, P. "The Chemistry of Tita­

nium, Zirconium, and Hafnium"; Pergamon Press: Elmsford, NY, 
1975; Pergamon Texts in Inorganic Chemistry, Vol. 19; p 378. 
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method for the synthesis of A3[Ti(02)F5] (A = Na, K, NH4), 

and the synthesis, characterization, and assessment of structure 
of novel hetero ligand peroxytitanate(IV) compounds of the type 
A2[Ti(02hF2] (A= K, NH4), and also a set of internally con­
sistent data concerning the effect on vo-o modes with the increase 
in number of such groups coordinated to the Ti4+ center in going 
from [Ti(02)F5] 3- to [Ti(02)zF2]2-. The syntheses have been 
achieved by conducting the reactions under two different, in each 
case specific, pH conditions. 

Experimental Section 
The chemicals used were all reagent grade products. IR spectra were 

recorded on a Perkin-Elmer Model 983 spectrophotometer. Laser Ra­
man (LR) spectra were recorded on a Spex Ramalog Model 1402 
spectrometer. The 4880-A laser line from the Spectra-Physics Model 165 
argon laser was used as the excitation source. The scattered light at 90° 
was detected with the help of a cooled RCA 31034 photomultiplier tube 
followed by a photon-counting processing system. The sample was held 
either in a quartz capillary or in the form of a pressed pellet, unless 
otherwise stated, and the spectra were recorded at ambient temperatures. 
Molar conductance measurements were made in aqueous solution with 
a Philips PR 9500 conductivity bridge. The pH of the reaction solutions 
was measued with a Systronics Type 335 digital pH meter and also with 
pH indicator (BDH) paper. 

Synthesis of Alkali-Metal and Ammonium Pentafluoroperoxy­
titanates(IV}, AJ[fi(02)F5] (A = Na, K, NH4). In a typical reaction, to 
a stirred cold solution of 2.0 g (25 mmol) of Ti02 in 20 cm3 

( 400 mmol) 
of 40% hydrofluoric acid, obtained by heating the mixture for ca. 20 min, 
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Table I. Analytical Data, Molar Conductance Values, and Structurally Significant IR and Raman Bands of A3 [Ti(02 )F5 ] (A= Na, K, NH4 ) 

and A2 [Ti(02 ) 2 F2 ] (A= K, NH4 ) 

molar %found (% calcd) 
conductance, 

compd n·' cm2 mol·' A orN Ti oa F IR, em·' Raman/' em_, assignt 

(NH4 ) 3 [TI(02 )Fs 1 365 18.51 21.2 14.2 41.8 905 VS 900 s (p) vo-o (v1 ) 

(18.35) (20.9) (13.97) (41.48) 600 s 590 m (dp) 11Ti-0
2 

(v,) 
530 s 530 s (p) 11Ti-0

2 
(liz) 

430m "Ti-F 
225m 270m Ti-F def 

Na 3 [Ti(02 )F5 ] 350 28.1 19.3 13.6 38.4 900 vs 900 s (p) vo-o (v,) 
(28.28) (19.64) (13.12) (38.96) 600 s 600 m (dp) "Ti-0

2 
(v3) 

549 s 525 s (p) 11Ti-0
2 

(v,) 
450m IITi-F 
240m 250m Ti-F def 

K3 [Ti(02 )F5 1 370 39.8 16.7 11.2 32.9 900 VS 900 s (p) vo-o (v1) 
(40.14) (16.39) (10.95) (32.51) 600 s 600 rn (dp) "Ti-02 (v3) 

530 s 520 s (p) 11Ti-0
2 

(v,) 
430 m IITi-F 
230m 270 rn Ti-F def 

(NH4 ) 2 [Ti(02 ) 2 F2 ] 225 15.21 25.3 34.8 20.8 860 VS} 860 s (p)} vo-o (v,) 
(15.06) (25. 75) (34.4) (20.43) 830 s 830 s (p) 

620 s 600 s (p) IITi-0
2 

(v,) 
510 s 520 m (dp) IITi-0

2 
(113) 

450m IITi-F 
250m 270m Ti-F def 

K, [Ti(02 ) 2 F,1 235 34.7 21.3 28.4 16.3 860 VS} 860 s (p) } vo-o (v1) 
(34.28) (21) (28.06) (16.66) 840 s 825 s (p) 

620 s 600 s (p) "Ti-02 (v,) 
500 s 525 m (dp) "Ti-0

2 
(v,) 

430m IITi-F 
250m 270 rn Ti-F def 

a Peroxy oxygen. b Abbreviations: p, polarized band; dp, depolarized band. 

was added 20 cm3 (176.4 mmol) of 30% H20 2 at ca. 20 °C. After the 
solution was stirred for ca 10 min at 20 °C, the corresponding alkali­
metal or ammonium hydroxide, AOH, was added in small portions with 
slow stirring until the pH of the solution was raised to 6, whereupon 
yellow microcrystalline alkali-metal or ammonium pentafluoroperoxy­
titanate(IV), A3[Ti(02)F5], was precipitated in a very high yield. While 
sodium or potassium hydroxide was added in the form of powder, am­
monium hydroxide was added as its concentrated solution (specific 
gravity 0.9). The cooling bath was removed, and the compound was 
separated by centrifugation, washed three times with ethanol, and finally 
dried in vacuo over concentrated sulfuric acid. The yields of (NH4h­
[Ti(02)F5], Na3[Ti(02)F5], and K3(Ti(02)F5] were 5.5 g (96%), 5.5 g 
(90%), and 6.5 g (89%), respectively. 

Synthesis of Alkali-Metal and Ammonium Difluorodiperoxytitanates­
(IV), Alfi(02)zF2] (A= K, NH.). In a typical procedure, representative 
of the general method, 1.0 g (12.5 mmol) ofTi02 was dissolved in 10 cm3 

(200 mmol) of 40% HF by warming over a steam bath for ca. 20 min. 
The clear solution was cooled to ca. 20 oc followed by the addition of 
20 cm3 (176.4 mmol) of 30% H 20 2 with stirring. To the solution was 
added the corresponding alkali-metal or ammonium hydroxide with oc­
cassional stirring, in a manner analogous to that mentioned under the 
synthesis of A3[Ti(02)F5], until the pH of the reaction solution was raised 
to 9. The color of the solution first turned red and then yellow, giving 
a yellow precipitate at pH ca. 6, which slowly went into solution, with 
simultaneous decrease in the intensity of color, with the progress of 
addition of alkaline medium. The ultimate color of the solution at pH 
9 was very faint yellow. Addition of ethanol to this solution afforded a 
very faint yellowish white microcrystalline alkali-metal or ammonium 
difluorodiperoxytitanate(IV) compound, A2[Ti(02}zF2] (A = K, NH4), 

in a nearly quantitative yield. The isolation, purification, and drying of 
the compounds were accomplished in similar manners as described earlier 
in this section. Yields of (NH4) 2[Ti(02}zF2] and K2[Ti(02)zF2] were 2.2 
g (94%) and 2.6 g (91%), respectively. 

Elemental Analyses. Peroxide, fluoride, nitrogen, sodium, and po­
tassium were estimated by the methods described earlier.6 Titanium 
content in each of the compounds was estimated gravimetrically as Ti02, 

after precipitation with cupferron.7 

(6) Chaudhuri, M. K.; Ghosh, S. K. Inorg. Chem. 1982,21, 4020; J. Chem. 
Soc., Dalton Trans. 1984, 507. 

(7) Vogel, A. I. "A Text Book of Quantitative Inorganic Analysis"; Long­
mans, Green and Co.: New York, 1962; p 544. 

The analytical data, molar conductance values, and structurally sig­
nificant IR and Raman band positions along with their assignments are 
summarized in Table I. 

Results and Discussion 
The complexity involved in the chemistry of the Ti-H20 2 system 

is evident from the different color reactions observed with small 
variation of pH.4 This is probably the reason why not much is 
known about peroxytitanates.4•5 Pentafluoroperoxytitanate(IV), 
[Ti(02)F5]3-, is the most often quoted example of a typical per­
oxytitanate compound, albeit a few more have also been reported.8•9 

However, no direct method of and the optimum pH required for 
the synthesis of the complex are known to date. The procedure 
recommended and generally used for the purpose requires the 
[TiF6]2- complex as the essential precursor,4•5 which results in an 
extra preparation step. From our experience in the field of 
peroxymetalate chemistry,6 and also considering some of the known 
aspects of titanium chemistry, it was expected that the penta­
fluoroperoxytitanate(IV) complexes could be synthesized directly 
from Ti02 under appropriate conditions. The strategy for the 
present reaction was that Ti02 would dissolve in aqueous HF, 
forming fluorotitanate(IV), in situ, which without isolation would 
then be made to react with H 20 2, under a favorable pH of the 
reaction medium, to afford the complex [Ti(02)F5]3--. The reaction 
took place accordingly and afforded yellow microcrystalline al­
kali-metal and ammonium pentafluoroperoxytitanates(IV), Ar 
[Ti(02)F5] (A = Na, K, NH4), in very high yields. The procedure 
is straightforward and simple, and the suitable pH for the synthesis 
was found to be 6. The spontaneous separation of the compound 
from the reaction solution at pH 6 is an additional advantage of 
the method. 

In order to synthesize hitherto unknown Jluoroperoxy­
titanate(IV) complexes containing two peroxy groups bonded per 
Ti4+ center, the reaction of a solution of Ti02 in 40% HF was 

(8) Sala-Pala, J.; Edwards, A. J.; Guerchais, J. E. Bull. Soc. Chim. Fr. 
1973, 1545. 

(9) Jere, G. V.; Gupta, G. D.; Raman, V.; Santhamma, M. T. Indian J. 
Chern., Sect. A 1978, I6A, 435. 
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conducted at a much higher concentration of the alkaline medium 
(pH 9) with the anticipation that an increased pH would favor 
and facilitate introduction of more than one 0 2

2- group into the 
coordination sphere of Ti4+ at the expense of some ~ ligands 
already bonded to the metal. Thus the synthesis of difluorodi­
peroxytitanate(IV) complexes, A2[Ti(02)2F2] (A= K, NH4), was 
achieved at pH 9. That pH 9 is conducive to the synthesis was 
ascertained from the facts that A3[Ti(02)F5], which formed at 
pH 6, started becoming first pale and ultimately very pale at pH 
9 and that the product isolated at pH 9 showed a clear shift of 
the vo-0 mode in theIR spectrum to a lower frequency (ca. 860 
cm-1) compared to that (ca. 900 cm-1) typical of A3[Ti(02)F5] 
complexes (Table I). The product isolated at pH values between 
6 and 8 showed two vo-o modes at ca. 900 and ca. 860 cm-1, 

suggesting thereby that the peroxide uptake process is in progress 
but is not complete until pH 9. A plausible mechanism, in view 
of the compounds isolated at pH 6 and 9 as A3 [Ti(02)F5] and 
A2[Ti(02hF2], respectively, is that a fluorotitanate(IV) complex 
is first formed, from the reaction of Ti02 with 40% HF, which 
subsequently undergoes stepwise peroxygeneration to afford 
[Ti(02)F5]3- and [Ti(02hF2]2-. This certainly indicates that O}­
can displace some of the r around a Ti4+ center at higher pH 
values. It is quite reasonable to assume that other hetero ligand 
peroxy complexes of titanium could be obtained directly from 
Ti02; syntheses of such compounds are under study. Also, since 
the diperoxytitanates(IV) undergo deperoxygenation with lowering 
of pH ( <7) of the medium, mixed species (e.g. fluoro(sulfato)-, 
fluoro(oxalato)-, and fluoro(acetylacetonato)titanates(IV)) should 
be readily accessible. 

Characterization and Assessment of Structure. Yellow A3-

[Ti(02)F5] and light yellow A2[Ti(02)zF2] are soluble in water, 
and at room temperature they do not exhibit any noticeable 
tendency for hydrolysis. They permit molar conductance mea­
suremetns, and the conductances of A3[Ti(02)F5] (A= Na, K, 
NH4) and A2[Ti(02hF2] (A= K, NH4) have been found to lie 
in the range 35D-370 and 220-240 Q-1 cm2 mol-l, respectively, 
in conformity with their formulas. The diamagnetic nature of 
the compounds, as evidenced by the results of magnetic suscep­
tibility measurements, supports the view that titanium occurs in 
its +4 oxidation state in each of the newly synthesized compounds. 
The peroxide estimation, accomplished by redox titrations sepa­
rately involving a standard potassium permanganate and a 
standard Ce4+ solution, conspicuously suggests the presence of 
one or two peroxide groups per formula weight of the A3[Ti(02)F5] 

and the A2[Ti(02hF2] cases, respectively. 
The o-o and metal-02 vibrations of peroxymetal compounds 

are important spectroscopic probes for molecular structure as­
sessment in such systems and are amenable to direct study by IR 
and Raman spectroscopy. Typically the IR and laser Raman (LR) 
spectra of the A3[Ti(02)F5] compounds exhibit peaks at ca. 900, 
ca. 600, and ca. 530 cm-1, and the corresponding peaks for the 
A2[Ti(02hF2] compounds appear at ca. 860 and 830, ca. 610, 
and ca. 520 cm-1• The peaks at ca. 900 or 860 and 830 cm-1 have 
been assigned to vo-o, while the ones at ca. 600 or 610 cm-1 and 
at ca. 530 or 520 cm-1 correspond to vT,-o, modes of coordinated 
peroxide. The band at ca. 430 cm-1 observed only in the IR spectra 
of the compounds has been attributed to the vT,-F mode. The 
assignments are in order.6•10•11 The observed positions of vo-o 

(10) Griffith, W. P. J. Chern. Soc. 1964, 5248. 
(11) Griffith, W. P.; Wickins, T. D. J. Chern. Soc. 1967, 590; 1968, 397. 
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and vT,-o, are those that one would expect to observe for i't[':l­
angularly bonded 0 2

2-. Considering C2v being the local symmetry 
of coordinated 0 2

2-ligand, three vibrations (two A1 and one B2) 

are expected to be IR and Raman active, of which the two A1 
modes (v1, vo-o stretching, and v2, vT,-o, symmetric stretching) 
are polarized, while the B2 mode (v3, vTi-o, asymmetric stretching) 
is depolarized in the Raman spectra. 11 The v1 mode occurs at 
80D-900 cm-1, and the v2 and v3 modes fall in the region 50D-600 
cm-1• On the basis of the sharpness and intensity of the observed 
LR signals and Raman polarization measurements on solutions, 
the frequencies at ca. 530 and ca. 600 cm-1 for the A3[Ti(02)F5] 

have been attributed to the v2 and v3 modes, respectively, of vT,-o,. 
while the signals at ca. 610 and ca. 520 cm-1 for A2[Ti(02)zF2] 

have been assigned respectively to the v2 and v3 modes of vT,-o,· 
It is probably the changes in stoichiometry of Ti:02:F, and the 
structures of the complex ions, as one goes from the mono- to the 
diperoxy species, that cause the frequency reversal of v2 and v3. 

Since the LR spectra of the solids as well as their solutions, 
recorded under identical conditions, do not reveal any notable 
change in the pattern of the spectra or in the positions of the 
signals, it is believed that the complex species [Ti(02)F5p- and 
[Ti(02)zF2]2- retain their structural identity also in solution. The 
splitting of vo-o in the case of the A2[Ti(02)zF2] compounds very 
likely originates from the coupling of the in-phase-out-of-phase 
vibrations of the two coordinated peroxo groups. A medium-in­
tensity band at ca. 430 cm-1 in the IR spectra of each of the 
compounds has been assigned to vT•-F· However, a counterpart 
could not be observed in the corresponding LR spectra. The band 
at ca. 250 cm-1 most likely owes its origin to a Ti-F deformation 
mode. A clear shift of vo-o from ca. 900 to ca. 850 cm-1 in going 
from [Ti(02)F5P- to [Ti(02)zF2F- is a clean indication of a 
decrease in the 0-0 bond order with an increase in the number 
of coordinated 0 2

2- groups. Since peroxide ligands bind to Ti 
through donation from two antibonding 'll'p orbitals, Ti4+ will 
become a worse acceptor with increasing number of 0 2

2-ligands. 
This will make Ti4+ withdraw less electron density from the an­
tibonding 'll'p (0/-) orbitals, which will increase their repulsive 
character and in turn will weaken the 0-0 bond. Hence, 0 22-

multisubstitution should result in weakening of the 0-0 bond, 
as observed in the present work. 

It may be inferred that fluoroperoxytitanates(IV) of the types 
A3[Ti(02)F5] and A2[Ti(02hF2] can be synthesized directly from 
the reactions of Ti02, 40% HF, and hydrogen peroxide at pH 6 
and 9, respectively, adjusted by the addition of the corresponding 
alkali-metal or ammonium hydroxide, AOH. While the complex 
[Ti(02)F5]3- ion may be a heptacoordinated monomer, the com­
plex species [Ti(02hF2]2- may have a hexacoordinated structure. 
However, the chances of polymeric structures of the complexes 
through weak - Ti-F-Ti- interactions cannot be totally ruled out. 
The o?- group, in each case, is bonded to the Ti4+ center in a 
triangular bidentate ( C2v) manner, with the o-o bond order being 
decreased by the increase in the number of each groups coordi­
nated to the metal center. 

Acknowledgment. We thank the Department of Atomic Energy 
for fmancial support and Professor A. L. Verma of the Department 
of Physics, NEHU, for allowing us to use the laser Raman fa­
cilities. We express our gratitude to the reviewers of the paper 
for valuable suggestions. 

Registry No. (NH4) 3 [Ti(02)F5], 18639-68-4; Na2[Ti(02)F5], 

99398-68-2; K 3[Ti(02)F5], 12021-39-5; (NH4h[Ti(02) 2F2], 994!6-55-4; 
Kz[Ti(02hF2], 99416-56-5. 

~~\\1.1 
t!).cc.. \rb 

b1 ,, .... 
___ .,.. .•. 

·--· ,,. -__ ........ 
_. ... ,. ..... _.,. 


