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Abstract

Chapter 1 §f the fﬁesis describes the synthesis,
ch@racterization and structural assessment of alkali-
metal and ammonium oxotetrafluorovanadates(Vv), A,Z*VOF¢;7
(A =X, Rb, Cs or NH4). I.R. and 19F N.m.r. spectroascopy,
molar conductance, magnetic moments and chemical analyses
show that R'f’vbﬁdﬁ% are the principal products of the
reactions of v205 with 40% HF and alkali-metal and

ammonium bifluorides AHF, in presence £ a small

2
amount of ethanosl a3t stecam-bath temperature. While the i.r.
spectra suggest squarc pyramicdal C4v structures for the
solid A AfVOF4_7 compounds, the 9 N.m.r. spectrum shows
stereochemical non-rigidity owing to rapid fluorine

rearrangement between C and the trigonal bipyramidal

4v
sz stereochemistry of the Z—VOF4_7 ~ ion in solution.
Synthesis and spectroscopic studics of a new
oxofluorovanadate(IVv) complex, KAVOF3_7=, constitute
the subject matter of Chapter 2. Blue crystalline
hydrazonium oxotriflusrovanadate(IV), NHg LFVOF3_7, has
been synthesised by the reaction of V505 with an excess
of 99% hydrazine hydrate in the presence of 40% HF. The
alkali-metal and ammonium salts, of the complex anion,

A Z—VOF3;7 (A = Na, K or NH,), have been prepirec by

metatheses between N2H5 éfVOF3_7 and an excess 3f AF



(ii)
in an agqueous medium. Characterization of the compounds
wis madc from the results of chcmical anal yscs, chemical
Actermination of the oxidation state »f wvanadium, molar
conductiance an” magnetic susceptibility measurcments,
infrared, electronic and esr spectroscopic studlics. The
molar conductance valuces >f the hydrazonium, and
alkali-metal and ammonium s3lts of Z_VoF3_7 ~ ion suggcest
2 1:1 electrolytic nature of each of them, and their
i,r. spectra show the multiple naturc of the v-0 bond
and the absence of water. The maghctic moments 2£ the
compounds lie betwcen 1.51 and 1.53 B.M. The s>lution

clcetronic spectrum o>f N LTVOF3;7 shows absoarptions at

AR
11,950 and 16,000 cmal, without cxhibiting any notable
chinge with the addition of an excess of F ions, owing to
the two d=A transitions characteristic of an oxovanadium(IV)
spccies. The cesr spectra of N2H5 ZfVOF3;7 in an agueous
solution at 100K indicate that the complex spccies,
£“VOF3_7 m, has a distorted osctahedral structurc in
solutions, through the coordination of two H2O molecules

ts the oxovanadium(IV) centre in addition to thce three
coordinated® fluoride ions. In the solid state, the complex

ion, _/__”\/'05‘3_7= mayv have a polymeric structurc through

weak v=0...V and V=F...V intcractions.



(iid)

Chapter 3 describes the results of studies on
alkali-metal and ammonium osxodiperoxofluosrovanadates(V),
A, ZTVO(Oz)zF_7 (A = Na, K, Rb, Cs or NH4). It has becn
shown that the reaction of wvanadium pentoxide, V205, with
hydrogen pero>xide in an alkaline medium in the prescnce of
alkaiiametal and ammonium fluosrides, AF (A = Na, K, Rb, Cs
or NH4) gives alkali-metal and ammonium oxopero>x2fludro-
vanadates(v), A2 Z_VO(02)2F47, in very high vields.
Characterization of the danpounds was made from the results
of chemical analyses, ma gnetic susceptibility measurements
anc infrared spectroscopic studies., IR spcctrometry showed
the peroxo ligands to be bonded €2 the vanadium(V) centre
in a triangular bidentate(CZV) manher. The complex species
Z_VO(O2)2F_7 ;may be a hexacoordinated monomer, or it may
have a3 palymeric structure through a weak v=0...V 2r a

weak V=F...V bridging.

The studies involving alkali-mctal an® ammonium

triperozofluorovanadates(v), A, L V(0 );F 7/ (A =Na, K or

NH,) form the subject matter of Chapter 4. Blue alkali-
R
metal and ammonium triperoxasfluorovanadates(V),

AZKPV(O2)3F;7 (A = Na, K or NH4) have becen synthesised by

reacting V205 with fluoride AF and hydrogen peroxide in a
highly alkaline medium (much higher than that used for the

synthesis of Z—VO(O2)2F_72— complex). The compounds have



(iv)

been characterised by elemental anal yses, magnectic
susceptibility measurements, and IR spectroscopic studies.
The compounds do not permit molar conductance measurements.
The IR spectra of the compounds suggest the presence of
triangularly bonded chelated peroxo ligands. The complex

species [ V(O 3;72_ may be a seven=coordinated monomer,

2)3
or it may have a polymeric structure through a wecak V-F...V
bridging. The basicity of peroxo ligands incrcascs with the

increase in the number of peroxo groups coordinated to the

vanadium(v) centre.

Synthesis, and assessmcnt of structures of thce first
chloroperoxosvamdate(v) compounds, and evidehce f£or

diperoxovanadate (V) triperomovamadate(V) interconversion

constitute the basis of Chapter 5. Alkali=metal and
ammonium salts of yellow oxodiperoxochlorovanadates(Vv),
A2£fVO(02)2C1_7, and blue triperoxochlorovanadates(v),

A, éfV(02)3Cl_7 (A = Na, K or NH4), have been synthesiéed,
for the first time, by reacting V50g with alkali chloride,
ACl, and hydrogen peroxide in varying concentrations of
alkaline media. The three salts of the anion ZTVO(02)2C1472"
are comparatively more stable than those of the complex

anion / v(o Cl;72—. Characterization of the compounds

2)3
have been mxde from the results of elemental andyses,



(v)

magnetic susceptibility measurements and infrared
spectroscopic studies. The IR spectra suggest that the
peroxo groups are bonded to vanadium(Vv) in a triangular
bidentafe manner, and that the 0-0 bond order »f perosxd
ligands decreases with the increase in the number of peroxo
groups coordinated to the metal centre. The conwrsion of

Z“VO(O Cl;72” to lfv(02)3cl_72=, and the reverse

2)2

provide good evidence for the facile diperoxovanadate(V)

triperoxovanadate (V) interconversion. The complex

=

species éfvo(02)2c1_72“ may be a hexacoordinated monomer
or 1t may as well be a polymer through a weak V=0~V or 3
weak V=Cl-v bridging. Similarly the complex species

L v(0,) 5

have a polymeric structure through a weak v=Cl-=V interaction.

Cl;72“ may be a heptacoordinated monomer or it may

Chapter 6 of the thesis reports the synthesis,
characterization and structural assessment of alkali-metal
and ammonium diagquofluoro-osxoperoxovanadate(IV) complexes,
A ZfVO(OZ)F(H20)2_7 (A = K, Rb, Cs or NH4). These compounds
arc the first peroxovanadate(lv) compounds to be obtained
in the s5lid state. Orange-red alkali-metal and ammonium
diaquofluorooxoperoxovanadates(IV), A Z—VO(OZ)F(H20)2;7,
have been synthesised by the reaction of alkali-mectal

and ammonium tetrafluorooxovanadate(Vv), A éfVOFA;7



(vi)

(A =X, Rb, Cs or NH4) with H202 in the molar ration 1:12
followed by precipitation with ethanosl. Characterization
of the compounds was made from the results of chemical
analyses, chemical determination of oxidation state of
vanadium, i.r. and electronic spectroscopic studies and
magnetic susceptibility measurements. I.r. sSpectra suggest
that the peroxo=-ligand is bonded t2 the V4+ centre in a
triangular bidentate fashion. The complex species
vao(oz)F(H2O)2;7 ~ may have a polymeric structure through
V=F=V bridging; however, the possibility of 23 weak V=-0-=V

interaction can not be ruled out completely.

Chapter 7 describes the synthesis and assessment of
structure of bis(acetvlacetonato) fluorovanadate(III),
VF(acaC)z, 3 novel neutral compound of vanadium(III). It has
becn shown that vanadium pentoxide, VZOS’ undergoes a
rcady reaction with an excess of hydrazine hvdrate in the
presence of 40% HF to give N,Hg Z—VOF3w7, which on being
treated with acetylacetone affords blue=green crvstalline
bis(acetylacetonato) fluorovanadate(III), VF(C5H702)2,
in a very high yield. The compound VF(C5H702)2 has been
charactcrized on the basis of the results of chemical
analyses, chemical determination of oxidation state of

vanadium, magnctic susceptibility measurement, infrared



(vii)
and mass spectrometric studies. BRI induced mass spectrometry
showed the compound to be monomeric in the vapour states
however, the compound may have a hexacoordinated polymeric
structure, through a weak v-=F...V interaction, in the

solid state.

A novel synthesis of tris(acctylacetonato) iron(III),

Fe(acac) and its mass spectrometric studies constitute

3/
the subject matter of Chapter 8. The reaction or iron(III)
hydroxide with acetylacetone, in the alvsence of any buffer,
recadily gives highly crystalline tris(acetylacetonato)
iron(XIT), Fe(acac)3, in a very high yield. The pH of the
solution recorded immediately after the formation of the

compound was found to be ca. 5. Its mass spectrum provides

cvidence for rearrangement t> give Fe=CH3 swecies.,.

The work described in Chapters 1, 3, 4 and U have

been published, while those of Chapters 5, 6 and 7 are

in press.

Chapter 1

Synth. React. Inorg. Met.-Org. Chem., 63, 12, 1382,

Chapter 3

Polvhedron, 553, 1, 1982.
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(i)
summary

Chapter 1 of the thesis describes the synthesis,
characterization and structural assessment of alkalie
metal and ammonium oxotetrafluorovanadates(V), A.gfﬁOF4~7
(A =K, Rb, Cs or NH4). I.R. and 19? N.M.r. spectrascopy,
molar conductance, magnhetic moments and chemical analyses
show that A ZfVOF4_7 are the principal products of the

reactions of v with 40% HF and alkali=metal ancC

295

smmonium bifluorides AHF., in presence of a small

2
amount of ethanol at steam=bath temper3ture. Wwhilc the i.r.
spcctra suggest square pyramidal Cav structurcs for thc
- 19 .
solid A ZfVOF4;7 compounds, the F N.m.r. spectrum shows
stercochemical nonerigidity owing to rapid fluorine
rearrapgemant betwean C4V and the trigonal bipyramidal

C stereochemistry of the Z—VOF4;7 ~ ion in solution.

2v

Synthesis and spectroscopic studies of a3 new
axofluorovanadate(IV) complex, ZfVOF3;7 ~, constitute
the subject matter of Chapter 2. Blue crystallinc

hyvdrazonium oxotrifluorovanadate(IVv), N

s / VOF3U/1 has
been synthesised by the reaction of v205 with an cxcess

of 929% hydrazine hydrate in the presence o2f 40% HF. The
1lkel i-mctal and ammonium salts, of the complex anion,
A éfVOF3;7 (A = Na, K or NH,), have been prepared by

mctatheses between N Hg ZfVOF3;7 and an exce®s Of AL



(ii)
in an aqueous medium. Characterization of the compounds
was mide from the rcesults of chcmical anal yses, chemichl
determination of the osxidation state af vanadium, molar
conductance an” magnetic susceptibility measurcmcnts,
infrared, electronic and esr spectroscopic studics. Thc
molar conductance values of the hydrazonium, an’
alkali-metal 3and ammonium s3alts of ZPVOF3_7 ~ ion suggcst
3 1:1 electrolytic nature of each of them, and their
l.r. spectra show the multiple naturc of the V=0 bond
and . the absence >f water. The magnetic moments of the
compounds lie between 1.51 and 1.53 B.M. The s>lution

clectronic spectrum of N £TVOF3U7 shows absarptions at

s
11,950 and 16,000 cmwl, without eoxhibiting any noatable
change with the addition of an excess of F ions, owing to
the two d=A transitions characteristic of an oaxovanadium(IV)

specics. The esr spectra of N Hg LTVOF3;7 in an agucous

2
solution at 100K indicate that the complex spccics,
Z“VOF3_7 ~, has a distorted octahedral structurc in
solutions, through the coosrdination of two HZO molecules
to the oxovanadium(IV) centre in addition to the three
coordinated fluoride ions. In the solid state, the complex

ion, [_VOF3_7“= may have a polymeric structure through

wcak v=0..,.V and v=F...V intcractions.



(iidi)

chapter 3 describes the results of studies on
alkali-metal and ammonium sxodiperoxofluosrovanadates(Vv),
A, Z_VO(OZ)ZE;7 (A = Na, K, Rb, Cs or NH,). It has been
shown that the reaction of wvanadium pentoxide, V205, with
hydrogen peroxide in an alkaline medium in the prescence of
alkali-metal and ammonium fluorides, AF (A = Na, K, Rb, Cs
or NH4) gives alkali-metal and ammonium oxopernxofluoro-
vanadates(v), a, Z—VO(OZ)ZE;7, in very high vields.
Characterization of the c ompounds was made from the results
Of chemical analyses, magnetic susceptibility measurements
and infrared spectroscopic studies. IR spcctrometry showed
the peroxo ligands to be bonded to the vanadium(V) centre
in a triangular bidentate(CZV) manner. The complex species
Z—VO(O2)2F_7 ='may be a hexacoordinated monomer, or it may
have a polymeric structure through a weak V=0...V or a

weak V=F...V bridging.

The studies involving alkali-mctal ans ammonium

triperoxoflusrovanadates(V), A, Z—V(OZ)BF;7 (A =0Na, K or

NH,) form the subject matter of Chapter 4., Blue alkali~-
< ¢
metal and ammonium triperoaxofluorovanadates(Vv),

A2Z—v(02)3F;7 (A = Na, K or NH,) have bcen synthesised by

reacting V205 with fluoride AF and hwviroagen pceroxide in a
highly alkaline medium (much higher than that used for the

synthesis of ZfVO(OZ)ZE_72" complex). The compounds have



(1iv)

been characterised by elemental anal yses, magnctic
susceptibility measurements, and IR spectroscopic studies.
The campOUnds d5 not permit molar conductance mcasurements.
The IR spectra of the compounds suggest the presence of
triangularly bonded chelated peroxs ligands. The complex

species £TV(O 3;72_ may be a seven=coordinated monomer,

2)3
or it may have a polymeric structure through a wcak V=F...V
bridging. The basicity of peroxo ligands incrcascs with the

increase in the number of peroxo> groups coordinated to the

vanadium(v) centre.

Synthesis, and assessment of structures of the first
chloroperaxXovamdate(Vv) compounds, and cvidence £or
diperoxovanadate(V) == triperosEovamadatc(V) intcreonversion
constitute the basis of Chapter 5. Alkaliemetal and
ammonium salts of yellow oxodiperoxochlorovanadatas(v),
AZLfVO(02)2C1_7, and blue triperoxochlorovanadatcs(Vv),

A, Z’v(02)3c1_7 (A = Na, K or NH,), have been synthesised,
for the first time, by reacting V,0g with alkali chloride,
ACl, and hydrogen peroxide in varving concentrations of
alkaline media. The three salts of the anion ZMVO(02)2C1;72m
are comparatively more stable than those of the complex

anion / V(o Cl_72°. Characterization of the compounds

2)3
have been made from the results of elemental anayses,



(v)

magnetic susceptibility measurements and infrared
spectroscopic studies. The IR spectra suggest that the
peroxo groups are bonded to vanadium(v) in a triangular
bidentate manner, and that the 0-0 bond order of persxo
ligands decreases with the increase in the number of peroxo
groups coordinated to the metal centre. The conwrsion of
4”vo(02)2c1_72° to Z_V(02)3Cl_72=, and the reverse

provide good evidence for the facile diperoxovanadate(V)
—mew~s triperoxovanadate (V) interconversion. The complex
species 4fvo(02)2cl;72‘ may be a hexacoordinated monomer
or it may as well be a polymer through a weak V=0~V Or a
weak V=Cl-v bridging. Similarly the complex species
ZfV(Oé)3Cl;72° may be 3 heptacoordinated monomer or it may

have a polymeric structure through a weak V-=Cl-V interaction.

Chapter 6 of the thesis reports the synthesis,
characterization and structural assessment of alkali-metal
and ammonium diaquofluosro-oxoperoxovanadate(IV) complexes,
A Z—VO(Oz)F(H20)2;7 (A =K, Rb, Cs or NH4). These compounds
are the first peroxovanadate(v) compounds to be obtained
in the s2lid state. Orange=-red alkali=metal and ammonium
diaguofluorooxoperoxovanadates(IVv), A Z_VO(OZ)F(H20)2;7,
have been synthesised byi the reaction of alkali-metal

ancd ammonium tetrafluoroosxovanadate(Vv), A ZgVOFA;7



(vi)
(A = X, Rb, Cs or'NH4) with H202 in the molar ratio 1:12
followed by precipitation with ethanol. Characte;izatian
of the compounds was made from the results of chemical
analysas, chemical determination of oxidation state of
vanadium, i.r. and electronic spectroscopic studies and
magnetic susceptibility measurements. I.r. Spactra suggest

4+ centre in a

that the peroxo-ligand is bonded to the v
triangular bidentate fashion. The complex species
ZfVO(OZ)F(HZO)2;7 ~ may have a polvmeric structure through
VRV bridgiﬁg: however, the possibility of 13 weak V=0-V

interaction can not be ruled out completely.

Chapter 7 describes the synthesis and assessment of
structure of bis(acetvlacetonato) fluorovanadate(III),
VF(acac)z, a2 novel neutral compound of vanadium(ITT). It has
becn shown that vanadium pentoxide, VZOS’ undergoes a
rcady reaction with an excess of hvdrazine hvdrate in the
presence 2f 40% HF to gi\;'e NZHS [VOF3__7, which on being
treated with acetylacetone affords blue=green crvstalline
bis(acetylacetonatos) fluorovanadate(III), VF(C5H702)2,
in a very high yield. The compound VF(CSH702)2 has been
charactcrized on the basis of the results of chemical
analyses, chamical determination of oxidation state of

vanadium, magnetic susceptibility measurement, infrared



(vii)
and mass spectromectric studies. BEI induced mass spectrometry
showed the compound to be monomeric in the wvapour state;
however, the compound may have a hexacoordinated polymeric
structure, through a weak V=F...V lnteraction, in the

s0lid state.

A novel synthesis of tris(acetylacctonato) iron(III),
Fe(acac)3, and its mass spectrometric studies constitute
the subject matter of Chapter 8. The reaction of iron(III)
hydroxide with acetylacetone, in the absencc of any buffer,
readily gives highly crystalline tris(acetylacctonato)
iron(IIT), Fe(acac)B, in a very high yield. The pH of the
solution recorded immediately after the formation of the
compound was found £o be ca. 5. Its mass spcctEum orovides

evidence for rearrangement to give Fe=CH, species.

3

The work described in Chapters 1,3,4 and 8 have

been published, while those of Chapters 5,6 and 7 are

in press.

oo a8 s ease



Introdugtion

The highést oxidation state of vanadium is + (V).

3+ and V02+

ions, and none of these disproportionates because of
' 3+

vanadium (v) forms two oxo-specles, the VO
their being better oxidants. The VO hnit occurs in the

oxyhalides voX., (X = F, Cl or Br) in which the v-0

3

stretching frequencies are at 1058, 1035 and 1025 em™t
respectively; In addition, however, a number of complexes

of the types voCl,.L and voCl;.2L, in which L can be an

3
oxygen-donar or a nitrogen-donar ligand, have been
characterized%’2 The complexes appear to be either five =

or six coordinate monomers.

vanadium .oxychloride; VOC13, has been shown to react1
with ligands containing replaceable hydrogen atoms to
give rise fo substitution products of the type VO(OMeI3,
VOClz(OMe), voclz(ozf), VOCl(OEk)z, voclz(acac),
VOCl(acac)2 (Hacac = adetylacgtone). Very little
structural information is available for these complexes.
The structure 2f£ the alkoxide’vo(OMe)3 has, however,
been determined, and it has been shown that the molecule
is a linear polymer, with a dimeric repeat unit and

alkoxide bridging.3



The second oxz¥anadium(v) species, the V02+ ion,

is not very much characterized, but it is believed to

3§ V02F and

unit in the complexes4

occur discretely in the complexes VO2(N0

Vo2(SbF6), and as a 01s~V02

Ky £ V0,(C,0,), 7 and Ky /[ VO F, /. The other example
of complex compounds formed under non—=agueous conditions

include the salts of VOC14° and VOF4_ (Ref 5).

4 4
interesting because this exhibits fluxional behaviaur5

The complex species, VOF is particularly
in solution. However, no simple method is available for
the synthesis 2f oxotetrafluorovanadate(Vv) complexes.

5

The only compound CsVOF, was prepared by Howell and Moss

4
under non-=-aqueous conditions and carrying out the

recaction at =30°.

Chapter 1 of the present thesis describes a new
and simple general method for the synthesis, and isoslation

in the s>51id state, of AVOF, (A = K, Rb, Cs or NH4)

4
compounds from agueous media, together with the

characterization of these compounds.

The chemistry of vanadium(Iv) is largely dominated
by the formation of ox> species, and a wide range of
compounds with vo2+ groups is known. Although many

oxometal species have been characterized to date; the



diatomic¢ ion VO2+ is thought to be the most stable ion

2+

known. The ion voO forms a wide variety of complexes

. ) . . ., .. 6
which may be catiomic, neutral or.anlonlc.'

The osxovanadium(IVv) complexes are generally of

3,8 ~. .. Sng ne . ont
the type " [ VOL,_/"*, [ VOL, /", [ VOL LI __/
or / VOL L) ./ = e.g. A, / VOF._/, A, [ VOF, /,

vocl 3DMSO (DMSO = Dimethylsulphoxide) and VOC12.2C5H5N.

2!

The VO2+

entity bonds most effectively to the most
electronegative atoms, e.g. ¥, Cl, 0, or N, although bonds

t2 8 and P are also known.

The étructures of several oxovanadium(IV) species
have been determined by X-ray crystaliography. The
characteristic coordination polyhedron is the tetragonal
pyramid, in which the axial v=0 bond has a length of
1.57 - 1.68 A®°, the equatorial v=0 bonds are e« 0.4A°
longer, the 0=V-0 angles are w, 106°, and the vanadium
atom lies ~o 0,55 A° above the plane formed by the
four singly-bonded oxygen atoms. In some complexes,
octahedral coordination is completed by the formation
of a further relatively long bond trans to the v=0
bond. Some of the structures are of particular interest.

The complex VO(H20)5SO occurs in three forms, one

4
monoclinic and two orthorhombic. The structure of the

monoclinic f£orm indicates that the V02+ group is bound



to four water molecules and to one of the oxygen atoms
of the sulphate graup‘9 The latter is in the cis=position

to the V02+ group, and not the trans—-position.

The most characteristic feature of the infrared
spectra of onvénadiumkIV) complexes is thc wvery
sfrong, sh§rp band at 985 % 50 cmul. This band is
assigned t5 ;he V=0 stretching frequency6, and ; as
expected lies near the upper frequency limit for those
complexes which ﬁre known from X-ray work €5 have the
shortest v=0 bonds. Coordination of 1ligand fa the
sixth octahedral position, i.e. the pdéition trans
to the v=0 bond, brings about a drop of €950 c:'mm1

in the v=0 stretching frequency >f the parent complex.

The magnetic moments of oxovanadium(IV) complexes
lie almost invariably in the range 1,70 = 1.73 B.M.
This result is to be expected since the ligand field
arsund the wvanadium(IV) ion (dl canfiguratian) is
strongly axial, and hence all the orbital contribution
t> the moment is quenched.3 The magnetic moments of
discrete oxovanadium(IVv) complexes should thus be;

and indeed are, - independent of temperature,

The €.S.r, Iav values for oxovanadium(IVv) complexes

occur in the range 1,95 - 2,00, i.e. close to the



spin~only value of 2.00%3

Both these results and the
fact that the anisotropy of the g=values is small in
comparison with that for the magnetically similar dg
complexes, indicates that the axial component to the

ligand £4éld is high. The unpaired electron lies in an

orbital of b2 symmetry.8

The optical spectra6 of oxovanadium(IVv) complexes
are characterized by three d-4d transitions (5<fE‘<100)
in the range 8000-32,000 cm™l. The f£irst band lies in
the range 11,00 - 14,700 cmgl, the second in the range
14,800 - 20,400 cmnl, and the third in thc range
21,000 - 31,250 am™! and are assigned to € <= b,
tﬁ_§-b2 and a1<—-b2 transitions respectively. The third
band is frequently obscured by strong charge transfer
transitions, and the first band in the spcctra of some
complexes shows vibrational structure ( ~» 700 c:m"1

spacings, corresponding to the v=0 stretching frequency

in the excited state).

A number of attempts have been made at detailed
interpretations of the ligand field spectra of ox0=-
vanadium(Iv) complexes. The most successful of these

is the molecular orbital treatment 2f the VO(H20)52+

10

ion by Ballhausen and Gray. The bonding schemc in the

-

Ao TP 't . e TR T



Ballhausen~Gray treatment is described as follows:

a strong § =bond of a, symmetry between -the

1
sP@ oxygen hybrid osrbital and the (4s + 3dzz)

hybrid orbital on the vanadium atom;

two;( bonds of e symmetry between the 2pX and
2py oxygen orbitals and the 3dXZ and dez
vanadium osrbitals;

four @G =bonds between the four cquivalent
spG,(water) oxygen hybrid orbitals and the

2

(4s = 34z7) (al), 4px, 4py(e) and 3dx2ay2(b1)

vanadium orbitals;

the fifth water molecule is bound to the 4pz(al)
vanadium orbital, leaving the BGXy(bZ) orbital
non=bonding and free to hold the single d=electron

of vanadium(IV).

* * *
The order of the energy levels is thus b2<e'jz< by {aq..
Thus, the 5¢ -bonding in the ion VO(H20)52+ is .
essentially axial, giving rise to a triple bond between

the vanadium and the unique oxygen atom.

our interest in the field of fluorometalate
chemistry led us to synthesise the hitherto unreported

oxo trifluorovanadate(III) complexes, VOF " We were

3

particularly interested on the VOF - species because

3



-3

such a species has no reported evidence in the
literature, although the corresponding VOC‘].?;= ion has
been known}l Further we were interested in the structure

and chemistry of oxotrifluorovanadate(IV) conplexes.

Chapter 2 of the thesis ppesents the synthesis
of the VOFB— ion and its isolation in the solid state
as hydrazonium and alkdi-metil salts. The Chapter 2 also

reports the results of stwuctural assessmcnt of the

newly synthesised compounds.

It has been known12 for over a century that
characteristic colour reactions may take placce when
hydrogen peroxide is added to spolutions of transition
metal derivatives, and many peroxy transition metal
compounds have been isolated in the solid state.
Peroxy derivatives of metals, besides having an
intrinsic interest of their own, are of considerable
and growi ng importance particularly in relation to the
catalysis of oxidations involving hydrogen peraxide
or oxygen gas, the catalytie decomposition of HZOZ
itself, and the storage and transport of oxygen in

biological systems}?"14

Although the term molecular oxygen refcrs only to

the free uncombined o2 molecule with the ground state



32;@’ the term dioxygen has been used as a generic

designation for the 0O, molety in any of its several

2

forms, and can refer to 0, in either a free or combined

state}5 For use of this term it is essential that a
covalent bond has to exist between the oxygen atoms.
Thus, a metal=dioxygen complex refers to a metal

containing O, group coordinated to the metal centre,

2
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 (022_) aniont3

The incorporation of 0. into a metal complex to form

2
a metal-dioxygen compound is called oxygenation, and

the reverse is known as deoxygenation.

Simple peroxo compounds of transition mctals are
the ones which contain peroxides, hydropceroxides and
water molecules, whereas heterosligind peroxo complexes
are mixed ligand metal complexes containing one to
three coordinated peroxo groups, and Sne Or more
monodentate or polydentate ligands. Hcteroligands range
from monodentate halide ions to bulky porphyrin14

( F, c1, NH,, C NTA, EDTA, dipy, O-phen, oxine,

2947
porphyrin, pyridine-2,6-dicarboxylate etc.) The

stability of peroxo complexes is generally enhanced by



specific heteroligand combinations. Thus, many simple
transition metal peroxides ofténn explode spontaneously;
some are sensitive to shock or decomposc above O°C and
several do not exist at all as stoichiometric compaunds}2
Many heteroligand peroxo complexes, on thc other hand,
survive recrystallisation from boiling adueous solutions,
heating in vacuo,and remaln unchinged for prolonged

. . . 16
periods in closed containers.

The biochemical significance of peroxo-metal
complexes has been emphasized recently in the
literaturer ' 20 The reactivity of peroxidecs and the
lability of metal-oxygen bonds in special heteroligand
environments in solutions are of particular interest
to biochemistry, but are not easy to measure directly.

A comparisson between the peroxs and unreduced
dioxygen heterﬁligand complexes reveals that the
chemistry of the two is very different owing to the
presence 2f two extra electrons in the antibonding
O=paz* orbitals of the peroxide ion. The clectron
rich 022_ ion therefore preferably forms complexes
with metal ions of low A" electron configuration, while
the meutral dioxygen molecule favour higher a" metal

acceptors. However, there are at lecast two things that

these two oxygen species hiave in commons: both are



stabilised by specific heteroligand spheres, and both

are of importance in biochemistry.

The lmportance of neutral dioxygen complexes in
biochemistry is well known, but the biochemical
connection of the metal peroxo complexes with biological
processes is not very well understo>od. The transition
metals, Sc, Ti, v, Cr, ¥, 2r, Nb, Mo, La, Hf, Ta, W}
form stable Heteroligand peroxo complexes, and there is
increasing evidence that wvanadium has a significant
biological role%l It ig reasonable to assume that the
participation of vanadium will depend upon parameters
such as pH, and the availability of inorganic or organic

molecules that can act as heteroligands.

Molecular oxygen is a paramagnetic molecule,

having a triplet 35~ ground state. A molecular orbital

g
description of 32“- level is

g

0, kK(28 6 )% (25 6,07 (2p6 )” (205¢,) (2052 ) (207 8]

where the KK term indicates that the K shclls of the
two oxygen atoms are filled. The two unpaired electron

in the 37 ~ ground state are found in the two> degencrate

g

* ,
antibonding 2p5{g arkitals (Fig.l), leaving 02 with

a formal bond order »f two.



3

Fig. 1.

5 (32:é) shows a wvacancy
for the addition of a single electron in both of

The MO description 2f O

2p g orbitals. The addition of one or two electron to
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a neutral 0, results in formation of the superoxide (02-)
and peroxide (022-) species, respectively, leaving 02-
with a bond order of 1.5, and the peroxide 0=0 link with

a normal bond order of one. Some of the salient features

for 02, 02— and 022— are summarized in Table 1.
Table 1. Some Properties of 0, 02= and 022—
: : ] : '
! Bond ! ! 0=0 ! Bond !
1 1 ' [ ' -
‘arder :compound: distance(a®) energy(Xcal/'! © 81
' ' i i mol) y  Cm
1 ] | 1 1
o, 2 o, 1.207%2 117.2 1554,7%%
- 25
0, 1.5 KO, 1.28 - 1145
2= 23 : 26
02 1 Na202 1.49 48,8 842

The way in which a perox? group is expected to
coordinate to metals (Fig. 2) can range from a symmetrical
bidentate to a terminal monodentate position, including

all the possible angles in between,



Fig. 2.

The bridgingiﬁL -perox> could vary from cis=planar

and trans-planar to trans-nonplanar configurations.

13

An unusual symmetrical double bridging was also £5und?’

Deviations from the ideal symmetry are common. In the
cases of heteroligand fields they are due to the
inherent symmetry of different donar atoms. Additional

*
P 5¢ electron delocalization to the metal ion is
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anticipated, which would therefore favour d° or low d"

metal ion configurations.

The stereochemical palyhedra in heterosligand perosxos
complexes are fairly predictable. For the second row
elements Nb and Mo, coordination number 8 with
dodecahedral (Dzd) symmetry has invariably been observed
in the absence of oXD groups. In oxoperoXxo hetero-
ligand surroundings, the pentagonal bipyramidal
arrangement is the most common, usually with two
coordinated peroxogroups in the cis positions and ohe
OX0 group in an axial position. There is an interesting
non=octahedral example of coordination number 6 for a

vanadium complex.28

Infrared spectra are essential for the characte-~
risation of complexes containing coordinated peroxo
groups. For a bidentate peroxide, regarded as a C2v
unit, three i.r. active modes are expected:29 the
peroxo stretching (Al), and symmetric assymmetric M—O2
stretchings (Al and BZ)‘ The 2 (0-0-) band is the
most sensi tive and intense one and characteristrically
occurs between 800 and 900 cm-l. The frequency of this

band remains fairly independent of the heteroligand

environment, but is affected by the mass of the metal



iohR; indicating coupling of the 1) (0=0-) with M=0,

pe

vibratishsi This most familiar way 5f bonding of o,
groups, in a triangular bidentate manner, is similar
£5 that proposed by GriffithBO for the bonding of 02
in oxyhemoglobin, and the 2§(a0ao—y values, which are

gimilar to thbse dbderved £or free 022" iohe

The dimerie peroxo agdfiplex is often more stable than
the mondmeric eomplex and will generglly form unless its

2
These eomplexes are diamagnetic with the oSXygen being

£ormation is inhibiteds {evgs 7/ (NH, ) Co=0,=C5 (NH,) ‘74+).
= 3’ p 375«

viewed as "peroxide-like™ with a ¢oncomitant oxidatiosn
of the metal centres £5 lsw-spin a® (€>7). The D (=0-0-)
£5¢ uaeh ¢omplexes span a fange'sf T90~844 cm-l‘with an
avarage value of 81@:@mélféwf-jiiperjxﬁb%s

Hetersligand @bmplexéétéf Nb and Ta are rather
easily Formed. Structural analysis »f some such nisbium
complexes ghow that the <¢ddrdinatiosh polyhedron is
31 .

dodecahedrall™ Vanadium, hswever, presents a different

BLory. Several perox? and »ROpersxs vanadium(v) species

secury? but shly few hetersligand complexes are known2o ! 2

Unlike Nb and Ta, vanadium has a sfi@ng'xendancy to> form

OXDPErDRO Speciess
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<

The reaction of concentrated alkali hydroxide with

concentrated solutions of V,0g in H,0, at.>O°C gives blue

solutions which contain the ion V(OZ)zT The salts of |

2)2_ can also be obtained by addition of alcohol to such

solutions. The salts are stable only at low temperatures,

the stability decreasing with increasing cation size}2

v(o

The potassium salt which is isomorphous with K34-Cr(02)4_7,
has a magnetic moment 2f 0.6B.M., consistent with the
presence of vanadium(v). The i.r, spectra of the

7/ contains bands in the

(NH, ) 3/7V(0,), 7 and K/ V(0

1

2)4—
that have been assigned to » (=0-0-=)

2)4
region 800-900 cm”

modes of peroxy groups?3

It is suggested that slight excess of a base causes
the destruction of the tetraperoxy species and the formation
of the yellow triperoxy anion VO(Oz)gﬂ:

-,

3- —_ 3=
v(02)4 + OH —— V(O)(02)3 + HO
which is stable at room temperaturee

The yellow colour produced by addition of HZOZ to a

dilute solution of a metavanadate has been shown to be
due to be a diperoxy anion by cryoscopy and spectro-
photometry34 as well as by thermochemical studies:}5

There is, however, some controversy as to how the anion

should be formulated, although the results of cryoscopic
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and spectrophotometric studies have been interpretated

in terms of the monobasic anion Z—Vo(02)2_77

The addition of H2O2 to V20536, to an acid solution

of a metavanadate,37 to a vanadium (V) salt in weakly

acid solution,38 and to a decavanadate39 produces a red
colour due to the monomeric monoperoxyvanadate cation
VO(02)+. The red colour is stable in moderately acid media.
In excess H202 the red cation is converted to the yeilow

peroxy anion vo(o

concluded12 that,

,), (Ref. 38,39). It has been

(i). the number of peroxy groups per vanadium
atom increazses with alkalinity;

(ii). increasing acidity increases‘polymerisation
and decreases the number of peroxy groups per vanadium
atom:

(iii). increasing the concentratianiéf H202 decreases
the degree~of polymerization.

vanadium peroxo complexes are of special interest
because of the function of ¥ in living cell is unknown,4o
and is selecti&ely toxic in mammals. From biochemical
point of view, the most interesting aspect of peroxo-
vanadium chemistry remains the experimental approach
to measuring the reactivity of the coordinated peroxo

group in an environment of various heteroligand fields.
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The reactivity of coordinated peraxo'groups means
essentially the ease of electron=transfer to and from
the dioxXygen anion (02?_).‘Thug,astudies‘involving
heteral;gand perosxo complexes 5f vanadium requires an
immediate attention. The chemistry of these compounds
embraces a fascinating, rewarding and worthwhile area

of investigation.

Chapters 3-6 of the present thesis describe syntheses,

..characterization structural assessment and some chemistry
of a number of heteroligand (viz., f£luoro and chloro)

peroxo complexes of vanadium(Vv) and (IV).

Complexes of vanadium (III) are wsually prepared by
direct reaction between the vanadium trihalide and the
ligand, all operations being carried out on a vacuum
1ine.8 The complexes are unstable towards air and moisture,
All three types of complexes viz., cationic, anion and
neutral have been known. The magnetic moments of
octahedral wvanadium (III) complexes (3T1g ground term)
are expected to be ru 2.8 B.M. at room temperature and
to fall appreciably with a lowering of»temperature,41
In practice, however, the temperature dependence of

these magnetic moments is less pronounced than is

expected f£or an orbital triplet ground term; indeed, it is



consistent with a splitting of the ground triplet by

1

some 500 = 2000 cm . The splitting is most obviously

brought about by a non-equivalence »f all siys ligands.

. 3
Tetrahedral vanadium(III) complexes, with a A,
ground term; are expected to show a temperature
independent magnetic moment of ~ 2.7 B.M, and @ so

. . 8
in practice,.

The electronic structure and spectra o>f octahedrally
coordinated vanadium(IIT) (dz) complexes have been
interpreted satisfactorily in terms of the ligandefield
modél, although in general it has been £ound necéssary
to take aécaunt 2f the effeects of a triéonal distortion

(to Dzd) of the octahedral field.42

Vanadium trihaliaes form various neutral complexes,
and the knbwn exémpies can be classified into VL3IX3 and
VL2X3 types.8 N2 example af neutral complex >f the type
V(LwL')zx (where L=1' is 3 bidentate uninegative ligand
and CX is a halide) is known. Moreover, no report has been
available on the synthesis of a neutral complex of

vanadium{(III) from a higher valent vanadium species

through electron-transfer reactions.

Chapter 7 presents an account of the synthesis of
bis(acetylacetonats) flurovanadate(III) complex

achieved by an electron-transfer reaction betweecn a
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vanadium(IVv) compound and acetylacetone (Hacac). This
Chapter also reports the results of various physico-
chemical studies, including mass spectrometry, of the

newly synthesised neutral complex of vanadium(III).

As part of a programme of the laboratory, in which
the whole work was done, a new method of synthesis of
tris (acetylacetonato) iron(III), Fe(C5H702)3; has been
developed, This compound has been known for quite some-
time, but the methods used for its synthesis suffer from
many difficulties. For example, the reaction between
metallic iron and Hacac in the presence of oxygen43 is
extremely slow. The reaction between iron(III) chloride
and Hacac in the presence of a large amount of sodium

44,45 may contaminate the product.

acetate as buffer
. 6 .

The reaction between Fe(CO)5 and Hacac4 requires the

preparation and handling of the toxic airesensitive

metal carbonyl.

Chapter 8, indeed the last Chapter of this thesis,
reports a novel synthesis and mass spectrometric studies
of tris(acetylacetonato) iron(III), Fe(C5H702)3.

Advantages of the new synthesis have been discussed.



Attempts have been made to make each Chapter
a self-contained one. Thus, every Chapter has been
provided with a brief introduction, experimental section,
results and'discussian section, and the relevant

biblisgraphy.
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Chapter 1

Synthesis. Characterization and Structural Assessment
of Alkali-metal and Ammonium Oxotetrafluorovanadates(Vv),

— *
a /vor, 7 (A =X, Rb, Cs or NH,)

Although there is 19F N.m.r. spectroscopic evidence

for the existence of the oxotetrafluorovanadate(v) ion,
ZpVOF4;7° in agueous hydrofluoric acidl, the species has
not been prepared from an aqueous solution. It has been
believed that vanadium(v) should not be stable in adueous
solution in the presence of halides like cl  or Br , and,
in order to prewyent reduction of vanadium(v), anhydrous
solvent should be used and the temperature maintained
throughout the reaction at O°C.2 This, however, may nost
be true in the case of fluoride (F ) because vanadium(V)
should not be able to oxidise fluoride ions. In 1951

anal ysis of a product resultiné from the reaction of

sodium vanadate and bromine trifluoride suggested that

* The work described in this Chapter has been published:
Synth. React. Inorg. Met.-Org. Chem., 63, 12, 1982.




it was an impure sample of NaVOF4.3 However, little was
known about any pure A ZfVOF4;74 in the so5lid state
until 1970. In 1971 the first and only pure solid salt
Cs ZEVOF4;7 was prepared by Howell and Moss4 from the

reaction of v.0 anhydrous HF and CsF at = 30°c.In view

2°5°¢
of this it appeared worthwhile to develope a method
for the synthesis of A ZfVOF4;7 compound from aguesus

media.

Chapter 1 of the thesis describe a novel and simple
general method for the synthesis and isolation of
alkali-metal and ammonium oxotetrafluorovandates(Vv),

A Z_VOF4;7 (A = K, Rb, Cs or NH,) from aqueous media,
together with the characterization and assessmcnht of

structure of these compounds.

Experimental

All chemicals used were of reagent grade (B.D.H.,

E. Merck, IDPL, Sarabhai M. Chemicals).

Infrared spectra of the A / VOF, / compounds were

recorded on a Perkin=-Elmer model 125 spectrophotometer.

Molar conductivity studies were made at room

temperature using a Philips PR9500 conductivity bridge.
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Maghetio susceptibility measurements were made at
room temperature by thHe Gsuy method using Hg Z*CO(NCS)4;7
as the galibrant.

19? N.t.t. speatra were recsrded on a Brucker

HX=60/5 instrumerit.

Alkali-metal and ammonium Biflusrides, AHF,.

The AHFZ dompouhds were prepiared by the methods developed
by Ghaudhuri and Chaudhury.s In an exaniple repfesSentative
of the general procediire, powdered alkali-mctal oF
madntaining the molar ratio of AF$HF at 1:4. To the clear
sioutisn pyridine was added slowly with @onstant stirring
uritil the predipitatisn wasg eomplete; and then alldwed

to settle: The white darystalline compourid was separated
by dedantatisn and washed freefrom hydrofluosrie adid by
pyridine and then the adhered pyridine was removed by

washing with agetote and £inally d¥ied in wvacuo.

Elemental Analyses. vanadium®: vanadium was

estimated volumetridally by titration with a standard
potassium permanganate $slutidbn. A Aedar boiling
golution 5f an secdurately weighed amsunt of the
vanadium(v) d&ompound was treated with a stream of

sulfur dioxide for ga 10 mir arid then with a rapid



stream of carbon dioxide to expel any excess of sulfyr
dioxide; The wvanadium (IVv) soslution was then coosled to
ca 80°C and titrated with a standard potassium

permanganate solution.6

Fluoride7: The determination of fluoride was made
by precipitating fluoride from a solution, of the known
amount of a compound, as lead chloride fluoride, PbC1lF,
and estimating chloride by volhard's method, from which

the fluoride content was calculated.'7

From 2 solution of an accurately weighed amount of
the compound, fluoride was dquantitatively precipitated as
lead chloride fluoride, PbClF, by following the usual

7
procedure.

The precipitated PbClF was washed once with water
and then 4 = 5 times with a saturated solution of PbClF.
The pure PbClF was treated with a 5% nitric acid solution.
An accurately known amount of a 0.1 (N) silver nitrate
solution (excess) was added to the above s5luti3n and the
whole was heated on a steam=bath for ca 15 min under
stirring, The solution was then filtered, and the clear
filtrate (containing silver nitrate) was titrated with a
standard 0.1 (N) potassium thiscyanatce solution using

3

Fe (ferric ammonium sulphate) as the indicator. The



amount of silver nitrate utilised in the process is
equivalent to the amount of fluoride present in the

amount of the sample taken.

1 ml (N) agNo, = 0.0190 g F

Potassium : Potassium content was determined by
flame photometry after the salt was dissolved in water and

acidified with hydrochloric acid.

Rubidium and Cesium8: Rubidium and Cesium were

estimated gravimetrically as their perchlorates Rbclo4

and CsClo from the solutions of accurately weighed

41
amounts of the rubidium and cesjum salts.-

Nitrogen: Nitrogen was estimated by a microanalytical

method.

Synthesis of alkal.i-metal and Ammonium Oxotetra-—

fluorovahadates(v), A Z—VOF4_7 (A = K, Rb Cs or NH,).

Since the methods of syntheses of alkali-metal and
ammonium oxotetrafluorovanadates(Vv) are similar,only

a general method is described.

Stoichiometric quantities of V2 52 40% HF and

AHP_. (A =K, Rb, Cs or NH4) (1 ¢+ 4 : 2 molar ratio)

2
maintaining v : F at 1 : 4 were heated for a few

minutes at ca 100°C in a pobyethylene beaker., Ethanol



Table 1.

amounts of Reagents Used, Yields and Anal ytical

Data of A Z—VOF4;7 compounds

wmount  af

e o -

1
]
Teagent used Yie%d E %ngu;dd )
Compound ! TAmount { O% o Lalcd.
Reagent' in g A/VOF,/ ! . ;
t ' ] 1
! '(1n mol);n g(%) | v ‘ F A or N
i 3 " ()
V,0 2.0
275 (11)
NH,/ VOF, 7/  AOKHF = 2.2 1.83 31.8 47.28 8.21
(44) (52) (31.64) (47.21)  (8.70)
NH,HF, 1.26
72 155,
V,0 2.0
275 (11)
K [/ VoF, / AOUHF 2.2 2.44 28,1 42,1 21.54
(44) (61) (27.98) (41,75)  (21.48)
KHF,, 1.72
(22)
V.6 2.0
275 (11)
Rb /VOF, / AGMHF 2.2 2.52 22,1 33.61 37.88
{ad) (50) (22430) (33.26)  (37.42)
RbHF,  2.74
- (22)
V,0 1.0
275 (5.5)
cs /VOF, 7 40mF 1,1 1.76 18,83 27,61 48.65
B (22) (58) (18,47) (27.55)  (48.18)
CSHF, = 1.9

(11}
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was added dropwise to the hot solution until the brown
¢colour of the solution changed to light green. A few
more drops of alcohol were added, and the solution was
then concentrated to nearly three-fourth of its original
volume. The concentrated solution was allowed to cool

in a freezer and crystalline A Z~V0F4_7 was obtained.

Details of the gram amounts of reagents used,
yields of various A Z_VOF4_7 compound and analytical
data are given in Table 1, and the i.r. band positions

and their assignments have been set out in Table 2.

Results and Discussion

It has been shown, by Hatton and his coworkersl,
from the results of N.m.r, spectroscopic studies that the
complex species oxotetrafluorovanadate(v), /[ VOF, /.,
may exist in an aqueous hydrofluoric acid. In view of
this it was expected that the complex /VOF, 7/ ion
could be isolated from such solutions by proper
adjustment of the experimental conditions. Since
vanadium pentoxide is soluble in 40% hydrofluoric acid
without any difficulty, it was thought that dissolving
VZOS in an adueous HF s2lution, made rich with respect

to F_ ions by the addition of alkal i-metal or ammonium
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hifluoride, AHFZ, to a 49% HF solution, méy give rise to
a condition conducive to the formation of / VOF, 7/~

species. The role of AHF as envisaged, was not only to

9¢
increase the F ion concentration in the reaction medium,
but also to provide with counter cation A%. Accordingly,
the reaction of V,0c with alkali-metal sr ammonium
bifluoride, AHFZ, and 40% HF gave rise to the formation
of A /VOF, / in solution.

V205 + 2 AHF2 + 4HF —— 2 AVOF4 + 3H20

The success in isolation of alkali-metal and ammonium
oxotetrafluorovanadates(v) from the reaction media
depends upon the roles played by ethanol. It is believed.
that the solvent effect brought about by the addition

of alcohol significantly helps the syntheses of the

A /[ VOF, 7/ compounds. It must be noted that a light-green
or greenish-yellow colour that is obtained on addition of
a small amount of ethanosl has to be maintained throughout
until the isolation of the alkali-metal and ammonium
oxotetprafluorovanadates(v) is completed. The scope of

the method is justified by the syntheses of a number

of A £FVOF4;7 compounds.



The A_Z"VOF4;7 (A = K, Rb, Cs or NH,) compounds
thus obtained are highly crystalline, in the shape of
long needles, except £or Cs Z"VOF4_7 which is generally
hexagonal. The compounds are greenish~-yellow in colour.
The compounds, once isolated from the reaction media,
seem to be very sensitive to air and moisture, They are
highly soluble in water and the dissolution is accompained
by decomposition. The A ZfVOF4;7 compounds are insoluble
in common organic solvents, except acetonitrile in which
the oxotetrafluorovanadates(v) are very slightly soluble.
Chemical analysis, i.r., molar conductance measurement,

19

magnetic moment and F W.m.r. were used to characterize

and make structural assessment 3f the compounds A Z_VOF4;7.

The molar conductance of cesium oxotetrafluoro-
vanadate(v) was found to be 132 :)l'lmc’lcmzmo-l'=1 at 27°c
in purified acetonitrile suggesting an uni-uni valent
electrolytic nature of the compounds in complete accord
with the formula ¢s / VOF, /. The room temperature
magnetiq susceptibility measurements show that the
compounds are all diamagnetic which extends further

support to the farmulation of the compounds,

The infrared spectra of alkali-metal and ammonium

salts of the osxotetrafludrovanadates(Vv) anion resemble
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cach other very closely, showing that compounds are
similar both structurally and stoichiometrically

(Table 2). The strong absorptions in the region 980-=1030 gm—l

Table 2. Infrared Bands of A £7V0F4;7 compounds

[] ] [} [
] [ ] 1
NH,/VOF,/ | K [VOF, 7 \Rb /NOF, 7. Cs /VOF, /| Assignments®
v : : :
- - - - D
4
262m 261m 262m 260m Do _ Y
- - - - ‘DS
308m 307m 311m 310m :)9
332s 3345 330s 334s :):3
- - - - \
Y%
480m 482m 483m 481m bs
595s 594s 595s 594s i%
6255 625s 623s 624s >)2
710w 712w 712w 712w D, Vg
990vs 980vs 995vs 1915vs ’51
1015 1025
970w 972w 972w 973w 2 .92
:\)r
Yy . D3
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have been assigned to the % v-0 mode. The 2 V-0 positions,
and the v=0 force constants, lying between 7.07 and 7.43
md/A, are considered as characteristics of the presence
of V=0 multiple bonds., This also supports the occurence

of O (asyV bonding in the compounds. Moreover,

(p5e)
the absence of the broad intense band in the 650=900 cm-l
reglon suggest that the possibility of a polymeric
structure of the complex ion szOF4;7n through a V=0...V
interactiong’10 is practically ruled out. The complex

ion /VOF, 7~ may have either a C,, Symmetry with the

four F atoms occupving the four corners of a square, and
the V and 0 atoms lying on the 4-=fold axis normal to the
plane of the square, or a Coy symmetry (trigonal bipyramid)
with two apical fluorine atoms normal to the twd eguatorial
fluorine atoms and the equatarial oxygen atom. The Cz—axis
thus contains the oxygen and the vanadium atoms and
bisects the angle between the equatorial fluorine and
vanadium atoms. It has been shown earlier4 that should

Z—VOF4;7n have a C symmetry, there must be 6 i.r. active

4v
vibrations. whereas for / VOF, / having a C,, Symmetry,
11 i.r. active bands must be present. It is evident from

the i.r. spectral pattern (Table 2) of the compounds

synthesised now that the Z_VOF4;7Q in each of the compounds
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has a C syminetry. This correlates very well with those

4
previsusly reported for Cs Z§V0F4;74 and is also in
agreement with the reported crystal structure of
Cs z'voF4;711¢ which skows that the ZTVOF4;7 ~ is -
essentially C,. with'a weak F = bridging making Z“Vop4_7 -
pseudooctahedral. |

19F Nsmers spectrum of a 1.42 (M) sdlution of the
newly synthesised Cs AfVOF4;7 in 48% hydrofluoric acid
recorded at = 85°C shows a broad doublet occuring at
258.4 ppm down fileld relative to HF with a value of
W% = 1003 H, o These agree with thé values previously
repérte64 £or Cs [&VOF4;7 and conform to the contention
that a rapid fluorine rearrangement between C, @04 C
stereachemistryjof.éfVOF4;7 ~ occurs in solution.

Thus, it may be concluded that alkali-metal and
ammonium oxdtetrafluorovanadates(v), A Z_VOF4;7, can be
synthesiged from aquaéus solutions by suitably adjusting
the experimehtal ¢onditions. The complex ion ZfVOF4;7 -
has a square pyramidal C4V structure in the solid state,
while it shows S&tereschemical non-rigidity owing to
rapid fluorine rearrangement between C,y and the

CZV(tbp) Steredchemistry of AfVOF4_7 ~ in solution.-
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Chapter 2

Hydrazonium, Alkali-metal and Ammonium Oxotrifluoro-
vanadates(IV). Synthesis and Spectroscopic Studies of

a New Oxoflucrovanadate(Iv) Complex, / VOF, / -

The extraordinary stability of VO2+ unit has been

1,2 24

emphasised in the literature. The VO unit has been

shown to> combine with F species to form stable complexe%’2
ZfVOF5;73_ and 17V0F4;72_. There is, however, no reported
evidence for the formation of oxotrifluorovanadate(IV),
é—VbF3;7,— to date, .The corresponding axotrichlarovanadéte(lv),
/vocl, / 7, has been known: The salts of the complex ion
ZTVOC13;7 ~ were synthesised by precipitating from an

aqueous alcoholic medium.> The basis of Z_VOC13;7 -

synthesis was the facile electron-transfer reaction

5+

between v>" ‘and cl”. This philosphy cannost, however,

be applied to the synthesis of Z—VOF3;7 ~ complex
because fluoride (FE) cannot reduce V5+ (vide Chapter 1),

rather it stabilises pentavalent vanadium.4 It was

5+

expected that the reduction of v in the presence of

F ions would probably be a good strategy for the
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synthesis of ZFVOF3;7._

Chapter 2 of the thesis presents the synthesis
of hydrazonium, alkali-metal and ammonium salts of the
complex ion Z_VOF3;7 T, and the results of spectroscopic

studies involving the newly synthesised compounds.

Experimental

The chemicals used were all reagent grade products

(B.D.H., E. Merck, IDPL, Sarabhai M. Chemicals).

Molar conductance measurements were done with a

Philips PR9500 conductivity bridge.

Magnetic susceptibility measurements were made by

the Gouy method. Hg ZfCD(NCS)4;7 was the calibrant.

Infrared spectra were recorded on a Perkin=Elmer

model 125 spectrophotometer.

Electronic spectra were recarded on a BECKMAN

Uv=26 spectrophotometer.

Esr spectra of aqueous solutions of N,Hg / VOF; /
were recorded osn a varian E109, X-band Esr spectrometer

with 100 Kc field modulator.



Elemental Analyses. vanadium, fluoride, sodium

(flame photometry), potassium and nitrogen were estimated

by the methods described in Chapter 1.

Chemical Determinatiosn of the Oxidation States

of vanadium in A/Z-VOF3;7 (A = Na, K or NH,) compounds.
The oxidation state of vanadium in each 5f the A Z—VOF3;7
compounds was estimated chemically by dissolving a known
amount of it followed by the difect titration with a

standard potassium permanganate solution.

Synthesis of Hydrazonium Oxotrifluorovanadate(IV),

N, Hg £7VOF3;7. An amount of 2.0g (11 mmol) wvanadium
pentoxide {in about 10 ml of water) was dissolved by the
addition of 2.2 ml (44 mmol) of 40% hydrofluoric acid

by slightly warming over a steam=bath and the solution was
filtered, after cooling to room temperature, to remove
any undissolved impurity. Hydrazine hydrate (99% solution)
was added dropwise to the solution under cooling, with
slow stirring. The solutibn first turned blue and

further addition of hydrazine hydrate afforded the blue
crystalline hydrazonium oxotrifluorovanadate(IV),

NZHS Z&VOF3;7. Addition of hydrazine hydrate was

oHsg

mother ligquor becoming very faint in colour. The compound

continued until N 4#V0F3;7 ceased to appear with the



was separated by filtration, dried by placing between
the folds of filter papers and finally in vacud over

diphosphorous pentoxide. The yield of N,Hg Z_VOF3;7

was l.6g (92%).

Preparation of Alkali -metal and Ammonium

oxotrifluorovanadate(Iv), A /VOF, /(A = Na, K or NH,).

Ssince the methods of preparation of A Z—VOF3;7 compounds

are similar only a representative method is described.

To a saturated solution of freshly prepared hydrazonium
oxotrifluorovanadate(IV), NH APVOF3;7, a very concentrated
solution of alkali- metal fluoride, AF, maintaining the
molar ratio of between N, H, Z—VOF3;7 and AF at 1:3, was
added directly with slow stirring. A blue crystalline
product was obtained almost immediately, and isolated
in a manner analogous to that described above. Specific
gram amounts of reactants used and the yields of various
A Z’VOF3;7 (A = Na, K or NH4) compounds are reported in
Table 1. Analytical data, dhemically estimated oxidation
state of vanadium, magnetic moment values, structurally
important i.r. bands, and electronic spectral band

positions and their assignments are summarized in

Table 2.
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Table 1. Amourits of Reactants Used and vYields of

Na, K or NH4)

A ZfVOF3_7 (A =

] 1 ]
1 1 ]
H Yield EAmount of ! Amount of
] t |}
Compound ; in g H : .
: ) P N Hy [ VoF, 7 , AF ing
! (%) H '
: ''in g (m mol) ¢ ( m mol)
1 ] ]
: : '
NH, [ VOF, 7 0.8 1.0 0,71
(89) (6.4) (19.2)
Na [VOF, / 0.5 1.0 0.81
(53) (6.4) (19.2)
K [ VOF, 7 0,9 1.0 1.12
(90) (6.4) (19.2)

Results and Discussion

Since fluoride (F ) is not capable of reducing V5+,
unlike cl” or Br , it was thought that the reduction of
v°* in the presence of fluoride, F , with an additional
reducing agent might help in reaching the goal.
Accordingly, the reduction of vanadium pentoxide, in
40% HF, with hydrazine hydrate was performed. It was

observed that v.,0. underwent a very facile reaction

275



with an excess of hydrazine hydrate in the presence of
aqueous hydrofluoric acid to afford hydrazonium oxotri-

fluorovanadate(Iv), N H5 Z_VOF3_7, directly in a very

2
high yield. The role of hydrazine hydrate, in the present
case, was not only to reduce vanadium(v), but also to

provide N2H5+ cation which facilitated precipitation of

the /VOF, / = species formed in the reaction medium.

2v,0¢ + SN,H,.H,0 + 12HF —> 4N Hg / VOF, /

+ N2 + 11H20.

In order to understand the course of the reaction
an additional experiment was performed. In the experiment,
starting from relatively higher amounts of the reagents,
and after purging the reaction wvessel with argon, the
evolved gas was first passed through a dry sodium
hydroxide tower and then over heated ( ~v 450°C) magnesium.
The magnesium nitride thus formed was treated with
water and tested for the liberation of ammonia. This,
therefore, provides evidence for the formation of
dinitrogen in the reaction and lends support to the

above equation.

The corresponding alkdii=metal and ammonium

oxotrifluorovanadate(IV), A £TVOF3;7(A = Na, K or NH4),



[
=y}

were prepared by simple metathesis between N2H5.Z#VOF3_7
and AF in an aqueous medium. The yield of the sodium
salt, Na z—VOF3;7, was considerably low, in comparison to
any other salt described in this Chapter, owing to the
comparatively high dilution of the reaction solution
maintained in.order-to avoid contamination of the
end=product by the relatively less soluble Nar. It is
evident from the above reactions that the complex species
oxotrifluorovanadate(IV), éfVOF3;7 =, once formed, is very
stable. In order to study the effect of relafively larger
amounts of F- ions on the reaction product, we carried

out similar hydrazine hydrate reduction of v2 5 in the

presence of higher amounts of F ions, e.g., V : F ratio
at 1 + 5 or 1 :+ 6. Here again, however, the product
obtained was nothing‘othér thanxhydraz5nium oxotrifluoro;
vanadate(IV), N,Hc K—VOF3;7, suggesting thereby that a
higher quantity of F ions does not have any net effect

on the end~product, at least within the limips specified.

Characterization and Assessment of Structure.

Hydrazonium oxostrifluorovanadate(IV), N,Hg 47V0F3;7, and
alkali-metal and ammonium oxotrifluorovanadates(IV),
A /[ VOF, / (A = Na, K or NH,) are all blue crystalline

compounds, and stable for prolonged periods. The compounds
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Yable 2. inalytical uatae, Magnetic rMonents, istimated Oxidation States of Vanadium and Structurally

‘Significant IR and slectronic Spectral pands of N Hg [VUFBJ and [—VOF}J (4 = Na, K or ni)
H | sstinated ! % Found (% Celecd 1 ‘ $ilect i
' 00 fu .y SYIDBTOA | % Found (% Celed. 1 : tlectronic)
Gompound. :fuéif/nm.;osa Etign‘;{ ' n]z:aidsvg.‘lssignments yspectral “':Trv.nsitions
T (299k) § sbate of % W« or 4 ! h T fbands in §° 77
& * v + & t v ] i in em °§ » . t
+ - S » N ¥ + r + T cm »
b * T £ » t [ b 1
£ : 3 L 2 L : 2 3
N iy L[voe, T o1s1 & - S 17.41 © 32,63 36.87 - 970s - Ao © 11,950 ¢ €e— b,
{(17.85)  (32.47) (36.31)  730w,br W-0...V
: : _ 5308,br ~t,ee¥ 16,000 b1 {-—-—bz
g [vor, T 1453 3.9 9.52 35.68  40.72 . 9755 . N—o 11,990 ¢ 4= b,
(9.87) (35.39) (40.15) T35w,br  PV-0...V '
. 5108,b1' V-—F...V 1'5,825 b1 é"““ba
Ne [Vor, 7 1.53 4.1 15,88 34.23 38,22 980s Do - -
(15465 (34.68) (33.79) 730w,br  AV-0...V
. . SOOs,br V—.E"...V
(23.98)  (31.25) (34.96/ 730w,br  V-0...V
5058,br  HN-F...V 16,000 by 4— b,
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can be stored in sealed polyethylene containers. The

N,H. / VOF, / and A / VOF, / compounds are soluble

in water.

The molar conductance of the compounds, measured
in water, was found to lie between 130 and 135 ohm™ Lem?mol ™
suggesting an 1-: 1 electrolytic nature of each of them
in: conformity with the formula assigned to them. The room
temperature mxgnetic moments of the compounds were
observed to fall between 1.51 and 1.53 B.M,

(1 B.M. S 0,927 x 10"23 Amz) lending credence to the
contention that the vanadium in each of the compounds has
an oxidation state of. +4. This was further supported by
the chemically estimated oxidation states of vanadium in
the alkali-metal and ammonium salts of the complex anion.
The estimated oxidation states of vanadium in A4=VOF3_7

(A =Na, X or NH4) compounds were found to occur between
3.9 and 4.1 (Table 2). The relatively low magnetic
moments indicate the existence of a weak antiferromagnetic
exchange interaction in the solid state presumably through

a weak V=F,..V or a weak v=-0....V interaction.

The infrared spectra of the series of four compounds
- were found to be similar t5 each other, except for the

additional cation bands for hydrazonium and ammonium ions
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in the cases of the N,H. / VOF, 7/ and NH, [/ VOF; /
respectively, suggesting the structural and stoichiometric
similarities of the compounds. The strong and sharp band

at 970=-980 cm”1 has been assigned to the thmo mode arising
from the presence of terminally bonded v=0 group.5 The
observance of this band in the appropriate position enables
us to infer that the compounds contain V=~-0 multiple bonds.
The appearance of a weak but broad band centered around

730 c:m-‘l indicates a strong possibility of a V=0...V=0
interaction in the compounds and suggest that in the

solid state the compounds may have a polymeric structure
through a V=0-v=0 chain. A comparison of the 'b%so frequencies
for /vocl, 7 " (Ref. 3) and [ VoF, 7 ~(present work)

reveals no appreciable shift in the band positions suggesting
thereby that the increased electronegativity of the
coordinated halide ligands in going from /vocl, /7 7 to
ZﬁVOF3;7 ~ does not alter the v-0 bonding to any
appreciable extent. The strong absorption at es 500 cm“l
has been assigned to a V=F stretching mode, its position
and a slightly broad nature indicate the existence of

a V=F,..V=F interaction in the compounds. In order to

confirm the absence of any H,0, coordinated or ntherwise,

2

a careful examination was made of the i.r. spectra of the



Na / VOF, 7 and K / VOF, / compounds, since in these

3—
two cases there is no interference from the cation modes,
by recording their spectra in both KBr and nujol mull
media. No indication with regard to the presence of

water was observed. These results and those of chemical
analyses render it certain that there is no water present
in the compounds. The infrared spectra of N2H5 ZfVOF3_7
shows the bands typical for N2H5+ ion6, and that of

7.8

NH, [/ VOF, 7 shows the bands characteristic for NH4+ isn..

The electronic spectra of oxostrifluorovanadate(IV)
complexes consist three absorption bands between 10;000
and 28,000 cmal, the region in which vanadyl complexes
generally absorb. The frequencies fall at ~ 11,950 cm_l,
at ~~ 16,000 on” ! and ~ 22,000 am © with the third one
being obscured by strong charge-transfer transitions..
The first and the second absorptions are assigned to

e-t—---—b2 and b, % b2 transition respectively in

1
conformity with the reported spectra of oxovanadium(IV)
complexes.5 A comparison of the optical spectra of

anhydrous oxotrichlorovanadates(IV)3 with thosc 2f the

oxotrifluorovanadates(IVv) reveals that though the

spectral pattern is generally similar, therc is a
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difference in the band positions. The e*—-—b2 and blé—* b2
transitions in the latter case have been found to shift
to comparatively lower frequencices. This result lead us
to believe that the complex sSpecics ZfVOF3_7 ~ may have

a pseudo=octahedral structure in solutions.

vk

The solution ESR épeitrum of hydrazonium oxotri-
fluorovanadate(IVv), N2H5 Z_VOF3;7, was found to be similar
to that of wvarious tetravalent vanadium comp&exes.? The
experimentally obtained magnetic parameters of the

complex / VOF, 7/ ~ are as follows:
gﬁ = 1.937, g,

Ay ( 51v) = 530,8 MHz amd

= 1.978,

a, ( vy = 205.1 muz

The values of spin hamiltonian parametcers agree very .well
with those reported for V4+(dl) complexes.9 The appearance
of an ESR spectrum at =150°C and the normal linc widths
indicate that the unpaired electron is in an orbitally
non=degenerate ground state. The observed g values and
51V hyperfine couplings further indicate that the ligand
field is axially symmetric and the complex species may

have an axially distorted octahedral structure in

solutions.. Based o5n these observations we propsse that
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three fluoride ions and two water molecules (coming from
the solution) constitute the ligand field around V02+
group. In an attempt to study the effect of an excess of
F~ ions on the ESR spectrum, we recorded the spectrum in
the presence of an 100 £51d excess of F ion concecntrations.
Howcver, no significant shifts in the g values and
hyperfine tensors were observed. The optical spectrum of
a similar solution also did not show any notable ehange
suggesting thereby that the coordinated water molecules,
in solutions, are not replaced by F  ions. Morcover, the
absence of any fluorine hyperfine coupling indicates that
orbitals of the unpaired electron is not involved in the
bond formation. The unpalred electron can be considered
to be in the dxy orbital by selecting a coordinate system
with v=0 being in the Z axis, and the V=F bond directions
as X and Y aXes. Accordingly the appromimate ordering of

the energy level may be written as

a_&a ~ 4 »
xy<: xz<; vz dxz—y2<:dzz. ThHe g values, to first order,

are giwven by10
9. = g - 2B% e (1)
N e T
and
8k k
g‘{_ = ge - E 2 o (2)
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where 9. is the free-electron g value, k, and k,
are the orbital reduction factors and ?is the

spin-orbit coupling constant of the free ion.

2\ =
I\

- = 1Exy - Eyz} °r lExy - Exz‘

{Eyy = B2 2] and

where EXy etc. are the one-electron orbital energies.

The d-~d bands observed in the electronic spectra

l( € = 3.6) and at 11,976 cmul ( £ = 0.85)

at 16,000 cm”
can be correlated to the transition (xy)<«— (Xzﬁyz), (L),
and to (xy) «# (xz) or (yz), ( 3 ), respectively. In

order to get an idea regarding the extent of covalency
involved in different planes, we calculated the ratio

%p k’e.l/g kZ by making use of the experimentally observed
values for £3 and- S;. The value of the ratio was found to

be 0.89 indicating that the covalency involved in the

Xy plane is comparatively more than that in the xz plane.

Thus it is evident that gnder the suitable
conditions oxotrifluorovanadate(IVv) complexes can be
synthesised from aqueous media. The complex species
éfVOF3;7 " may have a polymeric structure, in the

solid state, through weak Vv-F...V or V=0..V interactions.



In solutions, however, the complex species Z“VOF3;7 -
secms to have a pseudo-octahedral structure with twbd
water molecules occupying two vacant coordination

positions,
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Chapter 3

Synthesis and Assessment of Structure of Alkali-metal
and Ammonium Oxodiperoxofluorovanadates(v),

— — *
A, / vO(0,),F_/ (A =DNa, K, Rb, Cs or NH,)

2)2

Although. there has been a continued interest in

=7 the

the study of peroxovanadium(v) chemistry,
synthesis, characterisation and structural assessment
of peroxo and heteroligand peroxovanadium(v) compounds
have received much less attention. This is presumably
owing to the uncertain nature of peroxovanadium(Vv)

in solutions of varying pH. In view of this and as a
sequel of studies involving fhuoro compounds of

vanadium (Chapters 1 and 2), the synthesis of peroxo-

fluorovanadium(Vv) compounds was undertaken.

The present Chapter (Chapter 3) reports first

general synthesis of alkali-metal and ammonium

“This work has been published:

Polyhedron, 553, 1, 1982.
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oxodiperoxof luorovanadates(v), A, vao(02)2F47
(A = Na, K, Rb, Cs or NH4) along with their characte-

rization and structural assessment.

Experimental

vanadium pentoxide, alkali-metal and ammonium
fluorides and hydrogen peroxide were all reagent grade
products (B.D.H., E. Merck, S.D., IDPL and Sarabhai

Chemicals).

Infrared spectra were recorded on a Perkine

Elmer model 125 spectrophotometer.

Magnetic susceptibility measurements were carried

out by Gouy method using Hg ZTCD(NCS)4;7 as a calibrant.

Elemental Analyses. Vanadium, Fluoride, sodium,

potassium, rubidium, cesium and nitrogen estimat ions

were accomplished by the methods described in Chapter 1.

Active Oxygen (Peroxo=oxygen): (i) Permanganametrysz
An accurately weighed amount of the peroxovanadium(v)
compound was dissolved in 7(N) sulphuric acid
containing about 5 g of boric acid (to prevent loss of
active oxygen through the formation »f peroxoboric acid).

The solution was then titrated with a standard potassium
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permanganate solution

i

iml (N) KMnO, solution

A 0.01701 g H

2°2
This method is suitable for peroxovanadium(V) compounds.

The presence of fluoride does not effect the result.

(ii) Iadametrygz In this method an accurately
weighed amount of the compound is dddedvto a frceshly
prepared 2(N) sulphuric acid solution containing
an appropriate amount of potassium iodide. The solution
is maintained under a Coz—atmosphere, and the liberated

iodine is then titrated with a standard sodium

thiosulphate solution.

The amount of iodine liberated in this process is
equivalent to the amount of active oxygen (peroxide)
plus the amount >f vanadium(Vv) present in the compound.
On substraction of the contribution from vanadium(v), the

contribution of active oxygen is found out.

1ml (N) Na.S.0., solution = 0.,01701 g H,0

27273 2

C s . 10 .
(iii) ceric (Ce+4) Sulphate Method. Peroxide

content of a compound i1s determined directly by titratioq
of an acidified solution of the peroxovanadium compound
with a standard ceric sulphate sslution. vanadium(Vv),

F or Cl do not intepfere.
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synthesis of Alkali-metal and Ammonium Oxodiperoxo-

fluorovanad;teé(v), AZ Z-VO(OZ)ZE;7 (A = Na, K, or NH4).

A finely mixed ﬁowﬁer of vanadium pentoxide, V205,

(5.5 m mol)and alkali-metal or ammonium fluaride, AF,

(X1 m mol) was dissolved in 9% hydrogen peroxide (79.4 m mol)
by slightly warming over a steam~bath, and a red s»>lution
was obtained. A concentrated snlution 2f the corresponding
alkali or ammanium'hydroxide {50 m mol) was slowly added
with constant stirring whereupon the solution became
yellow.. An excess of ethylaleshol was added tJ the
solution with stirring until an yellow coloured
microcrystalline produét wis obtained. The rceaction

container was then conled in an ice~bath for ca 40 min.

-

The compound was separated by centrifugation and
purified by washing with aleohol and finally dricd
in vacuo over diphosphorous pentoxide. The yields of

(NH,), £ VO(0,) F /, Na, [ vO(0,),F / and K, [/ V0(0,),F_/

were 1.6 g (78%), 1.8 g(84%) and 2.1 g (84%) respcctively.

The Rb, /V0(0,),F_/ and Cs, /v0(0,) ,F_/ compiunds
were prepared in a manner analogous to that described
abova, however, the solution of VZOS (5.5 m mol) and
AP (A =Rb or ¢s) (11 m mol) in 9% hydrogen peroxide
(79.4 m mol) wegs made alkaline by the addition of 25%

solution of ammonium hydroxide ( 50 m mdol). The yield of
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Rb, /[ Vv0o(0,) F_7 was 2,6 g (74%) and that of Cs, éﬁo(oz)zF_7

2)2
was 3.5 g (77%).

The analytical data, and the structurally
significant i.r. bands of A ZﬁVO(O2)ZE;7 (A = Na, XK, Rb,

Cs or NH4) compounds are set out in Table 1.

Rasults and Discussion

It has long been recognised that vanadium £orms
yellow diperoxovanadate(Vv) in an alkaline mediumll,
and is converted t> a red monoperoxovanadium species in
acidic solutions.6 We observed that a similar yellow
colour could be developed by performing a reaction of

272

alkali=mcetal or ammoniurn fluoride, AF, in an alkaline

vanadium pentoxide, VZOS and H.0, in the presence of

medium, and thought that a heteroligand fluoroperoxo-
vanadate(V) complex species must be responsible for this
colour. Accordingly in line with our contention of
synthesising hetersligand peroxd-vanadium sompounds, we
carried out the reactions among v205, alkali=mctal or
ammonium fluoride, AF, and hydrogen peroxide in the
presence 2f an alkaline medium. The complex ion
responsible for the yellow ¢olour was isolated from the

reaction medium as its alkali-metal or ammonium salt in



a very high yields A report on the synthesis of

K, Z’vo(02)23;7 appearedil2 while our work was. in
progress. However, the reaction condition of the
present synthesis is different from the one previously
reparted.i2 We found that alkaline condition was more
conducive to the synthesils of the A, ZfVO(02)2F47

compounds e

Alka li-metal and ammonium axadipergx?fluaravanan
date(Vv) compounds are all yellow coloured migrq%;ystalline
products,. They are s>2luble in water, in which thecy
decompose slowly, thgreby precluding their molar
conductance measurements. The compounds can be stored
undecomposed in scaled containers, and their stability
can be ascertained by the periosdic estimation of
peraxidé cantent of the products. Estimation of peroxide

content, in such c¢ompounds, is considered to be of

D
2

groups bound to the metal centre. The estimation »f

extreme importance in orxrder to fix the number >f O

peroxide in the present gase showed the presence of

two peroxd groups per vanadium atom in each of the
newly synthesised compounds. This result and the
diamagnetic nature of the compounds, as evidenced by
their magnetic susceptibility measurements, suggest that

the complex 1on contains €wo peroxs> groups per vanadium
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atom, and that the wvanadium in each compound has oxidation

state of +5.

The infrared spectra of the compounds are similar
t3 each other, and show absorptions in the three

characteristic regions, viz., at ca 880, ca 950 and

1

ca 475 cm . The occurrence of sharp vibrations around

880 cm‘=l (Table 1) imply the presence >f triangularly
bonded peroxy ligands (CZV) and in keeping this therc

are twd readily identifiable QLO_O_

at ca 870 om™ ! / cf. the analysis of iLocon in transition

metal complexes_7.13 Ano>ther characteristic feature of

bands at ca 885 and

the spectra is the absorption at 935=970 cm°1. This has

been assigned to the QJV_Omode of terminal V-0 multiple

bands}4’15 The strong absorption at 470-=480 cm“’1 in cach
spectrum, has been assigned as the'DV“F mode owing to

the prescnce »f a F ligand bonded to the vanadium(V)
centre, anc compare very well with those observed for

many f£luorovanadate species.lé‘17

Thus, it is ev%dent that heteroligand fluoro=
peroxo=-vanadium(v) compiex 5f the type Z—v0(02)23;7 -
can be synthesised from the reaction of V205 with H202
in an alkaline medium in the presence 2f alkali-metal
or ammonium fluoride, AF. The peroxo groups are bonded

to> the vanadium(Vv) centre in a triangular bidentate manner.
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The complex species / Vv0(0,),F_/ ~ may be a hexa-coordinated
monomer or it may have a polym&g ic structure through

a weak V=-0=V or a weak V=F=V bridging.
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Chapter 4

Alkali-metal and Ammonium Triperoxofluorovanadates(V),

A, Z—V(02)3F;7 (A = Na, K or NH4). Synthesis and

*
Structural Assessment

There has been a good deal of current intcrest in the
study of peroxovanadium(V) cl’xemis’cry}mr3 Tt appears from
the recent literature that studies of the kinctie behaviour
of peroxovanadium(V) cngage the attention of most of the

3-8 though information on the synthesis

research groups}’
and structural assessment of peroxovanadium(v) and
hcteroligand peroxovanadium(v) is rather scanty, probably
owing to the uncertain nature of peroxovanadium(Vv) in
solutions of varying pH. A short study on thc synthesis
and structural asscssment of alkali-mctal and ammonium
oxodiperoxofluorovanadates(v), A, Z—VO(OZ)ZF;7 has becen
rcported in chapter 3. The compounds A2 Z“VO(Oz)zF;7

wcre synthesised by performing the reactions over a limited

. , .9 .
rangce of conccntration of alkaline medium, This work has

*
The work described in this chapter has bccn publisheds:

Inorg. <Chema., 4020, 21, 1982,




been extended to an alkaline medium concentration
region higher than that of the previously examined one,
thus enabling us to synthesizZe a sceries of novel
compounds, alkali-metal and ammonium triperoxofluoro=
vanadateS(V), A, Z—VO(OZ)ZF;7 (A = Na, K or NH4), and
to make some reasonable conclusions about the formation
of varionus peroxo compounhds of fluorovanadium(Vv). Also
investigated are the IR spectra of these solid compounds
in order to obtain a set of internally consistent data
rcgarding the effect on the basicity of peroxo ligands
by the increase in the number o5f perox> groups

coordinated to fluorovanadium(v).

Experimental

All chemicals were of reagent grade.
Infrared spectra were recorded on a Perkin=Elmer
model 125 spectrophotometer.
Experiments on molar conductance measuremaents
were made by using a Philips PR9500 c¢onductivity bridge.
Maghnetic susceptibility measurements were made by

the Gouy method using Hg / Co(NCS), / as the calibrant.

Elemental Analyses. vanadium, fluoride, peroxide,

sodium, potassium and nitrogen were estimated by the

methods already described in the previous Chapters.
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Synthesis of Alkali-metal and Ammonium Triperoxo-

fluorovanadates(Vv), A, Z—V(02)3E;7 (A = Na, X or NH,) .
As the methods 2f syntheses of the ammonium, sodium and
potassium triperosxofluorovanadates(Vv) arce similar, only

a representative method is described.

Pure V,0g and dry fluoride AF (A = Na, K or NH4)
were taken with maintenance of the molar ratio of
VZOS and AF at 1:2, and mixed thoroughly by powdering
together in an agate mortar. The’finely mixed powder
was dissdolved in 6% hydrogen peroxide, with use of

60,0 ml of hydrogen peroxide per gram of V by

2057
stirring the solution magnetically. After dissolution
was complete, the solution became transparent red.
The solution was filtered to remove any undissolved
impurity. To the filtrate was slowly added, with
continuous stirring, an excess o»f hydroxide,

AOH (A = Na, K or NH4), with maintenance of the molar
ratio of V205 : AOH at 1 :+ 12. while the stipulated
amount of ammonium hydroxide was added in the form

of its 25% solution, sodium and potassium hydroxides
were added in their so0lid form. The colour of the
solution changed from red to yellow and ultimately

to blue with the progfress of addition of the alkaline

medium. After the addition of alkali-metal or ammonium
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hydroxide was over, the deep blue solution was cooled
at ice-bath temperature for ca. 15 min. An excess of
ethanol was then added to the c¢old solution with
stirring whereupon the deep blue microcrystalline

A, ZfV(02)3F;7 was obtained in a very high yield. The
reaction container was allowed to cool for ca. 30 min,
and the compound was then separated by centrifugation,
washed several times with ethanosl, and finally dried

in vacuo over diphosphorous pentoxide.

The specific gram amounts of the reagents used and
the yields of wvarious alkali-metal and ammonium
triperoxyfluorovanadates(V) are reported in Table 1,
while all anal ytical data and IR band positions are

set ocut in Table 2.

Results and Discussion

General Synthesis, It has been known for guite some

time that vanadium(v) forms yellow diperoxovanadate(V)

0,11

in an alkaline medium, which i® generally stable in

solutions of high pH (> 7). The yellow speciles is
converted to red monoperoxovanadate with increasing Ht

6,10,11

ion concentration of the solution. However, none

of these reports mentioned the formation of a blue

colouration of the wanadium(Vv) hydrogen peroxide



system, though the s5lid blue tetraperoxovanadate(V),'
viz., K, Z’V(02)4;7, has been knawn,12 presumably
having a dodecahedral structure analoagous to that of

the corresponding perosxoschromium compound].'3

In the aourse »f our studie59 {Chapter 3) mainly
aimed at the synthesis and structural assessment of
heteroligand peroxovanadium compounds, it was
ohserved that the addition »f a larger amount of
alkaline medium changed the yellow coalour of the
solution owing to the diperoxovanadium(v) to deep blue.
It was also observed that & relatively lower amount of
alkaline medium assisted by a comparatively higher
temperature gave rise to the same colour. In line with
the concentration of synthesizing heterosligand
peroxovanadium compounds, it was expected that the
higher temperature might not be a very conducive
condition for achieving tbegoal.‘Thus, we preferred the
enhanced alkalinity of the medium rather than a higher
temperature for the reaction. In order to ascertain
the minimum number of perox> ligands responsible for
the formation of blue eolouration, the reactions were
carried out in the presence of a restricted number of
fluoride ions (Vv : P at 1 : 1), strongly stabilizing

ligands for quingue valent vanadium,14 such that at least
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one coordination position was blocked by F ligands
prior to the reaction of hydrogen peroxide. Accordingly,
the reaction among V.05, AF, and 6% H,0, in the

presence of a large excess of alkaline medium gave

rise to the formation of Zﬁv(02)3F_7 T species in the
solution. The complex ion was isolated as its alkali-
metal or ammonium salt by the addition of alcohol, which
facilitated precipitation of the s»51id compounds. A
plausible interpretation of this result is that a very
high alkalinity probably helps to remove the last

oxygen from 47VO(02)2F;72_ such that the formation of
Z—V(02)3F;72° is favoured, or it could als> be possible
that the oxo oxygen of the yellow diperoxd species is
converted to the third peroxs ligand by abstracting an
oxygen of hydrogen peroxide. Although there is no

direct evidence for either of the two probable
mechanisms, considering the strength of the v-=0 multiple

9,14 and from the fact

bond from IR spectral studies
that the oxygen exchange on vanadium(Vv) ion is very
slow, it is believed that the latter mechanism may be

more likely, which is als> in accord with wvery recent

kinetic studies,7

The reaction, leading to the formation of the

complex ZMV(02)3E;7— ion, is best monitored by IR



spectroscopy, This was accomplished by isslating a
small amount of the compound followed by recording its
IR spectrum. The disappearance of the sharp band at

ca 950 em™t owing to ib;o indicated the completion of
the reaction. It is evident that, at least under the
present condition, the minimum number of peroxo ligands

responsible for the formation of blue perox> compounds

is 3.

Characterization and Assessment of Structure.

The alkali-metal and ammonium triperoxofluorovanadates(V)
are all deep blue microcrystalline products. They are
generally hygroscopic, and this tendency seems to be
more pronounced with the Na' and k' salts of 15(02)3F;7.=
However, they are capable >f being stored in sealed
containers for prolonged periods and the stability can
be checked by periodic estimation of the peroxide
content. The estimation of peroxide content is considered
to be of extreme importance in such compounds in order
to decide about the number of such ligands attached to
vanadium(v). The estimation of peroxide was done by
redox titrations (vicde Chapter 3), in the presence of
boric acid to preven: any unwanted loss 2f active

oxygen, which conclusively suggested the prcescnce of

three perox> groups rer v>T ion in the compoun's. That the



Table 1. Amounts of Reagents Used and vields of AZ éfv(02)3F47 (A=Na,K or NH4)

1 ] 1 ] i
t ] ! ] i
E vield i Amount of E Amount of ! Amount of; Amount of
. 1 3 q, ] 1
Compound ¢ ing (%) v,0. in g ! AF in g | 6% H,0, | AOH (mmol)
t ! (%mal) ! (mmol) ! in mi(mmoD
L 1 ] 1 [
(NH,), [ V(0,),F 1.9 1.0 0.4 60,0 ¥.2 ml
(86) (5.5) (10,9) (105,8) (25% soln.)
” (6547)
Na,/ Vv(0,)4F_/ 2.0 1,0 0.46 60,0 2.6
(87) (5.5) (11) (105,8) (65)
Ky £ V(0,) F 7 2.3 1.0 0,64 60,0 3.7

(85) (5.5) (3. (105,8) (6549)




vanadium is in its +5 Oxidation state has been
ascertained from the diamagnetic nature of the compounds,
as evidenced by their magnetic susceptibility

measurements,

The attempts to measure the molar conductance of
A, va(02)3E;7 in water was unsuccessful. The values
obtained were higher than that expected for a 2:2 type

electrotyte. It has been generally observedg'lz

that
owing to their instability the molar conductances

of many peroxovanadium(v) compounds can not be
measured. Thus, the higher conductance values in the

praésent case are not too surprising.

The IR spectra of the series of three salts
resemble each other very closely (Table 2), indicating
that the comppunds are similar both structurally and
stoichiometrically. The spectra of the compounds
showed absorptions in two characteristic regions,
viz., at 850-855 cmm1 and at 470-=475 cm“l. Each spectrum
shows only one strong absorption in the 850 = 855 cm'=1
region, which has been unambiguously assigned¥5 as the
2§¢_Omommode of coordinated peroxy groups. A single
absorption in this region suggests that all three

percxo ligands in the complexes are bonded to the

vanadium(v) centre in an analogous fashion. Since the
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Table 2. Analytical Data and Structurally Significant IR Bands of

A, _/_—V(02)3F__7 (A = Na, K or NH,)

[1 v U]
[}
3 % Found (% Calcd.) ? IR !
: : : Assign
Compound 1 ] : ! ! -
F : A OrN " v :' o2 ! F : Ban?_i : ments
| : : A ¢ cm :
. ] J— 1 1 1
(NH,) , £ V(0,)F 7 13.81 25.22 46.97 9.52 850s 25 o
(13.87) (25.23) (47.54)  (9.41) 4758 D _.
3158M  Da ook
30408 5y Mg
1400s D1
Na, / V(0,)F 7 21.56 24.12 44,87 8.89 855s Do
‘ (21.70) (24.04) (45.30)  (8.97) 479s g
Ky £ v(0,);F 7 32,11 20,81 38,93 7.85 855s 2

(32.03)  (20.87)  (39,32) (7.78) 4708 5070-




j)“oao_ absorptions occur exactly in the region
stipulated for the triangularly bonded peroxo groups,
it may be inferred that all three peroxo ligands in
the complexes_are bonded in a c2v i.e., triangular
bidentate manner, The absorptions in the comparatively
lower region, i.e., 470=475 cmnl, are straightforward

and have been assigned as the 2D modes arising from

V=F
the presence of fluoride ion coordinated to the
vanadium(Vv) centre. This compares very well with the
g values observed in the cases of various fluoro-
vanadate species?'16=18 The three extra vibrations at
3158m, 3040s and 1400s cm“1 in the spectrum of
(NH4)2 zfv(02)3s;7 have been assigned to the 2., Q)l
and iﬁ modes of NH4T

In an attempt to study effect on the basicity
of peroxo ligands as a function of the number of peroxo
groups coordinated to the vanadium(Vv) centre, the IR
spectra of a, /V(0,),F_/with those of A, / VO(0,),F_/
compounds, recorded under identical conditions. It is
interesting to note that, while q)_o_ou absorptions

for a, / vo(0,) F_/ compounds lie in the region

2)2
870 = 895 cm-l, those of A, Z_V(02)3F;7 compounds lie
between 850 and 855 cm L. The lowering of the values

must be attributed to the lowering of =0-0- bond order



J?g
L

of the coordinated peroxo groups in the latter case.

In other words, removal of further jazp density from
022== t> the vanadium appcar t> have taken place in

the case of A, LFV(02)3E;7 which has been facilitated
by the attachment >f a fluoride ligand to V5+. It is
thus possible to infer from this observatiosn that the
basicity of coordinated peroxy ligands increase with
the increase in the number 5f such ligands coordinated
to vanadium(v) and lend support to the proposition made

by Quilitzsch and Wieghardt6 from their studies in

solution.

Thus, it appears from our present work that the
peroxd ligands are triangularly bonded to V5+ anad the
complex species LPV(02)3E;72_ may have a heptacoordinated
monomeric structure but the probability of a polymeric
structure through i weak v-F-V bridging can not

alsé be totally ruled out.
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Chapter 5

[vo(02)201_72'--- [ v(o,) el / 2= pair in
Peroxovanadium(Vv) Chemistry: Synthesis of the First
Chloroperoxovanadate(Vv) Compounds and Evidence for
Diperoxovanadate(V) == Triperoxovanadate(V)

b3
Interconversiosn

The studies of peroxovanadium chemistry has
generated a considerable current interestLa? probably

8,9

owing to the special biochemical significancec of

peroxo~transition metal complexes. Whereas most of
the recent reports on peroxovanadium chemistry deal

2=7 the synthesis and

with the studies in solutions,
structural assessment of such compounds have received
only a scant attention. Moreover, only a few hetero-
ligand peroxo complexes of wvanadium are known in
contrast to many such reported examples for the other
transition metals?—11 our interest in this area

involving the synthesis, characterisation, structural

*
The work described in this Chapter has been accepted

for publication:

Inorg. Chem., in press (Paper No. IC 830275T)




assessment and study 5f chemistry of peroxovanadium

12,13

¢ompouhds (Chapters 3 and 4) has led to the

synthesis of chloro=perasxo compounds of vanadium(Vv).

Chapter 5 of the present thesis reports the
synthesis of two sSeries »f chlora-peroxavanadium(v)
compouhds, vizi, the yellow alkali-metal and

ammonium oxosdiperoxochlorovanadates(V), A ATVO(02)2C147.

2
and the blue alkali-metal and ammonium salts of
triperoxochlarovanadates(V), AZ_Z*V(02)3CL;7

(A = Na, K‘Dr NH4,) the first chloropefaxo campounds'
of wvanadium. Also> reported in this Chabter are. a set
of internally consistent data regarding the:effect on

the

2,0 O ligands with the increase in

2
the nhumber of saeh ligands in going from vao(oz)zcyé72°

mdode of O 2=

e Z—V(02)3Cl;72: and the facile interconvcersion

[v0(0,),61 7% = [ (0,)c1_7°" evidencing the

ability of such compounds to undergo a basic formation

reaction and an acidice dissociation recactions

Expcerimental

The chemicals used in thce present wark werc all
reagent grade products (B.D.H., E. Merck and sSarabhail

M. Chemicals).



Infrared spectra were recorded on a Perkin=Elmer
model 125 spectrophotometer separately in KBr and in
nujsl media.

Molar donductance measurements were made using
a Philips PR 9500 conductivity bridge.

Magnetic susceptibility measuremerits werc made
by Gouy method. The compound HG éfba(NCS)4_7 was
the calibrant.

Elemental Analyses. Vanadium was done vdlumetrically,

after expelling the peroxos-osxygen and separating
c¢hloride, by titrating with a starndard potassium
permangatiate golutisn as desceribed in éhépter 1.

The peroxide ¢sntents >f the ¢ompiunds were
determined by red=ox titratiosn with a standard Ce

. 14 , _ , :
solution (vide Cchapter 3).

N - L. - 4 = o ; . [ - 15

Chloride was estimated by Volhard's method
Chapter 1l).

Sodium, potassium and nitrogen were determined
by the methods already described in earlier Chapters.

Syntheses of Alkali-metal and Ammonium Oxodiperoxo-

chlorovanadates(V), A, £§V0(02)2CL;7 (A = Na, K or NH,).

7anadium penitoxide, V,0g, and dry alkali-metal or

ammonium chloride, ACl, taken in the ratio 1:2, were



intimately mixed by powdering together in an agate
mortar., A concentrated solutiom of the corrasponding
alkali hydraxide‘ AOH, was then added to the mixcd
powder maintaining the molar ratio of VQOS % -AOH at

1 : 10, and the resulting mixture was stirred at room
temperature f£or ca 10 min. Hydrogen peroxide (9% solution)
was added to the ‘solution slowly with donstant stirring
with the molar ratios of VZGS ;'szz rising ultimately
to 1 ¢ 14, Sfirring wis continued at room temperature
for another 15 mim f£ollowed by £iltration to remove

any undissolved residue, The cleéf'éalutisn was eooled
at ice-bath temperature £or ca 20 min,. An excess of
ethyl élcshal ﬁas then added to> the <¢old solution with'
stirring until a yellow coloured microcrystalline

A, /volo,) €1/ was obtained. The reaction container
was allowed to ¢o0l at ice-bath temperature f£or ga
lO‘min.lThe compound was separated by centrifugation and
washed several times with ethyl aleohosl until it was
free fiom.alkali and finally dried in vacuo over

&iphjspharsus pentaxide.

Syntheseg of Alkali-metal and Ammonium Tripcroxo-

chlorovanadates(v), A, e V'Coz.)i3§1~__7 (A = Na, K or NH,).

The blue Azgfv€6@1§3L;7iasmpouadg were syhnthesised

in a manner amalogous to that described above. The only



difference was that the molar ratio of VZOS:ACl:AOH:Hzo2
was maintained at 1:2:15:14. The reaction was

monitored by infrared spectroscopy. The disappearance

of the sharp band at ca 950 emt owing to ’DV=O in the
compound isolated from the reaction medium indicated

completion of the reaction.

The specific gram amounts of the reagents used and
the yléelds of the various salts of the anion

APVO(O2)2C1_72- and / v(o Cl__'72'= are reported in

2)3
Table 1. The analytical data and the IR band positions

are summarized in Table 2,

Conversion of the Oxodiperoxochlorovanadate(v),

4“V0(02)2Cl_72=, to Triperoxochlorovanadate(V),

£§V(02)3CL;72° and vice-versa.

The interconversion reactions were studied with the

Nazé_vo(oz)zcl_/ and Na, AFV(02)3C1_7'compounds.

conversion of Na,/ v0(0,),Cl 7 to Na,/V(0,),Cl /.
The sodium oxodiperoxochlorovanadate(v) (0.5g, 2.4 m mol)
was dissolved in a concentrated solution of sodium
hvdroxide (2.2 g, 5.5 m mol) followed by an immediate
addition of 9% hydrogen peroxide (30.0 ml, 79.4 m mol)
and a blue solution was obtained. The solution was cooled
at ice-bath temperature for ca 15 min and then an

excess of ethyl alcohol was added to precipitate the



Table I. Amournts of Reagents Used and Yields of AZZVO(02)2C1_7

and A,/ V(0,),€1 7 (A = Na, K or NH,)

t ' ! |
. )
E vield E amount Of E amount of E amount of ! Amount of
Compound ! ; I . ; . 4 . :
1 in g(%) | V,05 in g ' AOH in g | A0H in.g | 9% H,0, in
1 1 ] f 1
i i (mmol) ; (mmod) i (mmol) ¢ ml (mmol)
(NH,) ,/ Vv0(0,),C1 7 1.7 1.0 0.59 7 .Tml 30,0
(77) (5.5) (11) (55) (79.4)
' (25% solution)
Na,/ v0(0,)Cl 7 1.9 1,0 0.65 2.2 30,0
(83) (5.5) (11) (55) (79.4)
K,/ v0(0,) ,cl / 2.1 1.0 0.82 3.1 30,0
(77) (5.5) (11) (55) (79.4)
(NH, ), /V(0,) 5C1 7 1.8 1.0 0.59 11.6ml 30,0
(85) (5.5) (11) (25% solution) (7%9,4)
(83)
Na,/ v(0,),C1)_7 2.0 1.0 0.65 3.3 30,0
{80) (5.5) (11) (83) (79.4)
X,/ v(0,),C1 7 2.2 1,0 0.82 4.7 30.0

(77) (5.5) (11) (83) (79.4)
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Table 2. Analytical Data and Structurally significant

IR Bands of A, /V0(0,),Cl 7 and a,£7(0,)

(A = Na, K or NH4)

3C1/

i % Pound (% Caled.)

) T
1 ]
SR 4 IR o sign-
S - gompound E T E -3 E g Bandi :: rﬁzrsl:gn
] - .
_ AorNi vV of AL iem |
(m,),/W0(0,),CL 7 13.21 24.82 32.13 17.92 9708 I _,
(13.84) (25.16%31.61X17.51) 870s S
885s -0=0-
610s V=0
a15s D, S
3160m D,
3045s 91 N,
1400s Dtl moées
Na,/90(0,),C1_7 22,21 24,34 31,33 16.28 9558 bv—o
(21.65) (23,99 (30,14X16.69) 875s ,
8855  Pm=0m0-
610s 2
410s ,)Dg'_‘gl
Kz[vo(02)2c1_7 31,57 20.21 26.88 14.78 970s z)v_o
(31,97) (20.83%26.17%(14.79) 875s
~ 8905  2-0~0-
618s D,
4155 W03
(NH, ),/ V(0,),C1 7 12.43, 22.79 44,66 16,72 85558 ) o o
(12.82) (23.52)43,99 (16.23) 620s Ddveo
2
410s 2
3155m g‘g‘ClNHJr
1400 Dy mode%
Na,/V(0,),Cl / 20.92  22.85 42.93 15,22 860s D60
(20.13) (22.31)(42.04(15.52) 615s Do
420s 7
K, £V(0,),Cc1 7 30,83 20,31 36,13 13,25 8558  9) , o
(30.06) (19.58X36.9)(13.63) 620s o~
415s DV—C

peroxo Oxygen.



blue sodium triperoxoschlorovanadate(V), NaZZ-V<02)3Cl;7-
Thdé compound was separated by centrifugation, washed
several times with ethyl alcohol and finally dried

in vacuo.

Reconversion of Na,/ V(0,),Cl 7 &2 Na,/ v0o(0,),Cl /.

A blue solution was obtained by dissolving an amount of
0.3g (1.3 m mol) of sodium triperoxychlorovanadate(V)

in 30 ml (79.4 m mpl) of 9% hydrogen peroxide containing
3.3g (83 m mol) of sodium hydroxide. Dilute hydrochloric
acid (1N) was added dropwise until the solution became
permanent vellow. The solution was cosled at ice=bkath
temperature for ca 20 min followed by the addition of

an excess 0f ethyl aleohol to produce the yellow sodium
oxodiperoxochlorovanadate(V), Na, Z—VO(02)2C147.

The compound was isolated and purified in a similar

manner as described above.

The interconversion .WaZZ’VO(OZ)ZCl;7

5),Cl/ was also studied in the following

manner. The yellow solution was first prepared by the

£2 Na, /(o

reaction of v205 with Nacl, NaOH and 9% H202 maintaining
the molar ratio 1:2:10:14. Addition of an excess of
ethyl alcohol to a part of the solution offorded the

yellow sodium oxodiperoxochlorovanadate(V), Nazz-vo(02)2Cl;7-



To the remaining solutizn was added more sodium
hydroxide in the form »f its concentrated soslution
(total molar ratio of V,0, 1 ACl : AOH : H,0, as

1 :2 ¢ 15 : 14) and a blue solution was obtained.

The blue solution was divided into two parts and an
excess of aleohol was added to one parf of it to

produce the sodium triperoxochlorovanadate(v),
Nazépv(02)3cl_7. Dropwise mddition of dilute hydrochloric
acid (1IN) to the other part of the s>lution until it
turned pérmanent:yellow followed by the addition of
ethyl alé:hol gave the yellow sodium oxaﬂipérsxochloraa
vanadatefv), Na2 vao(02)2c1_7. Both the basic formation

(peroxide, O 2= uptake) and the acidic dissociation

2 .
» (deperoxygenation) reactions were'perfarmed at

ice-bath temperatures.

Results and Discussion

Synthesis. It has been cmphasised in the

i1 very recently that only a few hcterdoligand

literature
peraxavanadiuh compounds have been known although there

have been many éuch examples for ather transition metals.
It is possible that .wvanadium presents a different story

owing to the uncertain nature of persxovanadium spaecies

._'_ ;;\ ‘1



216,17 An elementary

in solutions of varying pH.
consideration in the course of studies described in
Chapters 3 and 4 mainly involving the synthesis and
structural assessment of peroxovanadium compounds
suggusted that the hitherto unknown chloroperoxo-
vanadium compounds could be synthesised under the
suitable conditions. Moreover; we were intercested to
ascertain the minimum number of perosxo groups
responsible for the formation of blue peroxovanadatcs
about which no mention was made in any of the studics

made in solutions.5’16‘l7

Because of the very facile oxidation of chloride
to chlorine by hydrogen peroxide in the presence of
an acidic medium, it was thought that an alkalinc
medium should be conducive to the synthesis of
chloroperoxovanadium compounds. In accord with the
sythetic strategy, the reactions of V,0g with acl, ACH

and 9% H in the molar ratioss of V.0 :ACl:AQH:HZO

292 295
at 1:2:10:14, and at 1:2:15%14 gave rise to thc

2

formation of the yellow / vo(0 Cl;72_ and the

2)2
blue Zﬁﬁ(02)3cl_72° species respectively. The complex
ions were isolated in the solid state as their

alkalisvmetal and ammonium salts by the addition of

ethyl alcohol. The role of alcohol was to facilitate



precipitation o2f£f the compounds. In the course of this
work it was observed that the blue colour of the
vanadium -~ ﬁydrogen peroxide system, in the presence

of C1l™ ioﬁs, was obtained with a relatively lower
concéﬁzratian of the alkaline medium at 2 comparatively
higher temberafure, However, higher ftemperature was
‘not considered favourable for the synthesis of such
 compounds over an enhanced concentration of alkaline
medium. Tbé fact that very high concentration of the
alkaline medium leads to> the formation of the

triperoxy species, Lﬁv(02)3cl;727 while the relatively
lower concentration of the alkaline'medium praduces the
éfVO(OZ)QCL;727 suggest that a very high alkaline
medium probably helps replacement of the léét oxXygen

o R PA 2= )
from the vao(o2)2cl;7 by a 0 group thereby

2

favouring the formation of /v(0,).Cl 727, or that the

2)3
oXo oXygen of the Lfﬁo(oz)ch;72" species is converted
to the third peroxo ligand by abstracting an oxygen

of hydrogen pefoxide, It is difficulf to say, in the
absence 2f any direct evidence, which one of the two
mechanisms is more probable. However, the fact thaﬁ
axygen exghange on vanadium(v) is very'slow,6 and the
strength of the V-0 multiple bond is high, as evident
from <he IR spectroscopic studies of oxovanadium(V)

COmPlGXGS}z’lS it appears that the latter mechanism may



be more likely. It is, therefore, evident that under the
appropriate gonditions, the hetero-pcroxovanadium(v)
compounds of the types A2 ZﬁVO(02)261‘7‘and

A, Z“V(02)§3¥J7 can be synthesised, and that a minimum
number of three peroxo groups are required for the
formation of blue peroxovanadium compsunds. It is

expected that a similar synthetic strategy can be

applied for the synthegis of other hétero-peroxovanadium(v)

camPDUnds:

Characterization and Structural Assessment. The

alkaliamgtal ahd ammonium Sxodiperoxoghlorsvanadates(Vv);
A, ZfVO(02)2C1i7, are vells>w microcrystalline eompounds,
and the similar salts af triperoxochlorovanadates(v),

A, Z_V(02)3Cla7, are blue. The salts of the anion
ZﬁVO(OZ)2C1_72° are®generally more stable than those of
the anion Z_V(02)$CL;727 A comparison of the properties
of chloroperoxovanadates(Vv) with those of the

12,13 (Chapters 3

gorresponding fluoroperoxovanadates(V)
and 4) reveals that the most notable difference that
results from ¢hanging the hetero ligand from F_ to cl~

is the fall in stability, with the differenée being

more pronounced in the cases of heters—triperoxovanadate(V)

compounds. While tﬁe alkali-metal and ammonium salts of

fluoratriperaxavanaéate(V) are stable for prolonged

!



co
i

periods13 (Chapter 4), those of the chloroperosxovanadate(V)

are unstable. The A, /V(0,),Cl / (A = NH, or K)

4
decomposed to yellow coloured microcrystalline products.
The decomposition products have not yet been clearly
identified, however, they have been found to contain
peroxo groups, as evidenced by the results of chemical
determination and IR spectroscopy, but definitely not

to the extent of three peroxo ligands per vanadium. The
stability of the compounds was ascertained by the periodic
esttimation of their peroxide contents and recording their
IR spectra. The determination of peroxide content >f such
compounds is considered o be crucial in order-to decide
the number of such groups coordinated to the metal centre.
The peroxide estimation was accomplished by redox
titration with a standard cerium(IVv) salution,14 the
results of which conclusively suggested the presence of

S+

two peroxo ligands per v ion in the yellow compounds

chs ion in the blue compounds.

and three pernxo groups per V
The diamagnetic nature of the compounds, as evidenced
by their mgnetic susceptibility measurements, ensures

that the vanadium osccurs in its 45 oxidation state in

each of the newly synthesized compounds.

The IR spectra of the three salts of the yellow

£ vo(o,), Cl;72" ion resemble cach other very closcly



(Table 2), indicating thereby that the c¢ompounds are
similar both structurally and stoichiometrically.
The absorptions occuring in the four characdteristic

1, 870 - 890 cm'l,

regions viz;, at 955 - 970 cm_
610 = 615 cm L, and 410 = 415 am T are well preccdented

in the literature and have been assighned respectively

to :ﬁv_o owing t5 the presence of terminally bonded

V=0 graups,12'18’19 to &>-o-o— mode of coordinated
.. 12,20 v 20 _ \ 21 _

peroxo ligands, to ajv_o-, and to qbvacl' The

2
three extra vibrations at 3160m, 3045s and 1400s cm 1

in the case >f the ammonium salt have been attributed

: +
t2 the '53, é)l and é% modes of NH, .

The spectra o>f the three salts of the
gfv(02)3cl;72” anion also> resemble each other very
strongly showing abssrptiosns in the regions 855 = 860 cm~1,
615-620 cm—l, and 410=420 cm-l respectively owing to
the presence of coordinated peroxide and chloride ligands

~0w0=t ¥ and Dy q

modes. The three extra modes f£or the NH4 ion in the

and are assigned to the =0
case of the ammonium salt were als> observed in their
usual positions. The spectral pattern and the band
positions resemble those of the analogous A, va(02)3E;7
campaundsl3 suggesting that both the triperosxochloro-
vanadates(Vv) and triperoxosfluosrovanadates(V) probably

have structural similarity.



The O=O- absorptions in the spectrum of each

of the compounds oc¢cur in the region stipulated for

é2,13, 20

the presence of triangularly (C'ZV) bonded 0 2= ligand

2
leading us t> condlude that in each of them the peroxo

group is bonded to the vanadium(v) centre in a
triangular bidentate manner. A perusal of the spectra
of the two series of compounds revealed that thoge >f

A, [ V(0,),C1 7 compounds completely lack the
e . . '—' . re
absoEption at ca 950 cm 1 owing to 2 v=0" This conforms

to the formala AQ_:/___'V(OZI)?)'C'.’L_;/'.—. The other difference

was the shift, though small, in the positions of Qmoao_

modes to a relatively lower region in the cases of the

blue peroxo eompounds (Table 2). Whereas the 5>=-o==om

absorptions for A-2 _/_— VO"(‘OZ)?C-].,_7 compounds lie in the

Tegion 870=890 ic"m-'l

. those for the A,/ V(0,)5Cl 7
¢smpounds 1ie in the region 855 = B60 cm . The fall in
‘the q)e-o'—Oa- frequency suggests a decrease in the =0-0-
bshd order of the woordinated perosxs ligands with the
ingrease in the number OoFf pé‘rOXa groups bound to» the

Yahadium(V) centtrex

‘Coniversgisn of / v0O(0,) . Cl ‘72- o,/ W(0,) CL 7 2=
— 42 ;2 — “whmseme - 2 3 o

and #ha Reverse. Bvidznece for Facile Dipersxovanadate(V)

T?;-"—iper:jxgvanadatec vy Zdntferconversion. Having obtaimned the

y&llaw oXodiperoxochlarsvanadates(V), Ay/ V0(0,),C1 7 and
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the bluc triperoxochlorovanadates(Vv), A2£~V(02)30;;7;

it was thought that it would be quite interesting to
study the conversion of Z“vo(02)2cl;72- to Z’V(02)3Cl;72°
and vice-versa. The so>dium salts of the anions were
chosen £or such studies because of their slightly

higher stabilities. It was observed that under the
suitalbe conditions (vide Experimental Section) the

Na, /v0(0,),Cl 7 can be easily converted to the
Na2Z—V(02)3Cl_7, which again can be reconverted to the
Na, éfvo(oz)zcl;7. The oxadiperoxochlorovanadata(V) see——
triperoxochlorovanadate(v) interconversion reactions
werc found to be quite facile thereby affording a very
go2d crmample of a proness invalving 2 bagic f£ormation
reaction, and an acidic dissoeciation reaction. Although
both the compounds are formed in the presencehaf

alkaline media and excess of hydrogen peroxide, it is

the large excess of alkaline medium that favours the
formation of the triperoxovanadium(v) species. The
peroxide uptake and deperoxygenation reactions can be
best monitored by IR spectroscopy. The complete conversion

of /vo(o Cl_72“ species to the ZTV(02)3C1_72ﬂ is

2)2
ascertained by observing the complete disappearance Of

the i% o band at ca 950*cm—l in a small amount of the

compound isolated from the solution. The reverse reaction

e

Ml\
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e

i.e., the processépv(02)3_72~—¢ [ vo(o,) el “72n was
confirmed not only by noting the colour change of the
solution from blue to yellow but also> by observing the
appearance >f the new band at about 950 c:m“l owing ta;DV_O,

and the shift of ) absorptisn towards a relatively

¥ =0=0-
higher frequency.

It may be concluded that under the conditions described
above, the complex species responsible for the yellow and
blue colours are énv0(02)2cl _72_ and Z’v(oz)scl "72“
respectively. In each of the newly synthesised. compounds
the peroxo ligands are bonded in a triangula:Abidentatg

S+ centre, The complex species 45V0(02)2cl “72—

manncr to the v
may be hexacoosrdinated monomer or it may as well be a polymer
through a weak vV—=0=V¢ or a weak Vv-Cl-V bridging. Similarly,

the complex species éuv(02)3clm72_ may be a heptacoordinated
monomer, oSr it mav have a palymeric structure through a

weak V=Cl-v interaction. The é*vo(02)2C1u72§:i 4¢V(02)3C1T72-f
interconversion provides a good example of a process which

involves a basic formation reaction and an acedic dissociation

= reaetion of peroxovanadium(v) compounds.

Refaerences

N. vuletic' and ¢. Djordgevic, J, Chem. Soc., 1973, 1137.

2 S, Yamada, Y. Ukei and H. Tanaka, InJorg. Chem., 964, léxﬂyi




10

11

12

13

14

15

16

e
ey

S. Funahashi, K. Harragucht, M. Tanaka,

Inorg. Chem., 1349, 16, 1977.

s

K. Wwieghardt, Inorg. chem., 57, 17, 1978.

U. Quilitzsch and K. wieghardt, Inorg. Chem., 869, 18,1979.

S. Funahashi, K. Ishihara, and M. Tanaka,

Inorg. Chem., 51, 20, 1981,

R. Mitra, T. P. McAndrew and G. Mitra,

Jo Inorg. Nucl. Chem., 421, 43, 1981,

R. Guilard, J. Lataour, G. Lecompte and J. Marchon,

Inorg. Chem., 1228, 17, 1978,

C. Djordgevic, Chem. Brit, 554, 18, 1982.

————

I. B. Svenson and R, Stormberg, Acta. Chim. Scanda,

898, 25, 1971.

D. Begin, F. W. B. Einstein and J. Field,

Inorg. Chem., 1785, 14, 1975,

———

M. K. Chaudhuri and S. K. Ghosh, Polyhedron, 553, 1, 1982,

M. K. Chaudhuri and s. K. Ghosh, Inorg. Chem., - ‘.,

4020, 21, 1982.
A.I. Vdgel, 'A Text Book of Quantitative Inorganic
Analysis!', Longman, Green and Co,, New York; 1962;

Pe 325,

RecE. 14 , D. 266,

G.A. Dean, Can. J. Chem., 1174, 22, 19613,
) ol o



17 J. Connor and E.A.V., Ebsworth, Adv. Inorg. Chcm.

Racdiochem., 1964, 6, p. 279.

-—

18 M.K. Chaudhuri, H.S.Dasgupta, S.K. Ghosh and

D.T. Khathing, Synth. React. Inorg. Met.=-Org. Chem.,

63, 12, 1982,

19 J. Selbin, Chem. Rev., 153, 65, 1965.

g

20 (a) Ww.P. Griffith, J. Chem. Soc., 1963, 5345;

(b) Ww.P. Griffith, J. Chem. Soc., 1964, 5248;

(c) W.P. Briffith and T.D. Wickins, J. Chem. Soc.(A),
1968, 397.

21"F.A. Miller and L.R. Cousins, J. Chem. Phys., 329;

26, 1957.

—a—



o

I

Chaptcr 6

Synthesis and assessment of Structure of Alkali-

mctal and ammonium Diaquoflunro=-oxopceroxovanadate(IV)

complexes / vO(0,)F (H,0), 7

Studies on various aspects of peroxovanadium
chemistry has giined considerablc currcnt im‘:crcs’cln6
probably becausce of the bilochemical significance of
peroxovanadium compsunds.7 whilc most of thue recent
papers on the topic deal with the solution chomistry
of peroxovanadium compl-:xes, synthesis and structural
1sscessment of peroxo- Ind hetero-ligand poroxo compounds
of vanidium hove reccived much leoss attention. In 2
continuation of studics on the synthesis ind structural
assessment of hetcero-ligand peroxo-compounds of
vmadium(V)B’9 (Chapters 3 to 5) it was thought worthwhile

to synthcsisc hetcro-ligind peroxovanadatc(IVv) compounds

*

The work described in this chapter his boon accepted

for publication:

J. Chem. Soc. Dialton Trans., in press (Papcr o. DAL=3/376)



Accordingly the reaction of alkali-metal and
ammonium tetrafluoro-sxavanadates (V), A L’VOF4;7
(A =K, Rb, Cs or NH4), with 6% hydrogen peroxide
under a weak acidic conditions (pH ca 4) was performed
which enabled the synthesis of a series of alkali-
metal and ammonium diaquofluoro-oxaperoxovanadates(IV),
A ZfVO(OZ)F(H20)2_7; these peroxovanadate(IV) compounds
were obtained, for the first time, in the s2lid state.
The present Chapter describes the synthesis and
structural assessment of alkali-metal and ammonium
diaquofluoro-oxoperoxovanadate(1Iv) complexes,

A /Vo(0,)F(H,0) 7 (A =K, Rb, Cs or NH,).

Experimental

The chemicals used were all reagent grade products

(.E. Merck, B.D.H., IDPL and Sarabhai M. Chemicals).

Infrared spectra were recorded on a Perkin-Elmer

model 125 spectrophotometer.

Electronic spectral measurements were made on

a BECKMAN model UV=26 spectrophotomcter.

Magnetic susceptibility measurements werc made by

the Gouy Method, Hg ZfCO(NCS)4_7 was the calibrant.

»



Molar conductance measurements were made using

a Philips PR9500 conductivity bridge,

The pH 2f the reaction solutions was measured
with a Systronic Type 335 digital pH meter and also
with pH, indicator (B.,D.H.) paper.

Preparation of Alkali-metzl and Ammonium

(A= K, Rb, Cs or NHé).lo These

Difluorides, AH?

2
compdunds were prepared by the methods developed

in this laboratory (described in Chapter 1).

Preparation of Alkali-metal and Ammonium Tcetrafluoro-

oxovanadates(v), A ZfVOF4_7 compounds were prcepared

by the methods already described in Chapter 1.

synthesis of Alkali-metal and Ammonium Diaquo-~

fluoro- oxoperoxovanadate(IVv) complcxes, A Z'VO(OQ)F(H20)2;7
(A =X, Rb, Cs or NH4). As the methods of synthcsis
of these complexes are similar, only a represcntative

method 1s described.

Freshly prepared alkali-mctal or ammonium
tetrafluoro-oxovanadate(Vv), A Z“VOF4_7 was dissolved
in 6% hydrogen peroxide, maintaining the molar ratio
A z_VOF4;7 : H202 at 1 : 12 (pH ca 4), with gentle
stirring. The red solution thus obtained was cooled

- in an ice-bath for §a 20 min. Ethyl alcohol was added,
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in éxcess, with constant stirring and orange-red
microcrystalline alkali-metal or ammonium diaquofluore-~
oxoperoxovanadate(IvV), A Z—VO(O2)F(H20)2_7 was obtained.
The compound was separated by centrifugation and washed
several times with ethanol, and finally dried over
diphosphorus pentoxide.

The amounts of reagents used and the yields of the

compounds A Z~VO(02)F(H20)2;7 are given in Table 1.

Table 1. Amounts of Reagents Used and Yields of

a / VO(0,)F(H,0), / (A =K, Rb, Cs or NH,)

Ccompounds
[] l' 1
] ]
. Yield ¢ Amount of jAmount of
¥ 1 ]
Compound ¢ in g (%) H A/_VOF4H7 i 6% H,0
1 ' - 1
: ''in g(mmol) ! in ml(mmol)
1 ] 1
NH,/ VO(0,)F(H,0),_/ 0.4 0.5 22.0
(75) (3.1) (38.5)
K/ VO(0,)F(H,0), / 0.3 0.5 19.0
(57) (2.8) (33.5)
Rb[*vo(oz)F(H20)2_7 0.5 0.7 22,0
(68) (3.1) (38.5)
cSéfvo(oz)F(sz)2;7 0.5 0.7 17.0

(69) (2.5) (30)




Elemental Analyses. vanadium estimation was done

volumetrically. A solution of the peroxovanadate(IV)
compounds, made slightly alkaline with a dilute sodium
hydroxide solution, was boiled in order to completely
expel the peroxos oxygen and to convert vanadium(IV)

to vanadium(v). The solution waé cooled and neutralized
with dilute sulphuric acid. A near-boilinyg colution

of vanadium(Vv) was treated with a stream of sulshur disxide
for 10+15 min, and then with a rapid stream of carbon
dioxide to expel any excess of sulphur dioxide. The
vanadium(IV) solution thus obtained was then cooled to
ca 80°C, and titrated with a standard potassium

permanganate salution.12

The peroxide content in each o2f the compounds was
determined by iadometry,lBand also by titration with

a standard Ce4+ solution14 (vide Chapter 3).

Fluoride, potassium and nitrogen were estimated

by the methods already described in Chapter 1.

The analytical data, wagnetic moment valucs,
IR band positions and electronic spectral data are

set out in the Table 2.



Results and Discussion

In the course of the earlier studies(Chapters 3 and
4) involving the synthesis of peroxofluoro=compounds of
vanadium(v), a red solution was obtained containing
v5+, alkali-metal or ammonium fluoride, AF, and H202
at a pH ca 4, and presumbed that the species
responsible for such a c¢olour must be differcnt from
those isolated previously (Chapters 3 and 4). Further,
it was expected that the number o5f pPeroIxd=groups

5,12

bonded to vanadium in acidic medium would be less

than that in alkaline medium, and that H202 would
probably be able to reduce CV5+ to V4+ in an acidic
medium. In view of the above considerations the
reaction between A ZFVOF4;7 and 6% hydrogen peroxide
was carried out and a red solution was obtained. The

CH of the solution measured immediately after the
formation of the red colouration was found to bc ca 4.
The complex species responsible for the red colouration
was isolated in the solid state as its alkali-metal and
ammonium salts, A [VO(OZ)F(H20)2_7, by addition of
alcohol which possibly facilitated the reduction of

5+ 4+

v to V', and precipitation of the complex. Thc

occurrence of reaction between alkali-metal or ammonium
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tetrafluoro-oxovanadate(v), A Z—VOF4_7 and H. 0. was

272
ascertained by the appearance of a new band ca 890 cm_l,
due to the 'iLO—O— mode of a coordinated peroxide, 022—,

from a small amount of the sample isolated from the

solution. It was previously reparted15 that

K, va203(02)2F2_/ was isolated from the reaction of
V205, 4% hydrofluoric acid, and H2o2 at high acidity
and K, [’VO(OZ)ZE;7 was isolated at pd 4., In the prcsent
case, however, the reaction of a ZfVOF4_7 with H,0,
at pH 4 followed by addition of ethannsl afforded

compounds of the type A Z*VO(OZ)F(H2O)2;7.

Characterization and Assessment of Structurc. The

alkali-metal 3nd ammonium diagquofluoro=oxodiperoxo-
vanadates(IVv), A ZﬁVO(OZ)F(H20)2;7, are all orangce=red,
microcrystalline products. The compounds are insoluble

in organic solvents. They decompose in water thus

precliuding their molar conductance measurements. In fact,
owing to their instability, most of the peroxovanadium
compounds do not permit molar conductance measurements§’9’16
The compounds AZ_VO(OZ)F(H20)2_7 can, however, be stored
in sealed containers and their stability can be
ascertained by periodic estimation of the peroxide

content., The estimation of peroxide is crucial in order

to determine the number 5f 022° ligands bonded to the
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metal centre. The persxide dontent wias estimated by

4+), ahd also by iodometry, the results

ccerimetry (Ce
of which eonclusively sudgest the presehge of one
022“= group éoordinited to vanadium(Iv). Thce direct

titration with 2 standard KMno, solutions showed the

4
involvement of three electroh equivalents, two of
which origihated from 022— and the third was duc to
the process V4+~=a—> \/"‘5;F 4+ ¢s The room temperature
maghetic susceptibility measurcements gave the magnetic
moment values of the compouhd (295K), lving between
1.70 and 1.75 BuM. (1 BuM: oL 9427 X 10""24 JT“l)
arc consistent with the presence of vanadium(IV)
and are in excellent agreement with those reported
in the 1iterature for ‘\74'+ syst@m5317

The optical spectra of potassium and ammonium
diagquofluoro==oxoperoxovanadates(Iv), A Z*vo(o2)F(H20)2;7
(A =K or NH4), regdrded immediately after preparing

solutioshs in c¢old dilute H,.0,, showed three absorptions

2727
at ¢a. 11,700, ¢a. 17,699, and > 21,400 cmél,
with the last being obscured by strong Chafgeatrénsfer
transitisns. The first WD Bands hive been assigncd
to e e bQ and'bl<a;- b2 trahsitions respectively and
agrce very well with the reported spectra of oxovanadium(IV)

A8 L. e o
complexes, giving strong evidence £3¢£ the presenec of
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vanadium(IV) in the orange-red peroxovanadium compounds.
6

These observations also support the very recent report ,

concerning the existence o>f peroxovanadium(IV) in

solutions.

The infrared spectra (Table 2) of the series of
four salts are similar, showing absorptions at ca 3160m,br,

ca. 1,630 w, br, ca. 960s, ca. 890s, ca. 615s, and

ca. 475s cm™T, The band at ca 960 em™t has been assigned

to the i)

veo Mode of the terminally bonded Vv = O

group,lS while those at ca890 and ca 615 cmm1 have :~

bcen assigned to u)_o_o_ and 7)V=O2 respectivcoly of

the coordinated peroxide?’g'lg’Zo The absorptions at

ca 3,160 m,br and ca. 1,630w, br cm-=l have been

~ibut 5 rdinated
attributed to QDO—H and éSH—O—H modes of coordinate

water. The lowering of the =» frequencies and

O=H

broadening of ‘S“H—O—H bands relative to those of

-free water suggest the possibility of intramolecular

hydrogen bDl’lé\ing?l’22 The band at ca 475 cmml is

attributed to a v=F stretching mode; its position
suggests the presence of bridging rather than terminal

. i d o
F. Since the {?_O_O_ and the complemenatry Q)va;

fall in the regions expected for the triangularly

2= 8,9,19,20 ., .
bonded O2 (C2v it is
4+

inferred that the peroxide group is bonded to the Vv

symmetry) ligands,
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Table 2, analytical jata, Magnetic Moments, Structurally Significant Ii and

Spectral Sends of 4 / VO(OZ)F(HZO)ZJ (4 =K, Bb, Cs or NH,).

Blectronic

Pl & % Found (% Calcd.) f 8 b Bloct— |
;//eff/BML ) p IR % Assign- | roaic "
1 : Fit o] * r s 4
Compound £295h) TR F } e { :banfi ? meni: " absorp- ;fran31tlon
* . rorn L Vv 1 OA ; F Mem )T (em ) [ tion 1.t
2 A 1y ? 1 b b .3 (em )i
d ~ A T g - = - s
NH VOKU )F(H,O) ~ 1073 o 8'3 "\ 30‘2 " 19‘3 - 10'8 "9558 . V"‘O - 11,628 - e &= D
4£ R A2"7 (8.15) (29.6) (18.6)  (11.,05) 890s - *.0-0- L
- ) . . . . Z . 610s iV-oz
475s ?V-F..V 17,699 b,e~— D,
3150m,br 20-id
1625w,br  24-0-H
1440s  2N-i .. %
£ [ V0(0,)iE0) , 7 1.75 20,8 25.9 1741 10.4  950s V-0 11,905 e +— b,
. . (20.25) (26.4) (16.55) (9.84) 880s 5-0-0-
S . 620s V-0,
470s gv-F;..V 17,699 bie~— b,
3165m, br SO—ﬂ
1620w,br OH-0-d
oL S C. {21.25)  (13.35) (7.95) 880s D_y—0—~
. . . 610s '“>V--02
4755 %V“‘F..--v
3160m,br 20-d
1635w, br & H-0wi
€8/ V0(0,)¥(8,0), 7 1,73 1843 118 6.8 9655 o
S f . (17.75) " (11.15) (6.6) 895s 200
' . ‘ 610s ;>3V~02
o 480S . V"fi“c . oV
3150m,br D0-H
1620w,br . O H-0-}
Peroxo-oxygen



centre in a triangular bidentate manner. TwD extra
vibrations at 3,140 and 1,440 cm—1 in the casec of the
ammonium salt have been assigned to the ‘Dl and ’Ez
modes of NH4+. The ‘93 mode of NH4+ could not be
identified due to its overlap with the broad »__ mode

of water.

It thus appears that the complex ion has formula
gfvo(oz)F(H20)2_7 7 containing a triangularly bonded
peroxide ligand. The complex species may have a
polymeric structure through Ve—eF——V bridging;
however, the possibility of a weak Vv=0=V intcraction

can not be ruled out completely.
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Chapter 7

Bis(acetylacetanato) flurovanadate(III), VF(acac)z.
Synthesis and Assessment of Structure of a Novel

*
Neutral Compound of vanadium(III)

Tripositive state of wvanadium is one of its
unusual oxidation states, mainly owing to the
instability of vanadium(III) compounds. Predominant among
the known compounds of vanadium(III) are those
derived from wvanadium(III) trihalides.1 Trivalent
vanadium also forms some neutral mixed ligand complexes

of the types VL. X. and VL, X, with L being a unidentate

373 2773

ligand and X is a halide, particularly chloride. Neutral
complex of V3+ of the type V(L—L')2X with L-L' being

a bidentate mononegative ligand does nat appear to have
any reported example in the literature. Moreover, reports
on the synthesis of trivalent vanadium compound from

V5+ or V4+ through chemical reduction is rather scanty.
As a sequel of studies on synthesis and structural

assessment of fluor02 (Chapters 1 and 2) and a mixed

fluoro3’5 compounds {Chapters 3,4 and 6) 2f vanadium,

- .
This work has been accepted for publication:

Inorg. Chem., in press (Paper No, IC 8307676)




a method has been developed for the synthesis of a
new neutral complex 2f wvanadium(III), VF(acac)z,
achieved by a two-steps electronwtransfer process

starting from vanadium pentoxide,

Chapter 7 of the thesis presents an account of

the synthesis, characterisation and structural
assessment ofrbis(acetylacetonato) fluorovanadate(III),

VF(C5H7O2)2.

Exper imental

All chemicals used were of reagent grade (B.D.H.,

E. Merck, S.D.'s and Sarabhai M. Chemicals).

Infrared spectra were recorded on a Perkin=Elmer

model 125 spectrophotometer.

Magnetic susceptibility measurements were made

by the Gouy method. Hg ZTbo(NCS)4_7 was the calibrant.

The mass spectra were recdorded on a varian
MAT CH=5 spectrometer using a direct insertion proba
to introduce the sample directly into the ion source
without any prior heating. The operation conditions
were clectron encergy 70ev (1 ev ¢ 1.6 x 10"19J); source
temperature of 50, 100 and 150°C:; resolution 1Q;OOO

and the accelerating voltage 8kV. The mass Spectrometric
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observations were made with the field of jonising field of
ionising current being maintained sufficiently strong to

trap primary ions.

Elemental analyses. Carbon, hydrogen, nitrogen and

fluoride analyses were obtained from Amdel Australian
Mieroanalytical ‘Service, Port Melbourne, Victoria 3207,

australia,

vanadium was estimated volumetrically by titration
. . . 6
with a standard potassium permanganatc solution. The
compound was first decomposed and then the cstimation of

vanadium was made following the procedure described in

Chapter 1.

Fluoride was also determined by precipitating as
lcad chloride fluoride, PbClF, and chloridc was
estimated by Valhard's method, from which the fluoride

content was calculated7 (Chapter 1).

Synthesis of Bis(acetylacctonato) fluorovanadate(III),

VF(acac)z. A suspension of 2.0 g (11 mmol) V205 in

10 ml water was treated with 2.2 ml (44 m mol) 40%
hydrofluoric acid. The mixture was warred 210 a

stcam=bath with stirring for 10-15 min and then cooled
followed by filtration to remove any undissolved impurity.
Thce clear solution was cooled in an ice=bath and 99%

hydrazine hydrate solution was added dropwise with



19¢
ocecassional stirring. The solution first turned blue.
The addition of hydrgzine hydrate was continued until
a blue crystalline compound ceased to appear with the
mother ligquor becoming very faint in ¢olour. The blue
compound was separated by centrifugation, dried on a
filter paper, and finally in vacud. The compound was
identified as N2H5V0F3 (vide Chapter 2) with an
yield of 1.6 g (92%). / Found: N, 17.91; H, 3.14,
Vv, 32.5, and F, 36.31%. Molar conductance (Watcr):

2

130 ifl-lCm mol-l. Magnetic moment (302K):1.51 B .M.

. 97 -1, =1, D . ;
IR : 970 cm ( J)V_O) and 500 cm ( V—F)' Electronic
spectrum: 12,000 cm-1 and 16,000 cm—l attributed to

e e—-bz and blw—— b2 transition.8_7

The blue hydrazonium oxotrifluorovanadate(IV),

N2H5VOF3,

8 ml water, acetylacetone (10 g, 100 mmol) were placed

(1.6 g, 10.2 mmol), dissolved in about

in a small polyethylene conical flask, the neck of
which was plugged with cotton wool, and the whole
was heated on a steam=bath for ca 1lh and a dark
blue=green sslution was obtained. On coaling,
blue=green crystals of bis(acetylacetonato) fluoro-
vanadate(ITII), VF(acac)z, were formed which were
removed from the flask and dried on a filter paper.
The compound was recrygtallised by dissolving in hot

benzene followed by addition of petroleum ether
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(b.p. 40 - 60°C) until the solution was cloudy. Yield
of VF (C5H702)2 was 2.5 g (84.7% on the basis of
V,0g), and m.p. 246-248°C. / Found : M (mass spectrum),
268; C, 44.32; H, 5.6; Vv, 18.4 and F, 6.9%. Calc. for
CiH14VO,F = M, 268; C, 44.78; H, 5.27; v, 18.99 and
P, 7.1%. Magnetic moment (302K) : 277 B.M. /.

Work up of the mother liquor, obtained after
isolation of VF(acac)z, afforded a small amount of

<y ey /;, ﬂ ~tetraacetylethane, (CH4CO),CH-CH(CH4CO),,

being the oxidation product of acetylacetone (Hacac).

Results and Discussion

vanadium pentoxide readilj rcacts with 40%
hydrofluoric acid and an excess of hydrazine hydrate
to yield a blue crystalline compound. The compound
is soluble in water, and the results of elcmental
analyses suggest the atom ratio N : H : Vv ¢ F as
2 ¢+ 5 : 1 : 3. The inferred spectrum of the compound
showed a strong band at 970 cm-1 indicating the presence
of V<0 multiple bond, and was accordingly assigned8 to

>

2 y_g* The band at 500 cm"1 has been assigned as the

V- mode arising due to the presence of fluoride

coardinated9 to the vanhadium center. The infrared



spectrum also exhibited bands characteristlc for

N2H5+ (Ref 10). The electronic spectrum of the
compound showed two d-d transition bands at 12,000 cm-.1
and 16,000 cm-1 which have been attributed to e «—Db,

~and b,-e— b2 transition respectively.8 Thus; on the

1
basis of the results of chemical anal yses, IR and

electronic spectral studies, the formula N,Hg £7VOF3_7
has been assigned to the compound (for further evidence

reference has to2 be made to Chapter 2).

The blue hydrazonium oxotrifluorovanadate(IV),
N,He Z-VOF3;7, reacts further with an excess of
acetylacetone (Hacac) under mild conditions to gilve
ultimately the blue-green crystalline bis (acetylacetonato)
fluorovanadate(III), VF(acac)z. The reaction was
rather facile andgave a very high yield of the
product. It is interesting to note that althrough

acetylacetone (Hacac) is capable of reducing Mn7+ L o)

6+ 24

Mn3+ (Ref. 11), Cr to Cr3+ (Ref, 12) or Ni3+ to Ni

(Ref. 13) with Hacac being oxidised to oc; o, /3, i

ﬁf, - tetraacetylethane, (CHBCO)ZCH=CH(CH3CO)2,13 it
alone can not reduce V4+ (Ref. 14). In the present

case, isolation of ea; o, /3, /3 ~tetraacetylethane,

after separation of VF(acac)2 from the reaction solution,

suggest the possibility of Hacac being acted as a



reducing agents. However, the importance of N2H5+ can not
be underestimated though we do not have any direct

evidence »of its oxidation.

The blue-green bis(acetylacetonats) fluorcvanadate(III),

VF(C5H702)2, is stable for prolonged periods, and can be
stored in a sealed polyethylene capsule. The compared

melts at 246 - 248°C, and is soluble in many organic
solvents. The oxidimetric titration with standard
potassium permanganate shows that vanadium in the

compound has an oxidation state of +3, which was

further confirmed by magnetic susceptibility measurements.
The room temperature magnetic mmment was f£ound to be

2.77 B.M. whch conforms to those reported in the
literature for trivalent vanadium campaunds.15 The infrared
spectrum of the compound gives a patterns typical for the
presence o>f coordinated acetylacetonates (acac_) bonded

to the V3+ centre in a bidentate chelated manner.11-13'16
Besides this there is a strong band at 470 cmm1 which

has been attributed to the 2>VQF9 mode arising from the
presence 2f fluoride coordinated to the vanadium(III)
centre. Somewhat broad nature of the band indicates the
possibility of a weak V-F...V interaction and this leads

to believe that in the s31id state VF(acac)2 may have a

hexacoordinated structure through a weak V=F....V bridging.



Iniorder to obtain further information, the mass
spectra of the compound was recorded using the direct
insertion technique. The sample was introduced directly
into the ionisation chamber without any priosr heating.
This prevents the compound from being decomposed before
electron-impact induced ionisation has taken place.
‘The spectra were recorded at 50°, 100° and 150°C
respectively, and found that the one recorded at 150°C
was very well developed. The spectrum run at 150°C
shows the highest m/z signal at 268 owing to the
molecular ion ZfVF(C5H702)2;7 +, suégesting thereby
that in the vapour state the compound is only monomeric.
The most dominant peak was observed at m/z 169 and
attributed to the fragment ion éfVF(CSH702)_7t The
molecular ion was found to suffer a loss of CH, unit
first, followed by the loss of C,H,0, to give rise to
the formation of _/_'TVF(C5H702)__7.+ The fragment ion
Z_VF(CSH702)_7* lost CH, amd C,H,0, units respectively
to ultimately give the ion /VvF /.7 1In view of the
observed signals, the major fragmentation pathway
of the ¢ ompound VF(C5H702)2 may be represented as
follows:

['VF(CSH702)2_7’r —— [/ VF(CgH,0,) (C4H402)_7+-——->

—

~ -+ +
[ VF(CcH,0,) /7 > [VF(C,H,0,) 7 T —> VF .



Table 1. Infrared Spectral Band Pasitions, of

VF(CSH702)2, and their Assignments.
- H
IR Bands cm * ! Assignments
H
3070 ’)(CH)
299OL
2970 ) l)‘(CH'B)
2920~
1575} Dczzzc) +  A-Ci==-0)
1550 combination.
1530 5%C:;:O) + ‘iXC:::c)
1465 S(cH) + Mczzz.c)
1410 N
J(CH3)
1350 éi(CH )
® 3
1270 d(c—cH,) + P(cmc)
1199 8 (cH) + D(c-cH,)
1015
Pr(CH3)
&
40 He==:c) + D(e===0)
780 ~ (CH)
685 '9(C—CH3) + ring deformation
60 5¢ (CHz—— C7_ )
3 \O
615 ring def. + 2(M=0)
450 2(M=-0) + WHc - CH,)
430 ring deformation
470

Wy-r




Table 2: Mass Spectrometric Data for VF(CgH,0,)

2°2

Major Pegks

b‘---q i

. 1
. ]
Assigpments p m/z !  Intensity (%)
. - - 1
L Vr(cH 0., 7F - 268 95
L VF(CH,0,) (CH,0.) 7Y 253 84
, .
/ VF(CgH,0,) (C3H 0)_7 226 32
. + N
[ VF(CgH,0,)OH_7 186 90
[ VF(CcHA0,) 7" 169 100
. + "
[VF(C4H402)___7 154 26
[VE(cH0) 7T 127 22
[E 7t 70 25
Metastable Transitions
— . -
(m/2)* ! : A
——— ! Process \ Fragment
Observed Calcutated ! lost
- - v L.
238.8 238.84 268 —> 253 CH,

- 190.7 '190.58 268 —> 226 CH,CO
129.2 129.Nn9 268 —> 186 CcHEO
112:8 112.89 253 «—> 169 C4H50,
140.4 14033 169 —» 154 CH,
31.9 31.82 154 — 70

CaHy0,




*
The metastable peaks (Table 2) at (m/z) 238.8, 140.4,
112.8 3and at 31.9 support the above-mentioned fragmentation

patt Cra

Thus, it is evident from the present work that a
trivalent vanadium compaund, VF(acqc52¢ ¢n be synthesised
from pantavalent vatadium undér fhe suitablce conditions,
the compound may Ave a hexacoordinated polymeric structure,
through 3 weak V=F..,.V interaction in the solid state,
however, in‘the’V3p3ur state VF(acqc)2 ﬂefihitcly cxists

in its mosnomeria £orm.
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Chapter 8

Novel Synthesis and Electron-Impact Induced Mass

Spectrometric Studies of Tris(acetylacetonato)-—-

. *
iron(I1I), Fe(C5H7O2)3

The chemistry of metal—-acetylacetonates is a
text book story, and tris(acetyvlacetonats) iron(IIx)
is one of “the ¢lassic examples of this type of
compounds. Tris(acetylacetonato) i1ron(III) has been
known for guite some time, but the known methods of
synthesis of Fe(acac)3 have some limilations in Scope.
The reaction between metallic iron and acetylacetoné
(Hacac) in th presence of axygenl is extremely slow.
The aqueous reaction between iron(III) chloride and

acetylacetone in the presence of a 1large amount of

1ic

sodium acetate as buffer2’3 may contaminate the product.

The synthesis due to Dunne and COttDn4 involving the

reaction between Fe(co)5 and acetylacetone requires the

preparation and handling of the toxlc—-air-sensitive

* This work has been published:

J. Chem. Soc. Dalton Trané., 1983, 839.
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metal carbonyl,

The present Chapter, indeed the last Chapter
of the thesis, describes a novel synthesis of
tris(acetylacetonato) iron (III), Fe(aéac)3, directly
from iron(III) hydroxide and acetylacetone, without
the use of any buffer / equation (1)_/, characterization

and mass spectrometric studies of the compound.

Fe{OH)a + 3Hacac —> Fe3+ + 3acac + 3H20 (1)

ExXperimental

Reagent grade (B.D.H., E. Merck, s.D.'s and
Sarabhai M. Chemicals) iron(III) chloride and

acctylacetone (Hacac) were used.

Infrared spectra were rccorded on a Perkin=Elmer

model 125 spectrophotometer.
Magnetic susceptibility measurements were made by
the Gouy method using Hg L’CD(NCS)4;7 as the calibrant.

Molar conductance measurements were madce using

a Philips PR 9500 conductivity bridge..

The mass spectra were recorded on a varian MAT CH-5
mass spectrometer using a direct insertion probe. The

operation conditions were electron energy, 70ev



(lev “» 1.6 x 10~19J)} source temperatures of 50, 100
and 150°C3: resolution 10,000:; and accelerating voltage,
8kVv. The mass spectrometric observations were made
with the field of ionising current sufficiently strong

to trap primary ions,

Elemental Analyses. Carbon and hydrogen were

estimated by a microanalyticil technique.

Chemical Determination of the Oxidation State

of Iron. The chemical determination of the oxidation
state or iron in the compourid was done by trcating

a known amouht of the compound with in agidified (HZSO4)
potassium 1odide solution, followed by titration of

the liberated iocdine with a standard sodium

thissulphate solution.

Synthesis of Tris (acetylacetonato) iron (IIT),

702)3'

An~hydrous iron(III) chloride (4.0 g, 24.7 m mdol) was

Fe(CsH

dissolved in 8 ml of water with gentle warming. Ammonia
solution (specifiec gravity .= 0.880, 9ml) was added in
excess glowly with constant stirring. The mixture was
heated on a steam-bath for 15 —=-= 20 min, and the
precipitate of iron(III) hydroxide was then filtered off,

and washed with watcer until free from chloride.



-
lH
e

The madist iron(III) hydroxide and acetylacetone
(12.0 g, 120 m mol) were placed in a small conical
flask, the néck of which was plugged with cotton
wool, and the whole was heated on a steam=bath for
about 35 min. On cooling, large red crystals of Fe(acac)3
were obtained which were dried on filter paper and
recrystallised from ethanol. Yield of Fe(acac)3 was
7.8 g (90%). Melting point of the compound was found

to be 175°C.

Analysis

Molecular weight (M) was found to be 353, mass
spectrometrically.

Pound: C, 51.2%; H, 5.95%. Calcd. for C15H21Eeo6:

Cc, 51.05% and H, 5.96%,

Magnetic moment (295K): 5.92 B.M. (1 BM. = 0.927 %

10723 A m?). (1it.,> 5.90 B.M. ).

Chemically determined oxidation statce >f Fe: + 3.

Molar conductance (H20) : 8 (171 cm2 molfl

Results and Discussion

In view of the difficulties involved in the
synthesis of metal acetylacetonates, attempts have been

made to improvise newer methods for the synthesis of such
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compounds. Recently tris(acetylacetoﬁato) mangancese(III),
Mn{acac), was synthesised by the reaction of Mno4“ with
acetylacetone5 by exploiting the electron-transfer
reaction betwecen them. Subsequently, it has been shown6
that, in such electron-transfer reactions, acctylacetone
is oxidised to o<, <, @, /G —-tetraacetylethane

(CHBCO)ZCH—CH (CH3CO) e

The weak acidity of acetylacetone (Hacac) in a
polar medium, and the abscnce of any reaction of
water with tris (acetylacetonato) iron(III), Fe(acac)3,
constitute the basis of the present synthesis. The
method described leads to the rapid synthesis of
Fe(acac)3 in a very high yield, analogous methods have
been used with success for the synthesis of Ca(acac)3
from Co0(0H) and Mn(acac)3 from MnoO(OH). This justifies
the scope of the method. The pH of the solution recorded
immediately after the formation of the compound was
found to be ca 5 which concurs with that maintained
by using a large amount of sodium acetate2’3 in the

synthesis of Fe(acac)3 from FeClB,

The tris(acetylacetonatos) iron(III), Fe(C5H702)3¢'
obtained by the present method is highly crystalline
and dark red in golour. The compound is stable for

prolonged periods. Fe(acac)3 is soluble in watcr and also
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in many common organic solvents. The molar conductance
of the compound, in water,was found to be 8 o lomZmor™?
supporting the non-electrolytic nature of the compound

in agreement with its formula. The chemical dectermination
of the oxidation state of iron showed that iron osccurs

in :its +3 state in this compound. The room temperature
magnetic moment of the compound was found to be 5.92 B.M.
which agrees very well with the literéture3 value and is '

in conformity with the +3 oxidation of state of iron in

the compound.

The infrared spectrum >f the compound is unambiguous
and exhibits the typical pattern of chelated acetyl-
acetonates (acac ) in agreement with those 2f various
M(acac)35‘7compounds (Table 1). The mass spectra of
Fe(acac)3 were obtained using a direct insertion probe
to introduce the sample into thc ionisation chamber
without prior heating. The importance of direct insertion
technique for the mass spectrometry of metal compounds
has been emphasised in the literature.s’8 Thc most
important advantage of this technique is that it prevents
decomposition of a compound before it undergoes <

electron-impact induced fragmentation.

The spectrum run at 150°C showed the moleculerion

signal at m/z 353 (intensity 16%) and the most dominant
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Table 1. Infrared Spectral Bands and Their

Assignments for Fe(acac)3

]
. i
IR Bands (qm—l) E‘ Assignments
B *
3060 °>(c - H)
2895 - .
| 2960} 1j(CH3)
2925
1575 ',’)(c:.;:c) + P(ciz:0)
combination..
1520 P(Cim0) + Q(C:_‘;C)
1450 -S(CH) + 2)((::;;.:(:)
1380 Y S
1360 x(cHy)
1190 S(cH) +- fD(c—-—-CH3)
1020 '
P (cHy)
950 Vcosnc) & D(C2220)
800
780} St (CH)
770
222 HC - CH,) + ring deformation
+ 23M - Q) '
655 ¥ - __ ‘/c =
5 (CHy c\o )
gig ring deformation + (M - 0)
430 D(M - 0) + D(C - CHj,)

415 ring deformation




Table 2. Mass Spectral Dafa for Fe(C5H7O

2)3

Ma jor Peaks

1 [}
] f
Assignments ! m/z : Int?;iity
r ] °
3 L
— +
/ Fe(CgH,0,) 5 353 17
~ : - +
/ Fe(C5H702)2_/ 254 100
[ Fe(CcH,0,)(C,H,0,) T 239 45
. +
£ FelCgH,0,) 7 155 75
/L Fe(c,m,0,) 7" 140 10
Fe' 56 5
+
[ Fe(cHy) (CgH10,)_/ 170 32
/[ Felcuy) 7T 71 15
Metastable Transitions
* 1 1
m/z ! H
——— AN :' Process | Fr?grgint
Observed Calculated '
. N} 1
182.7 182.76 353 ——>254 CgH40,
224.9 224.89 254 —2239 CH,
100.8 100.52 239 ——>155 C,H 0,
126.5 126.45 155 ——>140 CH,
113,6 113.78 254 ———»170 C4H,0,
32.5 32.52 155 » 71 C,H,0,




—
A
O

peak at m/z 754 assigned to Z—FG(CSH702)2;7T Unlikec the

molecular ion Z_Fe(CSH 0.). 7+ the fragment ion

772°3
_/__Fc(C5H7O2)2_7+ loses a CH5 unit followed by the loss
of C,H,0, to produce the Z-FG(C5H7O2)_7 *ion. The

éfFG(CSH702)_7 + fragment then loses CH3 ana C4H4O2

in steps to udtimately produce the bare metal ion rct.

The spectral pattern pirallels those previously rcpartedg’lo
with the major fragmention pathway being

[Fe(CgH0,) 3 7+ =——=s [ Fe(CgHq0,)y 7 s

[ Fe(CgH0,) (CH,0,) 75 ——s [ FelCgHi0,) 7 “s
[Fe(cH,0,) 7" —> Fe.

In order to obtain support for the abov: fragmcntation
pattern, metastable transitions were studies. The
metastable peiks at Om/z) 182.7, 224.9, 100.8 and 126.5
support the fragmentation path. The two additional
mctastable supported signals at m/z 170 and 71 have been
assigned to the fragment ions ZfFe(CH3)(C5H702)_7+ and
ZfFe(CH3);7+ respectively, providing evidence for each
methyl migration from carbon to metal presumably favoured
by the formation of a new bond between the iron atom
and! CHB'

It is evident from the present studies that

tris(acetylacetonato) iron(III), Fe(acaC)B, can bc

synthesised directly by the reiaction of iron(III) hydroxide



with acetylacetone in the absence of any buffer. Thc mass

spcctrum of Fe(acac)3 provides evidence for rearrangement

to give Fe CH., species.

3
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dates(V) ion Z'VOF4_7' in agueous hydrofluoric acidl,
the species has not been prepared from an aqueous
solution to date. It has been believed that vanadium(V)
should not be stable in aqueous solution in the presence
of halides like C1” or Br~, and, in order to prevent
reduction of vanadium(V), anhydrous solvent should be
used and the te@perature maintained throughout the
reaction at 0°.¢ This, however, may not be true in the
case of ¥~ because vanadium(V) should not be able to
oxldise fluoride ions., In 1951 analysis of a product
resulting from the reaction of sodium vanadate and bromine
trifluoride suggested that it was an impure sample of
NaVOFQB. However, little was known about any pure
a™VOF, in the solid state watil 1970. In 1971 the

first and only pure solid salt CsVOFbr was prepared by
Howell and Moss4 from the reaction of V205, anhydrous HF
and CsF at -300. We now describe a novel and simple
general method for the synthesis and isolation of

AIVOF4 (AI = NHM’ K, Rb or Cs) from aqueous medium,
together with the characterization of these salts.

RESULTS AND DISCUSSION

In view of the fact that the oxytetrafluorovana-
date(V) ion Z"VOF4_7- exists in an aqueous hydrofluoric
acid‘solution1, it was felt that the species can be
isolated from such solutions by proper adjustment of
the experimental conditions. The method of synthesis
described herein (vide Experimental section) involves
ides ATHF, and

IVOF4 in solution.

'\/'OFL+ + 3 HZO

the reaction of V205, alkali bifluor
40% HF leading to the formation of 4

I I
V205 + 2 A HFZ + L4 HF —3 2 A
The success in isolation of alkali oxytetrafluoro-
vanadates(V) from the reaction media depends upon the
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dates(V) ion Z'VOF4_7- in agueous hydrofluoric acid1,
the species has not been prepared from an aqueous
solution to date. It has been believed that vanadium(V)
should not be stable in agueous solution in the ﬁresence
of halides 1like C1™ or Br~, and, in order to prevent
reduction of vanadium(V), anhydrous solvent should be
used and the temperature maintained throughout the
reaction at OO.2 This, however, may not be frue in the
case of F_ because vanadium(V) should not be able to
oxidise fluoride lons. In 1951 analysis of a product
resulting from the reaction of sodium vanadate and bromine
trifluoride suggested that it was an impure sample of
NaVor 3. However, little was known about any pure
ATVOF, in the solid state wntil 1970. In 1971 the

first and only pure solid salt CSVOFq was prepared by

Howell and MossL+

from the reaction of VZOS’ anhydrous HF
and CsF at —300. We now describe a novel and simple
general method for the synthesis and isolation of

AIVOF4 (AI = NHq, K, Rb or Cs) from aqueous medium,

together with the characterization of these salts.

RESULTS AND DISCUSSION

In view of the fact that the oxytetrafluorovana-
date(V) ion Z—VOF4_7' exists in an agueous hydrofluoric
acid'solution1, it was felt that the species can be
isolated from such solutions by proper adjustment of
the experimental conditions., The method of synthesis
described herein (vide Experimental section) involves
the reaction of V,0, alkali bifluorides aTHF, and

LO% HF leading to the formaticn of AIVOF4 in solution.

I I
V205 + 2 A HF2 + 4 HF —>» 2 A VOF4 + 3 HZO

The success in isolation of alkali oxytetrafluoro-
vanadates(V) from the reaction media depends upon the
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role played by alcohol. It is believed that the solvent
effect brought about by the addition of alcohol signi-
ficantly helps the syntheses of the AIVOF4 compounds.

A light green or greenish-~yellow color that is obtained
on addition of a small amount of alcohol has to be

maintained throughout until the isolation of the AI

VOFI+

conpounds 1s completed,

The compounds thus obtained are highly crystalline,
in the shape of long needles, except for CS\IOFL+ which
is generally suall hexagonal, greenish-yellow in colour.
The compounds, once isolated from the reaction media,
seem to be very semsitive to air and moisture, highly
soluble in water with decomposition and iamsoluble in
common organic solvents except acetonitrile in which
oxytetrafluorovanadates(V) are very slightly soluble,
Elemental analysis, i.r., molar conductance measure-
ment, magnetic moment and 19F Nem.r. were used to

I
VOF, .
L

The molar conductance of cesium oxytetrafluorovana-
1cmzmol'1 at 27° in

purified acetonitrile suggesting an uni-uni valent

characterize the compounds &

dates{V) gave a value of-132 ohm™

electrolytic nature of the compound im accord with the
formula CsVOFq. This was further supported by the
diamagnetic nature of the compounds evidenced from
magnetic susceptibility measurements.

The i.r, spectra of alkali oxytetrafluorovana-
dates(V), AIVOFA, do not support the possibility of
polymeric formulations because of the absence of the
broad intense band in the 650-900 cm™ '
generally diagnostic of the presence of the 0-V-0 group
in fluorovanadates5’6. The strong bands 980-1030 cu™ !
(Vide Table I) with the V-0 force counstants lying
between 7.07 and 7.43 md/A are considered as characte-
ristics of the presence of V-0 multiple bonds supporting

region, which is
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TABLE T
I.r. Bands of AIVOF4 Compounds
[] ] 1] ]

Compounds | NH, VOF, g KVOF,, § RBVOF, § CSVOF,, §

262n 261m 262m 260m

308m 307m 311n 310m

3328 3348 330s 3348

480m 4LB2m 48 3m 481m

595s 594s 5958 5948
I.r. bands 625s 625s 6235 624s
cm™ ! 210w 712w 712w 712w

970w 972w 972w 973w

990vs 980vs 995vs 1015vs

1015 1025
the occurence of O(pnﬂ——’(mt)v bonding., I.r. spectra

of the various A VOF4 compounds are ldentical and cor-
relate very well with those previously reported for
CsVOF44 and are also in agreement with the reported
crystal structure of CsVOFq?, which shows Z’VOF447'
to be essentially qu with weak F-bridging making
["VOF¢’7 pseudooctahedral.

19F Nom.r. spectrum of a 1.42(M) solution of the
newly synthesised CsVOF, in 48% HF measured at -85°C
shows a broad doublet occuring at 258.4 ppm down field
relative to HF with a value of W1 = 1003 Hz. These
agree with the values previously reportedq for CsVOF

A

conforming to the suggestion that a rapid fluorine

Lv

Z'VOF4_7" ogccurs in solution,.

rearrangement between C and C2V stereochemistry of
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We, Therefore, conclude that alkali oxytetrafluoro-
vanadates(V) can be prepared from agqueous solutions by
suitably adjusting the experimental conditions.

EXPERIMENTAL

All chemicals used were of reagent grade. Alkali
bifluorides, AIHFa, were prepared by the method deve-
loped in this laboratoryg. Infrared spectra were
recorded on a Perkin~Elmer Model 125 instrument, Molar
conductivity studies were made at room temperature using
a Toshniwal Conductivity bridge. Magnetic susceptibility
measurements were made at room temperature by the Guoy
method using Co[—Hg(SCN)4_7 as calibrant. 9F N.m.r.
Spectra were recorded on a Bruker HX-60/5 instrument,

Preparation of Alkali OxxtetrafluorovangdatesgV2,AIVOFA,
(AI = NH#’ XK. Rb or Cs)

Since the methods of syntheses of alkali oxytetra-
fluorovanadates(V) are similar only a general method
is described,

Stoichiometric quantities of V,0, 4O% HF and alwr,
(1:4:2 molar ratio) maintaining V:F at 1;4 were heated
for a few minutes at boiling water bath temperature in
a polythene beaker. Ethanol was added dropwise to the
hot solution until the brown colour of the solution
changed to light green., A few more drops of alcohol
were added; the solution was concentrated to nearly
three-fourth of its original volume and allowed to cool
in a freezer whereby crystalline AIVOF4 was obtained.
Details of the gram amounts of reagents used, ylelds of
various AIVOF}+ compounds and analytieél data are given
in the Table II and i.r. have been set out in the
Table T,
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TARLE IT
Amounts of Reagents Used, Yields and Analytical
Data of-A1VOF4 Compounds
E Amounts of reagents| Yield of ! Found%
Compound | V5€d alvor (Caled.s)
! . gn( %Y '
i Reagent |  Amount | v E F ;AI or ﬁ
! H H H H
V.0 2.00g
27> (11mmol)
LO%HF 2.2ml 1.8% 31.80 47.28 8.21
NHbrVOFLP (L4ymmol) (52) (31.64) (47.21) (8.70)
NH,HF, 1,268
(22mmol)
V.0 2.00g
275 (11mmol)
LOZHF 2.2ml 2.y 28.08 42,05 21,54
KVOF,, (44mmol) (61) (27.98) (41.75)(21.48)
KHF, 1.72g
(22mmol)
V.,0 . 2,00g
2”5 (11mmol)
LO%HF 2.2ml 2,52 22.02 33,61 37.88
RBVOF (L44mmol) (50)  (22.30) (33.26) (37.42
RbHF2 2.74g
(22mmol)
V,0 1.008
272 (5.5mmol)
LO%HF 1.1ml 1.76 18.83 27.61 L8.65
CsVOF), (22mmol) (58)  (18.47) (27.55) (48.18)
CsHF, 1.98

(11mmol)
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SYNTHESIS CF ALKALT OXYDIPEROXYFLUOROVANADATES(V)

-~ M.K. CHAUDHURI® and S.K. GHOSH
' Department of Chemistry, North-Eastern Hill University,
Shillong 733003, India

Abstract — The reaction of vanadium pentoxide with hydrogen peroxide

in an alkaline medium in the presence of alkali fluorides AF (A = NH,, Na,
K, Rb or Cs) gives alkali oxydiperoxyfluorovanadates(V), A, [fVO(02)2F47
in very high ylelds. Characterisation of the compounds was made from the
results of chemical analyses, magnetic susceptibility measurements and
i.r. spectral studies. IR spectrometry showed the peroxy ligands to

be triangular bidentate. ) )

INTRODUCTION

Although there has been a continued interest in the‘study of
peroxyvanadium{ V) <:h~am:Ls1:ry,1'6 the synthesis, characterisation and
structural assessment of peroxy and mixed peroxyvanadium(V) compounds
have received relatively less attention to date. Thig is presumably
owing to the uncertain nature of peroxyvanadium(V) in solution of
varying pH. As a sequel of our studies mainly aimed at the synthesis

of fluoro compounds of transition metals,7-9 we undertook the synthesis
of peroxyfluorovanadium(v) compounds, The present paper reports the
first general synthesis of the title compounds along with their
characterisation.

EXPERIMENTAL

Vanadium pentoxide, alkali metal fluorides and hydrogen peroxide
were reagent grade products. Infrared spectra were recorded on a
Perkin-Elmer model 125 spectrophotometer. Magnetic measurements were
carried out by Gouy method using Hg LTCO(NCS)4_7 as the calibrant.

Synthesis of alkalil oxydiperoxyfluorovanédates(V)

AZZ__VO(OZ)zFJ (4 = NH,, Na or K) — A finely mixed powder of
vanadium pentoxide (5.5 mmol) and alkali metal fluoride, AF (11 mmol)
was dissolved in 9% hydrogen peroxide (79.4 mmol) by slightly
warming over a steam-bath and a red solution was obtained. A concentrated
solution of the corresponding alkali hydroxide (50 mmol) was slowly
added with constant stirring whereupon the solution became yellow.

An excess of alcohol was added to the solution with stirring until

an yellow coloured microscrystalline product was obtained. The
reaction container was then cooled in an ice-bath for ca 40 min.

The compound waa geparated by centrifugation and purified by washing
with alcohol and finally dried in vacuo over phosphorous pentoxide.
The yields of (NH,), LV0(0,),F 7, Na, £7V0(0,),F 7 and K,/ VO( 0,),F 7
were 1.6g (78%), 1.8z (84%) and 2.1g (84%) respectively.
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554 Notes

The Rb,/V0(0,),F 7 and Cs, [fVO(Oz)zF_7'compounds were prepared
in a manner similar to that described above, however, the solution of
V505 (5.5 mmol) and AF (A = Rb or Cs) (11 mmol) in 9% hydrogen peroxide
(79.4 mmol) was made alkaline by the addition of 25% solution of e
'ammonium hydroxide (50 mmol). The yield of Rb,/ V0(0,),F_/ wae
" 2.6g (74%) and that.of cSZLfvo(oz)ZF_7 was 3.5g (77%).

Table 1. Analytical data and structurally significant
,Na,K,Rb or Cas)

_ 1.7, ‘bands of A,/ VO(0,),F 7 (4 = NH,
_ , E  Analysis® (%) ;
. L - 1] . 1]
Compound .- *- = T : : B/Om 1{Assignments
‘ ~ boa b v 0% 1 F P
- — A D
(¥g,) vo(o ) F;7 14 7.7 : 34,2 10.1 9708 _
2L .os) (27 ). (3h.41)  (lo.22)  810s V-0
. L L 8858 Z0~0-
ot L 4728 “V~F
Na,/ vo(0.),F. 23,6 . 26.2 32,3 9.5 9358 D
' 2[. 22'7 (23 47) "~ (26.01)  (32.86) (9.70) 8808y P O
. - 89585 0~0-
_ e 4748 V-F
K,/ VO(0,),F 7 | 34.5 22.6 27.5 8.2 965s _
2L 202 (34.29) . (22.33) (28.04) (8.33) 87081 5 °
. o 89083 x0-0-
. 4708 vV-F ¥
Rb,/V0(0,),F ]  53.5 1641 19.7 5.7 9708 D,
: (53.28)  (15.88)  (19.94) (5.92) 88587 -
895! ;-)O"O—
4728 V-F
Cs,/VO(0,),F 7  63.7 12.4 15.1 4.6 9458 ¥
2 272 (63.94)  (12.25)  (15.39) (4.57)  870sy 50
o 8858  20-0-
o 4768  V-F

®Calculated values in parentheses, CPeroxy oxygen, © Analysis for N.

RESULTS AND DISCUSSION

It has long been recognised that vanadium forms yellow diperoxy-
vanadate(V) in alkaline medium10 and is converted to red monoperoxy
species in acidic solution.5 The reaction of V205 with alkali fluoride,

AF and hydrogen peroxide in an alkaline medium gave alkali oxydiperoxy-
fluorovanadates(V), 4, [—V0(02)2F_7 in very high yields. A report on the
aynthesls of KZLfVO(Uz)zF_7 appeared11 while our work was in progress.
However, the reaction condition of the present synthesis is different from

the one previously reported.11 An alkaline condition is found to be more
conducive to the synthesis.
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The AZL—VU(OZ)ZF_7 compounds are all yellow coloured micro-
crystalline products. They are soluble in water with slow decomposition.
Estimation of peroxide content12 showed the presence of two peroxy
groups in each of the compounds. This result and the diamagnetic nature
of the compounds suggest that the complex ion contains two peroxy groups
per vanadium atom and that the vanadium hasg an oxidation state of +5.

The occurrence of sharp vibrations around 88Ocm-1 (Table 1) in the

IR spectra of the compounds imply the presence of triangularly bonded
peroxy ligands, and in keeping with this there are two readily identifiable
D(=0-0-) bande at.ga 895 and 7t ga 870 co”' [Tcf. the analysis of D(-0-0-)
in transition metal complexes_/. 13" Another characteristic feature of ‘the
spectra is the absorption at 935-970 cm 1, which has been assigned as the
a(V—O) mode of terminal V-0 multiple bonds.9'14’15 The'strong absorption
at 470-480 cm_1, in each spectrum, hasg been assigned.as the D(V-I) mode
owing to the presence of F~ 1ligand bonded to vanadium(v) ¢entre ‘d4nd compare
very well with those observed for many fluorovanadate gpeciles. 9,16,17
Acknowledgement - We thank the Council of Scientific ahd‘Indusﬁrial
Research (New Delhi) for award of a fellowship (S.K.G.).
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Alkali-Metal and Ammonium Triperoxyfluorovanadates(V), A,[V(0,);F]
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Blue alkali-metal and ammonium triperoxyfluorovanadates(V), A,[V(0,);F] (A = NH,, Na, and K) have been synthesized
by reacting V,0s with fluorides AF and hydrogen peroxide in a highly alkaline medium. The compounds have been
characterized by elemental analyses, magnetic susceptibility measurements, and IR spectroscopic studies. The compounds
do not permit molar conductance measurements. The IR spectra of the compounds suggest the presence of triangularly
bonded peroxy ligands. The complex species [V(O,);F]>” may be a seven-coordinated monomer or it may have a polymeric
structure through a weak V-F-V bridging. The basicity of peroxy ligands increases with the increase in the number of

peroxy groups coordinated to the vanadium(V) center.

¥ There has been a good deal of current interest in the study

of peroxyvanadium(V) chemistry.!® It appears from the
*recent literature that studies of the kinetic behavior of per-
oxyvanadium(V) engage the attention of most of the research
groups,2® though information on the synthesis and structural
assessment of peroxyvanadium(V) is rather scanty, probably
owing to the uncertain nature of peroxyvanadium(V) in so-
lutions of varying pH. We have reported recently a short study
on the synthesis and structural assessment of alkali-metal and
ammonium oxydiperoxyfluorovanadates(V), A,[VO(O,),F].
The compounds A,[VO(0,),F] were synthesized by perform-
ing the reactions over a limited range of concentration of
alkaline medium.” We have now extended this work to an
alkaline medium concentration region higher than that of the
previously examined one, thus enabling us to synthesize a series
of novel compounds, alkali-metal and ammonium triperoxy-
fluorovanadates(V), A,[V(0,);F] (A = NH,, Na, and K), and
to make some reasonable conclusions about the formation of
various peroxy compounds of fluorovanadium(V). We have
also investigated the IR spectra of these solid compounds in
order to obtain a set of internally consistent data regarding
the effect on the basicity of peroxy ligands by the increase in
the number of peroxy groups coordinated to fluorovanadium-

V).
Experimental Section

All chemicals were of reagent grade. Infrared spectra were recorded
on a Perkin-Elmer Model 125 spectrophotometer separately in KBr
and in Nujol media. Experiments on molar conductance measurements
were made by using a Philips PR 9500 conductivity bridge. Magnetic

(1) N. Vuletic and C. Djordgevic, J. Chem. Soc., 1137 (1973).

(2) S. Yamada, Y. Ukei, and H. Tanaka, Inorg. Chem., 15, 964 (1976).

(3) S. Funahashi, K. Harraguchi, and M. Tanaka, Inorg. Chem., 16, 1349
(1977).

(4) K. Wieghardt, Inorg. Chem., 17, 57 (1978).

(5) U. Quilitzsch and K. Wieghardt, Inorg. Chem., 18, 869 (1979).

(6) S. Funahashi, K. Ishihara, and M. Tanaka, Inorg. Chem., 20, 51 (1981).

(7) M. K. Chaudhuri and S. K. Ghosh, Polyhedron, in press.

susceptibility measurements were made by the Gouy method using
Hg[Co(NCS),] as the calibrant.

Synthesis of Alkali-Metal and Ammonium Triperoxyfluoro-
vanadates(V), A,[V(0,);F] (A = NH,, Na, and K). As the methods
of syntheses of the ammonium, sodium, and potassium triperoxy-
fluorovanadates(V) are similar, only a representative method is de-
scribed.

Pure V,05 and dry fluoride AF (A = NH,, Na, or K) were taken
with maintenance of the molar ratio of V,05 and AF at 1:2 and mixed
thoroughly by powdering together in an agate mortar. The finely
mixed powder was dissolved in 6% hydrogen peroxide, with use of
60.0 mL of hydrogen peroxide/g of V,0Os, by stirring the solution
magnetically. After dissolution was complete, the solution became
transparent red. The solution was filtered to remove any undissolved
impurity. To the filtrate was slowly added with continuous stirring
an excess of hydroxide AOH (A = NH,, Na, or K), with maintenance
of the molar ratio of V,05 and AOH at 1:12. While the stipulated
amount of ammonium hydroxide was added in the form of its 25%
solution, sodium and potassium hydroxides were added in their solid
form. The color of the solution changed from red to yellow and
ultimately to blue with the progress of addition of the alkaline medium.
After the addition of alkali-metal or ammonium hydroxide was over,
the deep blue solution was cooled at ice-bath temperature for ca. 15
min. An excess of alcohol was then added to the cold solution with
stirring whereupon the deep blue microcrystalline A,[V(O,);F] was
obtained in a very high yield. The reaction container was allowed
to cool for ca. 30 min, and the compound was then separated by
centrifugation, washed several times with alcohol, and finally dried
in vacuo over phosphorus pentoxide. The specific gram amounts of
the reagents used and the yields of various alkali-metal and ammonium
triperoxyfluorovanadates(V) are reported in Table 1.

Elemental Analyses. Vanadium was estimated volumetrically, after
the peroxy oxygen was expelled, by titration with standard potassium
permanganate solution. A near-boiling vanadium(V) solution was
treated with a stream of sulfur dioxide for ca. 10 min and then with
a rapid stream of carbon dioxide to expel any excess of sulfur dioxide.
The vanadium(IV) solution was then cooled to ca. 80 °C and titrated
with standard potassium permanganate.® The peroxide content of

(8) M. C. Steele and F. M. Hall, Anal. Chim. Acta, 9, 384 (1953).
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Table I. Amounts of Reagents Used and Yields of A,[V(0,);F] (A = NH,, Na, or K)

amt of V,0q, amt of AF, amt of 6% H,0,,
compd yield, g (%) g (mmol) g (mmol) mL (mmol) amt of AOH (mmol)
(NH,),[V(0,),F] 1.9 (86) 1.0 (5.5) 0.4 (10.9) 60.0 (105.8) 9.2 mL (25% soln) (65.7)
Na, [V(0,),F] 2.0 (87 1.0 (5.5) 0.46 (11.0) 60.0 (105.8) 2.6 g (65.0)
K, [V(0,);F] 2.3 (85) 1.0 (5.5) 0.64 (11.0) 60.0 (105.8) 3.7g(65.9)
Table II. Analytical Data and Structurally Significant IR Bands of A,[V(0,);F] (A =NH,, Na, or K)
% found (% calcd)
compd AorN A% 0p° F IR, cm™! assignts
(NH,),[V(0,),F] 13.81 (13.87) 25.22 (25.23) 46.97 (47.54) 9.52(9.41) 850 (s) V_Q-0-
475 (s) W-F
3158 (m) v,
3040 (s) v,
1400 (s) v,
Na,[V(0,),F] 21.56 (21.70) 24.12 (24.04) 44.87 (45.30) 8.89 (8.97) 855 (s) V_0-0-
470 (s) VY_F
K,[V(0,),F] 32.11 (32.03) 20.81 (20.87) 38.93 (39.32) 7.85 (7.78) 855 (s) Y.0-0-
470 (s) PY-F

¢ Peroxy oxygen.

these compounds was determined by redox titration with standard
potassium permanganate solution® in the presence of boric acid.
Fluoride was precipitated as lead chloride fluoride, PbCIF, and chloride
was estimated by Volhard’s method, from which the fluoride content
was calculated.!’® The volumetric procedure was carried out at pH
3.6-5.6. Sodium and potassium were determined by flame photometry
after the salts were dissolved in water and the solution was acidified
with hydrochloric acid. Nitrogen was estimated by a microanalytical
method, and al] analytical data and the IR band positions are set out
in Table II.

Results and Discussion

General Synthesis. It has been known for quite some time
that vanadium(V) forms yellow diperoxyvanadate(V) in al-
kaline medium,!12 which is generally stable in solutions of
high pH (>7). The yellow species is converted to red mono-
peroxyvanadate with increasing H* ion concentration™!2 of
the solution. However, none of these reports mentioned the
formation of a blue coloration of the vanadium(V)-hydrogen
peroxide system, though the solid blue tetraperoxyvanadate(V),
viz., K5[V(0,),], has been known,!> presumably having a
dodecahedral structure analogous to that of the corresponding
peroxychromium compound.!*

In the course of our studies” mainly aimed at the synthesis
and structural assessment of peroxyvanadium compounds, we
observed that the addition of a larger amount of alkaline
medium changed the yellow color of the solution owing to the
diperoxyvanadium(V) to deep blue. We also observed that
a relatively lower amount of alkaline medium assisted by
comparatively higher temperature gave rise to the same color.
In line with our contention of synthsizing peroxyvanadium
compounds, we thought that the higher temperature might not
be a very conducive condition for achieving the goal. Thus,
we preferred the enhanced alkalinity of the medium rather
than a higher temperature for the reaction. In order to as-
certain the minimum number of peroxy ligands responsible
for the formation of the blue coloration, we carried out our
studies in the presence of a restricted number of fluoride ions
(V:F at 1:1), strongly stabilizing ligands for quinquevalent

(9) A. I Vogel, “A Text Book of Quantitative Inorganic Analysis”, Long-
mans, Green and Co., New York, 1962, p 295.

(10) A. I Vogel, “A Text Book of Quantitative Inorganic Analysis”, Long-
mans, Green and Co., New York, 1962, p 269.

(11) G. A. Dean, Can. J. Chem., 39, 1174 (1961).

(12) J. A. Connor and E. A. V. Ebsworth, Adv. Inorg. Chem. Radiochem.,
6, 279 (1964).

(13) R.J. H. Clark and D. Brown, “The Chemistry of Vanadium, Niobium
and Tantalum”, Pergamon Texts in Inorganic Chemistry, Vol. 20,
Pergamon Press, Elmsford, NY, 1975, p 519.

(14) J. D. Swalen and J. A. Ibers, J. Chem. Phys., 37, 17 (1962).

vanadium,!® such that at least one coordination position was
blocked by F~ ligands prior to the reaction of hydrogen per-
oxide. Accordingly, the reaction among V,0s, AF, and 6%
H,0, in the presence of a large excess of alkaline medium gave
rise to the formation of [V(0,);F]? species in the solution.
The complex ion was isolated as its alkali-metal or ammonium
salt by the addition of alcohol, which facilitated precipitation
of the solid compounds. A plausible interpretation of this result
is that a very high alkalinity probably helps to remove the last
oxygen from [VO(O,),F]* such that the formation of [V-
(0,);F]? is favored, or it could also be possible that the oxo
oxygen of the yellow diperoxy species is converted to the third
peroxy ligand by abstracting an oxygen of hydrogen peroxide.”
Although there is no direct evidence for either of the two
probable mechanisms, considering the strength of the V-O
multiple bond from IR spectral studies”!” and from the fact
that the oxygen exchange on vanadium(V) ion is very slow,
we feel that the latter mechanism may be more likely, which
is also in accord with very recent kinetic studies.®

The reaction is best monitored by IR spectroscopy. This
was accomplished by isolating a small amount of the compound
followed by recording its IR spectrum. The disappearance of
the sharp band at ca. 950 cm™ owing to vy_g indicated the
completion of the reaction. It is evident that, at least under
the present condition, the minimum number of peroxy ligands
responsible for the formation of blue peroxy compounds is 3.

Characterization and Assessment of Structure. The alka-
li-metal and ammonium triperoxyfluorovanadates(V) are all
deep blue microcrystalline products. They are generally hy-
groscopic, and this tendency seems to be more pronounced with
the Na* and K* salts of [V(0,);F]*". However, they are
capable of being stored in a sealed container for prolonged
periods and the stability can be checked by periodic estimation
of the peroxide content. The estimation of peroxide content
is considered to be of extreme importance in such compounds
in order to decide about the number of such ligands attached
to vanadium(V). We estimated peroxide by redox titration
with standard potassium permanganate solution,’ in the
presence of boric acid to prevent any unwanted loss of active
oxygen, which conclusively suggested the presence of three
peroxy groups per V3* ion in the compounds. That the va-
nadium is in its +5 oxidation state has been ascertained from
the diamagnetic nature of the compounds as evidenced by their

(15) M. K. Chaudhuri, H. S. Dasgupta, S. K. Ghosh, and D. T. Khathing,
Synth. React. Inorg. Met.-Org. Chem., 12, 63 (1982).
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magnetic susceptibility measurements.

Our attempts to measure the molar conductance of A,[V-
(O,);F] in water were unsuccessful. The values obtained were
higher than that expected for a 2:2 type electrolyte. It has
been generally observed by us’ and also by others!? that owing
to their instability the molar conductances of many peroxy-
vanadium(V) compounds cannot be measured. Thus, the
higher conductance values in the present case are not too
surprising.

The IR spectra of the series of three salts resemble each
other very closely (Table II), indicating that the compounds
are similar both structurally and stoichiometrically. The
spectra of the compounds showed absorptions in two charac-
teristic regions, viz., at 850-855 cm™ and at 470-475 cm™.
Each spectrum shows only one strong absorption in the 850—
855-cm™ region, which has been unambiguously assigned!é
as the v_g o mode of coordinated peroxy groups. A single
absorption in this region suggests that all three peroxy ligands
are bonded to the vanadium(V) center in an analogous fashion.
Since the v_g_o_ absorptions occur exactly in the region sti-
pulated for the triangularly bonded peroxy groups, we infer
that all three peroxy ligands in the complexes are bonded in
a triangular bidentate manner. The absorptions in the com-
paratively lower region, i.e., 470475 cm™, are straightforward
and have been assigned as the vy_g modes arising from the
presence of fluoride ion coordinated to the vanadium(V) center.
This compares very well with the »y_g values observed in the
cases of various fluorovanadate species.”»!” The three extra

(16) W. P. Griffith, J. Chem. Soc., 5345 (1963); 5248 (1964).

(17) (a) J. R. Ferraro, “Low Frequency Vibrations of Inorganic and Coor-
dination Compounds”, Plenum Press, New York, 1971, p 147. (b) M.
Goldstein, R. J. Hughes, and W. D. Unsworth, Spectrochim. Acta, Part
A, 314, 621 (1975); (c) H. Reiskamp and R. Mattes, Z. Naturforsch.,
B: Anorg. Chem., Org. Chem., 31B, 537 (1976).

vibrations at 3158 (m), 3040 (s), and 1400 (s) cm™ in the
spectrum of (NHy),[V(0O,);F] have been assigned to the v,
vy, and v, modes of NH,*.

In an attempt to study the effect on the basicity of peroxy
ligands as a function of the number of peroxy groups coor-
dinated to the vanadium(V) center, we compared the IR
spectra of A,[V(0,);F] with those of A,[VO(O,),F] com-
pounds, recorded under identical conditions. It is interesting
to note that, while v_g o_ absorptions for A,[VO(O,),F]
compounds lie in the region 870-895 cm™!, those of A,[V-
(0,);F] compounds lie between 850 and 855 cm™. The low-
ering of the values must be attributed to the lowering of —O—
O- bond order of the coordinated peroxy groups in the latter
case. In other words, removal of further ,, density from O,*
to the vanadium appears to have taken place in the case of
A,[V(0,);F] which has been facilitated by the attachment of
a fluoride ligand to V>*. This observation enables us to infer
that the basicity of coordinated peroxy ligands increases with
the increase in the number of such ligands coordinated to
vanadium(V) and lend support to the proposition made by
Quilitzsch and Wieghardt® from their studies in solution.

Thus, it appears from our present work that the peroxy
ligands are triangularly bonded to V** and the complex species
[V(0,);F]* may have a heptacoordinated monomeric struc-
ture but the probability of a polymeric structure through a
weak V-F-V bridging can not also be totally ruled out.
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Synthaesis of Alkali Diaquafluoro-oxoperoxovanadate(iv} Complexes

IVO{0,}F(H.0).]1 ‘
Mihir K. Chaudhuri ® and Soumitra K. Ghosh

Departrient of Chemistry, North - Eastern Hill University, Shillong 7893 003, india

Oranps-red alkati metal diaquativoro-oxoperoxe vanadates(v), A{VO(0;)F(H,0);] (A = M. K fh,

or Cs) have been synthesised by the reaction of A[VOF,] with H;0, in the molar ratio 1: 12 foliowod
by pracipitation with ethanol. Characterisation of tha compounds was made from the resulis of chemicel
analyses, chemical detesmination of oxidation state of vanedium, tr, and slectronic spectroscapic
studies and magnetic susceptibility messurements. Lr. specira suggest that the peroxo-ligand is

bonded to the V4* centre in a trianguiar bidentate fashion.

Studies on various aspects of peroxovanadivm chemistey has
watned considerabie current interest ! probably because of
the diochemicu! significance of peroxavanadim compounds.’
White most of the recent papers un the topie deal with the
sofution chemistry of perowovanadium compienes, synthesis
and structural pssessment of peroxe- and  hetero-hgand
peroxo-compounds of vanadiwm have received much less
atteniion. In a continuation of our studies en the synthesis
and structural assessment of hetero-ligand peroxo-compounds
of vanadium{vi®® we thopght it would be wonl while fo
synthessse  heserosligand  perosxovanadate{iv)  compounds,
Accordingly, we have now performed the reaction of atkal
tetraltuoro-oxovanadates{v), AIVOF.} (A - NI, K, b, or
Cs), with 6°7 hvdrogen peroxide under a weak acidic condi-
nons {pH ce. 4) which enabled us 1o synthesise a series of
atkati  duguafivoro-oxoperoxavanadatesiiv),  AYO(O )P
{H0%T: these neraxovanadaicliv) compounds were abiained,
for the first time, in the sobid stale,

Experimental

The chemicals uged were al! reagent grade products. Alkals
metal difinorides, AHF ' regquired for the preparation of the
atkali metal eirafluoro-onovanadatesivy, AIVOF,]Y wers
synthesssed by the methods developed in thes faboratary., b,
spectra were recorded on a Perkin-Flimer moddd 125 spectro-
shotometer. Blecironie spectial measurements were made en
a (Beckmal modet UV-26 spectrophotometer.  Magnstic
susceptibility measurements were made by the Guoy methad,
usioy He{Co{NCSy] as the caltbrant. Maolar conductance
measuraments were made using a Philips PR 9300 condue-
tivity bridge. The pH of the reaction solutions was miessured
with a Systromes Type 335 digital p meter and also with nii
indicator (BDED paper,

Sywtiesic of  Atkali  Diaonafiupro-oxopero sovanadate{svy
Comploxes, AIVOIODE (1,00 (A NH,. K, Rb, or Cs).—
As the methods of synthesis of these complexes are simitar,
only a representative methaod s described.

Freshly prepared A[VOE,] was dissolved 10 6% hydrogen
peroxide, mamtaiming the molar ralic AIVOR}: B,0, at
E:32 (oY ra. 9), with gentle stirring. The red solution thus
obtined was rooled wn an ive-hath for ca. 20 min. Alcohol was
added, in excess, with constant streing and orunge-red micro-
crysialline AIVOUO,)F(H,0,] was obtained. The compound
vras separaled by centrifugation and washed several imes with
cihanol and finally dried 1 vecun vver diphosphorus penta-
oxidz.

The amounts of reagents and the vields of the compounds
ALVOO,JF(1,0),] are given in Table 1.

2

——

fahis 3. Amounts of reagents used snd yields of alkeh mewad.”
digquafuoro-oxeperosovansdaies(sv) A

Amount of  Amoumt of

Yieldig AVOT Vs 6, O Jem’
Compound (] {rmol) (mmol)

INELHV OO 8 11,00, 02 0.5 220

(7% (an (38.5)
K{VO M 0l (1A £9.4

(87 (9.5} [ELIL}Y
KRMVOUO ), s 0.7 e

(68) 3 {38.%)
CAVORO LD, 0% .7 170

{6%) (2%) (30

Flemental  Anelysiv, - Varadium  estepation wes  done
volumeircally, A solution of the peroxovanadate(sv) con-
paunds, made stightly atkaline with g dilute sodium hydroxsde
solution, was hoiled in order to complerely expel the peroxo-~
oxypen and to convert vanadium{iv) (o vanadium(v), The
solutien was cooled and neutrahsed with ditite sulphuric acid,
A acar-bailing salution of vanadium{v) was treated with a
stremn of sulphur dioxnde for 10--15 ann and then with @
rapied stream of carbon diovide (o expel gny excess of 2ulphur
dioxide. The vanadiumv) solution thus obtained wes then
cooled to ra. 0 °C, and titvated with a standard potassium
permanganste solution ! The peroxide content in each of the
compounds wos deteymined by odemetry,’ and also by
titration with a standard Cet* solubion ™ Fluoride, potassium,
and nitraogen were estimated by the methods described in our
eatlier paper.?

The aoaiytical datn, ir. hand postions angd the electronic
spectral data are set out in the Table 2.

Resndts and Biscussion

tn the course of our studies iavolving the synihesis of per-
axofluore-compounds of vanadiunvy,* ® we obtsined a red
solution containing V', AF, and H,0); at a pHl ca. 4, and
presumed that the species tesponsible for such g colour must
be ditTerent from those praviousty isotated by us.*® Further,
it was expected that the number of perovo-groups honded ta
vanaduim i acidic medim % wauld be less than thet in
atkaline otedinn, and that 1,0, would probably be able to
seduce VY 1o VA i acdic medium. T view of she above
cansiderations the reaction between AIVOF] nad 6% $1,0,
was carried out and a ved solation was obtained. The ptt of
the solution was found to be cn. 4. The perorovanadintm
compler species was isolated in the sobd state as its alkali
meta! salts, AIYOO NP0 by addition of aicohio! which
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Table 3. Analytical data, magnetic moments, structuraily significant L¢, and electronic spectral bands of A[VO(OIF(HLON (A ~ NH, K,

Rb, or Cs . Electrortc
Amlys‘!& ow - , abtorption
Compound ar JBM. A v o« F Ly (em™) :\(;si!tcv;:mn'. ::n;z;) Tmm&t;on
0 173 B3¢ 302 193 108 95%s -0} f € =B,
INHUIVOOIF(H,ON @157 (296 (18.6) (1109 (5008 VO-0)
Wi ' wWV-Qy)
47% WY-Feoyy 170689 b, =By
3i%mby VO3
b 62Swhbr  BH-O-R)
30408 VIN-E) v,
| dais AN-HY v, e
v 1 1.75 08 2385 1Lt 104 940g vy -0} 1) S ¢ oy
KIVO(0,IFH,ON] 130.25) (264) (16.58) (9.8%) B w0 -0}
608 vf‘/‘O;)
4708 WV oo i) 17 629 Ity wye oy
3165mbr  V.O-H)
D 620whr  SK-O-H)
VOO )® L0 2.7 139 7.8 97 WV—0)
ROIVO(Q.=(EOL] (21.25) (1335  (7.95  R8ns WO )
550 WV -0
47% VV-E - )
3i60mbr VO H}
635wz B(H -O-H}
SO0 F(H,0),) 173 18,3 1.8 6.8 9698 wY-0)
(17.78) (i1.15)  (6.6) 895s vO-0)
£40s WY-0)
4RO WY=E V)
1150mbr  WO-H)
Le2owbr B QM)

» Megsured at 295 K. * Calculated values are in parentheses. ¥ Peroro-oxygen. ¢ Analysis for N.

possibly facilitated the reduction of V** 16 V** and pre-
cipitation of the complex, The occurrence of reaction between
A{VOF,] and H,0, was ascertained by the appearance of a
pew band at ca. 820 ¢cm™*, due to the v(O-0) mode of a co-
ordinated Q- from a small amount of the sample isolated
from the sclution. Tt was previously reported ' that K-
V0.0, F,) was isolated from the reaction of V,0;, 40%,
HEF, and H,0, at high acidity and K,{Y0{0,);F] was isclated
ai pH 4. in the present case, however, the reaction of A[VOF,]
with H;0, at pH 4 followed by addition of alcoho! afforded
compounds of the type AIVO(O,)F(H,0)).

Characterisation and Assessment of Struciure.—The com-
pounds A[VO{O)F(H,0),] are all orange-red, micrpcrystal-
line and insoluble in common organic solvents. They decom-
pose in water thus precluding their molar conductance
measurements. In fact, owing to their instability, most of the
peroxcvanadivm compounds do not permit molar conduct-
ance measuremenis.®*'® The compounds A{VO(QF(34,0),)
can, however, be stored in sealed containers and their stability
can be ascertained by periedic estimation of the peroxide
content. The estimation of seroxide is cruwal in order to
determine the number of 0,1~ ligands bonded o the metal
centre. The peroxide contert was estimated by cerimetry
{Ce**) and also by iodometry, the results of which con-
clusively suggest the presence of one O, group co-ordinated
to vanadium{iv). The direct titration with a standard KI[MnG,!}
setution showed the iovolvement of thres electron equivatents,
twa of which origireted from 3,2~ and the third was due to
the procoss V4* —m V¥ 4 e. The magnetic moment valuss
of the compounds (295 K), lying between 1.70 and 1.75 B.M.
(1BM ~927« 10%)7T Yare consistent with the presence
of vanadium(iv) and are in excelleni agreement with those
reporied in the literature for V** sysiems.!’ I\

The optical spectra of AIVO(O,IF(HI0] (A = Na o K},

k4 - ~

recorded imunediately after prenaring solutions in celd dilute
1,0, showed three absorrtions at ca. {F 700y ca, 17 692, and
> 21 400 con Y, with the last being obscured by strong charge-
transfer transitiors. The Srst two bands have heen assigned
10 ¢ - h; and f, .- h; transitions respectively and agres
very well with the reported spectra of oxovanadium{v} com-
plexes, ' giving strong evidence for the presenee of vanadiume
(iv) in the orange-red perorovanadium compounds. Our
observations also suppori the very recent renort ® concerning
the existence of poroxovanadium(iy) in solutions,

The i.r. spectra (Table 2) of the series of four salts ars
similar, showing absorptions at ca. 3 160m, br, ca. | 630w,
br, ca. @60, ca. 8905, ca. 613, and ca. 475s em Y. The band at
ca. 360 cmt has been assigned to the v(V~-0) mode of the
terminally honded V=C group,'® while those at ce, £90 and ca
615 ¢! have been assipned to (O~ 0 and v(V—Q,) respact-
ively of the co-ordinated peroxide.™® %30 The ahsorptions at
ca. 3 160m, br and ca. t 630w, br ¢m ! have been alteibuted
to V(O -H) and 8(H -O-H) modes of co-ordinpted water, The
lowering of the V(O-}) freouencies and broadening of
8(H -O-H) bands relative to those of free water sugges: the
possibitity of intramolecular hydrogen honding.?¥ The band
at ca. 475 cm ' is ayribuied to a V-F stretching mods: its
position suggests the preserce of bridging rather than ter-
mina' ¥, Since the v{O-0) and the complomentary w(V-0,)
fal) in the regions expected for the triangularly bonded 0,
ligands,®*'*%¢ we infer that the peroxide proup is bondzd to
the ¥** ¢entre in a triangular hidentate manner, Two axtra
vibrations at 3 140 andt 1 440 ¢m ! in the cese of the nm-
mondum sall hove been attributed to the v, and vy modes o7
NH, Y. The vy mode of N, * could not be identified dus to its
overlap with the broad w(O -H} mode of water, -

't thus appears ghat the compicr ton has the Tormula
{VO(O;)F(H,O),;‘.:t/onmining a frinngularty bonded peroxide
ligand. The comy'éx species may have e polymeric strugiure
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through V-F-V bridging; however, the possibility of a weak
Y-~V ineraction can not be ruled out completel),
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Notes

Novel Synthesis of Tris(acetylacetonato)iron(i)

Mihir K. Chaudhuri * and Soumitra K. Ghosh

Department of Chemistry, North-Eastern Hill University, Shillong—793003, India

The reaction of iron(1) hydroxide with acetylacetone, in the absence of any buffer, readily gives highly
crystalline tris(acetylacetonato)iron(ii), [Fe(acac)s], in very high vield. Its mass spectrum provides

evidence for rearrangement to give Fe—CHj species.

Known methods of the synthesis of tris(acetylacetonato)-
iron(m), [Fe(acac);], have some limitations in scope. The
reaction between metallic iron and acetylacetone (Hacac) in
the presence of oxygen! is extremely slow. The aqueous
reaction between iron(mr) chloride and acetylacetone in the

presence of a large amount of sodium acetate as buffer * may’

contaminate the product. The synthesis due to Dunne and

Cotton * involving the reaction between [Fe(CO)s;] and

acetylacetone requires the preparation and handling of the

toxic air-sensitive metal carbonyl. The present report describes

a novel synthesis of [Fe(acac);] directly from iron(im) hy-

droxide and acetylacetone, without the use of any buffer,
¥and characterization of the compound [equation (1)].

®  Fe(OH), + 3 Hacac —» Fe®* + 3 acac™ + 3H,0 (1)

Experimental

Reagent-grade iron(im) chioride and acetylacetone were used.
Infrared spectra were recorded on a Perkin-Elmer model 125
spectrophotometer. Magnetic susceptibility measurements
were made by the Gouy method using Hg{Co(NCS),] as the
calibrant. Molar conductance measurements were made
using a Philips PR 9500 conductivity bridge.

The mass spectra were recorded on a Varian MAT CH-5
mass spectrometer using a direct insertion probe. The oper-
ation conditions were electron energy, 70 eV (1 eV ~ 1.6 X
107 J); source temperatures of 50, 100, and 150 °C; resolu-
tion, 1 000; and accelerating voltage, 8 kV. The mass spectro-
metric observations were made with the field of ionising
current sufficiently strong to trap primary ions.

Synthesis of Tris(acetylacetonato)iron(r), [Fe(CsHo-
0,);]—Anhydrous iron(m) chloride (4.0 g, 24.7 mmol) was
dissolved in water (6 cm®) with gentle warming. Ammonia
solution (specific gravity 0.880, 9 cm?, excess) was added
slowly with constant stirring. The mixture was heated on a
steam-bath for 15—20 min, and the precipitate of iron(ir)
hydroxide was then filtered off and washed with water until
free from chloride.

The moist iron(m) hydroxide and acetylacetone (12.0 g,
120 mmol) were placed in a small conical flask, the neck of

" which was plugged with cotton wool, and the whole was heated
on a steam-bath for 35 min. On cooling, large red crystals of
[Fe(acac);] were obtained which were dried on filter paper and
recrystallised from ethanol. Yield, 7.8 g (90%), m.p. 175 °C
[Found: M (mass spectrum), 353; C, 51.2. Calc. for CysHy,-
7e0,: M, 353; C, 51.05%]. Molar conductance (H,0):

VY Q1 em? mol™. Magnetic moment (295 K): 5.92 B.M.
M. = 0.927 X 1072 A m?) (lit.,* 5.90 B.M.).

Results and Discussion

Recently [Mn(acac);] was synthesised by the reaction of
[MnO,]- with acetylacetone’ by exploiting the electron-
transfer reaction between them. The weak acidity of Hacac in
a polar medium and the absence of any reaction of water with
[Fe(acac)s] constitute the basis of the present synthesis. The
method described leads to the rapid synthesis of [Fe(acac)s]
in a very high yield. Analogous methods have been used with
success for the synthesis of [Co(acac),;] from CoO(OH) and
{Mn(acac)s] from MnO(OH). The pH of the solution recorded
immediately after the formation of the compound was found
to be ca. 5 which concurs with that maintained by using a large
amount of sodium acetate 23 in the synthesis of [Fe(acac),]
from FeCl,.

The i.r. spectrum of the compound is unambiguous and
exhibits the typical pattern of chelated acetylacetonates
(acac™) in agreement with those of various [M(acac),] 56
compounds. The mass spectra were obtained using a direct
insertion probe to introduce the sample into the ionisation
chamber without prior heating. The other conditions, except
the source temperatures, were similar to those maintained in
our earlier experiments.”

The spectrum run at 150 °C parallels those previously
reported 3° showing the molecular ion at m/z 353 (intensity
16%) and the most dominant peak at m/z 254 assigned to
[Fe(acac),]* with the major fragmentation pathway being
[FC(C5H702)3]+ —> [FC(C5H702)2]+ —» [FC(C5H702)'
(C:H,0,)]+ —» [Fe(CsH;02)]* —» [Fe(C.H,02)]t —>
Fe*. The metastable peaks at m/z 182.7, 224.9, 100.8, and
126.5 support the fragmentation path. The two additional,
metastable-supported signals at m/z 170 and 71 have been
assigned to the fragment ions [Fe(CH,)(CsH,0,)]* and
[Fe(CHj)]* respectively, providing evidence for easy methyl
migration from carbon to metal presumably favoured by the
formation of a new bond between the metal atom and CHj.
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Alkafi-metal and ammenivm salts of yellow oxydiperoxychlorovanadates(V), ,[VO(O,),C 1}, and biue triperoxychioro-
vanadatestV), A{V(0;),C1] (A = Na, K, or NH,) have been synifiesized, for the first time, by reacting V05 with aikaff
chiloride, ACI, and hydrogen peroxide in varying concentrations of alkaline media, The three kalts of the anion {VO(Qy,CNF
sre comparatively more stable than those of the complex anion {V(O1CH. Characierization of the compaunds has been
made from the results of elomental analyses, magnetic plibility . and [R spectroscopic atudies. The
iR spectra suggest that the peroxy groups are bonded to vanadium(V) ina lmngulnr bidentat¢e manner and that the O-O
bund urder of peroxy ligaads decreases with the increase in the number of peroxy ligands coordinated to the metal center.
The conversian of [VO(0,),Cl)* ta (V(O,),Cl]" and the reverse provide good evidence for the ramle diparoxy-
vanadatet V)-triperoxyvanadate(V) imerconversion.

<

Studies of peroxyvanadium chemistry have generated con- .
siderable current interest’? probably owing to the special ‘ ENT 1-7
biochemical significance’® of peroxy-transition-metal com- FNT 89
plexes. Whereas most of the recent reports on Ix:mxyvanadium ’
chemistry dea! with the studies in solutions,*” the synthesis
and structural assessment of such compounnds have received
only scant attention. Moreover, only a few heteroligand peroxy
complexes of vapadium are known, in contrast to many such .
repotted examnples for the other tr: nsition metais.®™" Our g ENT 9~
interest in this area involving the synthesis, characterization,
structural assessment, and study of the chemistry of peroxy- .
vanadium compounds'>'? has led to the synthesis of chioro- FNT 12,13
peroxy compounds of vanadium(V). la this paper we wish
to report the synthesis of two series of chloroperoxy-
vanadium(V) compounds, viz., the yellow alkali-metal and
antmoniwn oxydiperoxychlorovanadates(V), A;{VO(0,),Cl}, .
and the blue alkali-metal and ammonium salts of triperoxy- :
chlorovanadate(V), A,fV(0,);Cl] (A = Na, K, or NH,), the :
first chloroperoxy compounds of vanadium. Also seported in
this paper are a set of internally consistent data regarding the
effcct on the vg  mode of O," tigands with the increase in
the number of such figands in going from [VO(O,),CI]" to
[V(Oz),Cn“ and the facile interconversion {VO(0,),ClJ* =
[V(0,),CH Y, evidencing the ablluy of such comgpounds o
undergo a basic formation reaction and an acidic dissociation
reaction.

Experiniental Section

The chemicals used in the present work were ali reagent grade
products (B.D H.. Merck, or Sarabhai M. Chemicals). Infrared
spectra weze recorded on a Perkin-Elmer Made) 125 spectrophotometer
separately in KBr and in Nu;ol media. Molar conductance mea-
surcmcnu were made by using a Philips PR 9500 conductivity bridge.

ic pribility measur were made by the Gouy method.
The compound Hg{Co({NCS),] was the calibrant.

Syntheses of A JVO(0,),01] (A = Na, K, or NH,). Vanadium
pentoxide and dry atkali chloride, ACH, taken in the molar ratio 112,
were intimately mixed by powdering them together in an agate mortdr
A concentrated solution of the corresponding alkali hydroxide. AOH,
was then added 10 the mixed powder while the molar ratio V,0.AOH
was maintained at 1.10, and the resulting mixture was stirred at room
temperature for ca. 10 min. Hydragen peroxide (9% solution) was
slowly added to the solution with constant stirring, with the molar
rativ of V,0,:H,0, rising ultimately to 1:14. Stirring was cominved
at room temperature for another 15 min followed by filtration to
remove any undissolved residue, The clear solution was cooled at
ice-bath temperatures for ca. 20 min. An excess of ethy! alcohol was
then added to the cold sofution +.ith stirring until yellow-colored
microcrystalline A,{VO(Q0,),Cl] was obtained. The reaction container
was allowed 10 conled al ice-bath temperatures for ca 10 min. The
componnd was separated by cemtrifugation, washed several limes with
ethyl afcohol untit it was free from atkali, and finally dried in vacuo
uver phosphotus pemtaxide.  The yields of (NH, I {YO(O,),Cl.
Na fYOLO,CH], itnd K,[VOI0,),CH} were 77%, 8%, and 77%,
rcspunvcly

Syntheses of AJV{0,),C)) (A = Na, K or NI1,). The blue alka-
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li-metal and ammonstm triperoxychlorovanadates{ V), A3 V(O.3.Cl,
were synthesized in a manner aaalogous to that d-<cribed atove The
only difference = as that the wolat ratio V;0gACHEADH 1,0, was
maintained at 1 2:15:14  The teaction was maonitered by infrared
specteoscopy. The disappearance of the sharp band at ca. 950 e
OWiNg 10 Fymg in the campound isolated from the reaction medinm
indicated completion of the reaction. The yields of (NH [ ¥{0,),Cl},
Nay| VIO, CH, and K VIO CY) vere 95%, 80%, and 738 re-
spectively.

Conversion of Gxydiperoxychiorovaradate(V), [VO(0,),C1} -, to
Triperoxyclilororsnndate( V), {V(0,)CIF , and Vice Versa. The in-
terconvertion reactions were studied with tlie Na,{ VO(Q,),Cl} and
Na,y [ V(0,),Cl compaunds

Conversion of Naj{VO{0,;),01 to Nay{V(0,);C1}. Sodium oxydi-
peroxychlorovanadste(V) (0.5 g, 2 4 mmol) was dissolved ina com-
centrated solution of sodium hydrovide (2.2 g, 55 mmof) foliowed
by immediate addition of 9% hydrogen pernxide (30 0 mL, 79 4 mmal);
a blue solution was obtained. The .olution was caoled uf jce-bath
temperatures for ca. 15 min, and then an excess of ethyl aicohol was
added to precipitate the blue sodium (riperoxychlorovanadate(V),
Na,{V(0,),Cl}. The compound was scparated by centrifugation,
washed several times with ethyt alcobol, and finally dried in vacuo.

Recomversion of NadV(0,),0] to NadV0(0,),€3} A blue solution
was obtained by dissolving 0.3 g (1.3 mmol) of sodium triperosy.
chiorovanadate{ V) in 30 ml. {79.4 mmol) of 9% hydrogen peroxide
eontaining 3.3 g (83 mmol) of sodium hydroxide Dilute hydrochioric
atid (1 N) was added dropwise until the solution became permanently
yellow. The solution was vooled at ice-bath temperatures for ca 20

_min followed by the addition of an excess of ethyl alcohol to produee
the yetlow sodium exydiperoxychlorovanadate(V), Na,{VO(O,),Cll.
The compound was isofated and purified in a similar mansier to that
described above.

Intercomersion of Na JVO{0;),C)} = NafV(0;),Cl] was also
studicd in the following manner. The yellow solution was first prepared
by the reaction of V,0¢ with NaCl. NaOH. and 9% H;0O, with the
molar ratio nwintsined at 1:2:10:44. Addition of an excess of etfy§
afcohol 10 0 part of the sofution afforded the yeilow sodium oxydi-
peroxychiorovanadate( V), Na,{VO(0,),Cl]. To the remaining so-
lution was added more sodium hydroxide in the fonn of its concen-
trated solution (total mofar ratio of V,0;ACEAOH.H,0; as
1:2:15.14), and a biue sotution was obtained. The blue solution was
divided into two parts, and an cxcess of alcohol was added to one part
of it to produce the sodium triperoxychiorovanadate(V), Na,[V-
(0;);CH. Drepwise addition of ditute hydroehloric acid (1 N) to the
other part of the solstion until it turned permanently vellaw, followed
by the addition of ethyl alcahiol, gave the yellow sodium oxydipec-
oxychloravanadata(V}, Na,[VO{0,),Cl}. Both the basic formation
(peroxide, 0, uptake) and the acidic dissociation (deperaxygenation)
reactions were perfurmed at ice-bath temperaturcs. .

Elemental Anzlyses. Vanadium analysis was done volumetrically,
“after expelling the peroxy oxygen and scparating chloride, by titration
with a standard. potassium permanganate solution was described in
our previous paper,’? The petoxide content of the compounds was
determined by redox fitration with a standard Ce** solution'® and
chioride by Volhard's method.'* Sodium. potassium, and nitrogen
were determined by the methods described in our eardier paper.!? The
analytical data and the IR band positions are summarized in Table

Results and Discussion

Synthesis. 1t has been emphasized in the fiterature!! very
recently that only a few heteroligand peroxyvanadium com-
pounds have been known although there have been many such
examples for other transition metals. It is possible that va-
nadium presents a different story owing to the uncertain nawwre
of peroxyvanadium species in solutions of varying pH.*¢"?
An elementary consideration in the course of our studies'*!?
mainly involving the synthesis and structurail assessment of
peroxyvanadium compounds suggested that hitherio unknown
chloroperoxyvanadium compounds could be syntbesized under
suitable conditions. Moreaver, we were interested in ascer-
taining the mimimum number of peroxy groups responsible
for thé formation of blue peroxyvanadates about which no
# mention was made in any of the studies made in solutions.*'*?

fecruse of the very fucile axidation of chloride to chlorine
by hydrogen peroxide in the presence of an acidic medivm,
we thought that un atkahine medivm should be conducive 10

FNT 14
FNT 15
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“the lymhcm of chlompcmxyvanadlum compwudy ‘In nmon!
with the syn&hcnc w(mlcgy) the reactions af V305 with ACL,.
- AOH.and 95" H,0, in"the molar, tatios, of 1V,05:ACHE

AOH: (Y, ‘of 1:2:10-(4 and 22:15:14 f8ve rise o the for-
7

* mation of the yelkr:ll [VO{O;),CII’ and’ bluc [V(O,),C!)"‘ -
: lpccycs,.rcspccuv:ly The: complcx ions \*erc umhlcd in the

solid s1ate as their atkali‘metal and qmummum Salts by the
addition of ethyl alcohol:s The rofe of alohof was to facifitate

observed that, the blue color of the vannd\umu bhydrogen per-

* oxide, system, In the presence. of G ion, was obtained with
- a lclnuvcly fower concentration of the alkafing’ medium ar a
N compamuvcly hsghcr !cmperaum: Ho\ve»cv‘ the higher
i tempcmmrc was not ‘considered favorable for.ihe synthesis of
: such cumpounds awer an rnhanccd concenvration of atkaline

mcdmm The fact: lhat a.very, high conccmrauon of the i~ .

 kaline. ‘medium leads [T the formation of the, trxpcmxy spocies -
) [V(Oj)‘(‘l)" while the’ rclauvcly*lower Conccmmuon of the
" alkaline’medinm produces:[NO(O,C11* suggests,that a very
. kigh, anmlmc mediim prabably hclps replacement of the last
< uxygen from the [VO(0;),CI= byta O~ group,thereby

Iﬁ’?ﬂf’l’ffgfﬁﬁ [Gauricut Offy(OQf,Cl'ju O‘rl‘t'm( (fie oxo.oxygen

of the [VO(O,), G spegies'is converied to'the third peroxy |

Hgand by nhslr:ctmg iy cxygcn ‘of hydrogen peroxide. It is
difficilt for,us ta say; in the absence of any' direct evidence,

: wh:ch ‘of the two mcchamsms is'mor¢ probable. However, the
: faof-that’ oxygcn exchinge on mnat‘mm(V) is very slow® and
the strcng(h of the V'O Jltiple bond is  High, as ev;dcﬂ( from -
. the IR spectroscopic studies of omvanadmm(V) oompicxcx 1218
mdlm(cs that tlic fatler’ mechauisiiy may be more likely. It

" s, thercfore, evidént that) undcr “the upprowmtc conditions,

* the' hc[croperoxy\ Inadmm(V) compuunda of the. types-Aj

‘VO(O::);UI and A3{ V(05),CI] & can be. !Yn(hcsucd and that
". & minimum number-of- three pcroxy grcmps are chmrcd for
:"the formation of blie pcruwyvanadmm compounds X We expect
_ that} B “stonilar <)mhelu: srralcg)' Tan be apthd for the synthesis
15+ of olhcy hc&empcroxyvmmdmm(V) compq“nds . .

Chunclenzﬂion and- Slruclural Assessmm. The a]knh-

< mets) and- ammonium oxyd:pcroxychlomvanadaggs(V) Ay

- [¥YO(O);CN), are yeltow” mxcrocrystalhnc compounds, and the
-similarigalts“of mpcroxychlcrovnnadalm(\') AIV(OCH,
" are blue® The' salts of the asiod [VO(O; )2C12: are generally

more stable ‘than those of the'anion [V(OI)JQ[P A com-

pans&u of the propcrncs ‘of chloropcrox)'vnmdazes(\/) with'

those of the currespondmg ﬂuoropcroxyvaqad tes(V)!23 re.

. veals'that the most notable differéfice that revult from changing

the hetero hg'u\d from F.to Crig the, fall in stability, withi

the dif ference brmg more pmnounccd in Lhe cases of he(cr(r
. lnperoxyvmxadate(

V) Gompounds,. While the aikaii-metat and
nmmomum sansxof ﬂuomtnpcmxyvanadalg(\l) are stable for
prclongcd psnods, 1 those of the chlomperoxyvanad;,lc(v) are
HhCH (A= NH/BEKY ) decomposed to a

{ yellow m)cmc'rysta nej;

of chcxmra! determination and. R vepccuoscopy, buy, definitely
not lo the.extent of three pcroxy figands per vanadium.- The
stlbnht} of the compm.mds ‘was ascertained by pcnodlcally

hmalmg their: peroxide content and Tecording their IR
specira. The determination of pcmndc Cohtent of such. com:
pounds’is .considered 1o becrucisliin order to decide the
number uf such’ grqups coordmated 10 the metsl center. The

- pregipitation of the tompounds, In the covrse’of our work we -

producl, Tiie' ccomposmnn products.
k ha\'e not'yet been’ clcarly identified: howevc,' they have been
. found 10 contain peroxy-gronps, us cwdenu;d by :hg results .

peroxide estimation was accomphshed by redox titration with ~

# standard cerium({}V) soiuuon.“ the.results of which con-
clusively suggested the presence of two peroxy Figands.per V5*

_ ion in the yellow compounds and three peroxy groupa-per V3*

Jomin the blue compoinds., The' dmmﬂzncuc nature.of the

coinpaunds,. 28 evidenced _by their inagnmic’ susccpubxhly :

mcavurcmcms ensures that the vanadinm occirs in its+5

oxidition smlc in each of the newly’ symhes.zcd compounds.
C AN

The IR spcc!m of the three salts of the yeltow fVO-

{0,),C1J7 " ios resemble each other very closely (Table, §),
indicating thereby that the compounds sye-similar both
structurally and stoichiometrically., The nbsmmmmg accurring
fn thc fonr charactenstic rcgmnx vw 81 955-970. 870 890,

ENT 18
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£10-615, and 430 415 cm *. are well precedented in the lit-
erature anil have heen assigned respectively to vy oy of the
terminally banded V=0 group,' """ to the ry »y mode of
coordinaten) perosy ligands,” Yo vy, Fandtory oM The
three extra vibwations af 3166 tmd, 3045 (s). and (400 (s) ¢
in the case of the ammoninm salt have been attributed to the
oy, 1, nd rg modes of N#T* The speciral pattern is in ardey
and conforms well with the farmula A,{VO(,1,CH

The sprctra of the throe salts of the {V(0,),C1]? asnion also
rescmble each pther very strongly, showing absorptions in the
regions 855 -86N0, 615 620, and 410420 cm ', respectively,
owing o the presence of wordinated perocide and chioride
ligands. and the penks are nssigned to the 1, 4. #y_q,, and »y. g
mades. The three extra modes for the MNi{,* ion in the case
of the ammoniutn salt were also observed in their usual pos-
itions. The spectral pattern and the band positions resemble
those of the analogous A,{V(Q,),F] compounds,’ suggesting
that both the triperoxychlorovanadates(V) and triperoxy
flrornvanadates(V) probably have structural similarity.

The rg.y absorptions in the spectrum of each of the com-
ponnds oceur in (he region stipulated for the presence of
teiangularly bond-d 0,2 Yigands,' > Jeading us 10 conchude
that in each of them the peroxy group is bonded to the va-
nadium{V} cemter in a triangulat bidentate manaer, A perusat
of the spectra of the two series of compounds revealed that
thoge of A,[V((3,),Cl] compounds completely tack the ab-
sorption at ca. 5@ cm ' of ry.;. This confarms to the farmnula
AdV(0,),Cl)  The other difference was the shift, thongh
small, in the pogitions of vy o modes to a relfatively lower region
in the cases of the blue peroxy compounds (Table 1) Whereas
the 1o g absorptions for A,]VO(0,),Cl] cornponnds lie in the
region 870 -890 cm !, those for the Ay{V(0,),Cl} compounds
lie in the region 855 -R60 eav’. The fall in the vy o trequency
suggests a decrease in the O O bond order of the coordinated
peroxy figands with the increase in the number of peroxy
gioups bound 1o the vanadium({ V1) center.

Conversion of [VO(0)),(1 to [V(0,),CI)! and the Reverse,
FEridence {or Facile Diperoxyvanadate(V)- Triperoxy-
vanadate(V} Interconversion. Having obtained the yellow
oxydiperoxychlorovanadates{V), A,JVO{(,),Cl}, and the blue
triperoxy chlorovanadates(V), A,[V(0,),Cl], we thought it
would be interesting to study the conversion of [VQ(O,),ClJY
1o [V(0,),C1}? and vice versa. We chose the sodinmn salts
of the anions for such studies because of their stabilities. 1
was observed that under suitable conditions (vide Fxperimentat
Section) Na,[VO(0,),C1] can be easily converted to Na,[V-
(0,),C1}, which apain can be reconverted ta Na,[VO(O,),CHj.
The axydipetaxychloravanadate(V)- triperoxychloro-
vanadate(V') interconversion reactions were found to be quite
{acile, thereby affording a very good example of a process
involting # basic formation reaction aod an acidic dissociation
reaction  Althongh both compounds are formed in the pres-
ence of atkaline wedium and an excess of hydrogen peroxide,
it is the large excess of alkaline medium that favars the for-
mation of the tripetoxyvapadivm({ V) species. The peroxide
uptake and the deperonygenation reactinns can be best mon-
itoren by IR specirescopy. The complete conversion of the
[YO,,014]7 epecies to [V(O,),CHJY is ascertained by ob-
serving the complets disappearance of the vy ¢, hand at ca. 950
e in 2 small amount of the compound isolated] from the
sobtion The teverse teuction, fe., the process {V(0,3,Cij*
- (VO CHY L was eonfiraied ot aaly by observing the
color change of the solution from Hue 1o vellow but glsn hy
noting the appearance of the pew band at atout 950 aiin !
awing ta iy o and the shift of the ¢y  absarption toward a
relatisely higher fregquency

I may be concluded that under the conditions described
nbov e, the compier specics tesponsible for velfow and bue
colors are [VOUO,01)7 and [VIDDC P respectively In
cach of the componnds the peroxy Hgamds are honded in o
trinngular budentate mannee ta the ¥** center 1 he complex
species [VOLO,LCH way be a hexacourdinated monomer
or it may us well be a polymer throogh a wenk V-O-Vora

FNT 19
FNT 26, FNT 21
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weak V-CI-V bridging. Similarly the camples species (V-
(0,),C1]* may be a heptacoordinated monomer o it may have
a polymeric structure through a weak V-Cl-V interaction,
The |[VO(0,),CI)? = [V(0,),Cl)? interconversion provides
# good example of a process that invohios & basic formation
reaction and an acidic dissecintion reaction of perogy-
vanadiom(V; compounds
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Table ), Analytic) Data and Suucturally Significant IR Banda of A,[V0{0,),Q] and A,]Vi0,),01] (A =Ng, K, or NH,)

assignt

% found (% caled) o T
. © compd Ao N v 0,° a IR, cm ™!
. (NH,),( V0(0,),CH 13,21 24.82 32.13 17.92 970 (%) (4T
1 . (13.84) (25.16) (31.61) (17.5D 876 (2)
. 285 (1) F0-0
610 (n) .q,
415 () vy
3160 (m) vy
3045 (1) ¥
N 1400 @) N
Na, [VO(©,),C1] 2.2 24,34 31.33 16.28 955 (8) .0
: 121.65) (23.99) (30.14) 16.69) 875 (s) v
885 (s) -0
610 @) vy.0,
410 (s) V.Gl
K,{v0(0,),01) 31.57 20.21 26.88 14.18 970 () -0
(3197 (20.83) (26.17) (14.49) 875 (s) v
890 (s) o0
615 (s) oo .
© a1 $v-0,
L by-cit
(NH L), V(0,01 1243 2279 44.66 16.72 855 (s) YO0
(2 (23.32) (43.94) (16.29) 620 (¥ WD,
410 () yact
3155 (m) vy,
3040 () v
1400 (s) v,
Na, [ V(Q,),C1} 20.92 22.85 4293 15.22 860 (s) ¥g-0
. (20.13) (22.31) 42.04) (15.52) 615 (8) %y-q,
420 (S) Ilv,,c”
K, i v(0,),CH 3083 20,31 36.13 13.25 855 (3) Y90
(30.06) €19.58) (36 90) (13.63) 620 (3) -0,
415 (s) PyaQl

@ Peroxy oxygen.
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SYNTHESTS OF AIKALI OXYTETRAFLUORQVANADATES(V)
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ABSTRACT

I.R. and ]9F N.m.r. spectroscopy, molar conductance,
magnetic moments and chemical analyses show that alkali
oxytetrafluorovanadates(V), AIZ'VOF4_7, are the principal
products of the reactions of VZO5 with 40% HF and alkali
bifluorides A
at steam bath temperature, While the i.r. spectra suggest
square pyramidal Cq. structures for solid A / VOF 7, the
19F N.m.r. spectrum shows stereochemical non—rlgldlty

HF2 in presence of a small amount of alcohol

owing to rapid fluorine rearrangement between C v and the
trigonal bipyramidal C,  stereochemistry of [—VOF4_7-
in solution,

INTRODUCTION

Although there is 19F N.m.r. spectroscopic
evidence for the existence of the oxytetrafluorovana-
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