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Abstract 

The results of a fluorine n.m.r. study on the 1:1 and 2:1 

complexes of tantalum pentafluoride with organic ligands are 

presented and discussed in terms of the known behaviour of the 

analogous niobium complexes, and in terms of the different 

magnetic properties of niobium and tantaluCT. 

Fluorine and vanadium n.m.r. studies on several fluoro­

complexes of vanadium are discussed. Species studied include 

the VF6 and VOF4- ions. Results for the VF6 ion show the 

expected octet for the 19F n.m.r. spectrum, and 19F and 51 v 

n.m.r, spectra of the VOF4- ion show a rapid intramolecular 

exchange occurring in solution. 

The 19F n.m.r. spectra of solutions of NbF
5 

and TaF5 in 

so
3 

are presented and the results discussed both in terms of 

the structure of the fluorosulphate polymers, and in terms of 

reactions and equilibria occurring in solution . 

The method for a new and convenient preparation of NOS0
3

F 

is given, and the Raman and infra-red spectra of NOso
3

F are 

discussed. 

The results of the reactions of Mo(C0) 6 and Cr(C0)6 with 

NOS0
3

F are presented and discussed, along with the infra-red 

spectra and magnetic susceptibility measurements. 

Supervisor: Professor Kenneth C. Moss 
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Chapter 1. Introduction (A) 

1 . The general chemistry of vanadium, ni.obium and tantalum. 

Niobium and tantalum, along with vanadium, form group Va of 

the periodic table . Following the general trend of increasing 

stability of the higher oxidation states on descending a group , 

one finds the chemistry of tantalum and niobium dominated by 

the +5 state, while the most important oxidation state of 

vanadium is the ~4 state, the ~5 and ~3 states being next in 

importance. 

Because of the lanthanide contraction , niobium and tantalum 

are similar in size and electronegativity . Thus, particularly 

in the -+1 5 state, the two elements exhibit very" similar chemical 

and physical behaviour. Although metallic in many respects, 

these elements show chemistries in the +'5 state which are 

very similar to those of non-metals . The pentahalides exist 

as discrete monomers in the vapour phase, and as dimers or 

tetramers in the solid state . The pentahalides also exhibit 

typical Lewis acid behaviour . 

The most importan t simple compounds of tantalum (V) and 

niobium (V) are the halides and complex halides, particularly 

the complex fluorides. Both pentafluorides form double salts 

with mos t fluorides of groups I and II, either by direct 

addition in the molten state, or i n aqueous solution . Detailed 

studies on the systems M2o5-HF- RF-H20 (R = alkali metal or 

-+!- ) NH4 , M = Ta , Nb show that under appropriate circumstances, 

- 2- 2-crystalline salts containing the ions MF6 , MF
7 

, MF5o , 

MF8
3-, and MF6o3- may be obtained . 1 

Unlike vanadium, where only the pentafluoride is known, 

all the pentahalides of niobium and tantalum are known. They 



range, in the case of tantalum, from the white pentafluoride 

with a melting point of 95 °c., up to the brown-black pen­

taiodide, which melts at 496 °c. They are rel.l typical 

covalent solids, sublimable in vacuum. The pentafluorides 

have a tetrameric structure in the solid state; the other pen­

tahalides exist as dimers, where the structures have been determined. 

2.A review of the complexes of niobium and tantalum pentahalides. 

Regarding chemical reactivity, the pentachloride, -bromide, 

and3 -iodide of each metal exhibit many similarities to the 

reactions of the pentafluoride, but also show some important 

differences. In the case of tantalum, for example, all four 

pentahalides react with various organic donor molecules to give 

1:1 complexes. A list of these complexes is given in table I. 

Table I. 1:1 complexes of TaF
5 

Eentahalide ligand reference 

R20 (R = Me, Et) 2 

TaF
5 

R2S (R = Me, Et) 2 

CH
3

CN present work 

R20 (R = Me, Et, n-propyl) 3,4 

R2s (R = Me; Et, n-propyl) 5,3 

1,4-dioxane 6 

Tac1
5 

(c6H5)3
Po 7 

diarsine 8 
RCN (R = Me, Et, n-propyl) 9 

2, 2'- bipyridyl 10 

Et
2

o 4 

1 ,4 - dioxane 6 

TaBr
5 

R2S (R = Me, Et) 5 
RCN (R = Me, Et, n-propyl) 9 

diarsine 8 

2,2'- bipyridyl 10 

TaI
5 

Et2s 11 

With the exception of the diarsine and 2,2 1-bipyridyl complexes, 

which are probably seven coordinate, these 1:1 complexes can 
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most likely be formulated as monomeric, covalent adducts , 

with an octahedral coordination about the metal. 

The pentachloride and -bromide, however, undergo 

reactions which are not found in the chemistry of the pen­

tafluoride. These reactions can be divided into two 

categories: 

1) Addition reactions which are accompanied by replace­

ment of halogen, usually by oxygen . For example , although a 

1:1 complex is formed when Tac1
5 

is treated with an equimolar 

quantity of (c
6

H
5

)
3

Po in the presence of solvent, 7 Tac1
5 

reacts with an excess of (C
6

H
5

)
3

Po at room temperature to give 

a complex of the composition Taoc1
3

•2(c
6

H
5

)
3

Po.
12 

When the 

same reaction is done using NbC1
5 

and dimethylsulfoxide, 

product obtained is NbOc1
3

•2(cH
3

)
2
so.13 

the 

2) Addition reactions which are accompanied by reduction 

of the metal to a lower oxidation state. This type is 

characteristic of the reactions of the pentachloride and penta­

bromide with certain nitrogen bases. For example, Tac1
5 

reacts 

with pyridine at room temperature to give the 1:1 complex 

14 
Tac15 -c5H

5
N, but if the reactants a r e allowed to stand for 

0 
several weeks, or if the temperature is raised to 50 c., 

quantitative reduction occurs, giving Tac14.c
5

H
5

N. 15 

In contrast, there have been no cases r eported where reaction 

of TaF
5 

leads to displacement of fluorine, or to reduction of the 

metal. Reaction of TaF
5 

with pyridine gives the 2:1 adduct 

TaF5• 2 C5H5N 16 h"l t· f T F "th d" th 1 lf "d , w 1 e reac ion o a 
5 

wi ime y su oxi e 

gives the complex TaF
5

•2(cH
3

)
2
so. 17 
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Although little work has been done on the 2 :1 adducts of 

TaF
5

, the 2 :1 adducts of NbF
5 

have been the subject of several 

investigations. Packer and Muetterties
18 

have studied the 93Nb 

and 19F n.m.r. spectra of a cetonitrile solutions of the reaction 

product of dimethylformamide with NbF
5

, and have shown that the 

NbF6 ion is present, although no attempt was made to isolate and 

characterize the product itself. Moss 19 has subsequently found 

the product to be the 2: 1 adduct NbF
5

•2(cH
3

)
2

NCHO. Studies have 

also been made on solutions of NbF
5 

in ethano1.
20 

These 

solutions possess high electrical conductiv:ity, and the 93Nb 

19 and F n.m.r. spectra again show the presence of the NbF6 ion. 

Molten TaF
5 

and NbF
5 

possess electrical conductivities 

• 21 which suggest self-ionization to the extent of less than 1%. 

Much greater electrical conductivities have been found for the 

17 complexes TaF
5

°2(cH
3

)
2
so and NbF

5
°2(cH

3
)
2
so. In the molten 

state , they are electrically conducting liquids with viscosities 

comparable to the pentafluorides, but the estimated ionization 

is much greater, being 2¥/4 and 53% for the niobium and tantalum 

complexes respectively. Also, bands are observed in the infra-

6 -1 B -1 red spectra at 12 cm. and 5 7 cm. , which are close to the 

8 -1 22 
value of 5 0 cm. found by Peacock and Sharp for the higher 

of the two absorptions expected from the octahedral ions 

NbF6 and TaF6 - • 

More recently, Moss19 has made an extensive study of the 

n.m.r. and infra-red spectra of the 1:1 and 2 :1 complexes of 

NbF
5

• He has shown that the 2:1 adducts can be formulated as 

(NbF4L4~)(NbF6-), and that the 1:1 adducts are very probably 

simple octahedral monomers, 
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He found that in every case in whi ch a 2:1 adduct could be 

isolated in the so lid state, the 93Nb and 19F n.m.r. spectra of 

NbF5 disso]ved in a n excess of the appropr i a te liga nd were con­

sistent with the pr esence of NbF6 - . The same spectra were 

obtained by dissolving the isolated complexes in acetonitrile, 

which itse lf forms a 1:1 complex with NbF
5

. 19 

The 19F and 93Nb spectra of the 1:1 complexes showed only 

a single line at room tempera ture . However, when AgNbF6 was 

dissolved in the ligands which formed 1:1 complexes with NbF5 , 

the characteristic 93Nb and 19F n , m. r. spectra of the NbF6-

ion were observed . Thus, the 1:1 complexes definitely do not 

contai~ the NbF6 ion, but consist of some asymmetric species 

giving an electric field gradient at the niobium nucleus 

sufficient to cause collapse of the expected multiplet through 

quadrupole relaxation of the niobium nucleus . 

Further evidence for the formulation of these complexes 

as (NbF4L4*)( NbF6-) wa:s found in their infra-red spectra . All 

8 -1 2:1 complexes showed a band in the region of 5 0 - 590 cm . 

The value of ,
3 

of the NbF6- ion is 580 cm.-1 22 

The reaction postulated for 2:1 complex formation is 

2 NbF
5 

-11- 4 L ----~ (NbF4L4+) (NbF6-) 

and for 1:1 comp2ex formation, the reaction postulated is 

NbF + L 5 
---¾-

The factors which govern 1 :1 or 2:1 complex formation will be 

discussed later. 

?.• Purpose of research 

We proposed to extend this work to the 1:1 and 2:1 adducts of 

TaF
5

. Firstly, it would show whether the tantalum complexes 
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are similRr in structure to those of niobium . Se condly, if they 

are the same , it would provide a very good system for the study 

of the TaF6 ion , enabling us to study the n.m.r . behaviour of a 

nucleus with an extre~ely l~ge quadrupole moment in a very 

symme trical environment . Tantalum (
181

Ta , I= 7/ 2 ) has a quad ­

rupole moment of 4 x 10-
24 

barns , which is approximately 25 times 

that of niobium (0 . 16 x 10-
24 

bar ns ). Thus , only in the most 

symmetrical environments would one expect to observe spin-spin 

coupling of tantalum to other magnetically active nuclei . 

4. Relevant chemistry of vanadi um (V) 

Although the chemistries of niobium ( V) and tantalu m (V) 

are very similar to one another , both are significantly different 

from that of vanadium in the ~5 state. For example , v
2
o5 is 

a mphoteric , but the acidic properties of the corresponding oxides 

of niobium and tantalum are much less . 

Also , the oxJ½ialides of vanadium are much more stable than 

the parent halides , both in the uncombined state and when co ­

ordinated to ligands . This tendency is much less marked with 

niobium and tantalum . Indeed , in contrast to niobium and tantalum , 

where all the pentahalides are known, vanadium forms only the 

pentafluoride , while all the oxyfluorides are known . 

The pentafluoride is a white solid , me lting t o a viscous 

liquid a t 19 . 5 °c . The high valu e of the Trouton c onstant (33 . 1 ) 

suggests comd.derable a osociation in the liquid state (although 

the vapour is monomeric) , a nd electrical conductivity data suggests 

that it is partially ionized to VF4~ and VF6-. 23 It is a violent 

oxid izing and fluorinating agent, being even more effective than 
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Ve r y l i tt le information i s availa ble on the complex chemistry 

of VF
5

, mainly because of its ease of hydrolysis and extreme 

reactivity with vacuum greases . Reactions with nitrogen ligands 

l ead to r e duc t ion to the quadrivalent state. Reaction with 

pyridine and ammonia lead to the complexes VF4• c
5

H
5

N and 

• 24 VF
4 

NH
3

• With ethylenediamine (en) , the product is Ven
3

F
4

, 

th t t f h • h • k 24 Th 1 th k dd t es rue ure o w ic is un nown . eon yo er nown a uc s 

25 26 26 are those with SeF
4

, XeF
6

, and XeOF
4

• 

No r eactions with oxygen containing organic ligands such as 

dime thylsulfoxide have been report e d . However, it is probable 

that reaction would lead to formation of complexes of the type 

VOF
3

•2L, much the s a me a s reaction of NbC1
5 

and Tac1
5 

with these 

ligands. It is known tha t VF
5 

reacts with so
3 

at room temperature 

solvated t o give VOF
3 

and s
2
o

5
F

2
, while NbF

5 
and TaF

5 
give 

fluorosulphates, which decompose into TaOF
3 

and NbOF
3 

only at 

temperatures gr eater than 100 °c .16 

The most stable of the h exaha lo-derivativ e s of vanadium (V) 

are the fluoro- s p e cies, MVF
6

. These may be prepared by the action 

o f BrF
3 

on a mixture of the appropria t e chloride and vc1
3

. 27 

The se salts are very easily hydrolyzed , and are less stable than 

the corresponding niobium and tantalum derivatives . Moreover, 

there is no tendency for vanadium to irtcrease its coordination 

number to s even or eightt as is the case with niobium and 

tantalum. 

Thus, to complete the n.m.r. study of the hexafluorometallate 

ions of group Va, we proposed to e xamine the n . m.r. behaviour of 

the VF6 ion . Also, we propos ed to study the n . m. r. behaviou: 

of the VOF
4 

ion . This is a ~ontinuation of work begun by us on 
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2~ 

the preparation and structure of CsVOF4• Spectral evidence 

shows the VOF4- ion probably to have c4v symmetry.in the solid 

28 state , and it would be of interest to examine its structure in 

solution by way of n.m.r. spectroscopy. 
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Chapter II. Results and discussion (A) 

1. Factors influencing the formation of 1:1 and 2:1 complexes. 

In general, a solvent (L) can react with an acceptor 

molecule (AX) to form a solvate complex AX L. If the solvent 
n n m 

is an appreciably stronger donor than the ligand (X-) of the 

acceptor molecule, then replacement of x- by Lin the molecule 

AM can occur and will lead to formation of ionic complexes. 
n 

AX -+i m L -- ~ AX L n , n m 
-+rp L - -~ ( AX L ) P+ * p x-· 

- n-p m+p 

The presence of a strong acceptor for the displaced x­

will also assist the formation of ionic complexes; in the 

sys t e m under discussion, TaF5 itself acts as a strong acceptor 

for the F ion. 

Also, the stronger the ligand Lis in donor strength, the 

more likely the reaction is to proceed to formation of an ionic 

complex. Recently, Gutmann29 has introduced the concept of a 

donor number. This donor number has been defined as the 

numerical quantity of the - 1~ value for the reaction 

The donor number is a molecular property of the solvent, and 

i s easily determined by experiment. It expresses the total 

amount of interaction with an acceptor molecule, including 

contributions both by dipole-dipole and dipole-ion ihteractions, 

and by the binding effect caused by the availability of the free 

electron pair. The donor number is considered a measure of 

solute-solvent interaction, only semi-quantitative however, 

since no allowance is made for specific interactions between 

certain individual donor acceptor species. The donor numbers 

and dielectric consta nts of the solve nts used are given in 

table II. 
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'l'ct.ble IL Donor numbers and die l ectric constants of organic 

ligancis 

dimethylsulfoxide 

dimethylformamide 

acetonitrile 

pyridine 

ethyl ether 

e -:~:.yl sulfide 

dielectric cons t ant donor number 

14. 1 

33 . 1 

19.2 

• data from r e f. 19; a ll other values from ref. 29. 

From the table , one can se e that 2:1 complexes are formed 

by ligands of high donor number ; their high donor strength is 

sufficient to displace fluoride fro m the metal . The ligands 

which form 1 : 1 complexes all have relatively low donor numbers , 

which allows rea ction to proceed only as far as the formation 

of AX L • They are not sufficiently good ,,·onors to displace 
nm 

fluoride from the metal coordination sphere , nor are they able 

t ~ give the central me tal an unusually high coordination number . 

The dielectric consta nt of the solvent must also play some 

part . A solvent with a high diele ctric constant will favour 

formation of ionic complexes more than a solvent of low 

dielectric constant be cause of its greater ability to. assist in 

dissociation of the ionic complex. However , the donor ability 

of the solvent is the predominant factor determining whether 

1:1 or 2:1 complexes are formed, since pyridine , with a diele c tric 

constant of only 12.3, forms a 2:1 complex, while acetonitrile , 

with a dielectric cons tant of 38 .0, forms a 1 : 1 complex . 
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2. Infra - red spectra 

For an octahedral ion or molecule XY6 , there are six normal 

modes of vibration . However, only \),
3 

and \.l 4 , shown below, 30 

are i n fra - red active . 

fig . 1 Infra-red active vibrations of an XY6 species 

1 ,\'I 

I 

;ri-; ~-; 
irr-;·1. 

"'-t I . . 
I I 

T ~~ 
i 

22 
Previous work by Peacock and Sharp on the infra-red spectra 

of a number of ·salts of the type AMF
6 

(A= alkali metal , NH
4

+; 

) 8 - 1 M = Ta, Nb indicates a value of 5 0 cm . for v
3

, the higher of 

the two absorptions expected from the octahedral NbF
6 

and TaF
6 

ions o These bands exhibit almost no dependence on the cation ~ 

I n a ll MFG salts studied, the absorption is at 580 -1 
cm . 

thus the presence of such a peak is very indicative o·f the 

presence of the MF6 ion . 

and 

Fairbrother et al . 17 have studied the infra-red spectrum of 

6 -1 S -1 molten TaF
5

• 2(cH
3

)
2
so , and find bands at 12 cm . • and 5 7 cm . 

In our work, we hav e found that all three 2:1 complexes give 

almost identica l absorptions in the region of 570 - 640 
- 1 

cm . 

two bands being observed. The frequencies are given in table III; 

the spectrum of the pyridine complex is shown as an example in 

fig. 2 . 
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Table III. Infra-red bands of the TaF
5

•2L complexes in the 

range 570 - 64o 

complex 

TaF5
1
2C5H5N 

TaF
5

•2(cH
3

) 2NCH0 

TaF5•2(CH3)2s0 

-1 cm. 

frequencies (cm.-1 ) 

580 

580 

580 

623 

625 

625 

-1 With the exception of the 623 cm. absorption in the pyridine 

complex, these bands must be assigned to Ta-F modes. The lowest 

6 -1 absorption in dimethysulfoxide occurs at 70 cm. , and the lowest 

in dimethyformamide at 660 cm.-1 There are absorptions at 

6 -1 6 -1 00 cm. and 19 cm. in the spectrum of pyridine itself, so 

6 -1 that assignment of the 23 cm. band in the complex spectrum to 

a Ta-F mode is not definite. 

The infra-red spectrum of (c6H
5

) 4AsTaF6 , shown in fig. 3, 

shows only one band due to TaF6- at 580 cm.-1 , all other absorptions 

being present in the spectrum of (c6H
5

) 4AsCl itself. 

The infra-red spectrum of the 1:1 complex TaF
5

•cH
3

CN shows . 

6 -1 only one band attributable to a Ta-F mode at 30 cm. Thus, 

the 1:1 complexes do not contain the TaF6 ion, and are most 

likely formulated as a covalent monomeric, octahedral adducts, 

as shown in fig. 4. 

Fig. 4. Proposed structure of TaF
5

•L complexes 

L 

F 

F 
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The presence of bands in the spectra of the 2:1 complexes 

8 -1 -at 5 0 cme indicates clearly the presence of the TaF6 ion. 

The identity of the second band at approximately 625 cm.-
1 

in 

the s11ectra of the 2:1 complexes is not clear, but it may be 

due to the Ta-F stretching mode of the cation, TaF4L4*. 

Further evidence for the formulation of these complexes as 

(TaF4L4*)(TaF6-) is the observation that one can immediately 

precipitate (c6H
5

) 4AsTaF6 from acetonitrile solutions of the 

2 ~1 adducts . This evidence is not totally convincing though, 

s :L::. ce be cause of the high lattice energy of (c6H
5

) 4AsTaF 6 , and 

because of possible exchange reactions in solution, one might 

expect ~any fluorotantalate systems to precipitate (c6H
5

) 4AsTaF6 • 

Indeed, addition of (c6H
5

) 4AsCl to an acetonitrile s olution of 

TaF
5

~cH
3

CN does result in formation of (c6H
5

)4AsTaF6 four to five 

minutes after addition . Immediate precipitation is observed in 

the cases of the 2:1 complexes . 

Attempts to isolate the TaF4L4~ cation by pre cipitation 

with large anions such as B(C6H
5

)4- have not been successful. 

The evidence presented so far, then , indicates that the 

c u 1p lexes of TaF 
5 

with organic ligands are very similar to those 

of NbF5 . The n~mer • spectra , to be discussed next , show that 

these systems may be more complicated than was first apparent . 

3. Relevant nuclear magnetic resonance theory. 

Before starting a discussion of the results , it would be 

useful to r eview briefly the relevant n . m.r. theory. 

Nuclei of spin quantum number I greater than i possess 

non-spherically symmetrical nuclear charge distributions, resulting 

in their having electric quadrupole moments , which may be 
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p ositi·: e or negative, depending on whether the shape of the 

d~stribution is that of an oblate or prolate spheroid . 

Consider a system in which n chemically and magnetically 

e q:.tiv :~. J.ent fluorine atoms ( 19F, I=;) are coupled to a nucleus 

A (I greater than½). Then for the fluorine n.mor. spectrum, 

one e xpects a multiplet with 2I * 1 lines, and for the spectrum 

of nucleus A, one expects a multiplet with n*1 lines. 

However, the particul~r contours of the multiplets are 

v z~- ., dependent on the rate of electric quadrupole relaxation, 

wt:c~ means, essentially, that interaction of the quadrupole 

mo me nt of A with the electric field gradient at nucleus A caus es 

ra~id transitions between the spin states of A. Thus; a 

particular fluorine nucleus is coupled to a particular spin 

state of A for a length of time which depends on the rate of 

quadrupolar relaxation. 

The problem of line shape dependence of multiplets on the 

rate of quadrupolar relaxation has been solved in quite a general 

form. 31 The main step involves calculation of P mm·•; the tota,l 

p~r bability per unit time , as far as a fluorine spin is con­

( . 1➔ .::~ c d, of transitions occurring between states m and m I of 

nucleus A. Making several assumptions, one can show that the 

special contour of a spectral line is determined by fixing only 

2 2 
one parameter •:><. = (e gQ) y o q is the electric field gradient 

Jh ..., 

at the position of nucleus A, Q is the electric quadrupole moment 

of A, J is the coupling constant between A and F , and t'c:.. is the 

correlation time, which can roughly be defined as the length of 

time that two nuclei remain in a given orientation relative to 

one another. 



A,3 collapse proc eeds by i ncrease of .:::< , each line is 

broade ne d , the intensity maxima shift, and the p eaks become 

o7erlapped , merging into fewer diffused peaks , until finally , 

all v a .lesce int o a single peak. 

>l depends on q,Q , J, and rr~. For a given chemical species , 

the f i rst three quantities will be essentially independent of 

temperature , viscosity, concentration etc . However , '\'"is 

critically dependent on these three things , particularly 

t ~~~ erature . As the correlation time is increased by decreasing 

t r, ,✓ t emperature , -:x increases , resulting in greater collapse of 

t~,,· multiplet . Thus, variable te mperature studies are a convenient 

way of varying multiplet line shapes. 

The effect of chemical exchange can be tre~ted in a like 

manner. For example, in the TaF6 ion , a fluorine exchanging 

from Ta ' to Tatr has an e qual probability of finding Ta '' in any 

of its eight possible spin states . Thus , although the processes 

are different, the effect is the same ; a fluorine nucleus is 

coup led to a single spin state of nucleus A for a length of time 

wL .. • .. -:; h depends either on the rate of quadrupolar relaxation, or on 

,~ rate of che mical e xcha nge . 

One can thus d e velop an exchange expression analogous to -.:>< , 

such that by fixing this paramete r , one can determine the 

particular shape of t he spe ctral line . Increasing collapse is 

found with increasing rates o f chemical excha nge. 

It has also been pointed out by Packer et a1 . 32 that 

exchange processes can be responsible f or additional quadrupole 

relaxation . Take the example of the TaF6- ion , 

' 
TaF ( n-5 )­

n 
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where 5~ n~ 7, thus indicating no preference for an associative 

or dissociative mechanism. The species on the right hand side is 

in a lower symmetry environment than the Oh symmetry of the TaF6 

ion , and it will consequently experience a very large quadrupole 

coupling . If the fluorine exchange rate has the correct value , 

then there will be an apparent additional quadrupole relaxation 

effect, which will appear in the line shape of the TaF6 ion . 

- 32 This effect has been observed for the NbF6 ion . The 

authors observed a decrease in•up to a certain temp erature, at 

which point, ,..,.,_ began to increase , exchange becoming rapid enough 

to contribu te to quadrupolar relaxation through the me chanism 

jus t described . 

4. 19 F n . m. r . spectra of solutions of AgTaF6~ 

The 19F n . m. r . spectrum of AgTaF6 , recorded in a variety of 

solvents , shows only one structureless absorption at temperatures 

0 0 
from O C. to 25 C. Data are given in table IV . 

Table IV. Chemical shift values of AgTaF6 solutions 

solvent 

pyridine 

dimethylformamide 

acetonitrile 

dimethylsulfoxide 

benzene 

propylene ca rbonate 

chemical shift 

- 118 . 4 

- 116 . 6 

- 116 . 2 

- 120.0 

- 120 . 4 

- 120 . 4 

- 119.9 

- 121 . 8 

(;e.p . m.) temperature 

0 

0 

0 

0 

- 5 

- 10 

25 

25 

( oc . ) 

As can be seen from the data, the chemical shift varies 

little with the solvent used . The data on the dimethylsulfoxide 
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solution shows that the chemical shift has ne gligible t8mDerature 

dependence as well. 

All spectra exhibit a decrease in line width as the tem­

perature is d e creased, and below O 
0 c., a small shoulder appears 

on the TaF6 absorption in the dimethylformamide, dimethylsul­

foxide, and pyridine solution spectra . The spectrum of the 

dime thylsulfoxide solution is shown at -10°c . in fig . 5 . The 

shoulder has a chemical shift of +337 c.p . s. from the TaF6 

absorption . At higher temperatur es , the TaF6 peak is so broad 

that it obscures this shoulder. 

The origin of this peak is not clear, but it may be due to 

a sma ll amount of TaF
7

2
- ion . Preliminary results33 show that 

2-the NbF
7 

and NbF6 ions hav e the same approximate chemical 

shift., . 

5. 19F n . m.r . spectra of 1 :1 complexes of TaF~ 

All 1:1 complexes , with the exception of TaF
5

•( cH
3

)2s, 

were found to be soluble in excess ligand . The spectra show 

only one peak . The data are given in table V. 

Table V. Chemical shift and line width values for 1:1 complexes 

of TaF
5 

complex 

TaF
5

•Et
2
o 

TaF
5

•Et
2
s 

TaF
5

•cH
3

CN 

chemical shift ( p . p,m.) 

-157-7 

-15908 

~139.0 

W~ Jc . p~s .) 

31 . 8 

22 . 2 

These data are consistent with the formulation of these 

adducts as molecular, · octahedral species . Such a complex would 

have a considerable electric field gradient, resulting in a 

single, sharp fluorine signal . The chemical shift values are 

clearly much larger than that of the TaF6 ion. 
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6 . 19F n . mora spectra of the 2 : 1 comp3exes of TaFr • 
:r-

It was found that the tantalum complexes were mu ch less 

solub le in excess ligand than those of niobium . The dimethyl­

sulfoxide complex was the only one sufficiently soluble to obtain 

useful spectra. Both the dimethylsulfoxide and dime t hylformamide 

complexes were soluble in acetonitrile', whi l e the pyridine compl ex 

was not soluble in either pyridine or acetonitrile . 

The n . m. r . spectrum of TaF
5 

dissolved in dimethylsulfoxide 

6 0 0 
is shown in fig . , at temperatures fr om 20 C. to - 40 C. The 

chemical shift values are given in table VI . 

Table VI. Chemical shift values (p . p . m.) f or a solution of 

TaF
5 

in dimethylsulfoxide . 

0 
temp . ( c . ) P.eak 

A B C D 

20 -120 . 2 - 138 . 8 -151 . 7 

0 -1 20 . 7 -1 37 . 4 -1 50 . 5 

- 20 -114 . o -121 . 3 -149 . 8 

-30 - 113 . 7 -121.3 

_4o -1 13 . 8 - 121. 4 

Moss, 19 in his work on the c omplexes of niobium , found no 

signal for the cation NbF4L4~ in his spectra . The spectra which 

one observes for the dimethylsulfoxide complexes of tantalum are 

much more complicated than those expected for simply the TaF6 

ion . From a s t udy of the chemical shift~: of the AgTaF6 solutions , 

we can assign absorption B to the TaF6 ion . The other three 

abs orptions are not present in the spectra of AgTaF6 in any of 

the solvents used. Thus , they are not due to interaction of the 

TaF6 ion with the solvent , and can only be due to the cationic 

tantalum-fluorine species in solution . 
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One also obs erves great changes in intensity of the four 

absorptions wi th t emp erature. 
0 

In the range f ro m 20 C. to about 

0 
-10 c. , what one observes is an increase in TaF6 concentration , 

coupled with a decrease in the intensity of peak D; peak C also 

de creases sli ghtly . These trends are shown i n fig . 7. 

What is observ e d , then , i s a temperature d ependent 

equilibrium involving TaF6 and other tantalum - fluorine species 

in solution . The equilibrium which best accounts for the 

observed data is 

There is no indication of the v a lue of n, but it will not 

make any difference as far as the intensity of the fluorine signals 

is conc e rned . The most like ly value i s four , which will give the 

me tal an octahe dra l coordination . 

- * Assuming equimolar conce ntrations of TaF6 and TaF4L4 to 

begin with, one can calculate values of the per cent of the total 

fluorine present as each of the v a rious spe cies for va rious 

positions of the equilibri·um . This is shown in fig . 8 , plotting 

per cent of the tota l amount of fluorine a gains t per c ent of 

Ta F4L4* r emaining on the l eft hand s ide of the equilibrium. In 

0 0 
the range from 20 C. to -1 0 c. , the actual curves for peaks 

- * Band D closely resemble those expected for the TaF6 a nd TaF 4~4 

ions . Peak C do es not show the b ehaviour expe c ted for t he 

Ta F
2

L4
3+ ion, showing a sli ght dec r ease inst ead of an increase . 

In any case , the situation is further co mplica t ed by the 

presenc e of a second equilibrium . At approx i mate ly - 10 °c. to 

0 
-15 c., a third peak appears upfield from the TaF6 absorption, 

gradua l ly increasing to about 25% of the to tal fluorine inte nsity 
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at -40 °c. Accompanying this i .s a decrease in TaF
6 

concentration. 

What is occurring he re is not cle a r. 

The dimethylformamide complex is suff iciently soluble in 

dimethylformamide t o give a fluorine spectri.:m a t room temp e r ature 

of three peaks, with c hemical shifts of -117. 4 , - 141.4 , and -1 56 . 6 

p . p . m. These peaks a r e a nalogous to peaks B, C and D of the TaF
5 

in dimethylsulfoxide spectra . The spe ctrum is, however, not 

inte nse e nough for accura t e intensity measurements to be made . 

Addition of KF to an acetonitrile solution of TaF
5

• 2(cH
3

)
2
so 

produces a single sha rp peak with a chemica l shift of -118 p . p . m. 

due to Ta F
6

• All other absorptions ha v e disappeared due to 

reactio n o f a ll cations present with the fre e fluoride : 

Ta FxLy ( 5-x) -14 + (6-x ) F- - --t Ta F
6

- * y L 

Addition of (c6H
5

)4As Cl to an a cetonitrile solution of 

e ither the d i me thylfor mami de or dimethylsulfoxide a dduct results 

in disap p earance of all signal s , except for a sma ll, broad signal 

due to TaF 
6 

- , since (c
6

H
5

) L~AsTaF 
6 

is slightly soluble in 

ace tonitril e . The only way one can a ccount for dis appearance of 

a ll ca tionic signa ls is to assume that the equilibrium postulated 

previously has b ee n forc ed to compl e tion by r emova l of TaF
6
-. 

Thus , only 100/4 of the total amount of fluorine i s still present 

3+ in solution as TaF
2

Ln . Thi s fact, c oupled with the great broad-

ness o f the signal , may ma k e t he signal indistinguishabl e fr om 

the base line . 

On the surface , then, it appears that the TaF
5 

and NbF
5 

systems a r e differ ent in the 2:1 co mp l ex case , judging fro m the 

n.m.r . spe ctra. However , this m.ay or may not be the cas e . 
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Let us con~ i der what would happen if the n i obium s ys tem were 

under going a simila r equilibrium: 

+ NbF L 3~ 
2 n 

(8-n ) L 

If this equilibrium has proc ee ded 50"/o to the r ight , for example, 

then 75% of the total fluorine i s p r e s ent as NbF6- . Thus, if 

the signa l s for the two cations were v ery broad, they might be 

indistinguisha ble fro m the base line . One would predict that 

such cationic signals in the niobium case would be much broader 

than thos e of the tantalum cations due to the much slower quad ­

rupole relaxation rate of niobium . An example of this greater 

broadness of niobium signals is found in the 1:1 complexes . 

For example , the c omplex TaF5°Et
2
s has a Wi of 32 c.p . s ., while 

the complex NbF
5

•Et
2
s has a Wi of 131 c . p.s ., or about four times 

the width of the tantalum signal . If the cationic signals in 

the niobium s pectra were anywhere near four times as broad as 

those i n the tantalum spectra , thiA would make them v ery difficult 

to discern from the base line , since the signals in the tanta l um 

spectra are already qu ite broad . 

Also, the NbF6 ion in such a system gives a well-resolved 

decet , with JNb-F = 335 c.p.s.
19 

Thus , the NbF6 absorption is 

approximately 3015 c . p.s. wide, and any signals within a range of 

approximately 1500 c.p.s . from t he centre of the decet will be 

obscured by the NbF6 decet. If the signals are broad , they will 

have littl e effect on t he shape of the decet , and will thus go 

undetect ed . In the tantalum spectra , the two downfield signals 

ha ve shifts of onl y 942 ~ . p . s . and 1680 c . p.s . from the TaF6 
abs orption . If the shifts of the niobium cations from the NbF6 
resonance were nearly the same (which i s a goo d assumption) , then 
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clearly the first p eak would fall underneath the NbF6 resonance, 

and only a small cha nge in the chemical shift of the second peak 

would put it underne ath the NbF
6 

resonance alsoe 

One does not encounter this problem with the TaF
6 

ion, 

since the single peak observed only has a maximum W1 of about 
2 

1100 c.p.s. 

The 19F n.m.r. spectra of an acetonitrile solution of 

TaF
5

•2(CH
3

)
2
so were also recorded at temperatures of 20 °c. to 

0 
-20 C. The spectra are shown in fig. 9, and the chemical shift 

values are given in table VII. 

Table VII. Chemical shift values of the peaks present in the 

19F spectra of a solution of TaF
5

•(cH
3

)
2
so in acetonitrile. 

temp. 
(~C u ) 

peak 

A B C Tu E F G 

20 -11900 -140.1 -153.0 

10 -11 9 .0 -14o.o -152.0 

0 -118.7 -139 .4 -1 51 .4 -122.0 

-10 -118.3 -1 ;9 .0 -150.6 -121.6 -154.5 

-20 -158.6 -118.3 -13 9 .0 -150.1 -121.3 -153-5 -137.4 

Peaks B, C and Din these spectra can be identified with 

peaks B, C and Din the spectra of the solution o f TaF
5 

in 

dimethylsulfoxide. The chemical shifts are nearly identical. 

Peaks B , C and Din the spectra of the TaF
5

:2(cH
3

) 2so/ acetonitrile 

solution have shifts of -119.0, -140 .0, and -152.0 p.p.m. at 

20 °c., while peaks B, C and Din the TaF
5
/dimethylsulfoxide 

solution spectra have shifts of -120.2, -138.8, and -151.7 p.p.m. 

at 20 °c. Peak Bin the TaF
5
/dimethylsulfoxide solution spectr~, 

and peak Bin the TaF
5

•2(cH
3

)
2
so/acetonitrile solution spectra 

can definitely be identified with the TaF
6 

ion. Peaks C and D 
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in the TaF
5

/ d ime thylsulfoxide solution spectra, corresponding to 

peaks C and Din the TaF5•2(CH3)
2
so/acetonitrile solution spectra 

are tentatively identified with the TaF 
2

Ln3* and TaF4L4+' cations 

respectively . 

However, at te mpe r a tures below 10 °c., additional absorptions 

nnt observed in the Ta F5/dime thylsulfoxide solution spectra begin 

to appear. Furthermore, peak A found in the TaF
5
/dimethylsul­

foxide solution spectra do e s not appear. 

The origins of the other five p eaks are not k nown for certain. 

They are not due eithe r to HF, SiF4, or SiF~-, which have 

chemical shifts of +121.0, +833.0, and +i49.8 p.p.m. from CF
3

COOH. 

They ar e also not due to polymeric anions such as Ta
2

F
11 

, since 

no combination of these peaks have ratios of 8:2:1 which would 

be expected for such a species. One can also rule out either 

complet e or partial fluorination of the acetonitrile , since 

a) no fluorine signa ls (other than the reference) are observed 

in the chemical shift range for fluorine on ca rbon, and b) the 

1H n.m.r. sp ectrum of t his solution showr~ only the peaks 

expected for dime thylsulfoxide, and no peaks due to such spe cies 

as CFH
2

CN or CF
2

HCN. Formation of such spe cie s as TaOF
3

•2( c H
3

)
2
so 

1 
is also rule d out since t here ar e no p eaks in the H n.m.r. 

spectrum due to (cH3)
2
sF

2
, which ~ne would expe ct also as 

a produc t . 

The most like ly exp l a nation for t hes e extra pea ks is ligand 

ex chang e with the cationic tantalum-fluorine spe cie s in solution. 

Interaction of aceto n i t rile with TaF6 ion is ruled out, since 

an acetonitrile solution of AgTa F6 shows only the peak due to 

the TaF6 ion. 
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Consider the equilibrium ~hich was postulated earli er: 

(8 - n ) L 

Particularly if the re is a ~-ar ge excess of acetoni trile , one 

would expec t acetonitrile (L ') to part i cipa te in this reaction 

to give ca t ionic spe cies TaF~_LaL\ + and TaF 2 LcL' d3* wher e , 

presuming retention of the same coordination number , a # b = 4 , 

and c ~d = n in the equilibrium above . These cations will have 

different chemical shifts fr om the cations containi ng only 

dimethylsulfoxide . 

Again , changes in intensity of the various p e aks a re 

obs e rved with changes in temperature . Because of the large 

number of peaks prese nt , no us e ful conclusions can be drawn 

about th e e quilibria occurring . 

The n . m. r . sp e ctra of an a cetonitrile solution of the 

dimethylformamide adduct show essentially the same be haviour . 

The pyridine adduct is insoluble in acetonitrile . 

19 A detailed discussion of the F n.m. r . spectra of the 

ion . 

The absence of we ll - r esolved sp e ctra for the TaF6- ion is 

surprising in view of the well-r es olv e d de cet ob tained for the 

- 19 NbF6 ion . 

Tantalum has a sp in quantum number of 7/ 2 . The theoret ical 

s pe ctra expe cted for the coupling of a nucleus of spin I~ 7/ 2 

t o a nucleus of spin I~½ hav e be en calculated , 34 and are shown 

in fig.1 0 . The particular nucleus in which the authors were 

interested was 51 v , but the spectra are applicable to any system 

of I= 7/ 2 , I= ½ coupling. These spectra are calculated in 

terms of dimensionless parameter .... , = 2 JT , which is related 

inv ersely to the expression 0( which we ha ve been using . 



Thus 1 while a decree.s e i n o". urnults fa;, i ncreasing resolution, 

increasing ~. results in greater re solu b .on. 
32 

Packer has made a te'l!perature dependence study of the 

19F spectra of the NbF6 ion, ani two of his spe c tra are 

reproduced in fig. 10. By computer matching of experimental 

with theoretica l spectra , he finds values of e( ::: 30.0 ·.:~ 1.0 

and 408 ! 0.1 fit the most poorly re so lved and the best resolved 

spectra respectively. 

Remember that ot. 
2 2 = (e qQ) ,.r'. • 
Jh c. 

Let us assume that q, J 

and -Y~ have the same value for the TaF6 ion as for the 

NbF6- ion . Now the quadrupole moment of tantalum is approximately 

25 times that of niobium. Since ~ is proportional to Q
2

, the c< 

values for the TaF6 ion will then be 625 times those for 

the NbF6 iono For the best resolve d spe ctrum of the TaF6 ion, 

one would predict a value of approximately 3000; for the most 

poorly resolved spe ctrum, a value 0f 24,4ooo would be predicted. 

Clearly, these values will result in almost complete collapse 

of the expected octet , and probably complete di :::appearance of 

the 181 Ta n. m,r. signal. This explains the observations of 

Hattor.20 who could not find any 181 Ta signal for solutions of 

TaF
5 

in anhydrous ethanol . 

The assumptions of approximately the same values :-:or J, Q 

and ,·< c.. for t he 'l'aF 6 ion a s fo1· the NllF 6 ion a1·e justified. 

Because of the similarity be tween second and thir d r·ow trans ition 

metals, one would expect J to be roughly the s ame , and in any 

ca s e, the expe c ted varia·v ion in J would have only a minor e ffect 

on ex... . q i s mainly a function of molecular syrnmetry 1. and would 

thus be the same for the NbF 6 and TaF 6 ions / whi'cih ar·e both 

· 35 CJCtahedral. The corre lation time is directly proportional 



to a, the r adius of the ion regarded as a sphere in a viscous 

medium , and to '7 ~ the viscosity of the medium~ It is, of course, 

inversely proportional to t~ mperature. All hexafluoroniobates 

a na ta n tal a tes are i sostructural and have nearly the same cell 

36 constu:".lts. Thus it can be assume d that the NbF6 and TaF6 

ions are identical in size , and therefore, for the same solvent 

and concentration, the correlation times for NbF6 and TaF6 

should be approximately the sameo 

The only indication of increasing or decreasing resolution 

of the TaF6 spe ctrum would be an increase or decrease in the 

line width. Packer, in his studies, 32 found that the NbF6 

spe ctrum be came increasingly re solved with increasing temperature 

up to a point where fluorine exchange became significant. After 

this point, the spectra b e came increasingly less resolved. One 

finds the same kind of behaviour shown by the TaF6 ion in a 

solution of AgTaF6 in dimethylformamide . A graph of line width 

at half height against temperature is shown in fig.1~. 

One sees a rapid increase in line width in the range from 

-75 
0 C. to 20 

0 
C. as the correlation time decreases without 

significant fluorine exchange occurring . From 20 °c. to 80 °c ., 

the lir.e width increases at a much slower rate, as the decrease 

in correlation time is nearly matched by an increase in fluorine 

exchange~ 
0 

Above 80 C. 9 a de creas e in line width is seen, as 

fluorine exchange becomes more important than the decrease in 

correlation time . 

8. 19 F n.m.r. spectra oi' VF
5

.:.. 

The first vanadium-fluorine system looked at was vF
5 

itself. 

vF
5 

is a viscous liquid at room t emperature, but has a short 

liquid range, me lting at 19.5 °c. and boiling at 48e3 °c. 
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In the solid state it has a polymeric structure consisting of 

endless chains of mo l e cules linked by cis-bridging fluorine atoms, 

wit h a n app r oxim2.-tely octahee.:ral arrangement of the fluorines 

a -, n-,-~,, ·:·_,__,,, "anad., ·um 37 
J.. 1,.. •. L ..I. -~l ~ . I/ J.. . ) 

v~~ or t u nately , a s ~i table so lvent cculd rot be found for 

low t emperature nom.r. studies. VF 
5 

v,as found to be insoluble 

in perfluorocyclobutane and sulfuryl chlorofluoride (so
2
FC1), 

both of which have proved useful for dissolving other covalent 

fluorides. Thus, because of its viscosity, the n.m.r. spectrum 

at room temperature consists of a featureless peak with a chemical 

shift of -608.7 p.p.m. from internal perfluorocyclobutane, and 

a width at half-height of 319 cop.s. 

9. 19F and 51 v n ~m.r~ sp ectra of the VF6 ion 

The n ext system looked at was the hexafluorovanadate ion, 

using as a source, the silver salt, AgVF6 • 

It has been reported to react with benzene, 38 unlike AgNbF6 

an,' AgTaF 6 ., In the search for a suitable solvent, we found it 

also t o react with dim9t hylformamide, dime thylsulfoxide, and 

pyridineo In the dime thylformamide and d imethylsulfoxide cases, 

a grey- ~rown pre cipitat e r es~lts; in t h e pyridine ca se ~ a red-

brown pre ci2 itate i s formed ~ 

AgVF6 was found to dissolve in a cetonitrile without any 

vi1Sible reaction 7.0 giv e a c1ear yellow solution .-. However, the 

n.m.r~ spectra show two absorptions. The first has a chemic&i 

shift of ~20502 P•P~m. and can be identified with the VF6 ion. 

The second, which r emain~ uniderttifie d, has a che mical shift of 

-374.1 p.p.m. 

The spe ctra of the VF6 ion at temperatures from room 

0 
t emperature to -30 Ce are shown in fig. 12. The spectra 
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expected for a system of equivalent fluorine atoms coupled to a 

51 - 34 V nucleus are the same as those expected for the TaF6 ion , 

and are shown in fig . 1 O. 

At room temperature, the spectrum consists of a broad , flat 

absorption . At 10 °c., the abs orption has flattened even more . 

At 0 
0 c., resolutio n into the expected eigh t line spectrum occurs; 

decreasing the temperature to -1 0 °c. giv es furthe r resolution, 

while decreasing it furthe r r esults in essentially no change 

until the solution fr eezes at -40 °c. The value of JV-F was 

found to be 87 .7 c.p.s. 

The increasing resolution of the multiple t with decreasing 

temperature is clearly indicativ e of decreasing fluorine exchange 

with decreasing temperature . The spectrum could not be com­

plete ly resolved due e ither to the fact that exchange could not 

be slowed sufficiently, or due to the fact that at such low 

temp era tures , the corr elation time has become large enough to 

result in considerable quadrupole relaxation . It may also be due 

to a combinat ion of the se process es . 

The 51 v n . m.r. spectrum gave only a single , broad resonance , 

which only increased in line width as the t emperature decreased . 

10. 19F and 5 1v n .m. r . spectra of the V0F 11 ion. 

The last vanadium- fluorine system studied was the V0F4- ion . 

The 19F and 51v spectra of solutions of CsV0F4 in aqueous and 

anhydrous HF were recorded. CsV0F4 has recently been prepared , 

and infra- red and Raman spe ctra l data show the V0F4- ion probably 

to have c4v symmetry in the solid state . 29 

For both anhydrous a nd aqueous systems , a five line multiplet 

was observ ed for the 51 v spectra, and a broad doublet for the 

1q · r spe ctra . Examples of thes e spectra are shown in figs. 13 
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and 14 . They a re simila r to those r e ported by Gillespie and Rao 

34 f or solutions of v
2
o
5 

in a que ous HF . The fluorine spe ctrum is 

that expected for a case of intermediat e collapse of the expected 

octet , due e ither t o fluorine exchange or to quadrupola r r e lax­

ation of the vanadium nucleus . The va na dium spe ctrum is that 

expected for coupling of four equiva l e nt fluorin e atoms. 

The coupling cons tan t was found to be 120 c . p . s . in the 

aqueous HF so lution , in good agreement with t he previously repor­

t e d value of 122 c . p . s . a t -1 5 °c . 34 Resolution of the fine 

structur e in the 5 1v spe ctra was mor e difficult to obtain for 

0 
the solutions in anhydrous HF , temperatures b e low - 70 C. being 

r equire d to cause splitting . Even the n , the r e solution was not 

as g ood as in the aque ous system . The value o f JV-Fin the 

anhydrous system was found to be 140 ~ 10 c . pos ., an increase 

of about 15"/4 fro m the aqueous solution value of 120 c.p . s. 

Such solvent e ff e cts on coupling constant are now well estab ­

lished , 39 and one would indeed expe ct the s alvation sheath of 

the ion to be quite different in the two solv e nts . 

The 51 v and 19f n . m. r . spe ctra of solutions of NH4vo
3

, 

v
2
o

5
, and v

2
o
5

/ KF mixtures in aqu e ous and anhydrous HF were also 

obtained , and are simila r t o the spectra observed for solutions 

of CsV0F
4

. The fluorin e spectra were somewhat variab l e with 

regard to line width and peak to peak s eparation , depending on 

the solute and solve nt , while the va nadium spectra always con­

siste d of the s ame quintet , the only variab l e be ing the t em­

perature n e cessary to ca us e splitting . The r e l evant data are 

given in t ab l e VIII . 

It is apparent from the data i n table VIII and the spectra 

tha t the spe cies observed f or the CsV0F
4

, NH
4
vo

3

, v
2
o

5

, and 
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v
2
o
5
/KF sys t e ms in aqueous and anhydrous HF are the same over 

the r ange of concentrations studie d . In each case , one observes 

-the spe ctra of the VOF4 ion. 

1 
20 

s ymme try of the VOF4 
- ion Hatton e t a • suggested that t~ 

in solution was c4v' a squa re pyramid, the s a me as that in the 

solid sta t e . This the n e xplains the five line 51 v s pe ctrum a s 

coupling of 51 v with the four equivalent fluorin e s . How ev er, 

51 v, ha ving a spin qua ntum number of 7/2, possesses a qua drupole 

mome nt , and normally one would exp e ct qua drupole relaxation to 

be an importa nt contributor to r e l a xation of the vanadium nucleus, 

exce pt whe n the r e i s a small ele ctric fie ld gradient at the 

va nadium nucleus . For c 4v symme try, there is an appreciable 

electric fi eld gradient, and thus, a lthough a c 4v symmetry 

expl a ins the e quivale nc e of the fluorin e a toms, it do e s not 

explain why va nadium-fluorine coupling is obs erved . 

An alte rnative symme try for the VOF4- ion is c
2

v 1 a 

trigonal bipyramid , but again , one would expect an appreciable 

e lectric field gradient, r esulting in quadrupole relaxation . 

Also, the four fluorin e atoms are no longer magnetically 

equivalent, now existing as two pairs of equa torial and axial 

fluorines . 

One can explain the s e results on the ba sis of e ither a 

rapid interconversion be twee n c 4v a nd c 2v symmetries , or on the 

basis of a rapid intra molecular exchange of fluorines in either 

a c
2

v or c 4v symmetry. The fluorines will thus appear to be 

equivalent ma gne tica lly, and during the time for a quadrupole 

transition to occur, the electric field gradient at the vanadium 

nucleus will be average d to a small va lue. The expected 

vanadium spectrum will therefore be a quinte t. 



TABLE VIII 

19F Spectra of CsVOF4 , NH4vo
3 

and v2o5 
in HF 

Chemical Shift Peak 
Solvent Solute Temp. relative to to· Wl/2 

solvent peak 

l.9% aqueous liF NH4vo3 
0 

-4o c. 249.5 p.p.m. 530 c.p.s. 890 CopoS• 

NH4vo3(0 .27M) 
0 255.3 480 1190 t..n hydrous HF - 90 c. p .p.m. c.p.sc Cop.s. 

NH4-V0
3

(0.65M) 
0 255 .,3 440 Anhydrous HF -92 c. p.p.m. c.p.s. 1090 c.p.so 

. . 

NH4vo
3

(1~3 M) 
0 

470 Anhydrous HF -90 c. ~55°3 p.p.m. c.p.s. 1125 Cop.Se 
. . 

NH4vc3 (1~6 M) 
0 

253.2 _988 Anhyd:::-ous RF -70 c. p.p.m. 570 c.p.s. c.p~s. 

CsVOE 4(1.4 M) 
0 

258.7 714 1106 Anhydrous HF -75 c. p.p.m. c.p.s. c.p.s • 
. . . 

0 248.o 858 ~ A..7l.hyd.rous EF V205 -80 c. p.p.m. c.p .. s. 1150 c.p.s • 
. . . . 

Anhydrous HF ' a v2o
5
;KF 

0 
-70 c. 249.9 p.p.m. 958 c.p.s. 1215 C •P•S • 

VO /KFb 0 249.6 916 Anhydrous HF -80 C. p.p.m. c.p.s. 1230 cftp.s. 
2 5 

a Mole ratio v2o
5

:KF~1:1 

bMole -ratio v2o
5

:KF:1:3 
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Chapter III. Introduction (B) 

1. Review of relevant chemistry of inorganic fluorosulphates . 

Sulphur trioxide combines with fluorides ranging from the 

purely ionic alkali and alkaline earth fluorides , through the 

barely ionic halogen fluorides , to the covalent organic and 

* 
inorganic fluorides . The insertion of sulphur trioxide into 

fluorides markedly alters their chemical and physical behaviour. 

In general , one finds that covalent fl· orides react with 

so
3 

to give fluorosulphates of a pproximately the same degree of 

covalency. Also , one finds generally that the fluorosulphates 

are at most only slightly more associated than their parent 

fluorides. There are, of course, notable exceptions . There is 

abundant evidence for the formulation of NOS0
3

F as an ionic 

compound, (NO+)(so
3

F-), although NOF , the parent fluoride, is 

41 
covalent. Fluorosulphuric acid , formed from HF and so

3

, has 

a much lower degree of association than does the parent fluoride HF. 

The classic method of preparation involves the combination 

of a fluorid e with so
3

, or compounds of so
3 

(eg. c
5

n
5

N•so
3

). 

With ionic fluorides, the method is limited to the alkali and 

alkaline earth fluorides, even under forcing conditions. 

Transition metal fluorides react incompletely, and the thermal 

instability of polyvalent fluorosulphates restricts the 

temperature range which may be used f or their preparation. Many 

covalent fluorides , however, do react completely at room 

temperature. 

so
3 

can be employed more efficiently in combination with 

polar liquids. Thus, fluorosulphuric acid is used in 

neutralization and displacement reactions. The former are not 

* 
for a comprehensive review, see ref. 40. 
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of much pre parativ e value because of the difficulties of product 

separation, but the displac ement reactions have been us ed 

extensively n For example , the fluorosulphates of most of the 

first row t ransition meta ls hav e b een prepared by displacement 

of a c e ta te , sulphat e , chloride , a nd fluoride ion . The ease of 

displac ement was found to be CH
3
coo- > so4 

2- > Cl - > F-. 42 

Fluorosu~phates c a n be prepare d in othe r solvents by reactions 

formula te d as neutralizations . Thus , potass ium fluorosulphate 

has been obtained by the r eactions 

2 HF 

* - fl- -~ and K BrF4 -t1 BrF 2 so
3

F ~ - 2 BrF
3 

in HF43 and BrF
3

44 
resp e ctively, although the reactions shown 

above may be oversimplified, particularly in the BrF
3 

case . 

Displac ement r eactions in BrF
3 

and CH
3

CN have also proved 

feasibl e . In +he former, nitrosyl pyrosulphate can be displaced 

by metal ions when mixed in equivalent amounts: 
44 

(N0)
2

s
2
o
7 1 BrF3 

* BrF3 

1' 

Ag 

JBrF3 

NOF 

NOS0
3

F * AgBrF4 -➔ AgS0
3

F * NOBrF4 

In the latter cas e , solvate d fluorosulphates have be en obtaine d:
45 

It is also possible to prepare many fluorosulphates by 

reaction with radicals thermally generated from J>eroxydisulphuryl­

difluoride , s
2

o6F
2

. For example , the reaction of NO with so3F• 

radicals gene rated in this manne r g ives NOS0
3

F .
46 

One of the first fLwrosulpha t es dis covered, and the one 

which has r e c e iv ed th e most attention sinc e , is fluorosulphuric 

acid, HS0
3

F. It is a n extremely strong acid; thus, HF, H2so4 , 

and HClo4 a re themselves weakly protonated in HS0
3

F. Substances 
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can be classified as either acids or bases in HS0
3
F, and titrations 

can be performed using Kso
3

F or SbF
5 

as the standard base and acid 

respectively--.. -Sµbs tan ce.s whi-ch £how basic behaviour form I!l.1! Ch t he 

largest group und includes a ll alkali a nd all;:c:l line Garth fluoro­

sulp.ha.tes, AsF 
3

, .SbF 
3

, BrF 
3

, IF 
5

, a_nd organic species which can 

be protonated in HS0
3
F. 

Various flu,orosulphates of the transition metals have been 

prepared using all three general synthetic methods. 

II has prepared the M fluorosulphates of Mn, Fe, Co, Ni , and Cu 

by displacement of the acetates in fluor.osulphuric acid. The 

magnetic and spectral behaviour of these anhydrous fluorosulphates 

is fairly normal. The salts have normal moments tending towards 

the maximum values encountered with fluorides. The electronic 

s pe ctra show that the fluorosulpha,te ion fits spectrochemically 

between the sulphate and fluoride ions. However, the infra-red 

spectra would indicate that the fluorosulphate group is behaving 

.d . . t 40 as a bri ging uni. 

Attempts to form the higher valency fluorosulphates by dis-

placement reactions have not bee n successful. Reaction of TiC14 
45 Zrc1

3 
(so

3
F). 

Reactions using so
3 

and the transition metal fluoride are 

usually incomplete, or result in solvated complexes from which the 

excess so
3 

cannot be removed without decomposition of the complex. 

Reaction of so
3 

with WF6 produced WF6 (4.5 so3), which was 

47 formulated as solva ted WF2 (so
3
F)

4
• Similarly, the reaction 

of NbF
5 

and TaF
5 

with so
3 

produced NbF
5

(2.1 so
3

) and TaF
5

(2.6 so
3
), 

which were formulated as NbF
3

(so
3

F)
2 

and TaF
3

(so
3

F) 2 respectivelyo 16 

The reaction of VF
5 

with so
3 

proc ee ds quantitavely to VOF
3 

and 

16 s
2
o

5
F

2 
at room tempera ture. 
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Sev-eral reactions have been done using s
2
o6F 

2 
. ., resulting -• 

·aJ.ways · in formation of an oxofluoros.ulphate .species. Reaction· 

of ·voc1
3 

with s 2o6r 2 produces VO(so
3

F)
3

, a deep red liquid}8 The 

ans.lo.gous niobium and tantalum compounds, NbO(so
3

F)
3 

and TaO(so
3
F)

3
, 

48 can be prepared .... by reaction of NbCl
5

. and Tac1
5 

with s
2

)6F
2

• 

Reaction of..S
2
o6F

2 
with rhenium metal produces one or two 

compounds, de~nding on the experimental conditions. Reaction with 

a moderate excess of s
2

o6F
2 

produces two phases, a white solid, 

Re0
2

(so
3

F)
3

, and a n on-volatile yellow liquid, .Reo
3

(so
3
F). If a 

large excess of s 2o6F2 is used, only Reo
3

(so
3
F) is formed. 48 

Rea:ction of either Mo(Co )6 or molybdenum metal with s
2

o6F
2 

produces Mo0
2

(so
3

F )
2

, and an orange , viscous liquid which was not 

identified. 49 Sharp -et ai.51 have reported that Mo(C0) 6 _and W(C0)6 
dissolve reversibl~ in HS0

3
F to give stable yellow solutions. from 

which the carbonyl can .be recovered unchanged. They proposed that 

simple protonation ha d occurred, but the observations by other 

workers52 of a) gaseous evolution on addition of the carbonyl to 

HS0
3

F and b) absence of a signal due to a metal hydride species 

even at low temperatures in the 1H n . m.r. spectrum seem to be in 

conflict with the work of -Sharp. 

Reaction of Cro
2

c1
2 

with s
2

o6F 
2 

produced Cro
2 

(so
3
F)-2 £

52 

* s
2
o6F 2 -~ Cr0

2 
(so

3
F) 

2 
.+;- Cl

2 
Cro

2
c1

2 

cro2 (so,F\~ iA a. <lark brown, slightly volati1e Rolid, -.,,h:i.ch 

ooco~posea slowly at room temperature. 

Thus, none of the comm.on synthetic methods are of too much 

use for the synthesis of the binary fluorosulphates of the 

higher oxidation states of the transition metals. Displacement 

reactions are rea lly only useful for the +I and +II oxidation 
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states , incomple te displa c em8nt ooj ~ g found for the higher states . 

so3 reacts incomple t e ly, or gives solvat ed fluorosulphat es, from 

which pure products ca nnot be isola t e d . s
2
o

6
F

2
, while be ing a 

good fluorosulphonating agent, is also a good oxidising agent , 

and attempts to prepare transition metal fluorosulphates using 

this compound a lways result in an oxyfluorosulphate . 

We prepose d to look at the r eactions of NOS0
3

F with some 

z ero valent transition me tal compounds . With NOS0
3
F, one would 

expect oxygenation and incomplete displacement to be much less 

likely. Furthe rmore , the by- products of the r eaction will all 

be ga ses (if one s tarts with the me t a l ca rbonyl), and thus the 

experimental difficultie s should be minimal . 

2 . Niobium and tant a lum fluorosulphates . 

As me ntioned in the previous s e ction , reaction of NbF
5 

and 

TaF
5 

with so
3 

produc e s the compounds NbF
5

(2 . 1 so
3

) and 

Ta F
5

(2 . 6 so
3

), which were formula ted as the solvated fluoro ­

sulphates NbF
3

(so
3

F)
2 

and TaF
3

(so
3

F)
2 

on the basis of a qualitative 

comparison with other fluorosulphates, and with the reactions of 

other fluorides with s0
3

. 16 
The infra-red spectra of these com­

pounds showed definite bands at frequencies of 767 cm.-
1 

and 

1057 cm. -
1

, the S-F and S-0 stretching frequencies of the 

fluorosulphate group . These compounds were isolated as clear , 

viscous liquids which fumed and decomposed in air , and smelled 

slightly of pyrosulphuryl fluoride . With both the niobium and 

tantalum compounds, t hermal decomposition at 175 °c . produced 

sulphuryl fluoride. 

The viscous nature of these compounds sug gests that they may 

be polymeric . We thus proposed to investigate the structure of 

these compounds using n . m. r . spectroscopy . This technique has 
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proved succ essful in the structure determination of another 

polymeric fluorosulphate, SbF4(so
3

F) 53 , and has also been used 

extensively in the study of fluorosulphuric acid solutions of 

SbF5.51+ 
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Chapter IV. Results and discussion (B). 

1 o Niobium and t antalum fluorosulphates. 

a) i nfra-red spectra 

16 
Cl ark and Emeleus , in the first prepar a tion of these 

compounds, cited bands in the infra -red spectra of the niobium 

- 1 - 1 
complex at 767 cm. and 1057 cmo , as evidenc e for the 

formulation of thes e compounds as fluorosulphates . T.hese ba nds 

are in the r egion of the S-F and S - 0 stretching fr equencies of 

the fluorosulphate group . 

We find the infra-red spectra of both the niobium and 

tantalum complexes to show bands i n the region of 760 - 770 cm. 
-1 

6 -1 
and 1055 - 10 5 cm . , al though the spectra are extremely poorly 

r esolved. The ass i gnme nt of these bands to the S - F and S- 0 

stretches of t he fluorosulphate group is very uncertain in view 

of two things . Firstly , the infra - red spe ctrum of liquid so
3 

itself has strong bands at 795 cm. -
1 

and 1065 cm. -
1 55 Secondly , 

the n.m.r. data to be presente d next shows that significant 

amounts of s
2
o

5
F

2 
and s

3
o

8
F

2 
are produced. Although the infra-red 

spectrum of s
3
o8F

2 
has not been recorded , the spectrum of 

-1 1 16 s
2
o

5
F

2 
Dhows bands at 735 cm . and 824 cm . -

Therefore , the use of infra-red spectroscopy as a definitive 

tool is very circumspe ct . 

b) 19F n . m. r. spectra 

The chemical shifts relative to external CF
3

COOH of comp ounds 

importa nt in the fol lowin g discussion are given in table IX . 
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Table IX . Chemical shifts of come important sulphur oxyfluorides. 

HS0
3

F 

• S0
2

F
2 

S205F2 

S308F2 

chemical shift (p . p.m.) 

- 119 .1 

-112 . 5
56 

-126.3 

-127 0757 

HS0
3

F was purifie d by the method described in chapter V. 

s
2
o

5
F

2 
was prepared from so

3 
and SbF

5
. 53 

The n.m.r. spectra of solutions of NbF
5 

and TaF
5 

in so
3 

are 

shown in figs. 16 to 19. There a re six peaks in all , labelled 

A to F , three attributable to fluorine on sulphur (A to C), and 

three attributable to fluorine on metal (D to F) . The chemical 

shifts are given in table X. 

Table X. Chemical shifts of peaks in the spectra of solutions 

of TaF
5 

and NbF
5 

in so
3 

peak chemical shift (p . p . m, ) 

TaF
5
/ so

3 
NbF

5
/so

3 

A -119.9 - 119.5 

B -127.2 - 126 . 8 

C -128.5 -1 27 . 4 

D -270 . 7 -371.7 

E - 277 . 1 -380 . 6 

F -285.3 -391.2 

Peaks Band C can be assigned to s
2
o

5
F

2 
and s

3
o

8
F

2 
respectively . 

Peak A can be assigned to the fluorine of the fluorosulphate 

groups coordinated to the metal . 

*There is an error by Gillespie et al ., 53 who state 
that the chemical shift of S02F

2 
relative to HS0

3
F 

is -360 c . p.s ., when in reality it is +372 c . p . s . 
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Although the identity of the thr ee pea ks in the metal-fluorine 

region of the spectrum remains uncertain, one can notice how the : 

replacement of fluorine by oxygen has greatly increased the 

chemical shift of the remaining fluorines. The shift of the 

TaF
6

- ion is approximately -120 p.p.m., while the shifts of the 

Ta-F peaks of these fluorosulphates are in the range of -280 p.p.m. 

Also, the trend of much greater chemical shifts for Nb-F species 

relative to Ta-F species noted in the case of the MF6 ions is 

followed in the fluorosulphate complexes . 

The spectrum obtained is very dependent on the experimental 

conditions and part icularly on the amount of so
3 

added . Only if 

the molar ratio so
3

: HF
5 

is the same, and if the reaction 

temperature is controlled can reproducible spectra be obtained. 

A study has consequently been made on the dependence of 

these spectra on the molar ratio so
3

:MF
5

• The spectra are shown 

in figs . 16 to 19, and the relevant data are given in table XI. 

Table XI. Concentra tions of MF
5
/so

3 
solutions 

solution solute molar ratio so
3

:MF
5 

1 NbF
5 

2.66:1 

2 NbF
5 

3.80:1 

3 NbF
5 

4.90:1 

4 TaF
5 2.87:1 

5 TaF
5 4.00: 1 

6 TaF
5 

5 .64: 1 

l'blar ratios of greater than 6:1 could not be used, since 

solidification to a white mass took place as the reaction 

proceeded. 

What is observed, then, is an increase in formation of 
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Both s
2
o

5
F

2 
and s

3
o8F

2 
are liquids with builing points of 5 1 °c . 

0 
and 120 C. respe c tively . S0

2
F

2 
i s a gas a t room temperature , 

having a boiling point of - 53 °c . , and thus it would not have 

been detected in these solutionsi but additional exper i me nts show 

0 
that at temperatures of less than 100 c., so

2
F

2 
is not formed. 

Samp le 1 was kep t in a sealed tube at a temperature of 100 °c. 

for four hours and its spectrum recorded again . Although sig ­

nificant amounts of s
2
o

5
F

2 
were p rodu c ed , there was no tra ce of 

a peak at - 112 . 5 p . p . m. due to so
2

F
2

• The data on the amounts 

of s
2
o

5
F

2 
and s

3
o

8
F

2 
produced from decomposi t ion of the species 

TaF (so
3

F)
5 

are given in table XII . 
X -X 

Tabl e XII. Amounts of d e composit ion o f TaF (so
3
F)

5 
into 

X - X 

s olut i on total % % decomposition % decomposition 
decomposi t ion to S225I2- t o S323!2-

1 1o4 0 . 1 1. 3 

2 15 . 5 6 . 2 9 . 3 

3 32 . 0 8 . 4 23 06 

4 ; .3 0o5 408 

5 14 . 4 9o5 4o9 

6 27o5 17 . 0 10 . 5 

The r ~nge of total p er cent decomposi tions is approximately the 

same for the niobium and tantalum samples , but the niobium samples 

produce much more s
3
o

8
F

2 
than do the tantalum sampleso 

It a ppears that there is increasing sulphonation with 

i ncre a sing mola r ratios o f so
3

: MF
5

. 

MF
5 

+ x so
3

~ MF
5

_x (so3F ) x 

Data to be presented l ater show t ha t spe cies up to the tetra­

fluorosulphate are for med in the concen t ration range studied . 
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These higher fluorosulpha t es ; pa rticularly t!1e t etrn.fluorosulphate , 

are ther ma l ly uns table, and par tia lly decompose to s
2
o
5

F
2 

and 

s
3
o8F 2 eve n ;:-, t room tempera t:.lre.. In thi s r·espec ts these J\1F 

5
;so

3 
systems res embl e the SbF

5
/so

3 
system studied by Gi lJ_espie et al., 53 

who found that if equimo lar amounts of so
3 

and SbF
5 

were combined , 

SbF4(so
3

F) could be isolated in go od yield, but if SbF
5 

were 

combined with a large excess of so
3 

(8:1 molar ratio ) then only 

s2o5F2 , along with small amounts of S0
2

F
2 

and the higher poly­

sulphuryl fluorides , resulted . 

The amount of informati on which can be obta ined from these 

spectra about the structure of these polymeric fluorosulphates 

i s limited because of several factorso 

Fir st ly, there is no indication of spin- spin coupling of 

t he fluor ines i n the metal-fluorine region of the spe ctrum . Such 

coupling is observed i n the Sb-F region of the spectrum of 

SbF4(so
3

F) and is essential to i ts structure e lucidation . 53 

This is due probably to a combination of viscosity and fluorine 

exchange effects . The relaxat ion times of the fluorine nuclei 

are inversely propor t ional tc the viscosity of the medium. Thus , 

for v e ry viscous systems , the individual lines of multiplets will 

be s 1.1fficiently broad·:: ned so as to appear as a single peak . 

Attempts to decrease the viscosity by recording the spectrum 

at eleva ted temperatures (4o-50 ° co) res~lt ed only in increasing 

fluorine exchange, so that eventually all three peaks in the 

metal-fluorine region mergef into a single broad peak . Atte mpts 

to find a suitable solvenc were not successful. The complexe s 

rea ct with organic solvents and are insoluble in cc1
3

F , so
2
Fcl, 

perfluorocyclobutane, AsF
3

, and freon . They dissolved in HS03F , 

and although the peaks became sha rper , s t ill no splitting was 



observed . F'luorosulphuric acid was also unsuitable for two other 

reasons . Firs t ly, changes in the relativP- i ntensities of the 

t hree fluorine--on--me tal peak& were found when the complexes were 

dissolved. Secondly, HS0
3

F has almost the identica l chemica l 

shift of peak A, and thus obscures peak A when the complexes 

are dissolved i n it . 

Secondly, the relative i ntensities of all the peaks i n the 

spectrum depend very much on the mec hanism of for mation of 

s
2
o
5

F
2 

and s
3
o8F

2
. Some informatio n can be obta ined, however, 

fro m the spectra of the samples which have undergone little 

de composition . 

Solution 1, with a molar ratio so
3

: NbF
5 

of 2066:1 , shows 

decomposition to the extent of on ly 1 . 4"/4 . The r atio of the 

intensity of peak A to the total int ensity of peaks D, E a nd F 

is 1.24:1 , so that the composition corresponds to 

NbF2 . 23(S03F)2 . 77 • 

NbF
3

(so
3

F) 2 

Thus the reaction 

SO ---~ NbF (SO F ) 
3 2 3 3 

lies 77 % to the right , assuming there is essentially no NbF4 (so3F) 

present . Solut ion 4 , with a molar ratio so
3

: TaF5 of 2 . 87 : 1, 

shows decomposition to the extent of only 5.3 %. The ratio of 

the intensity of peak A to the total intensity of peaks D, E 

and Fis 1a08:1, so that the co mposition indicated is 

TaF
2

. 40 (so
3

F) 2 •60 • Thus, the reaction 

TaF 
3 

(so
3

F) 2 * so3 ~::::::=.:=:' TaF ,iso3F) 3 
lies 60 % to the right . 

For the other solutions , wher e l arge amounts of s2o5F2 and 

s
3
o8F

2 
are pre sent, the ratio of pea~ A to the total of peaks 

D, E, and Fis not as certain a measure of the composition of 
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the solution, due to factors to be discussed later , However , 

a qualitative idea of the s pecies present can be obtained, and 

the data for solutions 2,3,5 , and 6 are given in table XIII. 

Table XIII. Indicated compositions of .MF
5
/so

3 
solutions 

solution 

2 

3 

5 

6 

ratio of 

D, 

peak A: 

E, and 

2.09: 1 

4.14:1 

1.82:1 

3 .o4: 1 

peaks composition 

F indicated 

NbF1 . 6(so
3
F) 3.4 

NbF(S0
3

F) 4 

TaF1.8(S03F)3.2 

TaF1 . 2 (so3F) 3 .B 

The fact that one can form species such as Nb(Ta )F
2

(so
3

F)
3 

and still observe only one peak for the fluorine of the fluoro­

sulphate group (peak A) indicates that the polymer is fluorine 

bridged, unlike SbF4(so
3

F) which is fluorosulphate bridged . 53 

If a species such as Nb(Ta)F2 (so
3

F)
3 

were fluorosulphate bridged, 

at least two fluorosulphate _peaks would be expected , one for 

bridging fluorosulphate, and one for non-bridging fluorosulphate, 

since there can be a maximum of only one bridging fluor osulphate 

per MF
5 

unit. Only one narrow peak, which is thus due to non­

bridging fluorosulphate, is found. 

Regarding the formation of s2o
5

F2 and s
3
o8F2 , it is highly 

unlikely that at temperatures below 100 °c., formation occurs by 

16 the route postulated by Emeleus and Clark: 

MF
3

(so
3

F)
2
--) MOF

3 
-++ s2o

5
F2 

although neither NbOF
3 

or TaOF
3 

have been isolated and character­

ized fully (even by Emele·ls and Clark) , it is unlikely that 

either NbOF
3 

or TaOF
3 

would react with so
3 

or be soluble in it, 

by comparison with VOF
3

. No pz·ecipitation of M?F
3 

was noticed, 

even in solutions in which 32 % decomposition to s2o
5

F2 and 



- 45 -

S_,O~F 
2 

had o<- oui-ro~. :0vf.tn i-<' }10li'3 were soiu.-..:i~ in SO.5, oue would 

expect then a peak in the n.m.r. spectrum due to M0F
3

, but no such 

peak was found. Thus, the formation of M0F
3 

appears to be a high 

temperature phenomenon; indeed, heating of these complexes in a 

0 
flame at 600 F. rapidly produces a white solid and a clear 

liquid layer. 

The most probable explanation for the low temperature formation 

of s
2
o5F

2 
and s3o8F2 is elimination of the polysulphuryl 

fluoride and formation of an oxygen bridge: · 

I SOJF 

Ta /F ~o3_F _____ _. 

F 

Thus the essential structure of the polymer is retained, explaining 

why very little difference in the chemical shifts of any of the M-F 

peaks are observed with increasing so
3

:MF
5 

molar ratios. The oxy­

trifluoride is not a product of this reaction. A band in the 

6 8 
-·1 • 

region of 00- 00 cmo . would be expected in the infra-red 

spectrum, 58 but again, a ny assignment of peaks in this region is 

uncertain, due firstly to the poor resolution of the spectra, and 

secondly to the fact that so
3

, s2o
5

~2 , and the fluorosulphate 

group also absorb in this region. 

If the above mechanism is the correct one, then a decrease 

in the intensi-ty of p eak A will result, and although the intensity 

of peak A relative to peaks D, E and F will increase due to 



increasing sulphonation, the increase will not be as large as if no 

decomposition had taken place . Although this mechanism is the most 

probable, it is not the only alternativ e , and thus the ratio of the 

intensity of peak A to the total intensity of peaks D, E and Fis 

not a reliable indication of the species present . 

For solutions with the highest so3:MF
5 

molar ratios , the M-F 

region of the spec t rum consists of only a broad absorption. It 

appears that there is a general breakdown of the polymer , with the 

bridge fluorine positions also being sulphonated to give a transient 

bridged fluorosulphate (since still only one fluorosulphate peak is 

found) which decomposes immediately to give an oxo- species. 

Apart from the observation that the polymer is probably 

fluorine bridged , the actual structure of the polymer remains 

unknown, although some tentative conclusions can be drawn . 

It is most likely cis-fluorine bridged rather than 

trans-bridged: 

I . I 
·l--7fi-

'-----i-_/ 

Polyanions such as Sb3F1i and Sb4F21 have cis-bridged 

structures, 59 retaining the cis-bridging of SbF5 , the parent 

fluoride . 60 Both TaF
5 

and NbF
5 

are cyclic tetramers in the solid 

state , with all bridging fluorines cis to one another , 61 and this 

cis bridging structure is probably retained in the fluorosulphate 

polymers . 
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For the monof)unrnsul p hnte , two structures a ro DDRRihla 

for a cis-bridged structure,llabelled (a) and (b): 
(a) IF F/IF F 

F 1 F (b) 
I , 

Ta so
3

F Ta 

The actual polymer may contain a mixture of both arrangements. 

In any case, the data show that in the concentration ranges 

studied, essentially no monofluorosulphate polymer is present. 

For the difluorosulphate polymer , three structuresc. are 

possible for a cis-bridged species, labelled (c), (d) and (e) : 

(c) (e) 
F(b) F 

Ta Ta Ta 

F,__ ____ ___, 

F 

In (a), the fluorosulphates are trans to each other, while the 

two fluorines are equivalent, being cis to the fluorosulphates, 

cis to one bridge fluorine, and trans to the other bridge 

fluorine; they have a cis relationship to each other. In (b), 

the fluoro sulphates are cis to each other. The fluorines are 

no longer equivalent, however, F(a) being cis to one bridge, 

but trans to the other, while F(b) is cis to both bridges; 
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the fluorines have a cis relat i onship to each other. In (c), 

the fluorosulphates are cis to one another. The two fluorines 

are equivalent in this case , being cis to each of the two bridge 

fluorines, and trans to each other . 

Again, the actual polymer may be a mixture of the three 

arrangements. 

For the trifluorosulphate, only two arrangements are possible, 

labelled (f) and (g): 

(f') (g) 

Ta 

F 

In (f), the single fluorine is cis to both bridge positions, 

while in (g), it is cin to one, but trans to the other. 

For the tetrafluorosulphate, only one structure is possible, 

labelled (h): 

(h) 

SO F 3 ----...----1 



However 1 by the time 7.he cor! c "'n trati.0n l:' '::l,:;.15 -, h:::i::i hAou r aachod 

where MF(so
3

F) 4 could be present , such considerable decomposition 

has take n place that the a -~tual species in solution probably 

bears little r esemblance to (h). 

Although these structural possibilities may be enumerated , 

there is no indication from the data as to what structure the 

polymers do adopt , since spin-spin coupling of the fluorines 

bonded to the metal is not observed. Ne ither can any conclusions 

about th e structure be drawn from the relative intensities of 

peaks D, E and F, since the identities of these peaks remain 

unknown. 

2. The reactions of Mo (Co) 6 and Cr(Co) 6 with NOSO~ 

a) NitrosJl fluorosulpha te. 

This first involved the development of a convenient method 

of synthesis of NOS0
3
F. It has previously been prepared by 

Lange,
62 

using the reaction of HS0
3

F and N2o
3

, but the product 

was contaminated with nitrosyl bisulphate. It has been prepared 

in a pure state by three different methods . Wooir
44 

has isolated 

it from a solution of (N0)
2

b
2
o
7 

in BrF
3

, Cady et al.
46 

have 

prepared it from p eroxydisulphurylfluoride and NO , and Seel et 

a1. 63 have prepared it by the reaction of liquid N
2
o4 and FSSF . 

We hav e developed a method for the preparation of pur e 

NOS0
3

F using the reaction of HS0
3

F and NOC l in nitromethane: 

NOCl ~- HCl 

Nitromethane has been used p reviously as a convenient solvent 

fo r HS0
3

F by Ingold et al. 1 
64 

in preparing N0
2
so

3
F from N2o

5 

and HS 0
3
F. T~e details of the preparation are given in c hapter V. 

The infra-red and Raman spectra of NOS0
3

F are shown in figs. 

20 and 21 ~ All the absorptions expected for the NO* e.,:d ,'. ·,jl[· :__on.s 
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are observedc -I< For the NO ion, only one vibration is expected. 

For the so
3
F- ion, Hith symrrietry group c

3
v ( a tetrahedral arrange ­

me nt of oxygens an J. fluorines about the ,sulphur a tom) i the r e are 

six fund amental vibra tiona l modeG, all of which arc both infra-red 

and Raman a c tive . . Sharp65 has made a study of the infra-r ed 

spectra o f va rious fluorosulphates and has assigned a ll six 

vibratio ns . The absor ptions observed for NOS0
3

F a re giv e n i n 

t a ble XIV, along with t heir ass ignment. 

Tabl e XIV . Infra-red and Raman absorptions o f NOS0
3

F 

- 1) - 1) i nfra-red (cm. Raman (cm~ assignment 

2295 

1300 

1080 

738 

580 

419 

2295 

1275 

1076 

757 

585 

568 

400 

175 

N-0 stretch 

,> 4 (E) asymmetric 

S-0 stretch 

v 
1 

(A
1

) symme tric 

S- 0 stretch 

~
2

(A
1

) S - F stretch 

"3 
5

(E) asymmetric 

so
3 

deformation 

,) 
3

(A
1

) symmetric 

so
3 

deformation 

, ) 6 (E 1
) asymmetric 

S-0 stretch 

no t assigned 

The value found for the N- 0 stretch of NOS0
3

F by Sharp et 

41 -1 al . is 2377 cm. , whic~ is not i n agr eement with our value of 

2295 cm.-1 Howeve r , NOCl04 , which is isomorphous with NOS 03F , 

-1 66 
has an N-0 stretching fr equen cy of 2313 cm. thus the value 

of 2295 cm.-1 for NOS0
3

F seems more l ike l y to be cor r e ct . 
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b) Reactions with Mo(C0)6 and Cr(Cv) 6 

The reaction of NOS0
3

F with Cr(Co) 6 produced a compound 

with the formula Cr(NO)(Co)
1

_
25

(so
3
F) 4 through the reaction 

Cr ( Co) 6 ~- 4 NOS0
3
F -~ Cr(NO)(C0 )

1
_
25

(so
3

F) 4 + 3 NO 

~ 4 . 75 co 

The elemental analyses .are supported by the weight changes 

observed during the reaction . It was found that reaction of 

2 . 29 g . (17 . 8 millimoles) of NOS0
3

F with excess (Cr(C0) 6 resulted 

in 2 .14 g. of a light green product. Using the above equation , 

2.19 g. of product would be predicted . 

The product in the reaction of Mo (C0) 6 with NOS0
3
F has the 

composition Mo (CO)(N0)
3

(so
3

F) 4 G The reaction appears to be 

Mo(Co) 6 * 4 NOS0
3

F -~Mo(CO)(N0)
3

(so
3
F) 4 ~- 5 CO 

* NO 

The elemental analyses are again supported by the weight changes 

observed during the reaction. 0.96 g . (7 . 44 millimo l es ) of 

NOS0
3

F reacts with Oo47 g . (1 . 78 millimoles) of Mo( co) 6 by 

weighing of the excess carbonyl sublimed out of the reaction 

vessel after the reactjon is completeo This gives a mole ratio 

of NOS0
3

F:Mo(C0) 6 of 4.1:1. The weight of the green product was 

1.10 g.; acc ording to the above reaction, 1.13 g . of 

In both the molybdenum and chromium cases, a mass spectrum 

* + of the gas evolved shows peaks only for NO and CO , while mass 

* * spectra of the compounds themselves showed peaks due to NO · , CO, 

* * ~ ~ so
3

, S0
2 

, SO, and F . 

The infra-red spectra of these complexes are shown in figs. 

22 and 23, and the frequencies of the absorptions are given 

in table XV . 



Table XV. I nfra-red vibrations of Mo (CO) (J\T0)
3 

(s o
3

F ) 4 and 

Cr (C0) 1 ,
25

(NO )(so
3

F ) 4 

Mo comE~ex (cm.-1 ) Cr com:elex (c ra .-1 ) 

1820 1830 

1674 1630 

1378 1355 

* * 1290 1295 
* 1074 1214 

* * 
734 1062 

* 
575 798 

* 
* 733 558 * 

580 
* 563 

335 

-1 . -1 The bands at 1820 cm& i n the Mo compl ex spectrum and at 1830 cm. 

in the Cr complex spectrum are assigne d to the N-0 stretch of the 

nit ros yl group, r egarded a s NO*. A formulation as NO- is un-

likely s i n ce a) NO- would not be expe cted with such electron 

wi thdrawing groups as so
3

F , and b) this would result in an 

oxidation sta te of +7 in t he molybdenum cas e , a clear impossibility. 

Although there has been some confusion in the pa st, it is now 

generally accepted that any compound having an N-0 stretch in the 

4 -1 r a nge 1 50-1700 cm. ca n be informa l ly re garded as containing 

-1 NO-, while compounds with N-0 stretche s greater than 1750 cm. 

+ can be re garded as containing NO, with borderline cases being 

cons idered i ndividua lly . 67, 68 

The C-0 stretching f .~equency i s thus assigned to the 1630 and 

6 4 -1 . 1 7 cm. absorptions in the chromium and molybdenum complex 

s pectra respe ctively. Although thes e values a re very low, Abel 

et alo 69 have obs erved f re quencies as low as 1700 cme-1 for 
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complexes of the type M(Co )

3
r,

3 
(M = Ci-, Mo, W) and it would be 

expected that the presence of e lectron withdrawing groups such 

as so
3

F would cause a further lowering of this frequency. 

The bands marked* in table XV are the absorptions equivalent 

to the vibrations ~ 1 to 'v 
5 

of the so
3

F ion , found in the 

infra-red spectrum of N0S0
3

F . -v 6 is not found in the spe ctra 

8 - 1 
of the metal complexesc The extra bands at 137 cm~ in the 

molybdenum complex spectrum, and at 1355, 1214, 798 and 335 c m. -
1 

in the chromium complex spectrum indicate a loss of tetrahedral 

symmetry on coordination of the fluorosulphate to the metal. 

-1 
The band at 335 cm. in the chromium complex spectrum may be 

due to the Cr-0 stretching vibration . A similar band is not 

found in the case of the molybdenum complex, and may occur beyond 

the range of the instrument . 

Magnetic susceptibility measurements show the molybdenum 

complex to be diamagnetic , The formal oxidation state of 

molybdenum in this comple x is +1, which corr esponds to one unpaired 

electron . For octahedral, low-spin complexes of Mo (I ) , the 

magnetic mome nt should be greater than the spin-only value due to 

0 
spin,~orbit coupling (approximately 2.3 Bohr magnetons at 300 K. ) . 

Mo(I ) complexes with coordination numbers of seven or eight give 

ground states which appear to be orbitally non- degenerate and the 

complexes have moments close to the spin-only value for one 

unpaired electron. Bi- and polynuclear complexes usually have 

magnetic moments corresponding to less than 1.0 Bohr magnetons 

per Mo atom. Thus, the Jiamagnetism of the molybdenum complex 

is difficult to explain , but in general , the magnetic properties 

of mo lybdenum complexes are much more complicated than is sometimes 
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realised, .and caution is necessary in making deductions about 

structures, spin-states, and even oxidatio~ states. 70 

The chromium co mplex was found to be paramagnetic. Using 

a molecular weight of 513.29 , a molar susceptibility of 3.77 x 

-3 10 c.g.s. units is calculated . The value of the spin-only 

moment is then 2 . 94 Bohr magnetons, which is consistent with the 

presence of two unpaired electrons . 

The formal oxidation state of tho oh~omium in this oomplP.~ 

is +3 , which corresponds to three unpaired electrons . Spin-orbit 

coupling can essentially be neglected for first row transition 

elements, and thus for a chromium (III) complex , a magnetic 

moment of approximately 3.9 Bohr magnetons is expected. The 

observation of a magnetic moment correspondin g to two unpaired 

electrons indicates some type of spin pairing , possibly by metal­

meta l interaction . 

There is little evidence available on what structures these 

compounds possess , and further structural work must await 

development of purification and crystallization techniques . 

The infra-red spectra do indicate , however , that NO is present as 

+ NO , and that the fluorosulphate is coordinated to the metal, and 

is not present solely as an ionic species. 

The molybdenum compound may be eight coordinate , since eight 

coordinate molybdenum complexes are not unknown (eg . K
3

Mo(CN) 8) , 

but because of the relatively large size of the fluorosulphate 

group , this is unlikely . A more plausible formulation is some­

thing like ( Mo(CO ) ( N0)
3

(so
3

F )
2

) 2~ (so
3
F- )

2
. 

The uneven stoichiometry of the chromium complex, Cr(C0)
1

_
25 

(NO)(so
3

F) 4 suggests some type of polymerimation . 
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Chapter V. Expe rimen ta J .• 

1. Instrumentation, chemicals, and analyses. 

Infra-red spe ctra were recorded on a Beckma n IR-20 spectro-

4o -1 -1 photometer i n the range from 00 cm. to 250 cm. Spectra 

were taken as nujol mulls using AgCl plates for the tantalum 

complexes, and as KBr discs for the metal fluorosulphate complexes. 

Both mulls and discs were prepared in a dry box. 

N.m.r. spectra were recorded on a Varian HA 60 IL 

spectrometer., 19F at 56.4 MHz. and 51 v at 10.3 MHz. N.m.r. samples 

using HF as solvent were made up in KEL-F tubes; when ai1hydrous 

HF was used, the solutions were prepared using a monel vacuum 

line with KEL-F connections. All chemical shifts are measured 

relative t o external CF
3

COOH unless otherwis e stated. 

Magnetic susceptibilities were measured by the Gouy method 

on an instrument calibrated with ferrous ammonium sulphate. 

TaF
5 

and NbF
5 

(Ozark-Mahoning Co.) were purified by sublimation 

in vacuo before us e. Ligands were purified and dried by dis­

tillation fro m type 4A Linde molecular seives, and were stored 

over molecula r seives. Sulphur trioxide Wb.s distilled twice on 

the va cuum line before use. NOCl was generated from NaN0
2 

and cone. HCl. Fluorosulphuric acid was purified by double 

distillation in an all glass appa ratus. VF 
5 

(07,ark Mahoning 

was purified by trap to tra p distillation using an all-glass 

vacuum line equipped with greaseless valves. The vacuum line 

was rigorously dried be fore us e . All other chemicals were 

reagent grade. 

Carbon, hydrogen, and nitrogen ana lyses were performed by 

Schwartzkopf Microanalytica l Laboratory, Woodside, N.Y. 



Tantalum was determined by dissolving the complex (0.1 to 

0.2 g. ) in 75 ml. of a solution containing 35 ml. cone. HCl , 

selenpus acid solution were then added , the solution was diluted 

to 150 ml ., and was then boiled for 15 minut eso After digestion 

and cooling , the precipitate of Ta
2

o
5

•n H
2

0 was filtered through 

Wha tman # 42 paper, ignited and weig hed as Ta
2
o

5
• 

Silver analyses were performed by titration with standard 

KSCN solution, using Fe
2

~ as indicator. 

Sulphur analyses were performed by precipitation as Baso4• 

In cases where a metal was present also, the sample (0.1 g .) was 

dissolved in cone. HCl and evaporated nearly to dryness twice. 

The solution was then diluted to 150 ml. and the metal was 

removed by the appropriate method of gravimetric analysis. The 

filtrate was then heated to near boiling and 5% BaC1
2 

solution 

was added until all sulphate was precipitated. The precipitate 

was collected on Whatman # 40 paper, and ignited at 600 °c. 

For compounds not containing metals , the procedure followed 

was identical, leaving out only the metal precipitation. 

Chromium analyses were performed in the following manner. 

After partial neutralization with NH40H , 5 g. of NH4c1 and 

2.5 g. KOC N were added . Heating to boiling resulted in precipi­

tation of blue hydrated cr
2

o
3

, which was then filtered on Whatman 

# 42 paper, washed with 2.5% NH4No
3

, and ignited to Cr
2

o
3

o 

Two methods were tried for the molybdenum analysis. These 

were precipitation as the oxinate and homogeneous precipitation 

as the sulphide. Reproducible results could not be obtained 

with either method. 



2. Preparation of complexes. 

a) Preparation of TaF
5 

complexes. 

The add'.1c ts TaF 
5 

• 2 (CH
3

) 
2
so and Ta F 

5 
• 2.c

5
H

5
N wore prepared by 

literature me thods. 

Approximately 8 g. of (CH
3

)
2
so were condensed onto 7.1 g. 

of TaF
5 

at liquid nitroge n temperature in vacuo. The vessel was 

then warmed to 25 °c. at which temperature a vigorous reaction 

occurred, giving a clear, slightly yellow solution. The excess 

ligand was pumped off, l e aving 10.0 g. of a light yellow, 

hygroscopic sol ..:.d. Pumping was necessary for three to four days 

to eliminate all excess (CH
3

)
2
so. 

Analysis: calculated Ta - 41.87 

ii) 2 
16 

_____ T_a_F µ~
5
Ji_ 

found Ta - 41.77 

In the same way, approximately 4 g. of pyridine were reacted 

with 2.6 g. of TaF
5 

to give formation of a white solid, insoluble 

in excess pyridine. Remova l of excess pyridine by pumping for 

four hours gave 4 g. of a white, powdery solid. 

Ana lysis: calculated Ta - 4 ~.70 found Ta - 41.58 

Two new complexes were also prepared. 

iii) TaF
5

•2(cH
3
1

2
NCH0 

TaF
5 

(3.8 g.) and dimethylformamide (5 g.) were reacted 

in the manner previously described, resulting in the formation 

of a white solid, insoluble in excess (cH
3

)
2

NCH0. Excess ligand 

was removed by pumping for five hours to give 5.5 g. of a white, 

hygroscopic solid, with a m.p. of 83 - 87 °Co 
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Analyses: calculated found 

Ta 42.86 43.16 

C 17.07 16.77 

H 3.35 3.29 

N 6.64 6.15 

iv) TaF
5

•CH~ 

Approximately 3 g. of CH
3

CN and 4.1 g. of TaF
5 

were reacted 

in the same manner to give a light yellow solid, somewhat soluble 

in excess acetonitrile. Excess ligand was removed by pumping for 

five hours to give 4 g. of a pale yellow, hygroscopic powder, 

which melted at 169 - 174 °c. with decomposition. 

Analyses: calculated 

Ta 57.08 

C 7.58 

H 0.96 

N 4.42 

v) TaF5•Et2o and TaF~Et2~ 

found 

57.29 

7.69 

0.95 

4.16 

These complexes have been prepared previously by Fairbrother 

2 et al. Since all that was required were their n.m.r. spectra, 

the complexes were not isolated, but simply prepared as solutions 

in excess of the ligand by distilling an excess of the appropriate 

ligand onto a weighed amount of the pentafluoride. A red solution 

resulted in the ether case, and a light yellow solution in the 

sulphide case. 

b) Preparation o,f AgMF6 salts. 

i) AgTaF6 

AgTaF6 was prepared by the method of Gutmann and Emeleus. 71 

Stoichiometric quantities of Ag (0.91 g.) and Ta (1.52 g.) were 

reacted with BrF
3 

in a silica vessel using Br
2 

as a moderator. 
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Reaction occurred with incand.cscenco and re.::,-ult.ed in a clear , red 

solution after excess BrF
3 

had been added a Br
2 

and excess BrF
3 

were pumped 0ff in vacuo with final drying at 100 °c. The 

product was pale yellow. 

Analysis: 

Ta 

Ag 

calculated found 

45.64 

26.21 

Two other methods were tried initially to prepare AgTaF6 , 

both involving the reaction AgF + TaF
5 
--➔ AgTaF 6 • Firstly, 

anhydrous HF was condensed onto stoichiometric quantities of AgF 

and TaF5 at liquid nitrogen temperature. 0 
Warming to 25 C. gave 

immediate reaction, resulting in a grey precipitate. The HF 

was then pumped off. Secondly, so2 was condensed onto 

stoichiometric quantities of AgF and TaF
5 

at liquid nitrogen. 

temperature. Upon warming to -80 °c., the TaF
5 

dissolved, and 

over a period of two to thr· . .:i e hours, the yellow colour of the 

undissolved AgF disappeared, with formation of a grey precipitate. 

The so
2 

was then pumped off. 

The infra-red spectra of both products showed the expected 

8 -1 absorption at 5 0 cm. , but silver analyses were low. 

Analyses: calculated Ag - 26.78 

found Ag - so2 produc~ - 25.77 

- HF product - 22.59 

In each case, the product dissolved incompletely in water, a 

small amount of undissolved grey matter remaining, probably 

silver metal. 

What is probably occurring in these reactions is some further 

reaction of the initially formed TaF6 in the presence of free 

2-fluoride to give some TaF7 ion. The silver analysis for the 
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HF product i s thus much lower t han tha t of the so
2 

product due to 

the greater solubility of AgF in HF. 

This instability of TaF6 ion in the presence of fr ee fluoride 

16,72 has been noticed before, and is in marked contrast to the 

apparent stability of the NbF6 ion in the presence of free 

18 T,., 
fluoride. ' .,, Indeed, Moss19 has used the reaction involving 

anhydrous HF to prepare pure AgNbF6 e 

ii) Ag~6 
AgVF6 was prepared by the literature method. 27 Stoichiometric 

quantities of vc1
3 

(1.25 g .) and Ag (o.86 g .) were reacted with 

BrF3 in the manner described for AgTaF6. Final heating at 100 °c. 

gave 2.18 g. of orange-yellow product. 

Analysis: calculated Ag - 39.54 found Ag - 39 .03 

3. Reactions of TaF
5 

co mplexes with (C5,!:!~11 AsCl 

In the cases of the dimethylformamide and dimethylsulfoxide 

adduc ts, the complex was dis solved in the minimum amount of 

acetonitrile, and to this was added a saturated solution of 

(c6H
5

)4AsCl in ~cetonitrile . Precipitation of (c6H
5

)4AsTaF6 
occurred immedia tely. This was washed twice with 5 ml . portions 

of acetonitrile and dried on the vacuum line. 

The pyridine complex was insoluble in acetonitrile , s o it 

was simply shaken with a solution of (c6H
5

)4AsCl in acetonitrile 

for two days to give (c6H
5

)4AsTaF6 • 

Tetraphenylarsonium hexa fluorotantalate is a white water­

insoluble compound. Due to its insolubility, it was fused with 



Analyses: calculated Ta - 26.68 

C - 42.49 

H - 2.98 

found - n) product from 
(CH

3
)2NCHO adduct 

b) product from 
(cH

3
)2so adduct 

Ta - 27.29 Ta - 27014 

c) product from 
c
5

H
5

N adduct 

Ta - 26.72 

4. Preparation of niobium and tantalum fluorosulphates 

Reactions were done in a vessel equipped with a side-arm 

which led to an n.m.r. tube. An appropriate amount of so
3

, twice 

0 
distilled in vacuo, was condensed in vacuo at O C. onto a 

weighed amount of the pentafluoride. 
0 

Upon warming to 25 c., 

reaction occurred slowly over a · period of one to two hours to 

give a clear, extremely viscous liquid. A sample was then poured 

into the n.m.r. tube, which was then sealed off. The viscous 

liCiuid fumed in moist air and smelled strongly of s
2
o
5

F
2

. It 

reacted violently with water. 

5. Preparation of NOSO~ 

HS0
3

F was distilled twice in a dry atmosphere using all-glass 

apparatus. NOCl was generated from NaN0
2 

and concentrated HCl, 

and was dried by passing through a column of P
2
o

5
. 

In a typical preparation, 61 g. of HS0
3

F were dissolved in 

60 ml. of dry nitromethane in a 250 ml. 3-necked flask under an 

atmosphere of dry nitrogen. NOCl was bubbled slowly through the 

solution. If the reaction became too hot, it was cooled in an 

ice bath. After approximately 20 minutes, precipitation of 

NOS0
3

F occurred~ NOCl was then bubbled through for a further 

20 minutes, at which time the nitromethane was decanted off. 
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T>e precip ic8.·i;e was then washed f our tin.es with 20 ml. portions 

of nitromethane and dried on the v a cuum l ine to give 45 g. of 

NOS03F, a white, hygroscopic material, obtained as well-formed 

rectangu l ar crystals. 

Analysis: ca lcula ted S - 24. 80 found S - 25.08 

6. Reaction of Cr(Co) 6 and Mo (Co) 6 with NOSO:,K· 

a ) Cr(Co) 6 
2.29 g . of NOS0

3
F and 6.06 g. of Cr(C0)

6 
were placed in the 

bottom of a sublimation vessel, along with a stirring bar and 

15 ml. of petroleum ether ( 90 - 110 °c.) This was then frozen 

in liquid nitrogen, evacuated, and degassed. It was then left 

sti rring at a slow rate for a period of thirty hours . During 

this time , the solid gradually turned a light green colour, and 

CO and NO were evolved. At the end of this period, the ether was 

evaporated off, a nd t he excess Cr(Co)
6 

sublimed out at 50 °c. 

unde r vacuum to g ive 2 .12 g. o f a light green solid which was 

ext r e me ly hygroscopic and d issolved i n water to g ive a green 

so l ut i on. 

Analyses: 

Cr 

C 

N 

calc·.ila ted for 
Cr(~O)(C0)

1
~
25

(s03F) 4 
M.W, == 513 .29 

10. 12 

found 

10.89 

3 .00 

3.00 g. o f £f;•)(Co) 6 aad (· ,96 g. of NOs o
3

F we re placed in t he 

bo t t om of a subli ma tion v essel. , along with a stirring bar and 

15 ml , u f petroleum ether. The same procedure as for the Cr (Co ) 6 
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reaction was followed, except that a reaction time of only 16 hours 

was needed. Due to the lower volatility of Mo(C0)
6

, the excess 

carbonyl could be collected and weighed, and was found to be 

2.53 g. The product was 1.10 g. of a light green hygroscopic 

material, dissolving in water to give a green solution. Again, 

both CO and NO were evolved. 

Analyses: 

Mo 

s 

C 

N 

calculated for 
Mo(CO)(No)

3
(so

3
F)4 

M.W. :::: 610.23 

15.72 

21.02 

1 .97 

6.88 

found 

21 .. 43 

1.89 

6.63 

Consistent molybdenum analyses could not be obtained. 

Results ranging from 13.48% to 17.40% were obtained. Why 

reproducible results could not be obtained is not clear. 
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Chapter VI . Conclusions and sug~stions for further work. 

1. Fluoro-complexes 

The chemical reactivitjes of niobium and tantalum penta­

fluorides are very similar, and therefore most studies have been 

done with niobium pentafluoride only, and it has been assumed 

that tantalum pentafluoride reacts similarly. 

Thus, it was expected that the spectral and chemical behaviour 

of the complexes of TaF
5 

with organic ligands would be much the 

same as that found for the same complexes of NbF
5

• Indeed, previous 

work17 showed that the electrical conductivity behaviour of the 

molten MF5°2 (CH3)2so complexes was the same, and present work 

shows the infra-red spectra of the tantalum complexes to be 

similar to those of the niobium complexes . Their chemical 

properties are also the same, except for the greater solubility of 

the niobium complexes. 

However, the n.m.r. spectra of the niobium and tantalum 

complexes are quite different in the case of the 2:1 complexes 

and a decision must be made as to whether this is true difference 

in chemical behaviour or a difference due to the contrasting 

magnetic properties of the niobium and tantalum nuclei. 

It has certainly been shown that the absence of a well­

resolved octet for the 19F n.m.r. spectrum of the TaF6- ion is due 

to the much larger quadrupole moment of tantalum, and not to any 

significant difference in chemical behaviour; the temperature 

dependence of both the NbF6 and TaF6- n,m.r. absorptions were 

found to show the same trends\ 

Thus, it is thought that to a large extent, the differences 

observed in the spectra of the 2:1 complexes of TaF5 are due to 

the different n.m.r. behaviour of the tantalum nucleus. Firstly, 



tantalum under goes much faster quadrupol e r e laxation than does 

niobium, so signals which in the niobium cas e would be very broad 

and possibly undetectable become sharper and clearly visible in 

the spectra of the tantalum compounds. Secondly, the NbF6- ion 

gives a well-res olved dece t, and therefore any signals within a 

range of 1500 c.p.s. from the centre of the decet would probably 

be obscured. If the chemical shifts, relative to the NbF6- ion, 

of the ca tions present in the niobium system are similar to the 

chemical shifts, relative to the TaF6- ion, of the tantalum 

cations, then they will certainly lie underneath the NbF6- resonance. 

It also appears that the reactions occurring are more complex 

than the simple ionization 

Firstly, three peaks are observed in the n.m.r. spectrum, when 

only two are expected, and secondly, the temperature dependence of 

the intensities of these peaks suggests an equilibrium between the 

TaF6 ion and the cationic species in solution. The equilibrium 

which best fits the experimental data, at least in the temperature 

0 0 range O c. to 20 C. is 

Again, such an equilibrium may or may not be occurring in the 

niobium systems; it is impossible to tell from the n.m.r. spectra 

of the niobium complexes. 

Re garding further work, a solid s tate crysta l structure 

determination would settle the question of whether or not the 

complexes exist as (MF4L4+)(MF6-) in the solid state. Well-formed 

crystals of all the complexes, particularly the dimethylformamide 

adduct, can be obtained. A crystal structure determination would 

not, however, shed any light on reactions and equilibria taking 
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p lace in s ol1.1tion. The app lication of nuclear magnetic resonance 

to the comp l e x es of tantalum pentafluoridc ha s been carried about 

as far as possible . The results obta i ned , however , do sugges t 

several experiments which could be done on the niobium complexes 

to clarify the problem. Firstly, heteronuclear s pin decoupling 

would enable one a) to observe signals underneath the NbF6 io n 

resonance, and b) if such signals were present , whether or not 

they exhibit the same temperature depe ndence as the tantalum signals. 

Ele ctrica l conductivity measurements on a cetonitrile solutions 

of the 2:1 complexes, both before and afte r addition of (c6H
5

)4AsCl, 

would be useful, as would conducti metric titrations using 

(C6H
5

)4AsCl. The quantitative determination of the weight of 

(C6H
5

)4AsTaF6 produced from a given weight of complex would also 

be us e ful, but would be difficult to carry out in practice. 

Apart from applic ation to structural dete rmination, n . m.r. 

spectroscop~ can also be used successfully in the invest igation 

of th e dynamic behaviour of transition metal ions and molecules 

i n solution . The data obtained on the t emperature depende nce of 

the line width of the TaF6 ion n.m.r~ absorption show it to 

increase up to a certain point, as the correla tion time decreases ; 

after this point, an increase take s place due to the importance of 

fluorine exchange at higher tempe r atures . The s e are the same 

trends obs erv e d by Packer et a1. 32 in the case of the NbF6 ion, 

but usin g comput ~r techniques, he was able t o calculate 

a ){.>( values for various multiplet line shapes and b) exchange 

rates at various temperatures and an activation energy for the 

exchange process. All this information can b e obtained from the 

data presente d on the TaF6 ion, although an extra step is needed~ 

that being calculation of JTa-F using a process described by 
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Gillespie et u1.34 since the coupling constant cannot be obtained 

from visual inspection of the spectra. 

The well-resolved octet obtained for the VF6~ ion lends 

support to the statement tha t collapse of the TaFG i on spectrum 

is caused by the larger quadrupole moment of tantalum , since the 

only difference between vanadium and tantalum with respect to 

nuclear magnetic resonance spectra, is the values of their 

quadrupole moments. The temperature dependence of the VF6 ion 

spectra show it to have much faster exchange rates than either 

the NbF6 or TaF6 ions, and again , calculations regarding 

exchange rates and activation energy could be carried out. 

Tha results obtained from the 19F and 51 v n.m.r. spectra of 

the VOF4- ion indicate a rapid interconversion between c2v and 

c4v symmetries, or a rapid intramole cular exchange in either 

symmetry. The results presented are only qualitative; the 

exchange rat e must be so rapid that the electric field gradient 

at the vanadium nucleus is averaged to a small value in the time 

required for a quadrupole transition to occur . It is possible to 

calculate from the data, with a good degree of accuracy, what 

values these exchange rates have . 

In general, relatively little work has been done on 

transition metal fluorides using 19F n.m.r . spectroscopy either 

in structural determination or in dynamic investigations, and 

there are many opportunities for further work in these fields. 

2 . Fluorosulphate-complexes. 

The application of U-.lclear magnetic resonance to the structural 

elucidation of the niobium and tantalum fluorosulphates has met 

with limited success due to the absence of fluorine-fluorine 

spin-spin coupling in the fluorine - on-metal region of the 
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spectrum. This is undoubtedly due to a co mbination of viscosity 

and fluorine excha n ge factors, and attempts to decrease the 

viscosity by r a ising the temperature and by dissolving the 

comp lexes in inert solvents were unsuccessful . 

The only definite conclusion to be drawn is that the poly­

mers are fluorin e bridged and not fluorosulphatc bridged. By a 

comparison with other fluoro-polyme rs, it is probable that the 

metal fluorosulphates a re cis-fluorine b ridged rather than 

trans-bridged. 

molar 

The data also indicate increasing sulphonation with increasing 

ratios so
3

:MF
5 

MF5 + . x so3 
MF

5 
(so

3
F) 

-X X 

In other words , an increase in the mole ra•tio so
3 

:ME'
5 

shifts 

this equilibrium to the right, and in the concentration range 

studied , species up to the tetrafluorosulphate appear to be 

formed. The higher fluorosulphates are unstable, and in solutions 

where the mo le ratio so
3

:MF
5 

is high, appreciable amounts of 

s
2
o
5

F
2 

and s
3
o8F

2 
are found, resulting from decomposition of the 

species MF
5 

(so
3

F) . The mode of decomposition appears to be 
-X X 

different from the mechanism observed at high temperatures 

(175 °c.), since no MOF
3 

is observe d at low temperatures (20 °c .. ), 

and the formation of oxygen bridge s with simultaneous elimination 

of the polysulphuryl fluoride seems likely. 

Regarding further work, the possibility of isolating pure 

MF4 (so
3

F) by reaction of equimolar amounts of so
3 

and MF
5 

should 

be investigated. This is p ossible in the reaction of SbF
5 

with 

so
3

, but would be experimentally more difficult in this case due 

to the solid nature of the pentafluorides. It is unlikely that 

any of the hi gher fluorosulphat es could be isolated due to their 

instability. 
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Furthe~ structural work m;IBt await the discovery of a 

suitable solvent ¢ Although a comprehensiv e range of solvents was 

tried , it is possible that a useful one may have been overlooked. 

Electrical conductivity measur ements, conductometric titrations , 

and cryoscopy, which have been used successfully in s tudyi ng 

other fluorosulphate systems , 54 could be used here, but , while 

providi ng i nsight into the reactions and equilibria occurr i ng , 

they would provide little structural information. 

A new and convenient method for the preparation of pure 

NOSO
3

F fr om NOCl and HSO
3

F has been developed . The Raman and 

infra-red spectra of NOSO
3

F have been discussed in terms of the 

tetrahedr al symmetry of the so
3

F ion, and in terms of the ;:-•esults 

obtained by Sharp65 on other fluorosulphates . 

The r eac t ions of NOSO
3

F with Mo (Co )6 and Cr(Co) 6 l ead to 

produc ts with the compositions Mo (CO)( NO )
3

(so
3
F) 4 and 

Cr(CO )
1

_
25

(NO )(so
3

F )4 . The infra-red spectra indicate NO is 

present i nforma~:.. -Y as No• ·· and indicate the fluorosulphat e is 

actually coordinated to the me tal. The magnetic susceptibility 

measurements obtained seem ra t her anomalous at present , and 

must await further informat ion on the structure of these compounds. 

These reactions ar e only the very beginning of a study of 

the reactions of NOSO
3

F with various low-va l en t transition me tal 

compounds, and therefore , conclusions regarding the molybdenum 

and chromium complexes prepared must await a) deve lopment of 

purification ai1d crystallization procedures , b ) investigation of 

other reaction conditione and r eaction media, and c) i nvestigation 

of the r eactions of low-valent comp ounds of other tra nsi t ion 

metals with NOSO
3

F . 
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The p~ospect~ for the rre~aration of new anct interesting 

compounds appears promising. 
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fig. 5. 
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19 F n.m.r. spectrum of a solution of AgTaF6 in 

dimethylsulfoxide at -10 °c. 

250 c.p.s. 
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fig. 6. 19F n.m.r. spectra of a solution of TaF5 in 

dimethylsulfoxide at various temperatures 

T =- 20 °c. 
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fig . 7. Experimental graph of % of tota l integrated 

0 fluorine intens i t y vs . temp eratur e ( c.) 
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fig. 8. Graph of expected% of total fluorine 
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present as each of the various species 

vs. % of or iginal TaF4L4+ remaining 
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19 F n.m.r . spectra of a ·solution of TaF
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in acetonitrile at various temperatures 
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fig. 10. Theoretical n.m.r. line shapes of 19F coupled to 

I= 7/2 at different J values 
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.fig. 11. 19 
F n.m.r. spectra of the NbF
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ion 
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fig. 12. Graph of width at half-height of the TaF6-
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fig . 13. 19F n.m.r . spectra of the VF6- ion at various temperatures . 

T = 20 °c. 

chemical shift= 205.2 p.p.m. 
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fig. 14. 51 -V n.m.r. spectra of the VOF4 ion 

v
2
o5 in 49 % aqueous HF 

at 15 °c. 
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fig. 16 . 19 n. m.r . spectra of the sulphur-fluorine region 

of solutions o f NbF
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in so
3 

A 

1250 c. p . s . 

C 

B 

solution 3 solution 2 so l ution 1 



fi g . 17. 

- 89 -
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fig. 19. 19F n.m.r. spectra of the tantalum-fluorine region 

of solutions of TaF
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in so
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solution 
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fig . 20. Infra-red spectrum of NOso3F 
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fie;. 21. Raman spectrum of NOS0
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fig. 23. Infra-red spectrum of _Cr(C0) 1 _
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