A THESIS

Topics in the Chemistry of Iliobium and Tantalum

Pentafluorides and other Higher Halides

Submitted to the University of Glasgow by
- J. C. Fuggle B.A. in part fulfillment of the reguirewcnts

for the degree of Doctor of PhiloSthy'in the Faculty of

Science

Work =resented in this thesis is the result of ressarch
carried out by the author, in the Chewistry Depznrtment of
the University of Glas.ow, between October 1968 and May 1971,

except where specific reference i

9]

made to other publications.




%*

%

*

%

( ) (
* % %
(% - .
% * *
10 12+ | (&
% * * 0%
) o#
517 #% #  *
+ + 8 9
* % .

71

!n# n

) %

N
I

(*
*
+
' 3
+
) (&
[+
% ,.%&
T <

*

| *

)

%*
%

(&

%



This thesis is dedicated to 211 those who have

ny education and in particul=r to my
parents, whose share in the work involved was greatest,

and probably most arduous.

"Ad apris ki bien conuist ahan"
Song of Roland GBm
"The converse is also true." - Ph.D student

l

GLASCOW 1971




I rratefully record my obligation to 1ny sSupcrvisors,

]

Professor D. W. A. Sharp and Dr. J. M. WinTield for their
encourasgerent, advice, tolerance, and paéience auring the
course of my work.

To my colleagues in the Chemistry Depurt.ent, 2rd in
particular to Dr. Af P. Lzne, J. Dunsmuir, znd I.Forrest
I would like to express my gratitude for’many helpful
and stimulating discussions during the last three years.
I am also gréteful to the University of Strathclyde, and
Dr.’D. Adams of the University of Leicester for allowing
me use of their Raman Specirometers, to the technicel staff
of the University of Glas-ow Chemistry Department who built

some of my apparatus, and to Miss M. McCartney who proof-

read most of this thesis.




Sumnor

Research present
2reas.

1) Vibrational

2) Pre: saration

with Lewis bases.

Preparation

3)

-

fluoride—halides and
L) EEN n.g.r.

NbF_.
5

the £ s into fcur

ed in tihis sis fall

4

spcetra ol pentafluorides.
and spectra of NbF5 and Ta conjlex
and some properties of some Nb, and

wseudohalides.

snectra of some compounds cerived T

93Nb n.c.r, spectra of Nqu and vibreational spectra
2
NbF5 and TaF5 are interpreted in terms of a very small
deviation from qu sycwetry in the tetramuric molecules
the solid state. I.H. spectra suggest that NbF_., and Ta

C s N ' o
are polymeric in the liquid stzte up to ot least 1507°C,
that the Lewis acid-base complexes formed by rezction of
or TaF. with =z scries of oiygen, sn’ nitrcgen donor mole

7
ccontain no bridging fluorine atous., Alsignment of vibre
freguencies associated with the coordineted Lewis bascs
e - 93, . :
almost complete. Vibrationzl and Ho n.g.r. szectral ¢
of 1:2 cor the abs

or nresence
Substitutions for I ztous in wentaflucrides by DIit.,,
2
Br, Ci, 23, 1iiCO (0) =as (ile BTOULS using tho

ced

Ta (V)

ron

a
'[‘C'
W)
but
A
= }
J
culzc
tiona
is
e
ence




I.R., and laman s.cciroscopy and X-ray nolcer phctozr:phy.

Evidence obtained suggests taut the fluvoride-disllylanides
1, 4.

are weaker Lewis acids than the gpoerent peantafluorides and
fluorine-bor 1oged wolymers. Ividence obtained
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the absence of wmixtures of comzounds..

. hd
An investigztion of the use of 93Nb n.g.r. succtroscony
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as an aid to study of some niobium compounds is renorted.
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Resonances observed for NLF NbE _.2Py, HbF_.CH Cl”’
J s

5° 5
¥ TN ™ , \ ~, PR S A
NbF5 Me 0, LbrS.Xe$2, and.(LbF5)2 AeF2 are assigned to thec

- possible quadrupole transitions of the 9/2

\J‘l

O—.’
7?lib =pin systeu

and some conclusions relevant to the structures of bue

compounds are presented.
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Introduction

-~

The history of investigations of halogens and halicdes is

T the corrosive,

¢ little doubt that

o

long and eventful. here can

~ -
ks

suffocating, grcenish-ye’low fumes of chlorine must have been

known from the thirteenth century by those who nmade, and used,

. (M) C i ) i -
aqua regia. The recognition of chlorine as an elemsnt vas
bound up with ths evolution of the concept of "elements®

and with bromine, =nd iodine (estnulished as elements in

1826%) Lng 1813¢5)

respectively) it hes been recogniced as
an element from the period at ths beginning of the nintcenth
century when Pchemistry” may be said to have evolved fron
alchemy. Chlorine, broﬁine, and iodine nmay 2ll be Isolated
by treatment of halides with oxidising agents, but no s:stis-
factory ‘'‘chemical' metnod for isolation of fluorine has boen
"found and only electrolytic rnethods ~re extensively uscd.
Although fhe ezistence of an element "fluorine' was postulated
z

in 1810(0) experimental cifficulties, lorzely attributeble to
the extrene reactivity of fluorine, delayed its isolation until
188%.(7)

any of ths bLinory fluorides were nown and recognised

before the isolation

3
<
t

1

“the first third of the twentieth century, fluorides oi uost

of thce non-uetellic, a2néd main-group metallic elencnts, nu o
nunber cf those of traonsition metals, trers ancwi. LowWever,

during, -nd after th:e Second JJorlé var a roncved inverioi Ln




ny new

binmry Tluorides, culninsiing in the spectacular discovery of
noble-gas fluvorides in 1962 "9 .

It shou'd not be inferred frowm the differcnces in the
history of thesc holozens that either fluorine, or fluorides,

~

are fundsmentally different from the other halogens, or halides.

0]

The chemistry of the halides is more dependent on the rmetal,

or non-metal, combined with halogen, and its oxidation state,

than the halo . Shows o
NbCl_. than PF_J. > 8

2 2
Fluorine atons bond nore strongly to other atoms 2nd are ore
electronegative than other halogens and the M'-F wond strength

is weelier th-n the corrcsponding bond strength oi thc other

.
L}

cr

helozens. This leads to hicher rcactivity of flvorine, i

=)

respect to other halogens, and a greater thermodyneamic stebility
of fluorides with resnect ©o other halides.
It is no coincidence that modern cheulstry evolved fron

~

alchenmy at =zbout the snme time thot modern mizthods of scientific

e (10)

glaasolowing were developed
Use of silicate-based

glasses has become zlmost fundanznial

in mocdern

of :xinute zoounts of watur




laszs wlowing,., Althourh mony fluoris

do not resct witlh dry lass very sna.l amounts of

glass which itself contains water, both in Zts surface layers
and in the bulk, which can never be entiresly renoved by

) (12) - a. . £ (1 B -
degassing. Free hydrogen fluoride may a2lso be roduced
by reaction of fluorides with hydrocarbon, =nd rubdber-besed
greascs.

lfany higher halides are air, ant/or moisture sensitive
y [3] b

and dry-vox techniques have been developed to handle air-
sensitive materials., However no dry-boxes are perfect (some
are worse than others) and whencveA a poisture-sensitive fluorids

is used in a dry-po: it will inevitably pick up some noisture.

The abnve r.@ that experimcntal rork wwith
higher halides will alurays be done in conditions th:t are lecs

that water levels czre =zccenteble. It is no insult to =zerly
workers in tl.is Tield to state trnat some literasturc .;ocrk is

wrong, or unrsliab

Whilst the atudy of the cheulstry of halides Is

L

many trends in the chendstry of hinsry fluorifes asve ve un

To energe,

A1l imown hexafluorides, = ewtalliucricdes zre mononcric

N

anc vol: Uile under vacuum, ol room tcanerature. Fontalluoridcen




A.J.Edwards

Fig I:1 Structure of HbFé
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z1lly forn fliu

(13,1 ¢)

octahedral coordin tion chout the central atom (se

dimensional lattices, probably best regarded as an

zer, | (19) NbFQ(qé)L

ions (P.D. Zr¥F ,

~es in structure are reflccted in £

volatilities. The volatility of a suries of metal

increasas with incrcasing valency of the netal,

‘ (‘”)
L can be sublimed at )O‘ ReF =9 ReF6 ond
./

(1/) (

,-. a

have tas boilin~ points 221

1,

zitrapolation

There are not sufficicnt therrmodynemic data available

to be able to stote abselutely wheot trends are re

S ‘!

sition metael-Fluorine bond streangths. ‘here iz o

decrcase in the frequency of the aq. stretching node

ition mctal hexafluorides os the metal is chanmed
further to tug r¢ghu of the periodic table. This

:tal-flvorine bond stirenstho zore

metals Lo thic rizht of the o

.

Zoc¢ic table, but the

L

Lo -
Sand 4y -
sSene L vrin-

recgular

L5
is not »roct

TAr—~ P
LeC3 10X

fits in 7ith <the known chenicel ook lles.
The relative recctivities o Lenalluroides wlitin NG, IIGF, o

b " e a o e PR Lot s - A el ey~ - " A - -
Xe denonntrotasthis ordzr of rzactivity (Talble I 1

)(11)




Tabhle I 1 Deoect on Tre o vets of Trancitlion .
Reactant T, Der . Os¥ , Ird TRE L
O O O < i
(0] ner,* FOReX - HG0sT . iiing
R GR{0D DR i
2 $
NORP HCWPR (110) “eLr. NOCSF NOIM6 H”PtF6

insurmountable berrier to

The lower transition nmeta

oxygen, weil as

are to ¢
(11) oy, (15,20 .
Yo e LDEL & os lettice &l
(21)
[
ITbO_F 04 osF. ond Ib0O F.
2 PR8N 75 0.99" C.
nroblems .ove Lrobabliy veen at least »

(310) JiF 10057 (110) ,PtF,
20 9
Xe a.r n.r. n.nr. DeT. I{G(I‘thf)L
The rezctions sumnmarised in table I1 are princinally ac.uct
or salt forrations, or reduction of the transition metcl. o
“systenmctic studies of halogen cxdhange cactions heve been
undertaken.,
The transition mctal fluorides become nroz reSSlVCly nore
~difficult tSAwork iith as theilr volatility decreases. Whilcet
volatile fluorides may be eesily purified by distililation
involatile fluorides nay not. Further ths involatile, lover
fluorides of transition @ tels are insoluble in zolven
which they ¢o not react, and this has so far proved an
purifi ation of lower fluorides.

che revorted lovrer IlLuoricces
S of ond
ension very cimil.r» uce
(z2)
oL These emnerd




the lack of studiecs of lover transition etal Tluorides.

The research into thoe clenistry of ibF_., zand Yal_,
. / ‘-‘)
presented in this thesis wos started with the intention of

n

extending the knowledge of chenistry of transition metal fluorice

o

in the direction of the lower {flvorides, witn ¢ view of =mrovidins
k] & O

)

)

or 1

¢

a possible basis ster studies of lover fluorides.

IibF., and TaF_ have nhysicsl znd chemical, properties inter-
5 I
- N -

5 4 iy

mediate b2atween those of ﬁoF6, or WF6, and ZrFA or HIF, .

NbF5 and TaF5 were chosen for study beceause their reactions

sre not complicated 2y oxidation, or disproportionation of

the metal as I'b, and Ta have a maximum valency of five.




and tantalum ar

Zalkin ¥ Sands

tructure of HbCl5

Q
[e]

~Figure I:3

In nature the ores of niobiun,

.5

-

associated and separation extrenely difficult ke

the gimilerity of their chemical properties. Thot
tantalunm were two differcnt elements was not, at fi:
and true unierstanding of the icdentitics of the ele
be cdated to tne work of Rose (23) between 1840 ~n?
However thc renorts of Berzelius in 1825 (24,25) Su
he prepared neorly pure KETaF

made Ta¥ Rose vprepared LaClr

vapour Geansities of IbCl_. nnd
o
Q
(27,28) - . .
. After the firsit nossible <rcon rationc b
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not achieved until the early twentile

Niobium, =znd

exce tion or the iodices, polym ric «ith ing halosen oo2

y

03
=)
-
i
ol
o
e

though seven, and even ei ht
coordination is knowa for second, end trnird row tranzition
retal cowpolinds (sece e.g. ref. 32,33), it is not coxmon =nd
in this resvect these elemeﬁts are intermedizte between the

(34)

first row =metal nd actinide helides, the former

having a maximunm coordination number of six,
commonly bein; found with coordinz:ion numbsr eight.
Fluorine is a good ligand =nd often brings out the highest
v, G s, 1)

n a 'study of niobium, and tantalum flucrides the

coordination number of elements, e.7.

(38)

ility of higher coordination numbers should be considered

This thesils is =rranged in thres crapters. The first <ozl

12inly rith vibrational spectra of the mentafluorides, and
their Lewils acid-beazse complexes. The study of the comileoies
vas started =g a trainins exercise, dbut if rasidly bescane clizer

that a confirwatory study of much of the nprevicus work wes

— - ¥ N PR L B B
necessary. “he second chanter deals with attennis to suo-
stitute other =toms, or gzroups oi =toms, intc I'bI,. snd ol

. S o
and to sce If tlh.z Lewils acicdity, ~nd solymeriscstion nromiitl:c

gith o thn rorious exchonze roactlons undcerton:

i
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in the coupounds investigated nace 77X WULLH, dnvestioo

of these materials very difficult., Chanter 3 deals ith

investigations inte thz use of n.g.r. spectrometiry as

. -+

a2lternztive nprobe oi the nature of t
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HAPTER I

Pentafluorides and their Complexes with Lewis Bases, -




(1)

o’

G. H. Lewis defined a basic substance as one Y'which
has a lone pair of electrons wnich may be used to coumplete the
stable group of another atom,” ant an acidic substance as one
Ywhich can employ a lone pair from another molecule in com-
pleting the stable group of its own atoms.' Almost all
pentafluorides act as Lewis acids under some circumstances
(.. W5(m,Bﬂsg),H%U”,RﬂBG),Rﬂ5 . It

should, however, be noted that not all of the pentafluorides

IJ

o]

act as Lewis acids in the original sense; Lewis thought of =&

)

stéﬁle group of electrons as a closed shell of valence electrons.
It is perhans better to define a Lewis acid as a molecule, with
a high electrbn affinity, capable of forming é bond to a basic
molecule by use of a lone pair of tiz base.

Amongst non-metal pentafluorides the strongest acidity is
shovn by those of groﬁp Y B, whose acid strength increases along
the series PPy AsFg Sb¥g. There is, as yet, insufficient

evidence to maire a comparison between the Lewis acidity of etal

and non-metal nentafluorides,




- 1 =

vhe reactivity of transition uetal nentafluorides increcases

from left to right across the periodic table (c.z. RhF5(7)

xidis CCly to give C1F). It is probable that transition
metal nentafluorides to the right of the weriodic table would
be reduced, or otherwise transiormed, by all organic bases .nd
studies of their Lewié acidity will be limited to accentance of
fluoride ions from inorganic fluorides (e.z. see refs 5,6).
This chapter deals with the products of reaction betwezn the
less reactive transition metal sentafluorides, and ethers,
thioethers, dialkyl selenides, dimethyl sulohoxide, amines,
nitriles, and D}rlleEo. With highe>» meval halides of re-

and RhFE(e.g. MoC1l_, TcF5) all

of these bases except nitriles and pyridines are known to brezk

activity intermediate between NbF5

up, giving halogen replacement reactions.(17) Witriles ond

pyridines tend to be oxidised by these halides (e.g. see refs.

31, 33, 35). By comparison with other metal pentahalides, niobiun,

tantalum and molybdenum pentafluorides are comparatively unrcactive

and give a large number of 1:1 and 1:2 acidbase complexes with

organic donor molecules. Soxe of these complexes, along with

4]
ing

‘new coxplexsc prepared in these studies, are own in Table

1:1:1
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It e - L E . AT - ~ e b I SR o .
The iailn aim of the vorll presentced in this chanter was

relationships

between structure aund speccira, of niobium, tantalum and

nolybdenum pentafluorides and thneir complexes with organic

bases. It was also hoped that the vibrational vuectra arising

from bascs coordinated to pentafluorides would give a possible
basis for characterisation of mixed halides of niobiumn,

tantalum, and molybdenum by adduct formzmtion. Some space is

given in section 1:6 to aszsignment of these bands.,
To show the context in wiich the chemistry oif this
chapter should be seen it is necessary to uention some discrep-

ancies between this and previous work.

Dimethyl sulpioxide reacts with many metal halides to

break metal-halogen bonds and form metal-oxygen bonds. (

o

The halo-alkyl sulphides produced are often unstable excent when

4]

coordinated to a metal atom, an: other productis nay ve difficult
to separste. Ixcess almetayl sulﬁhoxide is also czwable of
to the oxyhalides formed e.g. (19)
Nb015+3He250—9-NbOCl;.BEeZSO+hCl+CHB$CH201

Replacenent of the nethyl groups in MepS0 by increasingly

TN

electronagative groups (20) or coordination of a metal ion to

-

the sulphur atom in HepS0 (22) 1cads to an increase inv5=0.

=5
[
!:l.
[5)
o
2
l._J
(&)
=
=
L
K
o
'
]J-
o
o}

Boanding of a metal ion to the oxyzen atom of

decrcases tiaz 8-0 bond order and v5=0 (21) This may be
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used fto diffcerentiate between sulphur- and oxygen - bonded
dimethyl sulphoxide comwvlexes,.

In tais work, in the absence of a solvent, dimethyl
sulphoxide did not react clesnly with NbF5 T TaF5. The
reaction was very exothermic, and gasecus, and liquid by~
products were formed. The reported dimethjl sulphoxicde
complexes of NbF5 and TaFs5 were made without a solvent and no
analytical data was given. (11) This, anc other discrepancies
- between reported results,and those found here, suggest that KbF5
. (Me250)> and TaFs .(MepS0)z have not previously been obtained

pure, Fornmuliation of the compounds as ionic species (12)

(MFg; MF4L4+) on itne basis of conduvctiviity in the molte:

s

“complexes (11) is not valid because decox:position occurs on
~melting these complexes

A minolysis of hisher transition netal halides by
mines counmonly occurs under mild conditions (22,23,24%) Few

aminolysis recactions of transition metal fluoricdes nave been

glalkylamines undergo aminolysis

3

reported. However TiFl. =zand

(25) and recent attemnts to produce the repor adduct WFg4

\/

.(WHMep), (26) nave failed because of . aminolysi
It is likely trhat Turther investisation may show nore fluorides
to give aminolysis, The revorted adduct lioFg,KHz (16) was
characterised only by metal analyeis (which woulc be almost
identical to that of MoFy(MNH2)s._; Lri[x =0~ ] ) ad cave a

;S

strons broad 1.2. band at 250 cn -1 not found in othecr 1:1



adducts of lioF

—
-y .

U

jny
9]

In this chaopter only recactions of secondary amines are

reported. Secondery amincs are knovn to solvolyse two netal-

n

chlorine bonds of niobium and tantalum pentel chlorides (22,23)
e.g. HbCls+5iilep —Q.HbClE.(HMegg.NHMeg +2N§F%gl

The adducts NbFg .(NHEt2)2, andTaFs .(IHEtp), have been
reported and are reinvestigated here. The formulation of
the products of reaction of ethylamines with pentafluorides

4
1

as 1:2 acid-base complexes was made vartly on the basis of 1l.R.

6]

spectra of the products in ethanol znd acetone solutioans.
Such sopcctra are of dubious value ané bands of 3400, 1630 cm™],
dismissed as being due to water absorbed during preparation,

1ed by

3

Q

: _ +
might be due to the presence of NHp Etp - ions for

; - +
aninolysis. 2WbFg+4EtplH —) WbFL.IT Btz-EtoNHyNoFg ECNH,

4

No evidence was vresented to prove the absence of amminolysis
in the reactions performed.
s . . n . . 2

It haes been found that aminolysis of PF—(28) and TlCl.( 9)
: : / 5 I
by diethylamine occurs more readily thaen aminolysis by dimetylamine
and this may be genera

The reaction
NbX5+Et20 —}ivXg JOEt2 -—9 IIb0Xz + 22tX (X=Cl,Br) hns been
reported (30) put it is not clear now easily this reaciion occurs.
The literature renort (30) thot HbCl

at room temperature doss not agree with results vresented noive.

I{oCl5 sives tie adduct oClg .(OE%)Z vith dlethyl ethsr bSut in



thz vwrescnce of a trace of molsture 500013(03292 is fTormad

A trace of water in the reported IbClsCEL)

Q.
i—J .
[¢]
o
L]
o
O

pancies between the reported work and t
NbF5.CEt2 may be vacuum distilled at 50°¢ (9) but Wie
forms en oxyfluoride with diethyl ether at 0% (32)
Reactions of this type with other transition metal halides
not been investigated.
The above information suggests that pentachlorides of

niobium and tantalum undergo nalogen replacemcnt reactions

hove

nore easily

with organic bases than pentafluorices, but data on some rcactions

are still incomplete, and confused. No halide-replacemocnt reaction

have been observed for cialkyl sulpnides and selenides, but few

investizations nave been wmade.

The ease of reductions of transition metal pentahalicdes

by pyridine siow the followins treads :- WoFs5 < HoClg <ILibBrg

<Nb1s, (10,33) HoGlg >bClg >TaCly (31,33
The products of tiese reactions are usually a tetrahalide
di-»nyridine adduct and z mixture of bipyridyls. The ease

reduction of niobium pentachloride is a matter of some

. . . . 4 . .
discussion in the literature (33,3 ) anc some corments on this

are nade in section 1:6 -

Alkyl cyanides are weaker reducing agents than pyricine

but do resduce wolybdenum npentachloride. - Niobium and

(12,13) 27 orides (35) and
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br ﬂ¢i 5 (36) all zive 1:1 adducts with nitriles. In adeition

(16)

a2 1:2 adduct, loFg (LH N)Z has been characte and

since worlk resorted nore was done, an adduct NbF5.(CH3CH)2
: s g (37)
was reported but no evidence was quoted.

Since this work was started papers have been published on
the 1:1 and 1:2 complexes of niobium anc tantalum centafluorides
with ethrers, sulphoxides, formamices, and pyridine stating thd
the 1:1 complexes nave Ci, symmetry &:.d the 1:2 complexes have

. KR I [ Yan R Y . + o 12113 3 . =
a structure with MFg ancd IF4L:  ions. Ho evidence was
given to support th 4v structure for 1:1 complexes and tlc
only evicdence for ions in the 1:2 complexes was detection of
MF6— ions by H.ll.R. spectroscopy. The reported compounds were,
in general, colouLed 'lst those prepared here were white or
. 0 . o ‘

colourless. No(n)and TaC—) are d species and their compounds
are expected to be white It is possible thzt reported colour-
ations were due to impurities and that the HF6_ ions deteccted

by li.ii.H. spectroscopy in solutions of 1:2 complexes were nprcduced

by hydrolysis.

D

The struciure of niobium, tantalum, and molybdcnum penta-

Ead

fluor he liquid state is discusscd in section 1:5

®
9}
[N
B
cl-

Several studies of th« vibrational spectra of niobium (38, 39,
t0, 41 53, 40, k1, k2 b3, bk
! ) tant ; (8, ’ ’ ’ and molybdenum (43, )

3 - S A "y o 1 T P 4 ] 5 Sy
rentafluorides have been made but tihcse wre not 211 in agreesuent,

Lo PO A | PR K B PR S LS e PR I -~ e -
either wiiih cach cther, or with tiis worii, 2:C they are discusscd



A large amount of vibrational swectial datad has been

accumulated in these stucies. Despite the complexity of the
rmolecules many L.R. and femen bands can be assigned and i
convenient to cdivide tie data into sections for discussion,
Complete lists of observed I.R. anc laman specira arc presented
in.gapendix 5, along with results from x-ray powder phoiographs,
“and mass spectra of some of the compounds. Tables and figures

of selected datd are presented throughout the discussion scction

elieved that the products obtained from rcactions
with nitriles, ethers, dimethyl sulvhoxide, pyridine, and &
Methyl syridine are pure and comprise adducts of 1:1 or 1:2
stiochionmetry. |

Details of the I.R. spectra of solid, aanc liguid niobiun,
and tantalum ventafluoridés, Raman sypectra of solid niobium and

tantalum nentafluoride, and I.R. spectra of solid molybdenun

pentafluoride are gsiven in section 1:3.
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1:% Vibraticnal snecira anc stcereochenictry ¢ ot

%)

Since this work was started there have been five publicatio

H

solid¢ and liquid nenta-

(38,540,41,43,44)

concerned witn tnc vibrationsl swcctra o

fluorides of niobium, tantalum and molybdenun

The seis of experim 1l data are not all in agreement, either

< I'
o]

with each other, or with this work., Zefore discussing the
implications of these spactra it seems cesiradle to discuss
the variations in experirncantal results. Some recorded
vibrational spectra of solid lbFg, TaFs, and H0F5,'ar” liquid

NbF5 and Tal re givenin tables 1:3:1 and 1:3:2. I. R. spectra

5%
of solid and liguid HbF5 and TaF5 are also shown in figures
1:3%3:1 a,b,c, and d.

The I.R. spectra of solicd niobium, and tantalum, penta-

(38)

fluorides of Preisset al, are in reasonable agreement with
; . \ . X . . -1 .

the present work except in the region above 600 cm , wuere
differences in nmulliny technicue, or reaction with the

caesium vromicde nlotes used by Preis may be inportant. Cther

lifferences are of ttle consequence and are attributecd To

o

4]

different interpretation of band shapes ant intensitie
The diffcrences detweon the L.:1. suectra of niobium wnrita-
fluoride obtained by Hcattie ot al

onto a silicon wlate cooled to -126°%,

£y

author, are more Gifficuli to explain.

C L A RPTA. - LR DS DU S DY - s S AT S .. 4., -
205 ¢S ¢i S50z Dandsd 1n Tt alTuier reilong oL TALs Suecirull
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TABLE 1:3:1

Raman spectra of solid end licvid NbF5 2bd TaFg (21l
~1
frequencies in cm , band intensities given by letters or numbers

in brackets).

NbFs(s) NbF5(s) NbFs(s) Tan(s) Tan(s) NbF5(L) Tan(L)

(40)  (38)  This work (40} Tnis work (40,41, (40,41)

.820(3)
766vs 773(10) 765(125) 757vs  756(120  767s,p  752vs,p
752w 754(25) 727m 727(20) 726w 713w

716vs  724(5)  716(70)  694ms  697(50)  683m,p  690w,p

668w 669(2) 673(5) 671w
656m 656(30) 646mw
% +
270ms 266(6) 267(50) 273ms 271(60) (315w) (312w)
252vw 254w 253m 245m
238vw 236m 237(20) 226m 213sh
226w _ 22ivw
X *
182w ' 183w (180) (184w)
763w 168(1)
130w 146(1) 119vw 136w 121w
106
%

These bands were not found by Selig et al (41)
+ These bands were not tound by Beattie et al (40)

(s) Indicates solids, (L) indicates licuids p= polarised.
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. 5 ; : =1
(e.r. those at 7271 and 700 cm -~ see table 1 and chiits

.

S Ul
.e
{\
~—

in somz otncr bands (e.z. the band at 514 cm ' is 16 cmm

higher than that found by this author) are due to the use of cilidon
plates which absorb stronsly, and non-uniformly, #n Th=z rogion
L50-1500 cm_? A very strong band at 378 cm-1 is present in

Beattic's spectrum of NbF5 which is absent in the spectra of

Preis, and of this author. It is suggested that this peak must

be attributed to hydrolysis nroducts.

Fizures of the I.R. spectrum of TaF5 as a nujol mull

J. 4

published in refercnce (42) show the peaks at approximately 515
-1 N . .
and 645 cm to be poorly rcsolved., The spectrum is otacrwise

in reasonable agreement with this work and a weak peak at 377cm

is again attributed to hydrolysis. Differences between the

(43)
5 9

-
s

publishcd I.R. spectra of solid MNoF and that o

are attributed to differences in mulling technique, although a
weak band at 480 cm—1 in the published specira may be due to
impuritics,

In this work thne similerity of I.R. spectra obtained using
KBr, 4gC1l, 8i, and Ge windows, an¢ the lack of chanre in the

I.R. sncctra of HbF5 heated to 140° with nujol indicate that

L

little or no reaction with window materials, or nujol occurs

o

so long as watcr unsaturated hydrocarbon ilupurities are
remnoved.

ecause of experim:ntal ¢ifficulties the 1.d. spectra of

talun oocntafluoride could not be obtainod



under such rigorsusly dry conditions =3 tle spectra of solid

pentafluorides. Weak neaks, attributed to hydrolysis, a ¢ obser-

L

ved at 1020 cm at room tcmperature weared and nedium wicak

bands awvpearsd at approximaiely 950 cqu

In prelimin-ry experiments in the present work on tas
,solid»spectra of niobium, tantalum and molybdenum wenta-
fluorides weak peaks were observed at approximately 1020 c:m_,I

and ascribed to aydrolysis, but there were no changes in the

I. R, snectra of other regions. It is concluded that the 1.X.
spectrum of the liguid pontafluorides_is probably not affected
by hydrolysis in the region 800 - 4QO cmT

| Differences betwecen Raman spec%ra of niobium and tantalum

pentafluorides obtained by this author, and thcse in the

(38,40)

literature are almost certainly mainly due to differcences

in instrumentation. The Raman spectrometer used in reference

(41) was fitted with an argon ion laoser wrobably giving 700 a

watts of energy at the sample. The Cary 81 used in this work

was fitted with a helium-neon laser giving 30-40 m watts of

energy =zt the sample and with these samples no shectra could

1

be obtained when the Reman shift wos less than 220 cn. The

(38

Raman line repcrted at 620 cm_1 in NbF5 rnay be due to an

impurity in tie samsle used as no band was Ifound, either by

s . . (R0) . ... .
this suthor, or by Beattie et al in tiis region.

= ..
The tetrameric (45) rmolecules of solid niobium, tantalun



and molybdenum wnontafiluoricdes hzve Dy, syumetry. In the
isolated molecule there are sixty six internal noces of
vibration oi which thirty two are in sixteen degensrole pairs.
The modes have the following species wnd activities:-

aig (R) + bapgg (1) + 6595 (R) + Shpy (R) + 6eg (R) +
2aiy (1) + bapy (I.R.) + 3byy (1) + 4bou (1) + 10ey (I.%.),
(1), (i), and (I.R.) indicate inactive, Raman active, and I.R.
active respectively, giving a total of twenty three raman and
fourteen I.X. zctive fundamentals. In the crystals, wiich have

(45)

space group C the symmetry of the molecule drops to

Z/m

Con. In this environment all ths Yg' modes and "Mu" modes of
the D4y environment are formally Raman and I.R. active respesct-
ively. The "e" nodes are all split so thirty three Reman and
thirty three I.R. bands are forrally expected. Because.there
. . . .. ' . . . (bs,b6) .
is onlv one tetrameric unit ver primitive unit cell the
position is not further.complicated by '"factor group' splitting.

For tantalum pontafluoride thirtecen I.Z. and twelve Raman

Ead 4

bands are found, for niobium pentafluoride fifteen I.Z. and tuelv

o

raman bands are found, and in both cases tie poor quality of the

-1 L.
sctra melow 400 cm probably conceals zore bands (see
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Beattle et al( O)
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nrecicted ensrgiles ares unlikely to be nuch affected. 3Both
the experimental vibrational snectra of HbF_, TaF_ and IoF
- 2 2

(£0) o i
of niobium nenteflucride

and the simple vibrational cnalysis
suggest that vibrational s:ectra of these nentafluorides may he

divided into three reﬂ;ons.- a metal-terminel fluorine stretching

Hhy

region ( 600-800 cm)-q, a netal-bridging fluorine stretching
region (450-550 cm_q) and a netal-fluorine angle deformation
region (50-350 en™1). The different tynes of guite different
energies und mixing of nodes of differcnt tynes will probably
ﬁave little effect on thelr energy.

I.R. bands which can be assigned to metal bridging flucrine
stretching modes are found in the I.R. snectra of NbCqu, and
TaCqu, wanich are tetr%meric with fluorine bridges similar to
TbF5 and TaFB(HE,M7,48) 2t 485 and 495 e respectively. The

similarity of the bands of tec

ot

rachloride fluorides, anG nenta-

flueorides vprovides further evidence that these bands are duc

.

to metal-fluorine 3 rodes anc that thelr ensrgy is not

greatly affected by counlinz to cther nodes.

An iwmcortent consequcnce of the searation of vibrational

0]

saectra of wezntafluorides inbto regions invelving different mode
- . s <7 )

in certain circumstances, be used aso

for the nresence of nridzin
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-
{

atom the increase Ln wolarisability at onc netal ztor Lo tched

by a decrcase in that of another metal atom and ths overzll change
) N . L, (BD)
in molecular 1 lqr,sa01llby i3 osmall,

The structure of liguid vmentafluvorides has been thc subject
of somc discussion. Polymoric structur:s aave been suggested for

niobium and tantalum pentafluorides on the basis of viscosity,

(49,50) . (40)

anc Raman neasurenents, whilst Roaman measurewents
. ~ . - - (41) N
have also p2acn quoted as evidence that niobium , tentalun

(41) .

and molybdenun

(:3)

i-h

entafluorides are 21l monomcric with
D3y symmetry in the melt. It is the view of this author that

Raman spectra can provide little informaition relevant to this

problem.

It is first necessary to consider all the structural
poséibili%ies for these pentailuorides in the melt. A selection
of the more reasonable structures are shown in figures 1:3:2 a -~
h.

Of these structures '"h" may be ruled out immediately bacause

. . . . - -1
there are no strong I.R. absorntions in th: region 570-620 cui

in the ligquid spectira where MF6“ ions are known to absord stronsgly,

.

vity measurcrents suggest thnat self ilonisation of

e

and conducts

niobium a=nd tantalum nentafluorides is less than 1%
Group tneoretical studies of I1.X. anc

incicate tant in all the cis, an’ trons-lin.ed oligoiters of

}15 units involvin~ pseudo~ocirziicdral coordinstion there should

moGdes o1

be forrally active
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metal-tevninal fluoring stratch modes. (sze eo.g. 4opendix 2)

Niobiuwm, antimony , and molybdenum pentafluorides as

(22)

well as the trons-bridged . Lismuth anentafluoride and
2 AT 11 PO T . 2 1 ] IO (] (58) 4.1
niobium and tantalum vetrachloride fluoricdes and other

bridged fluorides all sh ibutable to a metal-
. . . . (53) .
bridaing fluorine stretching mode. Only SDF5 zives a Raman

. L)

band in this region, which may bc due to deviation from linearity

(54)

in the Sb-F-Sb bridging honds, It is thus not possible to

detect bridged species in liquid npentafluorides by Raman snectra

alone.

-

It may be considered proved by induction that in all cases

wnere octahedrally coordinated, five valent, central stoms are
linked by fluorine atowws there will be I.X. active modes corres-

ponding to mctal-bridging fluorine stretching modes with

frequencies approxinmately 65-75% of the frequencies of centr:l

atom = terminal flucrine stretching modes. - The spectra of

(55) (56)

monomneric arsenic, and vanadiun tafluorides suggest

that there is no such distribution cf I.R. bands in Dz species,

~although vy is at lower frequencies than the totally symmetric

strctehing nmofes. In all cases metal-terminal fluorine stretching

nodes were nresent in both I... anl Raman snsctra.

;_

The nrraence of a strong pealk in

([ALT’\) -1
S ) —y s o P S 1 o e SN 15
at approximctely 500 cn, anc similar peaks found in

HoFs,

lignid NbF5 TeFg in t is work (see figs 1:3:1 ¢, ¢) is

considercsd indicative of bridging flurine atoms. The frecuencices
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of these peaks wnrce too hizh to he associzted with 2%, of &
-

. . . 43
D=y mononeric species as was »nreviously su=cested. 3)
P - - o=

The Ramen spectra of liguild niovium, tentszlum, and
EN

molybdenum Hentafluorides are ¢ifferent from those of the

solids, (40,4j 43)

and the peaks are broader. This suggests tict
.the tetramsric rings are broken. The greater linewidth of Rammn
bands in the melt could be due to rotational isomcrism in the
polyners, interactions hetween olizomeric ions, or a large
dispersion of molecular weights in oliromers pres-nt. In view

of tho absence of tetramers in the me lt it is unlikely that

other cyclic oligomers represeﬁt a large proportion of the meterial
present in the mclt., It is not Uoﬂui ble to tell from vibrational
spectra whether the oligoiiers present in the welt are of cis, or
trans confizuration, or whether they are ilonic or not. Conductivity
(49,50)

data does not prove the wnresence of ions Lecause th: heter-

opolar open chain structure (fig 1:3:2f) cen act as a conductor
P 8

+3
m
=

by dissociating at the electrode. 1is conductivity sus: :sts,
although not conclusively, that structure "g" is not wrcdominant
nless the ions have a very high molecular weight (iW)> 10,000)
P95

The wnreszsnce ©7 only one detectable resonance in the
N.M.R. spectra of liquid niobium and tantalum entafluorides is
consistent with either fast intermolecular or insramolccular
exchanre, but th. presence o: only one line in a nixture of

the two suswests a low activation sncrsy for intsrmolec.lar cic

of euchanfe vecialse OF

((‘

It is not possible to gauge the rat:
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. ; N N Y
quadrupole bre-denine of the “F reconances obs;rved.(57)

In

view of the low conductivity of NbF5 and TaF5 melts W.M.x. data

surzests that toe melt contains open?chain svecies (fig 1:%3:2f).
HbF5 and TaF5 ﬁre only slirhtly soluble in solvents with

which they do not react irreversibly. Solut’ons of IbFg in

1 19

' benzene and tungsten hexafiuoride gave no F N.i.R. attributable
to niobium fluorides although the Tungsten hexafluoride solution
was approximately 1350 MbF_.. . R The slow rate
tion, implies

of reaction of NbF5 with anisole, even in solu
i

a sirnificant activation energy to reaction. Thi
energy wvrobably does not arise from steric factors in ths anisole
anc pentafluori&e monoiers, or open chain olironmecrs siould notv
show sirnificant activation energies to ac.uct form.tion. The

evidence tihus suggests that the tetrameric unit is retained in

solution at room temperature.

The published I.XH. snpectra of niobium pentafluoride in the

o, . . . ;
vapour phase at 100-1407C is consistent with the presence of

(39

~—

The original interpretation of the spectra scens

[}

polymners
. . " N - -1 . . .
invalid as the band found at 510 cn is too high to be ansociated
with vy of o trigonal bipyranid as su;ested, Two bands at

R il -
748 and 732 cm’ were a signed to P, and R branches of vy, It

v 2 ( ]+O ) o]

is not clear why the Q band sh-uld be nissing r the

NbF5 molecule should have veen assumed to have such a small

inertia.
Mass spectra of niobium pentafluoride produced no evicence

i

for polymsrs in the sas phasc. Iowever ia

i.l.

.

=

s not nroof t:icot

tlhev fo not c¢xizt. An atteunt was made to K:ep both the hon
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; . Oy win s
nboer wolow 70°C but this moy

1la8s snecLroscopic
study of antimony wentafluoriZe =2t 25°C the intensities of

It is

Q
0
o
Hy
o]
L}

Sbo F9+ neaks were only O.54% of th Squ+
known from vapour nressure measurcnents thot antimon& penta-
fluoride is polymeric in the gas shase (55) (ShF5)x 2t 150°
1800, and 25000 x=35,2.7, and 2 resnectively. Brealkdiown reactions
of polymcric caticns, e.g. NbgFg+ — NbF5+NbF4+, may be faster
than breakdown of neutral species. Negative ion mass spectronetry
would be nore likely to detect dolyr eric svecies,

Three additional, rccent publications on the state of niobium,

1d molybdenum pentafluorides in liquid and gaseous phaces

I

tantalunm, =a

are worthy of note:=

The observed clectron diffraction patterns (59) of niobiun

sntafluoride are not consistent with either NbFc monomers, or
P 5 )

oo

ence from calculated monomeric diffrecction

temperatures cnd the results are consistent

is smallest at

with a temperature dependent equilibrium involving at least one

«

&

type of polymeric molecvu Te.

P
- e . o0
Magnetic measurcm:nts of molybdenum pentafluoride (60) as

St

o

a solid .ne liguid over a variety ol temperatures have shown a

Q
e
w
o
o
=]

uity in mosmetic behaviour at thr melting npoint. This

indicates th=t trc tetramsrs of the solid wtate are not retained

o s s e
c? monomers in the liguid state




Molecular bzam-nass. snmecirascopic exuiriments haove detacted

(

r

}3 fragm.onts above nelis of

f‘

tzntalum pentafluorices.

Curiously the nroportion of wolymeric .ents foun? cbove menta-

fluoride melts increased along thoe seriodic table and pentameric
frasnents were found anove iridium pentafluvoride nmeltz. The
results are consistent with the presence of open-chain nolyucrs

sments hi-her than

trimers of NbFg5 and TaFg does not exclude the »nossibility of

vt
EERtsR

Su:

The vibrational spectra of niobium, tantalum and molybdenun

pentafluoride wzy be satisfactorily diviced into threé regions,

a terminal fluorine-metal stretciing region, a bridsging fluorine-

163

metal stretching region, and fluorine-metal bending region. ‘The

1

I.R. bands in the bridszing flucrine resgion ray be used as a diag-

nostic test for bricdging fluorine atons. NDFr, laFS,r né 1‘-‘ZoF5
are thus judzed to be polymecric in both liguid and vapour state

although the tetramsric structure of the s0lid is not retained.

vmeric structure (sce fig 1:3:2f)

o

An open-chain, non-lonic, »nol

is consistznt with 211 published ZIn7orzation on tae liouid




The possible structures of 1:1 complexes include those
“shown in figures 1:4:1a,b znd ¢ znd a large number of structures
involving seven and eight coordinate metal atoms linked by

bridging halogen atous.
<O (&)

[&
o

L P
0".‘ Q"
. L « . R
[) [)
a : b ’ c
structure ionic structure ionic structure
cis cation trans cation

Figure 1:4:1 Structure of 1:1 pentahalide complexes

i

e = halogen ® = netal ‘ : L = base.

g

The 1:1 complexes of niobium, tantalum and molybdenun penta-

. . S \ . - -1 .
fluorides show no I.R. bands in the region 400-51( cn vhich

sugzests that no bridging fluorine atoms are wresent

"o

1.

The possible structures for 1:2 nentafluoride-base ccmplexes

~

. N . - . . K o . .4 AT
include these illustrataed n fisures 1:4:4a2,b, - ¢ with wone

3

incoryporated in the lattice, ionic structures containing

)

free :

D
oy’
@
[9})
[0}

MPg™ and 1P, Iy,7 ions, arnd » variety of structures involvins soven
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coordinate metal atoms. o evience was Tound Tow ANy UXicOo=
ordinated base in the 1:2 complexes (see section 1:6)
If hexafluornmetallate ions are wresent in these commounds

there should be I.R. and ramnan bands corres por.ing to those lons.

(63)

4

The vibrational. spectra of KHbFé, 'TaF6 and KMOF6 which rave

(64,65) . (42,v6)

.
the crystal structure ng, w2116, ond CsTaF

;
and CsNbF6(O7)

(65,68)

-, . ' 2 2 .0
vnich have the crystal structure CEi = 8z, =148
have been studied but have never been analysed in the
light cof a nroper factor-group analysis, or the nrobable optical

roperties of tlie compounds. The Tactor group analysis, werformed
Py i =) l y s

(69) _ . _. N

by the method of Halford and siven in teble 1:4:1 Tor octa-
? O

. . L 3 )
hedral, ané pseudo-octakhedral ions present in D3; and C3.
’ S < 24 31

(70)

crystals has been checlied by the method of Adams and Fewton.

(71)

Correlation tables used were taose of ¥Wilson et al excent
for the Cp, ———} Co correlation of site group Dp with Factor
group Dpg which was worked out (Thce need for this was nointed
out by J. Dunsmuir). '

The ?élative size of these splittings is difficult to pre-

dict with accuracy, and may not be the same for all modes.

The most couron order of size of swlittinzgs is distortion > site

group factor group out in these caces sone modtes will be
counletely unaffected by distortion of tihe hexalluoro-wetallate

anicn,
A& further cause of cornlications

snectra., “he refractive index of




of an I.R. absorntion h.und. If the :ode is associated with

! .

se dipole chanze, it absorbs very strons 1y

a la

'r-.

becorie vhat is Inown as a "stron: oscillator "“/these are associated
ranges in refractive index over larze frequency

ses of lirht are caused by

scattering, the bands observed are not nurely absorption bonds,

o)
[ 941

N

the observed Ymax of an I.R. band is not, necessarily, the
true vibrational frequency of the molecule or ion, which. tends

to be at higher frequencies than vuax., Strong oscillator effects

are not observed in dilute systems and may also ve allotied Tor

nce I.R. snectra. o reflectance, or

by recording reflect:

- ) o

solution I.R. data for these hexafluoromellate ions is available.

5B

) -

The followin- bunds have been observed in niobium, tantalum,

and nolybdonum hexafluoride ions:~ (all frequencies in cm ')

(67)

CsNbFg Roman 83,s, 562,w, 280,b,n.
CsTa¥g Rzan (65) coo 5, =81,u, 270b,m.

.I.R.<42) 720m, =82vb,asg,vs,480m 245sh,s,232s,220sh,s
ke 1.2, 63) 5805

c
KTaF I.R.(°3) 530s

KMoFg I.R. (63) go3s

By comparison with hexafluorides the iollo 'ing band

1)
0
i3
£

activities are ewnected in isolated octahedral anions:-
Ee g ' = ""1 SN
v, (R) $580-70C cn” , vo(R) 550-2%C cm 175(R) 200-300 ¢,
. , - , -1 . .
vr(I.R.) 212-24%0 ca , vz (R) 560-£50 cn , vg(incctive) 100~

-
=i P S R ‘,,.L)
- Cil netal derendent



It is unfortunate that only two Raman smectra of these
hexafluorometallate ions have bcen reported, because Raman
spectra are not subject to strong oscillator effects ~nd srosom
an easy method to study both site-, and factor-group splitting
and the effect of cationic size on the hexafluoride anion
frecuzncies. In the CsNbFg and CsTaFg systens V5 is the only
Raman active band expected to show site group splitting.

Althouzh Eeller et al only report one Raman band in the region

r 7
1 (66) 6(b7) their dia

56,6
and CsTa¥ 13 grams(Jéa‘ﬁ

240-7%00 cm = for CsNbFg

clearly show the band at 270-230 cm—qiin CsNbFg, CsTaF6 to be

. . . . s , -1
broad andasymmetric, consistent .;ith a splitting of about 20 cn

’ L
The reported I. R. spectrum of CsTaF6('2)

contains six bands

'

but this author suggests that the published assignments are

. 2 2 . . o m -
incorrect. Ina Czq, (S6) environment both 2z and vy of TaFg

are split into Au and Eu components. Baum et al assign a very

. -1 ; . . ;
strong band at 580 cm ', together with medium bands at 720 and

-1 o . . , . ,
480 cm™ ' to vg statins that anhermonicity .may have 1lifted the

3
degeneracy of the Eu ccmponent to give a total of three con-

L

ponants. This author would assign the band at 720 cm to

. N ; -1 . .
nujol, =nd that at 430 cm to an iwmourity, or an overtone or

‘combin.tion enhanced by fermi resonance. The site group
splitting of vy contrisutes to the asymmetry of fhe Lroaa baand
-1

at 530 cn
m 7 3 o} [ —1 T b 1.
The growpof binds at 220,250 cn has a total half-bond

1

L

width of zbout 50 cm  and urobably does not exhibit strong oscil

1:

N

to

£



effects. Ageain opnlit

this author and it suzge

I.R. ac

e

due to v4 which is

The values of 273 repo

(63)

netellates are even mo

as shown in the factor grou

components of V3, and no s

"ion shows distortions observable

The band observed must have

A

oscillator effects znd the

oscillator frecuency.-

-

The true values of U3

quoted in tre literature, b

higher. If MFg anions wer

of pentafluorides the catio

metal ions so that the syst

strong osciilator effeccts w

metal hexafluoronetallates.

obsrrved in taese

a jicnn

bove if ¥Fg

The 1:2 pentafluoride

type P24 /4 (lio11), zre the

ERpep—.
Ly s

3}

Known crystal

the MF6_ ions could tale ux

of all six nodes are active

coupicxes

u component is dciscounted by

ulders i

3
O

sted tnat one of tuc s

tive under Sg syumetry.

A
rted for tiwe potassium hexafluoro-

oo
L

re dubious than that of CgTaFg for,

» analysis, there are three I.R. azctive

»littins was observed although the

(64)

by x-ray diffraction

e

&

been greatly broadened by strong

recorded Vnax is not the true

e

are =lmost certainly higher than those

ut it is not possible to say how nuch

e vresent in the 1:1 and 1:2 cowmplexes

ns would be far larger than alkali

em would be effectively diluted znc

ould ve reduced with resuect to 2lizzli

Thus values of 23 for MFg ions

e

would be hizner than those recorced

with

Vil

nyridine, with crystal

o~

only wnentafluoride complexes of

s, Cs

a9

(70)

nvironmant Cor, Cq, which

lattices some couponeals

R. and Xeman, &ud &ll the
9



Lz -
observed bunds should be swunlit. The bands vy ard vy would be
expected to remain the strongest I.R. bands and vy, P, and v
should remain the strongest Raman bands. Similar considerations
probably apoly to all the other solid complexes as it is unlikely
that they constitute a latiice of high symmetry. In all the
complexes I.R. bands were found which might correspond to vy
and v, if only one compound were to be considered (Tables

1:4:2, 1:4:3), Ho'ever there is llttle difference between the

frequencizs which might be associated with 2)3 for ventafluoride
complexes of molybdenun, tantalum, or niobium with the sane

base, whilst o large difference (40-45 cm ) is fdund in the
hexafluorometallates. The observed freguencies of the 1:1 and
1:2 complexes are more base-dependant than would be expected in
ionic structures. (See tables 1:4:2, 1:4:3), which, if conplexes
of the same stoichiometry are assumed to have simil;r structures,
suggest that the complexes ars not lonic.

Because no work has been done on comparison of Haman siifts
of hexafluoronctsrllate anions with different cations it is not
known how large the varistions may be. In most of the cémplexes

Raman bznds were found which might have corresmnonded tc the stroug

-1 . - -1 . -
v (A20-700 ¢ ') ané mediun U'(200 290 cm ) bands of an
MF6-ion. Eowever no wsands were found which mizht correswyond to

L&Fé) S oznvy of tio tarntalun qompounds.
Altnoush this iz not & strong baznd it is felt tnat such = vand

shoulc have been okserved ii IFg ions were nresent. In the
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Table 1:4:7, Vibrotionzl snecira of 1:2 mentafluoride

corlexes (2ll Ranan int:insities in bracliets)
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niobium =nd molybdcnum nentafluoride cumnlaxes some Ramen brnds

S . - -1 . N CL
were obscrved in the 580-600 cm rezion, but it is thought that

they showed too much variation to be censidexed N?G frequencies,
Thus this Raman evidence also suggests that no MF6— ions are

present in pentafliuoride comsplexes of the solid stute.

[

The structure of HFs Cl is similar to taat shown in fig.
1:4:1 a, Group theory predicts four Raman bands, of which three
are L.R. active for WFgCl in the metal-fluorine stretching region.

The bands found (7))(see table 1:4:2) in the gas and liguid rhases

V)

1 J.

the solid phase the Fourth

s

are coasistent with the predictions. I
Raman band (2 ) beconmes I.R, active. In many of the 1:1 con-
vlexes only 3 I.R. bands are found in the wetal-fluorine stretch-
ing re AJOH, but this is to be expected as tie commlexes arc
probably not isomornhous. Talken together the vibrational spectra
of the 1:1 conplexes strongly sugges: that they have apnroximetely
Chuy syrmetry (cf Fig. 1:4:1 a)

The I.2. spectra of all the bases used in this wori show

L1

chznges upon coordinztion to an acid. In none of the 1:2

complexes investigated was any uncoordinzted base detected., 'Lhis
is important bhecause no evidence nhas ever been nublished to show

that both molecules are coordinated to the netal., Little more

can be said of the 1:2 conplexes of LibFsg, TaF5 and HOFB.
Alticush the I.R. =ad Haman ssectra sungest they are not icnic,
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restulis (see Chopter 3) and furtiier conclusions about these

compounds must awalt sinsle crystal X-ray =

nalysis.

The I.R. ~n" Raman snectra of pentachloride complexes
of niobium sicw sinilarities to the
couplexes (Tuble 14:L), It is not possible to sesnnrate all tle
bands in the metal-chlorine stfetching regions, Vibrationzal

analysis of NBClg*CH3CN has been attempted twice since tiis

(7%, 120)
vork was started 7% 12 and.provides evicfence in supnort of

(36) _,

conductivity dnta that the adducts may be formulated as

(76,77)

non-ionic six-coordinate mononcrs. HexacHoroniobates

- bt ] brd -1
show I.R. absorption bands between 333 and 336 cm not found

coroplexes wnich is further evidence that the complexes

in NKHB

are not ionic.

As in the nentafluoride complexes tne bands in the metal-

hal stretching region of nentachloride complexes show some

o
]
!
¥

sensitivity te change of coordinsted base. There is, however

pattern to the shifts, The assignments of Raman

no ovviocus
b ) A T s 1 ~ 0 1. s ( 711‘)
bands of mb015-0n30m are these of Ozin and Welton

~ -

There are considerable differences in thz nuther of bonds

found in ths snectra of tiresc nertachloride conmnlenes. Thic
13 sht to be duc to diiferences in refractive indices of the

compounts wiich are known to nnve an effect on 4..: qualit

7=
(%%

nmon saoctira,
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complexes with Le,0, ind CHpCLCN ure noic volatile ihan ths co-

o
O

rresponcing wnentafluorides, suggesting considerable acid-bace

association in th The ebsoice of dons in the wmasso

spectra wihich could not have been derived “rom separate puonta-

fluoride an . zase olecules is not proof of dissociztion.

Iz the liguid phase the 1L.RX. specira, due to M-F fregu:sncies
~ 8 ¥ InPSal NG A Tw - 3 i =
of HbFs-Outz , Tar 5'0;. to, and LabFS,'CHjOC6H5, are similar, in

-1 .
the range 250-750 cm ', to those of other, solid, 1:1 complexes.

1 ‘ .
9FN.M.. gspectra of liguid 1:1 pentafluoride complexes

s . 1
re phenoriena winich averages the 9F
P 8

1

the oresence of zome excha

- 9
environment. In contrast to these systens NbFECl (78)NF5OR,(7J)
(8¢

and NFSCl ' and many other %4v systéns exhibit the expectied

quintet-cdoublet resonance pattern. If the exchange nrocesses

€

were intramolecular, or involved fluorine bridges there wculd

1

be no obvious reason for absence of exchanse phenonena in ths

WF501, 1T 5 Cl™ svstems. It seems umost likely that exchange occur

b

g
i}

mechanism involving cleava  ze of metal-bass hona which is
in agreenent with the observed averaszing of'uLH.H.d. srectra
e prescuce oi cxcess base.

solutions of NbFS-CHBCH in

CH-CHi su~zest »resence of a 1:1 G, complex despite Ra.an

nivxture of 13 (% o
= . j
W e oo 55 - .
of c.ormlexcs onr (vH CHN )2(77) £nd Lob5o(CHgCN)9( ). In contrast
the L., suscirum of o mixture loFe, 7nd SH-CLON < fzining 20
L b z
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nOF5 secns To indicate tho wircsence of a 1:2 corvlex

moles of
in solution (Table 1:6:1)

19.

SN S S
FoN.ik.xr. spec

ct

o ra of pyridine ond methvl pyridine

adducts in excess ligand could be chtained because of snall

(=8

solubility of the adaucts. ALl the 1:2 couplexes investigated
shoved signs of decomposition when melted. It is unlikely that

these compounds can be obtained in the gas phase.



. T oA e e e i e s A
lcal asnecis on rooctlong 97 senvaholiles wit

basgs =5¢ vibrat'onal sshectra of cosmlexed bascs,

=
L

~cntafliuorides with ethors,

fluorides react with ethers to zive
oxyfluorides (32), saticfoctory analytical data Tor 21l the cther
complexes except tantalum vnentafluoride dimethyl etherzte, (which
. data similar to corresponding niobium coiipound), n&
the abserce of any I.R. absorptions in the 900-1050 cm—lI reszion,
incicate tiat no fluoricde elimination has occurred. Contrary

£30)

to literature reports niobium 3entachlorice -diethyletherate,
(prepared indirectly see sections 2:2, 2:5, 2:7) smave no

evidence cf chloride elimination unier vacuum at room tempeurature.
The presence of non-crystalline winite powders, end nethyl and
ethyl fluorides respectively in the thermal decomposition products

4.

of b 5-Ohe2, and NbF5 OEt 5, respectively shows that these
reactions can take place under more extreme conditions.

Altkhough the vibrational spectra of some dimethyly and

O al
e s s : o - 10 CMn

perdeutero dimethyl-ether comnlexes of BFB’ and F, have
been investizated and taken to indicate tiat there _s no coupling
between vitrational modes of tle acid and bass sarts of the
roleclz lat.» studies vhrow some doubt on this conciusion

. . R - : o - -1 .
However coupling is limited (giving shifts of 15 cm  in &F

moces on deuteration) and no moles are snlit on ad uct fornstion.
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either accidentally derencrate, or too weals to he observed the
spectra of cdimethyl etherutes are quite simple in ampezrance.

Assignments of dimethyl ether bands in the I.R. snectra of

NbF54e20, anG TaFSMegO are given in table 1:6:1 alons with
et , ne o epe0(81) . .
dimethyl ether anc bﬁ;'heao bands for comparison,

Because the I.R. snectrum of liguid dinethyl ether has not bhcen

5 (83)

quoted frequencics are token from the Raman spec-

(84)

recorde

4

whilst guoted inteunsit

(85)

are from the

'J
4]

trum of liguid Me,O
o

flere, and elsewncre in this chanter

gas »phase L.K. spectrun.

xcept where otherwisc stated, assizsnments reflect only the nejor
1 L] & J J

.

characteristic of the modes involved.

Table 1:6:1

I.R. of Ife50 connlexes due to MesO
2 = 2

] IbF TaF

Fe2 G T B N i
265w (I.R,) 322(R) 0(CHz) wag
33Lz(R) 3hl(m) 314nm,b O(CHB) roci
420w L99yw 485w L8 7vr COC def
610w(IR)

918m

918w

382m,asy

§70m,b

C-0 sym str

970w 385m,b
1094s 1020m,b | 1015nm,b €-0asy str
11475 1150m 11270 CHz roci:
1235(R) 1258w 1263w CHs rock
. -

A11 Trecucencies in ci

(R) reans rand is only found in raicn snectra

(IR) wmec:s b nd iz only found in indra red



- 55T

Vibrational spectra of diethyl ether comlexes are very

}_!.

difficult to interpret because of the relatively larze number

of atons pre'ent‘
R/ i L
® @) ® & O .
ANV N N
I 7\ £y
A%
trans-trans rotamer trans gauche rotaiier
(tt) (Cav) - ' (tg) (Cq)
u W, . i L
.A/.‘\. .'c g'_ .Ob
gauche-gauche rotaner gauche-gauche rotarer
(gg) (Cp) (gg) (Cg)

Figure 1:6:1 - rotamers of diethyl‘ether

e = H e =C
and rotational isom:rism in tine ethyl groupns. There are
infinite numbers of possible rotational isomers, but because
rotation about carbon-carbon bonds is hindered only a few of

1 }

these need be considered (see fig 1:6
1 k) o £ (86)
It has been calculated from tine Kerr effect
liquid diethyl ether =cts as a slizht modification of the (tt)
. 5,0 .
rotamer with ethyl grouns rotuted 24 from the C/O\C
This does not rule out an equilibrium between the varicus forme.

Comwrrison of I.23. spectra of ethyl 7 and comedeutcro-etihyl



[e]
(80) etihe
vibration

..'54..

o
[VE&P

various

(a4

merature widh ssectra redicted by

al analysis for the rotamers illustrated in fig 1:5:1

ungests a temperature - demendent equilibrium betieen

220

(tt; end (tg) rotamers in the free ethers. The (tt) form is

the more stable by apsroximately one Kcal nper mole aad no

trace of (gg) forms could be detected vy I.2. spectroscopy.(87)
Use of Fieser models suggests that it is not possible for

diethyl ether in the (tt) form to act as a base because of siteric

shielding of the oxygen atom by methyl hydrogen atoms. It is

also unlikely tizt the tg rotamer could act as a base.

These are important conclusions because similar ccnsiderations
apply to diethyl amicdo—, diethyl sulphide—, and diethyl

selenide - compounds. IEtherates are also important in certain

fields of catalysis, The I.R. snectra of free, znd compnlexed
o o 5 i 9 L

ether are comparcd in table 1:C a view to finding

exyerimental evidence for these conclusions,

A11

the vibrational modes of each of the diethyl ether
rotaners are formally both I.R. and Raman active, except the

A> modes of the (tt) rotamer which are formally I.R. active.

However models indicate that in the (tt) rotsmer rotation of

he wethyl grouns is hindered, the most stable configuration
is not strictly of Cpy symmetry, and the Ap modes may be wealkly
I.X. active.

The lists of contributions to the nodes of (tg) and (tt)
ferms of diethyl ether (87,88) suggest, perhars surprisincly,



Frplonttion of ormhols unad in

4

Snachtra ond oncirnments of ®E N

tolran

from ref , 36

#,%, Principal componsnts of modes in sy tops SD2212°

1% arproximate rzalt 1s hiddan by o0n streitsh
=L ymmetry of BL modas
Su o/ - Qott i >

Methyvlene band

=AY
Q

(e}

Methylene tuist

Asymmetric HCH bend

~

Methvlene warc

17T Syvmmetric HCH band
T  Mzthvlene twlst
P Mathylene rock
B Methyl rock

Rt —0 stretch

X orC bend

e c0C bend

hl ' . ' '
M=(1™ Etgo hands obscured by M-Cl1 bands
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that arart from methyl zne wothyvlene rocitins motions, mixing
of medes has little effect on the vibrational frecusncies, =nd

it i1s possitle to cefine enersy regions for the vibrational

motions cquite closely. The calculated frequencies for (gg
1 . : 8 5y -
and (gg') modes were not all glven< 7) (table 1:6:2), but

those listed scem to define regions for the different mode t mes

The orly mocde which shows o large shift between conform rs is

. . : - -1 .
the asymmetric C~0 stretch which ranges from 1153 cm in the

(tg) rotamer to 1070 cn “1 in the (gg) (C,) rotamer

-1

In the region 350-1400 cm” Hip0(tt), Bt,0 (tg) and

Tan'OEtz all show sixtecen I.R. berds (excluding metal-fluorine
bands in TaF_ '0EL2) nd in the regions where extra bands would

be exvpected if wixtures of conformers were wmresent TaF50Et)

here are two bands in the

i

shows no extra bands (for example

830-950 em™ recion of TaFsCity and four in (tt)-(tg) mixtures.)

It may be concluded thzt only one conformer of diethyl eth is
present in this etherate.
In the following discussion it is assumed thot TaF5-Et20
is morom:ric with site syrmetry at the Te atom being apnroximately
. - . ) . . I - . ~1 A
Chye TaPc +CELp showus one I.2. band in the remgion 450-250 cm an

-}
two bano(5/1_n. the region 1300 - 1380 e
whilst B ,90 (tg) shows 2d one nands in the resnective rezions.

ot
I
9]
©
a

. . . -1,
The mecium-intensity I.R. bend at 512 cnn  in TeFgeCEty is too

hizh -xn7 too intezsse to corresnond (o the very weal bund -t

. -1 . - - . PR . P -y -
451 ¢x” ' in the I.R. spectrum of En,0(tt). Thiz I.3. evide:ce

is not absolutely conclusive on iis own, butl wien coupled with
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evidence from the models it dees scom certain that (tt) =arnd (tg)

rotamers of ciethyl ether are not involved in complexes with
pentafluorides,
N - I o s - a Q I _1 .

The very strong bands at 998, 984, and 998 cm” ' in the
tra of TaF5‘ CEt,, NbClB'CEtg, ard NbFS'QEta are
assigned to the asymmetric C-0 stretchin: mode on the bpasis of
their intensity. The shift of the asymmetric utretcnlng rnode
of dimethyl ether on complexing is approximately 80 cm -1
(table 1:6:1). The calculated asyzmetric C-O freguencies of

3 1 , - . . - -1
(ge), (02) and (gg '), (Cg) forms of ether are 1070 and 1139 cu

N (N . L
resvectively. If the (gg ) form were involved in these couplexes
. ; -1 P ,
the shift would ve 140-155 cn This is too great and the (gzg)
is probabL)’

(CZ) 1"ot'mer the one acting as base; L.%. and Raman swectra of
TaFB'OEtZ, HbF5°CEt2, and NbCl5-CEt2 suggest that all three
have similar structures.

Because of lack of accurate structural data it is impossible
to confirm these suggestions. I.2. Spectra of other etherates
suggest that all diethyl etherates that have been investigated
involve the same diethyl ether rotimer. There is no structural -

evidence on the angles at the oxygen atoms in diethyl eticrates

(89) Ch diet: i ge (50)
.7 However conplexzes of HgClpy with dietayl sulphide, 7 o
botr (91) | o sirilir anees ot
etrahydrothiophen have very similur angles «

ond it is sugestad t.st the :rnolos at oxymen

in complexes of diethyl ether, snl tetrahydrofuran will be

P

sirmilar also. A Cr === cow.lex of

. el
"etranyarofuran(/a) has been



found to nave planar oxynen atons and 'C=0 bond lengths slishtly
A : (93) ~
longer than in free tetrahydrofuran. In the absence of otuer
data this syste: is talen as z model for all these ether comvlexes.
Sulphur and selenium ore lorger atoms thun oxysen zand the
C-8-C, and C-Se-C angles are smaller in diethyl sulohides and

" selenides tha

of (tt) with
in sulphides

and seleniun

possibility eof

n the C~0-C angle in diethyl ether. The stzbilisaton

)

resrect to (tg) and (gg) rotamers is thus greater

and selenides and steric shieldiny of the sulnhur
is not so great in (tt). and (tg) forms. The

g) rotarers acting as a base increases in the

series~Et20'>E;25e and is nmore favourable where there is non-

the donor atom. ‘

viiere alxyl sulphides act as donors the sulnhur

(90,94)

In complexes

atoms are pyramidal, and in the complexes of monodentate Et)S

studied up to 1970 (e.z. ref 90) th. diethyl sulphide conformation

was (zz), (C,). The nresence of (tg) donor molecules in WFge(Etp

Se)2 would explain the awvparent magnetic inegquivalence of both

meth 1 nrotons in the wroton HW.Ii.R. of this
b} - o7 h .

.
and

(32)

methylene

comnoundt .

~ (95)

The nudbliished assisaments of phenyl methyl ethe

(anisole) =re o~iven in table 1:6:3., Whilst some of the assignments
may be optimistic their zbsolute accuracy is not essential to
the ar-cuments ~hich follow. The vio Zons numbersd I to 1X

of %hz methyl csroun and those numbercd 1 to ZO
brations oY the aromatic rin: In anisole itself tie
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Thodils 1

:3

I.8. bands of free and complexed pheayl methyl cther
haad]| sym Liin comnlex | assic¢ament other baads
in comnlex,
1 Al 20C5vw] Nn.0.. C~ii str
2 Al 3095m | n.o, C-H str
3 Al 3862m aC60m C-4 str
4 Al SUd2%m| 3020%sh | C-i str
15 Al UOQE*m 2020%sh | C-1 str
I Al | 3956ms| sC2ush | Calg asy str
Vil A"} 2950m | 2950w | C-Hg asy str
11 Al 2642 2628my 6-13 sym str
) 2334 2064mw
5 A' 1599vys| 163Cm C-C str
6 A’ 1585mu{ 1535m C-C str
7 Al 1196vs | 1478%ys | €-C str
8 . A' 1185sh| 14%Csh | Cul str
virz]  A'' | 1460mw| 1473%vys | C-rlg asy def
II7 | A! 1452mw| 1459sh | C-ilg asy def
IV Al 129Cvw | 1230w C-T1q sym def
9 Al 1334m | 123350 | C-L str
10 Al 13Cls C-{ def 1285mw
VI Al 1294u* C-Mrock
14 | A 1246ys | 1215vs | €~ str
11 Al 1179w | 1185sh | C-H def
12 Al 1171s | 1161s C-H def
I Al 1154n C-Ha rock 1120sh
13 | A’ 10765 C-Hn lef 1038w
1Y a' 104Cvs | 937vs J-C1o str.
21 A 1619mw | 1017m Cati fef
16 | a' 994 ring mode
22 At | a0, C-H bend
23 3] a0, C-4 hend
24 AU n32s C-ii hend
25 AT 825w C-4 hend 815s
17 A 733s , ring mode . 136w
29 AV 7R4vs | -T36s C-il head
26 A 6G0vs ( &=% )| ring mode
27 a'l ] 662w (banls) | ring mode
18 Al 6] 5w 595w ring mode
19 A 53525 490%sh | ring mode
23 AT ] se3s | 400sh | ©-0 hend
20 ! Sedmw | 3CCmw C-G def

(all frequeacies ia em”

1)

¥ indicates absorpntion assigned to more than one mode

% not ohserved in ref 8




- 2
aromatic ring wrobably lies in the nlene of t@: C-l-U angle
(9¢,9 }8)uut use of nodels indicates t'at the ring nust be
twisted out of this plane when anisole is complexcd to niobium
pentafluoride. The symmetry of the rins thus chanzes from

approximately CS, probably;to approxinmately CZ' The band

symmeurwes given in table 1:6:% refer to symmetries under Cse

The I.R. bands of NbF5- Anisole have, where feasible, been

written alongside bands in free anisole, The C-0 stretching

freguencies are assigned on the basis of intensities and because

the consequent shifts upon coordination are comy

in other ethers. bands in free, and

<

conplexed anisole in the 770-1310 region do not correspond with

. N -1
out assuming some shifts of up to 75 cm or very large changes

ck

in observed intensities. That such effects are not found in

<

complexed pyridine. (see later in this scction) or substituted

(99)

aromatics wihere chanczes in =lectronic effects are much

rests that chantes are due to changes in symmetry

(&)

larger, sug

Fag

of the benzene ring which change the mixing of modes.

B) Comnlexes with dimethyl sulphoxide

Vibrational snectre of a number of dimethylsy and nerceutero-
/I

=

. . ST 100
dirmethyly sulphoxide comnlenes (e.r. 5F3'he250, ”3b3 eqSO( )
Ni(ClOQ)Q Lie SO(’l 1) and a review of divecthyl sul-hoxide reaction:

have been puolished. “hen the oxygen atow of dimethyl

sulvnhoide is coordinntoed to & metal atom ¥S=0 shifts to lower



frecuencics, whilst when sulvhur is coordinsted a ohift to i er

. (103,104)

frecuencies is observed. When dimethyl sulphoxide is
, 131
oxygen-coordinated to Fe== the angle Fe-0-3 is 124° (105) in

the abscnce of other data it wmay be assumed that the ang
oxyzen i simllar in other oxygen-coordinited dimethyl sulphoxide
complexes. As mentioned pr CVLouSly (section 1:1) there are
differences in pronerties of 1:2 complexes wrepared here, and

. 11 . : o
by previous workers.( ) (see table 1:6:4), In particular

Py

{ow.
v 5=0 of TaF 5°{e280 is surgrlsLnglyANo other 5=0 fregucncy as
L0

o -1 . e
low as &78 cm has ever beecn reported and this wmisht be metal-
- A

oxygen frecuency of an oxyfluoride.

Table 1:6:3

Properties of 1:2 pentafluoride: MepSO Complexes

Property NbF5'2MezSO Ta¥ 'EHeQSO Nb75'2He280 TaF5'2He2$O

ref (11) ref (11) this work this worlk
1, Pt, 4% 63.5°¢C 64°¢ 79°¢
Decor. 70°¢ 95°%C 54°¢ 79°¢

US =0 9400m~1 878cm L ¢:6,935¢n 970,930¢:

Anzlytical, (table 1: 9:1), srectroscopic,(fisure 1:6:7.,

table 1:6:5), und x-ray powder photogranh (figure 1:6:3, 2u.endix

3), date all confirm that two discrete complexzes of 1:1 and 1:2

v A N Cot M . .
stoichiometry nave been vrepared for coch pentafluoride. She 1:1
cornlexes of the wontefluorides cannot be nistures of rnentalluoride
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1:2 coumplexes of dimethyl-ether ond sulohide and

()/)

paration ensures tiot no frec sentaflyoride ic prescat.

~

acetonitrile ave been suggested to exaslain observed vanour
pressure-composition curves but these are the first cases : here

both 1:1 aand 1:2 compounds nave been completely chrracterised.

The 1:2 compounds did not have sharp melting points =nd sonme

gas evolution was observed just above the melting points. This
is consistent with truﬁsf"rnuvﬂon of the 1:2 conprlexes to 1:1

complexes and Iree dimzethyl sulphoxide followed by fluoride
elimination in the melt. The 1:1 compnlexes are stable up to at
least‘their melting peints, which are.50-60°C higher than the
decomposition temperature of the ﬁ:2 complexes., This suggests
that the first step in fluoride elimination does not involve
uncoordinated dimethyl sulwhoxide.

Assignrent of I.R. bands due to dimethylsulphoxide‘in the
comnlexes with nentafluorides are given in table 1:6:5. The

numoering &z

H

d descrintion of the modes is taken irom references
(106,107). The assignments of the degenerate C-H deformations,
Vq9,VU718, and YL, Uglmust be regarded =s no more than tentative
Vleelz bands at 922 cnm -1 in 1:1 complexes of dimethyl sulnhowide
have been written onosite UE, but, vy comrarison wita other

ole] , .
counlexes (1 ,107) vp would be expected

. . = .= .
bands. Fregquencies in the revion 450-475 cn are assirtned to

(RS}

metal-oxysen fregquencies. Similsr values have been feund in the




. + , _ 5+ .
Ga(M0250)63a and 1n(Mey50)6”" ions.
The general similority of shifts of dimethyl- and
perdeuterodimetnyl-sulpheoxides on complexing to zntafluorides

N

in both 1:1 and 1:2 complexes sugnests very stroazly that the

R

constitution of nodes is not greatly affected by comnlexing.
The clear splitting of vig, vg, Vy, Voo, and Ug in the 1:2
coriplexes cannot be due to a lowering of th. symmstry of

indivicdual dinethyl sulphoxide modes because this would not spli%
Vi, ﬁhe 5=0 frequenpy. The large size of these splittings meles
it unlikely that they are due to coupling of the modes in different
dimethyl sulphoxide molecules, or te a correlation spylitting.
Inequivalence of complexed MeESO‘molecules is consistent with

the results.

Raman spectra, apart from that of TaF5-(Me2$O)2 were not

very good because of problerms with fluorescence and weak scattering.

C)__Reections and snectra of nyridines =znd methyl nyridines with

rentaifluorides.

Analytical data (table 1: 9:1) clearly indicates the nroducts
of reaction of niobium, and tantalum, pentafluorices with pyridine
(Py) znc rdeutevonyridine (Py-dB) to ke 1:2 comnlexes. ‘rhe

isolation of only a 1:2 ad’uct from mixtures of Nb?5, Py, and
diethyl ether is probably only an indication that 1bFg- Py. is solu ble

Tartalun »eanitafluoride is shown, by the analytical data,to

form 1:2 ~n2 1:1 zdducts with & ethyl- and 2 - Methyl »nyridine




resnectively. liethyl grouns in the 2- cnd b- nositions of

pyridine should increasc thc electron density on the nitrogen

atorn. The formtion of a 1:1 comnlex TaF5'2He-Py rather than

a 1:2 comnlex is attributed to steric factors. Hecent )
crystal stunies on othwer 2-methiyl pyridine cowplexes, =.3.

- not sicjnificam‘t
CuCLj(ZMePy)Z are,consistent with e—sddsht distortion of the

(109)

metal-nitrosen-carbon hond angle the nlane of the ring

e n
It would be interesting to react 2-6-dimethyl pyridine wit

~
L

TaF5 as tnis is sterically similzr to-the (tt) rotmuer of
ether discugsed earlier in this section.

The results obtained from the reactions of NbF5 with
2Me-Py, and L4 Me-Py are suggestive of some reduction of the

niobiunm.

(119 111) on

Crystal studies of pyridine d methyl pyridine

(119)

comnlexes show the nitrogen to be almost planar and no

significant differences are found in the bond lengths w«nd angles

(112) . (111)

4 coordinated pyricdine.

o,

of free

in soction 2: 6 ) is

0]

6]

The adiuct ﬂbCls'Py (prevared =
. , o . o . o s
stable in the absence of excess pyridine uyp to 125°C, at which
temperature a little discolouration occurs, but extensive
A ) N " o . _ o
deconvosition does not occur below the melting point of 2207C.

Niobium neontachloride is partially reduced by excess pyricdine

t

at room tempcrature.( This cugrests that elther niobium ¥

is greotly stabliliscd by complexing with pyridine, or taat

uncoordinated wyridine is needed Ifor reactlon to proceed.




The assisnments of hands in the I..¢. saectra in some of
these couplexes due to the coordinated pyridine, and hL-le

Pyridine groups are given in tables 1:5:6, 1:5:7, The schene

(11%)

-

or labellin~ of the modes is that of Kline =n’ fTurkevich
as followed by iilmhurst et al in a study of pyridine., fhe assizn-
ments of bands in coordineted pyridine are snalogous to those

(116) exce

of Sharp et al ept that a weak

i

bond =t 870 cm” | in
compleved pyridine is attributed to wvqpg, ory q0b. Weak
bands in the I.X. spectra of pyridine - mnentailuoride complexes
remain unex»lioined. Where a comparison of band shifts,. unon

o

coordinntion, of pyridine and perdeuteropyridine is possible
the agreement is ~enerally good, although some difierences, (e.g.

in the bands attributed to Y9z and V3, a2t amproximately 1218

cm_q(Py) and 886 cm™ (Py-dg) shift by +3 and +19 respectively.)

ot

suggest thzt the comnosition of sowme vidbriotional modes change

upon coordinstion. The assignucnts of I.R. bands of the L-ilePy

complexes (given in table 1:6:7 alongside those of 4liePy, and

-

<t

Colly*kHePy for comparison) are fairly straizht forward, althouzh

some assignuents, e.g. CH5 rock, vaftiing vibrations are a little
speculative. The ring vibrations, v4; end Wqga, are tentatively
assigned rencn active freguencies. The strong bands at 332,

« (LlePy), ond NbF5-(4MePy)2 resnectively

are too stron to be ations ond cre attributed to

wial-flyorine .odes., Fonds i1 the I.R. ceira of HoFme (Me?y)-
5 >
- -1 . . .
at 692, 688, 570 =n2d 436 c¢u arce ‘roonoly 5 o dimpnusities.
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PTALE 1:6:7T

I.R. spectra of coordinated 4he-Pyridine

4-iePy | CoClg Taf g, NbFs. assignments
1iqi: . 4-lePy™ (4'xlepy)2 (L+—MePy)2
1604vs | 1629 1628s 16255 Ba
1621 1610sh 1610sh
1566s | 1560 1563 1560w 8b
1495s | 1504 151 1mw 1509m 19a
1340w | 1336 ) 1340w 1339w )| 2X6b or
1328 ) 1305vw )| 1+l6a
1223s | 1242 ) 1243ms 1249m 9a
1227 )
1212s | 1214 ) 1218m 1215m 13
1205 ) :
1114w 1114w 1114m-w 15+4
1070m | 1074 ) 1070s 1069ms 18a
’ 1071 )
1042s | 1043 1031 1040m Cﬂg rock
994s 1033 1031s 1229m 1
1012vw ) ) ?
1008vw ) 1006w ) ?
972m 933 ) 970w 969w 17a
964 ) '
872w 885w ) 838w ) 5,10a
860mw ) 36Tmw )
799vs | 821 817s 819s 10h
815 .
801(R) | 804 802vw 794w 12
128s 723 724m 724m 4
704w 702w ?
692n ) 1:1 complex or
683m ) reduced product
6TDvw
668w 659 656w 654s 6b
523m 551 5.30mw 555w, sh ba
545w, sh.
490s 493s 506s 503ms 11
4906w
IB4(R) | 375(R) 3@ 7| 375 ? 15
241(R) | 352 350(R) 7 362(R) ? 16a
211 (8) 190 () ? 16h

& from ref. (117)

“ from ref (118)
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Tyl e i N . -1 .
The very weak bonds in the 1000-1020 cn rezion m be due to

traces of oxyfluorides.

A curious feature of tike spectra of pyridine, and L-lMe
pyridine complexes is that the majority of bands.move»to
hicher frecuencies upbn coordinztion. This is particularly
narked in pyridine complexes. There is no simple explanation
for this, but one explarnation is that removing a lone pair fron
nitrogen lessens shielding of other electrons from the nitrogen
‘nucleus. As all the 78 orbitals are delocalised a drop in
‘the energieé of the orbitals associated with nitrogen would

decrease énergies of bonding orbitals throuzhout the molecule

LS

and nence all ring vibrations would be expected to rise in
energy,., This ex-lanation is not, however, ideal because it
would predict that the shifts of ring frequencies would be much
greater than those of C-H frequencies and this is not obsecrved.,

The assignments of the I.R. spectrum of TaF5-2Me—Py are not
presented here because the greater reducing power of -2Me-Py
makes it unlikely that 2Me-Py coumplexes will be of any use in

<O

characterising mixed-ligend coipounds of niobium, tantalum and

molybdenun,

-

*D) Reactions =nd cnectra of nitriles with pentafluorides,

i

llone of tne results obtained in these reactlons susgestca

IS
i

any reduction of the metal. The remorted adfuct M0F5'(CHBCH)2

(16)

]

has an I.2. swectrum characteristic of a 1:2 adcuct (see




T 76

section 1:4) and is not the same as

the compound reported hcre.
The I.R. and Raman srecira of thy products of the reaction of
niobium =nentachloride and acefonitrile are identical to thos

publishcd for Nb015°CHBCN
author was complete.,

(121,12

spectra of acetonitrile monochloro-

R 124 .
and propionitrile ( ) have peen extensively
investigated/and the acsisnments zare siven inAables 1:6:8,

1: ng 6:10 for nitrile bands in the JR. spectra of the

coitpl The assignivents are mostly sAraight-forward

. -1
the region 250-450 cn Yhey must be regarded as

on coordinztion.

In view of the probably/ formation of 1:2 complexes

between pentafluorides apf nitriles (discussed later in

e . -1
section) the bands foyfid at ap-roximately 2250 cm CH=CW,
and CHBC i5CN comnlekes are attrlouved«to changes of phase
(table 1:6:12) fhe I.2. of MyFg
sirilar to tlAt obtained for the 1 mrles (see section 1:4)
and it there has veen a chgdge in coordination

L. T -1 -

pattery/ at the netal atom. The I.R. m  is probably

tooflor to e associated with B ion 1:&) wrich
i1zht be nproduced by self ionis

l.e. 21‘~‘IOF5 . CiiszlCN —> Mok




I.R. of CH_CMN coordinated to nentafluorides.

CHBCN NbF5. TaFs- MOFS' assignuents

Ligq © CH,ON | CHsCH |  CH5CN

3009s %020m V;,'e, es7.C-H1 str.

2954 2952ms V1 ,aq,sym C-H str.

2291 2%320ms| 2.,27ms 2722n ) v3+ I

2262 22985 | 2301s 22975 2 v5,a1, CZ W str
2256w 2255w frec ligand?

1hshvs | obscur ed by nujol V3,89, SYi. CYB def

1339vs | obascur ed b& nujol V5,e,CHz rock

1041 vs | 1033m | 1030cw 1026w Vp,e,CHz rock

220 s 950m 953m 953 VL, aq, C-C str

561 410m 410n 418w V3,e,CCH bend

X from ref.

121

(all frequencies in cm™ 1)




I.X. spectra

-9y -
TASLE 1:6:9

of

CHZCLCN NbFE' TaFB- oF ¢ assignncnts
. 35 S 1NT T V- 4T T s
Lig CIL,GIC | CHCICH | CH,CICH
3160w 3160w 1}24JU5(A1)
= . s pn 11 L
3021 3020 3020m 5016nms 779,a , asy, CH, stn
2976vs 2960vs Uﬁ,a1, sym.CHsstr.
2547s 2320s 252bs 23128 Ué,aq, Cz ¥ str.
1518 vs | 1&1hn 1415m 140ks Y10 a11’ i, tuist
1277vs | 1260n | 1266m 12640 v,a, CH, def.
L i i P
1186.m 1191w V3,2 CH, rock
1026 (R) 1620w vh,a1,032 veg
y 1 "
9%2vs 9485 950s 948s vs,a ,C-C sitn
9C9.1w 905w S03w 393m ?
1 el ~ )
741 vs 7501 750m 75 2 v, ,C-C1l str.
1
Lo ny 520m 521n 522m V5,a ,C-C C1 bend
- 11 .
359 w 387m ' 330w,b Visea , CC Cl bend
1 A
793(R) 3000w vg,a ,CClH bend

123 (all frequenc

iecs in cm'1)
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TABLES  1:5:10

I.R. soectira of coordinated propionitrile

CHECLZGR CHBCEI2 N CH 335 Ci assignuents
liq& .NbF5 .TaFE
3250w 5300vw 3303vw v+ 10 (A)
3085w 2155y 3160w vﬁ+,11(A1>
22525 | 2293vs 22965 w8, CI str

22k6u 2249y free ligand 2
1461 vs|1470(R) ‘175,::11 , 2}16,a1 y asy CHy def
1431s | 1418m 1415m v%,aq,Cﬂg def
1516m  |1706m 1305m g,a" L, wag
1260vw |1250w 1 n.o. Lq7,a11,CH2 twist
10755 |1073m 1075n v@,aq, asy CC str.
1004m 1000w 1000w vﬁo,aq, syn CH, rock
336w 356m 8&0w Vﬁ1,a1, sym CC str.
784s  |783m 78km ge @ CHp rock
754m obscurred by 2V,
€70vw  |il-F vibrations Vs + V20
S45m 558 570m '912,a1,CCC bend
LGy ZU"13
378(R) L10w Uéo,aqq,CCN bend
226(R 0%, sh 300m,b ﬁ?z,aqq, 0-Ci bend
293w,ﬁaﬁ. U*gq,aqq,ﬁﬁ; torslon
£ frow vei.123 (R) indicates o Ramon




-~ n -

The I.:x. and Raman snectra of the products of the rcaction of
niobiun pentachloride and escetonitrile are identic to thoce
ublished for HbclS-CHSCH(qqg’q2O) after dinvestirsation by t
author wzo comnleted,

The vibrational spectra of acetonitrile (121’122)m0nochloro—
acetonitrile (123) znd propionitrile (125) have been extecnsively

investigated ané the assignments are given in tables 1:5:0,

5

1:6:9 and 1:6:10 for nitrile bands in the I.R. snec
cormalexes. The assignments are mostly strai
althcugh in ths ragion 2)0 ~L50 cm -1 they must bo regarded as
tentative because bands in this region often suow large shifts
on coorcination.

In view of tle probeadble formation of 1:2 complexcs

between nentafluorides and nitriles (discussed later in this

o’

. =1 L e s
section) the bands found at approxime COlJ 2250 cu in CHBCH

CE_CH_CN complexes are attributed to combination, or

(o

anc

i
v

difference nodes rather than traces of excess ligand.

stelline solid farime d

ck

I

t
It is toought that the apparently cry
when niobium, or tantalum zentafluoride was Iirst preciniteted

from ace-.tonitrile solution mizhit he an unstable 1:2 adduct.

The chanses observed in Raman mixztures ol 1bF. and

CHBCN in the metal-fluorine siretchiin~ rezion su-sest a
change in Jeomeiry

provide anr concliusive evilence for =2 1:l adcuct (toble 1:0:71)



Raman spectra of mixtures of HWb¥F_. and CH.CN (all

o >

~ 2
freguencies in cn , dntencities in braclkets).
- - T HTY_ SRR T _— -
LT - LCu_CH FhE L Gl CH CﬁTCLI

2 2 >
+excess Ci_CH of MNbF
> 5

705(90) 6&0(6) 706(77)
£70(a) 640(8)

590 (1) 530 ()

760 (=) 530(50) 36y

The MOFS—CHZCICN system was choscn for investigation by
I.R. snectroscony because of the high solubility of Moi..CH_CLCIi.
o =
¥ X & 5 >
. . . _ . -1
Here the change in I.R. szectra in the region 550-760 cm of
M0F5CHEC10N is too great to be due to changes of phasc (table
1:6:12) The I.4. of FoPf..CH.CICKH in solution is very ginile
N
to that obtained for thc 1:2 :zcmplexes (see section 1:%4) and
it is clear that there has been a chanze in coordinction
. . -1 .
cetal atoms. The I.R. bands at 585 ¢ is probably
too low to be acssociated vith IoF6 (63 (see secction 1:4) which
nizht be sroduced by self lonisation,

3

i.e. 2lfoF_.CH C1CN =0T . (CE,C1CH)



VADLE 1:6:1

- 82 -

N

I.®. snectra of chloroacectonitrile adducts of iloF.
2

Liguild NOFB- band assisnments OEEClCh =
CH,CICH | CH,CICH soln .loF.
2316n impurity 2 2314sh f,c
22558 2312s C=N stretch ( 2305s c
E 2255nw £
1420vs b| 140ks allos, twist (| 141km £
E 1401s c
730vs b | 752mw 4'cicl stretch 7365 f,c
710m
660s b
630 sb
Z-ioF5'2L M-F 5855 asy
Lol 522m C--C1 bend 520 m W c
495m f

¥ assignment of ligand bands to eithor free (f) or

coordinated (c) ligand
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An adduct NbCl5'CClBCN is briefly revorted in the literature

(119) but it is not stated how ecasily it looses base., In

£

mixtures of I‘IbFrs and CClBCN the gpresence of niobium nentafluoride

o

made no difference te the volatility of CC15CN as judged by the
time taken to pump away the latter. The trace of orange product

formed on heating the mixture may be analogous to the pfoduct of

>
reaction of WClg with CCLCN, (1~1c14:1=100120013)2(1a5)

It has been possible to assign almost all bands due te
éomplexed base in the I.R. spectra of pentafluoride complexes
of dinethyl and diethyl ethers, anisole, dimethyl sulphoxide,
sorme nitriles and soﬁe pyridines. The resulﬁs strongly suggest
that in diethyl ether complexes the base undergoes a change in
configurction upon coordination and that in ﬁ:Z complexes no
uncoordinated ligand is present. Both 1:1 and 1:2 pentafluoride

dimethyl sulnho:ide comnlexes have been prepared.



- ok -

1:7 Rersctions between Iiobiuvm anc Tontalun ventafluorides and

dialkvl sulvhides =znd selenides

(9)

These reactions have been revorted to give 1:1 adducts.
However the only evidence is some incomplete analyticel results.
In later investizations of these systems no attempt was mzde
fo anelyse the reaction nroducts S1 3) Analytical rasults
obtained in this work were not reproduceable and did not
correspond to any one compound (see tablev1:9:3 ). H.IL.R. (table
1:9'5 ) and H.Q.R. (section 3: 3 ) results suggest the presence
of mixtures and I.R. spectra in the metal-fluorine stretching
region were not reproduceable.

I.R. spectra of diethyl sulphide itself (section 1:9,
anpend1x 3) over a range of temperatures are explicable in ternms
of the presence of only one (tt) rotamer (see section 1:6 also)
with snme splitting of methyl end methylene-group modes in the
crystalline state. trong I.R. bands found at 450-525 e
in samples of the pentafluoride-dializyl suliphide adducts are
tentatively assipgned to a M= § mode, the }=S bond possibly
being produced Ly the reaction MF5+ERZS-—§ MSF3°RZS+2RF.

? tubes containing the products oi reaction

The bursting o

of IbP5 with EtZSe is also consistent with this reaction.

1:8 Renciilons of sentaniluorides with ddellyleovines,

of more than» ons cor mound. Intensities of I..l. hands at



1
Co
N
1

-1 ; . . .
3300 cmi and 1650 cn increase with. tine and the reaction
products, =t first crystalline, repidly becoms slushy. The
1,

1
arean colouration produced whilst the samnples were irradiated

with CoKex X-rays suggeste decomposition znd may invalidate

conclusions from X-ray wnowder photography. o crystalline
was detectable.

The reactions of dimethylamine with «bP5 and laF5 szem

less corplicated. Ta (NHHV 2)

[

vved no L.R. absorptions
at 1600-1650 cm“ll -

(&)

. . . -1 .
and 1.2. absorptions in the range )OO-?OO cnl not due to the

ligand are similar in pattern to those in other 1:2 adducts.
-1

NbF5'(1uhe2)2 cave a weak I.R. absorption at 1625 cm

indicating presence of a small anmount of =NH> comoounds,.

(28) (29)

Both PF5 and ~TiCly., initially form complexes with

Bialkylomines and aminolysis occurs under more extreme conditions.
TaF., and NbF5 give similar reactions and are also similar to
<

PF. and TiCly in that aminolysis occurs more recadily with

5

- diethylamine than dimethylanine,
The very low volatility of dimethylamine solutions of niobium

and tantalum pesntafluoride nmust be due to sone arcociation between

solute and solvent. There are few reportis of dialkylanmines having
\
such larse decreases in vanour pressure in the prescnce of small

Censions 0L vapour prossure

erounts of solute. However suc
are xnown for z. monia itself. Anmonium nnalides form o variety

of coumounds with




-3 -

e.g. WHCLe3U;, 1H,Bre3y, H,T (Hg), =x=1,2,3,4,5
sorte stable under 10 mm Hg of aimonia up to =5 C. Niobium

pentachloride gpives similar compounds with up to 18 moles of
ammonia, but here the position is complicated by armonolysis.

(127)

The absorption of 1% moles of diethylamine per mole of

DO

HoF5 in the reaction between the two sugrests the rcaccvon

2MoF +3Et2HH —~—) Nqu'HEtg'NHEt2+Et2NH5MOF6

However analytical data on the two isolatsd products does not

support this (see table 1:9: 4) and some disproportionztion %o
P »

Mo@l)and MOQY)may have occurred.
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1:9 Fxnerimcatal

The sources, ané purification procedures for starting

a )

materials used in this chanter are described below,

4920:- Air products, vacuum distilled through two traps at
;7800 and kept for two months over fresh sodium.

Et20:- ¥McFarlane and Smith - anhydrops grade, vacuum distilled
from -"60°C and kept over fresh portions of sodium until no
tarnishing of the sodium surface occurred.

CHBCN:- B.D.H. Refluxed 4 hours over 5% P205, distilled,

refluxed 15 minutes over 5% fresh P205 and distilled. Kept over
fresh sodium,

CHZClCN:- 3.D.H. Fractionally distilled (B.P. 125—1240C

755 mm Hg) from P205 after refluxing 2 hours and stored over
activated 4 8 molecular sieves.

CCIBCN:~ R Emmanuel, Stored 5 months over CaHa, fractionally

distilled from P,05 (B.P. 83-85°C) and stored over activated

5 8 sieve.

CHBCFacﬂ:- B.D.i. Purification as for CH}CN'

lieo50:~  B.L.HI. Spnectrosconic grade; stered over activated

4 R molscular sieves and nmelted occasionally to renew contact

Hezso_d6:_ Proche:n Ltd, 99%, purification as for 4epSO

. > 3.

Pyridine: - Analar distilled from i#aCH =nd lent over activated

[w]

4R molecuizr sieve for one week, then vacuum distilled onto

Lol



freshly nctivated L 8 molecular sieve for ctoraze.

. - /7 ~ .
:- Ciba 98.5%, kept over sctivated &4 % molecular

sieve for one week, then vacuum distilled onto freshly activated
4 8 molecular sieve for storage.

4 Me-Pyridine:- B.D.E., fractionally distilled, (B.P, 140-
142°C) twice shaken two weeks over crushed HaOH, twice vacuun
distilled onto activated 5 & molecular sievé'and kept one weelk,
stored over molecular sieve,

2Me-Pyridine, fractionallydistilled (B.P, 124-126°C) and
purified as MMe—Pyridiﬁe.

NHMeZ:- B.D.H. Distilled through traps at —78? twice kept one

month over fresh sodium, and stored two months over sodium before

NHEtZ:- B.D.H., wpurification as for KHMep

MeZS:— B.U.H., distilled under vacuum cnto fresh sodium =znd

kept two months. This was repeated twice. N.B. the residues
from this purificstion can explode on contact with air,
Et,S:- B.D.H. purification as for He,S.

Etase:- Alfa Chemicals. Stored over freshly activated nolecular

sieve.

ii— B.D.H. Tech. Fractionally distilled twice, 3.3.57-

CH._C1CCH
2

2

6OOC, tent two months over sodium a2nd stored over 4 R molezcular

v

)

Fl-cther (anicole):= Hopkins and yilli=zms, frzciionol
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HbF 5, TaFg,

1) Rezctions between wontafluorides end nitriles

The procedure ror thess reactions was used for almost all
the reactions reported in this chanter. Reactions were carried
out in vacuum linesby condensing the bases into . flasksScontaining
the pentafluorides, allowing the mixtures to warm to room
temperature, and coolinz tho reaction flaskSwith liquid nitrogen
"if any reaction became todoviolent. The nentafluorides were
loaded in an inert atmosphere box, or sublimed directly into
the reaction flasks. When reaction was considered complete the
volatiles were punmped off, =znd where apuvropricte 1uent1f1ed by
I.R. spectroscopy.

The colourless crystals nrecipitated on concentration

2 i P

of CH,CN, and CH,CH_.CH, sclutions of NbF., TaFg and loF. brcke

377 F 52 v 5 5 5
up when kept in vacuo to give fine white powders wnich analysed
as 1:1 complexes (sec table 1:9:1). The Raman spectra of
NbF_.*CH,CN, aznd KbF.*CH.CH in excess CHBCN were significantly

> 3 5 72

different (see table 1:6:11).

UbF., TaFe ond HoF., 21l save 1:1 comnlexes with CHpCI1CIL

5 > 5
Nh T P . . e .t = .
hbf5 2id not visibly dntcract with CH3CKN at room temperature
and Ramsn swectra of NbF5, and NbF5 and CClBCN, vere sinmilar
in thoe ranse 207-100 cm—? “Then the mixture of IbFs and CCL:CI
- ~

was heated to EOOC +he HbF. dissolved hut on later evanoration
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of the mixture at room terperature all the chloroacetonitrile

was removed and only 2 trace of orange powder was nresent in

addition to the original HOF

>

tentalum nentafluorides with ethors

2) Rezction of niobium 2

At room revnerature the reactions of NbF5 or TaF5 with
MeZO’ or EtaO all produced 1:1 cumplexes as the only involatile

products. YNbFB-OEtza

and TaFS‘OEtz were miscible in all pro-
portions with diethyl ether and mixtures with ether gave only

v

onc set of ethyl-group signals in their K.LL..i. spectra. when

Py

- - Y| 1 ‘-"'l 1 N " Lo 1 O
NbF5'Ohe2, or - NbES-OntZ were heated to 140°C for ten hour

N

in a stainless steel bomwb the gaseous products countained methyl,
or ethyl fluoride respectively. The res. dues were nessy, water
sensitive, white-blue powders.

Hiobium nent fluoride is quite soluble in anisole (phenyl-

methyl ether) at room termerature.  Although at 40°C a reaction
occured to give a 1:1 comnlex, almost all the anisole could be
pumped from a fresh solution of niobium pentafluoride at room
At room temmerature chlorodimethyl ether gave a

reacted with niobium ventafluoride.

Liietkyl sulphouide is involatile 2nd Joes not re=dily distd

even under hivl vecuum. 1t was loaded in the inert otmosnere

box into one gide of a druble-sided flask (see zp endix I)

53 SV

of niobium 2nl tentelunm ventafuorides ith dimcthyl




b
containing »entailuoride in o otﬁer-side, and tipzed oanto
the nentafluoride after the ilask had been evacuated. In

later exneriments dimethyl sulnhoxide wos reacted with nenta-

fluorides in dietnyl ether to dissisate the heat of reaction znd

i

)

prevent breskdoun of the dimethyl sulnhouide., Quantities of
reactants used in typical preparations are given in table
1:9:2, when reaction was complete the products were washed

several times with ether to remove excess reactants and vacuun

dried.

Reactants used in nreparation of dimethyl sulnhoxide
complexes (quontities in m. moles XS = excess, i.e. > ifc)
-~
Commound sentoiluoride EtZO ¥Mes50

iaF5 meabO 72k %S L,756
7ol 5+ (Hep50) 10477 X8 21455
Ta "ﬂ5 He,50-dg 5e27 4.21 2,73
N’oF5 *He S0 L, 8L L, sl 4,20

N’QF5 (I“eZbO)Z 9.19 A ZZe5

When dimethyl sulnhoxide was added circctly to ﬁbF5 a

EA)
v

vigorous, exothermic recction took -lace and the »roducts were
a white, crvstailine solid, a viscous, colourless licuid, anc a

gaseous mixture. The gascous products gave peaks in the mass

spectrum ot mess numbers 104(s), 94(wi), 87(s), 86(s), d5(vs),
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77(ms), 76(ns), 69(ms), 66(a), 57(n), 47(n), 33(x) and 17(s)

and an I.R. spectrum with eaks at 2940Ovs, 2860vs, 2320vs,
(1740, 1747, 1718), P.Q.R. s, 1501 n, 14hvs,b, (1323, 131k,
1%300) P.Q.R. 1035Vé, 1018 vs, 960s, 700, 680m. It is not

possible to identify the gaseous products froa this data.

")

When tihic rzactions were repeated using diethyl ether as a
solvent it wes found thot the composition of the precipitates
formed on addiition of dimguayl sulphoxide varied when the ratio
of HF5:MeZSO was less than 1:1, or more than 1:2 adducts pre-
cipitated were of 1:1 or 1:2 stoichiometr ry respectively. VWhen
the ratio was between 1:1 and 1:2 I'Hi spectra, and x-ray powder
photographs indicated the presence of a mixture of 1:1 and 1:2
adducts with no evidence for any other phases. When t@e ratio
of MeZSO: MFS wos mreater than 4:1 no precipitate was formed

and the nproducts separated into two fluid layers.

L) The reaction hetwaen ”aF;'HeZSO ANC T 2

The product of quantitative addition of pyridine to an equimolar

-

amount of TaF5-Me280 suspended in diethyl ether was a white

powder with an x-ray powder shotograph which was not a superpesition

o=

~r

of WbF:Me,SO on that of ibF5 2Py (see fig 1:6%
~

5) React ons betucen nentafluorides and pyridines.

ave IFL'2py (iTh=Nb,Ta,lio) as white cryut-
alline wowders. NbF5‘2Py and TaF5'2Py were =a2lmost insoluble in

diethyl ether but moderately soluble in nixtures of HFB-OEtz
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and diethyl ether . Despite changes in the ratio of reactants

only products with 1:2 stoichiometry could be obtained fron

reactions of LbFg, or TaF5 with pyridine in ether. Dr. 4.F.
Cameron has nmade some preliminsry single crystal studies on crystals

of MF_+«2Py obtained from the EF5.OEt2, OEta, Py mixtures. These

5

show Hb?s'ZPy anad TaF5'2Py to be isostructural, with the mono-
clinic crystal type P21 or P21/m The known cell dimensions of

NbF_*2Py are a=7.,728, b=14+858, ¢=14,888, (all + 0+158) B 90°

5

ventailuoride reacted with 2- and 4- methyl

Tantalun

pyridines to give . compounds of 1:1 and 1:2 stoichiometry

03

respectively(see table 1:9:1) NbF'g reacted, in about five minutes
at room tempcrature, with 2Me~Py to give an inhomogeneous mixture

of grevy and white solids,

6) Reactli~ns of niobium an} tantalunm nentanalides with dialkyl-

sulphides and -—selecnides

The products of reaction of NbF5 =znd TaFg with dialkyl sul-
phides did not give analytical rasults (1isted in table 1:9:3)
consistent with the nresence of single compounds. The diethyl

L =

sulphice resctions gave viscous yellow liquids whilst dimethyl
sulvhide rnid IIbF » PeFe gave vhite solids sii;ditly volatile

in vacuo a% EOOC. Nb}’rs anc ZeZS also vielded trzces of involatile
blue solids.

Niobium =nentacnhloride rsected with dimehyl sulnhide to give

a brown solid in the wresence of excess dimetiyl sulphide. lhen
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Teble 1:9:3

Analyticael data for reactions with dialkyl sulphides

Compound/ ANALYSIS
reaction C H N F Cl
NbF5+MeQS Found 9.3 2,6 152 31.3
NbFz+Mes S found 9,9 2.6 13.3  36.4
NbFz+Mesy 8 found 9.3 2.6 12.7 36,0
NbF: ., SMe cale 9.6 2.4 12.8 38,0
NbS 3.Shez cale 9,8 245 26,3 23.5
NbFA.SMeZ calc 104 2.6 13.9 32.9
NbCl, .+Me, S found 7.4 11.9 9.7 4.2
NbCl.S .SI"iez Calc 9.7 1 o8 907 53 03
TaF, +MeyS found 6.7 1.8 9.3 31.4
TaFz+ MepS  found 6.9 4.7 8.8 26.2%

25.9
TaSg .Sliey cale 7.2 1.8 193 17.2
TaFl&.Sl\Ie2 cale 7.5 1 .9 10.1 23 '8
NbFy+Et, S found 15,7 3.2 10,3 31.8
NbF +Et2S found 1408 3.6 907 34‘1
Nh S.SE-trz calc 1703 306 907 3402

TaF.+Ft,S found 11.8 2.4 7.8 2344
TaF5+Rt5S found 11.6 3.3 7.8  24.0
TaF5.SEt2 calc 13.1 2.8 8.8 26.0
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the excees dimethyl sulvhide was removed a bright orange sowder
formed.

Niobium pentafluofide reacted with diethyl selenide %o éive
a viscous red liguid which darkened in colour over a period of
several days. If kept too long at roon temperature the samnle

tubes containing the ligquid exploded, so the compound was not

further investigated.

7)> Reactions of nentafluorides with dialkylamines.

On allowins mixtures of dimethylamine and HbF5, or Tan to
warm fron -196OC a reaction started at about -20°C to give yelbw,
or white solids respectively. The colours of the solids dissolved
in excess amine were the same as those of the isolated solids.
However even at mole ratios of pentailuoride : dimethylamine of
1:6 the vevour pressure of the solutions at room temperature
wzs only a few millimeters. Dimethylonine boils at 7.400. The
stoichiometry of thc »nroducts left after pumning on the niobium
solution for four days corresponded to 1:2 adducts (sece table

1:9:4), The complexes of niobium and tantalum pentafluorides

did not visibly change in anpearance over quite large neriods

It was also difficult to remove excess diethylamine from
+om

the yellow wroducts of its rgeciion with niobium znd tantalum

rentafluorides. Henction of niobium pentailuoride with dietayl-

arine gave a vellow =lush. ”Tan°(NHEt?)2 neceme slushy within
2 few weeks., All the =mine compounds exhibited fluorcscunce In




Analytical data for reactions with diallk

TARLE 4. G L

¥yl amines

Compound/ ANALY SIS

reaction C CH N F Nb/MO
NOF - +1TiHe 5 found  17.1 5.4 9.9 Silhk Ih=33.9
1\;}31:'5-2}1}1}2@2 calc 17.3 5.1 10.1 34.2  1Tb=33.4
TaF o +1Hie 5 found 13.0 3.8 7.5 26.3
TaF e« 2lile 5 cale 13.1 3.9 7.7 26.0
NbF5+NHMe2 not analysed obvious mixture
TeF-+NIIEt found 18.1 3.8 6.9 24,2
TaFg. 2IHET calc 22.8 5.3 6.6 22.5
MoF - +NHEt 5
bro¥n product found 35.1 8.1 10,1 22.9
white wnroduct | found 2040 7.5 9,4 26.1 ¥Mo=28,2
MOF)-NEt,+NHEt,  calc 30.3 6.7 8.9 23.9 10=30.2
NHaﬁTZF calc 51.7 13,0 15.0 2hk.4 Mo=0,0
NH Bt 5HoF g calc 16.9 b3 4,9 40,1  1lio=33.8
Mqu-HEt calc 3046 6.k 8.8 24,0 1i0=30.3

2
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when a nixture of molybdenum wentafluoride and diethylemine

was allowed To warm te room tempcrature the »roducts of reaction,
' wasihing with emine
which could only be partizlly sevnorated byAwere 2 brown coripound,

wely

m

sparinzly soluble in amine, and a necarly white powder mocler
soluble in excess amine. The observed gain in weight corresponded
to a mole ratio ﬁoF5:NHEt2 of 2:3% in the involatile nroducts.

I.R. and Raman spectrosconic measurements were carried out

1

as described in A:pendix I. leaction of samples with KBr plates

used for infra-red analysis was cetected by anpearance of a red-

ey

brown colour {n the sample, or the appearance of a very strong
absorption in thc I.R. syectra at apsroximately 600 cn™ ' A1l

of the 1:1 complexes, but none of the 1:2 complexes, were ohserved
to react Qith K Br. Reaction with AgCl Plates, detected by
appearance of a red colouration in the sample was observed with
the products of rezction of pentafluorides with dialkyl sulphides.

. . s o f3a ~~C
& with niobium nentailuoride to 130

S
0
-
o
‘.L
©

When nujol +
for six hours no new peaks in the I.R. spectrum of the nujol

. .. -1 o ] .
were detected in the range 1000=1200 cm . No gaseous nroducts

O

were found and ths I.R. swectrum of the niobium pentafluoride was

H.iLR. measur:rents were carried out on samples loaded into

tubes, degassed =t 4OOOC in vecuo, in the inert atmosvhere box
and sealed under vacuUi. The results are miven in table 1:9:5

lax

Hass 5w ocira were run on the 1.S5.12 mass spectrometer uncer




Ta0h T

TABLE 1:9: 5

e 0, 16, 1. _
COHEOUND T S + 1y Ty
CH3 Ciiz2 Hz
NoFg+0Ult, .33 -156 3.57 1 5.62 5
P ‘ e Q N O [
Gilt 5 33 8.8k 0.57 5
HpFe*ClieC . | 10-30 n.o. 7.32
RoroC5010r 50 157 585
> = N - Z
)'9/
NbF5.SoEt2 55
10-40 n,0. 8.5 6.9 v.b.
HITbF e Sie " ?é -147 2.59
DbLF . B3EE M 100 ~-155.k

sarmnTe(1)5 90 -154,3

.
o O

]
-3
[AS]
O
RN RN ~J ~J
. .
T O\ 00N

0 8.76 | 7.28 .
_______ | =20 _|_~130.0 | 8.77 f 7.28_ |_ b _ _|
NNbF - SEto1(2) 33 =150.5 8.6% | 7.02 7ok

" snmnle(3) 33 -1558.8 8.60 | 6.92
(L e(l) 53 “157.6 { .

I 55 -1, 5 8.60 | ©.90

o | 33 | -14ka1 £.69 | 7.21

T :”)) -1‘4‘6.‘/';' ‘307') 70)7

C 33 -147.6 8.75 7439

2 52 i Go7Z | Tes

i 55 =10




Taf . s CHoC1CH 160 -93
5 85 -93
95 -92
10 -g2
et SEL, (1) |35 | _~88 | 8.77 || _7.06 | —
i gample (2) LD -32, .57 6.88 | —
T 25 -78 8456 6.92 | —
10 ~3Cv) 3.51 6.91 —
-10=-
-Ls n.0, 3458 5.90 | —

* 19F are given in ppm from CCLl3F, the -ve sign indicates
that all 197 resonances are Gownfield from CCL.F.

" . (- 19 5

NbFy gave one broad “F resonance F=-134 pom at 30 100°¢c
TeF. gave me broad resonance at =104 ppm at 100-12Q °c

A ﬁéxture of &bF- and iaF: with AOTe ratio 1:0,57 pave the
a resonace at. —1 1 pom at” .80~ 100° C, linewidths 80 -230Hs,

100°160Hz, 110°150Hz 190 130Hz.
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conditions &z :escribed for niobiunm sentafluoride in section

1:3. X-ray powder photograshs were run in quartz, or pyrex
tubes of 0.5, or O+«3 mm diameter with a 114+6 mn Debye-

Scherrer canera using Co-Ke irradiation., Tuhes were loaded in
the inert atwosphere box and scaled with a flame, and a small
amount of Kel~F wax.

Temperature dependent I.R. studies of diethyl sulphide were
attempted,using the cell descfibed in Appendix 1, to investizate

rotational 4 somerism in diethyl sulphide. No I.i. bands

disappeared on cooling but splitting of several bands was obscrved

)

vhen samvles were annecaled for a few minutes at approximately
On . o ‘s
-120°C before cooling to =196 C., No splittings were observed
T . . OfN o PR
when diethyl sulphide was cooled directly to =196 C (full lists

of bands observed are ziven in anpendix 3)
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CHAPTER II

Substitution Reactions of Pentafluorides.



2:1 Intr.duct’ or

This chaptor deals principally with sone attempted
preparations of fluoride-halides and fluoride - nseudohzlides
of niobium ang tantalun. EF5, HClB, VBr_, M 5 M(OR)5
(R=Me,Et,nPr),(2’3) M(NOS)5(4~7) and M(NMeg)B(S) (}=Nb,Ta)

are all known and although M(CN)5’ and I_T(NCO)5 h=ve not
(9)

been prepared soue chloricde-cyanides anc chloride

()

cyanates are known, A nunmber of mixed helides and mixed

halide-pseudohalides of b, znd Ta are known but until this
work was started the only Nb or Ta mixed "halides" containing

. s 2o . 10,11 - ;
fluorine were the tetrachlorloe—lluorldes,( 2 11) and fluoride-

. (12)
alkoxides. -
Many oxidation, and substitution methods are available
for preparation of halides and a classification of some of these

is given below

(1) Oxidation

(a) of metals by halogens
)
c.g. 2i+5F, 129 2HbF5(see appendix 1)
(b) of mztals by reactive halides

Zr F..NbF, +5/2Br
_—> 3Fr 5 DOﬂG s/ 5

e.g. 3ib: +83er

e o o C13)
BrF,HbF, — Brf_+Nbi" '
2 o 3 5
YMethod lgom sives pure products because the sults
tiethod 1p selcon zives npure proa aus h ait

(elg. ErF, JNbFy) are quite stuble.

(¢) of lover hzlides: The lower halides of niobium



- 119 =
rontalun have bean o 1y + : i
tantalum nave not been well chir.cierised. Use of othod

A
&%

in niobium, or tantalum chemiztry,

has not been reporte
veen successfu'lly used in

but o:;id..ion of lower 1
non-netal nentahalide chenmistry

PF_+Cl, :Cl.w (14
0 < 2 3
cr high temperatures to initiate

Coile

K~

The frecuent necd f

oxiroation reactions has tended to limit their use in hLalide

reparutions for pseudo-halogens, and halides, often decompose

P
at moderately hig

tures.
senevalised reaction.is

T 4 aeas
Cenpera

st
which

diLL

Substitution. he

— I
MX_+2M Y= 1K Y _+ZM X

5 p'd S5-2x 2x r d

. - - .o \ I
can be achieved is often limited by the nature of M,

2)
The degree of substitution

and Y.

. s o N . .1
The reactions may be classified by the nature of M.
a) M'=H, These rcactions have been much used to
2,3) . ~ .
(2,3) cyanldes,(g) and alkylamides

produce ethoxices
dialiylemides (19016:17,18)
+3LtCH— Ta Cla(OEt)3+BHCl

N Ta015 o)
T‘li ‘r."‘ T 2
ut)5+5thcl

—s 72(0
ions have been used ex-

Ta015+5 EtOH+5H23
© ael .
b, M = alkali nmetal, These reoct
iwetal pseudohalides using

tensively for prewnaration of

s = solvent.
e frme . 8
+5LiLMe2——>n(Nhe2)5+5Llcl( )

.r:. E:C l
L 5
rroduce the

CH,CH =
2
tetrachloride-

rcsents one

~m(10s11) and rzp

b~ 4- -
tantal

o~ e 1 3 4
attached to

A -
TEOYTLCG Cased

reulaced by 2

nlobiun,



e g BJClE.NbClBTGAsrj—->)DF5 ,pb“llr+o“JClB

I
g m i s .
d) 14 =Nb,Ta. These rcactions have not been attermted.
s - . . a
e) M =8i. “he use of "e,81 halides nd pseudohalides

3

~ctions with tungsten and boron halides is

in substitution =
well established (e.s. references 22,23). They have not,

however, previously bzen used for prenarstion of ¥b, or Ta
mixed halides. The reactions ‘are thought to vroceed via

intermediate acid-base complexes which can, in some cases,
be isolated

(22).

e.5. Me, SlCNTuP-—> he381CU.JF3—> Me381- FZbN

This mechanism is not proved, howvever, because the complex may

dissociate before substitution occurs. The strong Lewis

0}
=8

acidity of b Ta (V) makes 4it. possiblée - that it may,

in some cases, be difficult to remove excess reagent (Me.SiX).
2

MeBSi compounds uzre ~enzrally less reactive &s substituting
J(24,25,4-8)

agents than allkali retal salt

r,)

all th: halogens of transition metal halides with pseudonalogen

- i X .
f) M = other elesment Few other halides have been uced
as substitutin: agents, but it is suggested that phoswhorus,

sulvhur compounds ney, at scme staze, be fcund

germanivi, ot
usaful becouse the by-products of reaction sheould, as in the

ie,8i-X resctl.ons, be volntile ond easily removed from the
2

PR e} e e as
ITgacvlon MIXTLAICS.

cer,mixedhalices,

o ¥b, and Ta is

S.



Deble 2:9:1 i o0 U (V) Halices

Comoound Rea~ents Ref Comiznits

e
=]
fd
e}

-
o

~
i
[ ot3)

hCqu 2c

N(CES)S 2b HCl5+KCNS L7

~r

KClX(CﬁS)S 2b 101 _+ICHS L CHS is I bonded
-X >

2b FC1 _+IICHO 7 HCO is I bonded
= 0-4 7 i to metal

HXACN X=Cl,Fr 2a MX5+KCN 9 Cil iz C bonded to
' : ‘ “metal.

(IR) 2b MC1 +LiliR 3
> 2

2°5
el (1) L LR 2z 101 +IER 15
3Vl 2 ¢ 5 2 7
R:;lylle ,_bt 18

X=Cl,: ,R=lc,Zt 32 are QO-=bridged

3,19)

X=0-L dinzrs




piven in table 2:1:1 tozethir with notes on the nethiods used

in tieir preparation(labelled as atove),
In all recactions pnroducing mired 2zlides analytical deta

are not sufficient proof th: .t only on:z corpound i srzsent in

the rcection wroducts,
- [
L

Yor instonce Nb?l.JEta ould gilve
the same analysis cs an equimolar mizxiture of NbF,.(NEt )2

and NbFB. Reactions should, ideally, be done .in solution

to .ensure homogeneous reaction nroducts, but this is difficult

becauvse no suitable non- interacting solvent has been found for

transition metal pentaflucrides. C H,, and C,F,. ore poor

ral s Y56 66 -
solvents for pentafluorides. Lewis bases have been used as
solvents (see Chapter 1) but in these solutions L,en’cafluo:m.ae

complexes and not pentafluorides are present.

L

In recent experiments thz monosubstituted anions

MXSY— (X, ¥=C1l, Br, 1) were produced by addition of Et, NY

in 1:1 stoichiometry to CH BCH solutions of MX .(3‘)) The

>
anions 1 CL Fo (X=0 to 5) have been observed by 9% xR,
k4
4 HF(/II)

spectroscopy of solutions of NbClS, or Ta 015 in 60%

but 1F_Cl anions have been reported to underzo dismutatvion
<

(21)

L]

‘J')

when attennts were made to isolate them in colid state
(In this chavter the word dismutation will be used to inilcate
‘a rzaction in which a nized hzlide reacts to give smpecies

with different helogen ratios

—> 1IC1l, +MC1F.
2 L 12;

A material will be s=id to be dismutated when the snecies Tresent

e.g. 2MC1_T
3
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-

do not @il have thu 1e corposition as the bulk), There is
also N.li.R. evidence for non-ionic chloride-fluorides, in nelts
and solutiongs, of Hb(V)EO, Ta(V)<ZO) snd W (VI)(J}) thar tha
those which have been isolated pure (NbCqu, TaCl4F, WC1FL).

In all cases where rcactlions sre carried out in solubion
not be assumed that the swecies vrecipitated by concentration
of the solutions are the onés thermodynamically most stable
to dismutation in solution. ‘

Reacticons reported in this chapter produced mixed "halides"

1 and 1:2 complexes of mixed "halides" with bascs.

)
i3

o
.Y

=
o)
L]
1)
o
]-J;
9]
3
o
=

.'atiqn anc scrambling reactions are feasible there
is no reason to assume that the ratios of F:X(X=another

halogen or pseudo-halogen) in compounds separable from mixtures
will be the same for &ll systems. The 1:1 complexes :nay show
greater similarities to ths mixed hexah&lide anions than to
mixed -nentahalides due to the greater inequivaience of chemnical
bonds in the latter. It may be predicted that the stable
ratios of F:X will not be the same for all X. Where X is

very bulky the intcractions between I groups shculd increase

rapidly as the degrec of substitution increnses and these

(¢]
v
o
5

compounds may show greater stability to dismutation rea

Kost Nb, end Ta nentahalides an’ pseudoralides a'ies

he solid state containing bridging

to be



-1,
- i -

"halomen' atoi:s. Yhe nonta-diclliyloiides are notabkle

e\
. (35} . . . o
excertLlons. Here cteric strein, to which the instability

)

of 1(NEt, 50
factor, or l—hRE-N bridges ney be inherently unstable. "he

N

intense cclours cf <ialkyl azino comounds ond the plonsrity

o "

. . . . 36
of nitrogen atoms in N(NHeE)G() ) suggest N —>M., boniing
Pr G

and the wossibility of nitrogen-motal charge
There are s@ectroscopic criteria for deciding whether the
CN, or CHS and CIO compounds of low oxidation stafe are
C,N,3, or O bonded. Iowever tie last general survey of
spectra of cyanates znd thiocyéna-es is now outdated by more
recent wmublications cgntaining inforiction on systems with
rietal in high oxidation states (see e.g. ref 43,44); It is

beyond the scope of this thesis to extend the correlutions

to the more recent data.

T - [ L .
(i=I'v,Ta), hos been attributed, mey be en imvortant
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=1 Consiierations

To illuztraote the proo]eds of identifying solid, mixed

~

nalides, six possible Vforms' of

o

2 hyrotheticel muteriszl
@ 1)

of sgunre-rzlansr nolecules

nalysing as HXBZ, and consistine

shown in figures 2:2:1 a-f,will be considered.

In situ-tion "a' there are two distinct compounds, MX4
and MX2Z2. This situztion is readily detected when qu, and
MX2Z are not isowmoruious, for x-ray ~ouder photographs, and
vibrational zpectra, consist of the superimpos ed photograuvhs,
and the spectra of /X, and "X, G5, and in theory the I.Rj
anc waman bands shounld not be broader than in the isolated
compound.

In situation "b" substitution is non;;unﬂom but dismutated,
for no %XBZ molecules are present., A-ray powder fhotograyhs
=ill srow only onc crystallins substance, but this may exhibit

.

soms disorder effects, and the material +vill not necessarily

be isomorphious dth either Hiq, or MXﬂzz. I.X. and Raman cnecctira
[
may not consist of the superimposed sasctra of :{XEZj anf 2X4.

The cbsorved bands nay be broader, and scme extre bands mey

metry of the lattice sites.

ari.

0]
=y
=
o
[§7]

e Tecause oO1f

B B S I oom
ion ~licre LXq, and 'X2“2 rre
not nececserily isorcrphous but are portlalldy solukle in coch

other., “ubsiituition is non-rancom, -ut vismut.tlon has occurrec
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~ratalline s hstorces o e e e o . N
crystalline wobstorces 2re wrestnt il lotiice dinencions

not ©rose found in the varent compounds 1'X ZD and ML .
Lr

o
m

I.2. and Rauman spectra consist of the suserinm

of those of X, snd X 22 Tith soue broadening of peaks.
Only where the vibratlional spectra of a material EXBZ snows
strong bands not found in ﬁXq, or IXZZZ, or the x-ray
powder photograph lines can all be assigned in terms of a
single crystal lattice with fixed dimensions is this vossibility
luded.

In Ysituation 4" substitut;on iz totally random. I.R.
and Haman spectra are likely to consist of broad lines and
powder nhotograrhs show only éne lattice, But many lines nay
be wissing because of disorder effects.

In'situ-tion e" no Qlémutmtdon has talken place but the
orientation of thie molecules is disordered. ‘this situntion
results in disorder wvhenomenaz in the samples’ powder shotograszhs,

-

and nrobably some drozscening of line thes vibrational specira.
¥ v

[4)]
(=3
]

R B -

o orderad

in "situation f* the maturial
MXBZ nolucules. The I.R., and Paman spectra will not be the

same as for “XZ > or X, , and Zaman bands saculd be navrou,
X-ray nowder Whotograwhs should show no dizorder effe

c
- - -0
- . o . (37,38)
Bffects of disorder on x-ray powder zhotogranis, ?

A ¢isordered cryzi/lisyperiodic only in a statistical =minse,

an’ frecusntly o fisordered crystel will hove o hizher orioetry,
o - o . L, SR | PR R Doy
and zive fewer x-ray rellections thcn the ordered crystel fren



which it was derived. In cther a-eas of cocuistry, o.z.
metals, ¢isordered crystals can be orde: c@ by anncaling.
As the cegree of order in a crystalline rrterial increcses the

stive intensities of the original, or so-called JSULL.L SRTAL

reflections will remzin unchanged but no: reflections, known

as SUPEZRLATTICE reflections will annea Thus,

a nonoclinic lattice contains derivative lattices of orthorhombic,
and cubic symmetry. A cisordered, monoclinic cr?st“l may only
show the reflections of a cubic system, but as the order incrcases
extra, superlattice reflections anpear, to complete first the
orthorhonbic, and then the mono:zlinic rcflzction patterns.

These disorder pnenomena have not been extensively

investigoted in the chemistry of metal halides. An example is
given by the seriles of cowpounds WOClq, HOClBBr, anc WOBr)

(39). Single crystals of IOClb znd WOBr&'Both show all the
reflections of the space group I4. In single crystals of
NOClEBr some superlatiice spots are absent!'and this, together
with the presence in thz I.R. spectrum of NOClBBr of all bancs
found in the I.R. spectra of HOClq anc WO3r,, is talen to
indiczte a random distribution of bromine atoms in tho halogm
sites of .0C1_RBr. (In fact a totally random distribution dcosc
not fit the evidenée for this would mive the nroportion of

. L ‘

wODrl\L units as (1/4) <1% =o0 th proportion of WOCLy, writs

i

un
vs (3/L) &= 309 2o thot no Oﬁ“ s uld he detectable.

-,_




In =zny polycrrstalline sroterinl otner factors, heulde

those outlined above, may affect tlhe nature of th: vowder noto-

(“)/‘))

graphs obtained Thermal scettering occurs becanse
of vibrational motions of the ateoms in crystals and gives a
broad bacizgrcund of scattered radiation wiich incresscs in

intensity at high scattering angles, and in the region of lattice
reflections. Also stacking disorders lead to the absznce of

lattice reflections at high scattering angles.
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ciffration powder =hotograph is
also affected by the size of -the crystallites. ‘fhen the size

. ' -6

crystailine particles is below 10 cm. thc observed .lines

e
¥

become very broad anc it is often not possible to pick out

diffraction lines =t -a2ll. “hen the particle size is wmore
than 1077 cm. diffraction lines become uneven and spots ansear

(37)

Thernodynamics of Uixed Halide formation.

Consideration of some simple models does give sone under-—

1 b

standing of the factors involved in isolation of mixed halides.

Of the situations illustrated in figure 2:2:1 a-f only "a' and

"f"  are fully ordercd. If we comsicer Il MK 7 or N Ho, X
X . S fn ae e e -
molecvles in which tl ”hetexo«aona“ (¥=Z or M-X respectiveily)

nay boea o”¢,;t ted in five directicns, (this is ori:intational

disorder und is analogous to tiot shown by NXBZ nole ez in
fi;ure 2:2:1e), th. numser oF ways of =Iie ~ing the is




- 130 -

‘o oricniiticn

e Entropy of ran
o N - - -
= K 1n5 = Lklln5=R1n5=%,20 cal dez” | wole

N
-\

TA §=C(.053 Lesd (ke) mole ct 257°C (L=ivogadro'z

For F-azz,vor EXBZZ rmolecules the orizntziionsl cntrsiy =
kln()Ax = ki7ln20 = Riln20=5.95 cal deg-1 z0le ' zné Ta 8=
1.77 %o mole” | at 25°C.

Theée quantities are small but may be important where X,
and Z are not very different in 'size, e.g. chloride-fiuorides.

In the situstion represented by fig Z:2:14 the nu:Eer of
ways of cistributing (1-6)n X atozs ¢nd n 2 étoms in n sites
is q}//fn—e n)!=(en)! <where 6= degrec of substitution of

.

x atoms by 7 ctoms and n=number of halogen atoms preszat.

The entropy of the ran'om structure is given by

KlnW = kln (n-e)! (en)! ()

shere V= number of possible arrangersnts. Using

Stiriings approximation (1ni!=M1ml -I) (1) rearran
k Inii= -nk(e nG +(1-8) 1n (1-6)]
For o mixed halide nXXZZ'whcre all the halogen positions
T

are equivclent the entrovy must be calculated per mole of 1M

atoms, but thz number of sites is It 50 thet the entrony
(x+z)

(";

or1 substitution is wroportional to the total nuiber of

halo-cn atous The entropy of random substitution at 2Zo;
. »7




1t iz necessary to fist the encrgies of fornmotion of the

individual halides. 1In fig 2:2:2a three possible cases are
. r'; T_'f' - l Lo '—‘O Rl 11 : Y, > s

considercd if a plot of Ef of the mized holides ocinst

ratio I:Z is a straight line (case 1) there is no thervo-

dynamic energy barrier to dismutation of the mixed halides.

X 7
“x 5-%x

b]
2]
}.J
A
ry
O
Q
el
)
=
(%N
oy
(0]

9

greater than that expected by int:rpolation from the values for -
X, + MZ_. (case 2) thermodynemically reorgenisation to the

o

ter is fovourable. Conversely if a mixed halide NX Z_
S

]
1

v

(&}

o) .
has & less than that expected by ints

rzolation (case 3

its Toriv.tion fronm and “25 is favoursad,

,XB,
In a randoily substituted mixed halide ofa Svalent
central atom where the ratio of 37 a2toms is 1-6 : 6 the
the states MX;—'""~—'MZ are as follows
. . 3 2
X _=(1-0)2 MX_7.,=208" (1-0 )
5=(1=e)” 2%3
VX 7256 (10 ) 1Kz, =56 (1-8)
dxuzz)e(._e) g A4_/6 18

1X;3,=200 2(1-0)° MZ.= o

Thus by firinge the snergy differences (4,B,C,D in fig

2:2:2a) from the interpolated values, (i.e. case. 1), for the

random substitution with respect to non-random, heterozsneous
i:ztures The rosults of thesc calcul-tions .re shown in

figures 2:2:2 b,c,d. The curves s:ow tne order of stsbiliis~tion

ra)

enersies wiich wre racuirced for occurrgince of various . oncns
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A=D=x Bs=C=2x .
Case 3
Treoe Lncrcics O
omneass o suostitution

rnixed halides

of substitution of
halicdes

4

=120
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{

1:4
Ratio X:Z
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For 1ina

. O 3 -
intersoluted s £ values by about 6 ¢ rniole 1 vafore cericte
of can be achieved. In case 3 the

intermediates xxzzB, and ELXBZ2 have to be stabliscd by about
beforg senaration of discrete mixed halides can
be achieved.

Other, mor: general noints are also indicated by the

In case 2 it is seen thet situ:tions can exist (vhen %=1 or 2

and the compositions lie between points P, and § where serncration

=

of mixtures into two phases o , ant § may occur.

This is simi’ar to the situsntion shown in Ffigure 2:2:1c.

m

Another fsature of the models chosen for case 3 (fig 2:2:2¢,d
is that in situations where x, and z in MXXZZ arz not integers
randon substitution is often favoured over a heterogeneocus
mixture whiist the oppoéite ray be true when the ratio is
X:Z iz such that =, and z 2re close to integers (see z.:5
fig 2:2:2¢; ==4)

The above thermodynamic consicerations ccntein sonme

o~

n.tions, for instance = random distribution of ctates

-

[e]

anproz:

has been a:

exnerimental oric which follovws

(o]

- " ERR TR . T . o N ammy
rom this discussion oI Tolriiodynn



in mind in &any discussion of mixed aalides.
One more point comyplicates intersretotiosn of resu

a
= - LTS e

4 npumber of systens ere known where the vhase of & motarial

i

s
.
@
e}

changes whe omposition is cianged. e.z. cubic

’ZTaO3 becomes pseudo-monoclinic when 72% of the potassium
atoms are renlaced by sodium atoms. It is feasible that a

random mixture of MX5, and FZ_. will give similar behaviour

5 .

and at intermediate corpositions may even exist in pheases

not found in either of the pure compounds. Thus the fact

thot a material TX,Z, has = crystal type not ;ound for X

23 5’

or “Z_ is not in itself, proof trnat X.Z_, units are present
Y & £

5 273

and that the material is a discrete compound.

o k)

Criteria for identification of discrete mixmed helides in the

solid state.

This author would define a molecular mixed hali
in which
coimmound as a “tclumlAall of the molecules »present are ©

ype. ihen the proportion of molecules of one type is greater

than 95% (sav) other molecules :

At higher levels of other molecules the material must be

regarded as mixture, . although at a molecular level. The

above discussion suggests thit it is virtually iwpossible to

zcrete mizzed halides in the scolid

stute. In this work the following criteria will be taien as

doubt of tho formntion of ciscrite




reasonable

1)

I=TOY DC

obvious ni

vibration

the members of o
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In additicon wmelting points may be quoted as suggesting
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chemnistry.
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3

wizxtures as is common practice in organic
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the naterials P

3

complexes with Py

addition thsre =zre
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'definition .hove,
That no more t
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complexes as

points. The materials

be considered as disc
han two fluorine atons
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[VEYAS,
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crmolynamnic,

nc x-ray mnouder

both suggest that

(NEt2)2’ MF), WNEt, (M=Nb, Ta) and their

In

&na Raman
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aviour i found in EF. cheristry (49)
behaviour is roun. in I coecnistry

The ans thelr comnlexes zre

colourad is not thought te be due to
recuction to Ib (IV) or Ta (IV) es these sre normelly ‘lue,

or black if colourei at all. As (V) znéd Ta(V) nave no
13! velence electrons this colouraztion is attributed to
nitrogen to metal charge transfer. This further suggests thet
the nit;ogen lone pair has sy.netry suitable for donation to
(36)

the metal, ond thet the nitrogen is planar as in W(N Me

2)6

The penta~dialkylamides of niobium, and tantzlum are mono-
.. (35) . . . k1)
meric 55 whilst the pentafluoricdes are tetramzrlc.( As.
described in section g g R. spectra of niobiun

and tantalun may be taken

S

as a disgnostic test for fluorine bridges. Such bands cre
zresent in the dialkylamide-fluorides themselves,; but absent

:2). B

u,}
ol

fig 2: r compirison with
M(H e (=Kb,Ta) wad ¥(N Bt,), (M=Ti, B

terminal nitrosen-uetal modes are expected at higher frequencies.

The shifts of EEtZ Frequancies between tho fluoride~dialisyl: ni.ces,
and their wolexes sre neglizginle (see table Z2:7:1) rnd suzij

that the LEt, groups iave similer environiient, and conliruration

_

1R

{E Eij?I.A ( i U ny
% 2)2

to cetal-
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fluorine modes =ad the flu

sumed to Le poly:xcric. There 1s no evidence to diztinguish
between cils, ~ni trans flveoride bridees.
13em = A . . 1y .- R 0(\8 ANZ -1 5 S
Brailey ssigns bands at 990-1003 cn znd 1150~
1160 cn in metal dialkylemicdes to sy.metric (1; NCE) ond

asymmetric (v JCE) C-N-C stretching modes respectively.
as
NR2 compounds are structurally very similar to OR2 conplexes.

| shi S v C iz ‘ = ki Y 14 and
The shifts of 7. +C, and v*f 5 (X = O,N) between -.620 and

3 r "- 3 ] 3 -1 1
ReZW compounds are approx1mately +60 and +35 cn resnectively
(see table 1:6:1 and rof 48) Sicilar shifts zre expected between

Et20 and EtsN compounds. In (V) ans “a(V) Et,0 complexes

1 3 , : -1 .
'U"SOC2 and 0;5002 are at 820-8L40 and 980-1000 cm = respectively

the assignments of Sradley seem unlikely. 1In these

ﬂ-

so tha
fluoride-dialkylamide compounds bands ot 900~920, =nd 980-

-1 ' : . :
1008 cn” (see table 2:4:1) are tentatively assigned to Vg iiC,

HC., on the basis of their intensities and the above

The form:tion of a new crystalline phase from wmixtures

ment heas

r~

Ty

of vbF.(UEt.) né NbFL.O0Et, indicates that rezrrang
> 2°2 5 2
occurred :nd o new compoundPM§}O_x(ﬁEt2)Y (x=1,2,3,5,6,7) nay

be isolable but this nes not yet been attempted.

That dialkylamide fluoridss are 'zaker Lewls acids tuar

F e R O A T . B YA Y.
Tluorides 1o indicoted »Hy tha anoznce of detcectanle
intaorsction ~Aith Jiethyl otler, or rcetonitrile, Steric Tactors

zr2 not tlought to be dmportent., In zarticular



feble 2:5:1 Vibr tional sctre of IBt., sroups in the roase
700-1650 e (vr.cuencies in cm |
bl .ll'Et2 L SRR PRIPRERY e
Wit, b.ade Bt MEE, £y I
I.2. Qenen I DESASE: bonds hrnds STt
1454(10) 1612s 16098
1363vw 1330(6) 13654 1346w 1976vw
1251w 1358w 1h50vs | 1450vs
1338vw 1339w 1243y 1235y
+
1324w 1330w 1220w 122Cu
129 25w 1276w 1278w 1159w 1156vw
1139 1157(15) 1193ns 1193 1069s5* | 1070s
112ks 1126 11%0m 104hs* | 10450
109215 1093ms 1095 1017)s
)
1069ns 1071(7) 107 1m 1069s* 10085,b| 1015)
035nms 1033(7) 104 3me 1048s* 956w 950u
aohLs 994 (30) 1004(s) 10083,b* 570w
S07sh CO5w 762s 7603
901s,asy 208 (40) 917ms QGG asy 6975 £c0s
793ms 790(3) 79knz 79im
* indicates band d morc than once

¥ The only additiona

band at 1230 ca

a very weak




©
P> é bon<ing as hos been susgooted by fradley(BJ)

&5

although tho rel: tive osirength of

in fluoer ldes, ens clalkylomice-iluorides n

be dmgportent.
Ho compounds were isolated from reactions of MHoF_ and
- 2

MeBSiNEt2 ané some disproportionation to Mo(VI) and ¥6(IV)
nay have occurred,

Analytical data sugsests that although some substitution
was :

for fluorine by IiMe groups, achieved in the rcaction between

et

e, 8i) Nie and
(1 6331)2”1 e and

t

sentafluorides no pure comuounds have yet been

obtained. This may have been due to the »resence of NHMez,

or Me_SiNHMe in the (MeBSi)ZNMe, which is difficult to »urify.
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2:h FPluorvide~Shlorides, o “lucside=Tironides

Heactions betwsen e ,SiCl, or He_ 8ilr, and IbF_
2 2 2
1.

wore complicated thauy reactions of dielkylamides

©
&
[c)
I
93]
=
=}

a) The nmixed fluoride bromides, or fluoride-chlorides snow

more tendency to reorganise than fluoride dialkylamides.

.

b) Using ﬁeBSi~halides substitution for all five fluorines

by chlorine, or bromine is nossible, whilst only two fluorine
o b} L 9

atoms may be substituted by Bt groups.

¥

¢) The acceptor power of the pentahalide is not grestly
decreased by introduction of chloride, oxr bromide, and a
precipitating ligand must be added to solutions in disthyl ether
to isolate the nmixed halide. .

. . . 19, . :

The wresence of extra lines in the #,N.MsR. spcctra in
the sv».onatant liquor in a nixture of composition
NbCl, ¥, ¢.0EL, indicated that more than ons fluorine-

2.2°2.8 2
containin niobium s:ecies iz present. The 'H spectrum shiows
only one triplet-quartet wvattern for UEt2 sroups. This
surgests that the exchange wmechanisz Jor ether molecules is
intermoleculay whilst that for F atsms must be intramoleculsr,

; . 19, ‘ .
for otherwize conly one P rosonaance would be observed Gis in

NG
N Ci 5"T3F

5 NAE

randomness of




ig dsolated but  this does aot

=8

o
&
3
o
g
»
SN
-

is the predominant siecies in soélution

&ded to the chlorife-fluoride-ctner

solutions the srysten becomes more cownrlicated., It is not

ot
jy
1

known whether the precipitotes reflect the equilibrium in
1:1 comnlexXes or the 1:2 pyridine complexes. Analysis of

he mater 1TbC ; e 2Py B
the materials “bulO-5%p.5'2Py’ ek ClFA.Li , LoClZF

NbClBFa.ZPy, and Nb015

of single compounds. Interpretation of x-ray powder photograph

3° .2Py,

Py are =11 consistent with the presence

datg is more difficult. Yo lines viere detected with scattzring
; ¢ s A PR
angle pgreater than 20 and a cegree of thermel scattering was

found. Such behaviour may be due to stacking faults, crystal

disorder, thermal motions, imperfect samnling, or a combination
of all four. The powder phkotograph lines cannot be indexed,

but the intensity patterns of the lines suggest that NbCl -

¥, 5.2Py, NbC1F4.2Py, and NbClZFﬁ.ZPy are probably isostruc
Te 2

(see fig 2:%:1)., In no cases ¢o mixtures appear to be wvresent.

En
£

The materisl designated Noll,F.2Py iz not isostructural with

any of the other materials obtained.

to state that a series of chloride-{luoricdes have becn izslated

Talrin~ =211 the evidence together it seems certain that the
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is not »ossible to say which of the wmaicrials obtained, if

Niobium pentacliloride con be reduced by pyricine (see
sections1:1, 2:(), In t-c chloride-~fluoride---yridine s
hanges in colour frorm yellow to greon,
black, zre talen to be indicative of re

b (IV) as M (IV) compounds are often brown or bhlack.

Reduction of H¥bCl. detected in this way
S
in the presence of free pyridine, in solution, or at high

ne

i

terperatures. TIo reductlon was obscrved visually when

ratio of Cl:F eac less than 3:2 but it mey have been a.factor
in the imperfect analysis of the malterial NoCqu «2Py. o
NbCls.§Py could only be made in small cguantities when excess

pyridine could be rapidly rcmoved under vaculd.

i~

Because NbBr5 is more reactive taan NbCl_ at

enpted
5 ¥y

preparations of fluoride bromides were carried out using
CHBCH ratier than EtEO ag a solvent. The isolation of zlmost
pure NbBrS.CHgCE from = solution with 1:1 ratio of bes.ge L51Br
suggeszts thot either reorzanisation reactions occur readily,

or that brominciion becomes faster 2s more i, romine atons

renlace

L]
L
o]
]
e
=
(o]
1
ct
Q
oW
5|
=
o
-
J
-
€3
£}
=3
<
&
)
>
o]
'..

w2.5h 'ngs necded

vantities

the »nressnce of only small

L. ; . L R R, =t thot B 2
of the yellor uvaterial at any one time suygest tant tle dc.ree

(s}

13

veceuse of its lower solubility in ULCN, znd rapid

acticis.




I |
X %
L
s o
F LY
Jde X .
P
I l L ‘
¥ ¥ %
NbCIF: 2Py A' E
L%l L1 #)
‘NbCl F-2Py x T x
4 ' % || ‘
|T| [ i ,
X T =
bCl -
N 5Py | 'T_
200 400 600 800
—> M -



Nb%ZPy

- 147 -

- NbCl
- 0545

F -2Py

.
i 1

b R
N CIEZPy

.Nb;Clz:3

E;2Py

A ' I

ca

NbCl

322Py

NbClF-2Py

Sﬁpy

200

400

— CM™

RNoman spectra of Chloride-Iluor

600

__\,..e-'*’f.l: A

800

sine



W)
1
@]
[a)
r

Subotitution Jszoctiorgs

Production of Ke%SiF by reactions of nentaflucrides

L]

11T

Yt

1 Fe SicCH, Me
substitution reactionsz hove talien place in each case.

L

In all cases the I.X. 3-ectra indicate thet pseudohalicde units

have rezained intact and are bonded to the metal but analyses
arc imperfect and indicate the absence of pure compounds.

All the fluorine atLaLcheu to the metal can be replacecd in re-

S o oo i T In the reaction of HbF_.0Et. &nd

PR . > 2

Fe_SiRCS no intermediate fluoride- EthC“Qﬂ tes could be isolated
3 .

o+
v

pure Nb(CNS)5 was obtained

from an etier solution containing a 1:1 ratio of e Silils

, 3
NbFs'OEtE' This reorganisation did not occur in the reaction
of TalF with KeBSiHuS. In the cyanide reactions not ali the
fluorine couldé be replaced. The stronms band 2t 2
in the I.X. spectra of the material is consﬁsfent witﬁ the

presence of either bridging, or terminsl carbon-nonded CO=H

The failure to isolate pure fluoride cyanates, thiocyranztes
and cyanides of niobium and tantalum is surpris in view of

the exisntence of chloride cyanates, thiocyancies, ~nd cyonides

<

1
0...G . P .
of niohiun +=G) It s 3 > that other pre—arative

‘ 14 - )
metneds (see cectlon o

=irht lead to zuccessiul isolztion of the fluo ide-com :ounds.



The only other cubstitution roaction attemnted tos that

of (Me,Si),0 cnd ILF. which
3 : .

ve a prouuct with
/ .

and L.8, @rectrum consistent with FDOT.. HhOF. can be wnide by
- 2 )

L6
e o, . in ~~C =0 N
the reaction  4HbOF—> b0, F+11HOF at 700 C.( ) i

I ;
2 577 3 3
has been reuported o5 & product of the rescilon of Yal_. and

‘o o) : -
silica at 40C°C, but no furth-.r "nformation has been reported.

(&7)

These high temperature methods of preparation yielded

gu

crystalline nroducts, but the absence of crystalline naterial
. , o

<

in the procducts of rcaction of 1bF. with (IMe

5 3

presence of ﬁbOFB. Interpretation

bi)ao does

not exclue

of the I.x. results is difficult because the bands cre very

broad .(see fig 2:5:1)

trans
nission

]
450

950 700
—

)
Fig. 2:5:1 I..0. snectrum of MipOF_ M
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to achleve this by formation of Lewils
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The blue cclouration

or
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2:6 Einerincntal .

Prepoaration of reagents:—
F5, Tan, Eo*5:— See appendix 1

ﬂe35iul:— Fluka, puriss grade, kept over freshly activated

3 R Moleculer sieve NHEt.:- B.D.H., shaken tarce days over fresh,

‘2

crushed sodium hydroxide.

Me3SiNEt2:— made in vacuo by the reaction Me,SiCl+2EHEt§9
. 3 v

Me_Siflzt E{aut Cl. The rea
o

(¢)
ci
=
o]
s
4]

iz reversible znd scme
of the ﬁHAEtacl precipitated as 2o white solid is always
2 :

3 3 2

was vacuunm ¢istilled (seventeen times) until no white solid

carried cver in distillations of le SiNEta. The tle_Sil’Et

appeared and no EIHEt2 or T‘I—IEtZ could be detected in the 'H

N.iM.R. spectrum of the Me_,SiNEt 5*
’ 3

MeBSiH:— Alfa Taorganics.

-

IeBSiBr:- MeBSiH anc bromine (Analar) were conaﬁnsed together
in stoichiometric guesntitics znd allowed to warm to room

tenperature at wiich temper=ture the reaction

- Me_Sill+Br,— lle 8iEr+HBr occurred. The product was distilled

3

and tranped at =63°C in a dynemic vacuum so that HBr wes

no
\)J

removed, tuice vecuum distilled onto freshly activeted 5 A
molecular sicves teo vemove any residuel e,SiH snd HBr, ond

kent over 5 R molecular sievesz. The 'H i.il.x. snectrumshoved

only onz r.sonazice at 9.47%. izCH:D.D.I.
e Silili= 1le_ 5iBr wou reflumzd witn ol thao _8i0E ewm

> >



- 152 -
fracticnally distilled
}b33i3r+AgCN—+Ib-SivN+!gBr

- o 4400 ) T e .
(8.7, 115-117°C. The 'H N.IL.R. spectrumsiowed only one

}k‘
I
o]
[
[

at 10,097 )

(MeﬂSi)ZO:— Mc_SiCl was ~eacted withAﬂao

ZﬂeBSiCl+H20 (MeBSi)20+2HCl and the'(l‘-‘ie3

o} '
distilled (3.P.105-120%) The product was dried over NaOH and

v
Ul

Si)ZO fractionally

portions of frish sodium until the sodium did not tzrnish.
The 'H H.II.R. spectrumshowed onc pezk at 9.947T .

AgCli0s= made by the reaction

AgNO+KCHO —> AgCRO+LI0, was washed with wxué then ethanol

3
. o]
and dried 150°C.

H

AgCliS:~ prep as for AgCHO using ECHS instead of KCKO.

MeBSiCHO:- MeBSiCl wes refluxed with ~gCli0

e, 3iCl+AgCHO — Me_SiCHO+AgCl
3 e 3

’ - Na s - e}
"and the products fractionally distilled, 5.P. 90-91.

The product was dried over freshly activated molecular sieve.

HeBSiCNSi— e ez

fractionally distilled, (B.P. 140-142°C)

2ill was refluxed with AgClS and the product

MeBSiC;+AgCNS-—>HeﬁSiCNS+Aggl
ihe mroduct was dried over two successive portions of freshly
activated 4 R molecular sieves, wnd sicrsd over a taird
portion, The 'H ..., spectrumsliowced only onc pealk ot 10,087

. . o ~ :
Vi lle:- L.D.Z., shalen two cdays at 207C over frech



= 155 -
(MQBSi)QHHe:- made by the reaction,

2le,8iCL+3HH e — (Me,8i) SMe+2ITH MeCl,
5 2 37 5
by passing through KeBSiCl at -7800. The product

was distilled off, anc fractionally distilled (B.P.148-149°C)
The mnterial may have Leen contamincted with a little free

NHMea, and MeBSiCl az the reaction is to some extent reversible.

EtZO, CHBCN, Py, 4le-Py, and MeESO were purified as in section

1:9.

Prenzration of fluoride-disllylanide comnounds, ond

their connlexes with nyridinc »d Hle-Pyridine.

MeBSiNEtZ was vacuun di 1led onto the pantafluoride in
a pyrex flask; né the reac:ion mixture warmed to room temperature
and shaken under vacuum for three days., After eight hours the
reaction had nroduced viscous ligquids, ilumiscidble with excess
me351 to, which reacted further with meéSiNEt2 to give solids.
The MeBSiF Tormed (idertified by I.xi.) znd unrcacted ﬁeaﬁiNEta
were pumpned off ani the solids were crushed in the inert
atn sphere box. ¥ore le SiNn.t2 was vacuunm diztilled onto tho
soliés, ~nd,the mixture again shaken for three cdays. ‘hen

the volatile fraction was pumped away anulytical data showed

the solids to be VF_(FEt,), (Table 2:6:1).

~

thz cnslysis C = 1¢+."+, H=2.9, & = L’r.'\, F=31.8‘;&
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Reaction between nioblum, or tantalum -entafluoride,

dissolved in diethyl etier, and ke Silat. troduced orznge,
. D o T

or yellow solutions rospectively, which, hen shaken after two

hours produced oraxn;e, or yellow precipiitutes »enpuechl

&

1y

(j\

Quantities of rsactents used in typical rsceiions (in m. moles)were

NbF5:Et 0: lMe. S'\“t = 11.73 : 24,23 : 11.26

Y]

Tal'_ :

&

% : Me SiliE = Q.[_v s /2.7 . 5,
uao.l JSlLtZ TC & 2.3 3 13.2

7]

+3
£
o
9]

olids that precipi ated from this reaction were washed
with the liguid mixture of Etao anc HeBSiF sresent to remnove
excess pentafluoride.

Acid~base complexes of the fluoride-dialkylamides were
prezared by vacuunm dietilling pyridine, cor 4 Me-pyridine onto
the dialkylimide, allowing it to react, and pumping off excess
base. To inferaotion was observed between the niobium, or

tantalun fluoride-~dialkylenides znd acetonitrile, or diethyl

ether.

-

7

Reaction betircen MbF.. and e S5iCl.

When ¥e_SiCl (4.8 m moéles) was added to NbF5 (3.2 »n wmoles)
2
a yellow so0lid and Me,SiF (identified by I.:. spectroscopy)
were Tormed. dhen the solid was heated to anuromiuately 150 C

off which ¢id not

in vecuo a viscouu yellow liguid distilled

SiCl wes novnally added in ctoic . iomasr:




TLOLL 2:6:2
guantities 2f reactznts used in roactionz between
FbF_ and “e,S8iCl (2ll quentitics in m moles)
S 2
Compound nodo | Bt 0,311 Py exXD
~ 2 .
canired I‘TO
Eb§ClF9.4Py 13.85 21.6 5.91 xs 1
thlF4.2P§ 6.68 | 33 5.568 xs 2
Nol Fq.EPy k.20 32.2. 4,20 35 3
HbCl, 7, .2y 7.2k 22.3 14,46 19 L
2”3
Mbll,., . 2Py 797 | 25 27,81 18 5
2
¥bCl, F.2Py 5.09 | 32.9 2L.3 xs 6
I‘~3b015.?‘y 7.72 | 22 41.5 xs* | 7
NbCl, T Bt u .24 | 8.35 32.35 - 8
= <
o0l ;. Bt 50 7.76 | 33.3 k1.9 9
o vl Q -
.5 Gl 25.2 10
.37 12.99 31.90 9.3 11
9.37 | 13.99 | 31.96
X5 indicates that .ore pyridine uas added than was
enough to orecipitate all the niobium snecies.
* in this experiment pyridine wnrm added to a small
porition oi the NbClS.EtZO nd thr uwixnture was pummed
¢ry ociore it rms wnshed with ether,















































































































