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| ) RECT S ABSTRACT E . ,
| . Y This work deals with magnetic, spectroscopic and . “:fi‘ h

thermochemical aspects of the chemistry of halogen compounds

of niobium and tantalum in the quadrivalent s ate.e .
. '.l
,-/}* g *tudies were made of A st (A = alkabi metal )* S

o “~
' M;ﬁ Nb, Ta, X = @l Brs I) prepared by heating stoichiometnic
quantities of . starting materials at the melting point of |

L el

'the alkaii halides alsd*by heating at 300°C and by precipitation 3
{

from concentrated.hydrocnivri% acid «Single crystals wof

.\__-~-
o K2Nb0l6 were prepared by cool;ng a melt consisting of o
0 . " o
:,._stoichiometr&c quantities of KCl and NbClu through a steeg\

]:;:temperature gradient o ’:::' f_‘ _jf?l'jf'”' L \\"

Zlkif ”J' f*; The magﬂ%‘-c investigations shpwed that the S

"susceptibility data we ianﬁenced by the conditions of, ) A
o '
TJ, preparation. Plots of su
&y
hexaﬁalonio ates prepared at

s

eptibility against 1/T for the

Qigh temperatures were. found : ' é]

o 55 be c rved contrary to’ expectation for & dl system

.. Cs NbCl6 prepared a; 300%3and the salts having nonﬂcubic 1 ,::‘

symmetry gave linear plots A dilute solid solution of K

and K ZrCl6 also gaVe{a Iinear‘plot. " The curved nature\o

R
| | \
certain plots,of molaj suSceptibility is\attributed to ¥ mixedl i

valence nature of the A Nb016 systems i. el the. n?obium is | assumed\ - <
- T
to be present as a mixture of, NbV NbIV and either NbII;Rcrwa;I;
) ) i L
Plots of']( versus l/T for K TaClewere linearxlni e eledtrpnic
. , , L \\ | -
. ‘( & .o oy . :: o . "l 1'\..,_'[.5 : i
. . . . TR . E ' : K ;S '.\‘\‘:"‘l _ '_T \ ! \ ‘r f‘_‘- ";’,
- . ' - -_”. <y . . .:| | ! : '.»Ti_; ‘ \ . ‘ S -
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spectraqindicate that Kefa016\15 probably 51milar to K NbCl6 -'f\\"‘

in containing a mixture of ion types, 'The magnetic be(aviour

is "normal“ however and could be explained as being due to

N

-the 'l‘a(IV) dlone - N . - ""\i o -

, \

S '- " E!eotronic specbra of the various solid complexes\L
R : \ \ .
were studied by reflectance spectroscopy ' Cs thl6 prepared dt

3oo°c had fairly stnong bands at’ 10 KK ‘and 25 KK - wkffcrh' suggests A
1nat a considerable quantity of the cluster compound csuNb6Cl Jiw~<”‘f

d oeen formed at 300° The iptense band at N 19 KK in the ‘-’9' ’

of - alkaliwmetal hexahaloniobates appeared only as a k/ -

'=r 1n (Pyh) thl6 Its greatiy reduced 1nten51ty suggeq
. \

"&J‘Ctr 1 examination of h (Nb Zr)016 crystals prov1dedrfurther l
&, dence that the l9 kK. band is-not- due to a d-d transitién a ’
/ alence

.Xuggested rather;&hat this band is%due to an inter
i “ . )
-rapsfer trans}tion

- - v
/ . . ' ¥y !

‘ ’ !

e B

Upon examination of tTe infrared Spectra og,powdered

H

single crystals\of KaNbCl6 and o her A thlé polycrystalline

\
:wst ms;Lseveral bands were found in thé" 200 400 em™t reglop,y"" "

, "

%nore than the number of bands»predictz?\oy theory for octahedral .

ystems. = A Dand at ~ 310 cm is Jgs ned to the Nb(IV) c1
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- : Co : i .‘_ . E o ) . -
_ ) e . \ o e
' o ‘ ’ ~ N o
Weak shoulders areﬁattributed to

‘

I@\\\ND(V) ~Cl and Nb(Iz;C01 or Nb(;i:) c1 Stretching o o
NN ~ehe S5yS emslk NbClg*and'K NbC1," which haye been P

! * stretch 1n‘these'5ystems

The former

, reported in the itersture were %lso examined.
r
K NUCls, qub Lll8 and- oLner 1mpurities

Y
I

; is shown to be /a mixtLre 0
,-; a '
“KéNbClu"is in fact _found /o _he_the cluster compound KuNb60118 . :
. , ‘ N L

o in fac

i ,
i \mixed with XC1 and Nb. / |

Co / L :
o s, The enthalpiqs of react/ions of _the type K Do
| | Ax(c) + MX), (c) A MX6 (c)

Ler '

L Congiderations of theSe-pantial gas phase enthalpies suggests
‘ ‘ 4

t niobiuﬁ xhibits some.degree of class (b) charac

. ¢ nd
more stable than chloroniobates

chlorozifconates were found to be slightly
This 1s rationalized on

the basis of chlorine to metal w-bonding
The decomposition pressures of niobium tetrabromide

z_accord%hg to the process ‘ ) 7‘_ i‘\ S . '.-_ :
g::;NbBrs(g)

o .'\‘ o (5 x)NbBru(s)\\[g---T NbBr (s) +
: ’ ¥

were measured by_e_dew point technique and the existence

region of the variouS_bromioéfphases obtained
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‘Niobium and tantalum are veryfmuch alike chemically
and are therefore closely associated in nature " Their
discovery occurred almost simultaneously, i e. in, 1801

and {802 respectively, but - the similarity of their chemimal

' properties caused great difziculty in establishing theié

indiyidual identity. For many decades the elements'
remained comparatively obsgureﬂand the principal contribution
to their. chemistry was that of Marignac (1) -who discovered

in l865 that these metals could be separated by- utilizing

the marked dif‘f‘erence In the solubilities of their @ouble

fluorides of potassium S S ”'ij““f""

\"

Inﬁerest in niobium revived in the decade‘

following the yle'lQGO owing in part to the discovery
“of large deposit\ of niobium minerals. In Canada pyr -
chlore depoﬁits are mined in three principal areas: - in
near uorth Bay .. Lake Nipissing and in the Trout Lake
area north—west "of debury Reserves may total 135 nillion

tons averaging 0. 35 percent Vb 5 Canada's only producer

of niobium oxide St. -ﬁawrence Columbium Corporation

increased its output of ub205 by rnearly 50% in 1909 to -

maintain Canada s pOSition as the non- communist wvorld's

ey —— e

D
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' second largest producer Initial Cahadian shipments of l

. . o

tantalite concentrates were made from~Bernic Lake

J

-

Manitoba inwl970

Sy The expanded productionaof these minerals has

S

',been occasioned by the increased;use of niobium for modern~f_f. s

Py

-.technology One of the. importamt recent uses of niobium A

. ‘which takes - advantage -of its high melting point and its

resistance to Heat is the production of heatwresistent

-
RN

.alloys for high speed tools jet engines gas turbines ' , o -

and rocketry equipment Niobium is also used ‘as a fabricating

.material in nuclear technology

The present study can be’ loosely divided into

two sections:

l

—_ | - (A) Magnetic and Spectroscopic properties of

the complex halides of these metals in low oxidation states
~

(B) Thermochemical studies of some simple and

"complex halides-of these metals

__________
1

/ (a) L Ine -general; much more is known about the chemistry

of elements in the  first transition series than of those ' ,; <Z;'K'\

in the remaining periods This 1s particularly true Of S

- i~

Nt

the elements in the titanium and vanadium sub groups Foriw

example . vanadium commonly exhibits oxidation states of +5 L /

+§743 and +2 and the states +1, 0, and-—lfaré-knoﬁn as WEI}' - //(
- . - : T S

l
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' By‘contrast'"1nvestigations into the chenisfry of'niobium{-ﬂj

\ and tantalum haye largely beee COnfiled fo. studies of these - o i  ;& :
.T\felements 1n the;r maximum oxidation states. ;;_ f f‘.h
il ;.  | /////Primm to 196Q*ﬂ°“13 a few u'Jl characterized - f -:. A
Lﬁ:;compounds qdhtaining*niobium-and tantelun in oxidé .
% states Less than fivg Were known The e %gpiﬁdeféhe R

s T

ST

containing the Nb(Ta)6X

and some nitrides and su

-

///
| wererprepared_by figh/iemperatube//e;uct on of/yéntavalent
, niohium{compdindé. o //{fa/r ol . S
. Mah; ydies 3oxid3tidn states .

o .

o ‘e

y oWeﬁer fhere ié“mucﬁ*disagneem nt regarding‘.

#

néduotion

. the exten and reproducibility of the reduc fon.

-IP o

. W ' ' "
Ry In most of these'solutidg‘studies 1‘here was a

SR : ’ ~ : ‘

ﬂai,'re to 1solat% any well characterized Species © The

;”in difficultg/in isolating compounds from solution iS‘.

gezﬁeasure % result of the very limited conditions"

; ul | o
, 'g under which solut;ons of these highly acidic compounds '

T are stable . \‘ﬂ.,, B
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L Many synthetic methods have been emplogpd‘in )

order to‘prepare compounds in low oxidation stdtes.

-

.o ;
A, number of studies of the structure and qhemioal ; R
f . - R
vy properties of“niobﬂum and’ tantalum cluster compounds have T

" been reported (7- 12) - - w"g ) C oo

‘o

A number of worﬁers have prepared 51ix- cofrdinate
K adducts of niobium and tantalum tetrahalides paving
nitrogen* oxygen and sulphur as-dod%% atoms (l3—l7) o

In some cases the tetrahalides were used as starting
\

“-*materials but in other cases pentahalides were found

to be reduced by excess ligand to produce the tetravalent A .
9comp1ex: o : _: _ . : o (i"l\&
ST The existence of - hexahaloniobates dIV) and !
ﬁ' .
hexahalotantalates (IV) was first demonstrated by Russian-

_workers from phase equilibrium studies of niobium and "

- i ) ' s ¢
.

tantalum tetrachloride alkaliiﬁetal chloridg systems’

'(18 20). The most complete chanacterization of ‘these sadts

-

._was carried out by Torp (dla‘ 21b) who studied tneir spectral

’L 4_

and magnetic pPOperties Torp found that forﬁhexahalo— & ¢
niobates, plots of molar susceptibility againgt 1/T were L

. somewhat curved \ﬂﬁptrary to expectation for dl systems !

o«
L ¢ , I' -

-~ Similar plots for tantalum analogues were linear\ he

h '!' - i
; -;-‘:-, o ol
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" behaviour of the'hiobium-salts remainéd unexplained., The

. . R . : . . ‘ / . 4 . .;? R .
' relative_order ofﬁsusceptibility for salts of the various )

r

: alkali elementsswas believed to afford some slight evidence C.

'of superexchange interaction

"were essentially free of superexchange interactions (EM'§25)

"end of the respective series it seemed desirable to extend

™

purvature in plots of susceptibilities against reciprocal

" and prompted'@s to search for its origin.

‘properties of .ions of the type MeX6 " where'Me is an element - o

.nearer the left hand side of the series, qpreover the

. . ﬂ_.,“
- ? .

. In a series of investigations -ofthe magnetic

L)
r

from the secdnd or third transition series, Westland et al. Ly
3 2=

;showed that compounds crystallizing wilth the K PtCl6 structureff‘

5

were not magnetically dilute when the central ion is Re;
/.4".’ :

‘Os or Ir (22 23).1 On the other hand Ru and Rh analogues '

Since these examples were chosen from near to the right hand

)

the study to the at systems NbCl6 ~ and TaC16 i.e. from e

.tempegature for the hexahaloniobates aroused our curious%ty

/ ‘”“'
- Since the study by Torp, there have been several

. reports, of work on hexahaloniohages and tantalates (26~ 29)

b

It became clear thzf’there were discrepancies and unexplained
. [ . '( '- . : - ) A . .1

bands in the infrared and visible spectra reported by variols

. workers .including Torp. Infview;of'these discrepancies\it'

it _ g .
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‘was consldered dESiPEbI; to repeat the earlier studies as
) H

. carefuiiy as possible and to clarify these anomaiies.
[

(B) The thermochemical studies were carried out for
- ‘ 3
several reasons. o

(i).. Possibiy the most wideiy used technique for the’

e .

{ 3pﬁeparation of iower haiides of second and third transition . C
,\Rj}ries including niochium and tantalum has beenré flow
; technique-; Aithough at first sight this method 'seems very‘

simple, it is capable of produeing significantiy different

products by subtle variation of such conditions as temperature

flow. rate, dilution with inert carrier gas,' tc. “‘\&iﬁg

“-\-.
Early attempts at preparation of niobium tetra—,

chioride involved passing hydrogen over the pentachloride
&

maintained at 450°. [The product was a mixture of tetrachlorilde
Y(and trichloride > This method is an seldon]used because of
the difficulty oP controlling the composition of the product
Transport in a thermal gradient has ‘been fuily
efpioited by Schafer and his co-workers (30—33). Reduction
of pentahalide i1s carried out in an euacuated‘tube. 'Metai_ \\\i' _ ’

1s heated to_a-moderateiy,high temperature at'one-end of the

tube and the penqégalide-is heatedlto a température that
generates”a vapour pressure sufficient to cause a reaction.

) The'centre portion of the tube is maintained_at a temperature:

13
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ihtermediate oetween'that‘of theftwo ends,*and the temperature
is. adjusted 50 that the product sublimes from the hottest
.zoné to the cenfre. compartment If tne product is a compound
that tends to undergo thermal decomposition into one or. bothy'
of the reactants, the decomposition can bé-avoided by . Rl
adjustment of the temperature gradient://?he\diffision of |
'-gases in a thermal gradient is such that the equilibrium'
*[ conditions in the tube strongly favour formation of the .
required product and removal of the pr\dupt\as a solid phase'

drives the reaction to com

The design ¢T effed

facilitated by a knowlepdge of s

decomposition pressures. The niobium chlorides have received o

n

thorough attention’ (30 34) but information $he bromides is 7

B ,re1atively lacking For c?is reason, an i vestigation of . f"

tl‘re :ddsproportionation of‘ NbBru was under‘ta en. " An attempt
JE— P

was also mad‘“ﬁo/measure the.saturation vapour pressure of

this-compound \Owing to 1ts tendency to decoflpose, tlie

-~

compound had to be examined in the presence of NbBr5 vapourl
: 1Y
A .

The experimental difficulty of measuring the small partial j R

pressure of the tetrabromide vapour caused thls work to be i
discontinued 7 | A ; L
{(11) There have been no reports of Qhermochemical studies

of ternary niob um salts It therefore seemed desirable to
initiate work in this ares «f The halpy of formation of
potassium he'xachlorotantaj_age_@/ﬁas been reported (35)
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’(iii) Further thermochemical investigation of niobium and
N tantalum compounds may have a fairly direct . significance on
the technology of‘these metals Their broadening use in
metallurgy has called for the development of new processes
: ;or prodécing these met&ls~in~higb‘pu—ity “The electrolysis
of chlorides of niobium tantalum and zirconium and other
refractory metaia in’'a melt of alkali chloride or in a
t? mixture of alkali chlorides is one of the promising methods
‘of producing these metals Complexes such as K NbCl6 and

T;j K,Zrcle for example /may be intermediates in'a chain of

_—

s
study of such intermediates and the clarificatiom of the

chemyéal reactions proceeding in electrolytic cells! ‘Thus.égw

possibility or/uSing complex halides of - these metals in lower

.: quidatioq tates as electrolytes may require further"basic

;T ‘ ST e - .
- . know lefige - T

- - . -~

-

‘ The following summary outlines the broad objectives
of the Work described in.this thesis. s f_ X o
(a) An inyestigation of the magnetic propertieS'

of halocomplexes of nﬁobium and tantalum " In particular it
‘Qw,was sought to determihe if a- superexchange mechanism operates
in thesh systems. .E ; = IR .

& (b) 'E_:gamina':tion of the'e'_le_ctronic and far infrared.
spectra;of these complexes to account ior'theunexpectjf

bands observed by previous workers.

o
\

" =4
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Measurement of. thermochemical data khich are

”

(0_)

needed for the bromides of-the second and, third transition

series. Decom osition and saturation vapour pressures of

-

‘niobium tetrap omide were of particular inteﬂest in view

of the fact .thpt similar studies on chloride systems had

1

alreadg beendb

(a)

rformed. ('. o '
’ et S | : : .
Determination of the heats of formation of

hexahalometallates of niobium tantalum and zir&@nium by
+ solution cal rimetry and interpretation ‘of the results in

terms of pe iodicity relationships and current concepts of

g
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.

L _REVISW'BF PREVIOUS WORK

. . L ) 1 . - ) ' ] R )

1!

- ] i . A
s - Since it is only a few years ago that halccomplexes

of niobium(IV), tantaldm(IV and zirconium(IV) began to

receive attention, the volume of 1Literature is not large.

'Each publication will be reviewed here in some ‘detall but

. initially, attention will be limited to methods and

experiments rather than\results In the following chapters

[

“the results of the variqus workers will be compared with

those_obtained in the prESent work A

Thls chapter. will be- divided into twd sections,

although there wilkl be some overlap

A, Magnetip, spectroscopic and‘structural_studiesl

B. Thermochemical studies. - ’
S ' : _ j .
A. As’'stated’earlier, Torp (21) has done the most extensive

\

magnetic spectral and x- ﬂsy work on the nexahalo salts of

niobium(IV) and tantalum(Iy) The compounds were. prepared by

¢

heating a 'stoichlometric mﬂxture of alkali metal thloride and

" metal tetrachioridg in one. end of an evacuated sealed

quartz tube which had been filled in the dry box. 'The tube.

was held at the melting point of the alkali metal halide:

for one- to three hours in a- resistance furnace. A temperature
gradient was maintained with the end contalning the material -

. o
A

[
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ca. 50° cooler than the other end tc prevent sublimation of

‘metal . tetrahalide from the reaction zone. Torp found that

X-ray patterns of all.the hexahalo complexes could be indexed
/ ! -

on the basis of a cubic unit cell w‘th the exception of -

LK NbBr6 which crystallized with a unit cell which was simllar

“but which was distorted tetragonallﬁ

The lattice parameters f r the A MX6 complexes are - -
f

Siven below ‘in Table I . : f e ' R

= f , 7
uTable I- ;Lattice-parameters‘of;A2MX61cgmplexes (21)

o ' Lattice ' Refined Lattice
.Complex L . Type . * Parameters (f)
. K2Nb016 - ' o .fCC : oa = 9. 97+O Of
: , T w - :‘
RboibClg | a, = 10.1020,01 |
bBp. ¥ ¢ FCL o _ |
K2N§?P6 o o | B . a, —:lO.BBi0.0l
CO = .].0.861[30.1. w7 .
Ro,NoBrg o Feo a_. = 10.63:0.01
o ' n L - '
ngNblsr. | S a, = ll.?M;O 01
: " . = ¢ :
K,TaCl, ) S S ag = 9.96%0.01
CRE : " . . - . y '
RbgTaClé ‘. : } . ao' lO.ll%0.0l .
Rb,TaBrg = L . a, = 10.62%0 01 .

2

A point to note is the similarity 1n the unit- cell
dimensions of niobium ‘and tantalum analogues This is because ~

the covalent ragii of‘niobiumCIV) and tantalum(IV) are almost
. U : - - '



aid/ .

entical due to the lanthanide contraction experienced, by

elements in the third transition series : 5

r

;e Torp showed that K NbCi6 1s isomorphous wilth

'Q%Cis Since all of the cubic alkali metal hexahalo

complexes of" Nb(IV) ‘and tantalum(IV) exhibit similar trends
+1n the relative positions and intensities of x-ray diffraction
iines, they evidently have the same structure:

~ - The K2Pt016 structure for.theSe saltsﬂwas con
by Sminpova @nd Vasii'hova (36). However,lthese.aut o
iater-repQEELd nev isOmorphs'for sOme.of these hexachloro—
metaliates- in some cases the symmetry of tantalum compounds

is not the same as that previously reported in spite of simllar.

methods of preparation._ The new parameters are;given in
Tabie II (37).° : R t - -2
It.is interestinghto note that alkall metal hexahalo—i
metaiWates(IV) of the second and third. transition series
_usually adopt the potassium hexachloroplatinate structure,
_which‘may be related to the CaF2 type“lattioe.by considering

the complex anion as a single-unit weccupying the calcium

positions of that structure.
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Table II° New lattiwe parameqers of A M016 complexe& (37)

©

- s J

qd .0 : e

Compound S Symme&ry . Parameter - (A)
? szNbCl6 - ‘Cuble i a?s'10f25.\\
“Cs HNbC 1, -7 cubte . a’=.10.31
K. TaCl - Tetragonal . a= 9.01 L
2 6 - =
o e = 12,43 o
Rb,TaCle ' Tetragonal a = 10067 :
- o - ¢ =.9.07 ol
Cs,TaCl, Cubie . A& =10.32
s : S

.Torp has reported the diffuse reflectance spectra
and magnetic properties of'the”hexahalo complexes. The conpounds

were examined in the solid state as no solvent could be

found to dissolve the compounds without reaction. Torn alSo
. obtained a solution spectrum for NbClu in molten pyridinium.
chloride and found it to be essentially similar to that of.

the solid state spectra of alkali hexachloroniobates

' Goﬁ& method from 100°K té 300°K, .. o _ - | ™

Horner et al (26) have prepared Cs Nb016 and -

.

CszTaCl6 by interaction of correct proportions of the penta-
: chlorides and caesium chlorides in the. presence of red

phosphorous. Alternately, CsTa016 may be used as the starting

X
- material. -The method involved heating mixtures of red-
Sl

.

phosphorous and metal_chloride in a closed tube. By thisn

A

|- - -



method they also prepared Cs,MoC1 ana Cs w016 o -

Tyree's research group (27) has prepared“Cs NbX6
and Cs TaX6 (X = Cl Br) by heating a mixture of CsI and
thMX6-(M = Nb;, Ta) in a sealed tube. The temperature

-required for reaction in the several cases were: Cs oNbCl,o
- e

(200°) " Cs,TaCl, (300%), ¢s SNbBr. (250°), and Cs TaBr6 (310°) .,
' They also prepared the chloro salts by reaction,

of CsI with cSNbCl6 or CsTaClg in hexabutadiene " An equimolar
~ . . L
mixture of the reagents were suspended in 30 ml of dry

H

"solvent .- and’ the m gturegwasnrefiuxed for several days. Their

analytical résdlts for cfilorine and brominé ‘were slightly low.

e

The electronic-spectra‘of these salts were determined
on samples'which had been groundf"with freshly fdsed K 1 and

pressed into pellets. it was found that the charge transfer

bands of,MX6l— and'sta—;salts corr\Sponded quite closely.

E Such a similarivy of energies lmplies\ that the more electro—'

charge from ‘the surrounding ligands 80 ﬁ at the effective
1l

2

nuclear charge pn the metal is nearly theﬂsame for MX6
and MX "7, ngp

tailn other bands were assi ned to d-d

“2 _*_9 Eq transitions é
¥
The, rqem temperature magnetic ﬂbments and corrected

Susceptibilities are Iisted in Table JAII. ) L

NG



f
. e .
) i — - ) - . - : + ¥
ll»f*’”TEEle IIl: Magnetic data for A2MX6 complexes (27)
Complex i ' Moments,- - o Molar susceptibilit&
‘ ' (B.M.) m (e.m.u. mole
‘.ngNbclﬁ . - T : -
: A . ¥ s
(CuCls suspension) ‘1,24 —
- . . * . . Q- -~
Cs2Nb016 S 1.24
CserBr6 . | - ul.lB o
ngTaClG ' o '.' ; ' 9T x lOf6"
Cs,TaBrg R S ) 145 x ,lO—6 ST v
e N . - '
¥Measured at 20°C. : L -

. These authors were the first to-report the infrared

'Spectra of some of these salts in the low energy end of the
infrared region : P ‘ . .
Fowles-et al.'(28)whave‘reported the preparation
"and proherties of'[(C ")uNj Nb'}{6 (X = C1 or Br)' .The .

. _rpreparative method involved mixing the appr0priate acetonitrile
complex Nqu 2CH3CN and tetraethyl ammpnium halide using g
chloroform—acetonitrile (911 volﬂme) as solvent. The reactlon
mixt7fe was, heated under gentle reflux for 2 weeks after which

time reaction product was separated by . filtration and dried

The magnetic and spectral studies of [(

5 S)NNJENDXG (X = Cl Br)

were. reportia..
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el
A

920-°cm"l which is characteristic of metal- oxvgen stretching

i the potentials needed for their formation "The eiectro--

‘chemical reduction produced several Species in oxidation

v,
»
¥

=

5

5 : ) -. — . ’
Prior .to Fowlea‘publication Benzingerj(29) had ;,,— ;
g _ﬁ\\

studied the electrochemical reduction of L'(C2 5)uN]NbCI6

in acetonitrile and determ;ned what products Were formed and -

o=

states (IV) and (IIIQ Orange crustals of. [(PQHB)HN] Nb016

separated from sﬁiution durlng tbe reduction ‘ ' Y . et

b

The infrared Spectrum showed a strong band at ;Q.f'

Benzinger was unable to obtain the spectrum in tne 300 cm -1

region because [(CZHB)MN] NbOCl5 has a strong, broad absorption

which extends from abput 370 cm -1 to the instrumentaf\cut off

:

1
at 260 -cm ~. A determination of tne oxidation state of No in tnis .

#n
4

compound Supported the conclusion that the contaminant was. ;“f ; ;/u
N E(02HS)“1\I§J Nboc1rj - o T N
| rmeﬁelectronic spectrum arrd magnetic susceptibility of this
compoundhnere ‘also recorded : ‘“' : 3f_ ' re i
.:; - The magnetio\susceptibility of [(C2 S)HN] NbCl6 L |
determined by the Faraday method. Since it was sbownrthat ."\\\Hg"

: the cpmpound was contaminated with [(02H5)4N] NbOCl5 Nalues o&\\\ﬁ.

susceptibility were then oorrected for’the ‘presence of 25%

. e .-

non- paramagnetic material The resultanﬁ paramagnetic .o

;rsusceptibilitiES were used for—the calculation of the effective

i . | . i .
- — . . o . ‘o . T
_-—""'—'_-.-—__— . . . . T

W
.
f



, magnetic moment “The results are given in Fig l(/),

*There is: only a rough correlation between experimental and

L )

theoretical curves, and it can be seen that the theorv does

Q

'not completely account for the observed magnetic properties

- .
' of the compound Consideration of other magnetic parameters

'."
9 o | ‘

viz. k (electron delocalization factor) and v (axial~ distortion) a
/géte calculated curves “that gave better agreement with the ) a\ _“'
exoer ai ones Results are. given in Fig‘ l(b). |

‘ Benzinger s _attempt to obtain an-e. 's.r. spectrumhé
of'[(C ) N] NbClG in acetonitrile solution filled This%'iv L - .

o

is not surprising since the lowest state ingthe NbCl62 'ion'is
a non—ﬁagnetic state. However he did obtain a #omplicated -‘{l
' :lO line spectrum frbm a solid‘EEmnle (a ten line spectrum is
' rexpected for/a single electron localized on a niobium nucleus,

" which has a nuclear spin ofg/gyith a g value of ‘1. 6)

“
LoV

- The fact that an €.s. r. spectrum could,be obtained
with a solid sample but not wi:;/z'salutionsample'was
i

'erplained as follows.- The ion th a T ground state and

perfect octahedraﬁlsymmetry have a short spin- lattice

u

i relaxation time at room temperature and therefore*it is

ey :
difficult to obtain a spectrum:of such ions Soliﬂ [(C )uNjngCls .

A J.-'

v
" has . already béen shown. to be distorted from octahedral
i symmetry However, in solution this distortign was assumed
- L & ‘

1
Y
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.'to'be' ss or entirely absent It was proposed that in the
solid state, the distortion 1s apparently large enough to

cause a sufficient decrease in the spin—lattice relaxation
time s90 that a Spectrum can be obtained -

l

.%here haveubeen other attempts to record the - :
- -, ‘ :

;‘e.s.r. spectrum of N (IV) species Fedetov (38) g£~§£.
have examined the e.s.r. spectrum of Nb(iV).in ethanol
prepa@ed by teduction with zinc -and HCL. They obtained a-
' frozen glass spectrum but no solution spectrum The sa%e~;s

-group repeated their experiments in aqueous HC1 and obtained “\\\
significantly different parameters Larden and Gunthard (39)
'examined the e.s.r. spectrum of Nb(IV) in HCl1 -~ alcOhol ' T

1 ey ,-.

mixture obtained by electrolytic reduction ‘Maniv {uo)

3

et al havé examined Nb(IV) in Cs ZrCl6 and fouhd it to be

tetragonally distorted.
| More recentlv Johnson and Bereman (Ml) have reported
e.s.rf studiles of CsZNbCl6 They prepared these salts by
1) reacting stoichiometric quantities of starting materials _d
in a sealed.tube at 480°Jand (11) by precipitation from
awmer. o . S
. - They found that no electron spin resona%ce signal.

couid be obtained at 297° or llO° K from the solid C??NbClG -

.- by either preparative method This_suggests a yery short .

) [
A



. . oy o, "L . . o o

. LI ~ . - . . A

“‘ . . . . . . R . . R .
: : . X . +
s . . . o :
\ - .. . .

ey . -
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‘ spin—iattice relaxation time wnicn 1s consistent with an_ Uctahedna{/
. -

cnnfigurationt' Similar results have' gen fougg'for g

VCl62" in solution and in the soli state (Ué).‘ ’

'ﬂ!} However Johhson did obtain a spectrum from solutions T
N .
"of NbClu in l2N HCl and 10% HCl He assigned these spectra‘

to the.species Cs NbOClu Tiis compound had been isolated’

‘eariier (u3) and. ‘the behaviour ‘of the frozen glass Spectgum

"

of NbClu in hCi strongly suggests that the NbOClA(H2O)
ion 1s the predominant species Iohnson postulated the

foliowing equilibria existing in 12N HCl

ST NbClu +; EEl = . NhCl627
T 1 | o

B Nb01627'+ H,0 &= - N50C1,%” + 2HC1

;Nbooluz"+-01“'€:Fi::3 Nb00153“- L

- 7 Furthermore when solutions of NbLIV) in ethanol

or in HCl are obtailned bj reduction of Nb(IV) chloride with
Zn, Johnson '’ found it was impossible under all conditions to

_1solate the Nb016 ~ species. This 1s probably due to the - . -

2

act that the NbClu was hydrolysed to the oxo species, 1le,. i N
NbOCluz . e T - o /
N C s ' E , /
The optical spectra obtalned for the species ' /-
: T > | !

investigated are given below. -~ - o ./
Lo - . L s - | //;,

T ~ ) i
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Table IV Band‘paxima'reborted by Johnson and Bereman

Compound - C o | Band %ositipn (cm"l) :
. S - S _{
- . ! ‘ : - ' /
Cs NbCl6 (Mull) I 18,600 (broad and symmetrical)
NbOC1, (H 0) . (lON HCl) o lS,MOOH‘““' S .19, 600
Nb(IV} in 10N HC1 © . k4,200 " | 20,000

McCullough and Meilt s<(uuj have also'boétulated the -

pre ence of several niobium speciES iﬁ’electrochemical LT

reduction\of Nb(V) in aqueous 'HC1 solution Their results led /

J

/ to the suggestion that Nb(V) is a dlmer in high concentraticns
of HCL. They felt that ‘the niobium(V) dimer was reduced to
lf a niobihm(IV) dimer which disproportionated into a Nb(V) -
Nb(III) adduct._.The latter was further redaced_to a Nb(IV) -
Nb(III) adduct. ' The hiobiu; dimers were presuﬁed‘to‘be
involved in dissociation equilibria with the réspective

monomers. It was presumed that the monomeric Nb(IV) was

‘ reduced to Nb(II) which reacted withfmoh}meric Nb(IV) to
produce a monomeric Nb{IIT) species“asha final product. \ //.
' B. (i) NbEVL'TaCV)and Zr@V)Compléxes . P ﬂ : <

1.

“ﬂ.‘\—\ L

As stated earlier Russlan workers (18 20) wena tﬁe

uJ

!
!

i o . . .

F’ . " ]

{
first to report the existence of the complex salts AE»CIG !

P



K
-y

LR

where A = Na, K, Rband Cs, _' % Nb and Ta. The{compounds

\

were 1dentified by//aase equilibrium studies They performed .

©

N
under vacuum or filled with argon and then heated The .

their experiments in quartz gla%s vessels which ‘were sealed

-

-~ “

potassium rubidium and caesium salts were found to be
congruently melting with high melting points (Table V). | Jl‘
"TABLE V.

Melting Points and Transformation Temperatures. of A2MCl6"Complexes

C » o om.p. |

comouna |y AL mmegmaniet

- Na,NbCl. N\_ 582- 1 L 365 m
KNoClo . 782 Y s

ot - : .
Ro,NbCl, - 802

. ngNbCls . ) | 0 a2 o . _
K,TaClg 732 - ) ) o
Rb,TaCle ‘*s - 756 S 322* S
Cs,TaCle . T8 L 352 o

" The phase'studies also lndicatsd that the melts
- econtained [NbClSJ_ and [NbClsjz' whereas [TaCls]z"sgﬁtﬁd:to ' '“

be the only ionle tantaium'species.

=
N

?

3
et



‘equation: * ‘. .f-' | - | S

-The f\IbCl5 formed as a result. of the reaction was drawn off

2y

. Morozov- and. Lipatova (US) obtained compounds of <

NbClu with alkali metal and ammonium chlorides by’

Lprecipitation from hydrochloric acid solutions The niobigm‘

tetrachloride was dissolved in concentrated hydrochloric.

acid and alkali chlorides and ammonium chlorides were

| cdissolved in 10% hydrochloric acld. They obtained .crystalline

precipitates when solutions containing the'chlorides_were

saturated with hydrogen chloride.gas and mixed. ﬁstassium -
chloride did not give a solid under these_conditions.

," The decOmposition pressures of A'Nb016 comp exes
have been determined by Safanov's group (h6) Tnpy gssumed’

that the decomposition proceeded as glven by the following\

L

+ A_NbCL,

'2A2NbCl6u? 2A91“+ Nb015 2NPClg

P

by a stream of argon into the condensation portion of the

]

apparatus, from which'it.was dissolved out with methanol for

subsequent quantitative determination.

bl

. . L' ' - .
‘Tsintsius and Smirnova (35) have measured the

enthalpies of formation o_f'KE'TaCl6 by calorimetry;’ They used

»

0.03% H202‘solution as calorimetric liquid. ; .




More recently the Russian workers (H? “8) ‘have RS

A . -
: reported the study of hydrogen reduction of AM016 complex . ﬁ{

~

between the temperatures 20~ 900° . The reductlon was : Cos

v,

——

studied by x-ray diﬁfragtion, chromatography and analysis. ‘In. the
- ‘
Yy case of niobium tne reaction was reported to proceed us:

. [+]

-

'

A‘NbCl6 —_—y AENpClS_ — -A2Nb015—~—-> A NbClu-—-) Nb £ MCL

»
-

The- tantalum analogue ‘showed a much more complex benaviour
‘ The oxychloride complexes of Nb(IV) and Ta(IV)
; have been reported for the first time by Morozov and co—workers

(HS,Hg);\ Rubidium and caesium oxotetrachloroniooates (IV)

“L\re prepared by reduction: -of the corresponding ‘oxopenta-

: chloro niobate(v) with stannous chloride in ah drgon stream

; at 50—550° ,‘ The x-ray diffraction patterns of these.

com 1exes were found to be. essentially the same as that of o
the alkali metal hexahaloniobates(Iv) . k‘_ B \ ;
\ A, .

The\alkali metal oxotetrachlorotantalates(IV)

R e ]

wene obta;\\d by the interactipn of %ptassium rubidium and’

caesium hexachlorotantalates(IV9 with antimony trioxideﬁét

s r

180-580°C in an inert~a mosphere of argon. N . The x-ray

e T e e

5‘ difffraction- pnotograpns of. AETaOtla and A Tatl6 showed that

thhey have different structures. Thne oxotetrachlorotantalates (IV)

do "not have‘cubiq'struptures. . ",

-
K hi

i
| \

0

D I e
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‘deonmposition pressures of these compounds (51).

T AR T A T T [ AR AT I T

- R EK.

Morozov and Sun. ;n'ChZhu (50) have reported the

‘thermal analysis on reactions’of ZrCl, and HfClq and alkali

' éhlorides Tne phase diagrams showed the existence of ,

i

compounds A Zr(Hf)Cl6r They found that Na2ZrCl6 undergoes a

polymorphic transformation. These authors have also reported
ur"'e.

-

Zvara and»ﬂarasov (52) have studied the same
J

system with the aid of+“a, radioactive indicator and reported

the heats of formation of these salts

a

More recently_Flengas et al. (53—56) ‘have studied

.these'systems-extensively Some of the thermodynamic data

reported by these authors for these compounds are shown in

Table VI.
#ABLE VI :
Thermodynamic Properties of =~ *
Hexachlorozirconates
Property . | Li,arCl, Na,ZrCly  KZrClg
" m.p.(°C) 535 646 . 800
hHﬁus (kcal/mole) 9.30 | 4,00 5.50
Stus (kcal/mole) .10.6 . 5.0 5.1
Transition (°C) . | 353 © 620
: ' 7. . l.50
HTrans (kca%/mole) _ 7.00 u 5
S (cal/degree) T 10.9 5.0

Trans
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(11) Nb(IIﬂ) and Nb(II) COmplexes o !

There have been few reports on‘the"AngCl "and
| o

A TaClé oomp%exes-(57-59) Safonov and couworkers lave‘

studied- the interaction of alkali metal chlorides an TaCla.
They isolated the thermally stable red peafachloro- '

| ' :
tantalates(III) . No compound could be detected 1n the sodium

, chloride - tantalum trichloride system. The same - group have

reported the}preﬁaration of A2Nb015 complexes
|

methods ‘were |similar to those used’ for the tantalum analogues

Table VII.

Soqe of the properties of these salts are given in
| .
! TABLE VII

| g : .
Melting Points and Transition Temperatures

of A,MClc Complexes

I
i
i
|

The preparative

Compound m.p.°C Transitioanemperatdre °c
K21a015-L ; | o560 - 263
Rb,TaCl, f s 6u2 o - 30
Cs,TaCly oo 36
"NagNoCig" - " o L 362
"KNBCL " Sooms T 590
" Rb. NbClS - 753 -
"cs NbClS e o763 Y
!- |
o

o4
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) Clusters contain ng Nb atoms- in ofidation statL (III)

. have also ‘been reported (6 ).‘ Cs3Nb X9 (X*tl Br ,I) and
‘ HDBNb2 9 have been prepared bk the reaction of CsX orﬂ;bBr
respectively with |Nb X8 in a emperature gradient The magnetic ' (\

properties were ©° served to co respond to two- unpaired , !

electrons at 200~ OO° K.

o

. . The potaksium. salt of" Lhe type Ku[(Nb l2)016] has been

;,fprepared by solid State reactions of Nb C1, and KCl (61), or by .

/“ NbBCllB with KCT - (62) at high tempe‘atures where disproportionatiOn
oceurs to form also K2Nb016 The tetraethyl ammonium analogue has
been obtained from. Nb60118, 8H 0 in»ethanol saturated with HCL (63)

The x-ray, magnetic and spectral properties of this cluster will

be discussed iq_appropriate sections

.
e ni, 5

Safonov et al (64) have studied 'K NbClu, Rb NbClu 'and
'\”CsENbClu complexes. No similar sodium salts seem to exist. They

reported that these compounds are optically isotropic Melting

points of these complexes are recorded 1in Table VIII. ,
TABLE VITI o f ™
MeFting Points of A NbCl, -

P’
b

| ‘ _— ‘ m.p. ‘
Compound - - o o ‘ : °c. . —
i e " o ' : 5 ‘
K, NbCl, | ‘. s 695 /
URbbNbClu" @ N - | 718 v
"Cs,NbC1, " - T 725

(111) Niobium and tantalum tetrahalides

It 1s characteristi€ of many intermediate nalides
‘l

of he elements of groups (IV), (V) and (VI) that they undergo

the mal disproportionation to a higher halide and a lower



N . . . < s, -
. o . . i . - / : .
! s . . Lo e o

ﬁalidejor a metal itself in some cases."~ Some typical.

examples.are given "in Table Ix.( S “.]'. L . ‘ i@ "
TABLE IX P
Decomposition Products of éomezHe;ides- e -
Reactant _' ‘;.7' | ..' _ ' Prod;&gf ' o
B P N U R O
Moclu‘- o - ':M?C;S + MoCl3 g ’ o 4
TaCly o - — o ’.TaQ;B + TaCl3
. 'ﬁselu - 7‘_ . f Nbe15 + Nbc12 %. 3.13
WClj o . WCl, + wq12.. |
NoBry | R | °L NoBrg + NoBr, go.g o3 |
oI R
o /\/ 2T e o . N
Referehce has already been'made tbetﬁe'uapour -, ,'c‘ ﬁzﬁ
| pressure and decomposition pressure studies ofuNbClq Lﬁﬂ 3“) .
The decomposition pressures of TaXu (X = Cl, Br)
have been report;h ‘by Schafer and CO—workers (65 66) Tﬁe'
dissoeiation pressures of TaCl5‘over solidﬁehlorides ‘is given;
by the equatiog: ) - ‘ZN.~_' Lo i - ~"_ B
. . SR o - o
. '~ log.p'_ =13.2 --570Q« (4]
a '. | : .. ‘
’ ) r e
e . .
RRENS « o . :
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The decomp6sition pressures of TaBru is. given by \ o
\ : R . .
the folldwing equation : ,'t e . L : o - <§:

75 .
\T | o v : ‘ o
' }o% pm.mt'f 9-.83:-1§,
ﬁW y ' . ( ‘

McCarley and Boatman (87 ) hav ree‘ntly reportedf"

f Y,

" detailed phase equilibrium studies of the™ M tsm- hromineffu

-

A

systems, Bremﬁﬁhich they concluded that TaBra me 1- s

) -inoongru ntly at 392° .

Seabough and Corbett (63}(§?ve done a; complete

[+]

niobium—i dine phase analysis iz Th tetraiodide appears to

ey -«t"‘r .
N -v_

be trimorpl ic i-2lthough, thé 'ayﬂelu ‘o B—Nblu transition at

‘7BU8° is characterized by only a,smaﬂl endothermic effect R
The a and g phases of Nblu g;~;fsimilar X-ray powder .
diffraction patterns : On the otheﬁ hand, the 8- Nqu toJ. :,a . _
3"—NbIu transition at M17° is clearly a phase transformation. " “\t

In contrast to some of the other miobium and

: tantalum lower halide systems, the niobium iodine system is

tlsimpleftn that only one phase lower than niobium tetraiodide "~‘
1s observed in the phase diagram namely Nb3Ig As in the,case [_. N

o #of the chlorides and bromides NbI3 -1s probably not a |
thermodynamically stable phase —r;t least it ‘has not been ‘
detected in the phase diagram studies L ; '

]

R
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. of the halocompléxes of thé type studied in this thesis_

.\-»J‘. -Q;

Like. thelniobium analogue "the tantalum 1odine

'system iSesihple McCarley and coworke s (57&9) have shown

_tﬂat Talu and [Tiﬁ 1231y ére the. only equilibrium phases in the

Ta; I system. - | e T
c. Qfganic analoé s of A MX. complexes_ e

L ' )

‘_;~‘ .; Recently there has been a brief mention in the

. R
literature of the complexes‘of the type K ENb(NCS) ] (70)

The synthesis and characterization 6f these organic analogues

o _should pnovide an interestlng diversification in the study

of AQMIVY6 (Y = halogen and organic ligands) type of : -
complexes. 5 PEYR o ':“- . o l;';
3 s . a ST “5' _ ; . =-, . ‘ .._M»','u‘
. ) . v
g {
- - " 1
¢ * ' .
B
< - ; . & K
: ~ ;. u T
i . \
’q' . .
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CHAPTER 3| . o

SR 3‘; o EXPERIMENTAL

Since all of ‘the simpie halides and'their

derivatives were extremely;SUSceptible tb‘hydrolysis'andl

oxidation by airﬁ'vesseis uhich were sealed and,evacuated

or fiiled wiith inert atmospheres were used'throughput all
. ' Y L4

preparations and experiments ’ In addition, all materiais;nv

’

used in the preparations were rig‘rously dried and stored .in .

evacuated containers. .Certain su?stances, notabiy ‘the

"t e =

volatile materials were pu%ified immediately.befbre"usei1'°

isferring apparatus .were

| . A dry box and glass tra

. employed in storage and‘handiing £ ali the solid materials.

A freq ent flow of dry.” nitrogen Was maintained through the "

box an an abundent supply of freshiy exposed phosphorus

-,

pentoxide wds Kept in the box. to,Femove excess moisture ﬁ

. typicai sample transferring appadatus is shown in Fige 2.

* -

The apparatus Was. gbnnected to a’vacuum line evacuaoed and‘“

-

flamed to ensure complete drynes? Dried nitrogen was then.

' admitted The 24740 Joint was~disconnected while nitrogen

© was passing through and a. niZyogen fiiled tﬁ%e containing

o
the sample was broken over th

‘in, the ground was oap replaced\and the assembly emaoﬁated

again. , At this=stage, if the prOperties of the materials

o

opening and the sample poured’
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permitted, these sﬁbstances-%Ere-heated*under vacuum'to

. . ot
ensure complete dryness Thelstopcock was closed and the

apparatus was removed from ‘the - vacuum line The sample
was then transferred-to~the ‘reaction tubes.(A'and B in-the
diagram) and subsequently‘sealed off at thé points indicated,

elther under a dynamic vacuum"or under' a flow'of nitrogen.

1. MATERIALS

Metals. Hish purity niobium(99 '95%) ‘ami tantalum sheet
{99.95%) were used 1in all preparations of their respective

halides . The nicbium and tantalum metals were - obtained from

14 I

Fansteel Inc.,Metals Division, Maryland ﬁ S A,
The“niobium powder (99.95%) niobium oxide (99 5%)‘
and zi‘rconium metal: (99.§99%), .w’ere:‘ Supplied by Research |
Organic/lnorganic Chemical Co., Sun‘Valley; Caiifornia"U.S;A,.
. Halogens.. Research grade chlorine was obtained from the

Matheson Company, Whitby, Ontario
2

Bromine (J.T. Baker Analysed Reagent) was first

.
L .

dried over P, 5 for several days in a well dried nitrogen-

‘r- -ty L 4

\' filled container and distilled immediatelﬁ prior to use. ®

- —

Iodine (J.T. ‘Baker Analysed'Reagent) was purified
by sublimation and then OutgaSSed in a vaecuum.
//'“ .
,ll//’ﬁydrogen chloride and’ hydrogen b:émide gases. were

: S L
also supplied ﬁy\:he Matheson Company. v \' ", S

(]
r—
.
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L
.y

" Qrganic REagents. Organig¢ reagenﬁs used were of

LA
pectrograde

quality obtained from either thej astman Company or British

" Drug Houses.. The liquids wWere pu ified by standardrprocedures(gii.

AlHali'Metal Halldes. The alkalﬂ megal halides Lsed in tne ;,5

preparations of the’bomplexes were obtained from|two sources. " '
The potassium salts were J T. B ker Analysed Reageﬁf'grade R
material. They were purified qy recrystallizing tﬁi;e from l f
doubly distilled water. The other alkali halides ( %) J

i

e f <

were subpliéd by K. and K. Laboratories of Holywood

- California and were used without further purification other

. than dfr/ying o - . -'I‘I. R ' : ‘ ' :
: /'. . '
o All alkali metal halides were dried y<heati;;fin

“ . _ L
a vacLum immediately prior to use. .'2\\c _ ‘}L/ ‘ --
Acids. Hydrochloric acld and hydrobromic acid were supplied "

by MiArthur Chemical Co. htd, of Montreal) Canada. .

% \

2. ANALYTICAL METHODS

Seveqal diﬁferent analytical techniques were used

£

depending upon the type of compound being analysed &n some

l
cases, two or. more different tEChniques were used to anaiyse
. . MY : e "_._‘
a given COmpound ) v ‘ : , . Y. e

L

Nilobium(IV) .- tantalum(IV) ‘and zirconium(IV) halides

5

?ﬁ' - The tetrahalides were. hydrolysed in dilutefaqueousﬁ
‘ammonia or - sodium hydroxide solution whilch was heated to
. - e



‘ensure complete reactiOn The solution was cooled the'

hydrated metal oxide separated by filtration, and the filtrate-
diluted to 250 ml in a volumetric flask.

For the determination of ‘the metal the filter '
-paper containing the hydrated Nb(V) Ta(V) or Zr(IV) oxide
was placed in a tared silica crucible After coﬁverting the

sample to anhydrous oxide by igniting at 900° and reweighing ' 3

2
¥

tne crucibl , the percent metal was calculated in the usual

manner. To heck the above method the metal content of a

\

solid compound was; determined by direct ignition to oxide.

L

Halide was determined, after hydrolyging the sample_

.' \

as described above either by the Volhard method or by
t ¥ ‘ _

potentiometric titration )

- v . ’ : . )

- When it was necessary .to determine the, amount of-
1-17-"/ ,
Nb(IV). in the sample -~ as in the case of vapour pressure
ﬁ

_'e' studies of NbBruc—\an oxidimetric method was used. 'The sample

co was oxidized to Nb (V) with an excess of acidic iron III)

sulfate soluti n in an’ inert. atmOSphere The iron(I ) formed - c

titrated with standard cerium(IV) sulfate T \\4;

s15 “H-tube™ method was also'used‘(72§. "

kqwas subsequentl
soluticn with f rroin indicator : -

Schafe

=The apparatus wilth approximate dimenslons. 1s shown in Flg. 3.
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Fig. 3: "H>tube" for determination of chlorine and
, J

» T
]

“metal -

——

.. A = quartz sample vessel. . . . =
B = vegsel)containing AgN03 and'HNO3 o ;
C and D = seal-off poin£$. - - -
~~
g -
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This consisted!of-quartzicrucibles A and B. CruciblelA
Wa's heated to constant weight Approximately 100 m: g. of
- the sample to be analysed was transferred to crucible A and
the tube above it sealed at ‘C. Crucible.B contained silver
nitrate (excég; of stoichiometric quantity to react with the'
‘samale to form J\Ql) and a few ml, concentrated nitric acid |
A seal was mgde at D The sealed tube was then heated to
l30°—lU0° for twenty four hours .. After-reaction was complete
the tube was cooled and crucible B rehoved The weight of
silver chloride was determined by leaching the contents of B’
with ‘hot water filtering and weighing the AgCl in a tared
crucible Crucible Accontaining the‘Nb2 g was heatedjat 300°C.
_ The method worked well for the chlorides. f However,_

an attempt to analyse Nqu by this method was unsuccessful ,
. - A,

1

" Iodine, rather than HI, was formedu

/

The: following compo' ds were analysed by ‘the H- tube

method: . NbClu, NbCL., -NBC and Gs NECl6

33" 2.67

. r . J" . . - I‘:
NbCly o . e

The H-tube method proved to be the most satisfactory

method of analysis for NbCls. |
' Analysis of this. compound was also attempted by.
carbonate fusion as: suggested by Bruebaker and Young ( 73).

We found that the results,were invariably low in chlorine.

<
LY
Ll
1




-

“This was'pﬁobabiy-due to uolatilization.of the alkali halide
at the temperature of fusion of KECO3 (9do°j; To prevent
voiatiiization we' found that the low meiti?gﬁi 1 mixture

'of sodium and potassium carbonate was satisfactory The
“compound was intimateiy ground with carbonates and heated

in a piatinum crucible over a-Meker burner. The mixture yas'
heated'for 15 minutes uith ewirling aftef_nhichithe cooledl‘ \
product was dissolved in water o These solutions were

acidified with 1: 1 nitric acid-water. | Therpentoxide.was.ﬂ
precipitated with ammonia and . filtered Elemental‘ |

. ‘
determinations then foilowed the usuai procedures. : - )

L esults of Carbonate Fusion

t

-

Found . ~Cale.

CNb: 46.0 46.6 . W
Cl: 52.9 53.4
NbCL |

This “compound was too refractory to be analysed by

the H-tube method, - Nb012 could not be oxidized even affter

four days at a temperature of 160°

i

- : Schafer s method (72) involved dissolving a. sample
in a mixture of concentrated H SO“ and concentrated HNO3 until
a clear solution was obtained The oxide was precipitated

“with ammonia and- the usual procedure followed thereafter

e !

A
[
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| 1In our-hands, this method'consistently gave low'resdltsﬁu' -

for chlorine. This was not surprising in view”of the fact

. 'tnat_concentra'ted..-l.-lNO3 oxidizes'the‘chloride ionf

We also attempted to use the Parr Bomb dombustion~‘

_technigue | 74 ). In this method about 0.200 grams of the
'sample was put into a4 22 ml. nickel bomb and‘immediately
mixed with 0.3 grams powdered lactose and lS grams of sodiﬁ“
peroxide ' This was mixed thoroughly and ignited with arsmall

LJjot flame = After igniting the: charge, the bomb was cooled

rapidly to room temperature by_immersing it in water. The
. . - N /

contents of- the oomb~were dissolved in 100 mls. of water and

‘Aneutralized by adding 1:1 nitric acid water. vChloride ‘was

I3

then determined potentiometrically
This method also gave low results for chlorine.,

Even prolonged heating i4fan'oﬁen nickel contalper with °

peroxide gave poor results. It appeared that carbonate quion,'

as in the case of NbCl,, was the most suitabie method.
e o : -

(PyH),Nb (Ta)Cly -

Samples werée dissolred in dilute nitric;acid and 7
chloride .was determined potentiometrically. The metal content

‘was determined by direct ignition

KH

A
The C, H and N analysis were done by Bernhardt

-

Mikroanalytisches Laboratorium Elback West Germany

-

e




'\" R _ . N : “", . .q| . /

g .~ .. 3.7 SYNTHETIC METHODS

. . . ;
. A i
. -, N .. ' .

.Simple Chlorides and Bromide§:§EZﬁfahium.and Tantalum“

Standard procedures for preparations of these ) — ff

_ < ‘ ,
haiides have ‘been described by several workers (30, 33 75 ,77). The.)/

'proceduges‘desc bed here are\\gight modifications of these

In addition ‘in the case of niobium(IV) chloride, new - . /

o

synthetic routes were attempted ' o /

CNBGL, - 2 S /-
(i)i | The preparatdon of NhCl,_l from the metal was carried
_ out in two steps. The apparatus '1s shown in Fig. y, ( ffﬁ 3
The, whole apparatus was thoroughly outgassed b§ ;
flaming under vacuum o Chlorine was then passed over the .ﬂ ///
metal M; which was heated “to 2209C. At this temperature the// s

metal reacted slowly, without inflaming, to produce thep
yellow pentachloride Our observations“showed that’ if:the
‘metal was allowed to burst into flame the product oftEn
:became contaminated with white oxychloride. Trace amounte'
of" oxychloride were invariably formed because the oxide on
the metal surface initially reacted with chlorine to produce
the’ oxychloride However we feel that inflaming of the metal.

generates enough heat to cause a. reaction between NbCl5 and

~
!

‘silica:
. ~ : . : -,
2NbGl5 + 5104 —3 2N 0013/+“Sin&* .
: o s : t

&
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'block furnaces end to end in a slanted position @

& m .
T T . +

P

£ no . M . . - .
. .

~

-t

THe Nb’-ClS/'x/s then reduced by the’ metal ‘M, in

s a temperature gradient obtained by placing two aluminum R

l 0

By carrying out these two steps in a singletw

system, transference from one syetem to anofher °was avoided
|

land this eliminated any danger of hydrolysis

Analytical Results: '_‘- . W

N, Calc for\NbClu: ‘Nb, 39.6 Cl, 60.4

o o T A

Lo Found‘forﬁseveral samples: HNbj; 39.5,,39.6, 39.2

: . 4o _. . o '. e —— " ' . l . . . . .

CRe e . . : "\ . 015'60.5, ‘60-7, 60.2.
’ /

.~ - Lo N ] L - . Q - |‘ .
,(ii) Schafer and Piletruck 78 1) have prepared ‘very pure
N‘u:'c.Lé- by reaction of Nb,0 "and cCly :tnl a sealed ‘tube. @Us'ing o

.the same technique we attempted to pre are NbClu by heating

o

.a mixture of NbO and CCIﬁ at 200”': Tfter several ‘days the.

product obtained was NbCl5 ' '
‘ i '
(iii) Pure Mo lu has been prepared by Shchukarev and

,with CClu A mo ification of their‘a paratus which-is shOwn

: in Fig 5 was used in’ an attempt to prepare NbClu _‘. Y

NLO, prepared by ‘reductlon tf Nb, Og with H was‘

2 5 2
mixed with activated charcoal (Norit- A) in the ratio of’ five

. parts of<the former to one part-of tte.latter and heated to,

'co-workers (79) sing 5 modifieation df the reaction of oxide -

F -i"-
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Modification of Shchukanév's apparatus, used
. & .

- for attempted preparation of NbC1),

It

nitrogen inlet” - - -

ognnection to vacuum . line

o

OCiq-contagnef
furnécé ,

' —
boat containing NbO2 and charcoal

'sample collector

-spiral condensen

phosgene outlet

liquid nitrogen trap

*
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flask A,-which contained phosphorps V oxide. and which'had

about 250 3 O°'in a‘streem of nitroéen saturaJ;d at‘room-'-f’W

LY

‘-temperature with carbon tetrachloride Vapour A vertical

sbiral tub‘ it the oFtlet end replaced a condenser 1: ',ik
recommendej by Shchukarev et al for it was found to be/morei

7

ended the spiral tube into a receiver when the

effective in cellecting the fine powdered prodqét / . The '
powder des

former was tapped geng;y ' '1 .. :-',. S Sl

Under-these conditions oniy a, mixture of Nb015

and NbOCi3 was obtained. . _‘:‘ J

,NDBI’“ ) ‘. ‘;. hd R ‘ -. '- ‘- . '- i .. - '

P

- -

’ NbBru was prepared in a process similar to that
.

empioyed for NgClu It appears that complete elimination

a

of oxybromide formation is virtually impossible There may

..

- be several Treasons for this-' firstly that bromine is//

hd ’

difficult to dry and moreover exide on the metai surface

‘may: initially react with niobium bromide to produce the

'OXybromidefj In view of this difficulty, we decided to improve

on the method of_MeCariey and Torp- (75). Our¢apparatus
is shown in Fig. €. . \

- Bromine which had been kept‘over phospborus oxide

' ‘for.a long peridd"qf time was directly distilled into the

.9
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A and B ‘romine containers

C cohheéf on é0~técuum system |

cold bathsf: | |
.fbréakLSEal_

" nicbium foil fobeBrB prepardﬁion

niobium.foll for NbBr5

reduction

séal-off polnts







or

Ny "
‘ . ' y- :
been evacuated, flag and flushed with nitrogen When

sufficient bromine was distilled the apparatus was sealed
off at x. Meanwhile the part on the right hand side of the'

'break seal was thoroughly evacuated and flamed. It was then
. a8

sealed~off at y. The seal was then broken and bromine .was

b

.distilled into flask B with the aid of liquid nitrogen while

!
- flask A was kept at 0° in an ice_hath; When the required

amount of bromineras.distilledrinto B, the apparatus'was
sealéd at z. NbBrS was ‘then prepared by‘reaction-of'bromine
vapour with' nioﬁium metal at uoe° £or several days

Our observations showed that the niobium oxybromide.

cComes from the reaotion of bromine with surface oxide on

. the metal When reaction first began- the metal strips were

covered with yellow product which soon disappeared and
<

‘deposited on the oool part of the tube. After this initial,”_L‘

reaction, .no further oxybromide was seen to form

1

- i

Honever, the amount of“niobium oxybromide was' not

presentgintvery.large quantities and appéared not,tohinterj

:ferefﬁith he prepara lon of tetrabromide . L ’

‘t The tetrabromide was then prepared by\a temperature

gradient technique Lo - - I
. Vo Lo - N

] Analytical-Results : : _\\\\\\ |

: Calot for thru: 22.5: -Br 77.5 g

Found‘forfseueral samples. Nby 22.2. 22.6, 22.7

- Br; 77.2. 77.1, 77.8
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Nqu

Nqu was prepared by the method of Rolston (305 L. -‘;\
The pentaiodide was prepared by rea tion\of the metal with ) |
iodine that was sublimed directly into the reaction vessel
simiiar to the,type described in Fig . 4. The iodine was‘
' then outgaSSed The reaction tube was placed in a slightly
inclined position - with the niobium metal at the higner
and the iodine at the lower end. The iodine-was first
heated to 180° and then to 250° : Foﬁ'tngrniobium end‘tne
suggested temperature was 300° We found that at this

temperature the pentaiodide -was not readily transported

T

.from the hot zone 1nto_the intermediate zone..:Moreiverthe

product was'only'slowly formed: . By ralsing the tem

¥

. to:35d° 1the pentaiodide was found in ‘the intermediate zone

erature

and react%on was completed in 24 hours ‘ After cooling the

“furnacesb'the excess ‘lodine. was: sUbiimed to one end of the .
1, ,
fube’ The.reaction tube was Opened and the pentaiodide

-rinsed _i hjdry hexane. until adhering 1odine was removed

The NbI, wa 'then‘synthesized-by decomposition of the
LA , Lo S f
pentaiodidefaé described by Rolston™(80). ‘
. . ] : -7‘: . o : . . : n .
Since the tetralodide is: likely-to have free

lodine adnering to the-surface the'productﬁyas washed'With
dry hexane\ This step was found to be essential if the .
product was to be used for subsequent preparations of the

comp Lex . ‘ T - N - : - . -
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o Analytilcal Results . T .f‘ 112/

Calc. for NoI,: Nb, 15.5 I, 84.5
Found .for seueral samplés: ‘Nb}.lSLl, 15 2

U1, 83.7, 638,

b

P _{ Chlorination of tantalum gaVe a product that was

pale yellow. Pure Ta015 is-white The yellow colour was

probably due to the presence of trace amounts of impurities

~

probably other metal chlorides

The TaCl5 ‘was first prepared in a reaction tube
b N

similar ta the one described in Fig: 47 In;place of metal

M?L about 250 mg. of tantalum powder was u§5//’JMft§r 1, W
A NS
cnlorination the tube was sealed off at A and B and\the

'
yrm——

whole reactor wag eated to 400° for fo r/daya\uith crude‘

f \ ] . .
pentachloride at one end and tantalum p w%ifi;t”the other,

i b U
The product was then sublimed Pure whita cr stals ,of TaC

lg |
yere obtained The preparatioh of TaClur as then carried out
o N -

by the temperature gradient method.

:} TaClu was much more difficult to prepabe in=- }

: comparison With NbClq The temperature control had to be fairly

.

-\ precise\- fluctuations in the temperature were kept to a”

g

minimum. Best results were obtained by having more than two f
constrictions on the hotter side of the tube. - Tﬁis may‘have

heiped to reduce the' convection of gases that c6uld disturb -

o

\{—‘




he equilibrium which favours the formation of TaClu.

L m——

Analytical Results_ - L .

for.TaClu. ~Ta, 56.0 Cl, by, 0

”“Found‘fer'severai samples: Tay 5 8/ 55 6.'

.-,/////i. o L “ g JA/Qif/L3-6;‘“33Q

ZreLy, | } e i

B ZrClu was prepared by chlorination of eure metal
‘-1n thL apparatus sHown in Fig. ., _J' | .r

Analytical Results _
Calci‘for_Zrclu: Zr,  39.1 Cl, 6089 ~ N

Found for séveral‘samples: Zr;‘39.8, 39.1

.
h
Lt

Cl; 61.3, #1.0

AKX, (A = Na, X,*Rb, Cs; M = Nb, Ta, Zr; X = Cl, Br, I)

(i) High temperature_preparations The A MX6 complexes were

a-‘

/irepared by heating stoichiometric mixtures of AX and qu in

sealed quartz tube with 5 mm inside diameter as described
by Torp (21).» The tube was held at the melting point of the

alkali metal halide for l 3 hours

:g Unlike Torp..no temperature gradient was maintained

.

to preveht sublimatioh : Instead 'the following“procedure

Was used to prevent separation of tetrahaliﬁe to one’side of

the’ tube. The length of the tube (» 6 cm) was. sufficientlv

™



- . - =
- . _ .
snort SO that the temperature was essentially constant along

o

the entire length _The yessels ere aiways nearly filled
so -that very little free'space was available for sublimationd

¢ - . On cooling dark coloured sintered solids were ~

[ ) .
obtained which indicated that the oomplexes have melting . T

fpoints above the reaction temperature

Completeness of the reaction was showL by X~ ray
. diffraction patterns which showed no lines tha eoﬁld be

3
\X attributed to either of the starting materials

e ————————

(41) Low temperature preparation5°* Some of the complexes’
|

‘were(also preparef"at low-temperatures Stoichiometric

~

quantities of int

sealed in a 7 cm. Outside diameter pyrex tube of short length

matelv ground starting materials were . d @

The various tempeLatures which were used and the lengrh ‘ 't .

of time and cooling periods fon&the reactions are glven
o g . -
¢ :E'Eﬁ Table X.. Sl e (* C
. PABLE X - o S
PN e , “ ‘
Temperature and Time€ Data for Preparadtion -of

'ﬂQMlﬁ_Compleaes

. -
=

— _ o e
. o ~< N 'Cooling period
g} 'Compound 7 Temperature °C Ddys 't.(HourS)r.
//h SNbCLg 300 ... 20 S 36
, NbCl6 . 300 - L 17=20 36~ )
csgmbcis g 300 o 1 B '.7 ,
o CspbCle — S21s L 2L o2k

FSENBI6_Z, "': . koo - 20 2k
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" prdgress of the react on followed by'x-ray diffraction.

57,/

T% facilitate-reaction the samples were ground

a

severai times during the course Qf the heating and the

If the samplesiwere quenchéd, a yellow product (NbCl ?)

“- was seen on- the inner walls of the- tube although it waswgét

,_otner preparations

: filtering vessel A

'supplied by a rubber

/
.secn if the samples were cooled over several days .

In the preparation of Cs NbCl, at 300° , a very

small apount‘of‘solidified melt was obsenved.: The reason

for this 1is not known. No such melts could be seen in 'the

- e 4

(iii) Aqueous preparations of Cs NbCl6 and Cs2NbBr6 AQuepus '

preparations of A NbCl6 (A = Cs, Rb) were carried out using W

. the procedure reported by Morozov and co- workers (HS) .

Sg?utions containing starting materials were first saturated
1

_wilth gaseous ﬂCl‘and mixed.  .One hour was allowed for

orecipitation of the?product which was subsequently”separated'

' by pressure filtration in the apparatus shown, in Fig. 7.

The contents of the reaction vessel were poured into the

L

diately connected®to a pressure .
,Jgﬁﬁ;ﬁhc.paLiighthpbyapmﬁﬁﬁwﬁaﬁdiﬁﬁrfa
R
he apparatus was raised by HCLl gas

@\_

system by -a 24/40

The mercury’column

D pump connected to a gas cylinder

.i:?- .‘!.




Fig; 7:
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Pressure filtering apparatus .. . .

mercury container and column - o

rﬁbber bulb provided with check valves N
rubbepr goﬂpection‘ .' . ' e .
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- -.:‘ | atmosp ]ere Of HCJ_ . “. ,. ., i . -. . - v

”he th product was dried‘ovep phOSphorous oxide ihﬁan K ) L

Analyticab—Results T L o S i

Calc. for‘CingClG:: Nb;fl6.3 -xCLﬂL37.2 g

31

Foun’d S _,‘Nb, l?’a-O . C1

v

“The orelaration of Cs. NbBrGRby an aqueou$ method Nas not Been o

o

e ) . . £
. js not k pt high v Hydrolysis may be more likely in '

n w%pef/on a molar basis fi ’ ,." -J -

T prevent hydrolysis the apparatus shown in-~

1

soluble‘

_lig 8 waL used lhe re?ction vessel was flushed with

qrgon Distilled hydrobromic acid W%S poured through the‘
ooenlng A Hydrogen bromide gas was then bubbleg mhrough

j’, .
tne solution whbcb was kept cool by an ice -bath’, vi% inlet‘“-

b

B . After saturation of the acid ’an intimately ground mixture

3 Q

oLitSBP and NbBru in the.ratio 3 l was poured through A with -"’@lu

the aid of the funnel Openlngs A and C were then 8 oppered

.

Hydrogen bromide gas was allowed to bubble through until_@.,;
redction was eomplete Inlet B was’ then stopoereé an/)the [ .§

. \..‘ “.' . . ‘_‘____.____,.—T-—" -

<
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- n' BN ) -"fe~'product out of the vessel - T\ - N
-D ='magnetic stirring bar ' g B i 'ﬂ7?5-/
<L FEes 1ce bath Coe R ERE
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et 5 L e N
’ : : : , “ _ R
~ product poured into,the filtering section-of the"apparatus, I

__—-r--——""_'

_,by—ineiini”'“the vessel appropriately The fiitration

wa% slow requiring 24 hours When filtration was- complete e

‘_the precipitate was washed with saturated hydrobromic
ot

acid. The product was then driedfby‘passing\hbr gas through ke
o\

C._ The final drying was done over P2 5 in an atmosphere‘
of HBr xAn impure product was obtained and no furthe

U
attempt was made to repeat”t_e-preparationf C N~
o SR S SRR PR SR o : LA
R (iv) httempted preparation 0 K_NbCl6'in‘aqueous medium',
' i ¢ TS e ;T

o ‘ Morozov and co workers (45) were unable to obtain

a precipitatezin HC1 solution when solutions containing

KCL and- \IbClu were satwi’*ated and mixed We attempted the A

} 3 \
N

' preparation by sealin' a solution of KCl and NbGlu \‘y-- ) &

AY

-‘(containing exoess hCl c

stals) in cold’ saturated hydro—, L 2 P

a .

chloric acid The tube was'then shaken for a week in a

S

e

_,mechanical agitat r. A brown solution was obtained but there

was .no sign of" p ecipitate S ‘“‘ 'n" -

;-.(v) Growth of S ngle crystakiof K NbCl6

O
]

{,h'“;. _ The owth of a single crystal was carried out by the oo

step freeze me hod The main feature of this technique that

Lhere is a fu nace with flat temperature profile and a steep ,

. . ,,r
L -1 -y

;r‘temperature radient at the end of*the furnace maintained by-m
: i

|

Ea

water’ cooledrbaffles The.hot temperaturegfihe was controlled s
by an "Ether Transistral" proportionate cont oller

oo . .
. ) . »
;o } “ [ , .



:‘quantities of KCl and NbClu was placed in a "mullite"

“‘gradually raised to 900°c and held there for 3 hours

ra T m.m.. inside diameter and containing stoichiometric A -

"The carrier tube was- mounted on small wheeled dollies on-

,;in the dry box. J

. X . .
- . - . ) .
. [ :

An evacuated quartz amouple m 6 c.m. iong ‘and Having

carrying tube The temperature of the hotter furnace was

,tracks at either.énd of the furnace A!gear assembly

(XN
[~}

allowed the movement of the tube at a rate of 2 cm peP day. §§

After preparation of the sample, 1t was examined

- ‘ o . 4
st

. . L . '
. . . -
/ . = . . -~
B . . .

(PyHlQNbCl6 _

Anhydkous py dinium chloride W s/;;nthesized by <z

¥ -——

' "
fﬂbubbling dry hydrogén chloride gas thro h an ether solution

‘excess pyriﬁinium chloride sublimed away at 100° in a sealed. - "~

»Qﬁ\spectrograde pyridine The product.wasl i tillé{fii;anr
—-_3"7"_

'lnert atmospher and dried in’ vacuo at H0°
. N A

f (PyH) NbCl6'was apcomplished by

! The %reparation

tbe reaction of excess m lten pyridinium chloride with ™ v

NbCllI at about 150° in- evacuated sealed pyrex bulb. A red

¥

solution was/obtained The reaction was allowed to. proceed" I

\

for. 3 hours/“ The product was ground in a. dry box and the

< e,




" . . . . .. t
- . .
- ¢

S . -

'eVacuated'tube .THe sublimation required lO lﬂ days

casd’

Higher temperatures are not desirable as they may lead to

R
;;;_decomposition of.the,product._ Aftgr sublimation a-brown

‘ﬁ‘ product was obtained

.

1

Analytical Redults:

. . o
» . . . . .

Calc. For clO lszCl6 *C, 25.79: H}“?,6;‘N,A6:O,
. ST 1 | €l;. 45.7; Nb, 20.0.° - %
| Found for C, 25. 80 H, 3.1; N, 6.30; CL, 44.8;

o No, 21i6 N

The low Cl- to;Nb ratio suggests that this. compound

Was not pure. The impurity is likely to, be a lower chlorideu‘
. .'bf.niobium. o IR ' '

(PyH)2TaCl6 . _ o | o
This compound could not be prepared in the same .‘ Lo
2 ,
manner as its niobium analogue After sublimation of the

excess pyridinium chloride the product obtained showod . st
AN
x—ray patterns of starting materials Investigation showed

that the product was formed but it decomposed readily during .

/the sublimation step o . . :' Lo ‘.-_"f B ';ﬂ o

ey

It wa( found that excess pyridinium chloride could lfﬁ ,

e removed by washing with careful}y dried.alcohol.” Progress;

- of the washingywas followed Hﬁjtesting the_filtrate with -

R i ‘ \: . . - , - e ’\’,J;,*'
M EEr b ‘ coy . . : Co
* . .



S

N R .
Was acid&c to litmus ; o =5y

pattern was,identical to that of (PyH) NbCl6

. 66

N
f b

'Tblue.litmus“ A solution oF pyridiniumhchloride 1n ethanel

-

No lines cguld be attributed to, starting&materials

' in the diffraction pattern of the new compound and the

ndlie b

“Analytical Results

Calc: for Clo yoTaClg:  Cl, 38-3;j;;?\§%-7'

Found: c1, 38 6 Ta, 33.3

RofrGle T T

. , o . . . bl"
'Stoicniometric quahtitiesfoT'ACl and ZnClu‘were
heated 1in a quartz tube As ZrClLs develops con51derable .

r

. -pressure at th° melting point of .  AC1l,. the tubes tended to

)

~inaa~stainieseesteelfbombhalgg

' NbCl

"e;plode. .This was overcome by putting-ihe-sealed ampoulg-

.with ZrCl

the pressure inside the quartz_tubet Thé bomb used isrshown‘w-i;

in Fig. 9.
3

The niobium chlorine system h;; beepF;eported to

A

hate a homogeneity region between the iimits NbClg 67 nd

\ -

o

Lo compensate for

(72,§1). In preparing a phase corresponding to NbCl3

-

LA
th
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" we proceeded from a mixture of niobium pentaohiortde—ane—

/

x-niobium powder in the proportibns necessary for the formation

of the tricnloride, The temperature was slowly raised_oyer

one.day to‘375¢£. ,Theereection'required 10 days during which
time thé-miktune wa 'feground threertines -This procedure
was simiiar t

13

and is a modification of a method used by Schafer and, his.

e on described by Safonov et al. (58 59)

co—workers quﬁ ,' - _'. iﬂ L PR .
' ", - ' -
. Analytical Results LR o :
| Calo. fopﬁNpCl3: ﬁb;.dﬁ.S; ‘Cl,.§3;u“ﬁ - S
| ‘Found: - . Nb, 463:1; .c1% 53.8
"II'b'f‘gl e
2o T

. The most convenient method for the preparation g

~of the dichloride was simply to redJce NbCIu by niobium a .
powder Stoichiometric quantities of - starting materials‘_ "Tj;
were sealed in an evaouated *ﬁartz t be and heated at’ 800° 2

The mixture was glound three times dlring the eourse of the
-8

*reaction The. ‘reaction went to completion in 5 days A,

)

- . " black: solid was obbained : J-‘f \"' K j{dn

Analytieal Results

2

“=Calc. for NbCl,: =Nb, 56.7; CL, 43.3
Found: % 'Nb, 57.1 Cl. 42,6



I

’ (-: ; 44 :
KngCl .

. of the alkal halide as described by Russia

..‘i‘

" The method ‘used was described by Schafer and

i _Dohmann (72) The preparation involved decomposition of

’ [l

"NbClu Tre NbClu wa§ hehted at 500° and the NbCl5 whichs was

formed was allowed to condense at the extreme end of the

reaction tube which was maintained at room temperaturc

Three days were.aliowed for the,reaction. The product was -

a green solid ,;;ﬂ !

Analyticai Results

\‘3.‘

.- Found:
\

b,"39.6;_"éig 50.. U

5

A,

\

'ednfor;the preparation;

i

-
Two‘procedures vere’

I
Stoichiometric quantitie
heated for 3 hours in a quartz tubelto the meiting point

A brown product was obtained Since there were

the diffraction pattern which ¢could be attributed to

“of the starting materials, X NbCl5 was initially assumed to =~

NS

be the product.. *u'?” ' i -~ ‘f".,'f. ..','\w

\g . . - ‘
Nb%l 1is difficult to prepare as it is pot

3

- e
~stoichiom trically defined. .However,’ NbCJ.2 67 is a\well

\

‘defined ¢ompound and:easy‘to.prepare We used this as the'

S X ) f~d
» * T “

)
+ ’

N, u8.3;‘¢01;”ﬁéwi o

of NbCl3'and'KCl”uere‘

@ workers (57#59)

iines.in

N K
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. . . A P . .
. ' - - i 3 - . .
starting material and th\.oomplex wa&?prepared by the

foilowing reaction;
oo - ~,

. }\ Nb012 67 + 0. _]_6‘Nbgl5 + 233 KCl-__? 1. 16 "K NbClS-

The reactants were ground together and put into a sealed
' quartz tube The temperature wasxr%i*ed slowly over.a < -

) period of 3 to U hours -and maintained at 60?,for_four'hoursh

2 A brown_substance was obtained which had an ;ray'pattern

which ‘identical to that oft the Substance pr pared B
previouely. ) h o __‘ e
'. oy In both methode of prepara;ton the product S -._‘1l
R appeared tpjhave recrystallized from a melt oL l‘ '\\7;: |
. Analytical Results , ' T s
. Calc. for k Nb015 Nb,'ee 7: el 'éo.g' '“.3 - 1.;:,
Kd Found: - - . (i) N, 277803 C1, 50.1 -
Cr T o' 2655 €1, 50.7 .

“Thus €l:Nb (1) W, 72:1" | _

Stoichiom@tric quantities of NbCl and-KCl'were

. 2 ‘
heated“\to 760° in a qua&fz tube for 4 hours following the

(p/Bcedure of Safanov (b6H). The product wat essentially-

} ' brown with ‘a definife greenish tinge It appeared to have .

-
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recrystalli;ed‘from a melt

OME I ttion hadlodcur d. o o T S
//;;fiyparation of solid solutions K5(M Zr)Cl6 (M‘—'Nb Ta) /)_ ‘
v . ~ i - 1

' The c0mplexes used in. formigg solid solutions

namely X NbCl6, K TaCls and K ZrCl6,are all isomorphous and

.crystalrize wtggyin_antiflourite type lattioe specifioally

1 .

the X PtCl6 strlleture. | - S

i

N The val es of their lattice constants do -not differ
N : .& W
' -appreciably one from another (T&ble XI}!'“ Lo B
L?-r. U e

TABLE XI .

; _ Lattioe Constants_ o ST \
épomglex = ”'-"L&ttﬂoe Constants“A o
e T L S
K,ZrClg 10008 Ter o B2 Lo
. ‘ . o NN
Jo9r iy

; K TaClg’ R _ﬂ -9 96 1\ 210 o
o A , ¢*~~ ;. A ~

!

‘.Q' Syt
oomplexes{and the diamagnetic giluent K2Zr016 displayed only
- :I b

o solid solutions However the lattice constants nd the

similarity in ionic radii of the metal atoms ieav ‘little
’ -ut ' \. . ’. & . Lo - . . . , Lo ' ) -~ \“ ‘. .
i' ; 3 o [ , L
- o )




- - : .;. ’ 13‘ ! . . -c.'
) _ N
'y gL . ) L. "“_'
» ',.' oL CN . . ) . . _: | . ) ._.‘ .
doubt that these salts are ideal for-forming solid solutions
The’ solid solutions were prepared by fusing the COmponents.- |
oHixtures of KCl NbClu and ZrClu and Ta 15 appropriatez .
NN 9
H\h,fmolg ratios to provide the desired concentration were\- g
a‘ 1 . r .
heated in an evacuated quartz tube contained ln the steel c
ibpmb referred to earlier B ZrClu was used to pressurize*-;-: o Ry
£he’ bomb. L f? o .v'ﬁ”f E
_ ' R P ' - uxs o S
b, BHYSICAL MtasURhMENTs S
/ 'Wagnetic Measug¥ments L ?‘ - \L, o o T
B 'F - Susceptibi1ities were measured by the Gouy method '; r .
/i This consists essentially of susnending a uniform . '3;'%fm
. oy o P
o :

cylindrical sample of tne specimen in-a non—homogeneous .

l p

magnetic field and measuring,the force exerted on it by a i\;'.i-'.i\?

I

;uconventional weighing technique This force “is given by

".} an'iﬁ:’i § f = l/é)LH Ly ;'f;;ﬂ. u“_'{ ‘:fi [3]
duiuhere>Q1E susceptibility per uni;’yolume l'.shlf' jé.-%l:“mf L,
. E}H = field strength R T o B "";fwﬁ
‘-A'ﬁ“area of the cross section }- ' f’:; j'ff“r;}fi.nr
.+ - ‘The equation uili hold if E;e suéoeptibilitﬁ'of p s
,\Q ;the surrounding air t;jassumed to be negligible The sampie ‘ .'37'.‘
ﬁ  tube is q?rmally evaucated.‘\yoreover the length o? tne‘f fi"'f -;:%
-ﬁr-sample must be sufficieﬁﬁiy lons (at leaBt 7 Cm) tO ensure. ’ ;;' -
g S ,f' g f, ' . L ? l;u
SN ) . : o
‘ j'ffffﬂéf R W R 2 ‘ T {hﬁfi
..‘l;t ITNJ’;" | , k) : .. ] .
v f ‘ oty co e-}} I .



that the field‘strehgth“ls es% ntially Zero at the tOp |
"of the sample R ; / . o " _ 8 : G

- \-- ’ " . +
e . . . .

If w is the apparent change in the weight of
. sample upon application &f the: magne\ic fie’d then

R S R 2Ty ¢ W

where g = aEEEIErationlduehto gravity. o R s

'-n?his'ean be rearranged‘to give | o T

T~lis 0 HTA L N - .
.\ '-u_ . .' tL
where, is volume susceptibility ) Gram susceptihility is-

. Ly ;
--___ .. . ¥ - ¥ !

then glven by, T j*~:g-l“

A el gaw T 16
- WM o Tl

Y — - {

@

For each semple measurements'were carriedvout' - D T
from room temperature to —180° " For lower\temperatures a‘3

copper Jacket surrounding the sample was cooled by’{)flow o "

“-.

of nitrogen from a liquid- nitrogen boiler. Various frm g_

~.
...

temperatubes in the range 90° - 300° K could be obtained by e

varying the rate of flow of nitrogen. The temperatures were B
Y i .
measured by a Thermoelectric Minimite bridge usling a

calibrated copper constantan thermocouple the operating

w
y hd

junction of ‘which was fiused on the ingide of the jacket at

bl

24



.bbout the midﬁle oﬁ the sample////
' When the supceptibility was found to be .

e
Ve

-

' Onlyfa Eew samples were contaminated with fernomagnetic
. g “
e impurity and these not seriously ﬁa\f of the apparatus G

_l»_is shown schematically in.Fig 10“ ~e\r_mk_' -
o Electron‘spin;Resonance Spectra . hf'i' _ - ) ? |

T - “; Tne'measurements were carried out by ': ' S c
7 _rDrf A Manoogian of the Department of Physics, bniversity gf

L
-

Ottawa ) B " s f s

g ' 8
. A Hilger and Watts commercial spectrometer operating

-

{

at Ehe order of g, i GhZ microwave frequency ‘was used to }

\\‘*record the jsraspectra. All the résonance work t?é done
; . -

at M 2Q K. Eme powdered samples were contained ina 2 mm -

diameter evacuated VyegQr- ~thbe - - " : o : ot

e

The spectrOmeter emﬁloyiﬁg\loo Kh2z resolution was
. « — ‘

‘used to'detect the esr’ spectra An eight inch\Newport
magnet Was used in the measurements. " The magnet///field- - ll. )
posltions of esr iines were measured using the N M.R. of - o _“”-\\

§————— . "
o -

_protons in H20. - . ) .

e " B 1 . " .
™~ a g - . . P ] . .
. . 8 .
' o - . ro . . -
\ . . 1,9 L -
ST g : . LT
¢ ' ! | : " . . y . - . -
. o . . . - - [y
- . . . - .-
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Fig. 10: Cryostat amrd sample. portion of the
. ' apparatus for magnetlc measurements "
. . - e T E - T NG
A = glass jacket- f”/"mmm* B
. e S A . o « . -
B = asbestos wrapplng. . - ‘
Il Y . . ' PRSI o -
T C = quafﬁz‘fibbg . : _ -
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m o
n

~copper jacket A0 S
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”magnitude. Resonance occurred whep/the condition o

-_diduted eth approo}\ately matched alkali ial

The reflectance sp ctra were measured in- reference to fd

. - F
. Ea ;
\ .

To obt

was kept constant .nd the ma netic fi\ldfwas swegt in.

W

hv = D A A N A
1 . .‘(- -\A ) . & o
~where h = Planck's constant ".o. - .
v o= frequency of the radiation ¢
'g = spectroscop&g or Lande splitting factor
B = T

Bohr Magneton

=%

Was satisfied B h~

Diffise Reflectance Spectra :

o

The samples Wwere unrformly groundaand if required :

N

!m}e stainlesa steel clall used shown m\ Fig 11

.

A
ground magnesium carbonate oeratched alkali halide 1fr \

samples were diluted . o - "_. "tﬂ\h

¢ S
re o

Infrared Spectra

, s
spectro hotometer which was flushed wi?h

- \\b_ Infrared spectrﬁ were recorded oh a Beckman 1R—2O 1

n_trogen for four

~ .
r. . P P "
s . .o - .
-~ e, : \ -

=

. ' . «
. ., R . O B . ] \
. . ' T ? i . B . . . i
. L : . N . . L
CA N s / : :
- - . . . . X
o R \




..
79 o
[
. e
: 1
Tn N .
. X -
.. ’ -
N T . .
. .
‘ N
- L \
. S
.
'
- /
sI
B |
.
3
. A
k]
Lu
—

-
-
i

'éell used fqr heasureﬁen&

o

11:

- reflectance Epectra

~

]

L

=

cell cover

quartz window

sample well

S o

= Neqﬁrene O—rihg

. g7

Ay






R4

- .

hours prior to use and during the course of running the

+ . - : "
- ' ey

e spectrum . o ‘ . . . : R

Infrared'spectra atinigh Wave\numbers were
'recorded by grinding the sample«with Nujol and the resulting
fnull was pressed between two NaCl plates 1nside the dry box.
Nujol used in recording “the spectra was dried over sodium
wire. A spectrum oﬂ ﬂhjol was run in the region where water' ¢ .
‘peaﬁs are observed. ' With a prolonged drying period it ot o g
s possible to enminatﬁhe water bands in the spectrum of | -

Nujol. ' ‘ " ! \

Pellets,and CsI plates were used for infrared

spectra{at long wavelengths .Sample preparations were

carried out in a dry box. ' Thd powdered compleies were

/4

contained in a capsule ‘which was mounted on a mechanical

Fs e
agltator. The sample was violently agitated for-one ﬂinute'v' S
1 P o ’ P

to ensure-a.homOgeneous mixture.” The powder was then loaded

‘into a pgllet dle, fhe pressing-to a, transparent disc-

(=4
was donq&hy a hydraulic press. under a continuous flow oﬁ

nitrogen The pellet Was, taken back 1nto the dry bot;i/j
)

both sides of-it. covered by Nujol to prevent hydroly

v

The pellets Were scanned immediately upon removal from thew_
— - ,..‘q._

. dry box. The samples were also ‘run as Nujol m lls between

CsI plates. No difference in spectral featu es were found



Y = t
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for a given sample -by’these'tyo‘methods.

B " ) . i . -

Raman SpectEL_ L ' . ;\ o L e ”

The exciting lines HBBOA and BluuA of a Radiation

) -
model 52 argon—ion laser were used. The power used wag of

the order of one watt

if The spectra were obtained with a Jarrell—Ash model

LY

25 102 one meter double monon"hromater using a cooled

ITT FW. 120 photomultiplier tube and photon counting electronics
To avoid thermal decomposition of‘the gample

Kiefer Bernstein\type of cell was. amployed (837, The main

features af this rotating dise. cell device for absorbing \

crystal powder are giuen in Figures l2a and l2b
-
The sample was placed in a groove in the stainless

-

steel sample holder and- pressed by means of & tool press.

r

To prevent hydrolysis or oxidation during measurement, an,

optical quartz dise was mounted and glued- at all edges to
4

prevent contact with 'the atmosphere An. Owring was also
%

used to keep the quartz disc from falliﬁgfoff during rotation

The sample holder was attached to a motor driver . with : “‘ ‘\

variable speeds. The optical arrangement is shown-in Fig 12b

Unfortunately we obtained a high backgreund due to’

+ V .
-scatter from the quartsz disc-and were unablefﬁo observe any

- Yy -

i
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Fig. 12(a) and 12(b): Rotatipg disc cell devised ..

for obtaining Raman spectra . s

-

{A = presé
'B = pressltéol _
., C = annular powder séﬁpleu J
D= sgmplé:hplder .,
E = ob%ical glass
F = O-ring ¢«
' T AL ey
G = pggsaﬁdwpqmdered-sampleﬁ: IR
H = fodussed';asér béam/// ”":: .
I'= scattered {Eght'tﬁ spectrometer
B
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‘lines due to'thelsample:,“l_t, - o - A "ij

X Ray Diffraction

X*ray diffraction patterns were obtained by the
Debye—Scherrer method ‘using Ni filtered CuKa/rauiation and

a camera with a diameter of llh.? mm. Potassium chloride

served as an internal standard

-

N Samples were ground to a fine powder and packed o
uell in 0.3 mm capillaries of Lindemann glass.- The whole

operation 'was carried out in the dry box.' ‘The caplillaries

-

were sealed immediately after, removing‘irom the dry box. The.

Sf -

X- ray exposure time vqried from 5 to. 8 hours depending on
.“. . . \ '_"

the*samplea :

- The d- Spacings were calculated from the formula

Yy o 3-:'.2;1 #n0 v - ey b

¥ : o | L
where the wavelength- A = 1.54184 . = © |

‘ The relative intensities of the ;ines Were Lo sy
. R

estimated visually. . " .o : LJV- o T

“jicroscope Studies
L) . ; . - ) +

Crystals were mounted on a glass, slide which had :

.been dried in a desiccator The crystals.were bathed in

»

Nijol and\a cover slip put over the crystals . The crystals

were observed with a petrographic microscope under a low T



5; \- o y

power (MOx) in plane polarized light
" The crystals were\photographed by a Leitz

nristophot apparatus The photographx\was done Junder

orthoscopio illumination ' No filters were used for this p

pUrpose Photography was done by Mr. E* Hearns of the

f" .

'_Department of Geology, University of Ottawa

-

Decomposition pressures of Nbqu

The Apparatus The decomposition pressures 9f NbBru were

measured by dew point technique The design of the

RS

’ Schafer (3”) for measurement of the decomposition of . NbClu

'fThe apparatus is shown in Fig l3

the samp

‘the NbBr

"\coil heater which was, made

. S

The qew point apparatus A was constructed of
/ -~
rex}glass, 20 mm_in’ diameter and 100 mm- long T It contained

n

at the bottom'a A cold finger B for observing

conde te extended about 20 25 mm into the ‘upper

54"

part of the Vessel 'he cold finger contained a, clean -

constant‘%oiling liquid

7wire‘on~a gquartz rod. Power was supplied to this heater fPOm

_a.variaﬁlejautotransformer. A fine_gauge calibrated chromel—\

S
;

o
.,

e Y
e et

" A
. - : I'J’J.
. * .

The liquid was heated by means of

'_L
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meaSuPement of decomgosition p@fssures

of- NbBru (not to scale)

}
1

readtipneveésel _

1l

='c01d fingerf ,
= condenser °_ . .{‘ . L .
Dv'= v, pqu maﬂtle fi % SRR "'2;‘ ' f 5
E = boiling liquid | . e . ;ﬁé ;"
Fo= f&rnace E:’- ey S ;i‘ ":: o - "
copéer block.'.ﬁ‘ij - %f ' ,Qg:, -
EE ;(/

furnace control thermocouple
mocouple T i -

by
I

R
o

the mantle :

~.

colq.fingethhermoc?gple
f : . r“s

v \\\\\,/’”ﬂf= measuring theé
BT copdenser to prevent escape @f vapour from - .
. . : . ool _
el oY)
- o ‘ /

—
1

- ‘_'cbld-finger‘héater
- ) . . s . . .
' .M = thermom¥ter. -: .

MgO packing.
opening for thermocuples

i
i

n,

o = =
1]

' ...
B connection to manostat

= .sample .

‘
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- temperature of the liquid in ‘the cold finger was -adjusted®

[

-

- ' . B . V . R .; ‘ '. .“ ' . -
- v . . : N TN o ’
temperature measurements;4 The reference junction-ﬁas

maintdined, af O°C) The thermocouple was contained in a

N
glass jacket to prevent attack by the hot liquid -The

by means of a GilmonteOthmer type (84) manostat which o i
controlled the pressure of the vapour. To prevent loss of

liquid during measurement condenser C was included éetween v

.-

the cold finger and the manostat

A vapour mantle D surrounded t£he upper part of the
(‘p

reaction vessel and its temperature was kept well above ~.

the dew point temperature so that condensate only appeared

on the co;d finger and-not qn,the)inner surface of the

reactipn vessel. The vapour was supplied by a boiler E which

.benzophenone (b D. /3060

'the vapour: bath benzop

was surrounded by a heating_mantle To ensure a free flow

of vapour to the vapour mantle,/the boiler and the attached

parts weré/nell'insulated'ﬁy asbeéstos tape. Condenser T

with a CaCl2 tube‘prevent d escape of vapour to the atmosphere
" Twa' liquilds, trobenzene (b.p. 210°) and

>were used as boiling liguids. For

none was'found to be the more suitable.

T N
The heating system consisted of a large diameter

furnace B made by- winding nichrome riben on a ceramic tubef

T - Lo




12 fnches in length It “was cloéed-at one'end.ekcept for
? .
_'a 4 mm opening 0. Placed insfde of this furnace was a
tightly fitted copper block G 50 mm in diameter and

tcontaining a 22 mm diameter opening for the reaction vessel.
The copper block had a 4 mm.opening_at-the bottom for ; B (”
_thermocouples:' One (H) for the.control of the temperat re-
and the other (I) for measuring the furnace temper ture by
means of a_potentiometer. These were led through to the
reaction’VesseIfinmfine‘ceramic tﬂbing. The heavy copper

block was kept at the upper part of.the furnace Ey magnesia
' 5

packing which-g&nimized heat loss from the bottom.

The temperature of the furnace was controlled by ?Hﬁ-
Lo . . ".- K] ‘ . . ¢ - - R - |
a Melab proportional controller with platinum resistance

S|

thermometer. o

-

Measurement s The sample ‘was transférred to the reaction

vessel in a transferring apparatus "It wasg’ then thoroughly

outgassed'(lo'5 torr) and Sealed The temperaturg'of the‘,

solid sample was adjusted to a predetermined temperature

The fluctuations in the temperature were recorded by taking
l'ﬂ ~
.-temperature readings every lO minutes fcr the first hour
/
and, every 5 minutes for the next halfwhour and thereafter

- . 1 N .
* N 4 N 4

Y TR SN
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‘ " . o ‘ : ‘ "".
every minute for 15. minutes until absolutely steady - | L

‘temperature readings_mere cbtairied. . With the proportionate
controller it was possible to maintain the temperature'of_z
.the solid sample tot0.2°C. _‘The'temperature of'the vapour
'mantle wasg kept 20°'higher than- the dew péint ‘temperature.,

N

Tha measurements were begun several hours after

i -

the reqoired‘furnace temperatnre was reached. To effect a
measurementﬁ the temperature ln the oold finger.was lowered
from(a point about 209 above the dew point until condensate
aopeared on the upper part of the cold finger A slight

raising of temperature caused tbe condensate to dgsappear.

L}

Initially'the'temperature-was approached from

above by loweringcthe temperature in steps of 5°, followed
by 2° steps and finally in steps of 0.5°. This was repeated
several " times to get consistent readings .
& The observation of "the condensate at the cold
finger-il dohe with the aid of adequate lighting and a .' v
‘ magnifying_lens. Much care was taken "to distinguish between
liquld and crystalline condensale. A crystalline condensate[
Id: NbBrg was red-orange and its” whisker like growth on tne
cold flnger was easily recognized._LAppeaianée.of l1iquid
condensaté,_which was very'deep‘orange; was somewhat more

difficult to observe.



-
)

crystals of NbBr_. and- the dull yellowvbrown crystals of NbOBr
. 5

1At high furnace temperatures fine needles of

NbBr) deposited on the cold finger but this deposit caused

little interference in the observa ion of the dew point
MoreoVer it was an easy matter to.sublime the NbBru crystals
back to ‘the bottom part of the reaction vessel by placing
the vessel An a temperature gradient

The unavoidable presence of NbOBrE in small

amounts caused problems in the initial stages of the measure-

ments. .Its appearance oﬁ'the cold finger was similar to that

1

of NbBr5 crystals However with little experience it was

possible to differentiate between the shiny red—orange

NS
It shquld be mentioéed that NbOBr3, may ‘dlssolve in tiquid

NbBrS.. sendter and Pietruck (.g5). have shown that in

of. the chloride\ the solubility is rather small and 1t diad _’

;not markedly affect the saturation pressure of Nb015 (3”)

expect that the bro ide systemtis similar in this respect

\

. The static method employed here for measuring the

vapour pressure is superior to the dynamic;method because

' the"former method allows the equilibrium to be established

over a period of time while the dynamic methgd requires

the . equilibrium ‘to be established instantaneously Schafer

L4

the case .

4

Y




- ' A ‘1 -
BN ;}d Dohmann (. Bﬂ have Shown that in the case of NbClu o

- .-——’—‘—F/

..‘—“"""

t

i

sample from'a_giﬂferent preparation to checifthe'validity )

decomposition eqwilibrium was" establiShed only slowly We

would expect that the bromide system would show essentially }

0

* B

the sage behaviour. -

To ensure that equilibr im .was estahlished we':

-
.

proceeded in the following way The blocK furnace“Was heated

c o

L

-fto a predetermined temperature Readings were carried out :

! i

.for several days and the dew point remained unchanged - T

Then the-temperature of the furnace.was altered byi3° and the P

dew point ?edeteryined A corresponding change ‘of a few

degrees in dew point was observed Return to the‘original .
B O’V‘ L

&

furnace temperature gave the- original deg point.

The measurements Were performed on the second

of the data obtained- ’ . e
.o TN : o
Vapour.pressure of NbBrll

b

~ The type of reaction vessel (30) used 'is shoéwn iq
Fig. &it consisted of a Pyrex. glass chamber with a thin
glass-red~carrying a strip of metal

h The true vapour pressure of NbBru can only be'

- -

.measured in, an atmosphere of_NbBr5 which prevents the. T “

L3

e
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disproportionation of the tetrabromide. The experimEHtair‘- : _‘_.:‘.

technique thus demands a procedure in-which the.uapour
pressure of NbBr, in equilibrium with NbBrS, is determined

‘To establLsh this particular equilibrium NbBr5 and Nb metal

areéallowed to react i a sealed vessel of the type described BN
above. If the vessel-is SudﬂEHLM-quenched the Constdtuents : . 1<\?

of the gaseous phase i.e, NbBr, and NbBrg will depczsj_.t on the

glass wall becayse it is the first to cool. The crrstals on’
the glass wall are analysed and the: vapour pressure determined

”

from the 1ldeal gas relationship g

. Owing to considerable experimental difficulties

this experiment was discontinued In-particular deptsltlon,
of NbBru was not wholly confined to the glass walls 'A
conSlderable gquantity of dRqu deposited on the glass rod
This was attributed to the latent heat of fusion of liquid
salts (used for high' temperature baths) solidifying on the
outer walls of the‘reaction,vessel during quenching and this

t

heated the glass wall to a higher temperature than. the glassﬁi n

rod itself. (- S ) : , .-
Calorimetry ~ _ ). ' ' 7 LT j;;"
Construction of calorimeter : o S B S :_‘ }

{1) Thermosgat: The thermostat consisted of a glass Jar which

. 4 . s .
“was insulat with vermiculitec_. ot “f. ¥ :
i . \ ! ' ““- . ’ - ' : . :I ’ ’ .

. &' ' . "

Vel e o $¥ EE | - L e

—t——



AN

mercury contact thermoregulator The temperature was L : o

y

!

-

l;/

This thermobath temperature was controlled by. a.‘?fﬁ N\
. AN ) R SN
controlled ‘at 25. 0°+0 l°C The tﬁermostat-heater was controlled
by an electronic relay 115 V and 50~ 6b\cyc supplied.oy
Precision Scientific Co.,,chicago The coollné;colls were
directly connected to. the tap water, _The thermostat mas

positioned by a Jacking system

(1) Calerimeter: ‘AR all—glass calorimeter simllar to that

- )

used by Greenwood and Perkine (gﬁ) was.constructed but some | B

imerovements were incorpor \ted. ‘Fi-g.lSa shao'ws- t.he construction.' ‘

of the calorimeter. S \\ R | . o 'fy
The calorimeter head was a- 60/65 male Joint | It

carried the fd{&owing attachments Wells of thin glass,

A and B, for containing the. calibration heater and the |

thermistor; awstirrer'c>with a ball joint arrangement: a 7/25

female joimt F, to admit dry argon while G is a 7/25 male |

joint which serves as an outlet for argon- connection H for

a vacuum line; mercury sealed sample and getter holders.D and

-E - this arrangement_ls shown in Fig.15b.

' The calorimeter was placed in the thermostat -and
T _ d in | §

A

secured in position-by means of a clamp.

The temperature sensing element The temperature changes‘;e

. [} - . .
) l . . .
rf . . . "
. I3 e !




'Fig;

a

o Q2 e (IS

L '
= conneptiqn~td-vacudﬁ»l{ne

.

15a: Diagram showing the calorimeter. and

“its cross séction_through X-Y.

)

= well for calibration heater - . .

= well for-therﬁistqf ’

= stirrer ' |

= sample bulb o .
= getter bulb |
= argon iniet .
e_arg§n outlgb:"f‘ﬁ e c; ;Q' °

= ball—Joint a}rangemeht'for the stirrer
= spring holders to keep the calorimetﬁr-

head and bodys togéther - ‘ _ ,l -
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o
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sample or getter holder . ) .
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in silicone oil.

- model 5-81601° the

I3

_was used as a null instrument

.This was connected thrcugh a SargentAWelch

rmistor bridge to a 10 ‘m, v -recorder which ',‘0

.. . ' -~
. .

M

.. The calibration heaterﬁg The calibration ‘heater coil, made

0

from No. 30 const

of about 5 ohms/;

bridge type J= 10

»Current was taken

“

parallel . In ord
T

Lo

'UO

N m? ' A B
antan wiregand having a total resistance: \v

. y

as standardized with a“r%s&stance thermometer:-
03, supplied by M. Tinsley Co. Limited. '
from three 2 volt wet cells connected 1in .(ﬁ PR

By to achieve a steady current§ it was passed B

through a dummy heater of .5 ohms resistance for at least one

hour befOre a mea

iy !
surement The current drawn was about 0. U '

amps. The duration of the electrical heating was timed by

means of an electric timer (reading %o 0.1 sdsknd) which«was :

L
‘synchronized with

<

the heater by a three pole double throw -

‘switch as shown in’ Fig. 16. ' Y

‘I‘he current was measured by means’ of a gdtentiomete:ﬂ\

. supplied by Derritron Electronics Limited connected across

five one ohm' stndard resistors connected in parailel to give =

P !
a resistance of 0.

2 ohm o / . : ?#_

.Calorimetric liquid- The caloriﬁetric liquid was, 6. 20N hCl

This was prepared

}a 'bulk firom concentrated 12N acid ~The;

4 .
.solution was stored in a large glass container fitted with a Coa

N

c o \ .
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16: Synchronization eircult of calibration heater
~and the timer used for calorimetric -
measurements .
= 6 volt lead storage cells ] -
'_‘.,\. o " '\
= 110 volt supply '
= timer ' 1'
L . oA ."‘
= calilbration_.heatep == . ~
= dummy héater ) -
= standard 1 ohm resistors 5
= potentiometer
T

- e






N

‘dispensing burette. 'The strength of the acid'was'determined

.by titration from time to time and found to be quite constant

¢

'Measusement Thin_walled sample bulbs were filled with the“

: decomposition of the sample A glass rod was sealed on to

-,

(
finely ground samples While being sealed under nitqbgen
":"

the bulb was kept cool with a wet filter paper to' avoid

L

thé stem of the‘bulb to act as.a holder The/;ample bulb was

then-attached to the bulb holder by means of a Teflon sleeve

The getter bulb was filled with NbClu in a dry box and

~

attached to the getter holder. . .
1) = ’
‘ About 180 200 ml of the calorimetric liquid were

v

introduced into the calorimeter. The joints were greased.

\ " .
and the calorimeter assembled The head-of the-calorimeter \
| :

was insulated ‘by a polystyrene cover plate and glass wool

+

wrapping. The whole arrangement is shown in Fig 17

t 5

When the calorimeter 1iquid and the bath had reached
3] 6
approximately the same temperature, the calorimeter jacket

_was .evacuated, the heatihg circult was closed_in the dummy

position:‘ Argon was passed for one hour through the calori- -

meter a theh;thea tter bulb breken in order to consume any

£l

dissolve ﬁoxyéeh i;\the'calorimeter liquid.

b
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Fig. 17: A schematic diag

l
H
[}

am showlng the calorimeter
s ' .
assembly.
i%} .

{

A = The calorimeter (the various parts that
constituted the calorimeter have been shown
in_Fig. 15a) . ' L | ’

B,%ftoermostat sitrrer and motor

C = the'celorlﬁeter stirper motor

D = cooling weter |

E.= thermostat heater - - .

thermoregulétor

thefmometer ' . B ' ;(;\. : 5\\

e
"

Ny
I

e "H = jacks.’

‘water level in thermobath






<l

For purposes of evaluating the heat changes in
the calorimeter, a correction was made” f r the exchang: of
heatlbetween the.calorimeter:and_its surroundings during'
-Ehe;nrocess. For this‘purpOSe, tne course of the temperature
changes was' dilvided into three perlods. . The first period
was obserued for B;ic minutes prior‘to the reaction'or caii—
bration 1During the reaction'orncalibration'heating’and for‘
some. time afterwards the temperature of the inner vessel
changes. The third perilod began when thé rate of cooling. of"
the caiorimeter followed Newton's Law. A schEmatic diagrem )
below shows the three periods typicgily observed for
exothermic reactions (Fig. 18).

thp'the'calorimeter had reached a.steady state
after the getter was broken, the heatlceoacity of the
calorimeter was determined The temperature'of the ’
calorimeter was Tollowed for about 8-10 minutes. The‘heater
switch was turned to the calorimeter position and the current

‘measured every minute for the duration of the heating The

was turned back to the, dummy position when the heating. was

stopped and- the calorimeter temoerature recorded every minute

until the temperature change was constant over a fairly long

heating time varied from 250 to 350 seconds. The heater switch
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Fig. 18: “A typical temperature-time curve for -
BPRL ‘the purposes of ‘evaluating heat changes
J v in a calorimeter ¥
< - c
N lCurv\e A-B = initial period .
Curve B-C = reaction period
n ' ‘ r
Curve C-D = .cooling perlcd -
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period of_time”(20f80 minutea). The sample,bulb.was then
brokeg?” Dissolution waa complete in é to 4 minutes in most
¢cases. Initially the temperature was recorded every thirty
seconds’ for the first 8-10 munutes and-: every minute there— R e

after until the rate of temperature change waa:constant

Following

eaction, a second calibration was carried out

#

in the usual manner.

It was essential that the dissolution was rapid

f@ollowing the breaking of‘tne sample bulb. If not, graphical_- :

methods of evaluating the . heat changes proved unreliable,

To achieve tRls; the calorimetric ligquid was stirred rapidly

Secondly the sample bulbs-were'crushed well so that the

swirling liquid could take the entire.eample rapidlyuinto
solution. If the sample bulbs were not broken well .there

was a tendehcyjof the remaining part of the bulb to trap thet -
sample by resting at the bottom of the - calorimeter allowing .f;um;
the solution to reach it only with difficulty This problem

was eliminate by raising the sample holder ‘from the bottom

of the calorrzeter after breaking the’ bulbs, thus !reventing fy
trappping of "the sample by the unbroken part of the bulb at

the.bottom of the calerimeter,.

Evaluation of Data

-

Heat capacity.of the calorimeter- The energy‘g in calories

1

-

. supplied by eallbration. heater wasfdetermined using the

S

f .

T
LR

r
-~ A

‘\It-
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-
W

~where R iefthe resistance of the coil in ofims . I»thebcurrent'

“in amperes and t the time in seconds When I varied slightly,

which was seldom, I °R values were plotted against t, and q .- nl”
\\aﬂﬁﬁ then the jrea’ under the curve. The heat capacity C of_; .ﬁ-
the calorimete for . the fore and after period was then ] .
determined by uging the equation - ‘ - )
) .C =_iT cal-degreelitrﬁl" — (flol‘ l;“"
! k 2. - o
where C 1is the heat capacity g the. energy. in calories and : >//‘
T;the temperature c'ange. The two‘measurenents generally__‘\‘,‘ A;
i A\ _
agreed within‘Z% of each other. The average-. of ‘the two was,
‘taken as the heat capad ty of the calorimeter. :fl"i,;?
The reaction temperature | e | col v
‘ The heat change ‘were;determinedigraphlcallﬁi Ao ?L'T
vertical line was drawn throngh.the:curve at tﬁe{boiqt : _’—\\\\m

corrdaponding tQ half the determined total time. Thé tempera&tre:;

'time curves in the preperiod & d after—period were extra-

polated t& intersect this verti al line. '?Re‘difference og'




A

ks
‘e

. described by Kubaschewski et al

yhere diésolution was too slow to permit heat evaluation_i

\\Jwg

checking_the accurangof-the calorimeter by dissolving KCL;~

///qn weter; ~”" Li

-

A more precise method of evaluation has been T

(97)

oy the graphical method'as in the case of foﬂides and in

{, . - e
A
. )
” ]
R ’
This method was used w

R !P_
H £

PEE

<t

" e

. R .
- ‘ - -
PO P
' .

. i
Heaiiggf solution ; Thé molar heats of solutlon AH_ were
= " L
calculat by use. of the equation
AH = CX T X m.w cal/mdle ’\ [117

-

- . _1... ‘ .. W‘.'

wherélm.w.
R
weight of the sample
N -Q.y

the con:egtretion usgd were very low, the values obtained

were very nearly quﬁl to the differential heatg\of solution -

at™nfinite dilution

. ' } .
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1s the“&ﬁolecu@eight of the samg,ie W is the
L] .
c and4E”have been defined earlier

<

Since .
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©1. Nagnetlc Studieu
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lntroduction“, /
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A H}\6 CO :

the, magnétrc studies reported by Torp (21)

dependence on temperature : ."fwliun

) The purity of the niobium metai psed by Torp was not”

utated while the tantalum used was . 99 9p pure.. On-theé other hadd

N

we possessed metais of a high degree of purity: (99 95%) in.

3 ! . C

order to est blish whether our pure materrais wouid give o
Ly if -

pre para&ions ﬁhose properties would be free of the above-mentioned

'anomaiies, we - undertook initially to reLexamine the magnetic

_ P“operties of these I’Nbx6 complexes ,,.:‘ o IR hé*' .

As‘will be snown later these magnetic studies assumed _

. / S
a paramount importance in characterization of A2Mh6 preparations

and for this reason ‘a fairly etailed account of/éagnetic theory - |

.
" S G _' .
L3

;' will be given in the next section;

// General aspects of magnetism I ' ng;iﬁ . )/

- o Before discussing thé experimental results, a brief <
. . R ’,u
account of the pertinent aspects of magnetic theory will be given.

gy,

In the . Langevin (88) theory of magnetism €ach- mplocule

LA

[

is considered to be a small permanent magnet which-tends’ to.

o

be oriented in the direction of an applied magnetic field
This tendency ia opposedfpj the disorienting effect of

thermal energy. Consideration of these two ractors, lead¥

5 ’ o . . »
. . .
- . e
. . * t " .
v

4

LA
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,to the expression:.

. . ‘: ~\ ;' Nﬁ? N T T : ' .-

-

f“\ 'wherei)L_f molar/sdsceptibility o .- o R ) _; o |
. ” N = Avogadro s qumber S ;

ﬁ k= Boltzmann constant' - _‘f- "

o u

sl

permanentfm§gnetic moment

T. =f absolute temperature'

Langevin 5 theory of paremagnetism was improved by

van fLeck (89 ). His expression was simllar to Langevin s but ‘
1t contained an additional term
- " o

NU : '
- - . T):N\ 3kr o

where . contains the diamagnetic part-as well as a small

Lemperature independent paramagnetic contributiou (T IAP ).

—
—-w

" : %T" Acco ding;to Langevin S formula the paramagnetic
susceotibility varies inversely with absolutc temperature,

Thls genenalmzation is known as the Curie Law and was
!

discovered before Langevin derlved his expression The
magnetic moment ‘of such a compoued-ls obtained from the slope

of a plot ofiX: agajnst l/T by aég}icationﬂOf equation [13] y a
o

H N -

(R

@ T N e -
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In order for the Curie Law ta hold u‘.must, of course, be’

<1ndependent of température

Howe'vera the magnetic susceptibility of a‘great : T

® .

. many substances deviates from the requirements of the Curie

=

Law in a way which may be described by the Curie-Weiss law

» g

g : R .
e » = -C~ L . [l“]
- - o - - O L8
where C = Curie- constant. o W . -
§ ='Welss constant
& The origin of the Weissmconstant frequently is to be

found in the exchange forces between 1ons. Under these
circumstances, the. moment may be calculated by use of Equation 147,
bxperimentally 8 may be determined from the intercept of a
"plot of 141' against absolute temperature if ‘'such a plot is:;

linear.. CIf the origin of B cannot be ascribed to exchange'

forces then no particular significance can bé attached to the

Weiss constant

The  term Na in equation [13] is frequently used to
 exXpress only the diamagnetic contribution In such cases,.the_'
slope of a plot of'z against 1/T does ' not give the true moment .
The slope 1s then said to give an %effective“ moment, Merp:
The effect ve magnetic moment (u ff) can be calculated

(O
at a particuia?*tem erature by application of the equation:

N .ol
~

N [15]




oo T

or

N Ueff = 2.-8é8,D(m (corm)T {'16] S
whc&t I (corr) X d_

o -

The seccnd term, Na, in Van Vleck's formula needs
further consideratioﬁj ‘As this term. can make considerable

contribution to the total susceptibility and_in many cases, | e

is the cause of departure from ideal Curie Law behaviour

ics origin and significance is worth noting. In a completely

general way- the energy of a partlcular lever' 1, of an 1on in

a magnetic field of. strength H may be expressed as:

E1=E (O) +E (]_) H+.E (E)H o, [17].

where E, (O) is the energy of level 1 in the absence of "the
‘external magnetic fiedd, E, (1) is the coe;ficient of -the flrst -
'order Zeeman effect ‘and E (2) 1s the\doefficient of the second
order Zeeman effect. (The perturbatién of the energy levels \

of an lon by the magnetic field 1is known as the Zeeman effect )

<

The second order Zeeman effect may be visualized ‘as a ‘\\-‘
distortion of the electron distribunion of the gyound Stat N

by the magnetic field H. This is achieved by mixing nto thi
ground state some .of the character of a higher state by an N

-~
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amount proportional to H?-* This 15 in contrast to the first

order effect which 1eaves the “centre of gravity of the state‘*

.2

unchanged oThis ffect is illustrated in Fig l9
P A

ﬁig. 19:7\Splitting'df levels undeﬁ*H

\
|
T <
' . D . o .\\\ \ ST _Iql_il

No Fileld - ~ 1lst Order H -

e S C R :}'

"‘-, . . ’

" ond Opder H

The’second order ZeEman effect contribution is
distinct from the mixing in of a higher level due to spin.
orbit coupling, whicﬁ/makes a constant contribution to the

moment . The former lgeds to departure from the Curie or

Cur1e¢Weiss,law ‘the latter does not. The separation between

!

e ‘ - ‘ : ] <

-
d})
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.~ . -‘!‘a : ... L t ’ .
interacting level//is of great\importance, since not only,

is the magnitude of the effect de endent on it but, 1f it is \Ji

comparable ‘to kT, the higher level'will actually be populated~ T .
d a temperature dependent susceptibility will arise.- When f

the separation of the interacting levels 1§ mhch greater-!han' :

,kT thermal population of the upper level does not occur and --( ‘;T

the contribution is independent of temperature It 15 there-"

fore frequently known as temperature independent paramagnetism

J

(7. I P.) or Van Vl;ﬁ? paramagnetism.' This situation As found

in transition meta ions\Hhere the interacting levels have -

been split by the ligand field ".Because thia splitting is
}

'comparatively large\ the contribution is rather small and is

usuaily only observable at higher temperatures where the normal

Fi

Curie paramagnetism is relatively small.

Owingxto covalency; the molecular orbitals in which
'the unpaired-electrons\are to- be found are composad only partly
of metal orbitals- ligan orbitals can be an important
constituent. This has the effect of reducing the orbital
angular momentum and any contribution to the m etic moment
from this- momentum The spin-orbit couplﬂhg is also reduced .

A delocalization factor k which is combined wigh the angular

pe—

momentum operator has been intreduced in order to take account Y



‘\ )

\ . of'the effect" This factor ‘may . be-takex\to be the fraction -

o of time which the ‘d-electron pends on th\\metal - A value of

- k= l_represents the extreme ionic case and k\is reduced as

the covalency increases - This factor was fi st introduced

5y Stevens (90) to explain the hyperfi;i/splitting of the

. '
- e.s.r. spectrum of K IrCl6 However, tevens did not

/ .
pecifically describe the effect in this way The effect

_—

) ////?'reducing K is to reduce the orbital contribution and this
3
causes the moment to approach the spin only vajue.y Experimentally
- i
+it is observed that in regula ctahedral complexes, ‘the ¢

I:-_Q\\\\\TiH_no____l;ue/f’/w‘ o
' orbital reduction factor usually wil t ess than about

Q.7 although for tetrahedral complexes it may be.as low as

0.5. The theoretical reasons for this have .been outlined

recently (91)

Ligand field components of symmetry lower than cubic

lift the orbital degene acy of -T terms Such components
markedly affect the magnetic properties of T terms because

they alter the arrangement of energy levels amongst which

thermal distribution OCCurs«~ If the lower symmetry component

causes a splitting, which in the absence %f spin—orbit\coupling

4 ”
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\.; . . ' N \. " . : .:.‘ .
would be of. energy\ﬁess than about the spin orbit coupling

I

constant A, " then the effect ‘on the magnetic moment is small

-

chomES lar"er than the spin-orblt coupling constapt “the.
maEne tic moment tends towards the spin only vaiue, and the \ h“h;
tenperature dependence te ds to decrease.

Maghetit theory for 0ctahe ral dl systems.*

’

E \-
- Some particular aspects of magnetic theory

h
i

elevant

to a db system should be mentioned Enengy levels fopr a'ﬁZEL

Lonfiguration under the influenCc ‘of a strong octahg¢dral

I

fLold and spin orbit coupling are represented diag'ammatically
in big.zo_ |
Because T ground states retain some orbital angular

momentum  they give rise to an orbital contribution to the
L}
magnetic moment However spinworoit coupling removes me

of thelr degeneracy and a quantltative estimation of the orbital

contribution is possible only if the actual magnitude; of the.

4

4

apLiotingS aré known.

AS seen in Fig. 20 the 2‘I‘2g state gives under the
influence’ of spinuorblt coupling a pround state Io (t )

g " 2g
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Fig. 20: . Enepgy levels of_dl SYS emir an octahedral s
. . IS ' . ' s // .
environment. ' \

(). IR

. Field-free ion term energy' \
. . }
(B) Levels in a strong octahedral field

L/"
- (C) Strong octahedral field + weak spin—orbit coupling
(D)

Strong oé%ahedral field + medium spin-prbit

coupling R e )
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and at still hi"sher enersy Ty (ey). To.a first order ‘the I

ground state 8 Qt ) is non-magnetic ‘since the matrix

ements for the magnetic Operator

, < 7 (g D1 was vy (o2 T .
. are Zero. There is a second‘order Zeeman contribution.becausel rfyaﬁﬁ
the non—diagonal matrix elements | o T
<w8(t2)|1 +2S|‘*’7(t2)>
are noc-zero Te this particular temperature i}dependent
contribution;go the - susceptibility, Kotanl ( 923 added the ' q§
first order terms arising from thermal,excitation to the ' '
F7 (t ) state and derived an expression for variation of
Ueff with Spinworbit coupling and temperature ) .
| £3x - -
plepp = O F (3x 8)e 2 o | (187"
fLa xeresTH T )
vhere x = ,§T (g is the one- electron spin—orbit coupling constant)

.q - ‘ . -

ﬁﬂ’deriving this formula Kotani assumed a perfect
cubic field'aqg noomagnetic interaction between neighqouring7
ions, | |
. When the energy difference between the F7 (- .)'and”

o

the FS(t ) state. 1s not large with respect to KT (this



energy difference being . té‘ 7('2g) stgte may become &

populated and the magnetic behavio tends to become more .

\pormal" with ueff independent of temperature

~., . Liefr ( 93) argued that wheh 52 KT 1,e. for 54 bl

elements, the excitation to the 7(t2g) state 1s much less
imsS}t@mt than mixing of the "§ (eg) wave function into the '

.....

groundsgtate I‘8(t;gg) via gpin-orbit coupling Such inter-

mixing makes the ground state diagonal matrix elements non— s

N 281
perature dependent contribution to the sus _
: .'f - !
roduced The susceptibility of heavy’ d1 ions

;o?

always shows some, but not substantial temperature dependence.
S ‘ While Kotani neglected ‘the. intermixing df wave :
functions entireiy, Liehr appII*ﬁ‘fﬁi reSulting cd%rections.

only to fhe diagonal matrix elements The resulting express;ons

zero and a t

ceptibility‘is‘

‘
1

of Kotani and Liehr were considered useful in calculagfons
dealing with fimst row.:and third row transition elements
respectively (94 ,95 ). Westland (96 ) has corrected the off-
diagonal matrix elements to take account of .orbital mixing
“between r8(e ) and F8(t2g) and the.calcudatiops sﬁbwed that
there 1s%a curvature in the')( ~versus ﬁﬁot only when”™kT

is of the order of the spin -orbit coupling .parameter. This may

be the case with first row transition ehements but is hardiy

—

!
\/
\
~,
‘

e

2

N
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expected for Nb(lv) for which the free ion value of g .
.
is about TbO em” (97) (ki is 209 cm 1\\z room temperature )
The spin-orbit cou§lipg consta 1
\\;/ /‘
rlcomplexes than in the free ions and the\r wction may be
| wiite cons\jer%ble (98, 99, 100). ‘kven if E oy dp(1V) 1s S
- 1._bwered n the complex. the value is expected t e large
relative o KT at room temperature & S SN

Iﬁperimen al plots of”x against l/i for A NbAb comp}ekes L

L . ) . \

All the complexes studied in this thesis were found

_;?»w be paramagnetic._ Plots ofj( , corrected for diamagnetiqm

wersus 1/T are given in Figureg~3a to. 29:- busceptibilities

.»mtained by Torp (21) are given for compariso& in certain

ases. The data were spmewhat influenced by the conditions of e
: - . L
deparation? Quenching or’ slow tooling ofcsamples gave ’ !

mfferent results. In’ spite of very pure starting materials

. the susceptibilities of AENbCl6 were essentially similar to‘ s
those reported by Torp when his preparative ﬂrocedures dEre ' . ~
o N t

A Dllowed.. - . o | S m,-a

This is not easily exglained as particle size,

mnditions of packing- and other experimental variables appeared toL

1

e falrly uniform from one measurement to another One may suspectj .
towever, .that such a variation in properties arose through some

memical.peculiarity; i.e., some alteration in crystal composition

. . ’(‘\,

1
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"Flg. 22. MVarigtion of corrected magneticLsuscepflhi}itieg'5
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with reciprocal absoluté temperature of'somé.

A2NHCls comp;ékes_prepared at’ low temperatures.

»

B ) . .‘ . ' . N . -I‘.' | , ‘ |
. . oy X
o cg‘szg}s (300°) o

O. Ro,NbCl, (300°C) -

: - o - - | . . .
A K NbCly (300‘50) _

[ Cé2NbClé (Aqueous)
" ‘The numbers in parenthesis indigate the

temperature or msthdd Of:preparation,
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Fig. 25: Méghetic déta‘repbrted by Torp‘(ref.'El). : ﬁ
Values -of ‘susceptibilities are apparently

&

uncorrected for diamagnetism..

o
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A;tempt at selection of magnetic parameters for NbCl62_ lons

| Botn Torp (215'and Benzingefi(BQ)'found that fhefe was
(nly a rough correlation between experiqengal data and theoretical
.auwes obtained by tne use of the notani formula (92) - in
-.mher words, thc theory did not satlsfactorily account ‘for- the
dserved magnetic properties. Tneoretical calculations oftx

- T

wre carried out by us using choices of the various parameters

in Westlanu S (96) expression whléh were con51dered reasonable
or RENbCl6} It was found-that there was consfdenable latitude
in the cholce of Dg in fitting the experimental data. This

mrameter. was assigned the value 2100 em™ ! as this value

»

ppears .é_be‘suitable for quadrivalent ions of the second

Wansitio' period. gven if, as It appears from the electronic

gectrum, the value is as hlgh as 2500 em 1

‘there is littLe

“effect upon the accuracy of the- curve- fitting process In

Fig. 26 a plot calculated using values of 425 cm -1 and U Qu‘for o
.and k respﬁctively, is shown fitted to the EXperimental points
voth of these papameters are remarkably low and are most prooably

‘knrealistic. IL is to be noted that the value of ¢ for the

free ion. has been given as 750 cm’ (9?), ano as pointed out

amriier, k should not normally be less than 0.7. Distortion

- o the complex might account in some Cases for. such ‘behaviour



-

e

v - . : de

(91, 100) but the x—fay diffraction pattern of_K'EN'bCl6

_mulcateb a cubic symmetry Jahn-Tellef distortion'of the

‘aregular octahedral complex.

-+

1

& system 1is very<sllght. ,As the curve fitting was considered

to pe unsatisfactory, further examination of the system was

wdertakens : ‘ Yy '
. . P _/—\.j

Calculated values of the true moments (whicn arise
from the first order Zeeman terms) for a dl sysﬁem have been

mtalned by the use of Westland's expression (96). 'The values

wre found to ‘be dependent on k but they were almost independEnt

o g, It-was evident that for any reasonable choice of k and

k4

&, the true moment will not exceed the value of 0.53 B.M. for

.

4 -#

hA““EerrfmenLalfﬂeluea of tne apparentgbrue moments.

vere: obtainea“Irom tne burie-WeiSsmjégL“ Values of the

—

Wiss constant 6, obtained by plotting l/],‘against D were |
230 for KZNbClG (powdered single crystal), -340 for Rb,NbClg

(high temperature preparation) and -430 for GsszClG~(h;gj :
annot

mmpefatufe preparstion). Since the-T;I.P.»contriUution c

_1nhéeneral be neglected for the heavier transitionuelements,

these values are only apprbigmate
Startlng from these approx1mate values it was a

simple matter to refine @ by a process of curve fitting which

~

T —

.

N
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Fig. 26% : Vartation of con

-

ed magnetic .
. susceptibilities with reciprocal abs

"+ « temperature:
Az pqre,KngClé,_iine calculated £3r
£ o= 425’cm_l;7DQ-= 2110 ,cm_'L and k =.0.

B Ké(gb,zf)c g» 36.7 mole % K NbClg
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afforded straight plots ofjx against 1/(T;B) The values

o -9 obtained by - this procedure were,as follows -170° |

(i th16), <270, (RbghtbCl ) and -450 (Cs NbC1e) .
‘f'rhe apparent true moments were obtained fron the

slopes of the plots ofj( against l/(T 8) and the vaiues were

mund‘?ﬁ§3€’j 1. ?/j/T/f£E2§9916%7~176"’_“diﬁgﬂNb016) and

'“218 B.M. (Vs LD916 Clearly the values obtained .for these
'ﬁeparations axre much greater than the upper 11mit 0.53 B.M.
" given by theory feszNo(IV) - . _
. At first sight the magnet:c\evidence suggested that
the stoichiometry of ﬁhe systems was quite different‘from the

Ipminal overall composition, A NbCl6 However the fact that

1 possessed ‘the K2Pttl6 type structure leads one to conclu

\.

that although they consisted largely of NbClgg_

//really/;ere mixtures- containing one or more additional
,// paramagnetic species Comparatively small quantities of
amstanceSJWhich are more strongly paramagnetic than Nb(IV)
:mns could greatly enhance the apparent true moments while
EhOWing Spuriously 1;\Eé vaiues of 0. For examgle moderate

cpantities of species containing two unpaired electrons and

‘having modest vaﬁues of & (say —50) would upon admixture’

I

L Iy -
. \:._

[ ' L ot .
- . .

anions, they.r.
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with a Np¢IV) compqund,lsnow_magnetic b?haviour such as . ,
that observed _ ' rf_

5 It Wwas evident from the spechographic analy51s -

provided bygFansteel Metals torporatiod‘that the unusual
b j
'wabnetic behaviour cannot be ascmibed to the’ presence of

Mrtign metals iﬁ the starting‘materiais The total impurity N

jnontent consisting of metals wﬂich form paramagnetic ions - 'fy

! "l e
!

5\&u lebs than 0. 03%. if-these‘metals were present carrying

- t

\ﬁ the average two unpaired elpcﬁrons and haVing an é erage -
{. . v
atomic weight of 100, this ‘would contribute 4 x 10 6-e.m.u”
RN B

zmle to the susceptibility Value at lroom temperature Thisu

\\ fiearly a negligible susceptibilit in ‘a. total of

KOU x 10% B e.m.u, mole lf'

_f.x )

e

—%—r-—‘ﬁ—

'The effect of ferromabnetic 1mpurity was only. slignt

;and was eliminated by extrapolatimg~susceptibility

to infinite iiéii\iziijith We may ﬁonclude that all of the N -
1 : ! -~
. . . \.‘b
mserved paramagnetism as due to ni?bium ions, ‘ ‘

~One obvious possible species of niobium !ﬂpurity is o

LS

the oxyhalide This coula very pOssibly-contain the bondi g
. l

- =lu-0-HNb~ and with such a structure magnetic exchange 1s almosﬁ\\;

T

&rtain to @rtpe A'The sample of K2NPC16, -the magnetic propertiee

d which are- given by the points sh&wn as open circles in Fig. 21, ‘
-1 -1
exhibited no infrared-absorption in tne region 600 cm to MO&O cm .

19



rmtal oxygeﬁk4@retching modes have been reported ‘to, ocecur at“ o
%0+100 (21 2 l On the other hand tnere wa° weak ) ._',f \L'

aosorptlon at Tm T in the‘case of ts NbCIg‘Erystallxzca e

from agqueous sclution (see experimental seotion Page 57)) 4

tius revealing slight degree of nydrolySLS -Wefoonelude
mat there was a negligible quantity of oxychloride in this

o . . . |‘ - 4

geparatlon
It is very 1mprobable that there was any olner compound
o Nb(IV) present in appretlable quantities because the impurity
. levels of’ C, Si;‘N, eto. in the starting materlals were very
bw and desplte conslderagle preparative work 1n this area there-' f -
a* " na known halo\complexes “of- Nb (IV) other tnan'those
-_cmntaining NbX6 ion. Impurities could be introduoed thrbugn .q%
acnlng of - the quartz‘reaotlon Vessel tlose-examlnation of |
the feaction vessels after reactiOn revealed no sign of any
etchlng by the reactants -Thus we are left with the possibillty
_of a’ loxcr'valent ion or lons. of niobium causlrg the abnormal
rmbnetlc behaviour. (Of course, having no d electrons,Nb(V) "
wuld not contribute to the moment ) _Lhe suggestion is a plausmble
aie in view of the fact that Nbxu decomp05es easily upon heating to

b
tquation (7218;).

X, and a lower valent species according to the following

INoX, — NbX 5 + 2ibA g 3

"I'he Lower valeng product degs not necossarily have th? exact
stoichiometry shown above. The lower valent specles may range in

5§@p05ttion;from NbXé_67 to NbX3_l. P R

DN p ‘k‘i
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?f? Upon initial examination preparations of A NbX6 "

nornaliy did not dppear to contain additional phases as . : o
|

* minor quanfitles of AyNbgClyg (61- §3). In bur system the

L ER NBCL. e M 19,
16K, NoCLg = qubﬁmw ¥ KT\!bCls ¥

o * L N

IeRE: X es. As,this point is ‘an importan

ciose_e#amination by variety ¢f techmiques was dafrigd out” Y T

 rather

to rdilow. o |
Admittedly, certain preparations were found Lo conbain '

v . N - Y

ciuster\would_presbmabiy form according’to’equation:

r

-

e S ]:D-T».Cl-i-l_CJN 13

< '!

K?L prouence of this cluster compound was reveaied by dissolving -

ﬂbhc A NbXG in. 6 to 12 normal hydrochloric aeio which left the

oiu,Ler compound undissolved Fortunately, Lhe Formﬂtion
of thjs éompound was hindered under certain CondlLlOno. We

uuupoct éhatothe cooiing procedure - wbethcr IdplG or %low ‘}
may be the determining factor The eiact conditions under L

. v
wh:cn this compound failed to appear were- ‘however not eotablished

as improved met‘Bds of preparation wore sought and roadily

found. Lne sueceptiuiiity of tnis compqund iras. veen reporteu (ol).

+ .
L ot

to be temperature‘independent ‘80 that An any.event its presence

cannot account’ for the anomalous magnetic pPOpeTtleslooservedj“

# ’

v R . v



~. A minute trace of insoluble substane invariably .

;emained (its quantity was less than 0. 5%)\after continuous

L 4
~ N - |‘ . T

leaching of A, Nb01§rsystems with £2N hydrochloric acid and

water An x-ray pattern, showed that it was NbO The oxygen’

“is probably derived from NbOCl3 in the starting pentachloride ﬁi;{i:
It was apparent that in order tofinvestigate Nb(IV)

systems 1t was essential, to find a means of suppressing the

- -
s

i

-

decomposition described-above / Various experimental approaches

were investigated

(a) Attempted application of Le Chatelier s principle

0 _— .

- It was hoped that the addition of ¥ few milligrams of NbCl5
‘ to the reaction mixture would reverse ‘the equilibrium shown
B
n the equatioﬁ above Contrary to what was hOped the magnetic“

behaviour indicated by triangles in Fig 21, was less.
satisfactory than ever | With: hindsight one may rationalize

N
-thisg finding by assuming that the free KCl shown in the equation

was effectively complexed as KNb016 Free KCl would beé
1
necessary for the reverse of the disproportionation reaction

to occur.n ' ‘
. (b) Preparation at low temperatures S
' I

Failure of the preceding experiment suggested ‘that

it is perhaps necessary to aveld decomposition altogether by

operating at” sufficiently low ﬂemperature  There is an - 9

‘inherent gifficulty- & if one wishes to proceed by direct

- A

s
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\

_oyntheqis Trom. crystalllne utarting materlals Solid'state'

. b /

ldebian normalkﬁ proceed wlth appreciable veloclty only at
ei“VdLed temperatureu. A cOmpromise was etruck by heating mixcures 01

NbCLy, and ACl for extended periods at about 300°C with

1m,mrmittent rcgrindlng - '_,,:c)' : —:.-“‘; ‘.

~

In most cases ‘the magnetic propertles of these ) . “.‘-'

comole}e* uere agaLn dLsappointing Tho ddta are given‘§§

'Fig. 22: The ddta for the potaesium and rubldlum complexes

vere essentldlly simllac/;ofthose of high tempe;ature preparations
However the data for tne caesium complex were dlfferenb
1n tn¢s Lnotance sawpeev prepared el 300° and cooled Hlowiy.
ovel 3 days vave much lower &cheptlbllltleaf The 2750
/;“eocration,'cooled more rapidly oveﬂ a period of 6 hours éace

Ty ) . L. .
“1“1L1y‘dmfferent reaultg from the 300° preparatLOn However

‘both these Yow Lemperature prﬂparatxono ‘pave plotsﬂbffxln

that were llnear._ The plot for the 2]5° prepdration

'a*nst l/T
- had a ﬁreater slope The linear plot fQP:KI ﬁgalngu l/T

1 .
fov the caesium complex is what is- eypecteq for a d .system.

The electronic spect“um discuesed later showed that

5 ,
there was still a forelgn phase in. this pr paratlon However

We boWieve that fltting the expcrlmontal reeults to theorv

provi ides an estimate of the momnents whlch is correct to wi*hln
S

.0 percent.
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The 'plot in Fig 22 corresponds to the. parameter

. |‘ “g. ..‘ '
values £ = 530, K = 0 59 and Dq = 2500 em’ l Moreover the,‘ *

: experimental true moment was found to be 0. 5445 .M. -The

following ‘set of parameters 550 k = 0 6 and Dq = 2100

in the theory for dl systems gives 0. 508 .M. as the value

of the tru//moment - The magnitudes of the K and ? parameters for
this preparation are' much more reasonable than those descri d

Eid
r

previously This suggests that the samples prepared at these

L
temperatures were relatively free of the” magnetically anomalous-

material. The result of the~preceding experiment leads to a

Very important conclusion Niz the susceptibilities of pure

A NbX systems must be either about eqbial to or less than that T e

of Cs NbCl6 prepared at v 300°C.

(e) Precipitation from concentrated hgdrochloric acid.

T

It woul//appear that the best method of preparation_:

“would entail the lowest possible temperatures Russian workers

J

‘have prepared Cs NbCl6 by crystallizing fremﬂcdncentrated ['“Wi" -

hydrochloric acid at r00m temperature We succeeded in
repeating this preparation of the caez

ium salt but failed, as

theyfdid to obtain the potassium salt s The'magnetic properties

of the caesium salt are shown as black- squares in Fig. 22.
The plot 1is similar to that of the salt prepared at 650°C but .
with‘slightly less curvature It was apparentfthat the- magnetic

behaviour of aqueous preparations seemed to be subject to the -

"."

same/ dnfluences as high temgzjature preparations. ‘Reasons for.

such behaviour'will be giveniater. N
: . . : T *
. : s S

i
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L (@ Diluprzn studtes. .. Lo
As a further attempt to suppress decomposition,
"y

dilution experiments were carried out . It was assumed that}j

»

by diiuting the A NbX6 in a ﬁiamagnetic host “such as A ZrCl6
many niobium atoms. would have no immediate niobium neighbour
A low valené niobium ion would be more stabilized by having
a Nb(gs.neighbour close by in the melt than it onld be 1f
surrounded only by ZrCl62_ ions This lpw high valent
.stabilization should be diminished upon increasing dilution
o Because of their very different structures the cluster;
and ACl should be relatively insoluble in K22r016 - thus the -

' activities of these components will be unity From the

‘equation. - . T =-' o o A
\-. : ) . . - ..’ .
|16 KNb0lg =2 KyNogllyg + 18 KCL7+ 10 KDClg
we may write - e .

Cat8kel [kmpe1gl™

- aKqNbGCllg".
teq | ——— ' | S P
[Kszcl6ll6 o - o
or . . " - :—# -
| [KNbCl6]lO - M g
- eqi= 16 2 ._ T - 'ﬁ
e L o l f

(Whﬁre‘a’refers"to activities of -the compounds) ..




- . . . .‘/‘

Let the concentration of K NbCl6 upon dilution be changed to
[K NbCl6]init where 0< x4<[l and [K NbClG]i it is the o

, initial‘concentration of K2NbCls.- ‘

»

Then we may write_: e T'y
ko= 2 [KNbCl it
eq - _ 6 init

:X:IGEK NbCl.];S

Hence the concentration of KNb016 which satisfies the mass law
Vaction for the dilute system is :x}é/lo{KNCi6]init

| | Since the power cd‘jcis greater than unity, the
concentration of KNb016 decreases more rapidly as?tapproacheu

r

Zero than does the\COncentration of K Nb016 It follows that -
dilution should suppress the disproportionatLon process.

| | The dilut experiments were performed by Dr. W. Rank.
Samples of K (Nb Zr)Cl6 which were 36. 7 and 5. 67 mole percent
in K Nb016 were investigated , The gram sﬁsceptibilities of the‘

K NbC}.6 was determined from the obsérved susceptibilities by

"- . . : . N - l . . -‘ -
?j( obs.. lxK NbCl6 f.WéIK ZrCl6 - - C 9]
_ where Wy and w, are the weight fractions of K NbCl6 and K ZrCl6

use ; of the equation

respéctiVely. The. mole susceptibilities were_obtained by

-\

subtracting the atomic contributions\tabulated by“Selwooq (101).

_ The results are given/by/line B and’ ¢ in Blg. 26, Westland ard

. Bhiwandker ' (22 23) haVe shown that there is little effect: on,

\..

the magnebic moment until the paramagnetic lon is diluted to

: ’ ’ ‘\; T \ ! '
-less than meo% ~ =

‘ S
/ R ’ //
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There was a drOp in susceptibility upon dilution
to. 5 67 mole percent (line c - qf fig 26) and tne curvature which is
%ill seen in the plot for the 36.7 mole pereent sample seems to
)

have been eliminated HoweVer the data in this latter case

. are..not precise enough to permit a definite appralsal of the .

.degree of curvature . ';},. : .iﬁ
| -Fhe straight line ¢ 4in Fig. 26 has been éalculated

theoretically ‘using the values E - u80 em™ ! and k = 0.56.

The points at the extreme right hand end have not been considered .

when: obtaining tire best straight line because the susceptibility'

.data for K Zr016 ‘became field dependent below about 115°K and

the points were herefore considered to be unrellable,:

. It is to be supposed that at infinite dilution the
susceptgbilitie snof NbC16 - would be lower stillu This would
,mean’that'-t'fs equal to or greater.than MBO cm- -1 which is a |
reasonable valueju The value of O. 56 for k is small~fer an .- .-\
octahedral value. However, *t has beeh reported (l02) that':
for the'[Ti(H 0) ]3+ ion, which is a dt‘system ‘the .k value
has been estimated to be 0. 6. Nyholm (102) has pointed - .
out that the sometimes small values ‘that k can assume in
octahedral complexes still pose a difficult problem ‘ :f _ '}

The sudden drop in susceptibility upon dilution is
noteworthy. However it is not surprising when the relative ‘
.ﬂqérderrof susceptibility of K, Rb and, Cs COmplexes of No(IV)" . .
is recalled (Figures 21 and 22). We found that susceptibilities _

of Cs NbClﬁaa compound which is magnetically ‘more dilute,



» o ’g-l s .-
~ . " o

are much lower than tﬁose of the more-concentrated K NbCls

. l"

Hence the drop in susdeptibilities on diljfion of the 1.. oo

NbCl6 system indeed appears to be real

A

One -finds that there is a’ similarity Jdn the magnetic
susceptibility data for three systems ' Cs NbCl6 prepared at ' s
300°C, [(EtuN)] NbCl6 ana the most dilute K (Nb Zr)Cl6 solution Co
It is precisely in these systems that we, expect the  No.(IV) @
>1on to be most stabilized The [Et“N)] NbCl6 and Cs,NbClg
were both somewhat impure since they showed a band which 1s
uﬁpﬁesumably due to présence of tHe cluster ion Nb60118u _ ‘?.%
e Stabilization of : (III) (V) or. (11) (v) (V) clusters
Awould ‘be greater fOP'thOSE salts with smgller anion anion

‘distances. Thus the sodium salt should exhibit such stabilization

to a maximum. = Among the alkall salts, CSENbX6 could be

expected to .contain. the highest proportion of Nb(IV) atoms. _
Salts containing large organic cations should be more
hOmogeneous still -

" Other . experimental methods were_sought tO‘inyestigate
"the effect of dilution. These investigations included a
GrystallOgraphic eXamination of ‘the mixed crystal systems and,
electron spin resonance studies The former gave.no meaningful

9 o

results ahd the latter will be discussed in a later section Vi

e
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Purification by grodth of single crystals S S jQ

‘-‘
"c:u

In order to provide a. method leading reproducibly to
.f

a product free from inclusion of foreign=phases fairly large

4

. . .-

_ingle crystals (up to 2 mm. iﬁ>breadth) were gromn by slow -

coollng of a melt containing KCl and NbClu (See experimental
_section, page 63) The ingot so produced when fractured gave
fragments having cubic cleavage The colour of a cleaVage»face

was virtually blach but the material when po%dered was offthe

usual deep violet colour.' The X- ray pattern was identicai to

that of other samplbs of K NbCl6 The sample was totally soiuble
an 6N hydrochloric acid as expected and even did not reveal

the usual traces of'NbO This verified our expectation that the '

.tendency of~ the material to incorporate foreign phases is reduced
a EJ‘
'many fold when- large crystals are grown slowly. .

Somewhat*surprisingly,,the magnetic. behaviour showed the
anomalous characteristics of the majority of-the preparations |
Susceptibilities are plotted&in Fig 21, experimental points

bEing shown as crossed ciﬂcles This result supported by
“additional techniques of examination described in later sections
I~

led us to conclude that the low valent states of niobium which

are responsible for the anomalously high magnetic susceptibilities

“;Jare dissolved in the KQVbCl6 phase.-, In order for the stoichiometry

. to be satisfied an equivalent quantity of Nb(V) must also be -
- dissolved in the crystal Tn the A Nbxs systems one may

conceive of Nb(II) Nb(III) and Nb(V) ions present in o



" The present experiments do not provide a basis for "t . -
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appropriate ratios in addition to the host fon- (Nb(IV).

" deciding which of the lower valent ions is present.

" We may now rationalize the magnetic beharicur'as

fOllOWS There is-(a)lthe expected contribution oi.Nb01627

‘ proups which would contributb a susceptibility linga in'l/T.

'interaction with;itself producing a contribution to the

‘susceptibility which 1s non-linear in 1/T. At the left

and (b) a contribution from lower valent species such as .
Nb(II) or Nb(III),which would be relatively large even for small
conbentrations of the ions. The low valent ion may enter

into ferrimagnetic intera“tion with Nb(IV) or antiferromagnetic )

. hand intercept of the plot, i.e. where .1/T = 0, the only %

"at 300° is a

| preparations do

(a) Susceptibilities of non~cubic Nb(IV) complexes

dﬁntribution will be the T.I.P. of the: Nb(IV) species ‘The
plot would proceed to the right with greater slope than
that of a line representing the COntribution of Nb(IV) only,
but owing to the interactions the slope would progressively
decrease. “Such is the shape of the experimental plots

If we assume that the plot for the Cs NbClstpreparatiOn

res ntation of the susceptibility of Nb(IV)
we may estimat at the concentration of Nb(II) in other

ot exceed 5 mole percent ‘and {f the low

valent ion 1s Nb , the concentratigh may be of the order

\

o

of 15 molé percent o _ .fﬁg B o ’ p

Miscellaneous magnetic results P 7 .

/, . . . '

The ‘data for the pyridinium and sodlum hexachloro- | 5

niobates(IV) are shown in Figure 23 ‘The plot oﬂix against

/,“



.::P, l - . v - ) ._ m

/T was,

near for both of Lhese oomplexes which suggosts that

ATQy afe relatlvely normal systems in respect of their'. :*?‘ B

;_

Ulbnetlc components he X-T gy dlffraction patterns show Lhat v
-notn compounds have a crystal,symmetry which io lower than

OC'ahLdPal Lhe linear plot for Na NbCl6 could be explained

f

if th;system does not possess a non zero Welss constant ‘9

This may arise if (i) the products of dlsproportlonation in

/ '.".

the sodlum-containing systen are qulte different (Note.that

kY

:fdduqb66118 does not seem. to existl or (11) Lhere are lower

/
valent. nrpbium atoms dissolved Ln tbt reparation but the Nedl

pOJnt is above room temourature.’ Thio in01dtntly is more

-

5

Likely fdr a rattice wi h.a. smaller cat;on

-

From the previous OLSCHSQLOHC it appears ithat e;ther

-

lbOmOthOUo dLlution or the presence of large cations in tho.

.luttltn prov1des a stalelzing effecL for Nb(IV)-ion. This

J')

seems to be the @easonufor the linear plotfobscrvod for tne
pyridinium salt . , ‘ o .

.~

{b) Susceotibllities of iodo salts . ‘ i e ) >

Susceptlbilities,of iodo com\aexcs prepared at: lou and

"hagncr temporatures were idﬁntnca1 withln expcerentul error and

7 <
l

LNCJ uere"somewhat lowox tnan those for chlorocomplexes (Big. 2h)
,\ﬁ\\_' The. behav1our of lodo salts shoﬁ* that there 1z a

signlfi cant dlfrerence in: the parameters: 10 Dq ano k The

=

data euéeest that k is much nrkrer to’ unlhy for 1090 than for

. _
ohloro&anaiogues.
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(c) - Susceptibilities of tantalum complexes Co ',f"f

- Plots of Y versus. 1/T for- K. TaCl6 angd - (PyH) TaCl6

were linear as may be seen from Fig 27.5 As expected the

A

susceptibility values are mawtedly lower than those for salts

of ‘the A Nle6 type ;; S o
‘ T »

The enapgy level scheme for a 5d ion is approximated

by (a) in Fig. 20. Since £ for the third row.transition

J4

"‘:elements is of the same order of magnitude as 10Dg, only the
lowest energy level is occupied Paramagnetism arises in this

case . in two ways, -namely Kl) a temperature independent contribution

»

ﬁfrom the second order Zeeman effect between the ground state;

[

and the 7 (t ) state and (2) mixing of the two Ty states

through spin—orbit coupling which gives rise to g temperature

dependenttcontrihution - . _lt‘ L {

The T I P. contribution for K Ta016 was obtained from '

the interoept of the plot in Fig 27 and waa found to be

~ -

185 % 10 -6 e.m.u. /mole This is leés than the value found : '

}for niobium salts which is in- accoe# with the higher value forthe ..
]
) L : . . A s

spin orbit coupling constant. - ) o

kY

Owing to the smallneesgzi'the_paramagnetic-component

in K PaCl6, dilute solid solutio f the composition -

—
£, (Ta, Zr}Ql6 gave no meaningful results. In view of this'

difficulty, ad e.s.r. spectrum of a sample of K, Zr016 doped

L

2
wlll be discussed later. S s

-/ | " o o I e
/{ | ,. jJ o o ; I

wlth K TaCl6 was measured and the results of this experiment
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: Like itsf.hizbivm analogue (PyH)eTaClG has/;%crystal
' i;%ktry which is lower than octahedral Thiéamay eiplain'thet'

~ hlgber susceptiﬁ&lities observed for this complex o ‘ -I/K
-Susceptibility data o "_\\\ K SR S i

PN, x_ :

Tables XIT: to XIX give the numericallmagnetic data
7for the various complexes studied in this thesis The
-dlamagnetic cdrrections were taken from Selwood‘(lOl) and ‘the -
.ccrrected susceptibility is referred o as][ nCorT.

"Llectron §pin Resonance Studies (e s.r. )

m——
B ——

—

‘fwrinciples 'of e. S . r.oo L "f{~sn

——

- 1

" The electrcn has associated with its spin a magnetic,

' ‘ . l'u:“ : . - I:
Comoment wg gtvepny T T T s
'\7}' U"._ i "‘_' . .. - . . l .‘.—f .‘-' . ‘
' SRR M —_—gBS (erg gauss )'. o [20] L7

v

L] :
here ﬁ; is called the Bohr magneton Sxis the spin qﬂantum

N
\\\ number Of the electron and g is the gyromagnetic ratio with a

., value of 2,0023. .. L | \ .

Y k]
N
' /

H

A

The orientation of the spin vector is nérT:;ly of -

no ccmsequence but, in- the presence of an external m netic- 1'» .
3 fipld alignment of the spin occurst A low energy state arises T

4 :
when the electron moment is aligned with the field and a '

| bigher energy state when the md\Ent is aligned against the’field

al e

-

.The: difference in energy between the two states is,

o prcporticnal to" the applied field H

’.T' In quantum mechanical t the two spin states are '

-

quantized and the comppnent M of the electron spin vector ”

b

in the field direction can only take one set of discrete

Il

B . - . 0 . ¢ -
" - [

b . . . . . 1
BT . . e
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TABLE XIV

- Cs’ NbCl6 (High temperature preparation)

iX. x 10
. m .

(e.m.u. mole )“ (e. m.u.

6

e
jx orr .

o Teﬁp.
@ple "Ly (eg) -

_ Merr
(B.M.)

LYY
-3{6
.- . k93

603

549

625,

CsszC%S_LAqheous preparabioﬁ)'

LR

664 =, “ ggg;f

. Bu6
723

855

? T

' 1385

7451

519
561
541

| OsphioClg (3oo° preparatioh)

“4g3

——

—
.- 6T 301
. 681 |

- nge3
Tug
791
87F

3&2_

| 386
C . 438

| 475
485

o p,f557 |

’XTIP NHSOX.}.O

True Mement

. ‘.r‘
J

6

0. 5& B M

- 572
616

668

D705
715
Cqer

é m.u. mole

300

C71e 4188
833 128

-+ 102

237
195"
64

132

102

" 234

l(;:
18T

138

225

300

107 -

' 4

== i e

. . .
o O Ok

.25

.08
.92

L2
171k

.06
.99

17

26"

L1h

.84

.8

07
.96
91
.89 -
82

‘o
a
v
g
K §
-
r
-3
i
t
4



- ~ ! :
Csz}JbCJ,._G /(/-275 preparation .C'Q'm{;"j@:

2281 C ":Sli
323 . T '553' '
365 595

s /o et T e e

476 0‘890 T

. ST e 0w
o .535 T )// 765 120 0 0.857

' _.J...i;‘o o .
1,04 :'/

O 961

or i,

X moT p., M 340_.-}: "1'0-7'6 e.m.u. mole'."]'
- - / L ’
True Moment ~ 0. 63 B M.

v
\

= Cooare=l . D Lo
I diamag . _-239/e.m.u. moJ‘.e._ o T 7

- . " . . - e . s . rd o ‘ . )

) - A “ i ) ‘ ‘ |
.. - -, L ‘ “\ . ‘

IR : ; o | |

! R LN ) ]
- . ’ ~ .'. - ' . - -
. , . . .

.




- .’__’,-v__;;__ B | ' ‘ N ] . ) . .
L T . TABLE XY B L
“:.‘. o ‘ - T, ) o . i - : RIS s - E ‘ ..“;:‘
Ha,NbCl , : : ' LA . . T S
‘ 1_321 | & { . . . ) . ) ) O R

! . . . . ' )
Fn ] ; ' . . \ : . . ‘

Jy_ SR _:Z~éorr ------ 6 . SN Co T -
i}ﬁﬂ X 1045 i‘“ :Xm %-10'“1 ﬂempTI - Merp Qe
(e ni.u., méle ") (e.m.u; mole ) (°K) C(p.M.) '

v 520 -][;Hﬁ 698 - 1299 29 X | -
679 7 L 8T @6 Les
791 969 T . .. .182 1.9

‘1038 . . 12160 T 136 15
CLleopst 1385 o . owag T L

Cazro e 1548 100 . . 1.11 . '
| ,‘-37 R R e - *x‘-‘¢f~
":’j:' T . - rre ) L._.:!_" ‘ . B " . . - '. ) . ‘L

= .178 x 10 6 e.m.f._molg

L
1
L

610 . 1088 489, - 1.18.
. FO.
1
1

L PABLE X1 | o
2 (PyH),Nle6 ' . L . -

. cory | 6 - o
fX m B 'Txm *x 10 - Temp. “Perr

(& mou. mole™)  (é.m.u. fiole®)  (°K) - (Bu).

MES‘ . 691 .g;j. 299 "_ 1.29 7 |
_ sk e C720 #0273 l.25
| ug2 Coqhg v T 2u9 1.22
su9 -~ - . . 406 - - 216 * .- 1.18
hio ) 876 Coar9 L 1wm2
6?708 T g S V'Y A :;.07'u=[
908§ - oiarh 0 --06 7

T ek - :&g‘ ) "*  .i

?ydi{mau = 66 x 10 h.g, mole’ . . ' ) “; o
. \ ldiidl . P B > Uy

AT -1 -

Xo.r.p. = 40 x 19 b i mOle '

AR . .« . ;

True.Moment-é O.SO.B.M..



‘ o S

Eooo OTABLE XVII . N

f CSZF‘”’IB (High temperature preparation) . \
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’values which are ’ Mg =J;.% or 1. Eleﬁtrons‘in the A
. lower state M =.- T/2, can now- %e excited by elECtraa;gnetia
‘radiation to- the upper State, MS-;V +1/2 as shown in‘Fig _28,‘ -

‘and for a given applied field Ho' (gauss) the energy.AE (ergs) "~
' ~. “;'. S :

-required for the transition will be:
) AE = hv =~gBH (ergs) : PR ' 1217}

where v is- the frequency of the applieg/radiation _ Since AE
is very small the most convenient radiation frequencies occﬁr
-5 in the microwave region of tha electromagnetic spectrum The | ) :
constant & ssum&s values oth;r than 2 .0023 when: the unpaired '

eiectron 1s no longer free i e. whentit occurs in compl@ﬁes

An e.s.r. spectrometer thus~ﬂr§sures the energy

‘.

b

.4

r

required to- reverse the spin of an electron whiie it is in an

external magnetic field o o o B y I

I

In all the foregoing theories of magnetism it"has
been assumed that the individual paramagnetic ions in a compound
" act independentiy-of each other In most coordination- .
.compounds the shell of ligands surrounding the metal “ion is R
sufficient tb-ensure this. However, the situation often‘
© arises where thenindividual magnetic ‘dipoles. do. influence
each other leading to "co~operative“ or hexchange" phenomena

This may be Simply because the distance between the~para- ‘

'magnetic ions is small or because the-intervening atoms are

“:'



a

ur

' capabie of . transmitting the magnetic interaction - If the.:
)

'.orbital magnetic moments of the ions are neglected the inter

o L = 2J Si k | i o | -.[,22]

’action between dipoles (S and S )ﬁnay be described by .

‘Awhere J is the. "exchange" coupling constant .If J is positive; :_e
ethe lowest state'is that with the: spins aligned in the same . |
o'direction and if negative, the 2Pwest state is that with spins/i
opposed {fhe former case 1eads to- ferromagnestism - The latter_ﬂ”
:causes a lowering. of‘ j( and ”eff and when the interaction is
directoand large with respect to kT,.it is identical to' o

' COvalent bonding..'However if the interactlon is indirect

rthat is, if it'dccurs via iptervening'atoms, it is then known

. .

as "smperexchange" L S S

¢

Spin superexchange is detected in. the e.8.r. experiment-'"‘

)

because this technique is extremeiy iznsitive to this particular‘

effect —Griffiths et al (103) investigated the paramagnetic

’ -

-resonance of adjacent iridium ions (Ir0152 ) in chloroplatinate

. crystals and determined the exchange interactions between them

P

“More recently Westland: (25) investigated the magnetic properties.-
' of hexachlororhodate(IV) ion by this method In this work (259 ;

'falthough susceptibility measurements failed to reveal any super—

»

[

exchange 1h the ;attice, e.5.T spectradgave some evidénce for

such?d?gpling N
S y Mixed crystal Systems of K (M Zr)Cl6 (M Nb ,Ta}

CQntaining between 1- 2% of Nb or Ta were studied as described

;:"b- . 'r'.‘ " ‘_.‘
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Fig\’ 28 L

\

Tﬁg energy levels of an electron under an < .

. “ v . A
external magnetic field An energy transition
a0

'{Bv...,,.,' ..—.,;':-; “-

induced by electromagnetic radiation is also show
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j, ipn the experimental section C S SN
v“a aa%zracls _ \- S e T ;.‘."; ‘ e
b, - - ’ \ Y T \’ x. .

A An e.s.r. spectrum of a sample of K,2rCl doped .
VNS T — / e 6 .
\ \h K Nb016 gaue only a weak.signal with' g = 2. l20 As the’
. T S "i

e m———

N groutd state of an octahedral dl complex'is not split by e

N —— -

' emagneu_c fleld, there should be no absorption to a first

'aoproximation Absorption threugh second order intermixing
N

of thne ueper I‘Ea“(t-'g) state (Fig. 20) should provide a small s L

~

g value but this would likely be beyond the range of our
- i i . -—__—.-—_‘--,

/.

spectrometer e . .”a*'f‘\si; ' s

.___\ -l —

It 1s to be expected that at. high dilution“

]

practically all of the [Nbc\\eej groups will be a@tirely '""- ac;jj~ni
"surrounded by . Zr016 - groups AifewnENbgls ] groups however

will have another [Nb016 "] as agneareSt'anionpneighbour. o |

A clyster of two NbCl6 ~ groups will constitute a\twoxelectron

s?stsgrif exchange or superexcnange-is~in operatipn: lnfsucn:\\
. 2 case a spin triplet:state arlises as well'as:a singlet.state. T
' Transitionstbetween‘tneSe states-may be detected 53 e.s.r.

and the g value would be 2.0, S 7 Lo

o Thus the g value obtained in this experiment could 'm |
be due to the presence of an impurity .

€, (Ta,Zr)Clg .

Magnetic susceptibility measurements -on very dilute
solid solutions of composition K (Ta, Zr)Cl6 eoul lead to

‘I’

substantial errors as the paramagnetic component in, these

- ' - . ’
) . \ i y ; - PR
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L. . N . [EENER] .
.t . N L

:. . . o - i . . \\ Py : . ) I 7. ' .. ' ' o :
' oy tems 13 ver“'small However the sensitivity of an. e. s f‘

experiment overcomes this problem ‘ The spectrum we obtained

.

- 1~was weak with g = 1 9H " Mg in the case of Nb, a-cluster of

P two TaCl6 grdups will give r}se to a singlet and 2 triplet

'ﬁ'soin states. Transition\between these states .may be detected

U ' ] *
W ﬂ.- T

by €.sir. and the g value would be 2.0. ihus the g value obtained

—h“_in this experiment could also be due to an impurity

\ ——— ‘ “ .I

L - 2. Detailed Search for Impuritiesi L .o ‘_ Ty

The magnetic studies described in the previous section h

‘indicated that in the course of preparation of alkalf‘hexa- °

haloniobates From NbClu, the Nb(IV) undergogs a certaingamount
of disproportfonation._'The partial insOlubility of some . ’ )
. .
' preparationsindioated that contaminating phases may. be produced

3 - 1]
However certain preparations appeared to be essentially or

QS entirely ffee of insoluble phases "~ The prepafation of a single

CPystal“Of\K Nb016 having anomalohs magnetic properties led

to the tentative‘coﬁbiusion that products of disproportionation t

: may. be soluble in the K2Nb \v%él‘\host lattice Since this :
Lo - - .
: ;-supposition is novel a close examination o“i‘\AszCl6 phases ’

was carried out making use of 2 uariety of techniques.‘"si;\ h
. 4 - : X
It was particularly necessary to esf/blish whether Tl

tor not complexes of niobium in lower oxidation states may have Af:

T -

\; escaped detection "In addition tS the insoluble oluster compoundsT
\

referred tO\earlier, search of’ the literatuFe revealed the - ‘l

4
1

i
~—— 5
“‘\\patterns given in the literature for these compounds were

compounds A2NbCl and"A NbClu"(ST -59., 64) _ The x-ray diffraction

*



B 1f present as impurities in A NbClG preparations

‘ wWere identical within experimental erro Even upon close - ~

/ on the basis off the space group of the principal phaSe _The".&p'f‘H
\

_recorded in theuliterature {21, HS) I

- . o ' 1

;hardly;accurate enough for the purposes of 1dentifying themﬁ

-
v

nETaCls com%lexes obtained by us were ;?mparea with those ).' ndi

all-cases, _the results"

Al . -

examination there were no lines which could not be indexed ) .
) S

X ray data for other complexes~containing Nbx6 groups, namely, -

i . C

~ (PyH) Nb016 and - Na NbCl5 are recordedfin‘Tables Xxﬁand XXI

Since (PyH) 1s a planar cation, it forces the symmetry of: the |
crystals to be lower than cubic ana indedﬁ.the powder patterns R

of pyridinium complexes could not . be indexed on the, ba&is of

a é“bie\unit cell. The crystal symmetry of Na HNDCLy ib also . E

-___
—~l..
’ . ~ ' i

distorted from cubic L R f“

The X~ ray dataQ\%r preparations having the composition
'K NbClu and K NbClS" are recorded in Tables XXII and XKIII These
complexPs gave rather weak pifterns Very few lines cpuld be

indexed\precisely to give any indicat}dﬁ of the symmetry

However it\zgfinyeresting to compare d-spacings of’ K2NbCl with
. o~ /

I: I v, ot -'. " _:\-\ -1

/ Lt , .‘ ‘\H\ - “



of "K2Nb015', all of the values may ‘be found in- ?ne or the oeher

'of the patterns of" K NbClu ‘ang KyNbClg, S
h - ' S o
A | Table xx N
" X- Ray Diffraction Data for (PyH) NbCl6 o e
- coo ; _ S J
o, - R o " Relative
3in ' - dla) | .__.. 1Intensity
- ————
- 0010036 .-T.70 | 50
- 0.012492 - 6.9 N 65 T, - _
0.01938 Y s 63 60° -
0.020941 . - T g5 33 : - 100
0.024081 ' 4.97 - s S50
0.028152 , " 4.60 4o -
0.035:03 . . e 412 MO
'0.056331 - . 3.25 © 1w
0.063462 5 3006 60 )
. 0.081970 ) 2.697" 55
0.104252 2.39 ~ 5 .
0.125377 ) 2.18 o 5t
0 1337-82 R - ! 2,11 . | | ] \JS o 2
0.147253 . . = .2.01 - s | o
0.180080 - S B - 60 NS
0.249647 = . L5k o "5 ‘]f'
3 .
2 . -
. - \ . :
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. Table XX ~ Continued ';\\ _ ° | RN

oy ot Lo .o 'QRelatiVe. < 2
in® O , SN aea) " . Intensity ° ~ N
e Foa— ] g - m ,"'- '\\
0 298158 ' N 1. L -1

0. 357572 . \1 29 . .- woo e

.
o

-

¥In Tables XX toXXIV, relative’ intensitieq have been estimated‘.
‘visually relative to a value of 100 for the strongest line in .

4.

B

‘a given X-ray photograph o

Table XXI' .7 _ ) o '

X-Ray Diffraction-Data for.Na,NbCly -
P T —— - . ——
| 2 R o S Relative .-
. oin %f o et % d(A) . v Lo Intensity -~
- L. . , . L .. L - J.)r
%; e R o --f’ . T3 ¢ :
011559 . A U 1 I

0.015910° 0 X T £
018896 - - " .. ‘561 ' . e o
.021559 . . 5.25 ~df/\ L
026173 - T T g7 e j
043185 T D371 . nE0
.04ggly ,r? R 70 1 TR - IR
L067840°y ... 2196 .- 85 /.
L071571 o o288 55, o
075233 | . -5 65\
087556 o 261 . .30\
.103728 C 39y . . 30
125102 SRR 0T et U 200
.132505 : C 4 2a2n A ; 20

¥y

.152526 - | T o1.97. f.\\ L5000 T e
166772 . 41.89 Y '~ 4o |
0.217748 S | _1.§5<;\\ S 300

0 229559 -, 161 . 30

D - ~.
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-
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', Table °XXII ™

A

S ‘ S N
X-Ray Diffraction Data for'K2NB

T
8inT . 0 . - .4 d(A)y + - Intensi

it Q . ‘I . » . . ‘f'.
\ . . .
\ A :

w

0009313 7.99¢ T N
. 0.,011055 .. . o S -

0,008191 © . . 7 7 g.52 © T N0 N

0.016549 ~
0.021869
0:032604
0,045663
0.083862-
0.106608.
0.179610
0.20:584

= onopow R =
P 5 . ‘m

—J]

i—-

i=

- 0

. Taple ¥x1rr . -

. - X-Ray Diffraction Data for K
| N * tlon

II: -
oNbC1 "

S S S . Relative
. 8in" o - ¢ d(A) . Intensity

‘00 o o 0O O © O o o

.6;7232 I ; . ‘;100} S
.022438 20

.0l6Us51 .30

.065980 10 | ﬂ
;072405 (% ¢ -
.082590 10 L
086976 10 e

.095008. - ‘J_”- .- 80
144050 . 30
.192469 - 20




N \i{ . o -
TR ~\“‘ X o ;
/ ' e s . . : '.; ; . _'/ :
; L & : Table XXIV -

X-Ray Diffraction Data for K NbCl6

) ' ' 2"‘. . o - . “ o i ~' . . Relative
_ SinZ @ s\ ‘ . , d(AJ "~y Intensity
,  0.01791 . 5.74 . 100 ‘
0.02380 4.99 . T a0 a5
0.04781 L 3.52 80 . - ”
' 0.06592 ‘ §3-09 - . 8o \'-/5 '
0.07162 - ©o. c2.87 . 0 o 7100 L
0.09541 - , _ &. IER T 70 1
0.11362 | "2.30 o 20
0.11957 223 20
0. 14374 - .2l v a0
- 0.16130 T %.92. R ¥ -
8.19121 - ‘. T 1.76 ' \ 60 Lt e
0.20964 &S 1.68 - w0
" 0.21600 vl 1.65 S s 0 .
0.95668 1.51 \ 10
0.26357 T 1.500 ¥ - T8
©0.28711. 4 o 1.43 L 20 o
0.30303 . I T R U "
0.33557 .1.33 PR T |
: o o, ; | ) B e
T N R C . oA
' . X-ray diffraction pnotoggaphs show that "KZNbCI5ﬁ contains .
moblé,-?The s?éicniometry obviously\?equigﬁs that one Or more L
1uiLional substancés with overall composition n2NDClu be present
‘ne most likely set. of sub%éances is nCln Nb and KqNb6Cl ‘ ‘Since o

,r

)1 was ésed ds an internal standard its PP27ence.was not verified.

of "K4ibCl." coyld be

one of the lines 1n the. difffaﬁtion patter 5 5

-tributed to Nb. Presumably it would be formed in a very finely
| AI . ’ ' x ! e
. . I ' o i ) . S o . o ..
dd ‘ B A y e
5y . o ST
’ g L N : o — i
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divided state. The weaker lines (5 21, 3&%1, 2.66 and 1.72 R)

.

in the diffracticm patj‘/ern\\e-f‘ K21\'Ib015 corres’pohd tp lines:

Ieporﬁﬁd for KuNb6Cl 8 (61) (vide infra) although ‘the intéﬁse

hnes given by thi’s GOmpound welre. not observed

) i - y . &
e As stated earlier th_ poWder pattern of "n2Nb015"
_ vroo
! WS weak In addition there'Was a dark background in the region

LS

‘ dﬂsmall angles wb}ch could have

L]
L)

ffectively masked~tne'lines for
KuNb6CL/8 with d—spapings oﬂ\z .33 A an greater Tbﬁ.dehsity’of

o tne eréstals provides further evidence of the mized nature of @

f-—-
'1he/\n2MbC15" preparation The/mean density of an equimolar

»

"o xture - of,"rﬁedbClq and K, ”?’/16 is 216! gm o> (58,64) wnile that of
;'K Nb M is 2, 6# gm cm (5 ) N _ ." —'; -
\\ ' ‘The "n NbClq" prepgration is of doubtful authenticity '. v

i { b a tom rison of - the observed ines for. e
L\ may be seen\ y 0, Fé /, h .///4//
"K Nbolﬂ" itb\ioTe of tﬁe strongest lines reported for nuNb60118(61)

-

S A |
. o "K\ib(}l R e E v 1 Aok PR
T 6ohie
S 8 52-(\'&0-)’ L ”8_-52 '(70_) L
DY gesouge)y . T T7.88 (100) e
e e _7;33 (10q) -~ 7.29 (90) o
o 5.99. pt’so)/ o593 s0Y - L
o S vyt @y .28 20) (v ) e ek

; o rTbis is strong evidence that the preparation "ﬂsz01u“ :'
s in reality KuNb6C118 3ontaining free K€L and b metql, as

!

shown by the' folldwing equatidn .

-~ - . id - + - .
| 4- ,/ﬁntaxl\beIH' ——— Kybg{lyg + 10KCL + Wb
v o7 o . .

= i

ia
1

o
/ ey

. i
aoA~ ' . -4 ) ; ?‘ I

. Wumbers in parenthesis refer to rel&tive’intensities.



This was verified by triturating a. portion of"K NbClq in

concentzated HC1, whereupon a blue solution and a dark .

insoluble residue were formed  The residue dissolved sparingly

it

in dlstllled H 0 to give a brown solution which turned green

upon adding HCl This corresponds to the behaviour described
for KuNbGCl 8 (627,

Colour of the Complexes

e )
1 Table XXv- presents some of the physical properties of.

the compounds studied in this thesis f 3 N } :
‘ -'
It was noted that the colour of Cs Nb016 prepared
\

at low temperature was not as .dark as that of the high

temperature preparation Torp (21) has reported that the iodo

1 A ’ ) )
salts-aref;;;wEEWBEreasxgur\preparations were black. It is a

~also curious_that pyridinium salts oﬁ-Nb(IV) and Ta(IV) are

—
~ . — e

—

different in colour. ,f'”-

N | h ‘ \\
. A striking feature of the alkali metal hexahalo-

"niobates is that they are violet while the pyridinium and

h

tetraethylammonium salts are brown ‘iy v

We have referred- already to the presence in A2NbX6 \

systems of niobium in more than one oxidation sf/te so’ that there \

J

is a parallel here. with the coloun\of iron salts Compounds
of Fe(II) and Fe(III) are- not usually dark but ‘the mixed f‘?
valence systems containing both Fe(II) and Fe(III) are deep

blue to black. Similarly Sb(IfI) and $b(V)’ mixed valernice 3,4’ e

systems, e.g. KZSbCls are dark whereas salts containing an ony

/ : g e
- L N




: Temg. of Melting . _
: Preparation ‘Points Crystal
und : ‘ , ystal
gompo _ S °g ¢ - (°C) ‘ Colour, Symmetry
o ' & % : : '
Na,libClg 780 A " 582" - Blue Bldck Unknown
R . . P} . - % . - ’
_.-Kei'ibCl6 760 L 782 Purple Cubic
RD,lbC 1 700 802" ~ "
»A- . o J ,'{)
C5 ,NbC 1" 650 g22* ] n
. . * : . - .
Kg"I‘aCl6- 760 732 " i ~/
K,NbC1 | 300 - Sintered " , "
c - . SOli.d - <
- ", Soaon n
3b2NbCfG _%?Q | .
Cs,NbCl, 300 " Reddish "
. S purple
Cs,lbCly . Room Temp. u i "
- (Aqueous’)

- . - < : ’ ) .

. (PyH)szCl6 150 _ ~150.  "Light brown Unknown
. ) ) ‘ . ' . [ . h
(PyH)jTaCly 4 150 . =150 Reddish - Unknown

: . P purple *

’ _\ . - 2 .
. CsENbBrG : 6u0 - >650 Green Cubic
‘\\- . * - ./’/ V ‘ . .

CEuNbI, - 621 >620 Black " .

. D T . ) . . e

Ca oI > . 400 Sintered Black w0

.,‘/2.;--/'/6’ s : o } solid P o // .

e o L | 5 _ brown _
| 1 KENbC'LS” \ 780 .<760 Deep bry ;
CALNDCL, " ~ . 800 <760 Brownish: \. -
e R gggen._ 4
' P ' ' . . ' L P -~ T ):

;‘..’;‘":L ) X! // - :5'
AN A | o
33%'R9p0ﬁ%edﬂziii?sﬁ" ‘:///// i,

" ", . " c L “—:-{"'- L \

17M

1} - ‘.
; ' ]

‘Some_Physical Properties

" Table XXV

of Comp}exés

+
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in a single oxidation state are pale in ‘colour. Moreover,

the starting materials from whi

these systems are preparaed

are light in colour viz CsCl, are colourless-whfle'

SbClS‘is yellow.

- At this stage of the development of mixed valence

‘chemistry, there is only an empirical relationship between

g

colour and constitution of these systems. The dark nature of

alkali,hexahaloniobates(IV) conforms with other lines of evidence
presented in-this thesis4in suggesting that these are mixed
valence compounds The visual apprafsal of the colour of the

com ounis at least in bulk is most uncertain however SO we

(a) Microscopic .Studles

- s .
* . LB - S L

General . : _ et

'Fdn/tﬁeﬂpurposes of crystallographic-microscopv,
transparent substances may be dlvided Into two groups ' \
"lsotropic and anisotrbpic . In isotropic systems, Laght travels . .
in all directions with equal velocity ‘and hence an isotropic
'substance has a single refractive index In anisotropic L 'l. '31
substances /he velocity of lig t varies with crystallographic jf
direction. and thus—there is a rgnge of refractive lndices.

Lightma sorbing anisotropic crystals exhibit different
colours when light 1s transmitted along different crystaflo— ;
graphlc directions " This selective absorption 1s” known as |
pleochroism. Pleochroism arises when the absorbing ion is in

~

dn environment of "low sxmmetry. j I . e - S
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:Interference'colobrs
Anisotrbpic*systems“produce,:in most positions;'a;;

range of interference colours between the crossed nicols of

the polarizing microscope -When two sets of rays emerge on

tne upper side oqdmhe anisotropic erystal, one set has. travelled
-
Parther than the other Be:h travel anng a straight line to »
A
4

the analyser and combine t .vibrate at right angles. Thus the

two. rays are resolved in the

kanalyser and_emerge vibrating in

the same planeg However thevinitial phase separation due to the

—

crystal is retained As\a \sult# when the two rays emerge from

the analyser, they‘interfere and colours are cbserved.

Study of the complexes.‘ ‘ \F"“ i
\ . ,,\ .-/\ ' -

werexopaque when obserVed with

The A Nb016 crystals

yl )] ..4-
: Lrossed pdars- 6bnfirming that Qbese crystals belong to a

-

cubie system Under transmitted light we found the e crystals
_ s

+ to be)uniformly ped as shown in %ig. 9.’ .

5 - S .

SN . Morozov-et al. (18 20). have examined ‘these systems

.

’under polarized light They reported that thip layers of
ystaiiine Cs2Nb016 in transmitted\iight ;ere ruby red with

a weak lilac\tinge while crys;als of Rb NbCl6 were less ruby

a d/mori‘lilac\ In our> initial studies, we also observed the
tlac tinge., Ho ever we'}ound that this was merely due to the

"of. the grains and also to the superpositions

/

“other. Carefully-mognted slides showed no °

#
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violet'tinge but. a fairly uniform red. This uniformity in colour~

suggests that these mixed valence systems form solid solutions,

. fi;e. \single phase rather than a mixture of compounds containing'.

niobium in different valence states

Crystals of K Ta016 were also found to- be cubic

' . .”r e
‘with a uniform lilac colour confirming the observations of

N o
win

Morozov et al. (18~ 20) B | “{ffguq rﬁ )
Safonov (6“} and. co workers reported“AaNbClu”crystals
to be-isotropic and cirinamon red in colour | Howeverjlour

_'-.[‘ “

obserwations showed that the crystals were anisotropic and

the colour wvar d from orange to red brown in different . '_;;
'\=crystallographic directions. This may‘havevbeen'pleochroism
.Of K NbsClla Iy . . L. ) c‘ . ' o
The same group of workers (57-59) reported that '
P s
crystals of"AENbCl "(A = K, Rb, Cs) were ed in cOlour . The -
_present study showed that there were two typés of crystals
orange and red. As expected under the microscope,.these _
crystals had appearance of KuNbGCl 8 and K Nb016 -
- s, /// . o ' ’ o
T . 7
! / ‘ - -
o &
iy -
. ff}/// A s ‘
l.'/ - .
\\/ , Af'4 1 - " % ; . )




(b) Electronic Spectra ‘ _ o .
, . ’ o o ' '
Introduction C. e

-~

_The'UV*visibie Spectra of'the solid complexes were

[

UL
determined by diffuse reflectance spectroscopy The following

discuSs-on presents some pertinent aspects of this techniquea

ol 4»,..

The T diQEiSS\;iflected from a finel{ ground - solid
consists of two parts }\a\regular or specular part which
arises. from reflection at the upper surfaces of single crystals

without transmission through the crystals and (ii) a- giffuse
part which arises fgom radiation which upon penetratﬂng the

crystals, loses intensity according to the Lambert law )

Ilog Io/I = €cd and re-appears at the surface after multiple

L
scatterings. Perfectly diffused light has equal intensity o /
in all directions .- B ; v

instruments and pre aration of samples. Specular reflection

is diminished by'reducing the particle size-

-

3 T _ . . L
In a very broad sénse, there are,severa% general . |

theories‘of light scattering' ‘That which concerns us here is
the one elucidated by Ku\elka and’ Munk (lON) " They showed that

for- a special case of an infinitely thick opaque layer (achieved

Vo

in practice with a layer thickness of ca. 2‘mm) the_following

n

N



relationship holids: _}\sr‘
P 2 v ' o ’
- (1-R)% _ : : : )
s I L .. 23]

. . N . X - \ ‘ .
where R is diffuse reflectance relative.to a nQnabsorbing X ("
standard, k'is the molar absorption coefficient of ‘the material -
defined by I = I0 e~ Kd and s 1s the scatterin ficient,

which is practically independent of theAWavelength for particles.

—-of o mean diameter greater thag'the wavelength of the incident

N o

radiation The function 1s Known as the Kubelka—Munk (KM)

o

function There are seéveral disadvantages to detérmining

absorptiOn spectra of compounds by reflectance extensive

Broadening of the absorption band occurs/and this m#kes exact

assignment of ‘the . band maxima difficult; -{t‘is not, possible
to obtain. extinction coefficiEnts tor the bands_in dlffuse

reflectance spectra owing to the fact that s Qaﬁngt be determined

S
L] : Pl
DI

precisely ' “v “ o .Hf' | {
@ Houeuer, reflectance measurements permit the‘

resolution of low intensity-peahs}at long wavelengths.. These
beaks generally ahemthe Laporte-forbidden d;d.tranSitibns
with extinetion coefficients in the range 10-10°. These

‘ﬁpeaks may be obscured by Laporte allowedrcharge transfer '
transi;iqns with extinction coefficients of n lDu whichlﬂxrmally
Occurmin the ultraviolet region.’ Ourminterest lay.mainly in

because 1t is here that

the wisible region of the spec

n

e

_/:

S
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: variety of energy levelsfd?d transitions can occur between these.

187

some unexplained features have been reported. | .

For many-purposes It is sufficient in representing

-

an absorption spectrum to plot absorbance against wavelength

- or, frequency Forrquantitative work it is necéssary to make-

|
use Gf the Kubelka Munk function rather ﬂhan absorbance

although there always remalns some uncertainty about the

' preparation bf the sample 1.e. the reproducibility of particle slze.

Several theoretical methods have been developed to-

“treat the spectra of inorganic complexes

' Crystal field theory as proposed by Bethe (105)

-

assumes the central metal ion and surrounding ligands to be

fl

.point charges and the. electrostatic interaction between the

@
metals and ligands are considered The theory states that the

five d—orbitals of the transition metals which are degenerate

in an isolated gaseous atom, are split into orbltals of

€
di rent energies by the electrostatic flield exerted by the

- ligands. A partially filled d- shell will then give ri§e to a

e
© The central assumption of crystal field theory{

'namely that the metal ion and the surrounding ligand atoms

interact with one another in a purelyoelectrostatic way and

a ”

do not mixrtheir orbitals or share‘electronsg is by no means
a .

true. There is always some metal~ligand overlap.' The crystal
field theory so modified to~take account éi‘tne/é/gw\ence of

orbital overlap is known as ligand field theory This approach

’ . .
. /
¢ S

-




AT
is essentially a, mixture of molecular orbital (M.0. ) and

crﬁstai field theory. In thi method the’electrons which

) Ao

are concerned with the U~bonds supply the greater part of
the pertubation potential. o

; : “

\ M.O. theory provides a good conceptual picture

- P S .
of how the arrangement of energy levels in a complex is . e

¢etermined by chemical bonding .. Much evidence is now avallable

to show that J ~bon%dng must be considered in interpreting

the bonding properties of" transition metal halide cbmpiexes S
Qwen (106) has studled the magnetic properties of several
hexachlprometallates and explains their results in. terms of
chiorine—metal dm;pﬂ honding.tf{(p‘ . o
, -

The M.ﬁ. scheme for'dl ions withloctaledral symmetry*
has’geen-discussed‘by,variousuworkers (107,108). A schenatic
diagram is shown in Fig.30 . It is at best semi- empfrf*?1
This pictorial representation is sufficient for our purposes
for it provides a basis for visualizing the bonding J. o
| In eiectronic spectra of,transition_metal compiexes:,j
‘there are tWO'general types of transitions observed. In. - \
‘the first class- of transitions, the electron moves from -
a molecular orbital centred mainly on the ligands to Jne

'centred mainly on the metal atom or vice ersa In t ese, ; ' b
the charge distribution is considerably different in "the ground

state and exoited state respectively and 50 such transitions

-
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4

f: A2MX6 gomplexes

" ligands.

fe
f

position of the charge transfer ban . epends on the

jp&idiiing pgw\r of the met 5nd. the reducing power of\the

" lig ; this;aeﬁge ‘the charge-transfer transitions are

rglatedéég,p otochemical oxidation—reduction processes

Thgse tigpsitions generally ‘lie in' the ultraviolet region;
The secondﬂclass.of transitidﬁs in?olves transfer

of an électfon betwéen.orbitals-éhich have predominantly metal

characte;Tl These ure known as d-d transitions and are

usually responsible for the cqld@rs'associated with trahsition'
metal ions sigcé fhey generally ﬁccur inrthe vislble region’
of the spectrﬁm, As étatéd_earlier, these transitions are
weak‘fn'comparison wilth éparge—tfansfe¥>bands. The reason
for this 1s that an electrdn is'promotéd from one orbiltal
that ié'cegﬁrousymmetric to another that is also centro-
‘symmetrfc, and ali transitions of this tjpe are forbidden by
:Laporte's rule. However, such transitiohs are 1in fact observed
owing to the- effeq;% of vibronlc interactions and spin-orbit

&) - "
toupling : ' S

The theory leads to the conclusion that the spectra'

of octahedral dl-ions‘wili'be determined by thgunature of

" N * ' #* i
a d-d transition between the t and eg orbhtals as seen

2g

0N




N l

"o

1

- from the M Q. diagram For octahedral dl systems there : \
are gengrally two low intensity peaKs in the visible region a

(109) which arise through a splitting of the excited 2Eg state\\

The” splitting may e accounteo for by the.lahn-Teller theorem

. "‘

The mean of the two transitions is taken to be the lODq value“\ T

&
Vo

for the complex T | .

P

Figures 31 and 32 show bypical spectra of chioro
9
compiexes “of niobium

It was observed‘tggt the diffuse .reflectance. spectra
of AgNhCl6'complexes prepared at high temperatures were very
. similar.  The caesium chloro salt'prepared by an aqueous

method was also simiiar to the above salts. However this

coniplex prepared at 300°C had prominent bands at ’V25 kK and

N 10kK which are not~€learly distinguishable in- the spectra/of <

salts. prepared by a different method. The spectrum of Na Nb016

has more structure than the spectra of the other hexahalo—ﬂ 3 '

x

complexes. It may be concluded that this system is much more

.complicated than the others. Since NauNbGCl 8 does notrappear

W

to form, disprop@rtionation of Na Nb016 may lead 1n>this case _
to uncomplexed halide such as Nb30118 or possibly NbCl2

} Z
Safanovaet\al (64) were unable to find evidence in phase -

equili rium studies of compound formation between NaCl and any
L

halid of niobium lower;than NbClu.

. ! ' : )
.‘! e 1 . .
-
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-Torp (21) observed two peaks for K Nb)g6 o

L=

L,
a

L

fi(A K, Rb, Csf.%=01 and Br) which. qecurred at 18.69 Kk and R
\23 53 kK (shoulder) in the’ case of the chlord complexes e T

He, also obtained a solution spectrum in molten pyridinium chloride

and found it to Ue, in good agreement with the reflectance"‘Jﬂ ‘ ‘.ﬂﬁ

. 2 A :\ ) . -
spectrum of these ions _ ) SR S . )

"+ Horner et al. (27) have examined the electroﬁic
spectra of these salts prepareE*;y a different method (see_
Experimental section) They also reported two peaks in the
-visible reglon but with maxima at *20.4 kK-dnd 25 6 kK (shoulder)\

--Fowles et al. (28) have reported the solution and

_solid state spectra of [(ch JyN] SNoX g (X= c1.or Br) ana found
them to be simnlar Two 'peaks in the visible region occurred N
at l6 5 kK and 23.8 kK. .The similarity between the solid | S

and solution spectra of this compound led- these authors Lo, . o

believe that the spectra were those of?the authentic NbClQ.

anion. An unassigned band’ ‘at 10.0 kK was also reported .~ .
d

K, s*ﬂ
Ho%ever the spectrum of {(C ) N] NbCl recorded by e
/ of
¢

Benzinger (29) was somewhat different fﬁomrtnat of Fowles. _ '
. ;- ~ v o . & .

xu
He found\qnzeiroad band with maximum abéorption at 22 5 kK

- g
and a shoul at20.8 kK, aand another broad bapd of lower"
intensity at 16 3 kK The bands at 22 5 kK_ and 20 8 KK

Were assigned to the transition from the 2’I‘ 1evel to the two

@

2g _ ¢
components of-the_zEg Tevel. ' |

. - . .

A ‘ L . i . P L

] R . R
i ..

A



There are several points worth noting about the-

i spectra reported by various workers..

i o

of the absorption—mafﬁma

S ye =
r "«._1‘ 1 Aw
J - :

This is obvious from Table XXVI

The preeé/t work agrees quite closely with Torp s for peaks

3 and 4 in the table, and with Fowles for peaks 2 and 4.

.
.

y " TABLE vai‘

(/‘

. to identify the origin_gﬂ_snp ‘10 kK band

S
- (1) There {is poor agreement between the positioné

 two peaks in the visible region Fowles et al. (é8) failed

The clpster

”Compound (62)@has a strQng bands at b 11 kK and n 25 kX and

"\ V"‘

\

a strong shoulder at about 17 kK There is 1little doubt that

"--l'

i
- . . ¥ '
PO . L

n’ 1
" Bands positions recorded by various workers for
Y E.S%lts o Yo 6?_ Ton - o ———
LT g Absofption Maxima (kK)
1 2 3 g
Con - " L
This work | / 16.8 18-19 . 23.8
Torp = E (21) ¥ ) .18.69 \ 23.53
‘ - - e - . = .. . *
Horner L (27) 20.40 25.60
S - S * L S
w«Fowles - (28)' . + 10 16 . 23.8
] " « ‘ . " * ) . .
Ben&ingér' - (29) , 16.3  20.8 22.50
Indicates shoulders.r ;-
> 111 In most cases there are more than the“erpeoted




- ' L ' ) A . " ' _‘lqg ) . X '. . l " . l’ ,-l‘:'.\"

~

‘vands at 0 kK and 17 kK recorded by Fowles “for' the NbCl62

1on are due to the [Nb 0118]

It 1s interesting to note- that the spectrum of

Cs NbCl6 prepared at 300°C had fairly strong bands at 10 kK

and 25 kK which suggests that a considerable quantity of

CSMNbSCllS was‘formed at 300° . Thus the use of lower temperatures,
‘fatled to achieve the purpdse of minimizing the disproportionation
of A Nb016 phase On the contrary, it would seem that the

f

' absence of a melt prevented the dissolution of this compound

-~

in the bulk A NbCl6 phase -However, the magneti% data Indicate that

the A Nb816 phase was thereby allowed to remain relatively pure.

- The ' (EyH) Nb016 complex studied in this, thesis Ts

-
pale brown like the tetraethylammonium analogue The reflection
spectrum of this compound 1s«given in Fig. 33. .It can be seen
that -the intense band at "~ 19 kK in the spectra of alkali metal
hexahalonipbate appears only weakly as a shoulder. Its greatly

-

reduced intensity leads us to suspect that i1t is not a feature
of the spectrum of the NbClBE_ ion. It appears to be a:saciated
with the presence of impurities in the preparations and as it

. appears stn;pgly ip the spectrum of the powdered single crystal
the' impurities concerned are probably dilssolved in-the AENbCls
phase. We thus come_again to:tﬂe conc'usion that.Nb(II) or
Nb(III) atoms.replac; certain of the Nb(IV) atoms in the'AENbCl6‘

, crystal,



Fig. 33:

. (C)\ (PyH) Nb016 '
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A"’d # 4
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B ¥
£ A
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iDiffuse flectnace .spectra:

A) "'powdered single \¢rystal of KéNbCls

hkgh temperature

'%B) C§2NbCl6 prepared at.
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From Fig 33 it can be seen that there is a
progressive decrease in the ratio of the intensity of the

"green" and "violet" bands resp Aivel& with increasing cation

‘size. Most notable of all is fhe spectrunof (EtuNS HNBC1,

oreported by Fowles €t al thig case there is no trace of

—
the lower energ;hband Day (110) has\noted the decrease in

the intensity of bands corresponding to ﬂﬁ&ervalence transition
with increasing anion—anion distance in the’A SbCl6 systems

If both ofﬂthe bands in- the visible region are to be ascribed

to Jahn- Teiler split components of the 2T28 to 2Eg transition,
it nust be remarked that the splitting energy of about 5006 em™ L
is-extraordinarily high Normally,splitting in dl systems

1§ 3000 em™? or less For instance, M0015 has:a value of

. 2700 em™t for the Jahaneller splitting. It seeﬁijnnlikely

tHat .onz of the components of the transition shou¥Xd. exhibit

'ﬁ\

so much more: variable intensity then tpe other. ,

Another.- remarkable feature of this band is its large

ot

half-width amounting to-some 8 RK- while tbe other band 1n~, ‘ ~
(PyH) NbCls, where it is well resolved appears to havi/a width i
~ of aBdut half this valueu_ Intervalence transitions are

generally broad owing to the high degree of-vibrational .

.’.

distortion in~which the product molecules find themselves, ' N
' The spectrum of NbClu dissolved in saturated
hydrochloric acid solution 1s also suggestlive. As may be seen ‘from

o

‘ - * ‘. ’ . T

-~



Kt
-~ )

figure 3H the "green" band near 19 kK is entirely absent
The only strong feature in the visible region is.a band at .
22.5 kK. which wWe ascribe to the T -*—9 E -transition

S8 ‘
There 1is, curiously, no sign of Jahn Teller splitting It

may be that the influence of a single d electron on the system
cof relatively heavy atoms in NbCl6 T is of minimal importance
in influencing the co~- ordination geometry

Spectral examinatiOn of the K (Nb Zr)ClG'crystals'
"provided additional information regarding the band intensities.
It can be argued that in the absence of strong interactions
'between neighbouring-anions, the intensity of a given d-d -
tranSition shoulddbe‘linearly dependbnt upon the mole'fraction.
- of the ion species. 'Conseéuently,‘a blot\Qf log(KM) against
. log x,where x 1s the mole fraction of niobium, should exnioit
a slope of 1.0. If anj-absorption is due to. a transition
betWeenAneighbouring ions whose concentrations are proportiocnal
to x, the:statlistical factor 1n the transition probability
will be .proﬂortional to x2. In this case the slope of log(KM)
against log X should be 2.0. Fig. 35 sn0ws spectra of
K,(Nb,Zr)Cl¢ for x = '1.0_, 0.36 and 0..057-.* As the zirconium
.salt absorbs somewhat at the higner enengies the baseline

. for niobium absorption rises rather'sharply in the dlluted

preparat’ions. For this reason we have attempted to estimate

[}




<

, .

Fig. 34:.

20n

Visible spectrum of NbCly in concentrated

hydrochloric acid.
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the'intensities for the lower transition only. The plot
showing the relation between intensity and concentration
appears 1in Fig ‘36, The plot is a strajght line with a slope

\Y\l\B.\AThe lack of curvature is verification of the fact
that

-

the reflection spectra in this -case are quantitative
Because we have taken intensities directly from the curves '1_
without allowing for the possible influence of charge transfer
abgsorptlon in Zr016 at/v*19 KK, the values of log(KM) at

the lowegxgoncentrations may be somewhat too high In this

case the true slope would be greater than 1.8. 1In any event::::::::::
“the observed slope is considered -Indication that
the band is_ _not du ; y ~d transition“\ _ aﬁﬁ
Tn spiteﬁo?ﬁthe foregoing arguments, the .author
does’ not consider the origin of the band“at~19 kK as proved - :s .
. Against the proposal that- 1t 1s an intervalence electron T _ - -

| mtran“Terjband\\s the fact that in the 300°C preparation of
Cs Nb016 Tor whioh\the magnetic behavliour suggests the absence
of. large hmounts of dissolved impurities, the band is still
.present. Further ,one might have expected to ObsePVe two or
more intervalence transitions. Possibly the best verification
“of the.intervalence'transition would be ‘the preparation,og
alk i hexachloroniobate (IV) which fails to show ‘the band.
. We dig notrsocceed'after several attempts inmelininating-or

L

even weakening the hand.'
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Ilhe spectrum of & Ta016 (Fig 37) shows twor bands
a very intense band at 19 kK and a shoulder at 24 kK Thus .
the val&e of 10Dq and the Jann ~Teller splitbdng are 21 500 cm;l-'
and._ 5000 cm l respectively This spgctrum is qualitatiwely and ’
.quantatiVely similar to K NbCl6 ﬂﬂ - 'tn.v' ) ”f-‘ .. -‘5??.
. : ‘ X ) ) : - hY i ] ! .
Cs NbI S -'~gﬁ.‘ _
_____Jé | o =,

b K
L iy

) The spectrum of Cs NbIé (Figures 38(a) and 3E(b))
cobtains broad absorption bands over the entire visible—- ' ’ :
' ! t q

ultraviolet region. The peaks are due to normal charge*

transfer transitions of the ligand-metal type Because iodide

\!*v

’is the?most oxidizable of the halide ligands, it should produce

ichargettransfer transitions that extend into bhe visible

region.L Table XXVII shoq@ absorption maxim in this region o C o
\‘?E-,‘ o TABLE’XXVII_;_ S .f[[ e
; : § - L : 4 '
o 'Band Maxima fo? C5,NbI. . (kK) L // :
. . . = . . . - - . " R a -
X . . . ) . : L T S . /1 . ]
oo This -Work-. ~ - Toxrp | S : .
V lO“. 0 E ’_ Mo 10 . 70 '.r . ‘ . 0 B LA .
. ’ . Kl T . ' . “ " o I il ) " V " V " 1 ‘
1550 I L U SR
21.0 - 20 T
B © . © . 4 v o N o ) -
) : 23.8 . 23.53 SR | :p
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The - a%reement between the two sets of: data 1s good in

spite of the difference in colour of this complex Teg ded ,§-~ V
by Torp;(brown) and by us (black) ALso’ there is close H;n
C e LT SR ;

low temperature preparations.‘ . ':.' - . . :‘

Charge transfer bands : , j-

- ' i
Noﬁ;gl charge transfer bands were also observed

for other A MX6 com lexes The low apparent intensities -

bf the high energy,absorptions do not throw thelr assignment

as charge transfeéer bands into question as one might think
It 1s a- characteristic of reflection spectra that, because

a N

‘of scattering, the intensity of absorption falls off
‘drasticallz with decreasingtwavelength. A.sample of such

a spectrum for K NbCl6 is seen” in Fig. 39 and positions

‘of. the band maxima are recorded in Table XXVITI for K NbClg

and K Ta016 . Values obtained by Torp areﬁiﬁ?o given in this 7

table for comparison.

-t

ﬁ..
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transfer bands.
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TABLE XXVIII.

i#- _ ;Charge'Transfer Bands
7'C0mplax“‘ | Ref.lﬁrc ) " _'.Band.Maxina (kK)
K,NbClg  our wp%k t 31,0 36.0  42.5
| ‘Torp 7'. ' 33.9  37.74 42.55
K,TaClg . ' Ohr work " g 33.8 Sﬁéo 4o.0
| Torp - 40.0 o RS.&SZ

-~
Py

A

Torp (El)ﬂhfowies (28) and Horner (27) have

attributed the occurence of these bands\tp\oharge transfer

T mm———

. from ligand-to the metals. _the charge transfer most likely

takes place from the non-bonding or filled tluQ;t and

t28 orbitals localized mainly on ‘the ligands to the

predominantly metal t28 orbital " In the spectra of

A NbX6 (X=C1, I)#the charge transfer peaks are shifted
towards lower energles when the chloride 1igand is

| replaced by i1odide. This is to be expected ‘since the,

\

iodide ion is more easily oxidized than chloride.

(¢) Infrared Spectra u.;f“xelT

complexes have appeared 1n the literature (27) Fig. 4o
Vshow-these spectra_and the v 3 band only 1is discussed

It is notable that band A in Fig.suo(a) is not
symmetrical and one may suspect that the band consists of at
least"t;okcomponents, one appearing as a shoulder {
i
&
|

\ ‘\_.,.5___ ' e hf_""'l"" L nia ...;:w;l;_-'f_-._‘..;f_._-__'.';,.f.‘.._:'..,.'.'..__..,A,..---.-..A--: e I i
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Fig, 407: The 1nff§red absorption spectra

g

(A)ICS2NbCls’_(B) CsszBrs

. peported by Horner et al. (ref. 27).
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~i.0. at %330 cm -1 and at 290 cm -1 respecttvely There-ls an
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Pigure 41 shows the'epéCtra-of some Br'ugg7€bmpléxesfﬁ.

studlied in thisfthesis. Results obtained From Nujol- mulls '

between Csl disks were 1 entical to tthe obtained fromﬁCsI

L

preesed pellets : - ' . - . // -

o ’ !

The 1nfrared spectrum 0 \powdered'single crystals of

KszCls 1s shown in Fig. 42. Lik the spectra abdﬁe}hit,appearsﬂ

to consist of a principle .peak at "‘~3J.O“cm-l with poseibly eome -

e&idence of weak shoulders on both‘high and low frequency eidf,

-1 — G_J
Jrngularity at 280 cm ~ but this coincidod with gratlng change e
mechanism in the 1nstruments operation The cpectra were repeated
several times usingrboth Csl and polyethylene plates in an effort
to determine whether these shouldera were genuine features of the

~.

spectrum. Although they appeared consisteﬂLly, the case Ior thelr

) gcnulness is not. stro ever '’ the.shoulder. appear rather

Bl b

clearly at the same frequencles “in. the spectrum reported by

Horner et- al and reproduced here in Fig. ho. ﬂﬁ
// J

,// aThe cluster ion Nb Cl, 8-d absorbs at 280 em 1 ana

331 cm—l (111) and SO the shoulders might well be attrlbuted to

this speciles.- There is:no doubt that the cluster “peéics

: ‘ A D :
.contributes to'the!absorption ‘shown dn curve‘B for Fig. Hl.

However the single crystal of K2NbC£6 appeared from its electronic

spectrum to be quite free. of this impurity. If this is so, andf
if the shoulders are real, they mgbt e attributed to absorption

(o 3

by diﬂeolved Nb (V) and Nb(II) or Nb(III) speciles. ‘ ‘/_ e

Only one absorption band is expected 1n this region for

™,
. octahedral complexes. Such’ a molecule has six normal modes* of

A4
vibration: three of these:are Raman actghe whiie only two
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(v4 and vy) are infrared actiVe. " The v modefig T

- .

\inactive. The mode vy 1s due t6 antisymmetric stretching

_rwhile‘:vu is the antisymmetric bending vibration ‘For

-

MC162“ complexes, where M is a metal. from the second or

(=

third transition series M occurs at much lower. frequency‘

than: does*v3 as shown in Table <iix.
-7 .

TABLE ‘XXIX

N : 'L -
vy FrequencieS\of Some Halocomplexes L 5.
| Of\Transition Metais' -0 T
. ! - . ,
Complex . uu o ! ) _Ref‘
Cs bl - 165 | (27)
277776 _ s 2 |
S | ’ A . ’ . . '1 -
Cs,NbBrg 112 »
. _ o _ - . : "
Cs,TaClc - C 160 m ; |
IrClg2~ 3 ; T (112
' B Y .
Pt0162“ o 182 - -y

“

The .oﬁ frequencies were outside the range of the.

-spectrometers available to us and therefore the v3 modé is

the only one recorded here.

In transition metal complexes, the frequency of :

: ~
-the-‘\)3 Vibratiqﬁ’increasés considerably with increasing




@

‘oxidation number of the metal 1ﬁplying that the metal-halbéeh
l - . N . -

force constant ;5 greater ‘the higher the oxidation number of

the metal. This has been-demonstrated for a number of

" complexes as shown in Table XXX. . - \\;u :
- 'TABLE XXX - . S _f\\\f““~m
- Variation of ‘v, with Oxidation Number
| | T
N

. Complexes

V3 " Ref.
‘ .. (em=1) ' .
) ) g _ D
. II - ) . . - ’ T, . . .
[Ir 016]3 - 296 : (112)
{IrIvdi6]?' . ' 333 - : L
Vo1 %7= - 308. S "
[wvcl6]— . . ’ ‘03 31_? T : | - l'_! ~
,[PtIIClHJEH . s ' : N . 325‘-‘ -_ R ' . n
[PtIV016}2“ R 34y | oo
: Y : -
Thus the effecthf ralsing the oxidatioq}sbate of
a transition element from four to five is to increase U3
by 10-20 cm"lu The -peak a£_305-3£0 cﬁ"l commoh' to all of - = (
P . . e . o4 i ‘ - . ‘..\.
‘r_,ihéﬂAszCl6 complexes is—vgry probably the Nb(IV)=Cl V 3 mode. )



worner et al. (27) have_reported the value 314 cm"l-_

ﬂ‘“’.‘_

EQF this mode. 'The Nb(V)—UI’\)3 frequency can be ehpected i | - -

: -1
& around 330 cﬁ\ . In bswot16 (27) it has been observed .
£ 335 em T, . S . ' @
- On the other'hand\y3 mode for Wb (II)-Ci

stretening may be expected in the range - 20 om"l to 40 em™t

* . w"‘ .\
wlow 310 cm"l. ''hus the shoulder at~290»cm;5466;;é\

eorrespond’with the suggestion"that eithG:\Nb(II) or

lb(lll) is . present. in the A thl6 phases.

‘i'he oossibility that the side features were
dilorine isotope peaks was also coggioerea ‘ nowever tne ‘;
@wserved peaks represent too large a spfead (m 50 em l)
o be accounted‘for by the'ch;orine 1sotopic spllttiag.

dﬁaylt appears from our observation that the u3
stretching mode in the alkali salts is essentially inoepenoent
¢ the cation. Shifts. of frequency are often observed
for a coTplei in different crystal environments, i.e. vy
" for octahedrallA2M016 complexes sometimes shows a quite s
substantial decrease as the‘size'of.the-atom A is increaeeu,
ul25. 'The 33 stretching-modeofor [(Czhs)qd] NoClG‘feported'

_1 -

Wy bowles (28) occurs at 305 cm greeing witn the trend

'Jmntioned above
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- 3. Calorimetric Studies
p. PR . . '-".

-

The heats of formation of, A NbClﬁ, K TaCl6

and A ZrCl6 were studied y solution calorimetry

.A

N ' . !
. ., .

There were two " reasons for the choice of 6. 20N

‘hydrochloric acid solution as the calorimetric liquid

(i) a sufficiently high concentration of acid

) 4
was required to prevent excessive Jhydrolysis of the

€.

materials. ,@ydrolysis is accompanied by the evolution of
' %

a large‘quantity of heat; -In the interest of attaining

good reproducibility, only a slight degree of hydrolysis »

_could be permitted ‘_' - > .
- (1), it was essential that the acid- concentration
remained constant for iong periods and evaporation of acid
of this concentration has little effect on its normality
The heats of solution of alkali metal halides,:

f : =
~=she tetrahalides of niobium tantalum ‘and zirconium.and of \\<»

the hexahalometallates{lv) of niobium tantalum\and zirconium -
a
were defermined as described in the Experimental Section oo
| All samples except the tetraiodide dissolved

rapidly; +In most{qases it took no more than three minutes -~
| 2

ST

3 -

-t ES
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A ‘
. .. v .gwé
G B
for the sample to dissolve completely. -This can be sgen {rom ?
the

3 temperature time curves: shown in Figures 43 to U6.

The heat of solutlon of KCL in water was determined
a5 a check onlthe.aocuracy_of the calorimeter. .The value

obtained was 4.22 keal. mole"l which is in good agreement wlﬁh

lpublished values_of_u.él keal. mole™ (86) ana h.20 keal.

B

mole*¥,(113).
The following partial reactioos were used to

caiculate the heats of'eompleéiﬁg. The heat of complexlnv

of h HoC l6 vas chosen as an cxample The squaro bra..ckci,o

in the variouv equatlons denote solutlo% compoeitions _

(1) 2KCl(c) + [HszQl6 4+ 580 HC1] = f2KCL + H,NbCly + 580 HCL]

o . .AH o !

(2) NbCl“(e) +'[2K8i‘+ 582 HClj = [2KCl + H,NbClg + 580 HCL]
T AR RS S

(3).T2KCL + H2NbClt + 580 HCL) = K NbClg(c) + (582 HC1]

-|‘ -------- 3 o
(4) [2fc¢ + H NbCl6 + 1162 HLLJ = {°KCl + 582 ICl] + [ NbCis

(5) [2KCGI + H?Nb016 +\§80 HCl] + [582 HC1) = [2KCL + H,NbClg

+ 1162 HC1] ...........0BHo \
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Temperature-time curve for dissolution of

KC: in 6.20N HCl. The temperature scale shows

the unconverted ﬁelipophreading. : %jﬁ'
The black dots are experimental points. ;

,
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Fig. 44 .Tempefature-timé.curve for dissolution
of NbClu'ﬂ__n 6.20N HCl  The temperature scale

shows the unconverted Helipot reading.

- © .. The black dots are experimental poinpsf
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" From whiéh we obtain:f' A L

_reoorded inp$ables XXXIfto XXXIIT.

*given for comparison - 'g SR -rJ

S It is obvious from Table XXXIV that there,is

D T

- o 7 v, ) . ) ST

2KCL(o) . NbCly(e) = K, NbCl6(03 co S L g
‘A and (AH., repres 1ti h ormniny
! 5, p e1 ng eats of mixing, are-
A
assumed to: be zero or negligible with respect to other

quantities;_ Tbe quantitie? appearing in the equations are

_based, on, the typicalaﬁxample of 0. 5\§rams of NbCl, being ¢

&

'-dissolved in 200 ml. of 6. 2ON HCL.- 7

The heats’ “or solution 8H,, M, and 'AH3 are

. .‘-_/ -
The heats of eomblexing, AH:, for the complexes

-ca1culated from data in Tables XXXI to XXXIV are given in”

‘;‘Table XXXIV Results obtained by : other workers are also

Ao
-1

LI v T T .

} A . . ) 41"._ ~ .
"l.\.'“ . 4 ~ -

..

cpnsiderable disagreement between the data obtained in this i

R

8

work and those reported by other workers In view of this

disagreement we shall review the data' reoorded in Table xxxIV

Comparison of results
P

- Fhe heat of comolexing’of‘KzTaCl6, reported by

Tsintsius‘and Swirnova 635), was determined calorﬂmetriqally
. o ‘ , . : :

. [
"4 ‘

e

.Ig

3
|
%
N\.\\vl
.,

R
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using O 03% hydrogen perioxide solution as a calorimetric

11quid There is a difference of 10 k cei._between

Tsintsius' results and yhose reported here. Our experience

‘-

shows that tetrahali27é and complexes of the type being

studied glve: gels wh treated with water or hydrogen oeroxide

solutions. We feel that gels are unsuitable products in
calorimetry The compounds studied in the present work
dissolved in 6. 2N hydrochloric aclid to give clear solutions
In every case. A |

!-; Morozov and coworkers {51) heve easured the heeb%
of complexing Pf A ZrCl. (A=Na, K, Cs) by 1 |

ecomposition

methods 1t was intended that the-decomposition should occur

-

according to the equation:

by the flow method with chlorine as

P

The results are summarized in Table XXXV.

s
-



"TABLE XXXV

Data'fP0m~r8ference‘(5L)'

e . . bl
g - - . * . -
L)

Co e
complex’ d‘?iii‘i"ii‘ﬁ"?) qe-”‘pe‘i?t“e Range
NayZrClg ~* 25.8 .:. 432 - 630
K22r016 o | 52,0 i - 650.- 790
cgézrci6 L 52.03"' L 700 - 800

Earlier the same workerslhad reported phase ' ’
,equilibrium studies of chlorozirconates (50) . It is clear

that the thermochemical experiments were performed above the

eutectic temperature. However free energies of formation of
-pure compounds can be obtained bnly at temperatures below .

the corresponding eutectic teMperatures, as this is the only

N

‘range where the thermodynamicgequilibrium constant may be_“

.‘1 ——"'

equated to a reaction pressure. For example~$when measuring | ‘\'
the rea\tion pressure of pure AEZrClG,_some free alkali metal
chloride will always be produced because of its decomposition
Measurements taken at temperatures higher than the,corresponding
eutectic of the ACl A ZrCl6 binary system would therefore

\ l

o PEpresent saturated solutions of liquidus.composition It

)

\ -
ia evidedt that the thermodynamic prOperties of pure compounds_

cannot be obtained in this range: instead the data may be
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- . ] . w .
used to calculate the partial moiar p(pperties of the

soiution (53) We are forced to conclude that the vaiues

N

of heats ‘of complexing reported by Morozov and his group (51) s L

~are in. error. . Zvara and Tarasov (52) have reported heats of;a

-~

formation of . dhloroziroonates obtained by, radioactive tracer °.

1

methods§ The experimental procedure involved the chlorination;

- -

of the oxidé in one end of a quartz tube The ZrCiu fonmed
was‘ied by a carrier‘gas (Clz) to a hot dense bed of Kci '
ﬂ controliable temperature gradient wde set up aiong the bed
by means oﬁ a. furnace which had sectiOnal windings Depending

on tne initiai partial pressure of chlﬁride vapour in the gas

=and on the“mechanism of its ‘reaction with KC1, the volatile

-,

&
‘!;.

4
)

chioride'was retained in different parts of the'KCi,bed;.that

"isi at regions of differing temperatures After diséontinuing

the reaction the distribution of radioactivity along the

- KC1 bed and tEe residual activity in the boat containing the

oxlde were measured, and thus the loCation and intensity of the

chioridefdistributionawere determined. |
Tne_partialpreﬁsures of ZrCiuJ(eLg. Q.OM9 mfm: He,

at 525°C) were’so low that tracaggﬁ‘yater yapour.couid haved

interfered. _ ft has beén the authors experience that passing

good qualitj-nitrogen over ZrCl, freqnently gave zroCl,



Moreover the authors themselves pointed ocut that QPClu i -
readily reacts with SiO2 . This may have introduced

considerable error. e S @

Lvaluation of experimental data

-

Our experimental resblts for A ﬁpClG complexes
“show that the thermodynamic sﬁability of alkali- metal 1,
hexachloroniobaées(IV) increases from potdssium to caeslum,
which is normal for ternary.complexes.

Thq'values\for.the heat of complexing of

ngNbCl6.prepared at 300° and that prepared at higher . .

temperatures'differ hy v 1 keal mole . This difference
is notv.sur’prising'in. view of the- fa‘ctlthat the 300° ,
preparation mas imourel Values of Cs Nb016 precipitated

from concentrated hydrochloric acld gave results whlch were . R
similar to those .for 300° preparation The infrared
spectrum of this compound showed that it was slightly
hydrolysed;l. |

. ) " . _l . i . ".-.‘-
The apparent value of +10 kcal mole for the heat

-

of complexing of théﬁiodo complex 1is anomalous This appears
to be due to aarather small heat of solution of Nblu i From‘*
Fig. 46, it is clear that NbI, dissolved quite slowly. There

¢ould be several reasons for this behaviour: . 5



-
o T H o
a P . *

(1) the. product of dissolution of NbIq in the

I
: hydrochloric acid soiution is probably not the same as .that -

of CserI6 . This may." have come about 1f the metal metal

v

,bonds ‘in. the tetraiodide did not break to glve monoaﬂéiear‘

dissolved specles. ?" |

(11) disso'itring. of A NbI. in HCL solution is - =
pﬁobably accombanied by ligand substitution;

‘. ‘ ' ot

D

. .—- '. 2_
NDI T + 6017 —y NoClg”

+ 61

The. slow dissolution of Nqu suggests that a corresponding 4k
substitution of iodo groups does not oceur readily It .
- 1s therefore possible that NbI6 2= and Nqu do not reach an

-

equilibrium position in this substitution]process In ‘ 7

this case the thermochemical data derived from temperature- ,
; ' = ' ‘
_ time‘plots would be meaningless Our attempts to cataiyse

the dissolution, of Nqu with activated charcoai failed. A

QOur results show that KETaCl6 1s much more stable

b
 than its niobiumeanal €. The origin‘o@,this difference 4

. could be explwlned as llows: the effectlive nuclear charge

of the,tantahi"txmlshould be- somewhat greater than that

{for niobium owin %o the presence of the he subsheli in the

N

former atom, The tantaiam atom would'?yerefore have a greater
H
affinity for the corresponding halide’ ion. .
. P

i

)
¥
]
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L Like the niobium complexes the sﬁability or S

&lkali metal hexachlorozirconates(lv) increases with
- I

increasing size of the alkali metal. ion ' This may be

atéounted for by the consideretion of the following

reaceions - f
(b) MC}&?’(S) = :n01u(g) } 201“jg) o (+ aHy)
'.<¢>f2A*cg> ;IECl_Cg) :?: 2Ae;kf31 (- 2V, ).

‘By adding (a¥, (b) and (c), we obtain the overall reaction

(d) A2M016(9)1= 330165) * Mcd (s ) (B Hg)
and '
_a“R_f"qﬁn-‘%<2UACL - UAgmc;S)
e ’ ) |

‘represent respectively lattice
,CL

Ta e ?d U c1

D

| .
. sw ‘ H
AT ‘ !
! i
‘ !
. b
P s .
’ ‘ .

’ energies of A, MCls-end ACl AH. 1s the heat of dissociation
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Sw oL

- ‘..

o

bf the complex anion MC16 ~'and‘ " AHp is the experimentally™

measured heat of decomposition of the solid AEMC' "

smiller size of the-Cl anion as compared to the size of

the MC1.°” fon. This difference. shouid increase in

going‘from a large to aasmaller cation As the hegt of
] S

dlssociation of the MCl62— ion isicommon to ali,three

hexachlorometailates it feliows that the 'heat of
decomposition.of _AHR‘for hexachloroﬁetalfates should

Increase with increasing ionic radius. This is a

general result for halometallates o : J-L1, ’

- . -0
b

Gas phase enthalpies ' .f.'.ve - . N “‘ .

The enthalpy of complexing, t.e. for ﬁﬁe
2

-

reaction qu + 2% —- MX6 s chn be asseSsed eas*ly only‘

when the reactants and productn.are gaseous In other

>

.cases, lattice .energles and/or heat of solvation are

involved in reaction heats and simple relationships are

obscured. A ' S~
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Ene cle- ma““0ﬁ~u3e&~%@qg4l
by below‘ culate mgrﬂj -

achalpy of formatlon wnen the . reactants are gaseous
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. D
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It

gtb-me&@%re it.. (bee umperlmental bection) ' As tne

_By 2.5, "keal mole

'lﬁ cohclude that he‘additional“entmalpywreguireg_tO UPB&K_ '

yie

.
.

5y 50 d01ng, it would be pOﬁSLble to abtertaln wnetnor

niobium exnioits any-class‘(b) charatter !\Zﬁﬁss (u) metai

t

mignt show a deflnlte preferentlal oondlnb to the larberf

lul%ﬂL 1on 3 Unfortunately, the lattice encr&its of

.
- )

\BQNDUlb and L52Nbbr Aare not accurdtcly Known loreover, .

the egthalpy of bubllmation of Nobru IS nom IECOPdLU dn
. g
e literature, but an- attempt was made by LhL A tnor

i~

rlmental dlffiCUltles proved to be very great’ {nl.

v

A
&? v '

gwjett was. abandoneo Instead, nm wau deCLGLd td‘
fstlmabe tne required enthalpy ‘as follows “ihe enthalpy

d‘subilmatlon of &ruru is greatcr than that of Zril,

=1 (37" 11“) If we ignore tne'metal—

- metal Donaing in NbAu (X tl and br) we may asshme a»‘? .
\ ‘b
;umllar dlfference in the entaalgles of bubllmation of

Mbpru anq A ’la

I metal- metdl UOnuLnb is Laken lnto dccount
L% - [

o, PN : -

™ . -1‘( - ..’- 1 e P
this bond.should be greater for thewcnloride as tie wu—gu i T

i B . » * &

-

/II o Rt JQ

|
i '
K

oo B N/
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N v T ) l ' i . r {;’
B PR P
T . \ ; L L /)
dis;dnce"is presumably leés in thié compound. 'Tnese -
(DﬁSldePatlonS put a maximum value of 34 keal molb -1 Y,
} ) .
u;tne Lnthalpy of agQiing&ngf Nbpr#:; .
The iattice energies of ngmbCl' and Cszmour6 S .
were ebtlmated by the metnod of Yatsimlrbhil (115, if |
e dlffercnce in strength of LnL mftal—metal bonds in
.jwulu and Nbbru be 1gnored, we obtain the eétimiue of heaﬁs_ .
- N N . r I3 o ' !:I'J'.
. onplexing giyen in rafie ;cxxvl. B ,
. n b
/!
e CPABLLE AA{VI y
Gas phase data for LaiNoti6 and bsgmaﬁrb (kcal mﬁle*l)f$”i \
- X-Ray ) _ '
. an51tx . U -
\mnlex . (e ™ 3)(3TI 5(31411”),-U1(1¥3) u;(llh) —th -Ang
v - ’ L
ZlNDUl6 : ' _2.522 31.4 155.3 %bfk\\ 3?-j{:.U'U
o ' 19,1 356,08 230 T0.h
3 fosr, 4,216 U R
[ ) 0 " » ! ’ k
sstimated . . : ]

-

aw . szdbdr6 ds negliglble

mdt tne bromo Lomplex sho

entfialpy of formation (AHg)

,

nowever 1L ml

uld exhiD

a much

Tnus tne difference in the gas phaée’enthalpies of Cs NbUld.

-ce'eapagtcu

less'négatLVE'

- ‘ ' o
{nee’ most elements exniblt- class



_y -
' \

, . . -.‘" - . ’ . ".k"‘. . "
*(a)'chawacter) o Since tHls is not 59, "N EEVY must be o - il
\ . S

capable of class (b) character o Hjl' ""-"- L

S However the preference snown.toward bromide whicn
O N
is lmolied by these resul S5 would be reduceo if it were_‘

'ess than 3& kcai'mole

Enthalpies forﬁgomplexing from gaseous reactants For
saits of NbCJ.G2 and ZrGlG ions are given in lable XXXVII o gg

for‘comparason. There are several conclusions that can ‘be’

" drawn from_the data in this table. lae- B | .

* ‘

(i) By comparison of AH, for pairs of ‘chioro-

zirconates.and chloroniobates it aopears that. chlor021rconates T

care more stabJe- however the difference.is small The trend

observed could be rationalized if we. assume that the’centraL atoms

in these complexes engage in strong Cl -q,M ﬂ bonding ﬂb(I?}

'ﬂrhas orie- tgg electron which would diminish somewhat the // jir ‘ |
:‘"tendency for Nb(IV) to accept p electrons from’ Cl in a ﬂ-typé""cgéx

; & _ ;.
interaction.’ Althohgh.wb(rv) wil; have avgreater‘aﬁfective

‘nuclear charge. than Zr(IV), it appears that- the specific.
T ’ Pt - ' ) ".. ‘-' N ' . . ) ..L—q EA .
chardcter of ;the T-“ntepaction is of gf té? imoortance.;n‘ g .

. . .
| . ' h o '
. . . PP
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TABLE‘XXXVII et

Enthalpies of " complexing from gaseous reactants (keal mole"l)

;ﬁ‘- !

e ~
-

Complex S (37,118~ F (110) V) Ger) B Sk (VeES)
Bl 3 o 6L o390 .60 182
KRGl 2T - 6AL 39.0- -17.7 133.2
S CsyNbClg 31k é/El 38.2. -25.2. ¢ 140.2
5ﬁ,?52?r016 . abl7 NN 38.2 =338 gy ‘

s
o ) L

L

‘ determining the relative heats of complexing This T inter-
< action would decrease in going from d° to- d6 ions i; e. towards

the right in the periodic table for Wu~ ions. This is

/

/{ further. evidence for our claim that these arg not simple class

’_.-.-4‘.‘-_‘.- -

(a) type elemegts

B |

(ii) The niobium complexes form less exothermica‘ly

r =~

’\\ than the\zirconium analogue especially when the

,actants are
fin their standard states. _ This is in part attribut ble to
" the heat oq metal—metal bohd breaking in the sub_imation of

.‘,‘

- NbClu The metaL—metal *bond 1s preswhed to be broken when
ubcall is #olatilized (NhCl“ vapour is assumed bv Schafer (3“) ca
'"'.‘bo be movomerio) Thus some “of the difference in stability

Gf thé obmplexes, wheh referred to standdrd states. _is

Lo - . B A
¢ . ) i e , - .
; \ . A | i {.
. ) * '
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Y T -
4ttributgble to tne metal me®al bond in Noblll

LIt shoulu~be noteﬁ that molecular dLmen510n

and,

gnarges are very similar for the pdlr of atomb under -

. discussion. ' For example; tpe lattlce constant for heubClﬁ ' .

is 997 A (21) Wnile'that for 52Zrb16 is lO.QBJi (g2).,

: s . =\ ‘
tilcuiated heats 'of complexing of aX

() Moy

ueats of complexing were calculated by the metnod

I3

-~

used Dy L51ntolus and S\lrnova (35).-
, , - - S ,
_ The neat of formaylon ofr A2Nbbl from tne elements

wn be oetermlned from the equation

Aﬁ°f“tn'NbC16] 2Ad°f'Lle] # 4i° . [wbCly] - 614

a1d has “the valpe —380 5 kcal mole l._ The heats of formation

. T a
af nbl (llg) and\Nbbl“ k37) are —lOM 18 keal molt.'l and -166 . .
N :
lcal molc»¥ respectlxely o v , .
@ ‘ From the publlsned (20, 58) densiLy uata and values.

of HLahp of formatlon of the correspondlng gaseoub alkali _
metal lons (113) -we' calculated«é%g'lattlce energies of the LHlOPO

CQmpléxeS KENle6,Rb2ﬂbClG:angacsaNbpl6jand pne enthaipleq Qf;formatlon‘




-

of\Rb NbCl6 and CS2N c16 ' The values of‘the lattide energies

were estimated by ﬂ
e
by Yatsimirskii‘t115),

apustinskii's formula modified'slightly-

f . -

i

et

y < 287.2 Snzeiza (3-0.345) . .o ./

‘ : ' T - L ===~ + 2.5 3n.Zc.Za F“Qj
o B r .+ d ) . 4 <
. _ - Te Ta o } rc+ra T 'a*\\\
‘where. S . ‘ o L : P :

hes
- h
‘v

S A : ‘ ! o ’
2 n-=<i;mber of ions formthg a molecule of the salt. //
Ze and i?/= charges on'the ions. o T )

r.= v = inter-lonic distance A°

a Z : f
Yatsimirskii r.é 11.85 ./

--sr /,

S lBoo.aidn oo T L L2l

whefe‘d is the dénsity-of the substahce and M-is:its.molscdlap\

~—

-~

weight, . Using the equation Ug g = AHMQA v 7 2AHMJ,* Hﬂ2; : o
. 2 - . h =
%

- o o
transforméd for Wo" salts of the same type with a common anlon

and different cations the follow1ng ré;atrosship is dbtsined;
Cowe L oane ot 10 b SAHO ) 4 Uy ven = U
"% Ro e L ‘AH‘K NbCl6 2(AH goT T SR TIPS "o libClg

- " - o . . ’ ~.
N, . . S - o
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TABLL XXXVIII

o

The calculated thermochemical data are given in Table th¥IIQT‘

BT The calculated thermochemical data
o AHO . |
‘ e . formation- = " AH formation
Densit% ‘_zr'o U 1 M+ . from e‘emenEs
Complex (g cm™2) ( A) (kcal mole™ ") :(kca_l mole™ 1) (kcal mole ~ Y
. o | - -7 ‘ o
N ] _L\ - B _' | ' j
folblig . 2.547 4.38 318 123.07 -280.05
= L = ‘, L -
f"‘\b-i)I‘IbClé 3.04 4_;34‘3 374‘ b s 118.30 - 386 : ‘
CENCL, 3039 bosh i 366 "110.08 “395 .
‘:::r ) : . -‘: . .
Fre/;xheabove ci'ata'j heéts‘of'comclexiﬁg of Rb'NbCl6' r
a'n,d CselJbCl6 were . calculatad and tht results are recorded “in .: 4
Tab1e XX‘XIX Frorn the dem‘alty and _;Lattlce encrgy Gawﬁl glven by )
TSll’ltsuls (35) for: AETaCAB ‘complexés. and the heat of complex1ngw
P

' for K TaCl6 obtalned by ubi heats of compLeclng for Rb TaCJ.6 B

Tab;e.XXXIX“

and Cs2ra016 were also calculated and these are reccrded in



/ @BLE *oor:Ix B . o v T
Qalculated heats of Compleklne\-i' %
v _ ‘ ) P
o o Ay > from o . AH ~ from solid
complex . . solid chlorides . - Complex ¢ ¢hlorides -
. ' SR S R ' -
_1\2_1'19016 . : —6.1“-_ . . K2TaCl6 R S
5 | (expenlmental) ) o (eyperimental)
Rb _NbCL, . S Ll "7 Rb.Tac Y
d 2 6; ) N i . n Rb TaClB ; ‘h h L L
Cs,libCL, Co=22n Cs ac164 L-su

. ' . L ‘.; . Jf?ﬂ_“ ’ “d ..‘ 7
. L : oo . Ce . - . o
- - - , P ' AR

There is redsonable agreement between thecc calcu

values and experimental values given ln Tablo XXXTY for nioblum

' comolexes. Thls lends support to the exoerimental data ior ' . .

2NoCl6 ComplEXES and shows that it is fairly acohrate orov*qinv
. . )

there’ is no systematic ‘error, L.

) . - ]
- A} :
-t

It should Ee noted that the method used to calculabe .

[

4. lattice energies ls ‘ery approximate but since we are interested

only. in obtaining differences the exercise appears to. be

b

Ugtifiedo

h. Decomposition Pressure Measurements

It was stated earlier tﬁat there 1is a lacl ‘of thermo-.
ehemical data for bromides of WﬁSB fa miliar elements aUCh as

niobium and tantalum For instance thereﬁis;COnSid¢rabl?'

o
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4 N

'disagreement in the literature regarding the meiting point

ey this mariation is due to’ impurities in
N
or other experimentai efrors #s not clear

of NbBrS. Whe
the varfohs_sampl_
'r tetrahy lides of niobium undergo thermai dis-

proportionationf75 117) to the corresponding pentahaiide and.

a 1ower haiide at eieqited temperatures according £& the

" equation: e o \
. . ) ) ; _-.,a- . —. . . : I ] ‘\:. \\
- : T, BE ll._ Y N . o o .
. (5 X)PJbBrH('S.)' '"—'--—)E ﬁlerX(S) t ( l- X)%\]DBR (E;) -

3

. ‘ : - ‘ o
where x may vary betwéen the limits 2.67 and\3.03 (117, Thus

‘ﬁaiknowledge of ‘équilibrium pressures oi NbXg is desirable for

T

- ! . - S e Tl N . L
work.with these cOmpounds at elevated temperaﬁyres In the

i
preparation of Nbxq,rit is necessqry ta’ maintain a high pressure

L T

f NbX5 by having an excess of Nb¥% present as a 1iquid sSuch

| ]
decomposition pressures of tetrahalides of niobium and

1

jtantalum have %nother JAmportant. agplicationl We- have talked
about loss of individuaiﬁgﬁgbertﬂes” of these metaLs in the
Teariier part of this thesis _ Ind@ed separatafr of thesr

metals ﬂrom gach other 15 a challenge to the eitraction

I . -

metailurgist in view of the importance of thesp mctals in’ L=

¥

modern technohﬂgy. A knowiedge of decomoosition pPressures is_



;nxtramely important in.the difficult separation of the eiemer

‘the reactions-r”]faﬁ;j;f;jﬁq]-;l”_f}'q“f S ::'jijﬂ_»f SR

.31issooiation pressuges of NbBr5 v=r mixtures of NbBru and

" NoBp - Wh‘ dew point method in this study& nefmits the j'f}fi

l ! . ) \“ -.. 3 ’ ._, :. PR T
i LR ~ . .
» 263 I
. - C 7 e -
e ‘ o . Co
. s o - . ) e o
i . ] .
1] o ! ' SR .
. : " [ SN TN
s T
. - i o /E\ p
. e 0 o
o0 ) R 4 ; \ ]
el S
” ~
a
~

S-;.': e

rF

Schafer,‘Bayer‘and Lehmann (3#) have measured the-§‘4“

deoomoosition\pressures or Nb015 over NI:CJ.I4 + Nbc' by vaoour ;
dew point measurements. This eiegant methOd had beeo ﬁs "5 ’

. a“.' f = .
to. neasurement of titanium tetrachloride pressur= (87J *n et

N ..\

\_ : .‘
K . . R [T . .' oy g A . ) . 5
5 . .o ' oo v R .‘- N v e
Lt .

A | '.""'211Cl3 —N T-LCl + TiClu q T

T o
}t‘ . L. . - ] .
S We have used the teo;;iaﬁe to measure the eoui oviumiﬁ .

-~

! ﬁuex
q{ﬂhdeueﬂnination of pressure of’the major component in a - gaseous 5
?.imixture of NbBr53 NbBru and NhOBr3 . "Qﬁ;7];g ;;f-'jni‘a - é
< ‘§h° "' oiﬁt measurements Were carried out "as’ F”’” a

’;7“a~~ viped-ia\the eaperimental section The results are given ‘ff; -
in Tab:e 1ts;;”\;;d“Fig._'“ The results of two diffarest .'r?iﬁﬂ”'”
samoles snow efﬁgllent agreementwaﬁzggfig 47 the two segmen* ‘
of'the pl ot cos;espond-ng to solid ‘ahd liquid condensea phases .
intersect at tpe melting point._ g bBrﬁﬁN Table XLI gives.:"
tha ma,ting ndints obtained by various workers. ‘;u,.'"'ﬁo;g‘. |

. . T T
' - . : .‘_':, f‘,_ ’H '
' ‘. BT e~
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rurnage -

V(T°Kg

N~ o

-

oA

_ TABLE

B

)

.-J—‘

~(TOK)”

iDew?Pbint,

Furnﬁce

.L B

N

Equilibrium Decomposition Data ,“~'1.Lf;.‘

log p

\5119{

559

.. 562
570,
o579,
588,
. .'597.
60,

. 6ib,
621,
62k
630,

; 636,
.o 639.

,._‘ .

uuxﬁn RS W i =1 .U U -1 o N O ‘,

-

e sl

474,
LT,
= 482,

490,

497,

- 506,

513

- 520.
' 53?3

-
LS
57

555,
564
2575

B

1.779

o 1.821
1,788

21.752-

5 1:725..-
1.699.. .

17674 "
1.653

1.626

1.608

1,601

- it586-

1.571

il 56“\7‘

-“ra

AN

ol "

0. 162 T _“;;'.‘.".f"‘. ‘

-

.

. 0.300, -0
- 0.375 . '

*)o 587
Co.7s -
0.987°
1.150
1.300 -

‘i 587

. 700

'L837.

1,962
2. 100‘_'

L g.iéﬁ,

kﬁ

Melting

Fr o =N 0 v ol vw O 0 ol

. TABLE

O <5

"Melting Point Data Tor NbBr. .

T
o . ¢

4.
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-239° by the méthod of least squares and o

267

\ ' To utilize the dew point data saturation preEEures

of.NbBr5 were needed

Two previous investigations of the
vapour pressunes _of NbBr

‘—__.

5 ‘have been reported Alexander and

Pairozother (131) employed a. stat
\

type gauge 5 We evaluated their data for temperatures above

Tew methodﬁuoing_a Bourden

T——

btained the fol‘owing

equations ﬂor the,temperature dependence of Vapour pres eume:

T

—

1og o B = 13.17% 0,15 1 (6.17%0.01) 100 Doy qa
. . T .
: T n17 (239~269°c) . T

: loglé P, = 9.30.% 0,06 .—‘_(u,oa,to‘-;-di\_)\ '_l%i o ~[28 ] o

v . B . ’ M o e LY

o : . w | {270s360°C) T
- Berdonosov et al. 41Y9) obtained pressure data by

employing a radioactive tracer technique in a\static method.
They give the following equations for the dependence of vapour‘ 'h\”

pressure on temperature -

"1ogiofb = 12.52 * 0, 33 - (5 782+o 158) Io3 o ELQj %

/

A (205 252°¢)

‘H-

foslo b ="9.784 + 0.260 — (4, 3u7+o i@?) 103 T[307 -

"

- O (252-35000)
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.. :. LIS . . . . - . . : -, . e T - . e T . ‘-?._“_
o M- RO _'_\‘ ' " -

~Lﬁ;~w- “hm;g-.; -_‘-\H.,,‘ : n;h,ﬁ‘q; g
~ Tt There is reasoﬁ“blyxgood!agregment between thl two
\‘\
\\\\sets o% results only for the higher temperéEEFEBeweBerdonosov

; et al“eceztainly report meny more experimental ﬁoints 4t low 'Qﬁnsﬁ}
5]; temperatures.. However, our melting point vaiue dﬁffe;s. .
: K 2, . .- - ‘. S
-.considerably-from that giVen by Berdonosov et al bbt agrees 'p"‘uff'
_-_-__—-_'—-_ ' ’ - '. -

ﬁell with thah’o.*AiexandepnandTEglggggpber. For this reason

. '—‘_‘_-__—‘—--... ’ . .
and also because-Alexander apd Fairbrother uSed direct éressd?@““‘“““-

- ‘ . !

composibion pressurés of NbBru\‘“%Q-' v \f "_*13_‘;. "

N te . . : e
. ‘ el -t . W 1
; T . B \ .

' Saturation pressures of NbBr5 at thekdew point

6?ésurements, we have cﬁosen to use their data.._f“‘ , '* .'
e

conreSpond to the déCOmposition pressures oC NbBru Thét'

' .

“\m\; decomposition pressures are given in Table XL . and are  ;'f'

"Fig_ MB ‘The" following equation for the temperaturff\
. ) 3

dependence of dEcom ‘_’ On pressures was obtained by the
j@thod of least sqeiresfts‘¥{ ~

T u__fﬂﬁ.j- c T e R \‘\H“‘\m L
. Lo ™ *T:::ifx\

\\\Here B 1s the pressu?e of NbBr5_over NbBru and NbBr in mm ot T I

"Sf,f Hg.'.'rhe straight line in Fisf 48 was °bta1“ed by’ the! “” / |
; -/, ¢
L s
ba. ﬂ“
AT




 Equt1ibyiim’decomposition pre







b T IR °

f

."‘Line AB is £he dissociation pressuré~cur§&;‘i' \

o work Below Eﬂ% 1ine NbBr and bBr; f'va,;au,.' '
ot A8 Line WoBey andyone vapdir o e veao

L tO for'm N Bru ‘The -_-11.1'16‘?; B.CD"' i‘s,',the. 'vapou__r‘ DI’E‘"\' R

Fig 49 shows the exiangggg ﬂe&i_n i

solid and liquid NbBr5 Thus the tetrabromide phase is s*abie o
";only within the condiﬁions bounded‘wg the frgure ABCD

a

maximumgtemperature at whicﬁ the splid NbBr“ can exiqt is,

4 ! . ) )
found: from Fig. .49 to be approximately u5H° _ It is éﬁSUmﬂo

in the diagrqm that NbBru 13 1nsoluble in liquid NbBr'5
. One would expect as in the chlqride system (31) thaéLUQBrn\

s sziluble in'- ‘liquid NbBrS This. faouid cause ‘some’ Teluctibn S

‘\

in the vapour pressure of liquid~NbBr5‘and1the line Bc wouqd\ \\ i
"be slight y d;préssed Consedﬂﬁf&ly, the,quadruple point ~"'kﬂ;; 25@T

‘

would also b' somewhat 1bwer~tha7 ‘the point 1ndicated ' That .Sg;;.

. this is nct too ser;ogs an erri/ g se . rr the mnlting -f ‘:\\‘

.‘point data 'or NBBr

in Tabie i wbmn inlicavs that ttie N
~ coiubillty or NbBru in liquid Nb%95 18- ndt nubatanéﬁair ,j . \\

A comnnribbn of the NbBru and the HbCiu decompositiqna . \\
Y S \
inaiﬂate that tha bromida 15 much more sbabl# compouﬁg ; ?or :

1natance at 300”’ We obtained a pressurv or‘j jiTahf'fbr the f.* o
NbBrs prassuﬁe while Schafer g% al, {7ﬁ) obtnined ?50 Torr for

Q*th‘\Q:essurﬂ aver MbClu ‘at .EOOT
o

._ﬁh,ﬁ
\\\I
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B %:5 moles of Nbbru At the temperdture at which this

S --.‘ "‘,"_-I ‘-. N "3 l‘."'. e - el R - - . T ’ . . . )
A T PR AL e .
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