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Abstract

The question of isomerism and structural varistions in molybdenum
and rhenium halo-campounds has been examined. These ¢ompounds

provide an experimental test of a new theory of sterecchemistry.

Three predictions o this theory have been investigated.

(1) Trimeric staphylomiclear ternary halides of molybdenum(II) exist
as an alternative farm to the usual hexamers.

(2) Molybdenum(II) chloride exists in two isomeric forms.

(3 u,-Reclh does not sdopt a Reﬁclz-‘larpa structure, but is more
1likely to be dimeric with octahedral metal-chlorine coordinstion
and one Re~Re bond.

Prediction (1) has been largely confirmed by the preparation

of several halogenomolybdates(II) of the types kio,Cl, 37‘, Yo,Br, 57",

}40301126‘ and MoBr, 2"+ The trimeric formilatian, imitially

suggested by this preparative study, has been subsequently supported

by spectroscopic and kinetic studies by another warker.
The reaction of dry hydrogen chloride with molybdenum(IT)

acetate produced p—HoC].z. It is tentatively proposed that its

structure is a distorted C&)lzntype.

The preparation of c;—ReClh from the reflux of thionyl chloride

with hydrated rhenium dioxide has been re-examined. The method did

not give pure a-ReClh. Little evidemce was found to support a trimeric

formulation, but the preparative, chemical and X-ray powder diffracticn

studies indicate that a.--ReClh adopts o NbClh-like structure.
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A thorough study of the solution chemistry of molybdenum({II)
acetate in 12 M hydrochloric acid revealed a relatively stable
species in solution, with oxidation number of 2.5. A number of
halogenomolybdates(2.5) have been isolated, and formulated as
A3M02X8 (4s, BRb, Cs; X = C1, Br). Spectroscopic and X-ray diffraction
studies indlcate that these compounds adopt a ligand deficient
W2019-ty1:e structure.

The preparation of {3-ReClh_ by the chlorination of hydrated
rhenium dioxide with carbon tetrachloride at high temperature and
pressure in a steel bomb has been studied. The B-—Raclh produced
is not pure but the method provides a useful starting point for

the synthesis of new derivatives unique to ReCI.h_.
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Chapter 4. The Prediction of Bin and Ter lonucle
H des
Introdustion

The chemistry of staphylonuclear compounds has developed
extensively within the past decade, from a position where only a
few examples were known and which were regardsd as isolated and
rather special, to the present position where metal-to-metel (m—m)
bonding has been claimed in some oxidetion state far nearly every

transition slement.

These compounds have already been the subject of at lesast
three excellent raviews(1’2’3). Thus it is not felt necessary to
give a detailed and comprehensive review of their chemistry in
this thesis. Most of the important structure types and the general
principles emerging from studies on staphylonuclear compounds have
become sufficiently well documented and require no further emphasis.

While m-m bonding may occuwr in a large range of different
types of compounds, this thesis is particularly concerned with the
staphylonuclear binary and ternary halides of the transition
elements., Thus this discussion is restricted to the cases in
which the bonding ofcurs between atoms of the same element and
the ligands are halogens, while recognising the relationship and
relevance of other m-m bonded compounds to this topic.

The importance of the existence of staphylonmuclear compounds
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is the challenge which they present to the conventiomal theories
of valence. In defying these theories to explain and predict
their existence, staphylonuclear compounds emphasise the need
for a theory of stereochemistry able to rationalise the novel
structures which have been reported.

It has become apparent that most of the staphylonuclear
binary and ternary halides are formed by the earlier second and
third row transition elements and in particular by the elements
Nb, Ta, Mo, ¥ and Re. In addition a low formal oxidation state
appears to be favourable for the formation of h-m bonding. Despite
many attempts to correlate and rationalise the inereased tendency
of these metals to engage in n-n bonding, no satisfactory
thearstical explanation has yet been proposed.

Current sterecchemical theories rely on the division of
campounds into various groups dspending on the bond type
i.es whether "ionic", "govalent" or "metallic", and there is not
8 comprehensive theory applicable in all cases. The division
of bonding into these types is not useful in staphylonuc lear
canpounds where "ionic" metal-halogen and "metallio" metal-metal
bonds supposedly coexist but are incompatible. This arbitrary
division of bond type is devoid of predictive ability with respect
to stereochemistry.

The so called "conventional valence theory" requires numerous
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concepts for full discussion and all these categories refer
specifically to the locgtion and type of bond. Thus the
stereochemistry, which is in fact the arrangement of atoms, has
been approached from the viewpoint of bonding theories. However,
the location and type of bond cammot be measured. It seems feasible
that a theary of stereocchemistry could be formulated on the measurable
quantity, the position of the atomic nuclei, without recourse to
classgification of bond types. The value of such a theory to
predict the occurrence of staphylomiclear compounds and suggest
plausible structures for them is self evident.

A stereochemical theory, based on intermuclear repulsion, rather
than the manner in which elsotrons are shared, has been proposed
by Dr. J.C. Sheldon'® of this Department and is discussed here
briefly. It will be shown later in this chapter that the compounds
chogen far study provide s critical experimental test of the
validity of this theory.

A Theory of Stereochemistry based on Intermuclear Repulsion
(a) Reinte ation of Pau Electronegativi:

The basis of the proposed theory is a reinterpretation of
Pauling's electronegativity perameter y. Pauling's theory of
electronegativity states that each element is characterised by

a largely constant parameter ¥, which quantitatively correlates
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physieal and chemical phenomens, the most important of which are
single bond dissociation energies and the stereochemistries of
elements and their simple compounds. Thus the fundamental and
qualitative definition of ¥ is

, 2 (5)
Dup = Dy, + Do) =4 = (x, = xp) Eq. (1)

where U = single bond dissociation energy and 44, BB and 4B
are diatomic pairs.

The structures of the elements are related to X in that
"metallic" or "covalent" structures appear for low or high values
of X respectively. Also "ionic" structures appear for compounds
in which the combining elements have a large difference in x values,

The departure fram conventional approaches is the re-
interpretation of the physical significance of 4. This parameter has
usually been interpreted as the ability of an atam to attract
slectrons. mulliken(s) has preferred the term "electron affinity"
far this type of electronegativity. An equally permissable and
alternative phyaical interpretation of x is the ability of an atmm
to repel positive charge i.es other neighbouring atomic cores.

It is possible to compute the values of X using the expression
* A
X = 1.10n 2/3/:' eve Eq. (2)

]
where n = Slater effective guantum number

r = most probable radius.



5

This expression gives good agreement with the empirical values
obtained from single bond dissociation energies and in the cases where
this data is unavailable, provides a means by which X values may be
calculated.

(b} ZThe Relationship Between Internuclear Repulsion and
Goordination Number

Many atomic combingtions (e.g. metals) can achieve a high
coordination mumber (C.N.) while in others there exists a restraint
which permits only much lower C.N. (e.ge 0 o0 Nz). This restraint
is intermuclear repulsion and thus C.N. musgt be a funetion of 3.

The quantitative relationship between C.N. and x is developed
by assuming that the function 2x AI\-B is a measure of the effective
intermuclear repulsive eneargy (E.I.5.) between A and B in the
diatomic AB. This is providing that the distance between A and B
is comparable with the sum of r, and Tye Thus in a compound .ABX,
if atom A displays a C.N. towards B of n, and towards itself of m,
then the K.I.k. of the coordination sphere of A in the compound
ﬂBx is 2ni AKB or 2mx AZ in the elemental form of 4. The theoxy
postulates that these quantities are approximately the same in all
atowic combinations, a generalisation which can be shown to be
true for elements spread across the Pauling electronegativity scale.

It now becomes possible to write down an equation foar the
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total 2,I.E. (I‘IM) of a metal in its coordination sphere in a

binary halide. This equation becomes:

20k, + 2noy XX = N Bqn. (3)

The factor e is a disparity factor which includes those cases in
which ry and ry ere not canparsble.

It is now proposed that N is a constant for a given system
©ege U-I' = 62,5 eV, N=Cl = 55 eV, F=Br = 52 ¢V and M-I = L4 eV.
VWhile these values for N are chosen on an gd hoc besis, the amount
of data which may be correlated makes this warranted and justified.

Thus, for a binary metal chloride equation (3) becomes

2
2y * 200y (Pkcy = 95 eV Eq. (4)

In the application of this equation the values of X may be
either empirical or those computed using equation (2). Care must be
taken that the AM values refer to the appropriate valence state.
The determination of the valence state of M is arbitrary since the
distribution of particular electrons cannot be measured. However,
the valence state of M is assumed to be as follows:

(1) The number of n s and p electrons is equal to the metal
oxidation pumber.
(2) The remaining extra-inert-gas-core electrons are sll in bonding

(n-1)a orbitals.,



The use of Slater's mles(7) and equetion (2) gives the appropriate

value of XM'

The theory proposes that staphylonuclear halides result from
Zi-m, in addition to metal-halogen bonding, so that the metal is in
a high valemce state. The corollary to this is that if o far such
a high valence state is too high to permit suiteble C.N. leading to
atapliylonuclear structures, then M will not form any, but will

adopt a lower velence state producing halides with ordinary structures

but without m-m bonding.

The Predietion of Staphylonuclear Binary Halides

For an assumed valence state the model suggests appropriate
CoNo Vhile the theory may suggest too many structures, it
eliminates a greater number which mgy otherwiss be regarded as
feasible, and in the prediction of possible structures, the theory
is subject to testing and rigorous confirmation.

The theory does not predict the structure of binary halides
in itself but gives the permissible values of m and n. Flausible
structures may be deduced from e consideration of the geometrical
possibilities which arise fram these values of m and n. Often
these C.N, suggest an unambiguous structure or one far which g

precedent has been reported.

BEquation (3) may now be used for the correlation and prediction
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of the binary halides of the transition elements. Using the values
n =5 and 6, and plausible metal oxidation states, the appropriate
value of A may be substituted in this equation to vield various
velues of m.

The theory makes the following predictions which are tested

experimentally in the remaining chapters in this thesis.

(a) ZIhe Isomerism of Molybdenum(II) Ghloride

The question of isomerism in transition metal binary halides has

received litile attention, probebly due to the inability of
current stereochemical theories to foreshedow this possibility.
The recent claim( 8) that Reclh_ exists in two different forms reflects
the need for a close re-axamination of the feasibility of isomerism
in transition metal binary halides.

The theory prediects thai isomerism should be common among
these halides and the plausible alternmative forms and the elements
likely to display isomerism are quite predictasble. In particular,
use of eguation (4) for molybdenum(II) chloride yields the m:n
values of L:5 and 2:6. The 4:5 combination is satisfied by the
well known (M°6C18)014 form of molybderum(II) chlorige.

Eqation (4) may suggest possible forms for compounds but it can
not predict their relative stebility. The preparation of the alternative

forms may well require sophisticated experimental techniques,
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widely differing from those which produce the common isomers.

(b) The Nature of Rhenium(TV) Chloride

Uur attention was first attracted to this halide by the
(9

proposal that it was trimeric containing the R9361 12 unit,

similar to ReBCl9 and Re361 123' + This proposal is at variance

with the theory which will not allow a trimeric f ormuilation when
d11 o = 2.7 X, es required by this structure. The subsequent

cla:im( 8) of the preparation of anocther form of ReCll’. provides g

rigorous test of the theory to resolve the problem of the nature
of Re('}ll+ and other tetrahalides.

In the case of ReClh, equation (4) can be used to compute

values of m for corresponding values of n. The Re301 12-’cype

structure is based on & halogen-metal C.N. of 5 ieee n =5, If

Re(IV) employs all availsble electrons in Re~Cl and Re-ke bonding
(9)

as assumed'”", then m = 1,5 when n = 5. Thus the theory predicts

that the trimer (Re3619)013 is most unlikely where the Re:,.) group
is strongly bound i.e. Qoo = 27 1.

The structure of the second reported form of ReClh was based
on octahedral Re-Cl coordination i.e. n = 6. It is instructive
to consider the case of n = 6 not only for ReCl, but for other

R
transition metal tetrahalides.

If niobium(IV), molybdenum(IV), technetium(IV), tantalum( w),
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tungsten(IV) and rhenium(1V) chlorides adopt an MC1l, octahedron as
2 basic stereochemical unit, and these elements engage all their
available electrons in m-m bonds, the m values will be 0.7, 0, 0,
1e3, 1.5 and O respectively. Thus it is predicted that rather long
Z-m bonds (&> 2.8 £) will be displayed by MbG1, and WC1, since
m< 1. Ta.Clz'_ will displey a Ta-Ta distance s little shorter than
2.8 £ since m > 1. These three chlorides will be diamegnetic
since all available d electrons are assumed bonding.

Cn the other hand, it is impossible for ko(IV) and Te(IV),
and Re(IV) to engage all their availeble 4 electrans in m~m bonding
if m = C and it is therefore predicted that the chlorides of these
oxidation states will displsy paras- or antiferro-magnetism
charecteristic of essentially non~-bonding atomic d electrons.
Assuming some or all of the d electrons remain atomic then it is
possible far m to adopt values in the range 0.7-0, C.3-0,
and 0,9-0 for Mo(IV), Te(IV) end Re(IV) respectively. These
theoretical predictions agree well with the observations.

Thus for ReClh the ﬁredicted stereochemical arrengement
is min = 0.5:6. This combination is satisfied by both the
’."12619-type and NbCll._-type structures in which the p-m distance
is slightly greater than 2.8 8. The theory cannot distinguish

between the two structures and the possibility of isomerism exists.
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The Prediction of Staphylonuc lear Temgx Halides

The theory may be extended to include ternary halides i.c.
of the type A MX

(x+8)* where A = alkali metal and X = halogen.

The equation relating the electronegativities with C.N. now becomes

82,n K Ky + Znpme X+ zmex B o Equ. (5)

It is altogether more difficult to apply the equation to the ternary
halides due to the presence of the alkali metal in the lattice.

This introduces the terms NT’ n,y and A " for which the values are
not known with certainty. These values are chosen on an ad hog
basis but as yet insufficient systems have been reported to confimm
whether the values chosen are widely applicabie. Using these values
the equation may be solved for By Tor the compound fx&affsigx +a.)js
where S specifies mne Combinations of (x+a), & end nm(calc.)

are ldentified with known or feasible structures.

Tables 1.1 and 1.2 list the predicted staphylonuclear ternary
halides of molybdenun(II) and rhenium(III), together with those which
have already been reparted or which have been prepared in this study.

Two very important predictions are noted:

(i) Contrary to other predictions( 10) » trimeric staphylonuclear
ternary halides of molybdenum(II) are a quite feasible
alternative form to the usual hexamers found for molybdenum(II).

{1i) Ligand deficient compounds are expected. ihile the theory



Tgbie 1.1, Predicted staphylonuclear Ternary Halides of Molybdenum{II)

cl Br i
Pred, Found Fred. Found
K K.?Mo,)CI 13 None predicted
. i s 4 none I ound
K Mo C1 K, ¥o,C1 b
6732 673712 for any alkali
K51ﬁ03Br1 1 metals
Rb .nb7k:105011 3 ub.?:».:osCl 13’.;120
Rb5MOBBr 19 RDSMojBr 1
Cs | Ncone Cs.r"eiosc.t 1 3..rIZCJ 657310331' 13 Cs.,Mo 331'1 3.}!20

*ek
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lable 1.2, Fredicted staphylonuclear Ternary ialides of fhenium( ITT)

Theoretical Prediction Reported to date
(a)
K33.633112
'V) e 3
Rb’,’ReBCI12 1L1)511e3b11:d
Cs3‘:t650112
Kjkeﬁﬁrﬁ.
le;z)Re:‘Br,'2
033K333r12 (.‘»331?.3:,,]3:‘12
KZRejBr“
szRGBBr 1 szRejBr 11
Gs R
'52* ejBr“
(b)
CsRez‘.Br_m
baRaBI1O

{a) No 1{33(}11 4 compounds predicted.
(b) Brief reports with crystallographic parameters

subsequently attributed to CsQRaBBrﬁ.
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does not predict ligand deficiencies with absolute accuracy,
it does predict that ligand deficiency is more likely with

bromo~ and iodo-compounds than with chlorc=c ompounds e

The preparation of the compounds deseribed in Chapter 2 provides
verification of both the sbove predictions of this theory of
stereochemistry.

Ubjectives of Research and Summary
Apart from their own intrinsic interest and the contribution

which they make to the understanding of the chemistry of the
relatively neglected second and third row transition elements >
the compounds studied have been specifically chosen. Each
campound, either by its actual preperation or by its reactions,
provides a eritical experimental test of some particular aspect
of the theory.

Chapter 2 deseribes the preparation of a number of staphylonuclear
halogenotrimolybdates(II) whose existence is predicted by the theory.
Plausible structures are assigned to these compounds in accordance
with those suggested by the theory. Thias chapter also shows how
the theory is able to cope satisfactorily with the problem of
ligand deficiencies.

A problem which is just beginning to receive the attention
of inorganic chemists is that of isomerism in binery transition
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metel halides. The nature of ReClh has been examined in view

of the recent claim that two different forms of this halide
exist. Ais a test of the predictions of the theory, the valigity
of these two farms has been studied. This work is deseribed in
Chapter 3.

Chapter ) further develops the gquestion of isomerism in
trensition metel binary halides. In this instance the theory
predicts that molybdenum(II) chloride should exist in an alternate
form %o that of the well known (1.506318)(;1ZF form and Chapter 4
describes the search for this alternate form.

The remaining chapters of this thesis describe a aumber of
experiments associated with these major topics. A thorough study
of the decomposition of molybdenum(II; acetate in hydrochloric
acid and the search for other staphylonuclear halogenomolybdates in
other oxidation states has been undertaken. . number of halogeno=
molybdates(2.5) have been prepured and the theory has been used
to suggest plausible structures for them.

It has been reported(g) that the preparation of ﬁeﬁeslh has
not been successfully repeated and an attempt has been made tc
prepare this halide using chlorination with CCl, in & steel bamb

5 &

under high temperature and pressure.
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Terminology

Throughout this thesis, no attempt will be made to use the
systematic names of these compounds. Tuis is done only in the
interests of brevity and no ambiguity arises through the
terminology used. Thus the ternary molybdenum(Il; halides
prepared in this study have been referred to as halogenotri-
molybdates(II} to distinguish them from the hexamerie molybdenum( IT)
compounds. .ll other compounds have been named as halogenomolybdates
with the oxidation number of the molybdenum being placed in
brackets.

The systematic names for some of the compounds prepared in

this study are:

K lio 3&. 1 12 Fotassium oc tacn.i.oro-—p,s-chlorotrl-pgcm.oro-
trimolybdate( 11} .
(N lp} 7&2@ BC 1 13° 1,0 immonium nonachloro=y: B-chlorotri—pz-ehloro-
trimolybdate{II) wonohydrate,
Rbglio 35T Rubidium heptabromo-y 5—‘bromotri-pz-'bromotrimclybda‘he( iI).
Cs 3}.20 S0lg Caesium pentacalorotri=-y —chlorodimolybdate(2.5),

All other abbreviations used in this thesis are accepted

common usage, e.g. En = ethylenediamine.



17.

Chapter 2. The Chemistry of Staphylonuclear Ha,logenotrimoi_l,xbéajes‘ II}

Introduction

lolybdenum(II) acetate is soluble in 12 1 i1 and 9 K IBr
producing bright viclet coloured solutions from which may be
precipitated a number of compounds containing molybdenum in the
oxidetion state 2.0.

4 lerge variety of precipitating cations has been used but the
compounds produced by the ammonium and alkali metal cations are of
particular interest and relevance. This chapter is concerned with
these particular compounds and other interesting halogenotri-
molybdates(II) are dealt with in Chapter 5.

Results and Discussion
1. Ereparation

These compounds can only be isolated by precipitation and drying,
and since they are easily solvolysed and oxidised in the moist state,
the criterion of purity has been the reproducible composition of
numerous samples. Moreover, since it is suspected that more than
one compound may be precipitated by the added halide AX {where A
is an alkali metal, ammonium etc.) e.g. 4171503){1}, ‘61’103:{12 and
3;5}50322, 440 it is essential %o vary tae a:;;z;;:z‘:.o((:}z}c;.@)z ratic of the
preparative mixture to detect such mixed products. The analytical
and preparative date for the amonium and alkali halogenotri-

molybdates(II) are given in Tshles 2,1~2.5.
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Igble 2.1. Anslytical and Prepsrative Data for Kéggjg;m

lio 01 K 51/¥o lio oxidn. {ieid  lethod of
9% % %  ate ratio Number % Drying
30.1 M7 25,5 10 2.0 78 adr, 20%
29.7 5.5 - Lo 2,0 0 Vae.,
Room T,
2947 156 - Lot 2.0 61 v
2945 154 - L1 2.0 % "
20.4%  15.6 - G 2.0 48 G
Zheory
30 o bhhe8 24,8 440 2,0 - -

Prepared from 5:1 exsess of KC1.

Yield smaller due to large volume of HC1 required.
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o C1  Cl/io .o oxidn. IS H Yiei¢ kKethod of
Prepe % % at. ratio Number A % 4 Drying
Katio
5 30e2 5049 ka5 2.0 10.8 3.7 %  Vac., Room T
5 315 517 Lk 2,0 - - 83  Vac., 115%,
5 hours
5 315 50,0 K3 2,0 112 3.6 83 Lur
5 3105 51k 443 2,1 11.0 3.6 88  vae., 115°%,
2 hours
5 317 513 Ll 2.1 - - ~100 Vac., Room T
5 32.3 51k b3 2.1 - - ~100 "
5 3168 5129  Lak 2.0 - - ~100 "
5 32.0 49.5 4.2 2.1 10.8 345 93 "
8 315 51,6 Lok 2.0 - - 86 i
10 3149 515 b3 2.0 - - 9% "
16 3146 505 La3 2.0 - - 88 "
ZIheory
- 3242 5146 ka3 2,0 1.0 3.4 - -
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Table 2.3, Analytical Data for Rubidium Chloromo];ybdate‘ II)

Froposed Aflio field a4 Mo ©1 ¢iftio  lio oxidn.
Formula prep. ratic ¢ 4 % % eat. ratioc Number
2 76 3640 242 35.6 L0 2.0
2 93 IT«h 245 35.2 3.5 2.0
2 86 3Bl 2445 35 3.95 2.1
}’_b.]IefoD_,Cl,'j.HzO 5 76 36.1 2441 31,7 369 262
8 93 = 21.7 3341 ki 2.0
8 100 395 21.2 33.2 LK.2 2.0
16 99  Lhe6 2040 327 Lok 240
16 100 42.2 215 33.8 425 2,0
Iheory

bt - 14-308 27141 35-8 2!--33 2.0
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Table 2.4, Analytical Data for Caesium Chloromolybdate(IT)

rroposed akio Yield 4 ko Cl  Cl/ko iio oxidn.
Formula prep. ratio ¢ G % at. ratic Number
2 78 15.8 215 30.3 3.8 2.0
L €9  50.2 18.3 28,5 L.2 261
5 84 51.3 18,7 28.0 4.0 241
’ £ 1 . Y OQ 9. .
Cs_]fﬁojClwnzo 5 96  19.5 18.9 27.2 405 2.1
8 98 52,0 18.3 2747  L.i 2.2
16 92 5505 17.) 26.9 2@».,7) 242
Theory

- = 5he8 17,0 27.4  L4.33 240




Table 2.5. Anslytical Dgta for Rubidium and Caesium Bmmomoygb@teg II[

Froposed afto Yield A e Br © H Br/tio® Lo oxidne
Formila prep. ratio ot % g % 2 at. ratio Number
2 51 27.8 1841  50.7 0.4 Ca7 3.55 2.2
R'b51‘ ~=°3BI‘“ 2 55 255 1841 50.6 0.7 0.6 346 2.05
2 19 2149 194 52.1 1.2 Ce7 347 23
2 58 22,2 1885 H1.T7 o9 0.5 3.7 2.1
Theory
- - 26.8 18'1 55 «1 O 0 3067 2e) !_‘\%
5 &l 333 15.8 45.8 1.4 0.3 L2 2.1
5 80 35eb Be7 45.2 1.6 1.0 Lol 2.2
087.{.’033:'13‘1120 10 98 423 1346 42.2 1.2 0«3 Le55 2.2
Theory
. - 2;009 12.7 h5.6 Q Ce1 lpc}j 240

& 5r/lo at. ratio corrected for the presence of }«Io({,.‘Hi.,GOQ)g
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It is significant to note that, in agreement with the predietion
of the theory, no iodotrimolybdates(II) have been prepared. In
addition, lithium and sodium halides produce no precipitates from
I;Io‘&cz/ hydrohalic acid solutions.

2. IFormulation
The six halogenotrimolybdates(II) found in this study have been

formulated as:~ & moﬁu% 47!“03011.,.}.{ 0 (4= fiﬂh,

Ca.,]io}Brﬁ.H O and Rb ‘aojlsr”.

The analytical figures show that samples of the ammonium

Cs, Rb),

canpound prepared from a wide range of rsah(:l:Mo(cHBcae) 5
concentrations gave similer analyses and it is therefare not
a mixture. Such & variation in the preparative mixtures cannot
be accomplished with the potassium campound, since KC1 has a
restricted solubility in 12 M HCl. However, this compound has
a unique powder photograph relative to the other sompounds
produced and is unlikely to be a mixture of canpounds .g.

7{1103(.115 and hsmo C*w

The varistion of the ;:}(:I'io(CH}COO) o Tetlos in the preparations

of ceesium and rubidium chlorotrimolybdates gave products whose
composition varied in a systematic mamer, accompanied by changes

in powder photographs and small, but significant changes in colour.

The analytical figures of the produets obtained Ffrom the highest
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A:lMo ratio are consistent with the A_,Mo 011 3 formulation. This
assignment is confirmed by these samples giving powder photographs
ldentical with that obtained for (N )710 01, 54,0,

The formulation of amnonium, ceesium and rubidium chlorotrie-
molybdates(II) as monohydrates is tentative. The analytical data
for the ammonium compound best fits a monohydrate formulation.

The rubidium snd caesium compounds show infrared absorption bands
ascribable to water and as all three are isomorphous it is concluded
that they are monohydrates.

The rubidium and caesium bromotrimolybdates are found to contain
small amounts of carbon. This is believed to arise through the
insolubility of the bramotrimolybdates in IBr which causes rapid
precipitation on, and occlusion of, unchanged ko CHBCOG)2°
Unfortunately, these small amounts of carbon reflect large errors
in the percentage of molybdenum attributed to the bromotrimolybdate
by reason of the high atomic weight of molybdenum. The Br/¥o ratios
given in Table 2.5 have been corrected, assuming that the observed
amounts of carbon arise from unchanged acetate. These ratios are
close to 433 and 3.67 for the caesium and rubidium coampounds, the
proposed formulations thus being Cs.;‘o}Br oil O and ) “03“1'11

Further confimmation of these formuletions is gained Trom the
powder photographs which show that the caesium compound is isamorphous

with the other 7% 3\,1 ol .; compounds, while the rubidium compound
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e=le

has a unique powder photograph relative to all other ¢ ampounds
found in this investigation. This latter compound does not show
any infrared absorption bands attributable to water.

The farmulation of these compounds as trimeric
has been made on the following grounds. The atomic ratios
of X:lo of 4e33 and 3.67 require that the minimal degree of
polymerisation is three to produce integral stomic ratios i.e.
15/3 and 11/3 respectively. All other known halogenomolybdenum(II)
compounds are hexameric, possessing the (HoGClB) group. llowever,
it is difficult to visualise, on geometrical grounds, how an
octahedral arrangement of molybdenum atoms could accommodate 26 or
22 surrounding halogen atams before repulsion between neighbouring
halogen atoms becomes prohibitive,

In the potassium compound, with its Cl:Mo ratio of L:1, the
further possibilities of dimeric or tetrameriec farmulstions exist.
Another study( 11) in these laboratories has identified the
equilibrium

6= . 7=
M030112 + C1' M030113

in solution. The close spectral similarities between tie ammonium
énc. potassium compounds andé the gbsence o any significant differences
between them, leads to the conclusion that the potassium compound is

trimeric also.
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Unfortunately, the halogenotrimolybdates(II) are either
insoluble in, or decomposed by, all common polar and non=~polar
solvents, so that molecular weight and molar conductance studies
cannot be undertaken. In the gbserce of these measurements, the
ultimate resolution of the problem must come from erystal structure
analysise However, these compounds are prepared by precipitation
methods and all attempts to grow laerger crystals required for a
crystal structure determination have been unsuccesaful.,

The criteria of m-m bonding are thet the intermetallice
distance is comparseble to the distance between the metal atoms in
the elemental state and that the compound must be diamagnetic or at
leasi show reduced paramagnetise. The combined cansideration of
these two criteris is the ounly conclusive means of identifying m-m
bondse As the orystal structure date is unavailable, the claim
that tlese compounds are m-m bonded rests on their diamagnetism.

The evidence strongly suggesis that these halogenomolybdates(II)
are polymeric and m-m bonded. The highly desired crystal structure
determinations will provide the ultimate verification, or otherwise,

of these assexrtions.

Je kroposed utructures
it is now possibie to suggest structures for these halogemotri-~

molybdates. Referemse to all previously reported staphylonuclear
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compounds shows thet two structural principles appear to be generally

obeyed.

(1) The halogen-metal bonding is based on octehedral coordination,
although it is frequently observed that one or two halogen-metal
bonds are absent, generating square pyramidal or sguare planar
arrangements.

(2) The metal clusters are trigonal, tetrahedral or octshedral
for trimeric, tetrameric and hexameric compounds respectively.
In the course of this investigation and another( 12) in these

laboratories, it has been found that the MosK 13 group recurs quite

frequently and it is proposed that this is the basic wnit.

An MoBX 13 unit may be derived from the *close packing" of
halogen atoms into layers ( seven atoms in one layer and six in the
other) which mutually "close pack" generating three octahedral
locations suitable for occupation by the molybdenum atoms. This is
similer to the arrangement Found in Znaklosos( 13) MoXg (X = c1,

Br, I)( ) .

The structure proposed for this E°3X15 group is shown in
Fige 1e

This proposed structure fulfils the requirements of the two
structural principles stated above. The structure is based on
octahedral coordination of halogen arocund the metal atoms and consists

of nine terminal halogen atoms, three Hy bridging halogen atoms and



The proposed structure of the Mo3Cly3 group.

Large circles — Mo
Small circles — Halogen

FIG. 1.
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one ., bridging halogen atom.

4

The structures of the other halogenotrimolybdate(II) compounds
mgy now be regarded as ligand deficient derivatives of the Hco;X 13
structure. Ligand absences are well established in the halogeno~
rhenate(I:I) czx)npmmds and the types Re3X12, ReBX,H and R”}x?o are
15,1

now known
Spectroscopic crystallographic and radio-chemical exchange
studies( ) » reported by other workers in these laboratories,
provide strong evidence that the trimeric formulation and the
proposed structure are correct. The interaction of smmonium
chloromolybdate(II) with acetic acid, may also be interpreted

in terms of trimers.

L. The Intergetion of S'Iﬂ{l‘)_.fl_{g}gl.,'}ﬁﬂg with Acetic Acid
[
Cotton et al. have shown' ') the high yield interconvertibility

of these compounds in the reaction

D RCOCH )
Le,o e {Re(RCOV) 61, ]
o T 242

€.8. The reactions proceeds to the right in refluxing acetic
acid to give an 85% yield in 20 mimutes., It is suggested that this rapid
interconvertibility is facilitated by the similarity in structure

and by the rhenium being in axidation state III inm both compounds.
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A similar interconversion reaction has now been found in the

molybdenum{1I) system:

o age. HC1 7=
fo,,{CH BCW 3 L cﬂzcoon [¥o 3c 1 134

The faward reaction occurs in high yield (>90y) and in solution,
since tbe acetate is entirely soluble in hydrochloric acid sad the
chloromolybdate(II) species must be precipitated by particular
resgents. The conversion of dimeric molybdenum(II) acetate into
a trimerie halogenomolybdate may well occur in solution by means
of an intermediate labile monomer e.g. [MQ(CH}COG) 61, 2,

The molybdenum(II) system now differs significantly from the
rhenium(II1) system, in that the yield of product in the reverse
reaction is gbout 66/l.

(Mlh}?ﬁio}(}lﬂ.ﬁzo is insoluble in hot acetic acid but reacts
rapidly with it and the s0lid changes from violet to pink, This
product contains only molybdenum(II) species but is a mixture
consisting of a water-soluble and a water-insoluble species. This
latter species was identified by a powder photograph and analysis
to be molybdenum( II) acetate.

Found: Mo = 4545, C = 221, H = 3.1%, 0Xe N0e = 2.0

n
i

Cale. for: Mo = bheBp, C = 22,50, I
lio, {CH
xS

208’,-;5, OXe NOe 2.0

3uu0 J 2
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The yields of this acetate after 15, 30, 60 and 120 mimutes refluxing
of the chloromolybdate(II) iu acetic acid were 60, 63, 66 and 73
respectively.
It is possible to interpret these observations by the pestulated
trimeric formulation of the chloromolybdate(II), =nd the known dimeric

nature of the aoetate( 19) by proposing an I."ioj ring cleaving reaction:
1= . 'y AT,
[Mojc}.ﬁ] + CHBCOOH = Moz(crx}coc) Lt {Mo™"2]

The residual and unknown molybdenum{II} product may itself yield
molybderum( 11} acetate by & subsequent and slower reaction.

The identity of the water-soluble species is not knovn sinece
it can not be separated from the acetate without decomposition
or hydrolysis. 4 partial analysis, obtained by subtracting the
contribution of molybdenum(IT) acetate from the total analysis of
the reflux residue, yielded the following result:

Found: o = 2he7,:y C1 = 43.5, Cl:}o = L4.76:1, 0xe DCe = 241

5. Eroperties
3 a ) ol a2 bri 3 Uk
A1l of the g.,fiojx 13 1120 compounds are bright violet, IXG}‘OSC]"!Q
is bright red and Rb51203Br 11 is red~brown in colour. i1l are
rapidly hydrolysed by water or base solutions s but may be stored

conveniently in desiccators for a counsiderable time without serious

deterioration. The compounds decompose in hyérohalic acid, in the
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absence of oxygen, at rates which depend on the hydrogen and halide
ion concentration.

The magretic susceptibilities were measured at roor temperature
and were found to be small positive or negative values which yielded
Pepp values of 1¢0-1.9 Bells per trimer unit., This is consistent
with extensive Mo-iio bonding as implied by the !.503}{ 13 staphy lomc lear
structure. It is possible that this Yopp refers not to g discrete
unpaired electron but to g feeble paramggnetism from another source.

The solubility of these compounds was Lested using a wide
range of polar and non-polar solventls. They are generally insoluble

in, or decamposed by these solvents.

6. Spectra

4 spectroscopic investigation of R.bfioBCI 4 3.3-1 2@ prepared from
4/M ratios of 2 and 16 was underbaken to sscertain ary significant
difference which may throw light on the nature of these samples.
The results are tsbulated in Table 2.6, together with the spectrum
of Cs :‘1030113.'{.120 for comparison.

The spectra are similar in all cases and are similar to the
spectra of other halogenotrimolybdates(II} recorded in these

(1)

laboratories

Fige 2, showing the spectrum cf 'Rb7mo§€311 B.Eizi) (from 4/l = 16)

in 12 M HC1l, may be regardcd as representative of the spectra of
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Table 2,6, Zlectronic Absorption .pectra of Rb_lio,Cl

e

_g_s.ﬁg}g;ﬂ_.gze in Hydrochlorie Acid

A/M Prepn. Molarity of HC1

Compound - Ratio 18 LY 8u

1962 10401 194 1600 | 19.25 1670
483 8700] 47.0 12000 | 47.6 18000

1925  1130] 154 1450 | 194 1600
16 ~Ai 14D s |~4140 s L2.0 17300
L7.d5 10300 47.0 12906 | 48.2 17100

19.2 2300
037150301 1 3.HZ() 16 - - L1.5 20700
L7.75 20000




1.5

1.0

0.D.

0.5

Electronic_absorption spectrum of RbysMo3Cly3.H;0 in 12M HCI

1. The arrows indicate the change of intensity with increasing time.
2. The appearance of the peak at 23-24 kK is due to Mo(2.5) species.

v €=1,600

€ = 17,000
4

] I | |

45 35 25 _ 15
Wavelength ( 103 ems™)

FIG. 2.
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halogenotrimolybdates(II).
The peak at ~41 KK decreases in intensity very rapidly and
disappears within 15 minutes, while a peak at 23-2L KK slowly appears,

indicating the farmation of molybdenum(2.5) species (see Chapter 6).

Coneluding Remarks

The preparation of these halogenotrimolybdates(II) is in accord
with the predictions of the theory outlined in Chapter 1. They have
been formulated as trimers and sre believed to contain the MOBX 13
unit or to be ligand deficient derivatives of it. Some of the
properties of these campounds have been investigated but their

instability in solution or general insolubility in non-agueous

solvents has proved a severe restriction to a more extensive study

of their chemistry.

{a) YEreparation of Halogenomolybdates(11}

Finely ground molybdenum(II) acetate( 20) was shoken with 12 ¥ HC1
or 9 M IBr containing the predetermined amount of the appropriate
cation necessary to give the required molar ratios of reactants,
for 30 minutes at room temperature. The preparations were also
attempted with 7 I hyariodie 2cid. The resulting precipitate was

filtered, washed successively with concentrated hydrohwelic acid,



Sk

ethanol and ether and dried in vacuo at room temperature., 1in most

cases the yields were > &0;..

(b) apalytical Methods
(i) Uxidation Number
4 known amount of compound was dissolved in a slight excess
of acidified erric ammonium sulphate solution and titrated with
standard permanganate. 3Silver carbonate was added before the
titration to remove the bromide ions. Blank titrations were parformed

and the presence of chloride was shown not to interfere.

For the determination of these elements the compounds must
be brought into solution in & suitable form. This was achieved by
decomposing the compounds with alkaline peraxide and simmering the
clear solution to remove excess peroxide. The enalyses were performed
by the conventional methods:
liolybdenum ~ gravimetrically as lead molybdate( 21
Halogen - potentiometrically with silver nitraie solution
ilkeli metals ~ quantitative flame photometry using = Unicam

SF900A flame spectrophotometer.

(iii} Carbon, liydrogen and Kitrogen

These were determined by microanalysis by the Australian
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itieroanalyticel Service, lLielbourne.

(¢) Liagnetic Susceptibilities
These were determined by a conventional rouy balance employing
a permanent balance. The small magnetic forces observed render

the susceptibility values appraximate.

(d) Powger I'hotographs
Fowder photographs wore obtained by Cuf  radiation (Wi filter)
with a Philips camera (Fa1024, 11463 mm. radius). The results are

given in Table 2.7.

(e) Infra ked spectra
« serkin~dlmer Lodel 29 double beam L.X. spectrophotomeier was

used to obtain these spectra,

\f) Ultra Violet and Visible Spectre
These specira were recorded on a Unicam SF700 Lecording
Spectropuotometer, using degassed hydrochloric acid and & pair of
watehed 1 cm. silica cells. The spectra were repeated after known
intervals of time and the values of A and e Were exwurapolated to

"zero" time,



K6M°30112 (NHA)7M030113.H20
7625 Vese 8.3 VeSe
6.15 s 6.96 VeSe
3.92 m 5.9 VeSe
3.20 =m De22 Vese
308 m LetH m
20l VeSe L0006 W
2:53  Vese 5490 L
199 m 525 W
137 a 2.5 s
175 s 2.76 s
T m 2.73 m
2,62 VeSe
2400 m
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Chepter 3. The Cuestion of Tsomerism in Rhenium{ IV) Chloride

Introduction

L particularly good test of the theory outlined in Chapter 1
is the potential isomers thet g transition element halide may display,
since thess are quite predictable, but as yet not widely reported.,

Cf particular interest is the case of a halide in forms displaying
quite different halogen:metal coordination number, since none has
been reported until recently.

Two separate studies indicated that rhenium(IV) chloride adopted,
Tirstly, a proposed trigonal cluster structure (;T.i33019}013( 9), similar
to that established for C3313e30112, and secondly a dimeric form
established by X-ray czystallography( 22) and containing Re2C19

groupe, similar to the chloro groups found in K_W.C1 These two

329"
materials are referred to as the o and 2 farms throughout this
chapter. o~ and ;3-3{3014 are obtained respectively from ref luxing
thionyl chloride and hydreted rhenium dioxide and from the pyrolytic
disproportionation of rhenium ventachloride, The reported Cl:ke
end Re:Re coordination numbers are 5 and 2, and 6 and 1 respectively.

The proposed structures for ¢- and p-ReClh_ are significant in
being the only example of a transition element halide appearing in
isomers displaying different halogen:metal coordination number.

Despite the interest such isomerism arouses, the theory does not

a&llow that the trimerie structure for ReClk, particularly
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conteining a sirongly bonding g.’.ej 6I'oup, is at all likely, and
moreover little evidence has been put forwar d( 9) to support it.
,.-iaeClA_ is re;portaa( 23) to be amarphous to X-rays, so
that direct refutation or conlirmation of structure seems remote,
ané {;;--’iieclk appears not to have been prepared in the labaratory
since its unexpected delivexry frow a commercial scurca,(e') The
evidence supporting the trimeric structure of u—ﬂeClk has been
re-examined, and this chapber reports an extensive series of
attempted preparations o iieCll‘_ and the light thgqy throw on the
isomerism in this chloride.
The preparative, chemical, aund X~ray powder diffraction studies
clearly support the more plausible 'i‘ibclh-like structure for w-lieﬁlha
decordingly w= and ;—;-iieﬁlh are quite closely related sterecchemically

ic that both consist of pairs of I;eClh cctanedra joined by a shared

edge or face respectively.

Results and Diascussion
m

1. Ihe Froducts of llydrated Rhenium Dioxide in ef luxing
Thionyl Chloride
The SGClz/‘EeUZ.E}IQO reaction has been carried out a total of
24 times under a variety of conditions. The results are giveun in

Table jo 4 M

vonsistantly, very dark solid separated from the dark ref luxing



Table 3.1. #5¢ 2_,_§§2Q
_—
Preparation Reflux Time Yield % % Gomposition ' ﬂisﬁl % Chloride Release Solution Colour’ Remarks
No. (brs) : c1® we c H s I 01 M NaGH 0ol 1IN, € M iCl NeCl Acetune
1 6 50 28.7 i TV 1~b &=b wclz used direct {rom bottle
2 6 - 21.9 ¥ v g 80612 used as recovered
3 2L 31 17.2  73.8 1.22 17.0 v v g anhydrous Re0, used
L 6 35 3.9 469 349 r~b r~b sealed tube 120°
5 18 - 3hel  WlseB 40  (33.0)° v r=v g=b "
6 2y 63 3646 LB.7 0464 0,51 0,72 kO 3541 8.9 b g &b N, atmosphere
7 50 95 38,9 L1.7  0.79 0.8 0 485 355 12 - - - "
8 96 - 36.1  4B.2 kO (30.9)° 1746 r-b b g "
9 6 50 29.3 r=b r-b &=b
10 6 50 34,0 r=b r=h E=b
11 96 59 27.6 62.6 2.3 27.8 23.5 v r=b g=b
12 192 67 31.7 56.3 360 3246 ~b r~b &=b
13 584 8l 315 558 2.0 3244 &g=b &=b
14 0.5 <<5 30..5 - - - rotio SGClZ/ReOZ.nHZO (vole/wts) = 20
1 0.5 8 37.2 1273 057 348 3545 v - - 10
16 1 <5 3541 - - - 20
17 1 9 35.6 49.6 1,68 Ok 2.89 3.8 3545 v = = 1%
18 2 <5 351 - - - 20
19 2 9 37,0 4840 1.8, 055 2480 4O 3L .8 v r~b g 10
20 A 23 0.4 5203 1435 0084 3412 3.0 32.8 v &b g 5
21 4 8 38.8 483 147 = 252 k2 3841 v &b 8 10
22 A <5 - - - 100
23 € 20 36.2  L745 O 39.3 - - - 20
2), 8 11 37.8  4T.h 2465 0493 2471 he2 35.8 v g=b 10
25 8 <5 _ - - - 100
26 48 21 3243 Lheb 3.8 31.6 v - - 20
27 72 52 W 5740 3.8 4145 - vd g 20
28 72 49 42.8 5640 b0 475 T v g 20

gl

& Obtained by NaOH fusion;

b

v = violet, g = green, x-v

red-violst, b = red-brown, g-b = green-brown;

¢ Hydrolysis with water; 4 Slowly soluble
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solution, and a majority of samples possessed a Cl:Re ratio
distinetly close to 4.0 as required by Reclh. Rather notable
exceptions are samples 12 and 13 which were obtained after very
long reflux times and possessed e ratio of 3.0. Morsover, a
number of samples at least superficially resembled the original
u-ReGlh(g’ﬁ) » since they are solubls in methyl cyanide and
acetone giving red~brown solutions. Similar colours are found
efter solution in 6 M hydrochloric acid. In dllute alkali, most
of the samples dissolved to give the persistent and significant
red~brown colour deseribed for u-ReClb.. These colours are
important since they contrast with the violet or green solutions
generated by ,'B-Re(}l‘!F in hydrochloric acid or in acetone respectively.
However, almost all these samples conteined additional material to
Re and C1 since their total content was usually only 85%. Morsover
the samples left apprecisble black residue after solution in
hyarochloric acid or acetone, and selected samples contained
apprecisble quantities of sulphur, hydrogen and carbem (viz.
Tsble 3.1),
Tt is now apparent that the reported preparation'?) of a-ReC1,
is unique in the claim of forming a pure transition metal halide
dn situ, without the need of further purification, by the action
of thionyl chloride on an oxide or hydroxide €.g+ Bagnall and Bruwn( 24)

find that niobium, tantalum ané protactinium hydroxides can react in
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the cold with thionyl chloride and they warn against overheating
of the thionyl chloride and the impure products that would result.
These workers, nonetheless purified their chlorides by sublimetionme.
Uhlemann and ¥ischbash\2) £ind 7' sulphate in the trichlorids
resulting from heated chromium trioxicde and thionyl chloride.

The general deficiencies of the refluxing thionyl chloride
method of converting hydraxides to chlorides has been confirmed
by investigating the products from seven first transition element
hydroxides. The results are given in Table 3424

The reactions were carried out over 2, & and 24 hours and in
nearly all cases the product was of the same composition for each
hydroxide indicating complete reaction. The near to integral chlorine:
metal ratio supports that reaction was complete and that the actual
composition did not result from occluded hydraxide.

The results provide two surprises. Hydroxychlorides result in
some cases and most samples possessed infre red absorption bands
at 3600-3340 and 1645-1595 cm,™ indicating residual aquo-groups.
Cf greater relevance is the observation thet the total metal, chlorine
and hydroxide content is well short of 100/). It is concluded therefore
that the refluxing thionyl chloride method is not at all relisble for
the preparation of pure trensition metal chlorides An situ.

Although one is predisposed to accept that thionyl chloride must

remove all water, it is not certain that this is actually true.



teble 3.2, The Products of Refluxing Thionyl Chloride on First

Transition Llement Liy droxides

% Composition

Hydroxide Leflux time (hrs) Cl:M
¢l Metal (C1+m)
Ni{CH) L 2 L6.3 3649 83,2 2.1
6 44,9 357 80.6 2.1
2 L5 4 33 8340 2.0
Cu{CH) enli 0 2 Li.6 3543 7649 2.1
6 4247 L1.7 Elioly 1.8
2l .2 32.5 7647 2.4
Cr{ oH) s.nHZO 2 375 25.8 2.1
6 39.6 26.8 2.2
21(. 38.9 2502 2.5
CO(UH} 3011}120 2 30.:5 2{505 1.1
6 3Ce2 L7.2 1.1
2k 31.2 15.5 1.1
¥n(GH) Y 2 25.2 k1.7 0.9
6 25.8 41,3 1.0
2L 284 46.8 0.9
Fe{OHJ 5.::1{20 2 603 2741 87k 3.5
6 57.8 29.0 86.8 3.1
2l 57.2 2%.0 86.2 3.1
Zn(OH) , om0 2 36.3%
6 3h..8
2 374

a Regn. by 2znCl,, 52¢1%
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wome, but not all, of the samples of u~ieCl, possessed infrs red

1
) 6

agquo=group absorption bands. There is s gualitative report(z )

that iCrClz&HZO) #}01.2120 does not produce anhydrous CrCl3 with

retiuxing ;.30012.
In view of the nature of our results ang conclusions, we
wers grateful to be in.f'ormed(%) by ¥ergusson that his independent
study of the SOClz-Eieoz.ZElz‘Q reaction ied him also to conclude
shat it gave variable products, sometimes containing Re(III),
sometimes aquo-groups, and usually low in overall rhenium and chlorine.
The important conclusions at this stage are Tirstly, that the
reported properties of b,-—ReClh are proovably confused by impurities
and gsecondly, that at least some of our preparations must contain
& similar chloride of rhenium to that f'ound by Colton and Browi.
4o do not contest their claim to have prepared a pure sample of ReCllF,
since we ourselves achieved nearly as much in samples 22 and 28

{7able 3.1), but suggest tligy enjoyed some good fortune in the samples

¢hosen f'or analysis.

2. IThe Properties of o,-ReClh
The most diagnostic chemical property reported for the trimerie formu~-
lation is the 253 relesse of chloride when w-ReCi, is dissolved in diluts

4
alkali since this supports a reaction scheme:

[(R33019)013]° + 30H . [(R63019)(0H) 3]° + 3017



hhis

However, this striking cbservation did not werrant a mention
in the first two papers( 23,27) and appears as a post hoc

Justification of the %trimer proposition in the third paper( 9) s

and without quantitative support. On the other hand, early

mention was made of the rathier low chlorine figures obtained for
samples of «~{eC 11& which in our view is equally well explained by
poor products of the sart we finds Our observations are that all
samples gave virtually the same chloride release in cold O.1 ¥
hydroxide, even water, as in fused alkali. This is guite inconsistent
with our samples, albeit impure, containing any quantity of trimer.

Horeover, we cannot accept the validity that a fractionsl
release of chloride from ¢-ReCl, implies some structure ar other,
when it is also J:'epox'f:qe(3.(23 ) that c_-ReClk easily hydrolyses giving
rhenium dioxide (which does not appear in the above equation) and
that the apparently characteristic and significant resistance to
complete hydrolysis of u.-ReCll'. is similar to ‘I'c(:lk, which is now
Imown not to possess a elugber-type structure at all.(za)

It is unprecedented for a neutral ang non=glectrolyte
hydroaxochloride, such as [(Re3019) (o) 3]0 to be soluble in aqueous
solution, and it is unprecedented for a cluster chloro=c ampound
to require fusion with alkali for coamplete decomposition. Nonetheless,
we observe the persistent coloured solutions that result when ¢-ReCl

L
is dissolved in aqueous alkali, but we infer these to result from
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colloidal rhenium hydroxide since a brown precipitate is
immediately given on acidification or on long standing.

It has been pointed out(s) that the violet sclutions given
by 453-1;3811* in hydrochloric acid or methanol, or the green solutions
in acetone, provide some of the grounds for supposing that ..~-7_2;eCl£+
is probably of o different structure since it does not give these
cclours. We have found that most of our samples of u,-ReCl&_ did give,
not only the same violet or green colours, but all the derivative
reactions(a) of S-ReClk. These were conducted on a gqualitetive
and test~tube basis zince we are familiar at first hand with the
chemistry of p-‘LeClh by virtue of the partially successful synthesis
of it (See also Chapter 7).

It is now concluded that there are no adequate grounds for
maintaining that n;.k.-'zvzec}.# is either a trimer or of a stereochemistry
greatly different from gﬁ-‘;-‘{eClk.

3+ ZIhe Struture of c-ReCl

1
Uur samples of uJ-ReCIA have consistently given rather diffuse

but discernible and extensive X-ray powder diffraction patterns, which
bear an unmistakable resemblance to the patterns for niobium(IV)(zg) :
monbdenum(IV)(Bo), and txmgsten(IV)(Bﬂ chloride. Table. 3.3 lists
the 4 spacings and relative intemsities in a comparative form for

the four tetrachlorides.



snd .%‘teg v 2 Chlori des

NbCl1, (29) w1, (31) MoCl, (30) a.-ReClh
4 It 4 Int 4 It 4 Int
6,02 10 5497 VeVess 6.00 s 5.8, VeBe
5.7 8
530 w 5627 w
L5 9 Ll VeVoeSe Loyt s he36 m
1409 8 4L..,02 VeVeSe 40l m 4400 m
Jek3 2
3.23 VeSe 3.28 n 3.21 VoW,
2.95 3 3.03 VeVoW,
2.85 VeWe 2.86 w 2.82 VWe
2.71 2 277 w 2.72 VeWs
2,61 9 2.62 VeBo 2,63 VS, 2.59 Vo8,
2.57 5 2.58 8 2.59 8 2453 Ves.
254 w 24Dl m
2422 7 2423 s 2420 m 2.18 i
2.17 2 2,18 VeVeWe
2.1 3 2.13 VeWe 2.12 w
2610 W 2.10 n 2408 m
2e¢J5 1 2402 8 2,01 s 1.99 m
1.98 VeVeWe
1.92 1 1.93 VeVeW,
1.89 VeBa
1.87 L 1.86 VeVeiTe 1.85 8




4Te
(32)

L brief report gives the essential stereochemistry of

NbCll‘. as consisting of pairs of octahedrae joimed by an edge. The
nicbium atoms are displaced towards each other in these pairs, but
only to & distance of 3.0 X, indicating e Nb=Nb bond of low order
ieee < 1. We have recently learned( 33) from Lepert that he finds
molybdenum(IV) chloride isomorphous with niobium( IV) chloride and
that the former must contain a partially formed (or low order)
Mo~fo bond on the basis of magnetic susceptibility.

It is worth noting in passing that the N‘nCl&-like structure
is theoretically plausible for the sbove tetrachlorides, and we
find the brief mention that molybdemum(IV) chloride exists in a
form with Mo-¥c spacings of 3.5 £ as remarkable, and coafirmation
of this result is awaited with interest.

We have not measured the magnetic suseceptibility of y_-.’f;eCl#
with arny thoroughness since we have not been able to obiain
sufficient pure material. liowever, the room temperature susceptibility
of' severzl impure samples indicates an effective moment of Zeu BoMe per
Ke atoms This at least supports the view that a partially dGeveloped,

or weak, lte=Re bond occurs in .-ReCl, ,

4

Goneluding liemarks
The results obtained in this study agres well with the predictions

of the theory. The trimeric Ffommlation for u.—i%.eCll" is most wnlikely
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e

and the more likely stereochemical unit involves the m:n = 1:6 type.
Isomerism is thereby possible but involving closely related
stereochemical arrengements, and not involving structures with

different ¢coanbinations of m:n values.

Bxperimental
(a) Thionyl Chloride
'i‘his was purified by the linseed oil=gquinoline method(ﬁ") and
fracticnated (bepts 75=76V; of . Lit. 77°c(3’*)). The origin of
carbon in the reaction products results from convaminated thionyl
chloride, possibly from the ingredients used in purifying it.

Lowever some purification of SUCLl, is essential since very poor

2
results are obtained with ecrude ar recovered 50812 {viz. mreps.
1 and 2, Table 3.1). Colton et al. do not state how they purified
their ;-30012.

(b} Hydrated Rhenium Dioxide
rreparations 1-13 employed dioxide prepared from the reductian
o fdiew L with zine and hycrochlorie seid. .although this material
contains detectable amounts of zine {probsbly as metallic iragments)
tac overall results were the same as in preparations 14=26, where
dloxide from the aqueous hydrolysis of ReCl. was employede. The

5

precipitated dioxide was wasied with water, and acetone, and dried
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in vacuum at room temperature.

\c) The First Row Transition Zlement Lydroxides

The colloidal precipitates from the action of alkali on the
appropriate chloride were washed (assisted by centrifugation for
separation) end dried as for Re&}a.ZHZO.

(4} Anglysis
The following methcds of analysi.s were used.
{i, Chlorine -~ potentiometric titration with ;%gl‘fus solution.

(ii) Rhenium - determined spectropuotometrically by the
uv~furildioxime me'i;hod( ) + The optical densities
required were measured on & Shimadzu Fhoto~clectrie
spectrophotometer liodel fi=50.,

{iii) Kemaining lransition ilements - quantitative rlame
spectrophotometry against standard solutions,

{iv) Carbon, hydrogen, nitrogen and sulphur - commercial

microanalysis as previously deseribed.

{e} Leaction Iroducts
These were efficiently separated from the i;uw.z phase by
centrifugation andé decantatioi. The cinloride products were handled

under dry nitrogen and dried in vacuum.



50,

Chapter 4. The Isomers of Molybdenum(IT) Chlorigde
Introduction

The type of isomerism displayed by ReClh described in Chapter 3
presents an example of a compound existing in two different forms
but having the sawe m:n ratio, in this case 1:6. The question arises
whether a compound cen have isomeric forms in which the m:n values
are different.

Such isomeric farms are predictable using the theory outlined
in Chapter 1. Cne compound in which iscmerism is predicted is
molybdenum(II) chloride, with the expected forms having m:n values
of 4:5 and 2:6.

The 4:5 isomer is the well known yellow (M°6C18)011,.' This
chapter desecribes the wark undertaken in the search for the other

isomeric form.

The Reaction of lolvbdenum{II etate with ogen Chloride

This reaction was studied by Stephenson, Bannister and
’:‘{ilkinson( 36) in 196k and has been re-investigated.

The acetate was reported to react with dry hydrogen chloride
at about 130°C, producing a brom material. The dark brown product
obtained at eround 250°C analysed for approximately 98 MoCl,, but
was never completely free from carbon, hydrogen and oxygen. The

physical and chemical properties of this brown product were
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significantly different from those of the usual (M°6CJ‘8)°14' The
authors believed that they had prepared a different form of
molybdenum(II} chloride.

In this work the reaction was carried out as follows.
liolybdenum(II) acetate was crushed and heated with dry hydrogen
chloride for a short time at the desired temperature. This process
was repeated successively several times. After each crushing and
heating operation, the chloride content of the brown residue was
determined and its infrs red spectrum recorded.

Several preliminery experiments were performed before the
conditions were found under which the reaction could be successfully
repeated. These experiments are summarised in Table 4.1. The final
products in these experiments were black (two were dark blue~black)
indicating that an oxide or oxyhalide was also being formed. This
black material usually formed a surface layer and as it appeared to
restrict the uptake of further chlorine, those preperations giving
black products were not pursued for longer heating times.

It became apparent that the presence of oxygen was causing
the experimental difficulties. These were eliminated when the hydrogen
chloride was allowed to flow through the apparatus for at least 60
minutes before heating commenced. The product was then brown coloured
and the chloride content reached a maximum at approximately 542.5/ .

The reaction has been successfully repeated at both 250°C end



Table 4e1. Prelimi r_Bxperiments of the Reagtion of D ¢rogen Chloride with Molybd I
Acetate
Temp. % Chlorine after heating times (hours) Golour of

Sample| og 1] 2 3 4 5 e | 7] 8 9 [ 12| 16 | Semple

1 250 21,0 | 25.9 25.6 | 2841 [2C8.3| 27.2|black

2 250 2341 | 2Ce2 3069 0.7 black

3 300 2Geh | 34.8 black

y | 350 3heT blue~black -

2* | 350 3640 black &

6 350 11.8 blue~black

7 300 11ek 27.2 | 3341 | 3349 black

8 200 | 32.0 brown

*

Acetate not erushed before heating
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BOOC’C. The rate of chlorine substitution at these temperatures is
shown in Table 4.2. .is the chlorine cantent increases, the
intensities of the acetate sbsorption bands in the infra red decrease
until no bands are present at meximum chlorine content. The carbon
and hydrogen analyses alsc confirm the absence of acetate. The
complete anslytical data far the above four samples are given in
Table L35,

It is worth noting in passing that the contaminated samples
prepared in the preliminary experiments produce pure }50312 when
warmed with 12 M hydrochloric acid since the dichloride is insoluble

but the oxide, oxyhalide or unreacted acetate impurity are all soluble.

Lroperties;- The product of the reaction is a brown powder waich
slowly deteriorates after long exposure %o the air s turning blue-black
af'ter several weeks. It is rapidly hydrolysed by both concentrated
and dilute alkali to give a black precipitate and a clear solution,
but is insoluble iu, and unaffected by, water. The compound is
insoluble in boiling 12 M HC1l and in most non-aqueous solvents.
It is soluble in nitrobenzene, giving a green solution and partially
soluble in hot pyridine and isoquinoline producing very air sensitive
yellow and red solutions respectively.

These observations agree well with those repox'l;ed('3 6 s and ars

markedly different from those of (M°6C]'8)Cl)+'
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Rate of Chlorine Substitution for M

olybdenum( IT) icetate/Dry

lydrogen Lhloride Reaction

Time of heating s+ C1
{hours) 250°C (a) 250°¢ (1) 200% (e) 30°% (4)
1 2342 19.3 38k N
2 36.8 35.5 39.0 -
3 37.6 36.3 42.2 42.5
L 39.2 38.6 42.3 h2.5
5 405 40.7
6 k1.2 K10
6.5 42,0 42,2
7 42,3 K2
745 42.3 h2.n

ThEOzzz l{2 05 102 05 l|.2 05 102 05
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Lable Le3. Complete inalytical iata for Products of Jiolybdenum(II
Sample L1 Yo C1/Mo yZH 9H Ox. No.
(a) ’4.2.5 56.8 2003 <0'2 ().87 2.1
{b) 424 57 o4 2,00 0.22 <045 2.2
(O) l‘2o3 57.7 1“‘;‘;{‘: 020 0-% 241
(8) 42.5 5747 1499 0.22 0477 2.0

kegd. for
lez }42.5 5705 2.00 - = 2.0
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The maggnetic susceptibility was found to be 24.3 x '80-6 CaliuSe
units, which corresponds to Peppr = 049 BMe Samples of M0012 were
heated for 4 hours at 140°C in sealed tubes with 12 M HC1 and with
&lacial acetic acid. In both cases, no apparent resction occurred

end the dichloride was recovered unchanged.

Posgible Structure:- These samples give rather diffuse X-ray
powder diffraction photographs (see Fig. 3) with relatively few lines,
making comparison with patterns of compounds of known structures very
difficult. It is tentatively proposed that the structure of this
isomer is o distorted CdClz-type loyer structure which allows trimeric
1&03 groups to farm while still retaining octahedral coordination
of the chlorine gtoms.

For convenience this isomer may be referred to as the g-form

and the yellow (B{QGCZLE;)C].’+ as the c-form of molybdenum(II) chloride.

The Pyrolysis of SNHI‘).T&_:,’_. 13280
The pyrolysis of (NH )7!.2030113.ﬁ20 bears close investigation
since it is possible that heating this campound in vacuum will

yield the following reaction:

(N )7m°3 1y5eH0 — 3MoCl, + TNH,CL + HO

This may prove a route for a new form of IﬁoClz.



FIG.3. Xray Powder Photographs.

(b)

(a) /3-MoCly. 20 hours exposure, Cu KQ( radiation ( Ni filter) ;
Sample mounted in 0.2 mm quartz capillary.

(b) CdCla. 8hours exposure, Cu KO radiation ( Ni filter) ;
Sample mounted in 0.5 mm quartz capillary.
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The pyrolysis has been conducted over a wide renge of conditions,
and it is found that NI CL is evolved but the residue varies in

4

appearance and composition yet never corresponds to MoC The

5*
sublimation begins at 114000, and a sample heated at 120°-130°C
for & hours remains unchenged.

Samples were heated for 1 hour at temperatures from ‘H.OOC to
210°C and the molybdenum oxidation nurber debermined. The results
are tabulated in Table L.l

Sharter heating times gave residues with oxidation number closer
to 2.0 and viclet in colour, while longer heeting times produced
darker snd more oxidised residues. This is borne out by the
experiments summerised in Table Le5e It may also be seen that

he pyrolyses are not very reproducible,

4 series of short pyrolysis experiments yielded the results

given in Table 4e6. It may be inferred from these results that

& IE .,
the pyrolysis of (NHI")7P 030113 1,0 proceeds only as far as
°. - i
(mh).,uo;ca.ﬁ H,0 (mh)hosclrnzc + ém{hC].

before extensive decompositim occurs although there appears to be

some evidence for the stabilisation of oxidation state 2.5 in the

solid state. However, Iﬁoclz was never obtained and it must be

concluded that this attempt to produce an isomerie farm of molybdenum(II)

chloride was therefore unsuccessful.
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Table Lo Pyrolysis Of‘(‘;i}’gli-‘i':&o‘ﬁgﬁ"‘io as a funstion of Tempergture

Pyrolysis Conditions Oxidation No. Lesidue
1 120°C; 5.5 hrs 2.0 violet (appears unchanged)
2 140°%;5; 1 hr 2435 violet
3 160%; ® 2456 red=brom
I 180%; 240 brown
5 200°% i v 2013 brown
6 220%; v 246 brown=black

7 20%; 340k black
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Table ke5s Pyrolysis of (NI{ j
[

e GL
F=3=

T

3”12(‘) as a Function of Time

Pyrolysis Conditions Oxidation No. Lesidue
fun I 150%; 3/ hr 2,19 violet
{Gemple (a)) L 2 hrs 2.21 red-browm

LI 6 ars 248 browi
kun II 150°%; Ge5 hr 2,15 red-violet
(Sample (b)) no 2 hrs 2.37 dark red
L L hrs 2460 brown
Yun III 180%; 3/h hr 2.6 red~brown
LA 2 hrs 3408 brown
L 6 hrs 5.07 black
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Table 446, The Products of the Pyrolysis of gbml;_fn_zg_}g1y_zg2g

in Vacuo

Pyrolysis Conditions . Mo ¥ Cl1 Uxid. No. Cl/Mo ) Mo reqd. far

Mo = 2.0
1 190%; 1 hr - 445 - - 472
2 vy 2Yims - oaa - - 39.2
3 " 3% hr - 42.9 - - 16e3
A o3 4z hre 48.8 434 2,18 2.3 176
5% 195%; 2 hrs 50,2 K.2 2,03 2.22 49.8

e Found for pyrolysis 5: N = 2.5.; H = 1.59

Calcd. for MOC].2: ¥o = 57.5%4, Cl = 42.5%, N = 0%, H= %,

£1/Mo = 2.0, 0x. No. = 2.0.

Calcd. for {Miz,m"}‘;lrﬁza‘ Fo = 50ede, C1 = 4345, K = 2.5,

H = 1404, CL/Ho = 2,33, Ux. o, = 2,0,
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Conclugg‘ 5 Remarks

Two widely differing routes towards the preparation of an
alternate form of molybdenum(II) chloride have been investigated,
Although the pyrolysis of (rmh) _;.103(:1 1‘,’.11120 has proved abortive,
the success of ibe acetate/lydrogen chloride method verifies tie
prediction of the theory that isomerism is possible. Unfortunately
the plausible structure suggested by the theory cannot be confirmed.

Lolyblenum(IX) chloride is only ane of several transition
metal binary halides f'a which isomerism may be expected, and the
future preparation of isumers of other metal halides is awaited

with interest.

sxverimental
treparation of pwiiof Zl.2

iolybdenum( II) acetate was crushed to a fine powder and dry
hydrogen chloride was passed over it ror at least &0 minutes before
heating commenced. The sample was heated for tne required time,
allowed to cool in a séream of dry hydrogen chloride, and finally
the apparatus was £ lushed out with oxygen-iree nitrogen. Any
remaining hydrogen chloride was removed in vacuo. The I.i. spectrm
end ths chlorine contents were determined and the whole procedurs
repeated until no further upsaie of chlorine occurred. The yield

ol the dichioride was ~I5=90 ..



Yolybdenum Uxidetion Number in 2-lioCl,

;&-Moc.lz is only slowly soluble in acidified ferric ammonium

sulphate solution. Dissolution was obtained by employing strongly
acid ferric solutions and by prolonged (at least 6-8 hours)
werming uwnder NQ' The oxidation number was then determined using

standard permanganate solution.

Lhe Pyrolysis cf SMM.#_QB‘Q.,I#EQ

The initisl gyrolysis experiment was conducted using a
sublimation apparatus. This consisted of a vessel having an
outer jacket and an inner "cold finger" through which cold waber
was contimiously circulated. . constant temperature wes maintained
using a Wood's metul bath, and the vessel was kept under o dynemic
vacuum. JAifter pyrolysis, the vacwum was released and nitrogen
was introduced into the vessel simultaneously. The compound was
handled in a dry nitrogen stmosphere. In later experimente, this
sublimation vessel was replaced with & narrow glass tube which
allowed elsctrical heating with o metal block. The ammonium
ciloride sublimed well along the cold sides of the tube and the
remaining residue was easily separated by cutting the tube between
the two deposits. The temperature of the pyrolysis and the length
of heating vere varied as required.

Tae methods of amalysis of all the cther elements were the same

as those deseribed in Chapter :.



This oceurs slowly at room temperature with Lhe production
of brignt violet-coloured solutions. MNolybdenum(II) acetate was
added to hydrochloric acid solutioms of various strengths (e.gz.
Ooty 140, 240, 44D, 640, 8.0 and 12,0 M) to determine the seid
strength necessary for reaction. For acid strengths below
approximately 8 M, the raté of dissolution is very slow, so
that hydrolysis and decomposition are too fast to allow the
{ormation of the violet solutions. These solutions yield dark
brown-black precipitates after prolonged standing.

The eddition of various cations to the violet-scoloured
acetate/12 I EC1 solution causes the precipitation of a number
of chlorotrimolybdates(II). Lliore than seventy aifferent cations
have been tried as precipitating agents in a systematic study.
These represent singly, doubly and triply charged species, complex
cations and organic amine hydrochlorides in HC1 solution.

The species produced by the ammonium or alkali metal cations
have been described previously. Uther singly charged cations used
were the tertiary and quaternary ammonium, phosphonium and srsonium
cations and their substituted derivabives. o precipitatesz were

obtained with thess singly Gharged catlions or with other coubdy
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or triply charged cations.
The addition of orgenic amine hydrochlorides to the acetate/12 M

HC1 solution produces s large number of chloro’crimclybda'bes(II).(12)

R b z
(ol enlji}?_.g}(}_l‘;r 'GHZ‘Q
The use of complex cations as precipitating agents has also

been investigated.

This compound may be prepared by the addition of Co en3613
to the violet solution. An alternative preparative method involves
the mixing of Co en3613 and (I\}}I#)_,Iiosclﬁ.ﬁzo in 2 N HCl., The
analytical data for this compound is shown in Table 5¢1s Ths
presence of water has been proposed on analytical grounds. The
strong absorption in the infra red spectrum due to the Co en3
group completely obscures any possible bands due to water.

The properties of [Co{en) 3]3l.i030115 .6H20 are very similer to
those of the other halogenomolybdates(II). It is insoluble in
non—aqueous solvents and thus no direet evidence could be gained
regarding its solution phase degree of polymerisation. Its
composition is equivocal and moy be expressed as a dimer or trimer.
Since there are no features that distinguishes this compound from
the other chloromolybdates(II) it has been concluded that it must
be of the same structure and sontain the I{e}()l13

requires that the lattice displgys sxtra chlorine atoms, not

unit « This



cample .. Mo ;61  Clilio . Co Ho:Co i N | PIeaY gt' : i?:l
1 1?.2 52-0 5002 ol - L o - 203 81
2 173 3343 5e21 103 1403 - - - 2.3 8
3 176 32.3 4496 10,0 1,08  15.22 5.16 1341 2.1 ™
4 17 32.3 5402 104 103  15.7 487 13.11 2.1 68
5 1705 32.2}» 5‘@0 = - 15005 5025 13.&[- 203 %
M 17.5 320&- 500 10.7 1 1503 501 1301 240 -
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associgted with the staphylomuclei, but present through the

requirements of the multivalent group Co enj‘}".

The isomorphous Cr en3 compound has also been preparea( 12) .

m ?} B
"he Solid State Decomposition of [Cof eng}l}ggjg_;1 61,0
The [Co(en) 3] compound, unlike the [0r{en) 3] compound undergoes
& rapid intramolecular redox reaction whoss rate is increased by
light (producing bleaching) or by moisture, but not by oxygen.

Table 5.2 shows the rate of oxidation of [Go(en),] Mo Cl .61&20

35502y
under various conditionse

Cobalt(II} is detected in fresh and stored semples. The
molybdenum cridetion numbers of the samples were determined by
dissolving them in scidified ferric ammonium sulphate solution
and titration with permanganate. It is assumed that the ccbalt(II)
products do not contribute tc the titration, but remain as the
iCo(Hzo) 6]2+ complex. The aridation number of samples stored
in dark dry conditions rises over a few days from about 2.0 to
various relatively stable values in the range 2.4-3.0.

The rate of oxidation and the terminal value of the oxidation
number are not reproducible. The final produet of oxidation in the
presence of moisture is rapidly formed (within 2-3 days) and is &
green material containing 31.57 Cl; 17.3 Yo {i.c. Cl:lo = 4.9)

and with oxidation number Le%. This indicztes the presence of the
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Tablso 5.2+ Change of Uxidstion Nurber of Volybdenwn in

Co(en) j——-j-—‘l‘:'é“ G Stored in the Dark Under

Various LGonditions

In Vacuo Dry Adr Dry 02
Deys _ Uxidn. No. Days Oxidn. No. Lays Uxidn. No.
O 21l 0 2ol 0 2623
1 2.3C 1 2.23 1 244
2 2.41 2 2.26 2 2.48
3 2.53 3 2,22 5 2455
4 2.67 & Z o2k 10 246k
7 2,85 7 230 1% 2.66
12 2.97 12 2,40 27 2.80
15 2.98 5 2039
e 2.99 28 240
In Vacuo Dry Alr Moist N2
Days Uxidn. No. Days Uxidne. No. Dagys (Uxidn. No.
3 2.27 0 2.27 0 2.36
1 2.65 1 247 1 47
2 2.73 2 2.53 3 Lo77
3 2.72 3 2.60
L 2.70 4 2.63
6 2.76 6 271
g 2e74 a 2e7h
10 2.76 10 2.78
13 2.79 13 2.8
16 2.82 16 2.87

22 2484 a2 2ol
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ﬁwQVoala}df group.

Magnetic Behaviour

The magnetic suscepbibilities of samples 3 anévh were

determined as o function of time. The following resulis were

obtained:
Time (hours) | 106~xm (C.GoSe) 1@6‘xm (ColteSe)
2 308 202
2 686 45l
48 : 15330 02
72 1780 1320

The Xyt values of the freshest samples correspond to Popr
values of 1.7 and 1.9 B.M. per trimer unit respectively, which

is consistent with considersble m~m interachions

The Rate of Oxidation of Molybdenum{II) Acetate in 12 ¥ Hydrochloric

Acid
The violet solutions produced by molybdenum(II) acetate and
12 M HC1, and which contain only molybdenum(II} initially, are
only relatively short-lived. It is worthwhile to study the oxidation
of these solutions since they may afford a msanSFQE preparation
‘of & number of species of highér oxidation number and which have

not previously been reported.



n

un standing under nitrogen tihis violet solution beecomes
oxidised and the rate of furmation of higher oxidation states
increnses with Lemperature, the presence of oxygen or molybédenum(VI)
oxide. It is apperent that several molybdenum species are formed
in this solution and a thorough investigation of the rate of
oxidation under various conditions has been uncertaken.

The apparent (average; oxidation number displayed by the
molyodenum in the molybdenuwn(II) acetate/12 i HC1l solution under
various conditions is given as a function of time in Figs. 4~6.

several interesting features of these runs may be notea:
\ij The initial rapid ineresse in oxidation number.

(i1} The relatively constant value at Z.5=247.
{iii) The increase in rate due %o temperature cf., runs at 30°,

5&}0, 70° and 90°C under oxygen aimosphere.

{iv; The increase in rate due to oxygen cf. runs at 30°C and 7%
under nifrogen and oxygen.
(v) The non-smooth nature of curvature of the graph in which
much higher oxidation numbers have been obtained, viz.

o, nOn '
runs at 70°C and 50°C under an oxygen abmosphers.

The change in axidation number is accompanied by colour
cianges of the solution. The initial bright violet colour produced
on mixing loses its intensity, changing rapidly to an anbex-green

colour corresponding to an oxidation number of approximately 2.5=2.7.
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Oxidation

4.0

3.0

_Apparent _oxidation number of Mo at 30°C

(a) Oxygen atmosphere
(b) Nitrogen !

0 —o0— (3
)
e _@— (b)
| l 1 | |
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Time (hours)

FIG. 4.
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5.0

__Apparent oxidation number of Mo at 70°C

(a) Oxygen atmosphere
(b) Nitrogen “

(a)

1.0 1.5 2.0 2.5 3.0
Time (hours)

FIG. 5.
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5.0

~
o

3.0

_Apparent

oxidation number of Molybdenum

(a) Oxygen atmosphere ; 90°C
(b) & . ; 50°C

| | | |

(a)

1.0

1.8 2.0 2.5 3.0
Time ( hours )

FIG. 6.
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4.0

4.5

5.0
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while the solution is in the vieinity of 3.0 the solution changes

to ¢ reddish codour and finally becoumes emersld green correspouding

%

6o owidation number 5.0. This soiution is stable indefinitely.

from these colour changes and from the broken nature of the

0. o — y g s
curves at 700 and 900, it ig apparent that s number of successive

reaction products ure formed. The first relatively level portion

of the curves at oxidaticn munhers Zo5=2.7 is most important since

it iz from Just these solutions that an extensive range of

molybdenum( 2.5} compounds may be precipitated.

7hile it appears that severzl species exist in soluticn at

various times, solubility prevents precipitaetion of them a2ll,

ias been possible to precipitate molybdenum species in the

It

oxidation states 249, 2.5, 3.0 and 5.0. These last two species

. pn 5 T WA 1 U o Ty Vo 3
have bzen ovtained as SEPAER »Jl,j.;zzo] and ta, Mo 0015.5 as
shown by analysis and o spectral investigation.
(e) Found: Mo = 17.17, 01 = 31,3/, C1/Ho = 5.35, ix. Ho.
Calcd. for: Mo = 17.2, 01 = 31,8, C1/No = 5.0, (xa
11

-~ Y3 I ks 1
s 32 U.;o Cl5 .ﬂzo_;

(bj Foumd: o = 17.1], i = 31.7,, C1/io = 540, Uxe loe
Laled. for: lio = 173, C1 = 31.9;, Ci/Mo = 5.0, Ox.

ne Nae Ve 4
;,52,_1.10 uulSj

n
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ihe Ldectronic sbsorvtion Suectrso of Os, 3o o

e astbunieiton 2&—.———-
in Bydrochloric Acid

Tue spectra of these two compounds were recorded since they

were essential for the carrelation of the spectra of other species
prepared in this study and no comprehensive data had been reported

previously.

o IIT
(a) GCs,fMo €1 8.0}
The U.Y, and visible spectrum of Cs, LMOIIIC%.HZO} (red~pink)

was recorded in 8, 4 and O.1 M hydrochloric acid. The results
are similar to those obtained by Jb‘rgensen( 57) and are tabulated
in Tables 5.3=L.

Low intensity absarption peaks (& = 4 and 6 respectively)
appear at .70 KK and 14.80 KK over the whole concentration range.
The peak at 1930 YK in 8 K IC1 shifts to 19.60 KK in 0.1  HCL,
while a shift fram 2410 KK to 25.30 KX is observed in the next
peek under the same conditions of dilution. A fourth peak at 32.00
KK in 8 M HC1l shifts to 33.80 KK in 0.1 M HCl. A further peak
appears at approximately 45.00 KK with a shoulder at 39.50 KK in
Ge1 M HCL,

Although the spectra in & and 4 ¥ HC1 remain relatively constant
for at least 24 hours, those obtained in 0.1 M HC1 change quite

rapidly. The peaks at 19.80 KK and 25.30 KK shift to shorter
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o . . ) . . , . S 1 ] SR
Table 5.5, The Llectronic ‘baorvhicn spegtra of G llio i,.ﬁ_f-.:i 0l
An ilydrochloric Acid
Goncentration A (KK) e Literatures 5%

3 9470 A 9455
a5 6 %75
19.30 31 19475
24410 51 2h.4 50
3230 890 -

1550 12,000 -
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Tabie Hehe Electronic ibsorption Spectra of 3”2 .' I-«LoHIGlj_ﬁaf_B_{.
in 041 ¥ IC1 as a Function of Time
U hours 2 hours 8 hours
A (KX) € A (xx) g A (KX g
-9.95 1 1C«10 i 10430 2
e85 2 1555 5 15,50 5
19480 25 20480 30 ~2100 31
25430 61 26,30 TC 26.90 13
33480 45 33505 1350 33.80 1700
~39050 ~J90 30 1580 39.10 2000

45400 3100 Lhe75 1950 15.15 3100
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wavelengths and increase in intensity while the bands at 33.80 KX

and 39.50 KK show » marked increase in intensity within &€ hours.

{b) Ss,, ='L‘:,ov0015_i

The spectrum of Gs:‘3 ;?"_E:.-LOVCGJB | was recorded over the following
concentration range of hydrochloric acid:=- 12, 8, 4, 2 and 0.1 I
HCl. The solutions in &=12 ¥ HC1 are emerald green while below & ¥
the solutions are amber-coloured.

& Beer's Law plot taken st 12 M and 0.1 I HC1 shows tha® Beer's
Law is obeyede. The position and intensity of the peaks in the
resulting spectra ars tabulated in Table 5.5.

At each particular comcentration of iIC1l, the spectrs were
recorded as & function of time and in each case remained unchanged
for at least 2 hours at room temperaturc. The results obtained
are in good agreement with those obtained by J‘c’)rgensen(3 7 and
simon and Soucha,yi 38).

The spectral bands of the green complex, i.e. in the range
8-12 I HC1 appear to remain unchanged in both position and intensity.
vn dilution with water, the peak at approximately 14..00 KK becomes
very broad and less intense and is not observed below 4 ¥ [HCL.

The second pesk at approximately 23.00 KK exists in 8«12 ¥ HCL but

on dgilution to 4 } HCl becomes a shoulder (¢ = 125) which disappears

on further dilution. The peak at 28,00 5K (e = 500) is only observed
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Table 5.5, The
g

e

sleetronic Lbhsorpbion Sveehra of Cs, Ho ¢Cl. ! in
P

- ivdrochloric ucid

P

Soncentration i (KK) s Freviously lieported
12 i 13490 17
{Green) 22430 1
2790 520 -
32420 14,300
541620 5600
8 ¥ 14,400 17 11405 (16)$37)
(Green) 22,70 15 22.50 (1)
28420 460 28,20 {500)
32430 3600 32420 {4400)
W60 5200 50,70 (5500)
1750 10500 - -
L 14430 3 ~ 000 (6) (38)
(Junber) 22440 125 ~23400 (120)
32,90 3500 ~33400 (2000)
L7455 8900 - -
2 M 25.50 ) 2500 (50)38)
(Amber) ~33e50 3500 ~33400 (1800)
38410 7000 - -
LE. X0 7900 - -
Out M 25470 54
(smber) 35480 1800
38,70 2200 -
549400 3900
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> . (&) ) 3 1S - A
in the t=12 Il lCL range.

e peak at 32,00 KK in 12 M HCI shifts %o
5280 KX in 0.1 M HC1l, with on accompanying drop i intensity from
g = 4500 (12 ¥} %o ¢ = 1800 {0u1 1) The remaining two peaks appear
at all concentrations, arc broad and intense, and asppear st 3£.00-

Concludine iemarks

4 thorough study of the molybdenum(II) acetate/12 M hydrochlorie
aclid systenm has revealed that although we suspect that several species
are present in solution, only molybdenum compounds in the oxidation
stutes 2.0, 2.5, 3¢ and 5.0 can be precipitated.

#e are sware thal a larger number of compounds could have
been prepared. lowever the main object of this study, was not the
preparation of a large number of particular speeies, but rather the
discovery of all the different structure types present in the system.
It is unlikely that this method of preparation will yield any mors
different Yypes in the solid state. IHowever, the theory predicts
that such coampounds, having different structure types and fractional
oxidation numbers, are possible and slternative methods of

preparation must be investigated.
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Bxperimental

(a) Preparation of ?Co(en):ﬁ]_:ligzg_}_.,l,,6ﬁgo_

& 2 ¥ hydrochloric acid solution of Co en,Cl, was quickly added
¢ o

o

0, 0L, eI 0 in 2 ¥ HC1l., A fine micro-
3 13 1.2 4 .

crystalline red precipitate formed after approximately 5 minutes.

%o a solution of (m14)7z;:

This precipitate was {"iltered, washed successively with cold 2 M

HC1, ethanol, and ether, aund dried in vacuum at room temperature

The yield was usually 70-80,.. Due to its insolubility im, or

decomposition by solverts, this compound could not be recrystallised.

2 Y hydrochloric acid was used due to the restricted solubility

of {NH 0,01,..H0 in concs 1Il. This allowed homogeneous reaction
(M1, ) o501 5ot g

mixtures. The compouné has also been prepared using other chloro=-

melybdates(II), eoge. 1{5}.503 .

The cobalt content was determined gravimetrically as tetrae

0112 and {2571.;036113.{{ Oe

pyridinecobalt(II) thiocyamte( 21) s and all other elements by

methods previously described.

xidation Number of llolvbdenum
in Volybdenum(IT) =cetate/12 M HC1

1.000 gms. of finely powdered molybdenum(II) acetate were

(b) Determination of the Jvparent ©

dissolved in 50 ml. of 12 L {IC1l, previously thermostatted to the
required temperature. The atmosphere above this solution was either

nitrogen, air or axygen as required. During the reaction, the reaction
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vessel was shaken with & mechanical stirrer or the solution
agitated by a vigorous flow of oxygen or nitrogen.

At various intervals of time, aliquots of the solutions
were removed, and discharged into an scidified solution of ferric
ammonium sulphate. The oxidation number was then determined by "back
titration" with standarg permanganate solution.

Small errors due to evaporation (in a flow system) are
inherent in this method, especially at higher temperatures.
These may be overcome by using a closed system and effecting
sampling by means of a gyringe through & rubber membrane. Uther
errors due to volume changes of volumetriec pipettes at higher
tenperatures are unavoidable but, fortunately, small.

Care must be taken with the initial readings to ensure complote
dissolution of the acetate. This may be speeded up by introducing

the acetate as a fine powder.

{¢) Visible and Ultra Violet ivectre
These were recorded on a Unicam 5700 recording spectrophotometer
using degassed hydrochloric acid and & pair of 1 cm. matched

silica cells,
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Chapter 6. Illalogenomolybdates{2.5)

Introduction

in the study (Chapter 5) of the rate of axidation of nolybdenum(II)
acetate in hydrochloric acid under various conditions, a relatively
level part of the graphe indicated the presencs of a species of some
stability with an oxidation number in the renge Ze.5=247+ The

significance of this observation forms the basis of this chapter.

itesults and Discusgion
(1) Ireparstion

Folybdenun(II) acebate, and the halogenotrimolybéates( II;
prepared from it, dissolve in cancentrated hydrolslic acid to
give short=-lived violet solutions of molybdenum({ I7) which change
through red to amber or browne. wThe addition of various
precipitating cations to this oxidised soiution produces yellow
or mustard-coloured compounds having molybdemm in the oxidation
state 240,

A thorough investigation of the compounds Formed by the alkaldi
mebal cations end the ammonium cation has been uncertaeken. o
compounds were produced by Li'i', I‘\sam&', K* ar NHA; and no iode=
nolybdates{2.5) were formed by any cation. Yhe compounds produced
by Y and Cs” have been lormuiated as ;’-,3";&0;'5}{8 {4« = kb, Cs;

an - "L;l’ .il}r/'o
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Another investigation in these labcratories( 12) has shown
that similar compounds are produced with several other eations,
€.3+ tetraphenylphosphonium, tetraphenylarsonium, o-phenantholinium
cations.

The preparative and anslytical data for the alkali metal
halogenomolybdates(2.5) are given in Tables G.1=4.

Since halogenomolyodates of low oxidation states are difficult
to handle and purify, we have adopled as the criterion for sample
homogeneity and purity, tiie reproducible analysis of different
preparations.

i{bSMOQBrB could not be isolated pure. Preparative mixtures
with Rb:¥o ratios »5:1 yield light brown precipitates very rapidiy.
The analytical data (see Tpble G.4) show that these samples have
a Br/Mo ratio near L0 and the oxidation numbers are close to Z2.5.
The powder photographs are very similar to those of the other
halogencmolybdates(2¢5). i/hen preparative mixtures of much lower
Rb:lo ratios are used, the precipitates form slowly, snd sre darker
brown in colour. The oxidation numbers are near 3.0 and the Br/Mo
ratios are in the range 4.26~L..40. The powder photographs of these
samples are very similar to those of Rb§50§13r9 prepared in another
study in these labomtories( 12) o
It is inferred that the rubidium bromomolybdate samples are

. ) oo o ITT
mixbures of Wb mo Br, and ih ko D ASttanpted ¢ ification
319,87y 34 o B g pted purificaiion by
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Table 6.1, Analytical Date for Rubidium Ghloromolybdate(245)

4/to . Mo €1 £l:Mo Oxid. Ne. % Yield
312 25.6 38408 4o10 2e72 82
332 2544 34 Le18 2.63 79
3:2 25o8 3905 1{-01# 2066 85

5: 1 25 t6 38m2{. [&005 2.’-)—8 82|-
10:1 2505 38.9 14-.12 2050 &)
Theo;:! 2602 3808 2{».00 2'50 .




Table 6.2.

Bz

anglytical Date for Caesium ybdate(2.5)

fs,/}él [#]

4 Mo

3:2% 21 32.6 La12 2450 80 -
3:2 21 08 31 07 3.% 2057 ?0 -
3: 2 21 o)fn ,34:‘;.5 24-000 2.63 67 lp'-:--9
3:2 21 05 3203 24.000 2.55 67 1{501
532 21-8 3205 4.02 20&) 65 1}501
5:1 21.5 3244 Le07 248 7z -

10:1 21.7 336l Lhe16 2.57 17 =
'.'L'heog;g 21 .9 32 05 luOG 2:50 - 14506
% gample dried in vacuo at 50°C for 3 hours 501 = 32,8

H

"

1"

u

n 140°%

i

6

"

AL = 32.6
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Lable 6.3, Analytical Data for Caesium Bromomolybdate{ 2.5}

/Yo 5% Yo s+ Br Gt Cs Br:Mo  Uxid. foe Yield
3:2 148 5244 B Le25 2,76 -
332 15.3 5244 - 410 2.7 70
3:2 1449 4L9.5 303 Ze9y 2.59 &5
3:2 15.2 524 32¢3 413 2.49 63
3:2 152 5C.3 3143 297 2¢57 63

Theo;:g 19 .‘6 52 e 32 ol’-t- 4.00 2950 -




loble 6els Analytical Date of Rubidium Dromomolybdste

£l

/Yo

o % Br Brillo wxice lloe field
Atomic Ratio
3:2 1.7 5563 Le26 31 20=30
* 1641 5749 L.31 31 i
" 1€ o5 5846 4e26 et .
" 1645 S5Ced Le25 Sel i
M 1642 5861 Le3G 30 "
" 1542 356 440 et i
" 1642 5Ce6 L33 3.C g
5:1 1644 540 L.oG0 2eb 53
10s 1 153 55ely Le19 244 53
1G:1 1646 Sled 3499 2.4 62
Rb 3“:"2}3"8 176 58.8 4400 25 -
RbSMozBrg 1644 61.7 4450 340 =




™
D§ .

,fIm;;III’Br5 0] dn all

recrystallisation yields the monomerie R’nz
cases,

Found: Mo = 15.0%%, Br = 59¢5%; Br/¥o = 4e8; Uxid. No. = 3.1
Calode for: Mo = 1440, Br = 58.,57; Br/Mo = 5e0; Uxide lice = 340

S o o=
b, (Mo IBr5.z,120j

(ther species may possibly exist e.g. Rbl‘.ltmzﬁr9 and
iibzhioznﬂa, but in larger excesses of rubidium the species
RbEHOZCIB predominates.

The t'urther possibility exists that the preparation yields

a non=-stoichiometric phase.

(2) Formulation

The dlscovery of compounds of oxidation number 2.5 has attracted
our close attention to ensure that this oxidation number is genuine,
It is possible that these compounds contain molybdenum in two
different oxidation numbers e.ge. +2 and +3 and may be crystalline
double complexes. The apparent molybdemum oxidation mumber of
K6M0381 12 in hydrochloric acid has been measured with respect to
time and acid strength(“) « The rate of molybdenum oxidation
increases with acid concentration and at a high consentration a
terminal oxidation number of 2.5 is quickly reached. This observation

is only explicable by the presence in solution of individual
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molybderan species of oxidation number 2.5, not a mixture of oxidation
states.
It is of interest to note that o number of niobimn(sz) and

(39)

technetium halogeno compounds hsve been reported in which
the oxidation number is 2.5.

The compounds were confirmed to be gemuine by the eventual
successful reerystallisation of the rubidium, caesium and
triphenylphosphonium chloromolybdates(2.5) with analytical figures
35 good or better than the starting materials. The caesium
compound gives small irregular flskes, and the rubidium compound
hexagonal plates. The bromomolybdates(2.5) quickly decompose in
hot hyércbromic aeid to produce A, iEoBrS.HZOj (4 = b, Cs)e

Halogenomolybdates(2.5) display a quite genaral insolubility
in non-aqueous solvents, and whilst dissolving in water and hydrohalie
ecids are obviously decomposed by these, even in the absence of oxygen,
at & rate dependent on the acid strength. Thus nothing can be
learned direetly of the solution phase degree of polymerisations

The initisl report(m) of the preparation of these c¢ompounds
proposed a tetrameric farmulation. This proposal, based on magnetic
evidence, was made before a clear theory of "metal cluster” fermation
had heen developed. it ds now recognisec that molybdates(2.3) are
most unlikely to have such a tetramerie formulation, and would, in

preference adopt for & Cl:lo coordination number of 6, & dimeric
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structure displaying just one lMe<lic sontact of normal distance
l.es T 2.7 &, although o somewhat less likely but not impossible
12

~ type with a very

alternative would be a dimer of the [R32018

short Mo=%o distance.

(3) ZEvidence for Structure
(a) Magnetic: Fit is assumed that these compounds would

display the minimum number of unpaired electrons (i.c. 1, O and 1 for
dimers, tetramers and hexamers respectively) and that a spin only
behaviour is given by such electrons, then the Feps would be ~ 1.2,
O and ~ 0.7 B.M. for Moz, HOL,. and Mos compounds. The measured values
are O«i1, 053 and Ou41 B,M. for the caesium and rubidsium chloros
molybdates and the caesium bromomolybdate respectively.

Since a feasible structure for an M°6X24 complex seems unlikely,
the magnetic evidence suggests a tetrameric formulation. Pige. 7
shows a plausible structwure of the Mo X ¢ 8roup and indicates its

51
derivation from the HOBX 13 unit,

(b) Conductivity angd lolecular Weights: These measurements( 2}

on the triphenylphosphonium compound were hampered by the decomposition
of compound in solution. The conductance data is inconclusive while

the molecular weights obtained are best interpreted on 2 tetrameric

formulation,.



The proposed structure of the Mo,Clig group.

Large circles —Mo

Small circles —Halogen

FIG. 7.
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,rystal Structure: U preliminary i-ray crystal

(&)

structure determination oi the triphenylphosphonium compound

indicates that tetramers are unliikely.

(8} Spectra: The solid state end solution spectra of
rubidium chloromolybdate(2.5) were recorded. The results are
given in Table 6.5 and Fige. 8, as well as a comparison with the
spectra obtained for caesium chloromolybdate(ze&)(“) o It is
now observed that the absorption spectra in € M hydrochloric aeid
far chloromolyovdates(2.5) ere very similar to that reported for
Ks‘s‘(zclgu"“ « This may arise through the presemnce in solution of

the equilibrium

I t o, R
h.OZClB + C1' 1102019

The behaviour of chloromolybdates(Z.5) in solution is rather complex.
The species present in high acid concentration is most likely

mozc.l;*", but it is suspected that in dilute acid solution a different,
oxidimeirically unsteble, form may exist.

{e) ILowder Fhotographs: The X-ray powder diffraction patterns

beer a close resemblance to the patterns of Kj'w‘:’zclg and Rbs’u'-'2019.

Table 6.6 lists the d spacings of some halogenomolybdates(2.5)

fogether with those of ;\3.;2619‘3“‘*25 anc Mbg¥,Gly. The photograph of
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Table €5, nliectronic Ssbsarption speetrs of caesium Jand itubidium

Unloromolybdates( 49

, (11)
Yedium Rb 6}‘!.04{'2 1 16 0563'.10 l*c 1 16
Feature ) (KK) cm Feature A (¥X) em
P L6, 21400 ? 46,0 21500
P 270 1270 P 26.3 1260
S ~194 - P 194 360
8 ¥ ncl 3 ~3leQ - ¥ 42,0 60000
r 23546 2770 r 2346 3300
13.2 238 P 132 190
KCL Uise P 224 - P 2242 5200
S ~190 - S 18.8 4,600
¥ 12&-05 = P 11.».5 m
Iujol ¥ 2340 - P 2242 -
iall S 1902 - S 18.8 -

p el - ¥ oD -




1.0

0.D.

0.5

Electronic absorption spectrum of Rb3Mo,Clg_in 8M HCI

€=2770

- € = 20,500 €=238

| |

AU

45 35
Wavelength ( 103 cms™)

FIG. 8.

o -



Table 6.€. X-R

Powder Diffraction Data for Molybdenum 2.

and Tungsten

.0} Halides

4 i (14'2) T ¥ T £ +
) Bt Kji0ly  RbCl,  RbMelly  Osgoily  OsgioBrg
4 Int d Int da Int d Int d Int d ant
7.89
6017 2 6«28 2 6.10 2 '6.110 3 6.55 W
5.79 10 5.89 9 5.7 8 6«02 5 »15
1[»091 1 5012 3
ggi}' !4006 w 4401 2 Lol 3 l‘.:O8 6 Le2k S he37 w
115 3.59 S Y 6 3.63 o 3055 o 3470 VeSe 3.80 S
104 :7039 Velle 303‘6 1 3.2&6 _’3 5-!42 1 3056 w
112 3.28 m 3026 h. 3’032 2{- 3.27 2 302{-1 VeWe
200 3011 VeWe 3009 1 3.09 1
201 2.05 W 7602 2
113 2.99 2,96 2
202 2.90 - .
105 2.87 ves. 285 8 2.93 10 2.91 10 3401  VesSe 3410 ves.
2031 5 Ve ’ - 2975“.\‘ Z‘] 2.86 w o 2092] w
1, 269 s 288 T 2 T 5050 107 2,79, Vess! 2488] Ve
106 2.)4.8 m 2-1{-6 7 2.51 7 2.?!4..8 8 2.57 VeSe 2055 Vel
201 2.46 m - -
1200
210;  2+H v - -

(continued)

9
(&



Table 6.6 (contd.)

) 13w2919(42) K,¥,01 Rb 5¥,01, Rb Ho,C1 s ,4Hio,Clg Cslfo,Br,
. a Int a Int a Int a Int a int d Int
;f}} 2.32 s 230 6 2.3 L 231 4
;?g: 2425 VoWe = -

205 2.2, m  2.23 6  2.28 5 2.26 6 23, w243 m
107 2.7 m 2.6 8 2.21 6 2.21

116 )

125)) 2.5 s 2.5 8 2.9 2 2.16 4 2,23 m 2.30 ©
213])

300 2,07 w207 2 2,09 1 2,12 1 2447 m 2.21  m
206 2404 2.03 2 2.07 2 2.06 5 210 V.VeW,

008 2,02 vew. 2,01 2 2,03 1

302 201 v, 2,00 2 2.00 1 2.03 vevew.

303 1.94 = - -

108 1.92 W 1,52 5 197 6 1.96 6 2,03 @m  2.09 m
2?;} 190  m 189 5 1.9z 5 1.9 6 1,98 m 204 m
207 1.86 1.85 7 1.89 5 1,88 6 o9k m 2.01 m
220 1279 - - 1.80 8 1.82 10 1.85 s 1092

D

P
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K31‘¥’2019 hes been re-measured to ascertain eny lines not reported
by Erosset.

The spectra cnd the diffraction data are the most relisble
evidence and it must be concluded that these halogenomolybdates(Z.5)
are dimeric with the “z‘v’2019—type structure. The theory suggests the
most likely structure has m:n values of 1:6. The %4'2019-type
structure satisfies this combination. However, the preparation
of ligand deficient derivatives of this structure is quite anomalous
and unexpected. There seems to be no apparent reason why I~.t202;‘i8
species should form in preference to Moz}‘;g species.

The possibility that a water molecule may occupy the "ligand
deficient" position, thus effectively raising the number of ligands
to nine, has been examined. There is no evidence for the water
molecule in the irfrs red spectrum. &dditionally, the unit cell
dimensions have been determined for samples of the caesium
chloromolybdate. The experimentally detemine&(“) velue for the
density or this compound wes used to calculate the number of
formula units in the unit cell. The result of 1.93 indicates
that there are two dimeric units per unit cell. Moreover, any
increase in the molecular weight e.g. by the addition of a water
molecule, decreases this value to one ouitside the limits of

experimental error. Table 6.7 lists the unit cell parameters of

some halogenomolybdetes compared with the tungsten{III) compounds.
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Table 6.7. Unit cell Parameters of Halogenomolybdates(2.5)

Compound a (& ¢ (&
I{bBI{i@zé} 18 715 16432
Cssﬁozc 18 7 %6 1€.98
Cslio,Prg 7.66 1748
}1};3:72019( 42) 7.24 1649
Cayiiy5 19( 42j 735 17.06
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(L) Properties

The properties of halogenomolybdates(2.5) are very similar to
those of halogenotrimolybdates(II). The room temperature
magnetic moment of rubidium bromomolybdate prepared from small
excesses of rubidium chloride was 1.3 B.¥. per lo atam,

(ef. Kb, [IfioBrs .HZO]: Found = 3.72 B.M. per Mo atom) which is
consistent with considerable m-n bonding occurring.

& spectroscopic investigation of these bromomolybdate samples
yielded the results listed in Table 6.8. These results are not
inconsistent with the samples containing both R’b3}402Br8 and
RbBMozBrg, which is found %o have peaks at 18,0 KK (¢ = 680) and
22.0 KK (¢ = 380) in 8 1 mBr¢ 12,

Concluding Remarks

Compounds of the type Agdlo Ko (4 = Rb, Cs; X = C1, Br) have
been prepared and characterised. The evidence regarding their
structure is conflicting. The most reliable evidence indicates
they are dimeric with a ligand deficient W2019-type structure.

The alkali metal halogenomolybdates(2.5) give small crystals
unsuitable for a erystal structure determination. A study of the
structure of the triphenylphosphonium compound is under way( 4) » and

the results are awaited with interest.



Tgble 6.8, The Hlectronic Absarption Spectrum of Rubidium Bromomolybdate(2.5)

8 M HBr 1 M HBr Nujol Full KBr Disc
Feature A (KK; ¢ Feature 1\ (KX) € Feature A (KK) Feature A (KK)
P 41.05 41000 P 42.95 30000 - -
~38.0 34000 - - - - -
5 ~340 18000 I3 34.05 12000 w -
S ~310 13000 P 30.60 8000 - -
P 22.6 2520 5 ~23.0 1500 P 21.7 P 21.7
i 17.95 450 179 1170 P 179 S ~18.0
P 12.7 230 P 15 o4 575 P 13.8 S A~k
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fixperimental

Preparation of Halogenomolyb datesg 2.5)

These compounds can be prepared by two methods. The first

involves the oxidation of halogenomolybdates(II) in hydrohalic
ecid solution, and the second, the Precipitation from oxidised
diacetate/hydrohalic acid solutions. The latter method, ﬁsing

homogeneous reaction mixtures is preferred.

Method (a): Crushed molybdenum(II) ecetate was added to a
solution of conecentrated hydrohalic acid, containing stoichiometric
amounts of the appropriste alkali metal halide. The resulting
bright violet solution slowly turned amber green and the insoluble
halogenomolybdate(2.5) precipitated. When 4/Mo ratios > 2 were
used in the preparative mixtures, the halogenomolybdate(II) was
iormed end the solution was shaken for 2-L4 hours by whick time the
molyb dermum( IT) compound decamposed to produce the required
halogenomolybdate(2.5)s The precipitate was collected by filtration,
washed with several aliquots of cold acid, acetone, diethyl ether
and dried in vacuum at room temperature.

The chloromolybdates(2.5) were recrystallised by gentle warming
in concentrated AJk. HC1. Prolonged vigorous heating produced the

i YoCl. W11 N
monomeric A, [ oCly 20}
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Method (b): Zsolutions of molybdenum(II) acetate in concentrated
hydrohalic acid were allowed %o age until the amber green solution
appeared. Acid solutions of the appropriate cation were used to
precipitate the halogenomolybdates( 2.5) which were worked up as
described above.

The analytical methods end physical technigues used were similar
to those described in Chapter 2.
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Chapter 7. The Reaction of Hydrated Rhenium Dioxide with Garbon
Letrachloride at lich Temperature

Introduction

The preparation of 3-—1‘19(31,+ has not been successfully repeated
since its unexpected delivery from & commercial source. The
compound has already displgyed some interesting chemistry and
it is worthwhile to investigate other methods of preparation so
that further study is not frustrated by lack of starting materials.
| 3-2(&14 was prepared by the thermal decomposition of rhenium(V)
chloride under nitrogen at 350-37506. Subsequent a.ttempts(s) to
repeat this preparation produced only R35019 under these conditions,
and apparently the exact conditions of its preparation remain unknown.
The preparation of u-ReClh_ has been re-examined in Chapter 3.
it is possible that the appearance of these different forms
depends on the farmation temperature, and it was considered
worthwhile to investigate the chlorination of rhenium dioxide at
high temperature as a means of synthesis of ﬁ'REClA_'
The production of anhydrous transition metal chlorides by
chlorination of oxides with CCl, in a bomb is well establisheal ) |
although the method is likely to give oxychlorides in addition.

In general terms the following reaction occurs:

; , oM
H.?.On + nCClL’. - 2"Cln + m’;‘()(?l2
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The chlorination of rhenium(VII) oxide produced rhenium
pentachloride(u") o The reaction of hydrated rhenium(IV) oxide with

CClh &t high temperature and pressure in a steel bomb has been

studied.

ltesults and Discussion
(1) EIreparation

The reaction has been carried out under a variety of conditions
over forty times, but it must be concluded that this method of
preparation is unsatisfactory. Table 7.1 lists the preparative
and analytical date for the 19 samples for which both chlorine and
rhenium figures were determined. In the remaining samples the
chlorine content varied considerably but in most cases was between
3040/

The products generally display low total rhenium and chlorine
content, usually > 90, and contain several percent of carbon. The
Cl:Re ratio varies from 3.0 to 4.3 with a reasonable proportion of
samples giving ratios close to 4.0,

és expected from the wide variation in coamposition, the
materials give a number of different Y-ray powder diffraction patterns
but none of them resemble u-}ieClh. It has not been possible to

verify if these high temperature reaction products contain B-ReCl

4
(45)

directly sinee it appears that a powder photograph of the
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Table 7.1. Preparstive and Analytical Data far ﬁ—‘r?.eCll{.

Semple Time of Temp. ¢ C1 “ Re Cl:Re ¢ H
-y

1 L 340 43.9 5542 Le2 - it
2 6 WO K16 56.6 3.9 = -
3 6 340 L1540 553 Le3 = i
I 6 4G 3749 L7.6 L2 L1 0.6
5 6 - 340  37.5 L7.0 Le2 2.8 0.8
6 6 350 35,0  48.7 3.9 L3 Oely
7 6 340 3540 54946 347 302 0.6
8 6 300 40.0 61,2 LN - -
9 5 300 37.1  63.8 341 - -
10 6 280  37.1  49.2 A 7.6 0.3
1 6 280 3646  48.7 349 73 0s5
12 6 280  39.6  60.6 34 C9 0.5
13 6 280 3843 €L.40 31 0.8 1.1
14 6 280 37.4  58.8 3.3 1.9 1.0

a 15 7 250 367 6344 3.0 - -
16 7 250 36,7  60.8 3.2 - -
17 6 250  41.7  54.2 L0 - -
18 6 250  39.6 5he 3.8 - -
19 6 250 394 55.6 347 - -

& Samples 15-19: Dioxide from Zn/HCl reduction of KRel. .

L
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original g}-}:s;lk is not available and nc intensity data has been
published to facilitate the camparison of our powder photographs

with $he published® 22)

unit cell data.

Nonetheless, the CClh-?cLeO 2'2‘[20 reaction gives an apprecisble
quantity of some rhenium chloride which undergoes every reaction
published( 8) as characteristic of p’-—ReClk. Table 7.2 lists the
derivative compounds prepared fram the high temperature chlorination
products,

The products from the bomb are usually contaminated by a black
insoluble carbonaceous impurity. This black material causes no
difficulty in the solution studies since it may be removed by
{filtration.

It is possible that the samples contain some oxychlorides
of rhenium, but there are grounds to believe this is not the
case. The infra red spectrum from LOOO~-E50 c:m"1 does not contain
any absorption bands attributable to either bridging or terminal
CXygen groups.

The physical and chemical properties of these materials do
not resemble those of the two knovm(l‘s} oxychlorides of rhenium
vize Re0,01 (mepte = 4.5%C) ana ReCL 0 (mepts = 30°C), although
some of the analytical figures are not inconsistent with the

formulation Rel ll;-O .
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Lable 7.2, Derivatives Characteristic of f-“:\--E;?_ex[)‘_l,l+ and Obtained with
the Product of CCZL‘,;-TFE.eG:.nHEG et High Temperature
Derivetive Yield (<) o % Composition
Found Reported'™ ¢ H N s c1

1{nC hﬂg) 2+1--«:] Heytly 36 39 33.7 6.6 2.7 - 244

Required 33-6 6»[]- 205 had 210..9
Linﬂl}@ﬂ i 21‘&'.62\;19 L6 - 32,7 60 2.7 - 2645

Required 327 6.1 2.4 - 27.2
L(CGHE) l;f;s] ReClg 50 L6 - - - - -
g_(CGHB) l"As}zRazCJ.{) Ly 52 - - - - -
".9013( tu)Bo 1/3( CH3000 .Cﬂj)a - - 8.2 501‘- 15 .3 17v8 18.8

Required 809 206 15 03 17.8 1907
;;eClB(Csﬂsj 31 32 50 38.9 34 - - 18.3

“equired 39.0 2.7 - - 19.2
--&Cljcbipy b - - 26.2 240 601 - 2205

Requireti 25 '8 1 07 600 - 2209
;1&015 {_(061{5 ) 5P i, 32 - 510  La2 - - -

Required 520 3.6 - - -
(bipy.H)ReCClu - - 22,3 2.1 4.9 - -

Required 22.9 1.8 5.6 - -
Re,0 3((,51{51v ) z‘_Clh - - 275 23 Sl - -

Requifed 2703 203 (103 - -
Green ppt. from ReClh-

05}{5}‘{-02}{60 L - 1602 1 09 303 - =

Reported(8) - - 1842 149 2.9 - -
a tu = thioures

b bipy = 2,2°-bipyridyl



It is possible that the produet is an oxychloride not
previously reported. Iowever, it is reasonable to expect
that sueh an oxychloride would involve rhenium in a high oxidation
state, and would likely be soluble in carbon tetrachloride, whereas
the samples used are the CClh insoluble fractions of the reaction.
loreover, f'or such an oxychloride to display the reactions
characteristic of ;S-i«--,f;‘ieClA, 1% would probably involve a series of
complex 4isproportionation reactions.

In the absence of any evidence to the contrary, it is proposed
thet this Yorm of Re’()].l+ present in our materials is the [=form.
The method of preparation is unsatisfactory in producing pure
RBCJ'I,L’ but it does provide a useful starting point for examining
new derivatives of ReCl, .

L

(2) IProperties and Derivatives

The produect from tae bomb preparation is a black, micro-
crystalline solid, which is very easily hydrciysed in air and
must be handled in a dry nitrogen atmosphere. The product of
this hydrolysis is a black, sticky mass, soluble in acetone,
from which may be precipitated rhenium({III) complexes, c.ze
{119013.5(86}‘15) B}n'

Purification by sublimation is not possible since the product

appears to disproportionate into ite(II1) and ke(V) chlorides
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wien aeated in & nitrogen atmosphere at NSOOOC. 4 ic insoluble
in many non=-polar solvents, but is soluble, with reaction in
acetone, ethanol, methanol, dimetiaylsulphoxide and hydrochloric
acic. The products of the dissolution of these materials are
generally dimeric Re(III) species and other oxidised rhenium
products, usually Re(V) species (sce Table 7.2).

The properties reported(8) for the Re20192- species have
been confirmed. Thus, on sheking with acetone or prolorged neating
with 12 L HC1, the Re,l 82- species are produced. The reaction
with acetic scid under nitrogen gives dichlorotetraacetato-
dirhenium(III) i.ec. raez(o Lo czi3> AC 1.
Calcd. for Rez(OZC.CHB) 4012:

Found: C1 = 10.5

Cl = 10.5%

(3 Electronic Absorption Spectra

Table 743 lists the ultra viclet and visible spectra of some
rhenium compounds prepared in this study s Compared with other data
previously reported. Since the ReCl# is not pure the optical
densities and extinetion coefficients are slightly low, but they
serve to indicate the relative magnitude of the absorption bandse.

The spectra obtained are in very good agreement with those
published.'® The spectrun of gs;-;ﬁaec'l# in HeGH/HCL is shown in
Fige 9.



Table 7.3. Electronic Absarption Spectra of Rhenium Compounds

Compound Solvent Absorption Maxima (KK) and extinction coefficients Ref.
or optical densities (in parenthesis)
ReCl, MeOH/HC1* 14,1 (350) 18. (184)  ~29.0 (sh) 31.1 (3720)
3643 (4270)
Reu&b MeOH/HC1® 1442 (1.61) 1847 (0.81)
pReC1, MeOH/HC1?®  13.99 (400) 18.73 (200) 29.85 (sh) 31.55 (=h) (8)
| 36450 (5000)
RemA 6 M HC1 1ok (0.06) 19.% (0.06) ~29 (sh) 32.7 («75)
| 356 (85) 39.2 (.87)
[(n-chnq) hm;‘ 2R92019 HeCH/HC1® 1440 (1080) 18.5 (790)  ~28 (sh) 31.8 (7900)
36470 (14300) IS
[(CsHs)hAs}zRezClg Ol ,CW 1462 (0.09) 18.35 (0.03) 28.25 31.95 (0.62) (8) ’
56,90 (0.92)° 37.80 (1.0)®  38.76 (0.91)°
[(n—ChIig) AN] Re Gl HeOH/MHC1® 1443 (0420) 28 (sh) 3247 (0e75) 39.2 (1.20)
[(n=C, 1), ] e, C1g MeOHAMC1?  14.5 (1530) 3248 (5650)  39.2 (8840) (8)(18)

a. Me(ll contains a few drops of lCl to prevent hydrolysis

b. Dioxide from Zn/HC1l reduction of KReOZ*

c. Components of a closely spaced triplet

de Spectrum in CHBCN shows bands at 27.03 (sh) and 463 (13000)(8)
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The visible spectrum of the product of the

_Re03.2H70 /CCl, _reaction in MeOH /HCL

l ] | 1 ] | J

24

22 20 18 16 14 12 10
Wavelength (1073 cms™)

FIG. 9.
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Goncluding Remarks

The chemical and physical properties of the product from this
high temperature chlorination appear to be the same as those
reported for gB-ReCll;_. The method is unsatisfactory in that it
does not give a pure product, but it provides a useful means

of synthesising new derivatives of B-RKeCl .

L

Lxperimental
Freparation of Hydrated Rhenium Dioxide

The dioxide was prepared by the Zn/HCl reduction of potassium
perrhenate or by the aqusous hydrolysis of ReCl5. The precipitated
dioxide was washed with water, and acetone, and dried in vacuum

at room temperature.

Ihe React: on of Hydrated Rhenium Dioxide with Carbon Tetrachloride

at High Temperature

This reaction was carried out using the method of iperson
Bt al.(hj) -

“he heating times were veried from 2-10 hours and

the temperature from 250-340°C. The optimum conditions appear to be
5=6 hours heating at 200-3,0°C. Tields were approximately 90:.. The
reaction vessel was a modified 300 ccs. stirred autoclave obtained

from iutoclave Engineers, Inc., Pennsylvenia s UsSedre
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sreparetion of Perivatives of :?-.':’-teCll..

These preparstions were carried out in the same manner as that

reported by Cotton ot a.l.(a). The analytical and preparative

results are listed in Table 7.2.

Anelysis
The elemental analyses were determined by the methods

previously described in Chapter 3.

Spectra
The ultrs violet and visible spectra were obtained using a
Unicam SPS00 Spectrophotometer and a pair of 1 em. matched silica

cells.
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PUBLICATTONS

It is intended that the material described in this thesis
will be published in due course, Two papers have already been
published:

1) Three New Staphylonuclear Chloromolybdates:

I.k. Anderson and J.C, Sheldon, Aust. J, Chem., 18, 271 (1965);

2) The ireparation of llalogenotrimolybdate(II) Compounds:
GeZ. Allisany I.. Anderson and J.C. Sheldon,

Aust. Je. Chem., 20, 869 (1967).

A paper consisting of the work described in Chapters 3 and 7 has
been submitted for publication. It is anticipated that the work
on the halogenomolybdates(2.5) will be a contribution to a combined
paper from these laboratories and the preparation of ;3«Moc.12 will
constitute a note when more details of its structure become

availeble,





