
©          Nature Publishing Group1966

836 NATURE MAY 21. 1966 vo ... z'o 

Metal Clusters in a New Mixed Halide of 
Molybdenum (IV) and (V) 

SINCE 196:1 there have becn Boveral reports of the exis­
tence of trimeric clnsters of rhenium atoms ill anionic 
and uncharged halogen compounds of rhenium (III),-6. 
Recently, Dr. R. Colton and Prof. R. L. Martin have 
adduced magnetic and spectral evidence for the existenee 
of trinucleat clusters in rhenium (IV) chlorideo and also in 
molybdenum (lII) chloride7 • In an investigation of the 
reactions of molybdenum hexafluoride as outlined in 
the following paragraph, a new rnixed halide of molyb­
denum has been isolated and eharacterized. Magnot,ic, 
spectral and oonductance measurements indieate t,hat 
this compound is ionic and eontains the (Moly cn.)'+ 
cation, an entH,y which fits very well into the flehemc 
proposed by Colton and Martin for stable clusters in 
molybdenum-chlorine compounds. 

When molybdenum hexafluoride reacts at room tem­
perature with chlorides such as phosphorus t,r'iehloT'ide, 
carbon tetrachloride and silieon t,etrachloride, the corre­
sponding Huorides (PF., CF. and SiF.) are identified 
arpong the products of reaction, However, in each of 
these cases and in many simila,r reactions" the product 
containing molybdenum was found to have the Ellnpirieal 
formula M0 201.F.. This same orange compound, together 
with chlorine, is obtained as a result of mixing mol ybdenum 
hexafluoride f),nd molybdenum pentachloride. When 
hydrogen fiuoride was distilled on to molybdenum 
pentachloridc, t,he same mixed halide was the only in­
volatile produet while hydrogen chloride and ehlorine 
could be distillE,d from the reaction system. 

Obviously this mixed halide of odd oxidation state is a 
compound of considerable stability. It appeared to 
sublime unehanged at 80° C, but; on further heating it 
decomposod to molybdenum trichloride and molybdenum 
hexafluoride. It. was found to react with water and with 
nitrobenzene, and to be virtually insoluble in carbon t,et,ra­
chloride, in perfluoroheptane and in trifluoroacetie aeid. 
However, it was readily solublo in acetonitrile. 

The empirical formula suggested two possible struetures. 
The first of these is a bridged structure with two molyb­
denum atoms, eaeh surrounded by an octahedron of 
three chlorine atoms and three fluorine atoms. The two 
octahedra eould share a face containing three chlorine 
atoms. 

This type of structure has been reported for the W.01.8
-

anion". An alternative formulation would be an ionic 
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one, for c"amplo (Mo Cl.)+ (MoF .)-. The hexafluoro-
molybdate (V) anion is well known, but the MoCI,+ cation 
has not been previously reported. 

Conductance measurements in acetonitrile favoured 
an ionic strueture. A value of 80 ohm-1 cm2 was obtained 
for the molar conductanee at a coneentration of 4· 35 x 
lO~s M based on the empirical formula M0 201.F 6' Blectro­
lysis of the brown solution in acctonitrile in a three­
compartment cell rcsulted in a brown catholyte solution 
which gave a positive test for chloride and a negative 
test for fluoride, and a colourless anolyte which gavc a 
positive fluoride test and a very weak chloride test. This 
observation was consistent with electrolysis of a compound 
containing the MoF 6- anion and a cation eontaining moly b­
denum and chlorine. 

Determination of the magnetic susceptibility over the 
temperature range 93°_290° K showed it to follow a 
Curie-Weiss plot with a value for e of 155°, whieh is of 
the same magnitude as the values found for other eom­
pounds eontaining the MoF • - anion ••. Using this correetion, 
values for the magnetic moment of 1·67-1·73 Bohr 
magnetons (B.M.) per molybdenum atom were obtained 
over the temperature range studied. Solution measure­
ments in acetonitrile also gave a value of 1·67 B.M. 

However, the formulation (Mfi Cl.)+ (MoF 0)- is at variance 
with these magnetic data. If 'spin-only' values are 

assumed fOJ' the d l (M~) and d" (MtV) configurations a 
valuc of 2·45 B.M. is obtained. Experimental figures 
can be reoonoiled WIth calculated values, however, if the 
suggest,ion is made that the cation is t,rimeric. The 

IV 
compound eould then be formulated (Mo.Cl.)3+ 
(Mb F.).-. 

We assumo hcre that tho eore of the (Mo.Cl.)3+ eation 
is similar to that found in the Re.CI123- and Re.Cl. 
structun)Sl-,. In this case t,he molecular orbital treatment" 
leads to a ground-state elec(,ronic configuration (aI')" 
(a 2")2 (e'p with two unpaired electrons per trimor. This 
strueture would be expeet,od to give a moment of 1·64 
B.M. per molybdenum atom, a value correspo.nding with 
two-thirds of an electron per molybdenum atom. 

However, the magnetin moment of the anion eannot 
be neglected. It is assumed here that it contributes one 
unpaired eleet,ron per MoF.- anion to the mE'asured mom­
ent. The magnetic moment calculated for the overall 
formulation (Mo.C!.)3+ (MoF.-J. then becomes 1·68 B.M. 
per molybdenum atom, a wtlue in exeellenL ngreemcnt 
with the experimental one. -

Examination of the spectrum of the compound in 
acetonitrile shows the presence of a peak in the infra-red 
region nt, 630 cm-I. In spoetra of mulls and disks absorp­
tion at 1323 CIll-I has been reported" as being characteristie 
of the hexafluoromolybdate (V) anion in the well eharac­
terized eompound KMoF •. 

An aentonitrile solution of the compound shows ab­
sorption maxima at 21,500 em-1 and 14,100 em-i. The 
colourleRS MoF.- anion does not absorb appreciably in 
the visible region and the observed absorption bands are 
therefol'(l attributed to the trimeric cation Mo.01."+. 
The spectra of some related t,rimeric transition metal 
chloride elusters are SUmrrlf),!'i;l;ed in Table 1 and it is a 
striking feat,ure that they all show two similar bands. 

'1'u.ble 1. SPECTRA OF Smm CHLORIDE CLUSTERS 
Electron 

Com- r:ontlgu .. 
pound mtlon 

11' 
d' 
d' 
d' 
dl 

Positiolls of u.l)80rptrion 
maxima cm~l (l"max) 

13,300 (410); 19,400 (1,610) 
13,150; 19,100 
14,100 (160);21,500 (1,550) 
13,330; 22,200 
13,100; 22.200 

Solvent Reference 

Acetone 4 
Reflectance 7 
Acetonitrlle Tllis report 
Acetonitrile 12 
Acetonit,rlle 12 

Conductance measurement,s and electrolysis in aceto­
nitrile suggest that the compound reported here ifl ionic 
and its insolubility in non-polar solvents furthcI' supports 
this. Spectra and magnetic measurements suggest a 
structure based on a trimeric cation and the MoF.- anion. 
It should be noted that if tho molar conductance is cal­
culated on the basis of the formula (Mos01.H) (MoF .-). 
a value of 240 ohm-1 cm' is obtained for tho molar con­
ductanee at a concentration of 1·45 x 10-3 M. Measure­
ment of the molar eonduet,anee as the solut,ion is diluted 
indicates a limiting value of about 330 ohm-1 cm'. 

We thank Prof. R. L. Martin and Dr. R. Colton for 
helpful disnussion. 
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