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The Aquo Ions of Molybdenum 

Recent extensive research into the aqueous solution chemistry of molybdenum has led to the 
preparation and characterization of aquo ions in oxidation states (11) through (VI) .  It is ap- 
propriate at this time to report on the area and comment on the diversity of chemistry exhi- 
bited by these ions. 

Whereas the complexities of Mo(V1) aqueous solution chemistry have been 
understood in general terms for some time, it is only in the last 15 years 
that aquo ions of the lower oxidation states have been identified, Table I, 
and their structures established. Aquo ions have a somewhat elevated im- 
portance, since they are often regarded as a point of reference or prototype 
of the behavior expected of an oxidation state. So far as detailed structures 
are concerned, metal aquo ions are notoriously difficult to crystallize for 
x-ray diffraction studies. Structures of derivative complexes can and have 
been determined however, and, by using a range of physicochemical tech- 
niques, these can be related with some certainty to the aquo ions. 

TABLE I 
Single oxidation state aquo  ions of molybdenum 

Oxidation state Description Formula Color 

Red 
Pale ycllow 
Green 

tireen 
Red 
Yellow 
Colorless 
Colorlcss 
Colorlcaa 

~ 

Comments Inorg. Chem. 
1981. Vol. 1. pp. 141-153 
0260-3594/8 1/0103-0 141/$06.50/0 

0 1981 Gordon and Breach. 
Science Publishers. Inc. 
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Molybdenum(V1) is without question the most stable oxidation state. I t  
is only the mildest of oxidants, in contrast to its congenor Cr(V1). All other 
aquo ions, including the V state, are oxidized in air to give eventually 
Mo(V1). Oxidation states I1 and 111 require anaerobic techniques (Nz or Ar 
gas, syringes, Teflon tubing, and/or stainless steel needles, rubber seals), 
and the IV and V states have to be stored under air-free conditions, al- 
though air oxidation is not extensive over limited =I-hour periods. Perch- 
lorate ions cannot be used with the 11 and 111 state ions, and appear also to 
oxidize (although in a somewhat random and unpredictable manner) the IV 
state. Instead non-complexing, redox inactive, and strongly acidic p -  
toluenesulphonic acid, C6H4(CH3)(S03H) (abbreviated to HPTS), or tri- 
fluoromethanesulphonic acid, CF3S03H (abbreviated to HFMS), are used 
as a source of hydrogen ions. 

Three Mo compounds are available as "lead ins" for the chemistry de- 
scribed. These are sodium niolybdate(V1). Na2[Mo04] 2Hz0, and rnolyb- 
denum hexacarbonyl [Mo(C0)6],' (both widely available), and potassium 
hexachloromolybdate(Ill), K3[MoCI6]. The latter is prepared by electro- 
lytic reduction of in concentrated HCI followed by the addition 
of KC].' 
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FIGURE 1 uv-visible spectra (e 's  per dimer) of the Mo(1l) dimer, [Mo?(H20)x]", 
[ H i ]  = 1.0 M using HFMS. T h e  inset is the spectrum of thc Mo(l1,  I l l )  complex in 1 M 
H ? ! m a .  
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Significant contributions t o  the isolation of I1 and I11 state ions have 
been made by Bowen and Taube.' The red dimeric aquo Mo(I1) ion, spec- 
trum in Figure 1,  I \  preparcd from [Mo(C0)6] by a route a\ in (1): 

[ M02(02CCHp)4] 
CIIiC02H [Mo(CO)a] 

qcl 
[Mo2ClxI4 ( 1 )  

[Mo>(H~O)R]~*  a [M0r(S04)4l4- Y 
Both the acetato 
bridging ligands) 
bonds, a subject 
much attention4: 

complex (A) (bridging ligands) and chloro complex (no 
are examples of complexes having quadruple metal-metal 
to which Cotton and colleagues have recently devoted 

The cationic charge of the Mo(I1) aquo ion was found to be >3. A compar- 
ison of the visible spectrum in 1 M H' with that of [Mo~CIxl4- in 6 M HCI, 
and [Mo2(en)4l4' (en = ethylenediaminc; bridging by en is unlikely) sug- 
gests that the multiple metal-metal bond is retained in the Mo(1I)l aquo 
ion, and that the structure is [ M O ~ ( H ~ O ) ~ ] ~ + ,  (B), here abbreviated to Mo?: 

4 i  
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Water molecules weakly coordinated in the axial positions are not ruled 
out. In acidic solutions Mo? can be kept for long periods of time in the ab- 
sence of 0 2 .  

in  
the presence of traces of 02, red-blue crystals of the Mo(I1,III) complex 
K3 [Mo(S04)4]  2.5H20 are obtained.5 This complex is paramagnetic 
(perf = 1.65 B.M.) and has been characterized by EPR spectroscopy. Struc- 
tures of [ M o ~ ( S O ~ ) ~ ] ~ -  (the axial oxygen is from an adjacent sulfate) and 
[ M o ~ ( S 0 4 ) ~ ] ~ -  (the axial oxygen is an Ha) are very similar: 

When pink K~[MOZ(SO~)~].~H~O is recrystallized from 1 M 

with the Mo-Mo distances 2.11 and 2.16 A, respectively.6 A half-wave po- 
tential of 0.47 V (vs NHE) has been determined for the [ M o ~ ( S O ~ ) ~ ] ~ - ' ~ -  

FIGURE 2 
( * - - . ) . a n d  MoCI:-(*--) in 12 M HCI. 
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couple. One-electron oxidation products of [Mo2(02CC3H,)d] and 
[Mo2XsI4- (X- = CI-, Br-) have also been reported. The Mo(II,III) sulfato 
complex gives a blue solution in 2 M H2S04, inset to Figure l . 7  Under 
these conditions [ M o ~ ( S O ~ ) ~ ] ~ -  or a partly aquated sulfato complex is pres- 
ent. Attempts to prepare the Mo:’ aquo ion by addition of strong acids 
(HCI or HPTS) to solid K3[Mo2(S04)4] -2. 5H20 result in disproportiona- 
tion to give a red solution of Mo:’ and a molybdenum ( I l l )  species. Quan- 
titative re-formation of the  blue color is observed on addition o f  H2SO4. 
Air oxidation of the blue Mo(II.III) solutions is reported to give Mo(IV)3. 
The different structure types involved in these interconversions makes this 
chemistry of considerable interest. 

Bowen and Taube’ also reported air-free aquation (2 days) of [MoC16I3- 
followed by Dowex cation-exchange resin separation, as a procedure for 
the preparation of the pale yellow, 111 state aquo ion. Traces of 0 2  can re- 
sult in contamination with the yellow Mo(V) ion, Mo20?, which can ob- 
scure the d-d bands i n  the uv spectrum,’ Figure 2. A comparison of the 
spectrum with that of [MoCI6l3- (structure established as monomeric and 
octahedral) strongly suggests that the ion is hexaaquo. At present 
[Mo(H20)6I3+ is the only monomeric and paramagnetic (3.69 B.M.) aquo 
ion. Interestingly, [Mo(H@)b J3+ is more labile than [Cr(H20),l3’ by a fac- 
tor of -10’ in the 1 : I reaction with thiocyanate.” This is explained by the 
increased associative character of the reaction of [Mo(H20)6I3+. Pathways 
involving the conjugate-base [Mo(H20)50H]2’ make little or no contribu- 
tion, alongside the dominant associative path involving [Mo(H20)6I3+. 

A green Mo(II1) product is obtained on reduction of Mo(V1) as molyb- 
date, or Mo(V) as MozO:’ in  acid solution ([H’] generally 0.5-2.0 M).” 
The reduction can be achieved using a Zn/Hg Jones reductor column, or 
by electrolytic reduction at a Hg pool electrode at -0.5 V (vs NHE). The 
product is purified on a Dowex cation-exchange resin column. The charge 
per Mo was found to be -2 and the elution behavior indicated a total 
charge of 4+.” From earlier studies by Hartmann and Schmidt” it had 
becn incorrectly supposed that this ion was [Mo(I-I20)6]-”. It is not certain 
whether the structure is di-p-hydroxo, formula [Moz(OH)z(Hz0)~]~’, or p- 
0x0, formula [ MozO( H2O) 1 0  14+: 
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X (nm) 
FIGURE 3 uv-visible spectra (c's per dirner) for the Mo(1ll) aquo dirner (-). [H'] = 1.0 M 
using HPTS. and the Mo(lll)a-edta complexes [Mo( l l l )~(0H)2(0 ,CCH~)(edta) ]~  (D)  (---). 
and [Mo(llI)2(0H)2(NCS)*(edta)J2- (...) at pII 6 .  

An x-ray crystal structure of the Mo(III)z-edta complex ion (edta = 
ethylenediaminetetraacetate), prepared by reduction of the Mo(V)z-edta 
complex in acetate buffer, has been determined13. 

The similarity of the spectrum to that of the Mo(I1I)z aquo ion, Figure 3, 
suggests (but no more) that a di-phydroxo structure applies. 

Souchay and colleagues were the first to  identify a red Mo(1V) aquo ion, 
Figure 4.14 The procedure involves heating molybdate(V1) (from Na2Mo04) 
or the Mo(V) aquo ion Mo2Oi' with Mo(II1) (generally [MoC16]'-) in 2 M 
H' for -1-2 hours at 80-9Oo.l5 The product is allowed to aquate and the 
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FIGURE 4 uv-visible spectra (e's per Mo) for the Mo(1V) aquo trimer. [M0304(H20)9]~+. 

(---I. the Mo(1II) aquo trimer (..-). and the mixed oxidation state trimer Mo(1II. 111, IV) 
(-). 

final purification is again performed using ion-exchange methods. X-ray 
crystal structures of the oxalato, C S Z [ M O ~ O ~ ( C ~ O ~ ) ~ ( H Z O ) ~ ]  *4H20,'' and 
thiocyanato [ ( C H ~ ) ~ N ] ~ [ M O ~ O ~ ( N C S ) B  (HzO)] complexes,17 prepared from 
the Mo(1V) aquo ion, indicate trinuclear structures. The very elegant '*O 
labelling experiments by Murmann and  Shelton18 have confirmed that the 
Mo304 unit is retained in solution. The experiments carried out included 
dissolving the labelled thiocyanato complex in HzO (Hg2+ was added to in- 
duce dissociation of NCS-), and then converting the aquo ion back into 
[Mo~O~(NCS)B(H~O)]~- ,  a cycle which was achieved with <2% exchange. It 
is concluded that the aquo ion is [M0304(H20)9]~': 

(F) 

Previously from cryoscopic," clectrochemical,2" and kinetic studies,*' it had 
been incorrectly deduced that dimeric o r  monomeric structures applied. 
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While studies using EXAFS2* rule ou t  a monomer,  they do not allow a 
choice to be made between dimeric and  trimeric structures. Participation of 
statistically related equivalent sites in a trimer is a likely explanation of the 
kinetic behavior. 

It is of interest that the oxidations of [ M o ( H ~ O ) ~ ] ~ +  and aquo M O ( I I I ) ~  
with one-equivalent oxidants [ C O ( C ~ O ~ ) ~ ] ~ -  and [IrC16]'- proceed through 
to  the Mo(V) aquo  dimer, Mo2024', even when there is a deficiency of oxi- 
dant.23 It is concluded here that intermediate Mo(IV) species are of a highly 
reactive and transicnt nature. Only the trimeric aquo ion appears t o  be sta- 
ble. The  high temperature required for its formation suggests that a high 
kinetic barrier may be involved. 

Reduction of Mo(1V)j on a Zn/Hg Jones reductor yields a green species 
which titrates for M o ( I I I ) . ~ ~  The  spectrum, Figure 4, is significantly differ- 
ent from that for the Mo(II1) dimer. Air re-oxidation as well as electro- 
chemical reversibility strongly suggest that the trimeric core structure is re- 
tained. The electrochemical studies have also led to the spectrophotometric 
identification of a Mo(III , I I I . IV) aquo ion, Figure 4, the formation of 
which is more favorable at the higher [H'] values. At [H'] = 0.5 M there is 
a 30% yield. at [H'] = 2.0 M 80%. and  essentially quantitative formation 
at [H'] > 4.0 M. The  sensitivity to [H'] clearly implicates protonation ef- 
fects i n  these inlerconversions. A feature of the spectrum is a broad inter- 
valence band at 1050 nm. Further characterization of the Mo(II1)3 and 
Mo(II1, 111. IV)  aquo ions in  terms of net charge (ion-exchange chromatog- 
raphy) as well a s  crystal structures of related complexes is required. N o  
Mo(II1, 1V. IV)  intermediate has been detected. 

Azide i o n  oxidation of the  Mo(III)z-edta complex. [Mol -  
(OH)2(02CCH3)edta]-, (E), yields an intensely red colored tetrameric 
mixed Mo(II1, 111, IV, IV) oxidation state c o m p l e ~ , ' ~  [ M 0 , 0 ~ ( O H ) ~ ( e d t a ) ~ ] ~ -  

r 4 -  

along with the Mo(V) dimer [Mo2O4(edta)]'-. I t  appears that the Mo(1JJ. 
IV)  dimer initially formed is stabilizcd by formation of the tctramer or un- 
dergoc5 further oxidation 26 The cr\\tallogiaphic stud) wa\ crucial in the 
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0 

FIGIJRI: 5 
[Mo,O?(O~l)~(edla) ,JP- (-) and the Mo(lVj4-edta complex [Mo?0n(cdta)2]4 ( - a * )  in 1110. 

u\-visible spectra (e'a pcr letmnier) toi- t h e  Mo(1l l .  111.  IV.  IV)-cdta complex. 

characterization o f  this complex." Features are the symmetry of the COITI- 

plex with four identical Mo sites and  hydroxo as well as 0x0 bridges. Con- 
trolled air oxidation yields a Mo(IV)4-edta complex, Mo406(edta);-, Figure 
5. No  analogous tetrameric aquo ions have yet bccn prepared, and it may 
well be that the edta ligand is essential to the formation and retention of 
such structures. 

There are three Mo(V) structure types2' 

0 0 0 

- Mo- -Mo-O-MO- 
11 / II / I I  / 

'I 'I / I  
(l1) (1) ( J )  

where thiocyanate appears unique in giving all three: [MoO(NCS)s]2 . 
[Mo:Oj(NCS)x]4-, and (Mo204(NCS)6]J-. Possibly the best known mono- 
meric form is the green chloro complex (NH4)2[MoOC15] which is retained 
in >7 M HCI. Dilution of such solutions lea& to formation of (.I). The 
linear structure [ I ]  can give rise t o  cis (as shown) o r  trans rotamers (with 
respect t o  the terminal 0x0 ligands). Linear structures are fairly common, a 
good example being dithiocarbamates which can be isolated f-rom non- 
aqueous solvents, e.g., [Mo?O~(S:COE~)~] .  I t  is interesting to speculatc 
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whether an aquo ion MozOY might be prepared. One suspects not, but a 
special stability (and inertness) of the Mo-0-Mo unit might just result in 
some detectable (if transient) species being generated. The third Mo(V) 
structure, type (J), is dominant so far as the aqueous solution chemistry is 
concerned. Reduction of acidified molybdate(V1) by N2H4 followed by ion 
exchange, or by controlled potential reduction at a mercury-pool electrode, 
[Mo(VI)] < 10 mM in 2 M HC104 at potentials between -0.05 and 0.15 
V(vs NHE), proceeds smoothly to yield orange-yellow solutions. On the 
basis of ion-exchange and cryoscopic measurements, Ardon and Pernick28 
demonstrated that the ion is dimeric and of chargc 2+. The MozO? core 
structure is known to be present in  a wide range of complexes, e.g., 
[Mo 2 0  4 (C 2 0  z (H 2 0 )  212-  (K), and the com plcx [MozO (edt a)]2-, (L) : 

Spectra have similar features, see Figure 6. Once formed the ion 

(M) 

is stable over a wide [H’] range, 0.01-6 M HClO4, but in less acidic solu- 
tions (pH > 2) hydrolysis leading to precipitation of MoO(OH)? occurs. A 
stable polymeric Mo(V) species, spectrum (in HQ) as shown in Figure 6, 
can be obtained from Mo(V) solutions at pH 6.’” On addition of0.1-0.5 M 
HC104, MozO? is obtained. 

The MozO:’ ion is diamagnetic, indicating spin pairing between the d ’  
Mo(V) centers. The short Mo-Mo distance (-2.5 A)  suggests metal-metal 
bonding or superexchange via the 0 x 0  bridges. 

When H2S is passed through a solution of’ [Mo204(cysteine)2]’- the two 
p-0x0 ligands, and (surprisingly) not the terminal oxo’s, are replaced by p- 
sulfido groups.j’ Addition o f  5 M HC104 results i n  ayiiation ot‘ t h e  
cysteines with the formation of t h e  Mo202S:’ aquo ion. The Mo&’ core is 
known to form in  some instances when P4S10 is used.” A feature of the 
MoZO:’ ion is the high substitution lability of the aquo ligands trans to the 
terminal 0 x 0  group (as with VO”). This is a direct consequence of the  dis- 
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A (m) 
I ~ I G U R F .  6 uv-risible spectra for the Mo(V)  aquo dimer. [ M O ~ O ~ ( H ~ O ) ~ ] ~ ' .  [Hi] = 0.5 M 
using HC'IOJ (-). the related dimer [Mo20r(edta)12- (.-a) at pH 5 (acetate buffer). and for  
polymeric M o ( V )  (---I. Molar absorptivitics ( c )  are  pel- dimer foi- the first two complcxrs. and 
per M o  f o r  tlir third. 

placement of the Mo(V)'s from the plane of the complex towards the ter- 
minal 0 x 0  ligands. Occupancy of a n  equatorial coordination position is 
thermodynamically more favorable. Substitution is still rapid and well into 
the stopped-flow range.'"'' 

Oxidation of [ M O ~ O ~ ] ~ '  with [IrC16I2- o r  [Fe(phen)3l3' has resulted in  
the identification of competing pathways.7 The first, an oxidant-independ- 
ent pathway. is the result of dimer undergoing change to a modified form 
*Mo(V):. o r  t o  monomeric species, 

Mo( V)? -+ 2Mo(V) (2) 

which then reacts rapidly with oxidant. Direct attack of oxidant on the 
dinicr also occurs. N o  evidence was obtained for formation of  a Mo(V.VI) 
intermediate. which is presumably short-lived. However, when the complex 
(L) is used with [IrClh]' o r  [ I ; e (ph~n)~]"  as oxidant. tlic reverse of the first 
step i n  the scheme (3)-(5) is seen to contribute 

M o ( V ) ~  + Ir(IV)=Mo(V.Vl) + I r ( l l 1 ) .  (3) 

Mo(V,VI) ~~ +Mo(V) + Mo(VI), (4) 

( 5 )  Mo(V) + Ir(IV)-Mo(V1) + Tr(III), 
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and addition of [IrCI6l3- drastically decreases the rate of the reaction? 
Ex- 

change with H*'*O is slow at pH > 10 and first-order rate constants (kohr) 

conform to the dependence3' 

( 6 )  
On decreasing the pH, exchange becomes faster due to the high reactivity 
of protonatcd [MOO,]'- 38: 

At pH > 7 molybdenum(V1) is present as molybdate. 

kobs = u + b[OH-]. 

+ H'E [Mo03(0H)]- (K = ( 7) 
Protonation also has the effect of inducing a change in coordination 
number": 

[MoO3(OH)]- + H' + 2H20;- [Mo(OH)6] (K = lo"') (8) 
At pH < 7 sufficient quantitics of MO(OH)~  are generated to induce poly- 
merization to octahedral Mo7 and Mog species, which are present as 
[Mo7024I6- and [Mo8O26I4-. There are no detectable amounts of polynu- 
clear species between Mol and Mo7 in solution. In the solid state MOZ, M04 
and M06 forms are known, and structures of these and other polymolyb- 
dates are considered in more detail el sew her^.^' Of these [Moz07J2-, 
prepared by addition of [(n-Bu)4N]*OH- to acetonitrile solutions of 
(~-Bu~N]~[MoROX],  is a new  specie^.^' The dimer has a tetrahedral struc- 
ture similar to dichromatc and retains its structurc in organic solvents even 
when watcr is added. On addition of smaller cations (Na' and Me4") it re- 
verts to [Mo7024I6-. Monomeric and dimeric Mo(V1) aquo ions are present 
in equilibrium at [H'] > 0.2 M and octahedral coordination seems likely. 
The dimerization of monomeric Mo(V1) has been investigated spectropho- 
tometrically in perchloric acid solutions [H'] = 0.5-3.0 M,  I = 3.0 M.42 
Three dimeric species have been suggested. At [H'] > 6 M other evidence 
suggests that there is formation of 

DAVID T. RICHENS and A. GEOFFREY SYKES 
Department of Inorganic Chemistry, The University. Newcustle upon Tvne. 

NEI 7RU. United Kingdom 
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