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Ni complexes. While the M-Se distances and internal Se-M-Se 
angles vary considerably within the series M = Pt, Ni, and Mo, 
the other angles within the five-membered metal-ligand chelate 
ring show relatively minor variations. The insensitivity of the 
ligand geometry to the size and/or coordination number of the 
central metal ion is highlighted by considering the nonbonding 
intramolecular See-Se contacts. While the interligand Se-Se 
distances vary from 3.356 (3) to 3.121 (5) %., the corresponding 
intraligand S-Se distances, which reflect the chelate bite of the 
ligands, fall within the more limited range of 3.345 (3)-3.256 (6) 
A. Thus, the tds ligands appear to adjust to different bonding 
situations by altering the M-Se distances while maintaining a 
relatively constant bite; the preferred ligand geometry apparently 
is determined by the importance of a-bonding in the highly de- 
localized electronic structures of these complexes. 
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The molybdenum(II1) dimers Mo2C1$ and Mo2C18H3- and the molybdenum(I1) dimer Mo2C18* have beenstudied in the basic 
ambient-temperature molten salt A1C13-l -methyl-3-ethylimidazolium chloride (ImCI) by employing electrochemistry and visible 
spectroscopy. Both Mo(II1) dimers are reduced to the Mo(1I) dimer at approximately the same potential in a single, irreversible, 
two-electron step. The quadruply bonded dimer, Mo2Cls', undergoes a quasi-reversible, one-electron oxidation to Mo2Cls3- and 
is further oxidized to Mo2C1J- in an irreversible, one-electron step at a more anodic potential. The hydride dimer Mo2C18H3- 
undergoes an irreversible, two-electron oxidation that produces Mo2CI9)- and a proton. The electrochemical and chemical 
interconversions of the dimers are summarized as follows: 
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I I 

Introduction 
Mixtures of A1CI3 and 1-methyl-3-ethylimidazolium chloride 

(ImC1) form molten salts that remain liquid at  ambient tem- 
peratures over a wide range of compositions.' Compositions with 
AlC1,:ImCl molar ratios <1.0 are termed basic since chloride ion, 
a weak Lewis acid, is in excess, and the dominant anion species 
are chloride and tetrachloroaluminate, AICl,-. Compositions with 
AICI,:ImCl molar ratios >1.0 are termed acidic, since excess AlCl, 
results in the formation of the strong Lewis acid AlICI7-, and the 
dominant anion species are AI2CI7- and AICl,. The wide elec- 
trochemical windows available in these molten salts make them 
attractive solvents for electrochemical examination of both in- 
organic and organic species.' In the basic melt, the anodic limit 
is determined by chloride oxidation, and the cathodic limit is set 
by reduction of the imidazolium cation. In the acidic melt, the 
anodic limit is determined by the oxidation of the A1Cl4- anion, 

and the cathodic limit is set by reduction of the A12C17- anion to 
A1 metal.' 

In group VIa, both molybdenum and tungsten chloride com- 
plexes have been studies in the basic 0.8:l.O A1CI3:ImCI melt. 
Hexachloromolybdate monomers were found to exhibit a quasi- 
reversible Mo(III)/Mo(IV) redox couple., In the case of 
tungsten, both the hexachlorotungstate monomers and the no- 
nachloroditungstate(II1) dimer, W2C19f, have been ~ t u d i e d . ~  The 
hexachlorotungstate monomeric species exhibited two quasi-re- 
versible redox couples, a W(III)/W(IV) couple and a W(IV)/ 
W(V) couple. The electrochemistry of the tungsten dimer was 
more complex and involved dissociation into monomeric  specie^.^ 

To extend the electrqchemical studies of the group VIa metals, 
we undertook a study of the molybdenum dimer species MOzC19*, 
Mo2C18H3-, and Mo2C18e in the basic melt. In the first two 

(1) Hussey,C. L. In Advances in Molten Salt Chemistry; Mamantov, G.,  
Ed.; Elsevier, Amsterdam, 1983; Vol. 5 ,  pp 185-229 
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(2) Scheffler, T. B.; Hussey, C. L.; Seddon, K. R.; C. M. Kear, C. M.; 
Armitage, P .  D. Znorg. Chem. 1983, 22, 2099. 

(3) Scheffler, T. B.; Hussey, C. L. Znorg. Chem. 1984, 23, 1926. 
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dimers, the molybdenums are in the +3 oxidation state, and the 
geometry of both dimers is that of a face-sharing bioctahedron. 
In Mo2C19f, three chloride ligands form the bridge between metal 
centers, and the Mo-Mo separation varies from 2.52 A for the 
K+ salt to 2.78 A for the Me4N+ salte4v5 This variation in the 
Mo-Mo distance for different Mo2Clg3- salts is due to crystal- 
packing effects! In Mo2C18H3-, the bridge between metal centers 
consists of two chloride ligands and one hydride ligand, and the 
Mo-Mo separation is 2.38 A.5*6 The Mo2ClBe dimer is of course 
the well-known Mo(I1)-Mo(I1) dimer in which no bridging ligands 
are present; instead, the metal centers are 'oined through a short 

Experimental Section 

ImCl was synthesized as previously described.8 Melts were prepared 
by gradual addition of small quantities of sublimed AICI, (Fluka) to 
ImCl with stirring until the desired mole ratio was obtained. 

All experiments were performed under a purified He atmosphere in 
a Vacuum Atmospheres drybox with an HE 493 Dri Train. 

An IBM electrochemical cell was used. The glassy carbon (GC) 
working electrode (area 0.071 cm2) consisted of a 3-mm-diameter GC 
rod sealed in a glass tube. The Pt working electrode (area 0.020 cm'), 
purchased from Bioanalytical Systems, consisted of a 1.6-mm-diameter 
Pt disk sealed in Kel-F. Reticulated vitreous carbon (RVC) was obtained 
from Normar Industries, Anaheim, CA. The reference and counter 
electrodes consisted of AI wire immersed in acidic 1.5:l.O AlCl3:ImCI 
melts contained in separate fritted tubes isolated from the analyte solu- 
tion. 

Cyclic voltammetric experiments were performed by using a system 
consisting of an EG&G PARC hodel 173 potentiostat/galvanotat with 
a 175 universal programmer and a Houston Instruments Model 200 X-Y 
recorder. Pulse voltammetric experiments were performed with a com- 
puter-controlled system similar to that described el~ewhere.~ 

The molybdenum dimers used in this study were prepared from MOO, 
by the procedures described by Bin0 and Gibson.lo Mo(V1) was reduced 
electrolytically in aqueous HCI (12 M) to produce MoCl:-, which was 
then condensed to Mo2CI9> by evaporating the solvent almost to dryness 
with a rotoevaporator. The MozC12- salt was isolated at this point by 
addition of (~-BU)~NCI to the concentrated solution. The Mo(I1) dimers 
were synthesized as described by Bin0 and Gibson'O by using Zn(Hg) to 
reduce the Mo2C12- dimer. A small modification to the literature 
preparation was made. Instead of the Mo2C12- solution being passed 
through a Jones reductor, the Zn(Hg) granules were added to the solu- 
tion, which was then agitated by rotating on the rotoevaporator. After 
the Mo dimer had been completely reduced, ca. 10 min, the solution was 
filtered to remove the Zn(Hg) granules, and the filtrate was treated as 
in the literature preparation to give the desired Mo(I1) dimer.I0 

Visible absorption spectra were obtained by using a Tracor Northern 
6500 spectrophotometer equipped with a photodiode array detector. All 
spectra were obtained with the use of a 1 mm path length cell. 

Experiments were performed at ambient temperature, ca. 22 OC. 

Results and Discussion 

Mo-Mo quadruple bond of length 2.14 d .5,7 

Cyclic voltammetry and normal-pulse voltammetry were per- 
formed by using the GC electrode unless stated otherwise. This 
was done because protonic impurities in the basic melt are reduced 
to H2 with an value of -0.42 V at  a Pt electrode," thus 
obscuring a portion of the electrochemical window and possibly 
interfering with the electrochemistry of the dimer being studied. 
At a GC electrode no electrochemistry for protons is seen." 
Protonic impurities are difficult to avoid since they can be in- 
troduced into the melt from a number of sources including trace 
amounts of water present in the hygroscopic ImCl salt, hydrolysis 

Stranger, R.; Grey, I. E.; Madsen, I. C.; Smith, P. W. J. Solid Stare 
Chem. 1987,69, 162. 
Cotton, F. A.; Walton, R. A. Multiple Bonds Between Metal Atoms; 
Wiley: New York, 1982. 
Bino, A.; Cotton, F. A. J. Am. Chem. SOC. 1979, 101, 4150. 
Brencic, J. V.; Cotton, F. A. Inorg. Chem. 1969, 8, 7. 
Wilkes, J. S.; Lcvisky, J. A.; Wilson, R. A.; Hussy, C. L. Inorg. Chem. 
1982. 21. 1263. 
Brumleve, T. R.; ODea, J. J.; Osteryoung, R. A.; Osteryoung, J. Anal. 
Chem. 1981.53, 702. 
Bino, A.; Gibson, D. J. Am. Chem. SOC. 1980, 102, 4277. 
Sahami, S.; Osteryoung, R. A. Anal. Chem. 1983, 55, 1970. 
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Figure 1. Visible absorption spectra for Mo dimers in basic 0.8:l.O 
A1C13:ImCI melt: (- --) MozC12-; (-) Mo2Clse; (- - -) Mo2CI8H3-. 
Spectra are normalized in concentration. 
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Figure 2. Oxidation of 8.5 mM M O ~ C I ~ ~ -  (5 mM MoCI,~- impurity) in 
basic 0.8:l.O AIC13:ImCI melt on GC: (a) cyclic voltammogram, v = 50 
mV/s; (b) normal-pulse voltammogram, t ,  = 250 ms. 

Table I. Visible Absorption Data for Molybdenum Chloride Dimers 
A,,, nm 

solute solvent (e, L mol-' cm-I) ref 
0.8: 1 .O melt" 

Mo2C12- CH2C12 

M O ~ C I ~ ~ -  0.8:l.O melto 
Mo2Cln4- 6 M HC1 
Mo2ClsH3- 0.8: 1 .O melt 

Mo2CI,H3- 8 M HCI 

MoC16)- 0.8:l.O melt 

435 (160), 527 (560). 
655 (lo), 758 (20) 

429 (573), 528 (638), 649 
(33), 741 (25), 758 (23) 

534 (740) this work 
518 (340) 21 
454 (460), 517 (sh).6 this work 

424 (1900), 515 (135), 25 

this work 

13 

748 (180) 

758 (110) 
439 (36), 544 (30) 2 

Treated to condense the monomer impurities to the dimer. 
bShoulder is probably due to the presence of a small quantity of 
MozCIBe. 

products of the AlCl, formed during its workup and storage, and 
protonic impurities present in the ( B U ~ N ) ~ M O ~ C ~ ~  salt.12 

A. Mo2Qf Electrochemistry. A solution of M02Clgf in a basic 
0.8:l .O AlC1,:ImCl melt was prepared by dissolving the Mo(II1) 
salt (Bu4N),Mo2Clg in the melt at  ambient temperature. A pink 
solution resulted with a visible spectrum characteristic of the dimer 
species as seen in Figure 1 and Table I.13 A cyclic voltammogram 

(12) Recent work in our laboratory has shown that protonic impurities in the 
melts can be effectively removed by using EtA1C12 (Zawodzinski, T. A., 
Jr.; Carlin, R. T.; Osteryoung, R. A. Anal. Chem. 1987, 59, 2639). 
Work is presently under way to study the effect of proton removal and 
of excess EtA1C12 on the chemistry of the Mo dimers. 

(13) Delphin, W. H.; Wentworth, R. A. D.; Matson, M. S .  Inorg. Chem. 
1974, 13, 2552. 
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Figure 3. Cyclic voltammogram of 8.5 mM Mo2C1g3- (5 mM MoC1:- 
impurity) in basic 0.8:l.O AIC1,:ImCI melt on GC (v = 50 mV/sj. Initial 
scan direction: (a) anodic; (b j  cathodic. 

Table 11. Cyclic Voltammetric Parameters for Oxidation of 12 mM 
Mo2ClQ3- in Slightly Basic AICI,-ImCl on Glassy Carbon 

scan rate ( u ) ,  i ,8 /v1/2,  
mV/s Ena, V AE", mV ina/i2a mA s1l2 

10 0.843 60 1.06 0.824 
20 0.847 64 1.13 0.810 
50 0.849 63 1.12 0.806 

100 0.847 64 1.05 0.886 
200 0.852 72 1.33' 0.727 

aipa/ipC = 1/[(i:j0/i,8 + 0.485(i&,/i,B + 0.086].15 'This large 
ipa/i$ value is due to difficulties in background subtraction at poten- 
tials near the melt anodic limit. 

and a normal-pulse voltammogram at  the G C  electrode showing 
the oxidation waves for a solution of Mo2C193- in the basic 0.8:l .O 
AlC1,:ImCI melt are presented in Figure 2. The oxidation wave 
at 0.32 V corresponds to the one-electron oxidation of the Mo(II1) 
monomer MoC16,- to the Mo(1V) monomer M O C I ~ ~ - . ~  The lit- 
erature EpB value for this monomer oxidation is ca. 0.35 V.2,14 The 
presence of the monomer apparently results from incomplete 
condensation during the aqueous synthesis of MO~c19~-. For 
M O ~ C ~ , ~ ,  therefore, only one oxidation wave at 0.85 V is observed. 
As shown in Table I, the visible spectra of the monomer and the 
dimer are similar, and the extinction coefficients for the monomer 
are small. Therefore, the visible spectrum of the melt did not 
indicate the presence of the monomer. 

A cyclic voltammogram showing all the redox waves for the 
Mo2C19,- solution is shown in Figure 3. In addition to the 
oxidation waves discussed above, one reduction wave at  ca. -1.4 
V is seen. After scanning cathodically into the reduction wave 
and then reversing the scan anodically, we observed a new oxi- 
dation wave near -0.3 V. 

The MoCls3- impurity could be condensed to Mo2C19,- by 
adding enough AlC1, to produce an acidic melt. The desired basic 
melt was then obtained by adding the appropriate quantity of 
ImC1. This condensation is very similar to that used above for 
the synthesis of Mo2CI9,- from aqueous solution. The dimer thus 
formed showed no evidence of dissociation in the basic melt a t  
room temperature over several days. 

(1) Oxidation of Mo2G*. A solution of Mo2C19* was prepared 
by first dissolving (Bu4N),Mo2Cl9 in a slightly basic melt; AlCl, 
was added to produce a slightly acidic melt; finally, enough ImCl 
was added to again produce a slightly basic melt. A cyclic 
voltammogram of the resulting 12 m M  Mo2C193- solution showed 
nearly complete conversion of the monomer to the dimer; Le., the 
monomer oxidation wave at  0.32 V was essentially eliminated. 
Cyclic voltammetric parameters, scan rates (v), anodic peak po- 
tentials (E;), anodic and cathodic peak potential separations (AI? 

(14) All potentials in ref 2 and 3 are referenced to an AI wire in a 2:l melt; 
therefore, 150 mV was added to the potential data in ref 2 and 3 to 
reference the values to an A1 wire in a 1.5: 1 .O melt used as a reference 
electrode in this work. 

Table 111. Normal-Pulse Voltammetric Parameters for Oxidation of 
12 mM Mo2CI9)- in Slightly Basic A1CI3-ImC1 Melt in Glassy 
Carbon 

E vs. lor! 
iltp1/2, [(il - i j j ]  

t,, ms V mA s1/2 slope, mV 
250 0.828 0.172 59 
500 0.823 0.163 58 

1000 0.824 0.163 60 
2000 0.816 0.146 66 

= E,B - E:), anodic to cathodic peak current ratios (ipB/ipC), and 
the ratio i t /v1 /2 ,  for the oxidation of Mo2C193- in this slightly basic 
melt, are summarized in Table 11. For scan rates from 10 to 100 
mV/s, the peak separations are near the theoretical value for a 
reversible one-electron process, 56 mV, and EPa does not shift. 
The oxidation process, therefore, is reversible over these scan rates 
and is a one-electron process.15 The peak current i, for a reversible 
process is given by 

i, = (2.68 X 105)n312AD1/2~112C (1) 
where v is the scan rate and the other terms are the same as defined 
above.I5 A plot of i, vs v1/2 yields a straight line; from the slope 
of this line, a diffusion coefficient of 8.0 X 10" cm2/s is calculated 
for M02C193- in the slightly basic melt a t  22 OC. 

The oxidation of Mo2C19,- was also analyzed by using nor- 
mal-pulse voltammetry. Potential steps of 10 mV were used in 
these oxidation studies. Between each pulse, the surface con- 
centration of the Mo(II1) dimer was returned to its original 
concentration by holding the potential a t  -0.1 5 V for 2 s while 
the melt was stirred. The solution was then permitted to stand 
without stirring for 5 s. Normal-pulse voltammetric parameters, 
pulse widths ( t , ) ,  El12  values, the products iltP1I2 (i, = limiting 
current), and the slopes of the E vs log [(il - i ) / i ]  plots for the 
oxidation of Mo2C1,3- in the slightly basic melt are given in Table 
111. Relatively long pulse widths were used since at shorter pulse 
widths the oxidation wave begins to show quasi-reversible behavior. 
The plot of il vs t;'I2 is linear and intercepts the origin, indicating 
the limiting currents are diffusion controlled.16 For a reversible 
process, the slope of an E vs log [(il - i ) / i ]  plot should have the 
value 58/n mV, where n is the number of electrons involved in 
the process.I6 For the pulse widths in Table 111, the slope values 
are approximately 58 mV, confirming the oxidation to be a 
one-electron process. 

The diffusion coefficient, D, for M02Cl9~ can be calculated from 
the diffusion-controlled-limiting-current equation for a normal 
pulse experiment 

i, = nFAC(D/rt , )1/2 (2) 
where n is the number of electrons involved in the process, F is 
the Faraday constant, A is the area of the working electrode, C 
is the concentration of the electroactive species, and t ,  is the pulse 
width.16 By the application of eq 2, a plot of it vs. t;l12 yields 
a D value of 7.9 X lo-' cm2/s, in agreement with that determined 
from the cyclic voltammetric data. 

The dimer diffusion coefficient is related to the melt viscosity 
by the Stokes-Einstein relation 

where k is the Boltzmann constant, r is the radius of the diffusing 
species, and 7 is the absolute viscosity of the melt. The viscosity 
of a slightly basic melt a t  22 "C is approximately the same as 
a basic 0.8:l.O AIC1,:ImCl melt a t  40 OC.17 Therefore, the 
literature D value of 1.5 X cm2/s determined for W2cl9,- 
in an 0.8:l.O AlC1,:ImCI melt at 40 "C should be comparable to 
the D value for M O ~ C ~ , ~  determined here.3 It appears the D value 

D = k T / 6 m y  (3) 

(15) Bard, A. J.; Faulher, L. R. Electrochemical Methods; Wiley: New 
York, 1980; Chapter 6. 

(16) Parry, E. P.; Osteryoung, R. A. Anal. Chem. 1965, 37, 1654. 
(17) Fannin, A. A., Jr.; Floreani, D. A.; King, L. A,; Sanders, J. S.; Piersma, 

B. J.; Stech, D. J.; Vaughn, R. L.; Wilkes, J. S.; Williams, J. L. J. Phys. 
Chem. 1984, 88, 2614. 
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of 8 X lo-* cm2/s for Mo2C193- determined here is a little low 
compared to the value for W2C19' a t  40 OC in a basic 0.8:l.O melt. 
It should be noted that the D values determined in this study may 
not be as accurate as those found in the literature for w2c1g3- 
because of the need to manipulate the melt to remove the monomer 
impurity. This procedure increases the error in the value of the 
Mo2C19)- concentration used to calculate the D value. 

Since E I f 2  values can be related to the energies of the HOMOS 
when complexes of similar configuration are considered, the ox- 
idation potentials for the related Mo and W dimers and monomers 
can be c ~ m p a r e d . ' ~ , ' ~  Direct comparison of the oxidation po- 
tentials for Mo and W monomers or dimers is not very informative 
since third-row transition elements are more stable in higher 
oxidation states than are second-row transition metals. Therefore, 
MoC&~-  with an E , j 2  value of 0.27 V (value from this work) is 
oxidized at  a more anodic potential than is WC163- with an E I l 2  
value of -0.65 V.3314 The values that are worthy of comparison 
are the potential shifts in the oxidation potentials caused by 
condensation of the monomers to their respective dimers. Since 
the electron removed in the dimer oxidation is situated in a mo- 
lecular orbital participating in the metal-metal bonding, this 
anodic shift should provide information regarding the orbital 
energy changes that occur upon condensation of the monomers. 

The bonding in these dimers has been described by Hoffmann 
and Summerville, using extended Huckel calculations.20 The 
metal-metal bonding orbitals are formed from the interaction of 
tZg orbitals originally present as nonbonding orbitals on the oc- 
tahedrally coordinated monomers. The metal-metal bonds formed 
upon condensation consist of one u bond and two .rr bonds. The 
?r bonds are degenerate and are higher in energy than the u bond. 
The one electron removed upon oxidation of a dimer is taken from 
one of these *-bonding orbitals. Additionally, the electron removed 
upon oxidation of the monomer comes from the nonbonding t2g 
orbitals, which are used to form the metal-metal bonding orbitals. 
Therefore, the anodic shift of the oxidation potential resulting from 
monomer condensation can be taken as an indication of the sta- 
bilization afforded by formation of the dimer. The initial one- 
electron oxidation of the W(II1) dimer occurs a t  an value 
of +0.07 V.3*14 The shift in the oxidation potential upon con- 
densation is 0.53 V for Mo(II1) and 0.72 V for W(II1); thus, the 
metal-metal T bonding stabilizes the W(II1) dimer more than 
it does the Mo(II1) dimer. 

This greater metal-metal bonding stabilization in the W(II1) 
dimer is evidenced structurally in the shorter metal-metal distance 
in the W(II1) dimer: 2.50 8, in Cs3W2C19 versus 2.65 8, in 
C S ~ M O ~ C ~ ~ . ~  The Cs+ salts are compared so that crystal-packing 
effects are the same for each anion structure; therefore, the changes 
in the M-M distances are due to M-M bonding interactions alone. 
Additionally, for the idealized face-shared bioctahedral structure 
of these dimers, the M-Cl(bridge)-M angle is expected to be 
7 0 . 5 O .  In Cs3W2C19, this angle is compressed to 61° by the W-W 
bonding while it is compressed only to 65' in Cs3M02C19. It  is 
interesting to note that for the Cr(II1) dimer, Cs3Cr2C19, where 
no metal-metal interaction is seen, the Cr-Cr separation is 3.12 
8, and the Cr-Clb-Cr angle is expanded to 76S0,  indicating a 
repulsion of the metal c e n t e r ~ . ~ J ~  In the melts, the M-M distances 
are not known; however, it is reasonable to assume the same trends 
in M-M bonding occur in the melts as in the solid state. 

Efforts to produce quantitatively the one-electron-oxidized 
species Mo2Clg2- by electrolyzing Mo2C193- in basic 0.8: 1 .O melt 
a t  a potential of 0.95 V were unsuccessful. The visible spectrum 
of the solution after partial electrolysis did not resemble that of 
Mo2Clg2-, which has been prepared by a condensation reaction 
employing MoC1,- and M o ( C O ) ~ C ~ ~ - . ' ~  Cyclic voltammetry on 
the electrolyzed solution showed only monomeric Mo species to 
be present. This production of monomeric species was also seen 
for the attempted one-electron electrolysis of w2c193-.3 Although 
M02Cl9'- can be prepared ~hemical ly , '~  it does not appear to be 

(18) Peover, M. E .  Elecrroanal. Chem. 1967, 2, 1. 
(19) Sarapu, A. C.; Fenske, R. F. Inorg. Chem. 1975, 14, 247. 
(20) Summerville, R. H.; Hoffmann, R. J .  Am. Chem. Soc. 1979,101,3821. 
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Table IV. Cyclic Voltammetric Parameters for Reduction of 12  mM 
Mo2C193- in Slightly Basic A1C13-ImC1 on Glassy Carbon 

i;/v112 
scan rate (v), mA cm-2 

mV/s E;, V E,  - E,,,, mV s1I2  

10 -1.276 85 1.61 
20 -1.285 83 1.54 
so -1.312 78 1.31 

100 -1.349 94 1.27 
200 -1.379 101 1.06 

Table V. Normal-Pulse Voltammetric Parameters for Reduction of 
12 mM Mo2C19)- in Slightly Basic AICl,-ImCl Melt on Glassy 
Carbon 

iitpllz, i , tp l12 ,  

t., ms E l l 2 ,  V mA cm-2 si/' t,, ms E , , , ,  V mA cm-* s1I2 

250 -1.261 0.394 1000 -1.308 0.338 
500 -1.302 0.349 2000 -1.323 0.337 

301 r\ I 

0.'0 -0 .  3 -01.5 -0' 9 - 1'.2 - I / .  5 ' -201 
0 . 3  

E I V I  V 5  R L / R L I I I I l  

Figure 4. Two-electron reduction of 8.5 mM Mo2Clg3- and initial one- 
electron oxidation of the reduction product in basic 0.8:l .O 
AlC1,:ImCl melt on GC: (a) cyclic voltammogram, u = 50 mV/s; (b) 
reverse-normal-pulse voltammogram, T = 2 s at -1.6 V and t ,  = 250 ms. 

stable in the melt on the time scale needed to carry out a bulk 
electrolysis. 

(2) Reduction of Mo2C193-. The single reduction wave seen in 
Figure 3 was analyzed for the 12 mM solution of Mo2C193- in the 
slightly basic melt, which had been treated as described above 
to condense monomer to dimer. The relevant parameters are 
summarized in Tables IV and V. For the normal-pulse exper- 
iments, pulses shorter than 100 ms give ill-defined waves for which 
the current continually increases without achieving a limiting 
plateau. The peak potential for the cyclic voltammetry undergoes 
a large cathodic shift, and i:/v1f2 values decrease as the scan the 
rate is increased. With increasing scan rate, the peak in the cyclic 
voltammogram becomes broadened. These results, particularly 
the cyclic voltammetric results, imply that a t  a GC electrode the 
reduction of the dimer is a multistep process that may involve more 
than one electron-transfer step and/or chemical rearrangement.ls 
The quality of the data is insufficient to postulate a detailed 
mechanism. 

Despite the apparent complex nature of the reduction process, 
the diffusion-controlled limiting currents obtained in the nor- 
mal-pulse experiments can be used to determine the number of 
electrons involved in the reduction process. For Mo2CIg3- in the 
slightly basic melt, the average ratio of the i l t 1 f2  values for the 
reduction to those for the oxidation is close to 2 (Tables I11 and 
V). Referring to eq 2, one sees that all the terms, except n, are 
the same for both the reduction process and the oxidation process. 
Therefore, the n value for the reduction process must be 2. 
Addition of ImCl to the slightly basic melt, converting it to a basic 
0.8: 1.0 melt, caused the limiting plateaus for the reduction waves 
to become poorly defined. Apparently a large excess of chloride 
either complicates or inhibits the reduction process. This accounts 
for the apparent n value of less than 2 observed in basic 0.8: 1 .O 
melt. 
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Table VI. Reverse-Normal-Pulse Parameters for Reduction of 8.5 
mM Mo2CIg3- in Basic 0.8: 1 .O A1C13:ImC1 Melt in Glassy Carbon 

7, s t,, ms ioc, mA cm-2 iRP, mA cm-2 noc/nnpa 
2.05 50 0.10 -0.215 2.5 
2.10 100 0.13 -0.156 2.9 
2.25 250 0.10 -0.113 1.8 
2.50 500 0.10 -0.06 1 2.1 

10.05 50 0.062 -0.298 2.7 
10.10 100 0.056 -0.203 2.5 
10.50 500 0.066 -0.130 1.8 

"Average value of 2.3 with standard deviation of 0.4. 

As shown in Figure 4a, reversing the scan direction of the cyclic 
voltammogram following the two-electron reduction revealed a 
new quasi-reversible oxidation wave at  -0.3 V for the product of 
the reduction. A second irreversible oxidation wave for the re- 
duction product was seen at  ca. 0.3 V in the slightly basic melt. 
In melts containing Mo(II1) monomer impurities, this second 
oxidation appeared only as a shoulder on the monomer oxidation 
wave. 

To identify the reduction product, electrolysis of 8.5 mM 
MozC&?- in a basic 0.8:l.O melt at -1.6 V was performed by 
employing a Pt-flag electrode. The solution was not, however, 
treated to remove the Mo(II1) monomer; therefore, the solution 
contained 5 mM MoC~,~- .  Before reduction of the dimer, the 
potential was held at -1.25 V to remove protonic impurities, which 
are reduced to Hz on Pt at an El12 of -0.45 V." During reduction 
of the dimer at  -1.6 V, the melt changed from pink to dark red. 
The visible spectrum of the reduction product showed an ab- 
sorption maximum at 534 nm (Figure 1 and Table I) characteristic 
of the quadruply bonded Mo(I1) dimer, Mo2C184-.21 The ab- 
sorption corresponds to the well-known 6 - 6* transition.22 
Because remaining protonic impurities were also electrolyzed at 
the Pt-flag electrode, it was not possible to quantitate the elec- 
trolysis to confirm the n value of 2 for the reduction process. 

Prior to electrolysis of the 8.5 m M  Mo2Clg3- solution in the 
0.8:l.O melt a t  -1.6 V, reverse-normal-pulse experiments were 
performed on the Mo(II1) dimer.z3 Generation pulse widths (7 )  

of 2 and 10 s at  a potential of -1.6 V were used to produce 
MozC18" during the generation pulse. The analysis pulse was 
shifted anodically in 25-mV steps. Between each pair of generation 
and analysis pulses, the G C  electrode was returned to its original 
conditions by holding its potential at -0.15 V while the melt was 
stirred for 2 s and was then held unstirred for 5 s, allowing the 
convection currents to dissipate. A reverse-normal-pulse voltam- 
mogram showing the reduction of Mo2C1$ and the first oxidation 
of Mo2Cls4- is seen in Figure 4b. The parameters for the re- 
verse-normal-pulse experiments, time used for initial reduction 
( T ) ,  analysis pulse width ( t , ) ,  diffusion-limited current for the 
reduction process (ioc), diffusion-limited current for the oxidation 
process (iRp), and the ratio of the number of electrons in each 
process (nDC/nRp), are summarized in Table VI. The ratio of 
the number of electrons for the reduction (nDc) to the number 
of electrons for the oxidation of the reduction product (nRP) is 
given by eq 4.23 From normal-pulse voltammetric results for the 

reduction process, it has been shown that nDc = 2; thus, nRp for 
the first Mo2ClSb oxidation wave in Figure 4b is 1. The variability 
in the nDC/nRp values is due to difficulties in determining the 
limiting currents. 

The potential for the dimer reduction in the molten salt is quite 
cathodic, ca. 1 V, of the reduction potential for protons." This 
is interesting because, in the chemical reduction of Mo2Clg3- to 
the quadruply bonded dimer in aqueous solution,'0 the Zn(Hg) 
used in the reduction generates a considerable amount of hydrogen 
while it also reduces the Mo(II1) dimer. It was observed in the 

(21) San Filippo, J.; Sniadoch, H. J.; Grayson, R. L. Inorg. Chem. 1974, 13, 
2121. 

(22) Norman, J. G., Jr.; Kolari, H. J. J .  Am. Chem. SOC. 1975, 97, 33. 
(23) Osteryoung, J.; Kirowa-Eisner, E. Anal. Chem. 1980, 52, 6 2 .  

Table VII. Cyclic Voltammetric Parameters for First Oxidation of 
8.5 mM MO~CI,~- in Basic 0.8:l.O AIC1,:ImCI Melt on Glassy 
Carbon 

iPa/v'iz, 
scan rate ( u ) ,  mA cm'* 

mV/s E:, V E:, V AE", mVa inalinc V-'/* s1iZ 

10 -0.242 -0.405 163 2.1 0.352 
20 -0.229 -0.380 161 1.8 0.329 
50 -0.220 -0.410 190 1.6 0.286 

100 -0.212 -0.412 202 1.7 0.263 
200 -0.190 -0.422 232 1.6 0.204 

"Eo(av) is -0.313 (f0.007) calculated as E,  - AE,/2. 

aqueous preparation that if the Mo(I1) dimer being produced was 
allowed to remain in solution long enough for the hydrogen 
generation to diminish, then the Mo(I1) dimer was oxidized to 
the Mo(II1) dimer MozC18H3-. This is not unexpected since the 
usual preparation of MozC18H3- involves warming Mo2ClS4- in 
aqueous HCl., Apparently, in this chemical preparation in 
aqueous solution there is a fine balance preventing reoxidation 
of the Mo(I1) dimer. Consistent with this view, the first oxidation 
wave for Mo2Cls4- in the molten salt is found at ca. -0.3 V, very 
near the redox couple for H+/H2.11 
B. elect roc hem is^ of MO+&". To study the electrochemistry 

of MozC18"- in the basic 0.8:l .O AIC1,:ImCl melt, both Mo2(OAc), 
(OAc = acetate) and K4M02C18 were prepared.I0 Introduction 
of Mo,(OAC)~ into the melt resulted in the formation of a dark 
red solution as the acetate dissolved. The visible spectrum of the 
newly prepared solution confirmed it to be the anion Mo2C184-.21 
The reaction 

M o ~ ( O A C ) ~  + 4AlC14- + 4C1- - M02C184- + 4AICI,(OAc)- 
( 5 )  

has been used previously to prepare other Mo halide species.24 
The visible spectrum of the newly prepared solution confirmed 
it to be the anion M O ~ C ~ ~ ' . ~ '  Cyclic voltammetry on this solution, 
however, proved to be confusing and variable. The solution was 
observed to gradually take on a yellow-green color. The visible 
spectrum of the melt solution after several hours showed that the 
Mo2Cls4- anion was being oxidized to the hydride species 
MozC18H3- by the protonic impurities in the melt.25 

Efforts to introduce K4MozC18 into the basic melt were thwarted 
by the apparent insolubility of this species in the melt. In an acidic 
melt, the K4MozC18 was observed to react, producing a brown solid. 
Upon conversion of the acid melt back to a basic melt by addition 
of ImC1, the solid dissolved; however, the Mo2C18' anion had been 
nearly quantitatively converted to MozC18H3-. The proton im- 
purities apparently rapidly oxidized the Mo(I1) dimer in an acidic 
melt, whereas this oxidatioin is slow in a basic melt. 

Due to the difficulties resulting from the presence of protonic 
impurities in the melt, it was necessary to study the Mo2C1:- 
produced by the complete electrolytic reduction of Mo2Clg3-, 
described above, in which the Mo(II1) dimer was reduced at  a 
potential of -1.6 V by using a Pt-flag electrode. Since this re- 
duction was carried out at a Pt-flag electrode, nearly all protons 
were alsoremoved from the solution. Thus produced, the Mo,C18' 
dimer was stable for several days in the basic melt. 

The cyclic voltammetric results for the first MozC18" oxidation 
wave in the 0.8:l .O melt are summarized in Table VII. The AEp 
values are quite large, and the anodic wave at ca. -0.22 V is broad 
with a peak potential ( E t )  that shifts anodically with increasing 
scan rate. The corresponding reduction wave is much better 
defined and does not shift as much as does the anodic wave with 
increasing scan rate. Also, the ratio of the current of the anodic 
peak to that of the cathodic peak is considerably greater than 1, 
indicating a subsequent reaction of the one-electron-oxidized 
product or the presence of another oxidation process occurring 
concurrently with the first oxidation of Mo,C~,~-.  

(24) Ryan, T. R.; McCarley, R. E. Inorg. Chem. 1982, 21, 2072. 
(25) Allison, G. B.; Anderson, I. R.; van Bronswyk, W.; Sheldon, J. C. Ausr. 

J .  Chem. 1969, 22, 1097. 



Electrochemistry of Molybdenum Chloride Dimers 

Table VIII. Summary of Pulse Parameters for Redox of 8.5 mM 
Mo2ClEe: Normal Pulse and Reverse Normal Pulse ( T  = 5 s) on 
Glassy Carbon' 

normal pulse reverse normal pulse 
i,tp112, iltp1/2, 

tp, ms E I j 2 ,  V mA s1lz El12.  V mA s112 

50 -0.250 0.089 -0.375 0.070 
100 -0.266 0.092 -0.365 0.073 
250 -0.286 0.088 -0.348 0.070 
500 -0.281 0.094 -0.335 0.073 

1000 -0.303 0.097 
2000 -0.301 0.104 

OEo(av) = -0.313 (*0.004) V calculated as [(EII2(NP) + E l / 2 -  
(RP))/21. 
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Figure 5. Electrochemistry of Mo2Clse (no MoC@ impurity) in basic 
AICI,-ImCI on GC: (a) cyclic voltammetry for Mo2ClEe, u = 50 mV/s; 
(b) reverse-normal-pulse voltammetry for Mo2C1:-, 7 = 7 s at -1.65 V 
and 1, = 1000 ms. Voltammetric waves: (i) Mo2C1$ reduction to 
Mo2CIE4-; (ii) Mo2Clse oxidation to Mo2Cls3-; (iii) Mo2ClE3- oxidation 
to Mo2CI9,-; (iv) 

Normal-pulse and reverseanormal-pulse results for the first 
Mo2Clse oxidation wave in the basic 0.8:l .O melt are summarized 
in Table VIII. Despite the large separations in the values 
in the pulse experiments and in the E, values in the cyclic ex- 
periments, an Eo value of -0.3 13 V is calculated for both sets of 
experiments by simply averaging E t  and E t  for the cyclic results 
and E1/2(NP) and El12(RP) for the pulse results. 

N o  detailed analyses of the second Mo2ClBe oxidation wave 
at  ca. 0.3 V were performed. In the 0.8:l .O melt discussed above, 
monomer impurities obscured this second oxidation wave. A 
Mo2Cls" solution free of monomer was prepared by adding ImCl 
to the 12 m M  solution of Mo2C193- in the slightly basic melt, 
producing a 0.8:l .O melt, and then by performing electrolytic 
reduction at  -1.7 V using a reticulated vitreous carbon (RVC) 
electrode. As discussed above, the monomer in this melt had been 
condensed to the dimer by manipulating the melt. From a cyclic 
voltammogram of Mo2C18" recorded in this 0.8:l.O basic melt 
where no monomer was present (Figure sa),  the relative height 
of this second oxidation indicates it to be a one-electron process. 
Scanning anodically of this second oxidation shows the appearance 
of a wave at  0.85 V corresponding to the oxidation of Mo2Clg3-. 
To confirm the formation of Mo2Clg3-, a reverse-normal-pulse 
experiment was performed. The potential was held at  0.6 V for 
5 s to carry out the two one-electron oxidations of Mo2Clse, and 
then the potential was stepped cathodically. A large reduction 
wave at  -1.4 V corresponding to the reduction of MO,CI,~- back 
to Mo2C18' was observed. 

A reverse-normal-pulse experiment was also performed on the 
monomer-free Mo2C19,- solution prior to the electrolysis a t  -1.7 
V. The reverse-normal-pulse voltammogram shown in Figure 5b 
illustrates the interconversion of the two dimers. The experiment 
was performed by using the 0.8:l.O melt made from addition of 
ImCl to the slightly basic melt originally 12 mM in Mo2Clg3-, Le. 
the monomer-free melt discussed above prior to electrolysis at -1.7 
V. The potential was held at -1.65 V for 7 s, and then the potential 

oxidation to Mo2C1:-. 
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was stepped anodically. The cathodic wave at ca. -1.4 V is the 
"DC" wave and corresponds to the two-electron reduction of 
Mo2Clg3- to Mo2C18". Three reverse-pulse oxidation waves are 
observed. The first rather broad wave at -0.3 V is the initial 
one-electron oxidation of Mo2Clse to Mo2Cl;-. The second wave 
at  0.3 V is the one-electron oxidation of Mo,C~,~-  to Mo2Clg3-, 
and the third wave at  0.8 V is the one-electron oxidation of 
Mo2C1$ to Mo2C192-. Relative heights of the currents agree with 
the number of electrons involved in each process, with eq 4 being 
used to compare the oxidation limiting currents to the reduction 
limiting current. 

The first oxidation of Mo2C184- probably does not involve large 
changes in the structure of the dimer since it is a quasi-reversible 
process. The one-electron-oxidized species may be formulated 
as Mo2Cls3-, and it is likely that an unbridged structure remains. 
After removal of the second electron, however, the 6 bond is 
removed,5 and the dimer rearranges to the bioctahedral structure 
of Mo2C193- with bridging chlorides. This accounts for the irre- 
versibility of the second oxidation process. 

The potential for the first oxidation of Mo2Cls" relative to the 
reduction of Mo2C193- is worthy of comment. It is apparent from 
the structures of these two dimers that significant electronic 
rearrangement must occur during their interconversion. The 
cathodic position of the Mo2C193- reduction indicates that addition 
of electrons to its electronic structure is relatively difficult. By 
rearrangement to the Mo2ClS4- structure and use of the added 
electrons to form Mo-Mo bonds, a more stable electronic ar- 
rangement is achieved, as demonstrated by the need to go to a 
potential considerably anodic of the reduction potential to begin 
removing these electrons. 

Another point of interest is that this is the first time the initial 
oxidation of the Mo2Cls4- anion has been observed. A previous 
assignment placed it nearer the second oxidation at  0.3 V; however, 
this oxidation was reported in aqueous HCl where the first oxi- 
dation would overlap the H+/H2 redox couple.26 Other single- 
electron oxidations for quadruply bonded dimers without bridging 
ligands, specifically tetrachloro tetrakis(ph0sphine) dimers, have 
been reported in the l i t e r a t ~ r e . ~ ~  The value of Ell2 for the 
one-electron oxidation of Mo2C14(PEt3), is found to be 0.67 V 
in THF and 0.35 V in CH2C12 (vs. SCE), and similar values are 
observed for Mo(I1) quadruply bonded dimers containing different 
phosphine ligands.27 The potential of the SCE is at 0.24 V relative 
to the H+/H2 couple in aqueous solution. Therefore, from the 
potential of -0.45 V (vs. the reference electrode used in this study) 
for the H+/H2 couple in the basic 0.8:l.O AlC1,:ImCl melt," the 
potential of the SCE can be approximated as -0.21 V relative to 
the reference electrode used in this study. On this basis, the 
oxidation of the Mo2Cls4- anion is considerably more cathodic (at 
least 0.5 V more cathodic) than the oxidation of the neutral Mo(I1) 
dimers containing phosphine ligands. The less anodic oxidation 
of the Mo2Cls4- anion versus M O ~ C ~ ~ ( P R , ) ~  is explained by the 
fact that phosphine ligands stabilize lower oxidation states, thus 
making it more difficult to oxidize M o ~ C ~ ~ ( P R ~ ) ~  than Mo2Clse. 
This same trend is observed for reduction of Re2Cls2- to Re2Cls3- 
versus reduction of ReZC14(PR3)4 to Re2C14(PR3)4-; the phos- 
phine-containing Re(I1) dimers are reduced at less cathodic (more 
anodic) potentials than Re2Cls2-.' 

C. Electrochemistry of Mo2C18H3-. A 16 mM solution of the 
hydride dimer was prepared by first adding the appropriate 
quantity of K4MozC18 to a basic melt. As stated above, this salt 
was not soluble in the basic melt; however, after addition of AlCl,, 
the K4MozC18 reacted to produce a brown solid. Addition of 
enough ImCl to convert the acidic melt to an AlC1,:ImCl molar 
ratio of 0.8: 1 .O resulted in complete dissolution of the brown solid 
and produced a yellow-green solution. This procedure also ensured 
that no monomer impurities were present. The visible spectrum 
(see Figure 1 and Table I) indicated the solution contained the 

~ ~ 

(26) Cotton, F. A.; Pederson, E. Inorg. Chem. 1975, 14, 399. 
(27) (a) Zietlow, T. C.; Hopkins, M. D.; Gray, H. B. J .  Am. Chem. SOC. 

1986, 108, 8266. (b) Zietlow, T. C.; Klendworth, D. D.; Nimry, T.; 
Salmon, D. J.; Walton, R. A. Inorg. Chem. 1981, 20, 947. 



1488 Inorganic Chemistry, Vol. 27, No. 8, 1988 Carlin and Osteryoung 

I 
0 . 5  0 . 0  - 0 . 5  - I .  0 - 1 . 5  

- 151 
1.0 

E I V 1  V S  RL/RLIlIll 

Figure 6. Cyclic voltammogram of 16 mM Mo2C1,H3- in basic 0.8:l.O 
AIC13:ImC1 melt on GC (D = 5 mV/s). Initial scan direction: (a) anodic; 
(b) cathodic. 

Table IX. Cyclic Voltammetric Parameters for Oxidation of 16 mM 
Mo,ClaH3- in Basic 0.8:l.O AICll:ImC1 Melt on Glassy Carbon 

i,EIu'f2, 

mV/s EnB, V E, - En12, mV V-'12 s 1 f 2  
scan rate (u) ,  mA 

5 0.625 50 1.69 
50 0.655 60 1.37 

100 0.671 65 1.34 

hydride dimer, Mo2C18H3-, almost exclusively.25 
The cyclic voltammogram for Mo2C18H3- in Figure 6 shows 

a single reduction a t  ca. -1.3 V and two oxidations at  0.63 and 
0.90 V. The two oxidation waves for Mo2C184- are also apparent 
in the reverse scan following reduction of the hydride dimer. 

(1) Oxidation of Mo2C18H3-. The cyclic voltammetric param- 
eters for the first oxidation wave at  a GC electrode are summarized 
in Table IX. The large shift in the peak potential, Epa, with 
increasing scan rate and the E, - Ep12 values are consistent with 
an irreversible electron transfer a t  the faster scan rates.I5 The 
first oxidation was examined by reversing the scan before reaching 
the second oxidation and sweeping cathodically. When this was 
done, no reduction wave was seen for the product of the first 
oxidation, indicating this oxidation is accompanied by a following 
chemical reaction or structural rearrangement. 

To examine the product of the first oxidation process, electrolysis 
using a RVC electrode was performed at  0.75 V. The visible 
spectrum showed the product to be M02C1g3-. The second oxi- 
dation wave seen in Figure 6 is the first oxidation of Mo2Clg3-. 
Since this Mo2C19* oxidation has been shown to be a one-electron 
process, it was used to determine the number of electrons involved 
in the initial Mo2C18H3- oxidation. The Mo2Clg3- oxidation was 
analyzed by holding the potential a t  0.7 V for 10 s and then 
performing cyclic voltammetry. The Mo2Clg3- oxidation peak 
current is described by eq 1. The peak current for the irreversible 
oxidation of Mo2C18H3- at  ca. 0.65 V is described by15 

i, = (2.97 X 105)n(cun,)1/2ACD'i2v'/2 (6) 

a t  22 OC, where a is the transfer coefficient, assumed to be 0.5, 
and n, is the number of electrons involved in the rate-determining 
step and is assumed to be equal to n. This equation is valid since 
the data, although limited, indicate that the electron transfer is 
irrever~ible. '~ If the diffusion coefficients for Mo2C18H3- and 

are assumed to be the same, then n for the oxidation 
of Mo2C18H3- to form Mo2Clg3- can be calculated by applying 
eq 1 and 6. At a scan rate of 100 mV/s, the n value for the first 
Mo2C18H3- oxidation is calculated to be 2. 

Efforts to perform normal-pulse voltammetry on the oxidation 
region were hampered by the proximity of the two oxidations and 
the irreversible nature of the first oxidation, which caused it to 
shift toward the second reversible oxidation as the pulse width 

Table X. Cyclic Voltammetric Parameters for Reduction of 16 mM 
Mo2C18H'- in Basic 0.8:l.O AICl?:ImCl Melt on Glassy Carbon 

scan rate ( u ) ,  
iPc/v'J2,  

mA cm? 
mV/s E;, V E, - EpI2 ,  mV V-'f2 s ' l 2  

5 -1.271 68 1.96 
10 -1.288 70 2.01 
20 -1.302 67 1.92 
50 -1.316 66 1.87 

100 -1.331 74 1.71 
200 -1.348 78 1.59 
500 -1.375 1.34 

was shortened. At a pulse width of 1000 ms on a GC electrode, 
however, it was possible to distinguish both waves, and the ratio 
of the limiting current for the first oxidation to the limiting current 
for the second oxidation was ca. 2:1, consistent with the cyclic 
voltammetric results. 

Reverse-normal-pulse experiments performed at a Pt electrode 
provided some evidence for the course of the first oxidation process. 
When the potential was held at 0.58 V for 5 s, thus carrying out 
only the first two-electron oxidation on Mo2C18H3-, only the reverse 
current for proton reduction at  ca. -0.4 V was observed." The 
proton reduction limiting current observed for this reverse-nor- 
mal-pulse experiment was nearly twice that seen for a normal-pulse 
experiment, which measured protonic impurities originally present 
in the melt. This indicates that the oxidation of Mo2C18H3- at  
0.62 V results in the production of added protons. 

From these results, the first oxidation can be postulated as 

M02C18H3- c1- -+ M02C1,3- + H+ + 2e- (7) 

with the oxidation being viewed as conversion of a hydride ligand 
to a proton. Although the Mo's remain in their formal +3 oxi- 
dation state, the two-electron oxidation results in a loss of met- 
al-metal interaction, as exemplified by the increase in Mo-Mo 
separation in solids from 2.38 A for Mo2C1,H3- to 2.6 %, for 
Mo2Clg3-. Also, considerable ligand rearrangement occurs. 

(2) Reduction of Mo2C18Hf. Results for the cyclic voltammetric 
study of this dimer on a glassy-carbon electrode are summarized 
in Table X. The peak potential shifts cathodically and the value 
of i,C/v1i2 decreases with increasing scan rate. As with Mo2C193-, 
this indicates a complex reduction process. Comparison of the 
ipC/u1I2 values for the reduction (Table X) to the ipa/v1/2 values 
for the oxidation (Table IX) indicates that the reduction is 
probably a two-electron process. By the employment of electrolysis 
and visible spectroscopy, the product of the MozC18H3- reduction 
was identified as the quadruply bonded Mo(I1) dimer Mo2Cl$-. 

Normal-pulse voltammetry was also performed at the glassy- 
carbon electrode. The voltammograms, like those for Mo2C12-, 
were ill-defined at low scan rates; however, at longer pulse widths 
(2500 ms), limiting plateaus were observed. No effort was made 
to determine a diffusion coefficient from the normal-pulse data, 
since it was limited to too short a pulse width range. 

Reverse-normal-pulse experiments were performed on the re- 
duction process a t  a Pt electrode to search for the production of 
H2 during the Mo2C18H3- reduction. The experiments were 
complicated by reduction of proton impurities in the melt to H2 
and by overlap of the Mo2Cls4- oxidation wave with the H2 ox- 
idation wave. Qualitatively, however, it appeared that more Hz 
was produced during the dimer reduction than was seen when only 
the protonic impurities were reduced by using a less cathodic 
generation potential. The reduction process is postulated to be 
that in eq 8. The proton on the left may be a protonic impurity. 

(8) Mo2C18H3- + 2e- + H+ - MozC12- + H2 
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