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Abstract: X-ray absorption edge and E X A F S  spectra have been measured for acidic-aqueous solutions containing Mo( I I ) ,  
Mo(III) ,  Mo(IV),  and Mo(V). The  edges increase in energy according to Mo(I1) << Mo(II1) C Mo(IV) < Mo(V). Bond 
distances calculated for the binuclear species are  as follows: Mo(II)/ l  M CF3S0,H (aqueous), Mo-Mo = 2.12 A; M d ( 0 H  ) 
= 2.14 A; Mo(III) /3  M CH3S0,H (aqueous), Mo-Mo = 2.54 A; Mo-O(bridging O H )  = 2.06 A; Mo-O(OH2) = 2.20 1; 
Mo(V)/3 M HCl  (aqueous) ( M o ~ O ~ ~ +  core), Mo-Mo = 2.56 A; Mo-O(termina1 oxo) = 1.68 A; Mo-O(bridging oxo) = 1.93 
A. The  EXAFS'data for Mo(IV) in 4 M methanesulfonic acid a re  consistent with the accepted M03044+ ( a s )  (Mo-Mo = 
2.49 A; Mo-0(p2) = 1.88 A) formulation for the red ion. Estimates of the Mo-Mo Debye-Waller factors were obtained 
by comparison with u = 0.0377 A calculated for M024+ (aq). The stiffest Mo-Mo bond is in Mojo?+  (aq) (u = 0.031 A); 
u values for Mo2(p-OH)24+ and M02042+ (as)  a r e  0.044 and 0.037 A, respectively. 

Molybdenum compounds play an important  role in both bio- 
logical and industrial catalysis, owing in part to their  rich oxi- 
dation-reduction chemistry in aqueous solutions.2 I t  is now well 
established that all oxidation levels from I1 through VI are rep- 
resented by s table  ionic species in t h e  aqueous chemistry of mo- 
lybdenum, and t h e  main features of the core structures of several 
of these ions are known.3 Our interest in this area in recent years 
has centered mainly on t h e  red species that is present in acidic- 
aqueous solutions of Mo( IV)  .3-7 Although our extended X-ray 
absorption fine structure (EXAFS) spectroscopic analysis showed 
conclusively that  direct Mo-Mo interactions were present, we were 
not able to  determine the  number of molybdenums in the red ion.6 
The correct formulation of the core of the  red ion, Mo3O;+, was 
established first by Murmann and Shel ton in an elegant 180-la- 
beling study.' 

More detailed solution structural  information is needed for all 
t h e  principal molybdenum aquo ions. W i t h  this goal in mind we 
have performed an extensive investigation of the X-ray absorption 
edge and EXAFS spectra of aqueous Mo(1V) solutions with 
variations in pH and added anions. We also have examined t h e  
edge and EXAFS spectra of aqueous solutions containing Mo(II), 
Mo(III), and Mo(V).  The results and principal s t ructural  con- 
clusions drawn from these studies are reported herein.  

Experimental Section 
Sample Preparation. Aqueous solutions of Mo(I1) containing 1 M 

trifluoromethanesulfonic acid were prepared by the method of Bowen and 
Taube.8 Aqueous Mo(II1) in 3 M methanesulfonic acid was prepared 
by Pernick's procedure and purified by column c h r o m a t ~ g r a p h y . ~ ~  Red 
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aqueous solutions of Mo(1V) containing 4 M CH,S03H were prepared 
by the method of Ardon and Pernick,j" and lower acid concentrations 
were achieved by addition of solid NaOH.  In certain experiments the 
4 M methanesulfonic acid solution of Mo(IV) was saturated with NaCl 
or NaBr by addition of the solid salt. Aqueous Mo(V) in 3 M HC1 was 
prepared by a standard p r o ~ e d u r e . ~  All of the samples were charac- 
terized by optical absorption spectroscopy, and the oxidation levels were 
verified by ceric ion titrations. Solutions for the X-ray absorption ex- 
periments were typically 0.1 M Mo. 

Data Collection. The solutions were loaded into Lucite cuvettes with 
1-mm-thick Lucite windows at 5- or IO-" path lengths. Because the 
Mo(I1) and Mo(II1) samples are air sensitive, they were stored over zinc 
amalgam and loaded into the cuvettes in an anaerobic glovebox just prior 
to data collection. Spectra were recorded at the Stanford Synchrotron 
Radiation Laboratory. 

Data Analysis. The spectra were calibrated by using the Mo foil edge 
inflection as 20003.9 eV, and the EXAFS was processed by using 
standard procedures of preedge subtraction, spline removal, and Fourier 
filtering.I0 The curve-fitting analysis of the EXAFS data depends upon 
the assumption of phase shift and amplitude transferability among com- 
pounds of similar chemical The standard used for Mo-0 
interactions was Mood2-; K2[Mo304(ox)3(H20)3] (prepared by a pro- 
cedure analogous to that employedL2 for C S , [ M O ~ O ~ ( O X ) ~ ( H ~ O ) ~ ] ~  
4H20.0.5H20x) was the reference for Mo-Mo; K,MoCI,'~ and (N- 
H , , ) [ M O O B ~ ~ ( H ~ O ) ] ~ ~  were used for Mo-C1 and Mo-Br functions. 

The curve-fitting program simulated the EXAFS, as follows: 

where k is the photoelectron wavenumber, Rab is the distance of a group 
of Nb backscatterers to molybdenum, g a b  is the root-mean-square devi- 
ation of Rab. and " a b ( k )  is the total phase shift. The amplitude function 
&(k) depends not only on the electron-atom backscattering amplitude 
for the particular scattering atom but also on the properties of the par- 
ticular X-ray absorbing species.15 

Definition of & , ( k )  for a given Mo-X pair requires knowledge of the 
appropriate Debye-Waller factor for a simple standard compound. For 
the Mo-0  amplitude the u of 0.041 1 A for calculated from the 
vibrational spectrum was used.I6 The Mo-Mo amplitude originally 
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Figure 1. Theoretical 0 and Mo electron-atom backscattering ampli- 
tudes (see ref 19) compared to experimental Mo-0 and Mc-Mo EXAFS 
amplitudes. 
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Figure 2. Absorption edge spectra for aqueous molybdenum ions: Mo- 
(11) in l M trifluoromethanesulfonic acid; Mo(1II) in 3 M methane- 
sulfonic acid; Mo(IV) in 4 M methanesulfonic acid; Mo(V) in 3 M HCI. 
The spectra were scaled to yield the same amplitude at 20000 eV. 

obtained from the K , [ M O ~ O ~ ( O X ) ~ ( H ~ O ) ~ ]  spectrum was calibrated by 
using the Mo-Mo stretching frequency for Mo;+(aq) (344.7 cm-l)I7 and 
eq 2:18 

thereby giving u = 0.0377 A ( p  is the reduced mass, and w is the vi- 
brational frequency in cm-I). 

A comparison of the experimental amplitudes with theoretical back- 
scattering amplitudesi9 is shown in Figure 1. Since it is possible that 
the Fourier filtering and fitting procedure eliminated some of the low k 
structure in the Mo-Mo amplitude and phase shift, the fits were always 
begun at k = 6 A-'. 

In  a given fit, there were two variables optimized per Mo-X compo- 
nent. One variable was always the Mo-X distance (R) ,  whereas the other 
was either the number of X atoms (M or the Debye-Waller factor ( u ) .  
The correlation between N and u made it unreliable to vary both si- 
multaneously in multishell fits. 

Results and Discussion 
The aqueous molybdenum samples yielded a remarkable div- 

ersity of edge and EXAFS spectra. The edge region often provides 
useful information about the electronic structure of the X-ray 
absorbing atom.20 Because of lifetime broadening, molybdenum 
K edges have a natural line width of about 6 eV,21 about equal 
to the spectrometer resolution; as a result, the sharp structure 
associated with the edges of lower Z elements is not observed. 
Nevertheless, it is clear that the edges move progressively to higher 
energy as the Mo oxidation state is raised (Figure 2). The largest 
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Figure 3. EXAFS Fourier transforms for aqueous molybdenum ions. 
Range: 4-15 A-l, k3 weighting. 

Table I. EXAFS Fourier Transform Analysis of Mo-Mo 
Interactions in Aqueous Molybdenum Ion% 

calcd calcd no. of 
Mo-Mo/ MO 

sample A neighbors 
K, [Mo,O,(ox),(H,O),I 2.49 2 
Mo(V)/3 M HCI (aq) 2.51 (4) 0 .89 (20) 

2.48 (4) 2.0 (4) Mo(IV)/4 CH,SO,H (as) 
Mo(IV)/4 M CH,SO,H/satd/NaCl (as) 2.48 (4) 2.1 (4) 
Mo(IV)/4 M CH,SO,H/satd/NaBr (aq) 2.48 (4) 2.0 (4) 
Mo(IV)/CH,SO,H/pH 1.6 (aq) 2.49 (4) 1 .8  (4) 
Mo(IV)/CH,SO,H/pH 1.8 (aq) 2.46 (4) 1.6 (3) 

Mo(III)/3 M CH,SO,H (aq) 
Mo(II)/l M CF,SO,H (as) 
a Transform range: 4-15 X', k 3  weighting. 

Mo(IV)/S M NaOH (as) 2.5-1 (4) 1.5 (3) 
2.56 (4) 0.75 (15)  
2.12 (4) 0.79 (15) 

Reference stand- 
ard (solid sample). 

shift is between Mo(I1) and Mo(II1); the smallest is between 
Mo(1V) and Mo(V). If the edge position is taken as a semi- 
quantitative indicator of the charge on the X-ray-absorbing atom, 
then these data indicate an increasing amount of covalency as the 
formal oxidation state is raised. It should be noted that only the 
Mo(V) sample exhibits a low-energy shoulder in its edge spectrum; 
this feature is attributed to terminal oxomolybdenum coordina- 
tion.20*22 

EXAFS Fourier Transforms. Fourier transformation of the 
EXAFS data yields a pattern that is qualitatively similar to a 
radial distribution function.23 The transforms for all samples 
are dominated by a peak corresponding to the Mo-Mo interaction 
(Figure 3) .  Distances (Mo-Mo) and Mo-neighbor numbers are 
set out in Table I. As expected, the Mo(I1)-Mo(I1) distance is 
significantly shorter than those found for the higher Mo oxidation 
states. 

At distances shorter than the Mo-Mo bond lengths, the 
transforms of the Mo(III), Mo(IV), and Mo(V) EXAFS contain 
features due to Mc-0 interactions. Relative to the Mo-MO peak, 
these features are strongest for Mo(III), somewhat weaker for 
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Table 11. EXAFS Curve-Fitting Analysis for Aqueous Molybdenum Ionp 
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Mo-MO M o - 0  Mo-O' 
sample no. R I A  olA  no. R I A  o/A no. R I A  olA F b  

Mo(II)/l M CF,SO,H (as) 0.77 2.117 0.502 
0.90 2.123 1.5 2.14 0.332 
1 2.119 0.0377c 4 2.14 0.10 0.327 

Mo(III)/3 M CH,SO,H (aq) 0.6 2.54 3.160 
0.7 2.54 2.2 2.06 0.858 
0.8 2.54 3.6 2.05 2.2 2.24 0.426 
1 2.54 0.044 3 2.06 0.041 3 2.20 0.076 0.365 

Mo(IV)/4 M CH,SO,H (aq) 1.9 2.493 1.612 

2.0 2.493 2.1 1.89 1.8 2.05 0.192 
2 2.493 0.031 2 1.88 0.031 4 2.04 0.077 0.234 

2.0 2.493 1.2 1.88 0.851 

K, IMo,o,(ox),(H,o),ld 2.0 2.488 1.653 
2.0 2.488 1.2 1.92 0.975 

2 2.488 0.031 2 1.91 0.042 4 2.05 0.090 0.430 
Mo(V)/3 M HC1 (as) 0.87 2.56 2.983 

0.87 2.56 1.9 1.93 1.289 
0.88 2.56 1.8 1.93 1.1 1.68 0.2 80 

2 1.93 0.042 1 1.68 0.038 0.232 1 2.562 0.037 

2.0 2.488 2.1 1.92 1.5 2.07 0.510 

(I Debye-Waller factors for the standards [Mo,O,(ox),(H,O),] 2-)  were assumed for the fits with variable coordination numbers; 
statistical errors are less than the least significant figure uoted. Systematic errors are larger (see text): Mo-Mo number (?25%), R (?1%), 
o (?15%); Mo-0 number (?loo%), R (22%), 5 (*SO%). % ( T ( G ~ ~ ~  - ~ ~ , l ~ d ) ~ k ~ ) / N ,  whereN is the number of data points. Calculated 
from V M ~ - M ~ .  Solid sample. 
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Figure 4. Fourier-filtered EXAFS (solid line) and best fits (dashed line) 
for aqueous molybdenum ions. 

Mo(V), and smaller yet for Mo(1V). The consequence of this 
is evident in the curve-fitting analyses described below, where 
inclusion of Mo-O components significantly improves the fits for 
Mo(II1) and Mo(V), but is less important for Mo(1V) and Mo(I1). 
Because artifacts can arise from peak overlap and truncation 
effects, a quantitative analysis of the Mo-0  region was not at- 
tempted on the transforms themselves. 

Bond Distances from Curve Fitting. Curve fittings of the EX- 
AFS data for the various samples are shown in Figure 4; the results 
are summarized in Table I1 and Figure 5 .  The optimization 
procedure refined two variables per shell, one being the Mo-X 
distance and the other being either the scatterer number or the 
Mo-X Debye-Waller factor. In the fits using integral scattering 
numbers, the number of oxygen donors was constrained to be 
consistent with the known structural chemistry for that oxidation 
state, whereas in the fits with variable scatterer numbers, the 
Debye-Waller factors were constrained to the values found for 

1 2+ 

1 
-4+ 

I 
14+ 

r+ 
1 

MO $1' 

Figure 5. Core structures of aqueous molybdenum ions in different 
oxidation states; bond distances are from the EXAFS fits. 

Mo-0  in or Mo-Mo in the trinuclear oxalate complex. 
Mo(I1). An excellent fit was obtained with a single Mo-Mo 

interaction at 2.12 A; slight improvement resulted from adding 
a Mo-0 component a t  2.14 A. The short Mo-Mo distance is 
consistent with multiple Mo-Mo bonding in the binuclear species 
(it is similar to the 2.1 1-A value found for M O ~ ( O ~ C C H , ) , ~ ~  and 
K4Mo2(SO,),.2H2OZ5). The predicted Mo-0 distance of 2.14 
A is reasonable, and the large Debye-Waller factor probably 
indicates that the coordinated water molecules are relatively 
disordered in this binuclear ion. 

Mo(II1). Useful data were not obtained for k above 14 A-'. 
A good fit required two different Mo-0 components (2.06 and 
2.20 A) as well as a Mo-Mo interaction at 2.54 A. The Mo-Mo 
distance is somewhat longer than the 2.43-A bond length in 
K M ~ ~ ( O H ) , ( a c ) ( e d t a ) ; ~ ~  this difference most likely is due to the 

(24) Lawton, D.; Mason, R. J .  Am. Chem. SOC. 1965,87, 921. 
( 2 5 )  Angell, C. L.; Cotton, F. A.; Frenz, B. A.; Webb, R. R. J.  Chem. Soc., 
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Figure 6. EXAFS Fourier transforms for Mo(1V). Top to bottom: 
aqueous 5 M NaOH; pH 1.8; pH 1.6; aqueous 4 M methanesulfonic acid 
(saturated NaC1); aqueous 4 M methanesulfonic acid; solid K2[Mo304- 
(ox),(H,O),]. Ranges: 4-15 A-', k3 weighting. 

influence of the acetate bridging group in the latter complex. The 
2.06-A Mc-0  component is most reasonably assigned to bridging 
hydroxo groups, whereas the longer Mo-0  distance is attributed 
to Mo-OH2 (it is of particular interest that among the various 
Mo oxidation states only in the aquo Mo(II1) species did M A H 2  
interactions make a nonnegligible contribution to the EXAFS). 
Thus our analysis clearly favors the Mo2(pOH)24+ formulation 
for the core of the green Mo(II1) aquo ion (over the oxo bridged 
a l te rna t i~e)~  (Figure 5). 

Mo(IV). Several aqueous Mo(1V) samples were investigated. 
For Mo(1V) in 4 M methanesulfonic acid, the calculations gave 
1.9-2.0 Mo at 2.49 A, an amplitude roughly twice as large as that 
found for Mo(I1) or Mo(V). The fit was improved by using Mc-0 
components at 1.88 and 2.04 A. In our preliminary report we 
compared6 the 2.49 A to the Mo-Mo length in crystalline  MOO^,^' 
but it is now well established that triangular-Mo3 structures 
(Mo30?+ core) also exhibit'2,28 Mo-Mo distances that are virtually 
the same as found for the red Mo(1V) aquo ion. Earlier we 
reported6 a Mo-Mo amplitude of 1.4 for aquo Mo(IV), but we 
did not make allowance for the fact that the reference analysis 
consistently underestimated" oxo-bridged Mo amplitudes by about 
20%. When Mo-Mo functions based on [ M o ~ O ~ ( O X ) , ( H ~ O ) ~ ] ~ -  
are employed as a reference, a Mo-Mo amplitude very close to 
2 is obtained. Indeed, the EXAFS spectra of K Z [ M o 3 0 4 ( ~ ~ ) 3 -  
(H20),] and Mo(IV)/4 M CH3S03H (aqueous) are nearly 
identical (Figure 6). In 4 M methanesulfonic acid, therefore, 
Mo(1V) undoubtedly exists predominantly as a trinuclear species, 
Mo3044+ (aq).29 
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The crystal structure analysis of C S ~ [ M O ~ O ~ ( O X ) ~ ( H ~ O ) ~ ] .  
4H20.0.5H20x showed that there are three equivalent (~~-0)  oxo 
bridging groups in the Mo 044+ core (Figure 5), with an average 
M o - 0  distance of 1.921 A.12 The EXAFS fits gave a Mo-0 
component a t  1.88 A for Mo(1V) in 4 M CH3S03H (aqueous) 
and 1.91 8, for K2[Mo304(o~)3(H20)3] .  However, [M0304- 
( O X ) ~ ( H ~ O ) , ] ~ -  also has a capping ( ~ ~ - 0 )  oxo ligand (Mo-0 = 
2.019 A), and for each Mo there are two oxalate oxygen atoms 
at 2.091 8, and a single O(OH2) at  2.154 A.I2 For this second 
shell of oxygen atoms the EXAFS fit for the potassium salt gave 
a 2.05-8, distance with a u of 0.09 8,. 

As the pH of the medium is increased, the Mo-Mo EXAFS 
amplitude decreases (note the Fourier transforms, Figure 6 and 
Table I). The largest changes are for Mo(1V) in basic solution. 
Both Fourier-transform and curve-fitting analyses yield a Mo-Mo 
amplitude of 1.5, as opposed to 2.0 for a symmetric trinuclear 
species. The best fit predicts a Mo-Mo distance of 2.545 8, and 
Mo-0 components at 1.96 and 2.10 8,. Clearly, a major structural 
change has occurred in basic solution, and one possibility is that 
the trinuclear ion has adopted an open structure in which a central 
Mo is oxobridged to two Mo neighbors. 

The EXAFS spectra of Mo(IV)/4 M methanesulfonic acid 
solutions containing high concentrations of halide ions also were 
measured. No new peaks were observed in the Fourier transforms, 
and the data collected with added Br- are virtually identical with 
those obtained for the original sample in methanesulfonic acid 
solution. However, the presence of weak X-Mo bonds in these 
samples cannot be ruled 

Mo(V). Three components were required for a good fit: 2.56 
A Mo-Mo, and 1.93 and 1.68 A Mo-0 distances. The 2.56-A 
Mo-Mo distance observed for the aquo ion is standard for a 
dioxo-bridged binuclear Mo(V) complex,2c and the Mo-0 dis- 
tances are normal (1.93 A, bridging; 1.68 A, terminal). The 
amplitudes are all consistent with a binuclear Mo20?+ core, which 
is a common species in Mo(V) chemistry. 

Concluding Remarks 
By using appropriate model compunds, we have been able to 

distinguish binuclear and trinuclear aqueous molybdenum species 
in EXAFS spectroscopic experiments. The calculated Debye- 
Waller factors for Mo-0 and Mo-Mo interactions are reasonable. 
The stiffest Mo-Mo bond is exhibited by trinuclear Mo(1V) ( u  
= 0.031 A); the others, in order, are dioxo-bridged Mo(V) (0.037 
A), quadruply bound Mo(I1) (0.038 A), and dihydroxo-bridged 
Mo(II1) (0.044 A). Trends in the mean deviations of Mo-0 
distances also are as expected. By calculation of Debye-Waller 
factors from experimental amplitude functions, EXAFS analyses 
are improved significantly. Such improved techniques of analysis 
combined with the structural information now available on rel- 
atively simple aquo molybdenum ions should facilitate the 
structural characterization of molybdenum in the more complex 
environments of supported catalysts, amorphous materials, and 
metalloenzymes. 
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(30) EXAFS data on the solution with added Cl- can be fitted by taking 
a M A 1  interaction at 2.48 A; this fit is not unique, however, because Mc-Mo 
and Mo-CI phase shifts are similar (modulo 2x); thus the observed changes 
may be accommodated entirely by Mo-Mo interaction components. 


