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Two distinct measures of electronic structure have been 
known for the iridium-dioxygen bond: the 0-0 and 0- I r  
internuclear distances3 and the 0-0 stretching frequency.' 
W e  have now added a third, the I7O nuclear quadrupole 
resonances. Taken together, these experimental observations 
may decide whether the r-bonding model of Griffith4 or the 
two-electron oxidative addition model of Gray" is the better 
formulation of the reversible O2 bond in this system. Whether 
the inequivalence of the oxygen atoms' charge distributions 
is incidental or essential to reversible bonding is also an  in- 
teresting question that similar experiments on other synthetic 
oxygen carriers may help answer. 
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The line widths and the paramagnetic chemical shifts of the I'O NMR signals for a series of mononuclear oxomolybdenum(V1) 
complexes are discussed. The chemical shifts are shown to be related to both the force constants for Mo-0 stretching 
vibrations and the Mo-0 bond distances. These relationships are attributed to a dependency of the chemical shift on the 
r-bond order of these bonds. In addition, enrichment of the complexes with both I7O and l8O has allowed a complete 
confirmation of some previous assignments of Mo-0 stretching frequencies. 

Introduction 
Complexes of molybdenum are dominated by the presence 

of oxo ligands when that metal is in its higher oxidation 
states.'s2 To a large degree, the stability of the Mo-0  
fragments is undoubtedly due to extensive multiple bonding 
between the constituent atoms which is indicated by the short 
Mo-0 bond and the large stretching force con- 
s t a n t ~ . ~  The  possible importance of these fragments in the 
chemistries of the molybdo enzymes has been r e c ~ g n i z e d . ' , ~  
Because of the prevalence of the oxo ligand, we have un- 
dertaken a study of the I7O N M R  spectra of simple, dia- 
magnetic complexes as a complement to their known chem- 
istries. The  advent of Fourier transform techniques and 
convenient methods for I7O enrichment from readily available 
sources remove many of the earlier difficulties experienced in 
170 N M R  spectroscopy. These advantages are mitigated 
somewhat by the ever-present quadrupole moment of the I7O 
nucleus which will result in a broadened N M R  resonance when 
the electron distribution about the oxygen atom is not sym- 
metric. Unless the molybdenum atom is a t  a site of cubic 
symmetry, the large5 quadrupole moments of 95Mo ( I  = 5 / 2 ,  

15.7%) and 97Mo ( I  = 5 / 2 ,  9.5%) can also induce efficient 
relaxation a t  an  1 7 0  nucleus which will cause further 
broadening of the 170 N M R  resonance. Nevertheless, 
Klemperer and his colleagues have shown6 with condensed 
molybdates that usable N M R  signals can still be obtained and 
that the  I7O chemical shifts are related to the types of oxo 
ligands in the  molecule. The  present study of oxomolybde- 
num(V1) complexes is concerned principally with empirical 
observations about the influence of multiple bonding within 
a Mo-0  fragment on the chemical shifts of the 170 N M R  
signal. 

Experimental Section 
Materials. Chemicals were reagent grade and used without further 

purification. Enriched water was purchased from Monsanto Research 

0020-1669/79/1318-0984$01.00/0 

Table I .  Chemical Shifts and Line Widths 

complex l70, % shift: ppm A.vl/,, Hz 
chemical 

MOO,*- 5 532 i lbjc 
MOO ,(NTA) 3 -  1.5 701 * 2b3d 81 i 10 
MoO,(IDA)~- 1.5 698 t 2b9e 155 i 10 
MOO, (Etcys), 12 921 t 5f 1250 -t 60 

2 919 i 5g 790 t 60 
MOO, (Et,dtc), 27 975 i 5f 362 i 1 5  
MOO, (acac), 2 1025 i 5g 400 i 30 
MoOCl,(Etdtc), 27 948 i 5f  258 i 15 
MoOBr,(Et,dtc), 27 947 * 5f  212 i 15 

water. pH 10. pH 8.4. e pH 7.0. f Measured in CH,CI,. 

Corp., Mound Laboratory. The isotopic composition was 25.2% I6O, 
43.4% I7O, and 31.4% I8O. 

Preparation of 170-Enriched Complexes. The enrichment of MOO:- 
was accomplished by dissolving Na2Mo04.2H20 in diluted I7O- 
enriched water. Enriched samples of MOO~(NTA)~-  (NTA = ni- 
trilotriacetate ligand) and Mo03(IDA)'- (IDA = iminodiacetate 
ligand) were prepared by adding the requisite amount of ligand to 
a 0.9 M solution of M o o t -  in enriched water. The acidity of the 
solutions was then adjusted. Calculated enrichment levels and the 
pH of these solutions are included in Table I. Enrichment of the 
carboxylate oxygen atoms will not occur under these conditions because 
their exchange with the solvent is slow.' 

The complexes which were examined in organic solvents were 
enriched and isolated prior to the NMR measurement. All of these 
complexes were identified by their infrared spectra. An enrichment 
of approximately 2% was achieved with MoO,(Etcys), (Etcys = ethyl 
ester of the cysteinate ligand) and MoO,(acac), (acac = acetyl- 
acetonate ligand) from solutions of Mood2- and the ligand in diluted 
l'0-enriched water. Highly enriched M ~ O ~ ( E t ~ d t c ) ~  (Et,dtc = 
diethyldithiocarbamate ligand) was prepared by an unpublished 
method.* An extensively dried sample of Mo02(Et2dtc), (0.5 g) was 
dissolved in 100 mL of dichloroethane which had been distilled from 
P205. To this solution, 0.075 mL of 43.4% "0-enriched water was 

a Downfield from external H, 170. 

Measured in DMF. 

Measured in enriched 
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added. Equilibration was accomplished by stirring for 4.5 h. The 
enriched compound was isolated by removing the solvent by distillation 
under vacuum. The calculated enrichment level is 27% I7O and 20% 
'*O assuming complete exchange had occurred. The solvent containing 
enriched water which was recovered was then used to enrich 
MoO,(Etcys), (0.5 g) by a similar procedure. The calculated en- 
richment of this compound in I7O is 12%. Labeled M ~ O C l ~ ( E t ~ d t c ) ~  
was prepared from a portion of the enriched M 0 0 ~ ( E t ~ d t c ) ~ .  Dry 
HCI was bubbled into a solution of enriched M00~(Et*dtc)~ (0.1 g) 
in CH2C12 which had been distilled from P2O5. The anhydrous 
conditions ensured no loss of the label. Enriched samples of 
MoOBr2(Et2dtc)2 were prepared in an analogous manner using dry 
HBr. 

Instrumentation. All Fourier transform I7O NMR spectra were 
obtained with a Varian Associates XL-100-15 FT spectrometer 
operating at 13.56 MHz and externally locked on a hexafluorobenzene 
signal. All spectra were obtained at approximately 30 "C from samples 
which were spun at about 10 revolutions/s. A delay time of 330 ps 
(10-12 data points) prior to data accumulation was used to eliminate 
pulse breakthrough on the samples dissolved in organic solvents. 
However, a delay time was not used for aqueous samples in order to 
minimize the baseline roll brought about by phase correction. 

The following operating conditions apply to all samples other than 
A sweep width of 15 15 1.5 Hz was used with the filter set 

at 20 kHz. Free induction decay was obtained using a radio-frequency 
pulse of 19 ps and a recycle time of 0.1 1 s. The data were accumulated 
as 2K data points in the time domain, transformed as 4K, and displayed 
as 2K in the frequency domain. Instrumental limitations required 
the pulse to be applied upfield of the resonances. The resulting spectra 
were reversed and required computer manipulation to be displayed 
correctly. The number of scans which were accumulated was variable 
(16-65K) and depended upon the line width of the observed signals 
and the level of enrichment. Exponential multiplication was applied 
to the data before Fourier transformation to enhance the signal-to-noise 
ratio at the expense of some line broadening. This effect is illustrated 
by the 227-Hz line width obtained for M ~ O C l ~ ( E t ~ d t c ) ~  without 
multiplication whereas the width was 258 Hz with multiplication. The 
signal-to-noise ratio increased by a factor of approximately 1.5. In 
general, exponential multiplication caused the line widths to increase 
by about 15%. 

to avoid saturation 
since the relaxation time of the I7O nuclei in is 0.22 s . ~  To 
achieve greater digital resolution in determining the 95Mo-i70 coupling 
constant, the data were accumulated as 4K data points, transformed 
as 8K, and displayed as 4K. A spectral width of 10000 Hz and a 
filter of 12000 Hz were used. No exponential multiplication was 
performed. With a 5% level of I7O incorporation, it was necessary 
to accumulate only 256 scans to obtain an excellent signal-to-noise 
ratio. 

All resonances appeared downfield from water and were assigned 
positive chemical shifts relative to external water. 

Infrared spectra were recorded using a Perkin-Elmer 283 spec- 
trometer. Values of the pH were measured with a Sargent pH meter 
equipped with a Corning 30070-1C electrode. 

Results and Discussion 
The experimental conditions and results are presented in 

Table I. With the exception of  MOO^^-, no spin coupling was 
observed between I7O and either 95Mo or 97Mo. In the case 
of  MOO^^-, whose spectrum is found in Figure 1, we find a 
sharp center line a t  5 3 2  ppm, whose width is somewhat less 
than 5 Hz, and six symmetrically disposed wing lines due to 
spin coupling between 95Mo and 170. The coupling constant 
is 40 f 1 Hz. Since the ratio of the magnetic moments of 97Mo 
and 95Mo is 1.02, we expect that the spin coupling constant 
between 97Mo and 170 should be approximately 41 Hz. 
However, the quadrupolar moment associated with 97Mo is 
greater than that due to 95Mo by a factor of 1 1.4.5xi0 The  
larger quadrupolar moment causes more efficient relaxation 
and does not allow the resolution of the satellite lines arising 
from spin coupling between 97Mo and 170. Instead, this 
coupling results in a broad envelope which encompasses the 
total width of the spectrum. The general features of this 
spectrum, with the exception of the broad envelope, are in good 

A recycle time of 1 .O s was used with 
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Figure 1. I7O NMR spectrum of MOO:-. 

agreement with previously reported We attribute 
our observation of this envelope to a larger I7O enrichment 
level ( 5  vs. 0.8%) and a larger magnetic field. We also note 
that while the 95Mo N M R  spectrum of  MOO^^- contains 
resolved lines due to spin coupling, the 97Mo NMR spectrum 
contains only a broad resonance which does not allow the 
observation of spin coupling.5 

The 170 N M R  spectra of MoO,(NTA)~- and Mo03(IDA)" 
were obtained under pH conditions which allowed considerable 
amounts of to be present. The latter was easily 
distinguished by the chemical shift of its 170 resonance. N o  
95Mo-170 coupling was observed in this resonance, however, 
and its line width (44 Hz)  was considerably larger than that 
obtained for  MOO^^- a t  pH 10. The loss of coupling and 
increased line width have been previously attributed to hy- 
d r o l y s i ~ . ~ ? ~  Although the symmetries of both M o O ~ ( N T A ) ~ -  
and M o O ~ ( I D A ) ~ -  are Csi2913 so that only two of the three oxo 
ligands are equivalent, only a single resonance was observed 
in each case. It is noteworthy, however, that the line width 
of the resonance due to M o O ~ ( I D A ) ~ -  is roughly twice that 
of the signal due to M o O ~ ( N T A ) ~ - .  

Although line widths will be tied simultaneously to the 
magnitude of the electric field gradient at  the I7O nuclei, 
indirect effects from the 95Mo and 97Mo nuclei, the symmetry 
about each Mo-O bond, and the rate of tumbling, these effects 
should be relatively constant for these two complexes. 
However, the rates of both intramolecular and intermolecular 
exchange will also influence the relative line widths. We have 
previously shown from both 'H and I3C N M R  studies that 
MoO, (NTA)~-  is fluxional (k > 100 SKI at  25 "C) in nona- 
queous solvents and that the symmetry of the transition state 
is either C3 or C3, wherein the oxo ligands become eq~ iva len t . ' ~  
The presence of water has a large stimulatory effect on the 
rate of this exchange. In contrast, 'H N M R  studies have 
shown the rigid nature of MOO,(IDA)~- in aqueous solu- 
t i ~ n . ' ~ , ' ~  In the absence of I7O exchange between solvent 
(H20) and MoO,(IDA)~-,  two unresolved signals could then 
be housed under the single resonance envelope that was ob- 
served in the I7O N M R  spectrum of that complex. These 
signals should also be present with M o O ~ ( N T A ) ~ -  in the 
absence of intramolecular and intermolecular exchange. 
However, since intramolecular exchange is occurring rapidly, 
these signals should be averaged to produce a narrower line. 
Intermolecular, pH-dependent exchange between the solvent 
and the complex may also be responsible for the differing line 
widths since the spectrum of M o O ~ ( I D A ) ~ -  was obtained at  
pH 7.0 while that of MoO,(NTA)~-  was obtained at  pH 8.4. 
If the exchange rate increases with increasing pH as is the case 
with Mo042-,519 a broader line would be expected with 
M O O ~ ( I D A ) ~ - .  We note, however, that a strict comparison 
with the behavior of  MOO^^- is not particularly valid since it 
is believed that the exchange in that case is due to an expansion 
of the coordination number from 4 to 6.5,9 The counterpart 
in the complexes with IDA or N T A  would be expansion to 
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Table 11. Comparison o f  Chemical Shifts,  Infrared Data ,  Mo-0 Bond Distances, and Expected n-Bond Orders 

complex 

Mo0,Z- 
M~o,(NTA)~-  

MOO * (I.' L cy s) * 
MOO, (E t ,d t c )2  

MoOC1, (Et ,d tc ) ,  

MoO,( IDA)*-  

MOO, (acac),  

lloOBr , (Et d tc) 

chc in~ca l  
d l l f t ,  ppn1 

532 
701 
698 
921 
975 

1025 
948 
947 

__ 

u ( M 0 - ' ~ 0 ) ? ~  
c n - '  

894, 833d 
893, 840e 

9 0 5 , 8 7 4  
908,877 
935,905 
946 (949) 
956 (949) 

- 

force 
constant  ,b,c 

m d y n / A  

5.89 
5.98 

6.46 
6.85 
7.23 (7.28) 
7.38 (7.28) 

n-bond 
Mo-0, A orderd 

1.76 (1) 0.75 
1.736 ( 5 ) f  I 

1 
1.5 

1.696 ( 5 ) g  1.5 
1.66 (2), 1.72 (2 )h  1.5 
1.701 (4)' -1.5{ 
1.656 (5)i -1.5J 

a All f x q u e n c i e s  are from the  solid s ta te  except  those in parentheses. Parenthet ic  values are f rom solution da ta .  Calculated by 
me thods  in ref 3 .  
angles. Reference 1 2 .  Reference 18.  Reference 19.  Reference 20. See tex t .  

References 3 and 23.  e Data pertains to, (Mo0 , ) ,EDTA4:  which has identical Mo-0 bond lengths and hI00, bond 

a coordination number of 7 or 8. There is no evidence for 
direct exchange by way of this expansion at  present. The  
actual effect of the pH on the line widths of the signals due 
to these complexes remains to be seen. 

An explanation related to exchange may also apply to the 
solvent-dependent line widths which were observed with 
M ~ O , ( E t c y s ) ~ .  Three structural isomers of this complex are 
possible in principle. Two of these have C2 symmetry while 
the third has no symmetry. The large line width which was 
observed for the complex in CH2C12 may be due in part to a 
relatively static distribution of these isomers. However, a 
narrower signal was observed in D M F .  Since D M F  is 
somewhat more viscous than CH2C12, an explanation in terms 
of viscosity is not appropriate, but it may be that isomerization 
is more facile in D M F .  It  is also of interest to note that the 
chemical shifts obtained in the two solvents are nearly identical. 

W e  did not observe I7O N M R  resonances due to oxygen 
atoms from the carboxylate groups within MoO,(NTA),- and 
M o O ~ ( I D A ) ~ -  although these should probably occur in the 
vicinity of 250 ppm.I6 Neither did we observe a signal from 
the ligand oxygen atoms in Mo02(acac),. Lack of lability 
toward I7O incorporation, at least in the case of the carboxylate 
 group^,^ and large electrical field gradients a re  presumably 
responsible for our inability to locate these resonances. 

The  results in Table I indicate that the chemical shifts of 
the I7O NMR signals for the oxo ligands in this series of 
mononuclear, oxomolybdenum(V1) complexes fall between 500 
and 1050 ppm. Furthermore, the results in Table I1 indicate 
that the chemical shifts tend to increase with increasing values 
of the stretching frequencies (or more precisely, the force 
constants which can be calculated3 from these frequencies) 
as well as with decreasing values of the Mo-0 bond 
 length^.'^%'^-^^ The correlation between the latter and the 
chemical shifts is even more striking when it is realized that 
a linear relationship exists (Figure 2) if the data for 
M ~ O B r , ( E t ~ d t c ) ~  a re  excluded. An adequate explanation of 
the behavior of this compound is provided in a subsequent 
paragraph. However, the collective data in Table I1 provide 
strong, presumptive evidence for a relationship between the 
chemical shift and the bond order of the M e 0  bonds. Similar 
dependencies have been noted for the C-0 bonds in organic 
compounds" and the C r - 0  bonds in oxochromium( VI) 
complexes.22 

Cotton and Wing3 have shown that the r-bond orders for 
each Mo-0 bond within the cis-MOO, and cis-MOO, frag- 
ments a re  1 and 1.5, providing possible n bonding by other 
donor atoms is ignored. Although Cotton and Wing have 
estimated the n-bond order of each Mo-0  bond in Moo4,- 
to be close to unity,3 a better estimate would appear to be 
0.75.23 The expected 7r-bond orders have been noted in Table 
11. These assignments indicate that Mo-0 bond distances of 
approximately 1.76, 1.73, and 1.70 A are characteristic of 
7r-bond orders of 0.75, 1, and 1 .5, respectively. Although the 

180 .i 

166 f I \  
1 :  1 

- 
500 700 900 1100 1300 

"0 Chemical Shift (ppm) 

Figure 2. Dependence of the  "0 chemical  shift on the  Mo-0 bond 
distances for (1 )  Moo4*-, (2) MoO~(YTA)~- ,  (3) MoOCI,(Et2dtc),,  
(4) MoO,(Et,dtc),,  and  (5) M o 0 2 ( a c a c ) , .  Possible e r rors  (2u) in 
t h e  bond distances a r e  included. 

different M e 0  bond distances (Table 11) within M ~ O ~ ( a c a c ) ~  
should be viewed with some caution since the data were 
obtained by film  technique^,'^ their average value of 1.69 (2) 
A is very close to the two identical bond lengths of 1.696 ( 5 )  
A found in Mo02(Pr2dtc),.'* However, the data in Figure 2 
suggest that  the 7r-bond orders for each Mo-0  bond in 
M ~ O ~ ( a c a c ) ~  should be slightly more than those in M o o 2 -  
(Et2dtc)*. Both are taken to be 1.5 in Table I1 because of the 
uncertainties which a re  involved. 

Turning attention next to complexes bearing a single oxo 
ligand, M 0 0 X ~ ( E t ~ d t c ) ~  (X = C1 or Br), we expect the n-bond 
order for each Mo-0 bond would exceed 1.5 in the absence 
of n bonding to other ligands and, in principle, a value of 2 
could be achieved. However, the chemical shift and the Mo-O 
bond distance20 (1.701 (4) A) obtained for MoOC12(Et2dtc), 
fall within the ranges which a re  characteristic of complexes 
containing the cis-Mo02 moiety. Both pieces of evidence 
indicate that the effective n-bond order is approximately 1.5. 
On  the other hand, the corresponding bond length in 
MoOBr,(Et,dtc), is 1.656 (5) Azo which is indicative of a  
n-bond order greater than 1.5. However, the chemical shift 
obtained for this compound is within experimental error 
identical with that of the chloro analogue. The differences 
in the solid state appear to be real since we found that the value 
of the Mo-0 stretching frequency is 946 cm-I for the chloro 
complex while it is 956 cm-' for the  bromo complex. Shifts 
due to isotopic labeling, which a re  presented subsequently, 
support these assignments. Both absorptions, however, appear 
a t  949 cm-] in CH2C12, the solvent used for the I7O NMR 
measurements. Consequently, similar 7r-bond orders appear 
to be in effect when these compounds are in solution, and we 
estimate that the n-bond order for each is probably near 1.5. 
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The data in Table I1 also show that the chemical shifts tend 
to increase as the number of oxo ligands decreases, a trend 
which is explicable in terms of the general increases in a 
bonding which accompany the loss of each oxo ligand. This 
trend is not observed, of course, when complexes containing 
the c i s -Mo02 fragment a re  compared to those containing a 
single oxo ligand since the P-bond orders appear to remain 
roughly constant. The  same general trend can be observed 
with MozO:- and other condensed m o l y b d a t e ~ , 6 . ~ ~ > ~ ~  indicating 
that the total number of P bonds experienced a t  an oxo ligand 
also plays an  important role in the chemical shifts observed 
for these compounds. However, the smooth relationship 
between chemical shifts and 9-bond orders (as judged by bond 
distances), which was observed for the mononuclear complexes, 
is generally absent and other effects may also contribute to  
the chemical shifts. Nevertheless, it is particularly noteworthy 
that the chemical shift due to the totally encapsulated oxo 
ligand of Mo6OIg2- is -32 ppm6 while the long Mo-0  bond 
distancesz5 of approximately 2.3 A are indicative of a-bond 
orders which must be close to zero. 

W e  also anticipate that the trends which we have observed 
may be dependent upon the formal oxidation state of mo- 
lybdenum. However, results for either dinuclear Mo(V) or 
mononuclear Mo(1V) are not available a t  this time. 

Infrared Assignments. A recent investigation26 using I 8 0  
enrichment alone, indicated that molybdenum-terminal oxygen 
stretching frequencies occur between 800 and 970 cm-' when 
l 6 0  is in natural abundance, in confirmation of previous 
assignments. Our  preparations of complexes which were 
enriched in both I7O and l8O give us the means to provide still 
further confirmation of these assignments. For example, the 
spectrum of enriched M ~ O C l ~ ( E t ~ d t c ) ~  contains bands at  946, 
922, and 898 cm-' due to l60 ,  I7O, and l80 labeling. When 
the molybdenum and l6O atoms are treated as simple harmonic 
oscillators, the predicted frequencies of the harmonic oscil- 
lations of the MOO fragment in the "0- and IsO-labeled 
complexes are then 922 and 900 cm-', respectively. Similarly, 
the spectrum of enriched M ~ O B r ~ ( E t ~ d t c ) ~  contains bands a t  
956,932, and 908 cm-' while the calculated values for the ''0- 
and '*O-labeled complexes are 932 and 909 cm-', respectively. 

W e  have also considered the  spectrum of enriched 
Mo02(Et2dtc), which should contain 12 bands due to the 
symmetric and antisymmetric motions of six isotopic isomers. 
The  actual spectrum is shown in Figure 3. The band at  917 
cm-', which can barely be seen when l60 is in natural 
abundance, is assigned to a vibration of the dithiocarbamate 
ligands since its position is invariant with varying levels of 
enrichment. The band at  908 cm-', arising from the symmetric 
stretching motion of M ~ ' ~ O ~ ( E t ~ d t c ) ~ ,  is somewhat shifted 
from the previously found25 value of 910 cm-' due to partial 
deconvolution of the spectrum through isotopic dilution. The 
antisymmetric stretching frequency, taken from the spectrum 
of the complex when l60 is in natural abundance, is 877 cm-'. 
Finally, a band near 844 cm-' in the spectrum of the latter 
is again assigned to a vibration of the dithiocarbamate ligands. 

Cotton and Wing have assumed that the bent M o o 2  
fragment can be treated as an  isolated entity and that the 
interaction of stretching and bending motions of this entity 
can be i g n ~ r e d . ~  Using these assumptions and the general 
procedure given by N a k a m ~ t o , ~ '  we have calculated the re- 
quisite G and F matrices which a re  given below. In this 
G =  

' / > ( P o  -k P o ' )  -k fiMo(1 -cos 0) 
(Po - P 0 ' ) / 2  1 ' / , ( P o  + P o ' )  -k I*Mo(l f cosa) 

(/.lo - I J O  ')/2 

f l ,  - f 1 2  1 F =  f i i  + f i 2  0 
[ 

co 
notation, pMo is the reciprocal mass of the molybdenum atom 
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Figure 3. Comparison of the observed and calculated infrared spectrum 
of Mo02(Et2dtc) which had been enriched in both "0 and I8O. The 
calculated spectrum contains bands due to the symmetric and an- 
tisymmetric Mo-0 stretching motions of (1 and 1') M ~ ' ~ O ~ ( E t , d t c ) ~ ,  
(2 and 2') M~'~O~(Et ,dtc) , ,  (3 and 3') M ~ ' ~ O ~ ( E t ~ d t c ) ~ ,  (4 and 4') 
M 0 ~ ~ 0 ' ~ 0 ( E t , d t c ) ~ ,  (5 and 5 ' )  M 0 ~ ~ 0 ~ ~ 0 ( E t ~ d t c ) ~ ,  and (6 and 6') 
M 0 ~ ~ 0 ~ ~ 0 ( E t ~ d t c ) ~ .  Bands due to the dithiocarbamate ligands occur 
at 917 and 844 cm''. The latter is contained in the band centered 
at 843 cm-I in the spectrum of the enriched complex. 

Table 111. Calculated Stretching Frequencies for Isotopic Isomers 
of MOO, (Et,dtc), 

"a, 
cm-' "$2 compo- 

complex sition, % cm 
Mo'60,(Et,dtc), 15.2 (908)= (877)a 
Mol 0, (Et dtc), 12.2 885 855 
Mo ' 0, (Et , d tc) , 6.6 863 836 
Mo I 0' O(Et , d tc) , 27.6 901 86 2 
Mol 6018 O(Et,dtc), 20.0 897 845 
Mo'70'80(Et2dtc), 18.1 877 842 

a Observed frequencies. 

while p,, and p,,' are  the reciprocal masses of the two oxygen 
atoms of the fragment. The  angle a is taken from the  
crystallographic datal8 as  105.7'. The force constantsfil and 

f I 2  are identical in definition to those used by Cotton and 
Wing.3 

The  calculated values of f i  and f12, which were obtained 
from the stretchin frequencies of Mo1602(Et2dtc),, are 6.46 

the frequencies of the remainder of the isotopic isomers which 
a re  given in Table I11 are  compared with the observed 
spectrum in Figure 3. The intensities of the bands were taken 
to be proportional to the calculated abundance of each complex 
(see Table 111). Equivalent intensities were assigned to bands 
due to symmetric and antisymmetric vibrations although the 
antisymmetric band is slightly more intense in practice. The  
agreement between the calculated and observed spectra clearly 
provides unambiguous support for the original spectroscopic 
assignments. 
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Infrared Spectra of the MtBrF2- and MtIF2- Ion Pairs in Solid Argon 
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Infrared absorptions for the trihalide anions BrF2- and IFF have been observed in experiments codepositing an argon/fluorine 
mixture and the alkali bromide and alkali iodide salt vapors onto a cesium iodide window at 15 K. Infrared bands in the 
520-530-cm-' region and the 360-365-cm-' region are assigned to the symmetric FBrF- and asymmetric BrFF- species, 
respectively, in the M+BrF2- ion pair. In the alkali iodide experiments, the analogous bands were observed in the vicinity 
of 505 cm-' for M'FIF- and near 355 cm-I for M'IFF-. In most experiments, a band was observed at 550 cm-' which 
has been previously assigned to the M'F3- species, a product of the secondary reaction of MF with fluorine. These results 
are compatible with the following reaction scheme: MX + F2 - M'XFF - M'FXF- - MF + XF. Salt reactions with 
HF impurity also produced the M'FHX- bihalide complexes. 

Introduction 
Alkali halide salt-halogen molecule matrix reactions have 

been used to synthesize the trihalide species M+X3- including 
the least stable trifluoride anion.'-3 Studies of the mixed ClFy, 
C12F-, CIBr2-, and C1,Br- species have suggested that both 
symmetric and asymmetric mixed M+X2Y- species are formed 
in these reactions.',* Reactions of alkali bromides and iodides 
with fluorine were done to synthesize the new M+BrF2- and 
M+IF2- species which are described in this paper. 
Experimental Section 

The cryogenic refrigerators, vacuum systems, and high-temperature 
ovens have been described previ~usly.~ RbI, CsI, RbBr (Research 

0020-1669/79/1318-0988$01 .OO/O 

Organic/Inorganic Chemical Corp.), KBr (Harshaw Chemical), KI 
(J. T. Baker), NaBr (Mallinckrdt), CsBr (Orion), NaCl (J. T. Baker), 
and NaI (Mallinckrodt) were outgassed from the Knudsen cell at or 
above the experimental evaporation temperature for several hours prior 
to the experiment. Evaporation temperatures, chosen to give 1 of 
salt vapor pressure, were CsBr (490 "C), CsI (450 "C), RbBr (460 
"C), RbI (430 "C), KBr (500 "C) KI (505 "C), YaBr (520 "C), NaI 
(450 "C), and NaCl (520 "C). Fluorine (Matheson), after removal 
of condensables at 77 K, was diluted in argon to Ar/F2 = 400/1 in 
a stainless steel vacuum system. 

Fluorine samples were codeposited at 3 mmol/h with alkali halide 
salt vapor on an optical window at 15 K for 18-22-h periods. Infrared 
spectra were recorded on a Beckman IR-12 infrared spectrophotometer 
with an accuracy of f l  cm-I. Samples were photolyzed with a filtered 
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