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Molybdenum-95 nuclear quadrupolar coupling constants,ø(95Mo), and quadrupolar asymmetry parameters,
η, for sodium molybdate dihydrate, hexacarbonylmolybdenum(0), pentacarbonyl-5-methyldibenzophos-
pholemolybdenum(0), and pentacarbonylbis(diphenylphosphino)methanemolybdenum(0) were obtained from
solid-state95Mo NMR measurements at 26 MHz (9.4 T). The first direct measurements of1J(95Mo,13C) and
1J(95Mo,31P) from solid-state95Mo NMR spectra are reported. Also, the first example of a13C/12C isotope
effect on95Mo shielding is reported for solid Mo(CO)6: 1∆Mo(13/12C) ) -0.316 ppm. Direct-dipolar spin-
spin interactions involving protons and molybdenum (i.e., 1H-95Mo) are relatively weak and do not appear
to make significant contributions to95Mo NMR line shapes when spectra are acquired with magic-angle
spinning. Hexacarbonylmolybdenum is proposed as a useful setup sample for solid-state95Mo NMR studies.
Our results for the pentacarbonyl phosphine molybdenum complexes indicate that solid-state95Mo NMR
studies should be feasible for a range of molybdenum(0) octahedral complexes. These studies will be facilitated
by using applied magnetic fields well above 10 T.

Introduction

Molybdenum has two naturally abundant NMR-active iso-
topes,95Mo (I ) 5/2, NA ) 15.72%) and97Mo (I ) 5/2, NA
) 9.46%).1,2 The magnitudes of their respective nuclear
magnetic moments are small; both are slightly smaller than that
of 14N. The nuclear quadrupole moment,eQ, for 95Mo is
relatively small compared to that of most other quadrupolar
nuclei in the NMR periodic table and more than an order of
magnitude smaller than that of97Mo: eQ(97Mo)/eQ(95Mo) )
-11.47. The nuclear properties of95Mo are sufficiently
favorable that95Mo NMR chemical shifts for hundreds of
compounds have been reported.1-5 Almost every study has been
a solution95Mo NMR study; i.e., it involved the investigation
of molybdenum compounds dissolved in isotropic solvents.
Under conditions of extreme narrowing,95Mo NMR peaks in
solution samples are expected to be sharper than corresponding
97Mo NMR peaks by a factor of approximately 132. A very
recent comprehensive review of the95Mo NMR literature by
Malito2 cited more than 150 original papers. Approximately
one-third of a page of the review (,1%) was devoted to95Mo
NMR studies of solids; only four studies were specifically
mentioned. The author incorrectly states that there were no
solid-state 95Mo NMR studies prior to 1985 (Vide infra);
however, it is certainly true that very few have been reported.
Solid-state NMR studies have been hampered by the relatively
low NMR receptivity of 95/97Mo, long probe dead-times, and
acoustic ringing associated with the pulse-NMR observation of
low-frequency NMR nuclides, particularly those with rapidly
decaying time-domain spectra. Given the scarcity of solid-state
95/97Mo NMR data available in the literature, we felt that it would
be worthwhile to characterize a few simple compounds which
might serve as benchmarks for future researchers. Specifically,

the purpose of this paper is to present some new experimental
molybdenum chemical shift and quadrupolar coupling data.
Accurate95Mo NMR data for a few readily available compounds
should assist future researchers interested in applying solid-state
95Mo NMR as a research tool. Reliable95/97Mo nuclear
quadrupolar coupling constants are available for very few
compounds. Also, this study reports the first direct measure-
ments of1J(95Mo,13C) and1J(95Mo,31P) in the solid state and
the first report of a12C/13C isotope effect on molybdenum
shielding.

Theory

The Hamiltonian governing the95Mo single-quantum NMR
spectrum is composed of the Zeeman interaction, the chemical
shielding (CS) and the nuclear quadrupolar interactions.6-9 For
a stationary sample, the frequency of a given transition,m T
m - 1, can be described by

whereν0 is the Larmor frequency,

and the anisotropic chemical shielding is given by:

where the principal components of the chemical shielding tensor
are defined relative to the bare nucleus withσ33 g σ22 g σ11.
The polar anglesφ andθ describe the orientation of the external
magnetic field,B0, in the principal axis system (PAS) of the
chemical shielding tensor. In practice, NMR spectroscopists
generally measure chemical shifts, the differences in shielding
constants between the nuclei of interest and a nucleus of the
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ν ) ν0 - νσ + ν(1)m,m-1 + ν(2)m,m-1 (1)

ν0 )
γB0
2π

(2)

νσ ) ν0(σ11 sin
2 θ cos2 φ + σ22 sin

2 θ sin2 φ + σ33 cos
2 θ)
(3)
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reference sample. The components of the chemical shift tensor
will be defined using the convention:δ11 g δ22 g δ33 (note
that δ33 corresponds to the most shielded direction of the
chemical shift tensor).
The nuclear quadrupole coupling is an electrostatic interaction

between the nuclear quadrupole moment,eQ, and the symmetric
electric-field gradient (EFG) tensor,eq, at the nucleus.10 In its
PAS, the principal components ofq are defined in a right-handed
fashion such that|q33| g |q22| g |q11|. Because the quadrupolar
interaction is traceless, two parameters are sufficient to define
the magnitude of the principal components, the quadrupolar
coupling constantø and the asymmetry parameterη:

In order to describe the95Mo NMR spectra of the compounds
investigated in this study, both first- and second-order quadru-
polar terms will be considered7-9

with

where the polar anglesæ andϑ describe the orientation of the
external magnetic field in the PAS of the EFG tensor.
The frequencies of the four satellite transitions (5/2 T 3/2, 3/2

T 1/2,-1/2 T -3/2,-3/2 T -5/2) are determined by the chemical
shielding and first- and second-order quadrupolar interactions,
while the frequency of the central transition (1/2 T -1/2) depends
only on chemical shielding and second-order quadrupolar
interactions.
Under conditions of rapid sample spinning about the magic

angle, the NMR line shape of the central transition depends
only on the magnitude of the quadrupolar coupling constant
and the asymmetry parameter. If the satellite transitions are
excited by the rf-pulse, the powder line shape will break up
into a series of spinning sidebands. The intensity profile of
the sidebands depends upon the same parameters that describe
the spectrum of a stationary sample: the EFG tensor, the CS
tensor, and their relative orientation. Expressions which enable
one to calculate the spectra of spinning samples can be found
elsewhere.6,8,9

Finally, in the presence of a spin-1/2 nucleus,S, coupled to
the quadrupolar nucleus, the magic-angle spinning (MAS) line
shape of the central transition will exhibit an additional splitting
due to the indirect spin-spin coupling interaction

whereν describes eq 1 under MAS,Jiso is the isotropic indirect

spin-spin coupling constant, andmS is thez component of the
Snuclear spin in the external field (mS ) (1/2).

Experimental Section

Sodium molybdate dihydrate and hexacarbonylmolybdenum-
(0) were commercially available. Pentacarbonyl-5-methyldiben-
zophosphole molybdenum(0), Mo(CO)5(MeDBP), was prepared
as previously described,11 and pentacarbonylbis(diphenylphos-
phino)methanemolybdenum(0), Mo(CO)5(η1-dppm), was pre-
pared using standard literature methods.12

All 95Mo NMR spectra were acquired at 26 MHz using a
Bruker AMX-400 (9.4 T) spectrometer. Molybdenum chemical
shifts were referenced with respect to an external aqueous
alkaline 2 M solution of Na2MoO4 (pH≈ 11).13 All chemical
shifts were corrected for the second-order quadrupolar interac-
tion. Solid-state95Mo NMR spectra were acquired using a
Bruker double-bearing MAS probe with 7 mm zirconia rotors.
Although 1H decoupling at 400 MHz was not possible using
this probe,1H-95Mo direct-dipolar coupling interactions in the
samples investigated in this study are sufficiently weak that they
can be eliminated by spinning the sample at the magic angle.
The 90° pulse length, 7.0-8.1 µs, was determined for the
solution reference sample. Except for the95Mo spectra of
Mo(CO)6, solid-state spectra were acquired after a single
“selective” 90° pulse, which is one-third of the “solution” 90°
pulse. The spectra often displayed a rolling base line due to
acoustic ringing and were corrected using a cubic spline base
line correction.
Solid-state95Mo NMR spectra were simulated using CSolids,

a program developed in this laboratory. For calculating spectra
of static samples, anisotropic shielding and first- and second-
order quadrupolar interactions were taken into account. Transi-
tion probabilities were taken from the literature.6 For spectra
of the central transition obtained with rapid MAS, only the
quadrupolar interaction to second order was considered, together
with potential indirect spin-spin coupling. Calculation of
spectra under slow spinning conditions was performed in the
time domain with anisotropic shielding and first-order quadru-
polar interactions considered.

Results and Discussion

Molybdenum-95 NMR parameters obtained in this study are
summarized in Table 1.
Sodium Molybdate Dihydrate, Na2MoO4‚2H2O. The95Mo

NMR spectrum of solid Na2MoO4‚2H2O obtained with magic-
angle spinning is shown in Figure 1. This is a typical MAS
NMR spectrum arising from the central transition (1/2 T -1/2)
of a noninteger quadrupolar nucleus. The observed95Mo NMR
line shape depends only on the95Mo nuclear quadrupolar
coupling constant,ø(95Mo), and the asymmetry parameter,η.
The95Mo nuclear quadrupolar coupling constant of 1.15 MHz
determined for solid Na2MoO4‚2H2O indicates significant
departure from tetrahedral symmetry at the molybdenum
nucleus. Furthermore, the large asymmetry in the EFG tensor,
η ) 0.85, indicates the absence ofC3 symmetry at the
molybdenum nucleus. These conclusions are in agreement with
the reported crystal structure which indicates that alternate layers
of MoO4

-2 distorted tetrahedra and water molecules are con-
nected by interlinking sodium cations and hydrogen bonds.14

In any given molybdate ion, the four Mo-O bond lengths are
different (1.768, 1.788, 1.752, and 1.781 Å) and the six
O-Mo-O bond angles also differ and fall in the range 107.6°-
112.7°. The crystal is orthorhombic, space groupPbcawith
Z ) 8. The eight molybdate ions are crystallographically

ø ) e2Qq33/h (4)

η ) (q11 - q22)/q33 (5)

ν(1)m,m-1 ) (νQ/4)(1- 2m)[3 cos2 ϑ - 1+ η cos 2æ sin2 ϑ]
(6)

ν(2)m,m-1 ) (ν2Q/12ν0){
3/2 sin

2
ϑ [(A+ B) cos2 ϑ - B] -

η cos 2æ sin2 ϑ [(A+ B) cos2 ϑ + B] + (η2/6)[A-
(A+ 4B) cos2 ϑ - (A+ B) cos2 2æ (cos2 ϑ - 1)2]} (7)

νQ ) 3ø
2I(2I - 1)

(8)

A) 24m(m- 1)- 4I(I + 1)+ 9 (9)

B) 1/4[6m(m- 1)- 2I(I + 1)+ 3] (10)

ν(mS) ) ν - mSJiso (11)
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equivalent, thus the95Mo NMR spectrum of a powder sample
is identical for all eight molybdate ions.
Sample spinning at 2.35 kHz was sufficient to effectively

eliminate all spinning sidebands except for weak first-order
spinning sidebands. Examination of a95Mo NMR spectrum
obtained for a stationary sample indicates that the chemical shift
tensor has a span of approximately 200 ppm; however, the
quality of our spectra does not permit further analysis. It is
interesting that95Mo NMR spectra of Na2MoO4‚2H2O were
previously investigated by Edwardset al.15 at the same applied
magnetic field (9.4 T) as used in the present study. The95Mo
MAS NMR line shape was featureless, presumably because of
the 200 Hz line broadening applied before Fourier transforma-
tion of the free-induction decay. In simulating the spectrum
shown in Figure 1, the calculated spectrum was convoluted with
a Gaussian peak of only 30 Hz. Clearly, the1H-95Mo direct-
dipolar interactions are sufficiently weak that they are effectively
eliminated by MAS at moderate spinning frequencies.

In contrast to the dihydrate, the anhydrous salt of sodium
molybdate, Na2MoO4, is apparently cubic.16 This compound
was the subject of an early continuous wave solid-state23Na
and95Mo NMR investigation by Lynch and Segel16 who found
no evidence of a quadrupole interaction for95Mo. This
conclusion has been confirmed by the more recent pulse-Fourier
transform measurements of Mastikhinet al.17 The latter authors
foundδ(Mo) ) -35( 5 ppm with respect to an external 1 M
aqueous solution of Na2MoO4.
Hexacarbonylmolybdenum, Mo(CO)6. The 95Mo NMR

spectrum of solid hexacarbonylmolybdenum was first reported
by Nolle in 1977.18 The spectrum of a powder sample was
examined at 2.11 and 2.24 T. Spectra of stationary samples
and samples spinning at 60 Hz perpendicular to the applied
magnetic field were obtained and analyzed. Only the central
transition, 1/2 T -1/2, was observed. The spectrum of a
stationary sample at 2.11 T exhibited a small splitting (74.7(
4.3 Hz) with a line shape characteristic of that expected when
only the second-order quadrupolar interaction is important. On
this basis, Nolle18 reportedνQ ) 21.1( 2.3 kHz whereνQ )
3ø/2I(2I - 1); thus forI ) 5/2, νQ ) 3ø/20 and Nolle’s result
corresponds toø ) 141( 15 kHz. The asymmetry parameter
was found to be less than 0.1. Other researchers15,17,19have
examined the95Mo NMR spectrum of solid Mo(CO)6 but appear
to be unaware of the work of Nolle.18 While Edwardset al.15

recognized that it was possible to observe features in their
spectra from transitions other than the central transition, they
apparently did not attempt to analyze the spectra. It appears
that Mastikhinet al.17 did not observe any of the satellite
transitions, and from the relatively narrow peak arising from
the central transition they concluded that the EFG tensor at the
Mo nucleus was 0. No evidence for anisotropic shielding of
the molybdenum nucleus of Mo(CO)6 has been reported
previously.
We have obtained95Mo NMR spectra of stationary and

spinning samples of polycrystalline Mo(CO)6. In addition to
characterizing the EFG tensor, we have been able to determine
the principal components of the molybdenum chemical shift
tensor and establish the relative orientation of the EFG and shift
tensors. Spectra are shown in Figures 2 and 3, and the results
of our analysis are summarized in Table 1.
The95Mo NMR spectrum of a stationary sample of Mo(CO)6

is shown in Figure 2, together with the best-fit calculated
spectrum. In this case, the line shape of the central transition,
1/2 T -1/2, is completely dominated by anisotropic chemical
shielding; the second-order quadrupolar splitting is calculated
to be less than 10 Hz,ca. 0.4 ppm (for systems whereη ≈ 0,
the second-order quadrupolar splitting can loosely be defined
as the splitting between the maxima in the “Pake-like” doublet).
The principal components of the chemical shift (CS) tensor are
δ11 ) -1843( 1 ppm,δ22 ) -1855( 1 ppm, andδ33 )
-1865( 1 ppm. As already mentioned, the prominent features
of the powder pattern arising from the satellite transitions depend
on the magnitude of the quadrupolar coupling constant, the
asymmetry of the EFG tensor, the principal components of the
CS tensor, and the relative orientation of the EFG and CS
tensors. In analyzing the spectrum in Figure 2, the components
of the chemical shift tensor were obtained from the central
transition and the quadrupolar parameters of Nolle18 were used
as starting parameters in fitting the satellite transitions. The
results of our analysis indicate thatø(95Mo) ) 91 kHz, η )
0.142, the direction of greatest shielding,δ33, lies alongq22,
and bothδ11 andδ22 lie in theq11-q33 plane as shown in Figure
2. One might ask why the magnitude ofø(95Mo) obtained here
is much less than the value reported by Nolle (i.e., 91 kHzVs

TABLE 1: Solid-State 95Mo NMR Data for Some Model
Compounds

compound
δisoa
(ppm)

ø
(MHz) η reference

Na2MoO4‚2H2O 8 1.15 0.82 this studyb

4 Edwardset al.c

Mo(CO)6 -1854d 0.091 0.142 this studyb

-1854 0.141<0.1 Nollee

-1854 Edwardset al.c

-1852 Shirleyf

-1857 0 Mastikhinet al.g

Mo(CO)5(MeDBP) -1825h (-)1.03i 0.25 this studyb

-1812 Maitraet al.j

Mo(CO)5(η1-dppm) -1775k 1.31 0.3 this studyb

-1764 Alyeaet al.l

Mo(CO)5(PPh3) 1.972 0.064 Blumeret al.m

cis-Mo(CO)4(PPh3)2 2.919 0.07( 0.07 Blumeret al.m

a 95Mo chemical shifts are reported with respect to an external 2 M
aqueous solution of Na2MoO4 at a pH of approximately 11.bChemical
shifts are corrected for the second-order quadrupolar shift.cReference
15. d δ11 ) -1843 ppm,δ22 ) -1855 ppm,δ33 ) -1865 ppm,R )
90°, â ) 90°, γ ) 50°, 1J(95Mo,13C) ) 69 Hz. eReference 18.
f Physisorbed on calcined alumina, chemical shift is given with respect
to 1 M Na2MoO4 at pH) 9; the line width at 9.4 T is reported as 230
Hz; reference 19.gReference 17.h 1J(95Mo,31P)) 122 Hz. i The sign
was deduced from residual95Mo,31P dipolar splittings in31P CP/MAS
spectra.j Measured in CH2Cl2 solution, 1J(95Mo,31P) ) 129 Hz;
reference 11.k 1J(95Mo,31P)) 130 Hz. l Measured in CH2Cl2 solution,
1J(95Mo,31P)) 140 Hz; reference 39.mData were obtained from NQR
transitions at 77 K; reference 36.

Figure 1. 95Mo MAS NMR spectra of a solid powder sample of Na2-
MoO4‚2H2O obtained at 9.4 T. The experimental spectrum is shown
on the top trace; 22 070 scans, 4 s recycle delay, spinning rate 2.35
kHz. The theoretical spectrum shown on the lower trace was calculated
using the values given in Table 1.
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141 kHz). Anisotropic chemical shielding was not considered
in the early low-field NMR study of Nolle;18 however, from
our results at 9.4 T, it is clear that the span of the shift tensor
at 2.11 T is approximately 130 Hz. At 2.11 T, the second-
order quadrupolar splitting for a stationary sample is ap-
proximately 32 Hz. That is, the line shape at 2.11 T will be
influenced by both interactions but anisotropic shielding is the
dominant interaction in determining the line shape of the central
transition for a static sample. Using the parameters obtained
in our study, we can reproduce the experimental spectra shown
in ref 18.
In order to further confirm that the second-order quadrupolar

splitting is negligible at 9.4 T,95Mo NMR spectra were obtained
with MAS (see Figure 3). The half-height line width of the
central transition is about 6 Hz, whereby approximately 3 Hz
are accounted for by the second-order quadrupolar splitting.
Observed and calculated spectra are compared in Figure 3.
Given that the rf-pulse power is insufficient to uniformly excite
the total span of the spectrum, agreement between the observed
and calculated spectrum is excellent. One feature in the MAS
spectrum deserving of comment is the weak peaks which flank
the central transition (see inset, Figure 3). These weak peaks
arise from95Mo-13C indirect spin-spin coupling,1J(95Mo,13C))
69 ( 1 Hz. The natural abundance of13C is 1.1%, but six
carbon nuclei are bonded to molybdenum; therefore, ap-
proximately 6.6% of the Mo(CO)6 molecules will have a13C
adjacent to molybdenum. From a solution13C NMR study of
[M(CO)6] complexes, Mann reported1J(95Mo,13C) ) 68 Hz.20

Moreover, it is also apparent from the inset shown in Figure 3

that there is a significant13C/12C isotope effect on the
molybdenum chemical shielding,1∆Mo(13/12C) ≈ σMo(12C) -
σMo(13C) ) -0.316 ppm. To the best of our knowledge, this
is the first experimental measurement of1∆Mo(13/12C). The
isotope shift observed here is comparable to the18/16O isotope
effect observed for Mo shielding of the molybdate ion,
1∆Mo(18/16O) ) -0.25( 0.01 ppm.21 For complexes of the
type M(XY)6, Jameson and co-workers have shown how the
isotope shift can be related to the derivative of the chemical
shielding (nucleus M) with respect to bond length.22 Details
concerning the evaluation of this derivative will be given
elsewhere. It should be noted that the temperature dependence
of σ(95Mo) for Mo(CO)6 is related to the same derivative,
[∂σ(95Mo)/∂r]e. The magnitude of the isotope shift observed
here and the significant temperature dependence ofσ(95Mo) for
Mo(CO)6,23 -0.29 ppm deg-1, are reasonable given that the
known range of95Mo chemical shifts exceeds 5000 ppm.
Here we briefly discuss what is known about the crystal

structure of Mo(CO)6 and the relationship between the structure
and the NMR parameters obtained in this study. Early single-
crystal X-ray diffraction studies of Cr(CO)6, Mo(CO)6, and
W(CO)6 indicated that the crystals of these compounds were
orthorhombic.24 The crystal structure of Cr(CO)6 has been
investigated more recently by X-ray and neutron diffraction.25-27

The space group isPnma, Z ) 4. The structure indicates the
presence of a symmetry plane which contains the chromium
and two carbonyl groups which are trans to one another. Single-
crystal infrared and Raman studies of Cr(CO)6, Mo(CO)6, and
W(CO)6 also support the contention that the crystal space groups
of these three compounds are the same.28 The presence of a
reflection plane requires that one component of the CS and EFG
tensors must lie perpendicular to that plane. The results of the
present NMR study indicate thatδ33 andq22 must be perpen-
dicular to the reflection plane. As a point of interest, the95Mo
NMR spectrum was analyzed before we had any knowledge of
the crystal structure. Although the crystal structure of the group

Figure 2. 95Mo NMR spectra of a static powder sample of Mo(CO)6

obtained at 9.4 T. The experimental spectrum is shown on the top trace;
7624 scans, 10 s recycle delay, 10 Hz line broadening. The theoretical
spectrum shown on the lower trace was calculated using the values
given in Table 1 and convoluted with a Gaussian peak of 70 Hz width.
Weak outermost shoulders due to the satellite transitions fall outside
the frequency range shown (see Figure 3). The upper inset shows an
expansion of the central transition illustrating the importance of the
anisotropic chemical shielding interaction. The lower inset indicates
the relative orientation of the molybdenum chemical shift and electric
field gradient tensors.

Figure 3. 95Mo MAS NMR spectra of a powder sample of Mo(CO)6

obtained at 9.4 T with a spinning rate of 1122 Hz. The experimental
spectrum is shown on the top trace; 572 scans, 10 s recycle delay. The
theoretical spectrum shown on the lower trace was calculated using
the values given in Table 1. The inset shows an expansion of the central
transition, indicating the presence of13C satellites.

5466 J. Phys. Chem. A, Vol. 101, No. 30, 1997 Eichele et al.



6 hexacarbonyls implies that four peaks (relative intensity 2:2:
1:1) should be observed in the13C and17O MAS NMR spectra
of Cr(CO)6, Mo(CO)6, and W(CO)6, only one isotropic peak
was observed.29 It is quite likely that the distortion from
octahedral symmetry is rather small. Indeed, in the case of
Cr(CO)6, the Cr-C bond lengths are very similar (1.9132,
1.9105, 1.9125, and 1.9185 Å); also, the C-Cr-C bond angles
(90.0( 0.9° and 180.0( 0.6°) are very close to those required
for perfect octahedral symmetry.
Carbon-13,17O, 95Mo, and97Mo spin-lattice relaxation times

for Mo(CO)6 dissolved in chloroform solution have been
measured by Brownlee and co-workers.30,31 From the ratio
T1(95Mo)/T1(97Mo), the authors were able to establish that the
quadrupolar mechanism is the only important mechanism for
both isotopes. Using a rotation correlation time derived from
the13C relaxation data, the authors calculated an effective95Mo
quadrupolar coupling constant of 133( 15 kHz. It was argued
that the close agreement between the value determined in
chloroform solution and in the early solid-state experiment18

indicates that the geometry of the complex in solution is similar
to that in the solid state. That is, it was postulated that there is
a permanent static EFG which arises from small deviations from
perfect octahedral symmetry. While the EFG at molybdenum
in the solid state must arise from such distortions, it is not clear
why the geometry of Mo(CO)6 in solution should result in a
permanent static EFG at Mo. We are unaware of any theoretical
reason for the symmetry at Mo being different thanOh. Also,
recent theoretical calculations are consistent with the octahedral
geometry for Mo(CO)6.32 As well, electron diffraction data
provide no evidence for a distorted octahedron in the gas
phase.33 Relaxation data in other solvents and at more than
one temperature and applied magnetic field might help clarify
the situation.
Finally, we mention that solid Mo(CO)6 is an excellent setup

sample for solid-state95Mo MAS NMR studies. At 9.4 T, the
free-induction decay can easily be observed with one scan, and
the narrow line width makes it a sensitive probe for setting the
magic angle accurately. Furthermore, with the NMR parameters
presented here, one can easily calculate the spectral appearance
at any field.
Mo(CO)5(MeDBP) and Mo(CO)5(η1-dppm). In a recent

31P NMR study of solid Mo(CO)5(MeDBP), we noticed several
weak peaks within a frequency range of(500 Hz of an intense
isotropic peak in31P NMR spectra acquired with rapid MAS.34

These satellite peaks arise from spin-spin coupling of the31P
with 95Mo and97Mo. It is well known that heteronuclear direct-
dipolar interactions involving quadrupolar nuclei are not
completely eliminated by MAS because the quadrupolar nuclei
are not completely quantized along the applied magnetic field
direction.35 Thus, the detailed line shape of the satellite peaks
depends on the effective dipolar coupling constants,R(95Mo,31P)
and R(97Mo,31P), the indirect spin-spin coupling constants,
1J(95Mo,31P) and1J(97Mo,31P), the95/97Mo nuclear quadrupole
coupling constants, and other parameters. In order to fully
analyze the31P MAS spectra, it is desirable to have as much
information as possible about the electric-field gradient at
molybdenum (e.g., ø(95Mo), η, and the orientation of the EFG
tensor relative to the molybdenum-phosphorus bond axis,etc.).
In the case of solid Mo(CO)5(MeDBP), such data were not
available in the literature; in fact, it was this lack of information
about the95Mo quadrupolar tensors that prompted the current
investigation. Very few95/97Mo quadrupolar coupling constants
appear to be available for organomolybdenum compounds. We
are aware of one nuclear quadrupole resonance (NQR) inves-
tigation of two compounds, Mo(CO)5PPh3 and cis-Mo(CO)4-

(PPh3)2 (see Table 1).36 The95Mo nuclear quadrupolar coupling
constant for mesitylene molybdenum tricarbonyl has been
deduced from NMR relaxation measurements in solution and
from NMR measurements of dielectrically aligned molecules.37

The latter experiment indicatesø ) 0.945( 0.050 MHz, with
the largest component of the EFG tensor being along the dipole
moment of the complex (the C3 axis). As required by symmetry,
the asymmetry parameter,η, is zero. From95Mo, 17O, and13C
NMR relaxation data in chloroform or methylene chloride
solutions, Brownlee and co-workers38 concluded that
ø(95Mo) ) 1.2 ( 0.2 MHz for compounds belonging to the
class [Mo(CO)3(η6-C6H6-nMen)].
The95Mo MAS NMR spectrum of solid Mo(CO)5(MeDBP)

is shown in Figure 4, together with the calculated spectrum.
The 95Mo NMR line shape depends onø(95Mo), η, and
1J(95Mo,31P); the best-fit parameters are shown in Table 1. X-ray
diffraction data indicate that the eight molecules in the mono-
clinic unit cell are crystallographically equivalent. The value
of ø, 1.03 MHz, is somewhat smaller than the value obtained
by NQR for a related compound, Mo(CO)5PPh3, 1.972 MHz;
however, the NQR data were obtained at 77 K.36 Values ofø
invariably increase with decreasing temperature; furthermore,
there is no reason for the electric-field gradients in these two
phosphine complexes to be the same. Interestingly, the31P
MAS NMR spectrum of solid Mo(CO)5(MeDBP) indicates that
the sign of the95Mo nuclear quadrupolar coupling constant must
be negative. Therefore, it is reasonable to conclude thatø(95Mo)
will be negative for all compounds of this type, Mo(CO)5PR3.
Also, analysis of the31P MAS NMR spectrum confirms that
1J(95Mo,31P) ) 130( 10 Hz, in excellent agreement with the
value determined in solution.11 As in the case of Na2MoO4‚
2H2O, the experimental spectrum was simulated using convolu-
tion with a Gaussian peak 27 Hz wide.
The asymmetry parameter of the95Mo EFG tensor for Mo-

(CO)5(MeDBP) is clearly not 0. For approximately octahedral

Figure 4. 95Mo MAS NMR spectra of powder samples of Mo(CO)5-
(MeDBP) (a) and Mo(CO)5(η1-dppm) (b) obtained at 9.4 T. The
experimental spectra are shown on the top traces, and the theoretical
spectra on the lower traces have been calculated using the values given
in Table 1; (a) 19253 scans, 4 s recycle delay, spinning rate 2.6 kHz
and (b) 30291 scans, 5 s recycle delay, spinning rate 2.6 kHz.
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complexes of the type M(CO)5PR3, where M is some metal, it
might be tempting to assumeη is 0; however, this is not required
by symmetry. Certainly, the triphenylphosphine ligand is more
symmetrical than the 5-methyl-dibenzophosphole ligand; this
is reflected in a smaller value ofη for Mo(CO)5PPh3, 0.064(
0.008. Although the asymmetry parameter is non-zero, the
largest component of the EFG tensor is probably close to the
Mo-P bond vector; this approximate orientation is required to
yield the residual dipolar splittings observed in the31P CP/MAS
spectra of Mo(OC)5(MeDBP).34 Clearly, a single-crystal NMR
study would be required in order to establish the orientation of
the EFG tensor.

Solid-state95Mo MAS NMR spectra were also obtained for
Mo(CO)5(η1-dppm) (Figure 4). Best-fit parameters are given
in Table 1. The31P CP/MAS spectrum of this compound shows
clear satellites due to coupling with95/97Mo; however, the
analysis is more complicated in this case because of the presence
of an additional1J(31P,31P) coupling constant, which is of similar
magnitude, 145 Hz. The95Mo chemical shift observed in the
solid state is similar to that observed in solution.39

Conclusions

From the results presented here, it is clear that solid-state
MAS 95Mo NMR studies of organometallic complexes of
molybdenum are feasible, particularly if the compounds are
known to give relatively narrow95Mo NMR peaks in solution.
Because the second-order quadrupolar line broadening depends
on the inverse of the applied magnetic field, these studies will
be facilitated by working at the highest possible fields. In order
to eliminate anisotropic shielding at high applied field strengths,
it will be necessary to spin the samples rapidly. The major
issue in observing95Mo in the solid state is sensitivity. In
selecting the best pulse sequence, one will need to compromise
either line shape and base line, by using single-pulse experi-
ments, or intensity, by using echo sequences.

Finally, this study clearly demonstrates that one can uncover
considerable information concerning molybdenum shielding and
EFG tensors. With recent encouraging developments in the
computation of transition metal shielding tensors40 it will
become increasingly desirable to have such information.
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