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Abstract: Solid-state 95Mo NMR spectroscopy is shown to be an efficient and effective tool for analyzing
the diamagnetic octacyanomolybdate(IV) anions, Mo(CN)8

4-, of approximate dodecahedral, D2d, and square
antiprismatic, D4d, symmetry. The sensitivity of the Mo magnetic shielding (σ) and electric field gradient
(EFG) tensors to small changes in the local structure of these anions allows the approximate D2d and D4d

Mo(CN)8
4- anions to be readily distinguished. The use of high applied magnetic fields, 11.75, 17.63 and

21.1 T, amplifies the overall sensitivity of the NMR experiment and enables more accurate characterization
of the Mo σ and EFG tensors. Although the magnitudes of the Mo σ and EFG interactions are comparable
for the D2d and D4d Mo(CN)8

4- anions, the relative values and orientations of the principal components of
the Mo σ and EFG tensors give rise to 95Mo NMR line shapes that are significantly different at the fields
utilized here. Quantum chemical calculations of the Mo σ and EFG tensors, using zeroth-order regular
approximation density functional theory (ZORA DFT) and restricted Hartree-Fock (RHF) methods, have
also been carried out and are in good agreement with experiment. The most significant and surprising
result from the DFT and RHF calculations is a significant EFG at Mo for an isolated Mo(CN)8

4- anion
possessing an ideal square antiprismatic structure; this is contrary to the point-charge approximation, PCA,
which predicts a zero EFG at Mo for this structure.

1. Introduction

Interest in transition metal cyanides dates back to the early
1700s with the discovery of Prussian Blue.1 In recent years,
interest in cyanometalates has been revived, in part, due to the
utility of these anions as the building blocks of magnetic clusters
and networks.2-6 The classic textbook7 examples of eight-
coordination transition metal cyanides are the molybdenum and
tungsten octacyanide anions,8,9 which have been known for
nearly 100 years.10 These anions exist in both diamagnetic and
paramagnetic forms, where the metal is in a formal oxidation
state of+4 or +5, respectively.1,7,11 Of particular interest is

the ability of the (Mo, W) octacyanide anions to adopt different
molecular arrangements which may be approximately13 de-
scribed by the polyhedra illustrated in Figure 1. In the solid
state, the diamagnetic Mo(IV) analogue, [Kr]4d2, exhibits
structures with approximate dodecahedral,D2d, symmetry, as
in K4Mo(CN)8‚2H2O,14-16 and square antiprismatic,D4d, sym-
metry, as in Tl4Mo(CN)8.17 Recent ab initio CASPT2 calcula-
tions indicate that the ground-state energies of these isolated
polytopes differ by approximately 4 kcal mol-1,18 with theD4d

form being the more stable of the two, and both being
considerably lower than the cubic form.19 In solution, the
preferred stereochemical arrangement of cyanide ligands is an
issue of debate. To this end, UV-vis,20 Raman,21-24 infrared,22-25
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and NMR26-29 spectroscopic, as well as a variety of theoreti-
cal,18,30,31 studies have been carried out to investigate the
structure of Mo(CN)84- in solution. In addition, studies involving
the electronic structure,18,32,33 electron-transfer reactions,34

electrochemistry,35 and photomagnetic36-38 properties of octa-
cyanomolybdate, as well as applications toward molecular
magnets,2,39 continue to appear in the current literature.

Previous solution NMR studies consist of an early13C NMR
study26 of 13C-enriched K4Mo(CN)8‚2H2O in aqueous solution
and a variable-temperature13C NMR study27 of [N(n-C3H7)4]4-
Mo(CN)8 in a 90:10 CHClF2-CH2Cl2 mixture. In the former
study, a single carbon resonance was observed, and the authors
addressed three possible explanations with the only realistic one
being either theD4d structure orD2d with rapid intramolecular
exchange of cyanide ligands.26 The latter study27 suggests aD2d

structure with rapid internal rearrangement of the two types of
CN- ligands via the concerted Hoard-Silverton pathway,
facilitated by a low-energy barrier. Subsequent95Mo NMR
studies28,29of K4Mo(CN)8‚2H2O in aqueous solutions concluded
that the anion must possessD2d symmetry since, based on the
point-charge approximation (vide infra), the observed95Mo line
widths of approximately 75 Hz are too large for compounds of

cubic or square antiprismatic symmetry, where the electric field
gradient, EFG, was expected to be zero. Similar conclusions
were derived from14N and95Mo spin-lattice relaxation data,
which indicated an effective95Mo quadrupolar coupling con-
stant,CQ, of approximately 3.6 MHz in aqueous solution.29 A
recent theoretical investigation seems to have ended the dispute
on the symmetry of the anion in solution by concluding that a
dynamic equilibrium between theD2d and D4d conformations
must occur to account for all experimental bands in the
electronic spectrum;18 the interconversion between the two forms
is facilitated by the small relative displacement of cyanide
ligands (∼15°).40

The most thoroughly studied octacyanomolybdate is the K
salt, K4Mo(CN)8‚2H2O. Investigations of this compound in the
solid state consist of14N NQR41,42 and several single-crystal
X-ray diffraction studies;14-16 these studies indicate that there
are six distinct cyanide ligands. No solid-state NMR studies of
K4Mo(CN)8‚2H2O or any other octacyanomolybdate salt have
been reported; however, the benefits of employing solid-state
NMR are numerous. First, based on X-ray diffraction results,14-17

the problems of molecular dynamics or interconversion between
more than one symmetry form is not an issue in the solid state
since the molecular structure is rigid, apart from molecular
librations.14-16 Second, solid-state NMR spectroscopy is ideally
suited, in particular, for the Mo nucleus, because of the acute
sensitivity of the Mo electric field gradient (EFG) and the
magnetic shielding (σ) tensors to subtle changes in the local
environment about Mo. Hence, undertaking separate studies of
the approximateD2d andD4d symmetry forms of the Mo(CN)8

4-

anion will allow proper characterization and a thorough
understanding of their NMR parameters in the solid state, which
may ultimately provide insight into results obtained in solution.

In the present study, diamagnetic octacyanomolybdate(IV)
salts with approximateD2d symmetry, K4Mo(CN)8‚2H2O, and
approximateD4d symmetry, Tl4Mo(CN)8, have been examined
using solid-state95Mo NMR spectroscopy at moderate (11.75
T) and high (17.63, 21.1 T) applied magnetic field strengths
using the double-frequency sweep (DFS)43 in combination with
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Figure 1. Idealized structural forms of the dodecahedral (a) and square antiprismatic (b) diamagnetic Mo(CN)8
4- anions.12 For dodecahedral symmetry, the

two types of cyanide ligands are labeled A and B, and for square antiprismatic symmetry, all cyanide ligands are equivalent due to the molecular symmetry.
Partial electronic energy level diagrams for the Mo(CN)8

4- anions possessing idealD2d andD4d symmetry are also shown. The ordering of molecular orbitals
(MOs) corresponds to the orientation of the Mo(CN)8

4- anions in the indicated coordinate system, and the MO labels specify the dominant atomic orbital
contributions localized on Mo.
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the quadrupolar Carr-Purcell Meiboom-Gill (QCPMG)44

experiment or simply the QCPMG experiment, and by compu-
tational means, employing the zeroth-order regular approxima-
tion density functional theory (ZORA DFT) and restricted
Hartree-Fock (RHF) methods.

2. Background Theory

There are two NMR-active isotopes of molybdenum:95Mo
and97Mo. Both are spin-5/2 quadrupolar nuclei with low NMR
receptivities and moderate natural abundances (95Mo: ¥ ) 6.547
MHz, N.A. ) 15.92%; 97Mo: ¥ ) 6.685 MHz, N.A. )
9.46%).45 The preferred isotope for NMR studies is95Mo, since
its nuclear quadrupole moment,|Q|, is an order of magnitude
less than that for97Mo (95Mo: Q ) -0.022× 10-28 m2; 97Mo:
Q ) 0.17 × 10-28 m2).45 Hundreds of solution95Mo NMR
studies have been carried out, establishing a Mo chemical shift
range of approximately 8000 ppm;46 however, in the solid state,
few NMR studies have been reported.47-49,67,68The lack of solid-
state 95Mo NMR studies is primarily due to the inherent
difficulties associated with observing low-frequency quadrupolar
nuclei. As well, the relatively small nuclear quadrupole moment
of 95Mo often leads to long spin-lattice relaxation times.50

Despite these difficulties, such studies are becoming more
common and feasible with the use of the highest possible
magnetic field strengths (e.g., 21.1 and 17.63 T) and sensitivity-
enhancement techniques (e.g., QCPMG, DFS/QCPMG). High
magnetic fields result in increased sensitivity51 and amplification
of the magnetic shielding interaction, thus enabling more
accurate determination ofσ and the relative orientation ofσ
and EFG tensors. In addition, high magnetic fields substantially
reduce probe ringing, which is often a problem when observing
low-frequency quadrupolar nuclei.51 The quality of the NMR
experiments may be improved further, and a significant savings-
in-time may be achieved with the use of sensitivity-enhancement
techniques.

The NMR interactions of importance for95Mo in the
octacyanomolybdate(IV) anions, under conditions whereĤZ

. ĤQ , are the quadrupolar,ĤQ, and magnetic shielding
(chemical shift),ĤS, interactions and are described in terms of
the EFG andσ tensors, respectively. Detailed descriptions of
the theories of the quadrupolar interaction and the nuclear
magnetic shielding interaction have each been described
elsewhere;52-56 as well, examples characterizing the combined

influence of these interactions on solid-state NMR spectra have
been presented.57-61 Herein, only the relevant parameters and
conventions used will be presented.

To characterize the EFG tensor in its principal axis system
(PAS), two parameters are required: the nuclear quadrupolar
coupling constant, given in frequency units byCQ ) eQVZZ/h,
whereh is Planck’s constant, and the asymmetry parameter,
ηQ ) (VXX - VYY)/VZZ, with principal components of the EFG
tensor ordered according to:|VZZ| g |VYY| g |VXX|. To describe
the nuclear magnetic shielding,σ, in its PAS system, three
parameters are required. The isotropic magnetic shielding,σiso

) (σ11 + σ22 + σ33)/3, the anisotropic magnetic shielding or
span,Ω ) σ33 - σ11 ) δ11 - δ33, and the skew,κ ) 3(σiso -
σ22)/Ω ) 3(δ22 - δiso)/Ω, which can take on values of-1 to
+1, inclusive,62 with principal components ordered according
to: σ33 g σ22 g σ11. Experimentally, the nuclear magnetic
shielding is measured in relative terms using the chemical shift.
Hence, for quadrupolar nuclei, where bothĤQ and ĤS are
important, eight parameters must be determined:δ11, δ22, δ33,
CQ, ηQ, andR, â, γ. The Euler angles,R, â, γ, define the relative
orientation of the EFG and magnetic shielding tensors. The use
of more than one applied magnetic field is generally required
to analyze NMR spectra of stationary powder samples since,
in frequency units, the second-order quadrupolar term,ĤQ,
depends onB0

-1, whereasĤS is directly proportional toB0,
thereby allowing the above parameters to be unambiguously
determined.

For special symmetry cases, the EFG at a nucleus may be
zero, or close to zero; this can be understood in terms of a
rudimentary, but effective, theory known as the point-charge
approximation (PCA). Using the PCA, the quadrupolar coupling
can be estimated through the calculation ofVZZ using:63

whereqi is a charge at point (xi, yi, zi), ε0 is the free space
permittivity, ri is the distance from the point charge to the
nucleus, andθi is the angle between vectorri and thez-axis.
From eq 1, it is straightforward to show that molecules
possessing tetrahedral (Td), octahedral (Oh), and square anti-
prismatic (D4d) symmetry have a zero EFG at their center.64
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ligand, metal center, and principal molecular axis must be equal
to the magic angle,∼54.74°; for such cases,VZZ is simply
zero.65,66 It is important to stress that the square antiprism is a
special case ofD4d symmetry; any deviation ofθi from the magic
angle will result in a structure which, although may retainD4d

symmetry, no longer sustains the essential square antiprismatic
symmetry that results in a zero EFG at Mo, according to the
PCA. Experimentally, however, structural deviations from ideal
symmetry, whether square antiprismatic, tetrahedral, or octa-
hedral, often result in small, measurable EFGs, i.e.,CQ’s. For
example, the observedCQ(95Mo) values for a series of molybdate
salts vary from 0.34 to 3.08 MHz, depending on the extent of
distortion from Td symmetry.67,68 Nonetheless, based on the
PCA, the Mo(CN)84- anions possessing approximate dodeca-
hedral and square antiprismatic symmetry should result in95Mo
NMR spectra that are significantly different, allowing the two
structures to be easily distinguished.

3. Experimental and Computational Details

3.1. Nuclear Magnetic Resonance Spectroscopy.Samples of
K4Mo(CN)8‚2H2O were either purchased from Aldrich and used without
further purification or synthesized69 according to literature procedures;
Tl4Mo(CN)8 was synthesized according to a literature procedure.17 The
samples were powdered and packed into 5.0 mm glass NMR tubes or
7.0 mm o.d. ZrO2 rotors. Solid-state95Mo NMR experiments were
performed on Bruker Avance (11.75 T) and Varian Inova (17.63 and
21.1 T) spectrometers, operating at spectral frequencies of 32.55, 48.68,
and 58.57 MHz, respectively, and using double-resonance MAS probes.
The accepted Mo chemical shift reference,45 a 2.0 M aqueous solution
of Na2MoO4‚2H2O (δiso ) 0 ppm), was used for referencing and pulse
width calibration. Employing a standard one-pulse experiment, typical
solutionπ/2 pulse widths of 6.0-10.3µs were obtained. The QCPMG
pulse sequence, (π/2)x-τ1-πy- τ2-(τa/2)-[τ3-πy-τ4-τa]M-τd, was
used to acquire95Mo NMR spectra of K4Mo(CN)8‚2H2O at 11.75 and
17.63 T and Tl4Mo(CN)8 at 11.75 T, while the combined DFS/QCPMG
experiment was used to collect95Mo NMR spectra of Tl4Mo(CN)8 at
21.1 T. Spectral sweep widths of 100 kHz were employed at 11.75 T,
500 kHz at 17.63 T, and 1.0 MHz at 21.1 T. Acquisition times of 25-
65 ms, solid selectiveπ/2 pulse widths, [(solutionπ/2)/(I + 1/2)], of
2.0-3.4 µs, pulse delays of 8-10 s and pulse train repetitions,M, of
32-48 were used. High-power1H decoupling was used for
K4Mo(CN)8‚2H2O at 11.75 T. The spin-echo delays,τ1, τ2, τ3, andτ4,
varied between 80µs and 110µs and are used to minimize effects
from probe ringing. The spikelet spacing,νQCPMG, equal toτa

-1, where
τa is the acquisition time for a complete echo, was 500 Hz for the K
salt at 17.63 T, 500 Hz for the Tl salt at 21.1 T, and 1940 Hz for the
K and Tl salts at 11.75 T. For95Mo NMR spectra of Tl4Mo(CN)8
acquired at 21.1 T using the DFS/QCPMG pulse sequence, the DFS
pulse was 1.0 ms with low and high offsets of 1.0 MHz and 100 kHz,
respectively.

Attempts at acquiring95Mo QCPMG NMR spectra of magic-angle
spinning (MAS) samples of K4Mo(CN)8‚2H2O and Tl4Mo(CN)8 at 11.75
T were unsuccessful due to insufficient rotor spinning speeds for 7.0
mm rotors.

Solid-state13C NMR spectra of K4Mo(CN)8‚2H2O and Tl4Mo(CN)8
were collected on a Bruker Avance 500 (B0 ) 11.75 T;νL(13C) ) 125.8
MHz) spectrometer; high-power 1H decoupling was used for the K

salt. Samples of solid K4Mo(CN)8‚2H2O and Tl4Mo(CN)8 were
powdered and packed into 7.0 mm and 4.0 mm o.d. ZrO2 rotors,
respectively. Due to the anticipated long13C spin-lattice relaxation
times for solid K4Mo(CN)8‚2H2O and Tl4Mo(CN)8, 45° flip angles
corresponding to pulse widths of 2.75 and 3.00µs, respectively, and
unoptimized pulse delays of 600 s were used to avoid saturation of the
magnetization. Sweep widths of 100 kHz and spinning frequencies of
6.8 kHz and 12.0 kHz were used for the K and Tl salts, respectively.

Simulations of95Mo and13C NMR spectra of K4Mo(CN)8‚2H2O and
Tl4Mo(CN)8 were carried out using SIMPSON70 or WSOLIDS.71

3.2. Quantum Chemical Calculations.Nonrelativistic and spin-
orbit relativistic ZORA DFT calculations of molybdenum and carbon
magnetic shielding and molybdenum EFG tensors for isolated octa-
cyanomolybdate(IV) anions possessingD2d and D4d symmetry were
performed using the NMR module72 of the Amsterdam Density
Functional program.73,74The Vosko-Wilk-Nusair (VWN) local density
approximation75 with the Becke76-Perdew77 generalized gradient
approximation (GGA) were used for the exchange-correlation func-
tional. Relativistic calculations included scalar+ spin-orbit corrections
and were carried out using the ZORA formalism.78-82 The quadruple-ú
quadruply polarized (QZ4P) or double-ú (DZ) Slater-type ZORA basis
sets, available with the ADF program, were employed for Mo, C, and
N.

ZORA DFT calculations of EFG83 and magnetic shielding tensors
were performed on the isolated Mo(CN)8

4- anion using experimental
structures determined from single-crystal X-ray diffraction studies14-17

(Cs symmetry for the K salt andC1 symmetry for the Tl salt); as well,
analogous calculations on idealized structures of Mo(CN)8

4- possessing
D2d and square antiprismatic symmetry were carried out. The molecular
coordinates used for the idealized Mo(CN)8

4- anions are included in
Supporting Information. In addition, a calculation carried out at the
nonrelativistic level employing ZORA DZ basis sets was performed
on Tl4Mo(CN)8 by including the first coordination sphere of four Tl
cations, i.e., within a distance of 4.85 Å from Mo, to test the effects of
inclusion of the Tl cations on the Mo EFG and magnetic shielding
tensors. Further Mo EFG and magnetic shielding tensor calculations
were carried out on isolated molybdenum-containing anions and
compounds possessingTd or Oh symmetry: MoO4

2-,84 MoS4
2-,85

MoSe4
2-,86 and Mo(CO)6,87 to establish the accuracy of the calculated

molybdenum magnetic shielding (chemical shift) scale and to compare
EFGs calculated using quantum chemistry computations with those
determined using the PCA. Last, nonrelativistic ZORA DFT calculations

(65) Akitt, J. W.; McDonald, W. S.J. Magn. Reson.1984, 58, 401-412.
(66) Akitt, J. W.Prog. Nucl. Magn. Reson. Spectrosc.1989, 21, 1-149.
(67) Eichele, K.; Wasylishen, R. E.; Nelson, J. H.J. Phys. Chem. A1997, 101,

5463-5468.
(68) d’Espinose de Lacaillerie, J.-B.; Barberon, F.; Romanenko, K. V.; Lapina,

O. B.; Le Pollès, L.; Gautier, R.; Gan, Z.J. Phys. Chem. B2005, 109,
14033-14042.

(69) Leipoldt, J. G.; Bok, L. D. C.; Cilliers, P. J.Z. Anorg. Allg. Chem.1974,
407, 350-352.

(70) Bak, M.; Rasmussen, J. T.; Nielsen, N. C.J. Magn. Reson.2000, 147,
296-330.

(71) Eichele, K.; Wasylishen, R. E.WSOLIDS NMR Simulation Package, Version
1.17.26; 2000.

(72) (a) Schreckenbach, G.; Ziegler, T.Int. J. Quantum Chem.1997, 61, 899-
918. (b) Wolff, S. K.; Ziegler, T.J. Chem. Phys.1998, 109, 895-905.

(73) ADF 2000.02, 2002.99, and 2004.01,Theoretical Chemistry; Vrije Uni-
versiteit: Amsterdam, http://www.scm.com.

(74) (a) Baerends, E. J.; Ellis, D. E.; Ros, P.Chem. Phys.1973, 2, 41-51. (b)
Versluis, L.; Ziegler, T.J. Chem. Phys. 1988, 88, 322-328. (c) te Velde,
G.; Baerends, E. J.J. Comput. Phys.1992, 99, 84-98. (d) Fonseca Guerra,
C.; Snijders, J. G.; te Velde, G.; Baerends, E. J.Theor. Chem. Acc.1998,
99, 391-403.

(75) Vosko, S. H.; Wilk, L.; Nusair, M.Can. J. Phys.1980, 58, 1200-1211.
(76) Becke, A. D.Phys. ReV. A 1988, 38, 3098-3100.
(77) Perdew, J. P.Phys. ReV. B 1986, 33, 8822-8824; Perdew, J. P.Phys. ReV.

B 1986, 34, 7406-7406.
(78) Chang, C.; Pelissier, M.; Durand, P.Phys. Scr.1986, 34, 394-404.
(79) van Lenthe, E.; Baerends, E. J.; Snijders, J. G.J. Chem. Phys.1993, 99,

4597-4610.
(80) van Lenthe, E.; Baerends, E. J.; Snijders, J. G.J. Chem. Phys.1994, 101,

9783-9792.
(81) van Lenthe, E.; Ehlers, A.; Baerends, E. J.J. Chem. Phys.1999, 110, 8943-

8953.
(82) van Lenthe, E.; van Leeuwen, R.; Baerends, E. J.; Snijders, J. G.Int. J.

Quantum Chem.1996, 57, 281-293.
(83) van Lenthe, E.; Baerends, E. J.J. Chem. Phys.2000, 112, 8279-8292.
(84) Matsumoto, K.; Kobayashi, A.; Sasaki, Y.Bull. Chem. Soc. Jpn.1975, 48,

1009-1013.
(85) Kanatzidis, M. G.; Coucouvanis, D.Acta Crystallogr., Sect. C1988, 39,

835-838.
(86) O’Neal, S. C.; Kolis, J. W.J. Am. Chem. Soc.1988, 110, 1971-1973.
(87) Mak, T. C. W.Z. Kristallogr. 1984, 166, 277-281.
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of the Mo EFG tensors were carried out on a series of isolated, idealized
anions possessingD4d symmetry, as well as various rotamers of
Mo(CN)8,4- includingOh symmetry. The hypothetical Mo(CN)8

4- anion
possessingOh symmetry, i.e., a cube, was generated from that
possessingD4d symmetry by rotating the upper portion of the square
antiprism with respect to the bottom portion by 45°. A total of nine
rotamers were subsequently generated by rotating the upper portion of
the Oh structure in increments of 5° until the square antiprismatic
structure was restored (D4d symmetry retained). The ZORA DZ basis
sets were used for all atoms, except the calculation on theOh rotamer,
for which ZORA QZ4P basis sets were used due to convergence
problems when using ZORA DZ basis sets.

Idealized structures were generated using the average bond lengths
and bond angles from the crystal structures, while ensuring that the
symmetry operations of the appropriate point groups (Td, Oh, D2d, and
D4d) were obeyed. ForD2d symmetry, two types of CN- ligands (A
and B) were generated (Figure 1). For all calculations, the molecules
were oriented with Mo at the origin and the principal molecular axes
along thez-axis.

Calculated isotropic Mo magnetic shielding values were converted
to calculated isotropic chemical shift values by first setting the calculated
chemical shift value of Mo(CO)6 to its accepted experimental value,
δ(ref)iso,calc) -1860 ppm, and subsequently converting the calculated
σiso,calc values for the remaining Mo compounds toδiso,calc using:
δ(sample)iso,calc ≈ σ(ref)iso,calc - σ(sample)iso,calc - 1860 ppm.

To determine contributions from the paramagnetic shielding,σpara,
to the principal components of the Mo magnetic shielding tensor,
nonrelativistic ZORA DFT calculations were carried out using the EPR
module88 of the ADF program. Calculations were performed on isolated,
idealized, closed-shellD2d andD4d Mo(CN)84- anions using DZ basis
sets for all atoms.

Calculations of the Mo EFG tensor were repeated at the restricted
Hartree-Fock (RHF) level of theory using Parallel Quantum Solutions89

and MOLOPRO.90 RHF calculations were carried out on the isolated
D4d Mo(CN)84- anion as well as the aforementioned rotamers (Oh

symmetry through to square antiprismaticD4d symmetry in 5° incre-
ments). In all RHF calculations, the minimal 3-21G basis set was
employed for Mo due to a limited basis set selection. Nuclear
quadrupolar coupling constants were subsequently calculated (in
frequency units) usingCQ ) eQVZZ/h. Conversion ofVZZ from atomic
units to V m-2 was carried out using the factor, 9.717 36× 1021 V
m-2 per atomic unit.91

Point-charge calculations ofVZZ were carried out on models
possessingTd, Oh, andD4d symmetry using eq 1. The atomic charges
for Mo, C, N, and O were taken from spin-orbit relativistic ZORA
DFT calculations using QZ4P basis sets.

4. Results and Discussion

4.1. K4Mo(CN)8‚2H2O: Approximate Dodecahedral Sym-
metry. Shown in Figure 2 are solid-state95Mo QCPMG NMR
spectra of stationary, powdered samples of K4Mo(CN)8‚2H2O
acquired at 11.75 and 17.63 T, along with their best-fit simulated
spectra; the best-fit parameters are listed in Table 1. The
separation between spikelets,νQCPMG, 1940 and 500 Hz at 11.75
and 17.63 T, respectively, provides a well-defined95Mo NMR
line shape and adequate S/N. In addition, the relative breadths
of the 95Mo NMR spectra illustrate the benefits of employing
higher magnetic fields due to the inverse scaling of the second-

order quadrupolar interaction withB0. Assuming the quadrupolar
interaction is the only important internal interaction, the breadth
of the NMR line shape for a quadrupolar nucleus acquired at
17.63 T is roughly 1.5 times narrower in frequency units than
that at 11.75 T. However, upon inspection of Figure 2, the
observed breadth of the95Mo NMR spectrum of K4Mo(CN)8‚
2H2O acquired at 17.63 T (10.5 kHz) appears to be ap-
proximately one-fourth the breadth (one-third in Hz) of that at
11.75 T (32.5 kHz). The difference in the ratio must arise from
the magnitude of the Mo magnetic shielding tensor and the
relative orientation of the EFG and magnetic shielding tensors
(vide infra).

To aid in interpreting the95Mo NMR spectra, it is useful to
refer to X-ray diffraction data. K4Mo(CN)8‚2H2O crystallizes
in space groupPnma, and the anion is approximately described
by D2d symmetry. For idealD2d symmetry, there are two
perpendicular mirror planes, resulting in two crystallographically
distinct cyanide ligands, labeled A and B in Figure 1. In contrast,
the experimental structure possesses a single mirror plane, in
which Mo and four carbon atoms (two CA and two CB) lie,
resulting in six crystallographically unique carbon atoms; hence,
the actual point group symmetry of the experimental anion is
Cs.15 Our 13C NMR spectrum of an MAS sample of
K4Mo(CN)8‚2H2O (not shown) reveals six resolved13C signals,
in agreement with both X-ray14-16 and14N NQR41,42data. The
small deviation fromD2d symmetry is apparent from the near
axially-symmetric Mo EFG and magnetic shielding tensors
(Table 1) and carbon magnetic shielding tensors.

Shown in Figure 3 are the individual contributions from the
Mo magnetic shielding and EFG tensors to the95Mo NMR
spectra of K4Mo(CN)8‚2H2O determined from the best-fit
experimental parameters in Table 1. At the fields employed here,
the anisotropic Mo magnetic shielding makes approximately
equal contributions to the95Mo central transition NMR spectra
as the quadrupolar interactionsa common occurrence for heavy
nuclei with large chemical shift ranges, such as Mo. The
experimental quadrupolar coupling constant,CQ ) (-)7.08
MHz, is approximately twice that deduced from solution14N
and95Mo T1 measurements,CQ ) 3.61 MHz.29 Since the sign

(88) Schreckenbach, G.; Ziegler, T.J. Phys. Chem.1995, 99, 606-611.
(89) PQS, Version 2.5; Parallel Quantum Solutions: Fayetteville, AK; http://

www.pqs-chem.com. sales@pqs-chem.com
(90) MOLPRO, a package of ab initio programs; Werner, H.-J.; Knowles, P. J.;

Lindh, R.; Schu¨tz, M.; and others; version 2002.6100.
(91) Mills, I.; Cvitaš, T.; Homann, K.; Kallay, N.; Kuchitsu, K.Quantities, Units

and Symbols in Physical Chemistry, 2nd ed.; Blackwell Science: Oxford,
1993.

Figure 2. Experimental (a) and best-fit simulated (b) QCPMG95Mo central
transition NMR spectra of a solid stationary sample of K4Mo(CN)8‚2H2O
acquired at 11.75 T (left) and 17.63 T (right). The parameters used to
calculate the simulated spectra are given in Table 1. A total of 24 682 and
4480 transients were summed for spectra acquired at 11.75 and 17.63 T,
respectively. An expansion of the experimental and simulated QCPMG
spectra acquired at 17.63 T is given in the Supporting Information.
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of CQ(95Mo) for K4Mo(CN)8‚2H2O cannot be determined from
95Mo NMR experiments, it is inferred from our DFT calculations
and assumed to be correct, given the accuracy of the magnitude
of the calculatedCQ values. The anisotropic Mo magnetic
shielding tensor spans 1160 ppm and is among the largest
reported47 for a Mo compound. The isotropic Mo chemical shift,
δiso ) -1322( 5 ppm, for solid K4Mo(CN)8‚2H2O indicates
that the Mo is shielded by 14 ppm compared to that for an
aqueous solution of K4Mo(CN)8‚2H2O, -1308 ppm.92 The
observed line shape and breadth of the95Mo NMR spectrum is
highly sensitive to the orientation of the principal components
of the Mo EFG and magnetic shielding tensor, as well as their
relative orientation. The crystallographic mirror plane in
K4Mo(CN)8‚2H2O restricts the relative orientation of the Moσ
and EFG tensors: one component of each of the tensors must
lie perpendicular to this plane, and the remaining two compo-
nents must lie in the plane. Recognizing that the only possible

orientation for the largest, and unique, component of the EFG
tensor,VZZ, is perpendicular to the mirror plane leaves the
orientation of the magnetic shielding tensor to be determined.
Given thatσ has near axial symmetry,κ ) -0.987, eitherσ11

or σ33 must be colinear withVZZ. Shown in Figure 3, c and d,
are two possible relative orientations of the EFG andσ tensors.
From these simulations, the only orientation consistent with
experiment is that whereVZZ and σ11 are co-linear and
perpendicular to the mirror plane; hence,â ) 90° andγ ) 0°
(Figure 3d). This orientation, in combination with the magni-
tudes of the Moσ and EFG tensors, explains the apparent
squeezing of the spectrum at 17.63 T and the origin of the low-
intensity spikelets on the high frequency side of the powder
pattern, which are barely discernible from the noise. Although
these peaks are weak, they are present in all experiments and
occur at the expected spacing,νQCPMG. The remaining Euler
angle, R, is not restricted by the crystal symmetry and was
determined by systematically varying the angle and visually
comparing the resultant simulated spectrum with experiment;
values ofR ) 0 ( 30° were found to provide a good fit with
the experimental spectra.

To help rationalize the significant EFG and large observed
Mo magnetic shielding anisotropy for K4Mo(CN)8‚2H2O,
relativistic and nonrelativistic ZORA DFT computations of the
Mo magnetic shielding and EFG tensors were carried out on
the isolated Mo(CN)84- anion93 using the experimental X-ray
structure. The calculated results are given in Table 1, and despite
our calculations being carried out on the isolated anion,
Mo(CN)84-, the results are in good agreement with experiment.
Although results for the isotropic magnetic shielding values
using spin-orbit relativistic and nonrelativistic calculations
differ by several hundred ppm, their respectivechemical shift
values are in good agreement with experiment. In addition,
values forΩ, κ, CQ, and ηQ are similar for the spin-orbit
relativistic and nonrelativistic values.

For comparison, calculations of the Mo magnetic shielding
and EFG tensors were also carried out on the Mo(CN)8

4- anion
with imposedD2d symmetry and results obtained from non-
relativistic DFT calculations are summarized in Table 1. As
expected, the Mo magnetic shielding and EFG tensors for ideal
D2d symmetry are axially symmetric, and differences in the
magnitudes of these tensors between the idealizedD2d model
and the experimental structure are minor. Still, the calculated

(92) Lutz, O.; Nolle, A.; Kroneck, P.Z. Naturforsch., A: Phys. Sci.1977, 32,
505-506.

(93) Calculations were performed with Mo at the origin and the formalC2-axis
aligned parallel to thez-axis.

Table 1. Experimental and Calculated Mo σ and EFG Parameters for K4Mo(CN)8‚2H2O

δiso/ppma Ω/ppm κ CQ/MHz ηQ R, â, γ/o

Experimental: Solid-State95Mo NMR
-1322( 5 1160( 30 -0.987( 0.013 (-)7.08( 0.05 0.065( 0.030 0( 30, 90, 0

Calculated:b Scalar+ Spin-Orbit Relativistic
-1223c 971 -0.996 -7.08 0.027 88, 90, 0

Calculated:b Nonrelativistic
-1186d 1016 -0.928 -7.32 0.026 122, 90, 177

Calculated: Nonrelativistic (IdealD2d Mo(CN)84- anion)
-1212 993 -1.00 -7.47 0.00 NA,e 90, 0

a Calculated isotropic chemical shifts were determined usingδ(ref)iso,calc) -1860.0 ppm for Mo(CO)6 andδ(sample)iso,calc- δ(ref)iso,calc≈ σ(ref)iso,calc
- σ(sample)iso,calc. b ZORA DFT calculations using QZ4P basis sets were performed on the isolated Mo(CN)8

4- anion using coordinates as determined from
single-crystal X-ray structure data.c Spin-orbit: for Mo(CO)6, σ(ref)iso,calc) 1572.3 ppm andδ(ref)iso,calc) -1860 ppm.d Nonrelativistic: for Mo(CO)6,
σ(ref)iso,calc ) 1229.4 ppm andδ(ref)iso,calc ) -1860 ppm.e Due to the axial symmetry of the CS and EFG tensors, the calculated line shape for the95Mo
NMR spectrum is invariant to angle,R.

Figure 3. Simulations of central transition95Mo NMR spectra of solid,
stationary K4Mo(CN)8‚2H2O to show the individual contributions from the
EFG (a) andσ (b) interactions. The sum of these interactions is shown in
(c, d) using two possible relative orientations of the EFG andσ tensors.
Simulations which best match the experimental spectra are shown in (a),
and the corresponding best-fit simulation parameters are given in Table 1.
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results for idealD2d Mo(CN)84- are useful in providing insight
into the origin of the large observed and calculated Mo magnetic
shielding anisotropy. The magnetic shielding is governed by
the paramagnetic shielding term,94 which operates via mixing
of occupied and virtual molecular orbitals (MOs) of appropriate
symmetry that are centered on the nucleus of interest. Hence,
inspection of the energy level diagram (Figure 1a) and the
contribution of atomic orbitals to the MOs is required to
understand the magnetic shielding forD2d Mo(CN)84-. Exami-
nation of our ZORA DFT calculations for idealD2d Mo(CN)84-

indicates that the HOMO, as well as many low-lying virtual
orbitals, are dominated by Mo d orbitals. The ordering of
selected energy levels forD2d Mo(CN)84- (Figure 1a) is in
agreement with that determined by others.18,95-97 In addition
to the MOs, the magnitude and orientation of the Mo magnetic
shielding tensor in the molecular frame must be considered. For
D2d symmetry there are two unique magnetic shielding tensor
components,σ11 and σ22 ) σ33, referring to the magnetic
shielding components oriented perpendicular and parallel to the
molecularz-axis, respectively. Since the unique component of
the Mo magnetic shielding tensor forD2d Mo(CN)84-, σ11, is
oriented along the molecularz-axis, orbitals contributing toσ11

must lie in thexy-plane and the symmetry-allowed mixing of
these orbitals occurs via rotation about thez-axis. According
to our calculations on idealD2d Mo(CN)84-, the most plausible
source of the large paramagnetic contribution toσ11 is mixing
of occupied d(x2-y2) and unoccupied d(xy) orbitals via the
z-component of the orbital angular momentum operator,L̂Z, as

mixing of these orbitals is symmetry allowed,98 and their energy
difference is small (Figure 4). Mixing of d(x2-y2) and d(xy)
occurs between several MOs and each makes a substantial
contribution toσ11

para; the most substantial contribution involves
mixing of the HOMO with the LUMO+12, LUMO+3, and
LUMO+13. In this case, the largest contribution of the
paramagnetic term is governed by the most favorable overlap,
rather than the smallest energy gap. Mixing of the orbitals in
the xy plane viaL̂Z only influences the shielding component
along thez-axis; furthermore, rotations which affectσ11 do not
affectσ22 ) σ33 and vice versa. Since the d(xz) and d(yz) orbitals
are degenerate, rotations involving d(x2-y2) via L̂y or L̂x result
in contributions to the paramagnetic shielding ofσ22 and σ33

(Figure 4). This mixing involves the HOMO, d(x2-y2), with
each of the following degenerate pairs of d(xz) or d(yz)
dominated virtual orbitals: LUMO+1, +2, LUMO+5, +6, and
LUMO+9, +10. For comparison, the difference in the total
paramagnetic shielding betweenσ11 andσ22 ) σ33 is 933 ppm,
whereas the difference in the total diamagnetic shielding
betweenσ11 and σ22 ) σ33, 12 ppm, is negligible. Together,
the total diamagnetic and paramagnetic contributions result in
a large deshielding of the principal components for idealD2d

Mo(CN)84-, σiso ) 936 ppm (spin-orbit relativistic; Table 1),
with respect to the bare nucleus,σiso ≈ 4317.7 ppm.99

4.2. Tl4Mo(CN)8: Approximate Square Antiprismatic
Symmetry. Shown in Figure 5 are experimental and best-fit
simulated solid-state95Mo QCPMG (11.75 T) and DFS/QCPMG
(21.1 T) NMR spectra of a stationary sample of Tl4Mo(CN)8,
possessing approximateD4d symmetry. The parameters used to
calculate the best-fit95Mo NMR spectra (Figure 5b) are listed
in Table 2. The separation between spikelets is approximately
1940 Hz at 11.75 T and 500 Hz at 21.1 T. These spectra
immediately suggest that structural deviations in the Mo(CN)8

4-

anion from square antiprismatic symmetry must be significant
since, according to the PCA, a null EFG at Mo is predicted for

(94) (a) Ramsey, N. F.Phys. ReV. 1950, 77, 567 (b) Jameson, C. J. In
Multinuclear NMR; Mason, J., Ed., Plenum Press: New York, 1987;
Chapter 3.

(95) Golding, R. M.Applied WaVe Mechanics; D. Van Nostrand: London, 1969.
(96) Corden, B. J.; Cunningham, J. A.; Eisenberg, R.Inorg. Chem.1970, 9,

356-362.
(97) Golding, R. M.; Carrington, A.Mol. Phys.1962, 377-385.

(98) Jameson, C. J.; Gutowsky, H. S.J. Chem. Phys.1964, 40, 1714-1724.
(99) This value forσiso(Mo), 4317 ppm, was extrapolated from a plot of

σiso(calc) vs atomic number for all closed-shell atoms. Calculations were
performed using spin-orbit relativistic ZORA DFT. This extrapolation
method was employed because the program ADF does not yet permit
shielding calculations on open-shell systems.

Figure 4. Origin of the paramagnetic shielding contribution to the principal
components of the Mo magnetic shielding tensor,σii

para, for D2d Mo(CN)8,4-

as determined by our DFT calculations. Symmetry-allowed mixing between
occupied and virtual Mo d-dominated molecular orbitals via the orbital
angular momentum operators,L̂x, L̂y, andL̂z give rise toσii

para. The relative
orientation of the Moσ and EFG tensors in the molecular frame (i.e.,VXX,
VYY, andVZZ are coincident with thex-, y-, z-axes), along with the Moσ
powder pattern, is shown to help visualize and rationalize the mixing of
orbitals.

Figure 5. Experimental (a) and best-fit simulated (b)95Mo central transition
NMR spectra of a solid stationary sample of Tl4Mo(CN)8 acquired using
the QCPMG pulse sequence at 11.75 T (left) and the DFS/QCPMG pulse
sequence at 21.15 T (right). The parameters used to calculate the simulated
spectra are given in Table 2. A total of 31 760 transients were summed for
Tl4Mo(CN)8 at 11.75 T and 8192 at 21.15 T.
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an ideal square antiprism; instead, the95Mo NMR spectrum for
Tl4Mo(CN)8 is more than twice the breadth of that for K4Mo-
(CN)8‚2H2O.

According to the crystal structure for Tl4Mo(CN)8,17 structural
deviations present in the anion are significant, reducing the point
group symmetry fromD4d to C1. The average parameters
determined from the X-ray diffraction study17 are: r(Mo,C)avg

) 2.150 ( 0.019 Å, r(C,N)avg ) 1.163 ( 0.013 Å, and
(∠Mo,C,N)avg ) 175.8( 1.8°. The parameter which deviates
most from ideal symmetry is the Mo-C-N bond angle, which
must be 180° for a square antiprismatic structure. Deviations
from square antiprismatic symmetry are evident in the13C (not
shown; MAS sample) NMR spectra of Tl4Mo(CN)8; at 11.75
T, the eight carbon atoms are not fully resolved, resulting in
overlapping13C NMR signals with chemical shifts varying over
approximately 15 ppm between 147 and 162 ppm; however, if
the structure were truly a square antiprism, a single carbon peak
would appear in the13C NMR spectrum. These structural
deviations were, therefore, initially thought to explain the large,
observed EFG at Mo for Tl4Mo(CN)8.

Similar to the K salt, nonrelativistic and spin-orbit relativistic
ZORA DFT calculations were carried out on the isolated
Mo(CN)84- anion using the structure determined from a single-
crystal X-ray diffraction study,17 i.e., approximateD4d symmetry,
and are summarized in Table 2. The calculated results are in
good agreement with experiment and also predict a significant
EFG at Mo and a large Mo shielding anisotropy. The main
discrepancy between the best-fit and calculated parameters are
the values forηQ; nevertheless, the calculations are correct in
predicting a large deviation from axial symmetry. Inclusion of
the first coordination sphere of four Tl cations (within a distance
of 4.85 Å from Mo) in the nonrelativistic ZORA DFT
calculation does not significantly alter the EFG andσ param-
eters: CQ ) 6.21 MHz,ηQ ) 0.70,σiso ) 801.4 ppm,Ω ) 741
ppm, andκ ) +0.65.

While deviations from square antiprismatic symmetry for
Tl4Mo(CN)8 are significant, the magnitude of the Mo EFG is
larger than anticipated. The individual contributions from the
Mo σ and EFG interactions to the95Mo NMR spectra, obtained
from the best-fit experimental parameters in Table 2, are
illustrated in Figure 6. The observed EFG at Mo for
Tl4Mo(CN)8 is CQ ) (+)6.35 MHz; again, the sign of
CQ(95Mo) was inferred from the DFT calculations. The span of
the Mo shielding tensor for the Tl salt, 1350 ppm, represents
the largest reported value for Mo. For Tl4Mo(CN)8, the crystal

symmetry does not dictate the relative orientations of theσ and
EFG tensors; hence, the Euler angles were obtained by manual
iteration and visual comparison with the experimental95Mo
NMR spectra obtained at 11.75 and 21.15 T. Two arbitrary
orientations are shown in Figure 6, c and d, to illustrate the
sensitivity of the line shape on the Euler angles. The simulation
which best fits the experimental spectra corresponds to the
relative orientation of EFG andσ tensors where:VXX | σ22,
VYY | σ11, andVZZ | σ33, shown in Figure 6d. That the principal
components of the EFG andσ tensors are, within experimental
error, coincident is fortuitous since the crystal symmetry does
not dictate such an orientation for Tl4Mo(CN)8; however, the
excellent fits obtained at 11.75 and 21.15 T support this solution.
According to the ZORA DFT calculations for the anion in
Tl4Mo(CN)8 (Table 2), theσ and EFG tensors have the same
general orientation as that determined by experiment, with slight
deviations from coincidence (<10°) between principal compo-
nents of theσ and EFG tensors.

Table 2. Experimental and Calculated Mo σ and EFG Parameters for Tl4Mo(CN)8

δiso/ppma Ω/ppm κ CQ/MHz ηQ R, â, γ/o

Experimental: Solid-State95Mo NMR
-1350( 10 1350( 30 +0.50( 0.05 +6.35( 0.15 0.50( 0.08 90( 5, 0, 0

Calculated:b Scalar+ Spin-Orbit Relativistic
-1308c 989 +0.50 +6.34 0.86 92, 171, 9

Calculated:b Nonrelativistic
-1273d 980 +0.50 +6.60 0.82 95, 168, 8

Calculated: Nonrelativistic (IdealD4d Mo(CN)84- anion)
-1263 722 +1.00 +6.92 0.00 90, 0, NAe

a Calculated isotropic chemical shifts were determined usingδ(ref)iso,calc) -1860.0 ppm for Mo(CO)6 andδ(sample)iso,calc) σ(ref)iso,calc- σ(sample)iso,calc
- 1860.0 ppm b ZORA DFT calculations using QZ4P basis sets were performed on the isolated Mo(CN)8

4- anion using coordinates as determined from
X-ray crystallography.c Spin-orbit: for Mo(CO)6, σ(ref)iso,calc) 1572.3 ppm andδ(ref)iso,calc) -1860 ppm.d Nonrelativistic: for Mo(CO)6, σ(ref)iso,calc
) 1229.4 ppm andδ(ref)iso,calc) -1860 ppm.e Due to the axial symmetry of the CS and EFG tensors, the calculated line shape for the95Mo NMR spectrum
is invariant to angle,γ.

Figure 6. Simulations of central transition95Mo NMR spectra of solid,
stationary Tl4Mo(CN)8 to show the contributions from the EFG (a) andσ
(b) interactions. The sum of these interactions is shown (c, d) using two
possible relative orientations of the EFG andσ tensors. Simulations which
best match the experimental spectra are shown in (d). Simulation parameters
are given in Table 2.
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The values obtained for the Mo EFG and the span of the Mo
shielding tensor for Tl4Mo(CN)8 are surprisingly comparable
to those observed for K4Mo(CN)8‚2H2O. In previous95Mo NMR
studies of K4Mo(CN)8‚2H2O dissolved in isotropic liquids,
results were interpreted on the strict basis that theD4d structure
has a zero EFG; however, our solid-state95Mo NMR results
indicate that, when structural deviations are considered, not only
is the EFG at Mo non-zero, it is significant and comparable in
magnitude to that observed for theD2d structure.

Although the magnitudes of theσ and EFG parameters are
similar for K4Mo(CN)8‚2H2O and Tl4Mo(CN)8 (Tables 1 and
2), the symmetry and sign of these tensors differ considerably.
The sign of CQ is negative forD2d K4Mo(CN)8‚2H2O, but
positive for D4d Tl4Mo(CN)8, and the skew of the magnetic
shielding tensor is also different. Theσ tensor for K4Mo(CN)8‚
2H2O is near axial symmetry, withσ11 being the unique
component (κ ) -0.987), while the skew is reversed for
Tl4Mo(CN)8. For the Tl salt, theσ tensor deviates considerably
from axial symmetry, with a positive skew,κ ) +0.5, and
principal components,δ11 ) -788 ppm,δ22 ) -1125 ppm,
and δ33 ) -2138 ppm. The relative orientation of the Moσ
and EFG tensors for the two salts is also different. In each case,
the principal components of theσ and EFG tensors are
coincident, andVZZ must be parallel to the highest molecular
symmetry axis; however, the exact orientation of the tensors is
different for the two salts (see Figures 3d and 6d).

It is interesting to compare the Mo shielding tensors for the
D2d and D4d Mo(CN)84- to the g tensors for the analogous
paramagnetic Mo(V) systems. While NMR spectroscopy has
been used to investigate the structure of diamagnetic Mo(CN)8

4-

anions, ESR has similarly been used to study the structure of
Mo(CN)83- anions.15,96,94,100,101In one ESR investigation,96 the
authors calculated the ordering of d orbitals for idealD2d and
D4d symmetry to determine the sense of theg tensors to
rationalize the structure of Mo(CN)8

3-. They concluded that
d(x2-y2) is the ground-state orbital forD2d symmetry, while
d(z2) is the ground-state orbital forD4d symmetry, in agreement
with our ZORA DFT calculations for the idealD2d and D4d

Mo(CN)84- anions (Figure 1). They further determined that the
anisotropicg tensors are axially symmetric withg⊥ > g| for
D2d symmetry andg| > g⊥ for D4d symmetry. Hence, just as
the sense of theσ tensor changes for the diamagneticD2d and
D4d Mo(CN)84- anions, the sense of theg tensors changes for
the analogous paramagnetic systems.

Initially, the lowered symmetry in Tl4Mo(CN)8 was presumed
to explain the non-zero EFG at Mo (CQ ) +6.35 MHz) and
the disagreement with the PCA. To investigate this further, EFG
andσ tensor calculations were carried out on idealized models
of Mo(CN)84- with D4d symmetry (Table 2). Surprisingly, the
calculated results for square antiprismatic Mo(CN)8

4- indicate
that the large EFG at Mo remains, but the Mo EFG tensor is
now axially symmetric, as expected. Before discussing the non-
zero EFG further, the calculated magnetic shielding anisotropy
for the Mo(CN)84- anion possessing square antiprismatic
symmetry will be discussed.

Similar to the strategy used for the K salt, the large anisotropy
in the Mo shielding tensor for Tl4Mo(CN)8 is rationalized in
terms of the paramagnetic shielding contributions to the principal

components of the magnetic shielding tensor; the following
results pertain to the ideal square antiprismatic Mo(CN)8

4-

anion. The reader is referred to selected energy levels for square
antiprismatic Mo(CN)84-, shown in Figure 1b. Recalling that
the Mo shielding tensor for Tl4Mo(CN)84- is oriented such that
σ33 is along thez-axis andσ22, σ11 are along thex,y-axes,
respectively, indicates that contributions toσ22, σ11 involve
rotations about thex,y-axes, thereby mixing d(z2) with d(xz)
and d(yz) (Figure 7). This mixing involves the two lowest energy
gaps, is both allowed98 and favorable, and is responsible for
the deshielding ofσ11 and σ22. Contributions toσ33 involve
mixing of the d(xy) and d(x2-y2) orbitals viaL̂z. The smaller
paramagnetic contribution toσ33 results from the larger energy
gaps between occupied (HOMO-3,-4) and virtual
(LUMO,+1,+7,+8) orbitals of Mo d(xy) and d(x2-y2) character.

Contributions from the total diamagnetic and paramagnetic
terms result in an overall deshielding for square antiprismatic
Mo(CN)84-, σiso ) 1020 ppm (spin-orbit relativistic; Table 2),
with respect to the bare Mo nucleus,σiso ≈ 4317.7 ppm.

4.3 Quantum Chemical Investigation of theD4d Mo(CN)8
4-

Anion: Investigation of the PCA. To test the reliability of
the DFT calculations of the Mo EFG andσ tensors for
Mo(CN)84-, which indicate a significant EFG at Mo for both
approximate and ideal square antiprismatic symmetry and are
in disagreement with the PCA, calculations of Mo EFG andσ
tensors were performed on representative Mo compounds of
ideal symmetry, namely, the tetrahedral molybdate anion in
Na2MoO4,84 the tetrathiomolybdate anion in [(C2H5)4N]2[MoS4],85

the tetraselenomolybdate anion in [(C6H5)4P]2[MoSe4],86 and
the octahedral molecule, Mo(CO)6.87 The experimental Mo
chemical shift values of these compounds cover approximately
60% of the chemical shift range for molybdenum. Our calcula-
tions were performed on isolated, idealized structures of these

(100) Hayes, R. G.J. Chem. Phys.1966, 44, 2210-2212.
(101) McGarvey, B. R.Inorg. Chem.1966, 5, 476-479.

Figure 7. Origin of the paramagnetic shielding contribution to the principal
components of the Mo magnetic shielding tensor,σii

para, for D4d Mo(CN)84-.
Symmetry-allowed mixing between occupied and virtual Mo d-dominated
molecular orbitals via the angular momentum operators,L̂x, L̂y, andL̂z give
rise toσii

para. The relative orientation of the Moσ and EFG tensors in the
molecular frame (i.e.,VXX, VYY, andVZZ are coincident with thex-, y-, z-axes),
along with the Moσ powder pattern, are shown to help visualize and
rationalize the mixing of d orbitals.
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Mo compounds, as well as Mo(CN)8
4- anions possessingD2d,

D4d, andOh symmetry; the results are summarized in Table 3.
Considering that the calculations were performed on isolated
molecules or anions with ideal symmetry and do not account
for solvent effects, our calculatedδiso values are in good
agreement with experimental values.67,102Furthermore, results
for the calculated Mo EFG tensor for compounds ofTd andOh

symmetry are in accord with the PCA in that a zero EFG is
predicted; however, a significant EFG is calculated for the
isolated Mo(CN)84- anion possessing square antiprismatic (D4d)
symmetry, contrary to the PCA which indicates the EFG at Mo
is necessarily zero.

Initially, the origin of the non-zero EFG at Mo for the isolated
square antiprismatic Mo(CN)8

4- anion was thought to arise from
the two d electrons localized in Mo d(z2) atomic orbitals. To
investigate this further, calculations were performed on isolated
Mo(CN)82-, where the formal charge on Mo is+6 and there
are no valence d electrons; however, nonrelativistic calculations
indicate that the large EFG in the Mo(VI) system remains and
is slightly larger (CQ ) -8.4 MHz) than that for the Mo(IV)
anion. In the hypothetical Mo(VI) system, the highest occupied
MOs have zero contribution from Mo 4d orbitals,whereas the
lowest unoccupied MOs are largely dominated by Mo d orbitals.
Hence, it appears that the valence d electrons are not the source
of the EFG for either the Mo(IV) or the Mo(VI) system. Similar
results were found when calculations were performed on
Zr(CN)84-, a hypothetical anion where Zr is ideally d0. In this
case, both the standard ZORA DZ basis set for Zr and a
modified Zr basis set, in which all 4d orbitals were removed,
were employed. In both cases, the calculations yield an EFG at
Zr that is large but is several times smaller than the analogous
Mo calculation using standard ZORA DZ basis sets:
eqZZ(91Zr)DZ ) 0.37× 1021 V m-2, eqZZ(91Zr)modified DZ ) 0.15
× 1021 V m-2, andeqZZ(95Mo)DZ ) 0.79× 1021 V m-2. These
results indicate that the large EFG is not solely linked to the d
electrons. Last, a ZORA DFT EFG calculation was carried out
on MoF8

4-, and again, a large EFG was computed, indicating
that the extended CN- ligand is not the source of the EFG at
Mo.

Failure of the PCA for the above cases motivated us to carry
out a calculation using actual point charges,qi, in lieu of the
CN- ligands. This involved replacing each carbon and nitrogen
atom with a point charge, equivalent to the charge predicted by
RHF calculations, such that the overall molecular charge for
the “anion”, Mo(qCqN)8

4- is -4. The calculated result is in
accord with the PCA with a zero EFG forD4d symmetry. This
implies that the asymmetry in the distribution of the ligand
charge gives rise to the non-zero EFG at Mo and Zr.

Since the PCA holds for cubic Mo(CN)8,4- but fails for the
square antiprismatic analogue, we carried out calculations of
the Mo EFG tensor during the transition fromOh to D4d

symmetry in an attempt to understand the EFG at Mo forD4d

Mo(CN)8.4- Both nonrelativistic ZORA DFT and RHF calcula-
tions of the Mo EFG tensor for various rotamers of Mo(CN)8

4-

were carried out. The Mo(CN)8
4- anion possessing cubic

symmetry served as our starting structure, and subsequent
rotamers were generated by rotating the top portion of the cube
in steps of 5° about the principal,z-axis, while holding the
bottom fragment of the cube fixed. A total of 10 rotamers were
generated fromOh Mo(CN)84-, each possessingD4d symmetry,
with the square antriprism (Figure 1b) representing our final
structure. Shown in Figure 8 is a plot of the calculatedCQ(95Mo)
values as a function of deviation from cubic symmetry.
According to the PCA, the EFG at Mo is zero forall rotamers,
including the square antiprism; however, the DFT and RHF
calculations indicate that once the cubic symmetry of Mo(CN)8

4-

is broken, a dramatic increase in the EFG is observed. The EFG
at Mo remains high but slowly decreases and reaches a local
minimum at 45°, i.e., the square antiprism. The general
agreement in the trends for the calculated EFGs at Mo obtained
using two methods is reassuring. In particular, both methods
calculate axially-symmetric Mo EFG tensors for all rotamers
and a zero EFG at Mo forOh symmetry, but a non-zero and
substantial EFG at Mo for square antiprismatic symmetry,
lending confidence to our calculated and experimental results.
Nevertheless, according to the PCA,both Oh and square
antiprismatic symmetries should result in a zero EFG.65

Magnetic shielding calculations were also carried out on the
above D4d Mo(CN)84- rotamers (Figure 9). Results forOh

Mo(CN)84- are not shown in Figure 9 since this calculation
required use of a higher basis set for convergence. The principal
components of the Moσ tensor are shown in Figure 9, where
it is clear that σ33 largely governs both the isotropic and
anisotropic magnetic shielding. The profiles ofσiso andΩ for

(102) Brevard, C.; Pregosin, P. S.; Thouvenot, R. InTransition Metal Nuclear
Magnetic Resonance; Pregosink, P. S., Ed.; Elsevier: Amsterdam, 1991;
pp 67-81.

Table 3. Calculated NMR Parameters for Isolated, Idealized
Model Compounds of High Symmetry and Experimental Mo
Chemical Shift Values

symmetry molecule
δiso,exp/
ppm

δiso,calc/
ppma,b

σiso/
ppm CQ/MHz ηQ

Td MoO4
2- 0 347 -636 0.00 -

Td MoS4
2- 2259102 2282 -2571 0.00 -

Td MoSe4
2- 3145102 2970 -3259 0.00 -

Oh Mo(CO)6 -1860 -1860 1571 0.00 -
Oh Mo(CN)84- - -1287c 656 0.00 -
D4d Mo(CN)84- -1375 -1263 974 +6.92 0.00
D2d Mo(CN)84- -1350 -1212 923 -7.47 0.00

a ZORA DFT spin-orbit calculations using QZ4P basis sets.b Calculated
isotropic chemical shifts were determined usingδ(ref)iso,calc) -1860.0 ppm
for Mo(CO)6 andδ(sample)iso,calc) σ(ref)iso,calc- σ(sample)iso,calc- 1860.0
ppm. c The spin-orbit relativistic calculation forOh Mo(CN)84- did not
converge; hence, nonrelativistic ZORA DFT was employed using QZ4P
basis sets. An analogous calculation was carried out on the secondary
reference, Mo(CO)6: σiso ) 1229.4 ppm,δiso ) -1860 ppm, to determine
the calculated chemical shift forOh Mo(CN)8.4- QZ4P basis sets were
used.

Figure 8. Nonrelativistic CQ(95Mo) values for Mo(CN)84- rotamers as a
function of deviation from cubic symmetry. Using the PCA, a zero EFG at
Mo results for all rotamers. ZORA DFT calculations,[ (blue), and RHF,
9 (red), calculations.
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the rotamers show a steady increase upon rotation fromOh

symmetry, with maxima at square antiprismatic symmetry. The
increase in the anisotropic shielding can be understood by
considering the orientation of the shielding tensors and inspect-
ing the contribution from the paramagnetic shielding,σpara, to
the principal components for each rotamer. In each case,σ33 is
collinear with thez-axis; hence, contributions fromσpara to σ33

involve mixing of d(xy) and d(x2-y2) orbitals viaL̂z, whereas
mixing of d(z2) and d(xz), d(yz) via L̂x andL̂y contribute toσ11,
σ22. The increase inσ33 upon increased deviation fromOh

symmetry is due to an increase in the energy gap involving
d(xy) and d(x2-y2) orbitals, as well as a gradual decrease in
the percent contribution of these atomic orbitals to the molecular
orbitals; the end result is a decrease in the contribution ofσpara

to σ33 and, thus, an increase inσ33. The paramagnetic contribu-
tion to σ11 andσ22 remains relatively constant upon rotation as
the molecular orbitals involving Mo d(z2), d(xz), and d(yz)
atomic orbitals do not change significantly during the transition
from Oh to square antiprismatic symmetry for the Mo(CN)8

4-

rotamers.

5. Conclusions

Solid-state95Mo NMR spectroscopy is an ideal method for
examining the two forms of Mo(CN)8

4- anions possessing
approximate dodecahedral and square antiprismatic symmetry.
The magnitudes of the Mo EFG and magnetic shielding
anisotropy are significant for both K4Mo(CN)8‚2H2O and

Tl4Mo(CN)8; however, the sign and relative orientations of the
EFG and magnetic shielding tensors result in95Mo NMR spectra
which are strikingly different for the two forms. Our calculations
on Mo(CN)84- anions possessing ideal dodecahedral and square
antiprismatic symmetry indicate a substantial EFG at Mo for
both structures; this result is in contrast to the PCA, which
predicts a zero EFG forD4d Mo(CN)84- and a non-zero EFG
for D2d Mo(CN)84-. Although the origin of the non-zero EFG
for square antiprismatic Mo(CN)8

4- is not clear, our calculations
indicate it does not exclusively arise from the Mo d electrons
or the diatomic nature of the cyanide ligand. High-level quantum
chemical calculations have provided insight into the origin of
the large EFG and Mo magnetic shielding anisotropies in
K4Mo(CN)8‚2H2O and Tl4Mo(CN)8 and allowed the Mo
magnetic shielding and EFG tensors, as well as their relative
orientations, to be characterized.
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Figure 9. Components of the axially symmetric Mo shielding tensor,σ11

) σ22 9 (red),σ33 ) 2 (purple), and span) -- - -, for Mo(CN)84- rotamers
as a function of deviation from ideal cubic symmetry, calculated using
nonrelativistic ZORA DFT.
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