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Abstract: Solid-state ®®Mo NMR spectroscopy is shown to be an efficient and effective tool for analyzing
the diamagnetic octacyanomolybdate(IV) anions, Mo(CN)s*~, of approximate dodecahedral, D,4, and square
antiprismatic, Dsq, Symmetry. The sensitivity of the Mo magnetic shielding (¢) and electric field gradient
(EFG) tensors to small changes in the local structure of these anions allows the approximate D,y and Dag
Mo(CN)s*~ 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 ¢ and EFG tensors. Although the magnitudes of the Mo ¢ and EFG interactions are comparable
for the D,y and Dsg MO(CN)g*~ anions, the relative values and orientations of the principal components of
the Mo ¢ and EFG tensors give rise to ®®*Mo NMR line shapes that are significantly different at the fields
utilized here. Quantum chemical calculations of the Mo ¢ 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)s*~ 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 the ability of the (Mo, W) octacyanide anions to adopt different
molecular arrangements which may be approximéatetie-
scribed by the polyhedra illustrated in Figure 1. In the solid
state, the diamagnetic Mo(lV) analogue, [Kaf4 exhibits
structures with approximate dodecahedidy, symmetry, as

in K4Mo(CN)g2H,0,14716 and square antiprismatiBsg, Sym-
metry, as in T/Mo(CN)s.1” Recent ab initio CASPT2 calcula-
tions indicate that the ground-state energies of these isolated
polytopes differ by approximately 4 kcal n1é|18 with the Dag

form being the more stable of the two, and both being
considerably lower than the cubic fordh.In solution, the
preferred stereochemical arrangement of cyanide ligands is an
issue of debate. To this end, UVis * Ramart! 24 infrared??-25

Interest in transition metal cyanides dates back to the early
1700s with the discovery of Prussian Bluén 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 networkg® The classic textbodkexamples of eight-
coordination transition metal cyanides are the molybdenum and
tungsten octacyanide anioh$,which have been known for
nearly 100 year&® These anions exist in both diamagnetic and
paramagnetic forms, where the metal is in a formal oxidation
state of+4 or +5, respectively:”1 Of particular interest is
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Figure 1. Idealized structural forms of the dodecahedral (a) and square antiprismatic (b) diamagnetic Mo@@ins'2 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 molecolar symmet
Partial electronic energy level diagrams for the Mo(gN)nions possessing ideaby andD4g Symmetry are also shown. The ordering of molecular orbitals
(MOs) corresponds to the orientation of the Mo(@N)anions in the indicated coordinate system, and the MO labels specify the dominant atomic orbital
contributions localized on Mo.

and NMR6-29 spectroscopic, as well as a variety of theoreti- cubic or square antiprismatic symmetry, where the electric field
cal 83031 stydies have been carried out to investigate the gradient, EFG, was expected to be zero. Similar conclusions

structure of Mo(CNy*~ in solution. In addition, studies involving
the electronic structur;32:33 electron-transfer reactiord$,
electrochemistry®> and photomagneti€38 properties of octa-

were derived from*N and®Mo spin—lattice relaxation data,
which indicated an effectivMo quadrupolar coupling con-
stant,Cq, of approximately 3.6 MHz in aqueous solutithA

cyanomolybdate, as well as applications toward molecular recent theoretical investigation seems to have ended the dispute

magnets;3 continue to appear in the current literature.
Previous solution NMR studies consist of an ed#$ NMR
study?® of 13C-enriched KMo(CN)g-2H,0 in aqueous solution
and a variable-temperatutéC NMR study’ of [N(n-C3H7)4]4-
Mo(CN)g in a 90:10 CHCIE—CH,Cl, mixture. In the former

on the symmetry of the anion in solution by concluding that a
dynamic equilibrium between th,q and D4g conformations

must occur to account for all experimental bands in the
electronic spectrurtf the interconversion between the two forms
is facilitated by the small relative displacement of cyanide

study, a single carbon resonance was observed, and the authorsgands (~15°).40
addressed three possible explanations with the only realistic one  The most thoroughly studied octacyanomolybdate is the K

being either théD,q structure oD,q with rapid intramolecular
exchange of cyanide ligand%The latter stud§/ suggests x4

salt, KsMo(CN)g-2H,0. Investigations of this compound in the
solid state consist of"N NQR*42 and several single-crystal

structure with rapid internal rearrangement of the two types of X-ray diffraction studies#-16 these studies indicate that there

CN~ ligands via the concerted Hoar&ilverton pathway,
facilitated by a low-energy barrier. Subsequéfilo NMR
studied®2%of K 4,Mo(CN)g-2H,0 in aqueous solutions concluded
that the anion must posseBgy symmetry since, based on the
point-charge approximation (vide infra), the obser¥do line
widths of approximately 75 Hz are too large for compounds of
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are six distinct cyanide ligands. No solid-state NMR studies of
K4Mo(CN)g-2H,0 or any other octacyanomolybdate salt have
been reported; however, the benefits of employing solid-state
NMR are numerous. First, based on X-ray diffraction resits,
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
librations4~16 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 shieldingd) tensors to subtle changes in the local
environment about Mo. Hence, undertaking separate studies of
the approximat®,q andD.q symmetry forms of the Mo(CNJ~
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 approximat®,q symmetry, KMo(CN)s-2H,0, and
approximateD4g symmetry, TIMo(CN)g, have been examined
using solid-stat€*Mo NMR spectroscopy at moderate (11.75
T) and high (17.63, 21.1 T) applied magnetic field strengths
using the double-frequency sweep (Df%) combination with

(40) Sharpe, A. G. IriThe Chemistry of Cyano Complexes of the Transition
Metals Maitlis, P. M., Stone, F. G. A., West, R., Eds.; Academic Press:
London, 1976; p 57.
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the quadrupolar CarrPurcell Meiboom-Gill (QCPMG)*
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 molybdenufAvio
and®’Mo. Both are spir/, quadrupolar nuclei with low NMR
receptivities and moderate natural abundan®®sal = = 6.547
MHz, N.A. = 15.92%; 9Mo: Z = 6.685 MHz, N.A. =
9.46%)%> The preferred isotope for NMR studies’®/o, since
its nuclear quadrupole momen@), is an order of magnitude
less than that fot’Mo (®*Mo: Q = —0.022x 10728 m?; 9'Mo:
Q = 0.17 x 10728 m?).5 Hundreds of solutior?®™o NMR

influence of these interactions on solid-state NMR spectra have
been presented 51 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 8y = eQ\xzh,
whereh is Planck’s constant, and the asymmetry parameter,
1o = (Vxx — Vyy)/Vzz, with principal components of the EFG
tensor ordered according toVz7] > [Vvy = |Vxx|. To describe
the nuclear magnetic shielding, in its PAS system, three
parameters are required. The isotropic magnetic shielding,
= (o011 t+ 022 + 033)/3, the anisotropic magnetic shielding or
span, = 033 — 011 = 011 — 033 and the skewx = 3(0iso —
022)[Q = 3(022 — 0is0)/RQ, Which can take on values ofl to
+1, inclusive®? with principal components ordered according

studies have been carried out, establishing a Mo chemical shiftto: 033 = 022 = o011. Experimentally, the nuclear magnetic

range of approximately 8000 ppthhowever, in the solid state,
few NMR studies have been report&d?#?67.68The lack of solid-
state Mo 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 %Mo often leads to long spinlattice relaxation time&°
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 sensiti®Atgnd amplification
of the magnetic shielding interaction, thus enabling more
accurate determination ef and the relative orientation af
and EFG tensors. In addition, high magnetic fields substantially
reduce probe ringing, which is often a problem when observing
low-frequency quadrupolar nucl&i.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 fot®Mo in the
octacyanomolybdate(lV) anions, under conditions Whﬂ'fze
> 1 , are the quadrupolarﬁ’Q, and magnetic shielding
(chem|cal shift),%, interactions and are described in terms of
the EFG andr tensors, respectively. Detailed descriptions of
the theories of the quadrupolar interaction and the nuclear

magnetic shielding interaction have each been described

elsewheré?-56 as well, examples characterizing the combined
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(46) Malito, J.Ann. Rep. Nucl. Magn. Reson. Spectrds297, 33, 151-206.
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A: Phys. Sci1976 31, 351-356. (b) Mastikhin, V. M.; Lapina, O. B.;
Maximovskaya, R. IChem. Phys. Letl988 148 413-416. (c) Edwards,
J. C.; Zubieta, J.; Shaikh, S. N.; Chen, Q.; Bank, S.; Ellis, PInbrg.
Chem 199Q 29, 3381-3393. (d) Lynch, G. F.; Segel, S. Can. J. Phys
1972 50, 567-572.
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(51) MacKenzie, K. J. D.; Smith, M. EMultinuclear Solid-State NMR of
Inorganic Materials Pergamon Press: Amsterdam, 2002; Vol. 6, Chapter
8.

shielding is measured in relative terms using the chemical shift.
Hence, for quadrupolar nuclei, where boff, and 7 are
important, eight parameters must be determinéd; 022, d33,

Ca, 170, anda, 3, v. The Euler anglesy, j, y, 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 tef/?‘e
depends orBy, WhereasiS is directly proportional toBo,
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 calculatiorivef usings3

g (Bcogh, —1)

VZZ

; ®

—4me,
whereq; is a charge at pointx( Vi, z), o is the free space
permittivity, r; is the distance from the point charge to the
nucleus, and; is the angle between vectorand thez-axis.
From eq 1, it is straightforward to show that molecules
possessing tetrahedraly, octahedral @), and square anti-
prismatic D4g) symmetry have a zero EFG at their cerfter.
The geometrical constraint for a perfect tetrahedron, cube, or
square antiprism is such that the angle formed between the

(52) Facelli, J. C.; Grant, D. MTop. Stereocheni1989 19, 1-61.
(53) Samoson, AChem. Phys. Lett1985 119, 29—-32.
) Abragam, A. IrPrinciples of Nuclear Magnetisni\dair, R. K., Elliott, R.
J., Marshall, W. C., Wilkinson, D. H., Eds.; Clarendon Press: Oxford, 1961.
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Academic Press: New York, 1976; Supplement 1, Chapter VI. (b) Anet,
F. A. L.; O’Leary, D. J.Concepts Magn. Resoh991, 3, 193-214; Anet,

F. A. L.; O'Leary, D. J.Concepts Magn. Resoft992 4, 35-52.
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(58) (a) Cheng, J. T.; Edwards, J. C.; Ellis, P. D.Phys. Chem199Q 94,
553-561. (b) Koons, J. M.; Hughes, E.; Cho, H. M.; Ellis, P.DMagn.
Reson. A1995 114, 12—-23.

(59) Bryce D. L.; Eichele, K.; Wasylishen, R. Borg. Chem2003 42, 5085~
509

(60) Power W. P.; Wasylishen, R. E.; Mooibroek, S.; Pettitt, B. A.; Danchura,
W. J. Phys. Chem1990 94, 591-598.

(61) Bryce, D. L.; Eichele, K.; Wasylishen, R. Borg. Chem2003 42, 5085~
5096.

(62) Mason, JSolid State Nucl. Magn. Resoh993 2, 285-288.

(63) Slichter, C. P. InPrinciples of Magnetic Resonanc8rd enlarged and
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ligand, metal center, and principal molecular axis must be equal salt. Samples of solid #10(CN)g2H.O and TiMo(CN)s were
to the magic angle~54.74; for such casesyzz is simply powdered and packed into 7.0 mm and 4.0 mm o.d.,Zredors,
zero®586 |t is important to stress that the square antiprism is a r_espectively. _Due to the anticipated lofRg spin-lattice _relaxation
special case dDsg Symmetry; any deviation af from the magic ~ times for solid KMo(CN)s-2H,0 and TiMo(CN)e, 45° flip angles
angle will result in a structure which, although may retBin corre;pgndmg o pulse widths of 2.75 and 3,80 res.pecnvely,. and

. . o . unoptimized pulse delays of 600 s were used to avoid saturation of the
symmetry, no longer sustains the essential square antiprismatic L . . )

. . magnetization. Sweep widths of 100 kHz and spinning frequencies of
symmetry that results in a zero EFG at Mo, according 10 the ¢ g1, and 12.0 kHz were used for the K and Tl salts, respectively.
PCA. Experimentally, however, structural deviations from ideal  gimulations of*Mo and*C NMR spectra of KMo(CN)g-2H,0 and
symmetry, whether square antiprismatic, tetrahedral, or octa-T|,Mo(CN)s were carried out using SIMPSGNor WSOLIDS7
hedral, often result in small, measurable EFGs, Cg’s. For 3.2. Quantum Chemical Calculations.Nonrelativistic and spin
example, the observeth(**Mo) values for a series of molybdate  orbit relativistic ZORA DFT calculations of molybdenum and carbon
salts vary from 0.34 to 3.08 MHz, depending on the extent of magnetic shielding and molybdenum EFG tensors for isolated octa-
distortion from T4 symmetry®7:68 Nonetheless, based on the cyanomolybdate(lV) anions possessibg and Di symmetry were
PCA, the Mo(CN)*~ anions possessing approximate dodeca- perfor_med using the NMR modd_@ of the_Amsterdam Dens_ity
hedral and square antiprismatic symmetry should resfvio Functional progran®®’#The Voske-Wilk —Nusair (VWN) local density

A . - - . .
NMR spectra that are significantly different, allowing the two approx!mat!oﬁs with the Becké-Perde’ generalized gradient
structures to be easily distinguished approximation (GGA) were used for the exchange-correlation func-

tional. Relativistic calculations included scataispin—orbit corrections
and were carried out using the ZORA formali$fnf? The quadruple:
quadruply polarized (QZ4P) or double{DZ) Slater-type ZORA basis
sets, available with the ADF program, were employed for Mo, C, and
N.

3. Experimental and Computational Details

3.1. Nuclear Magnetic Resonance Spectroscopyamples of
K4Mo(CN)g-2H,0O were either purchased from Aldrich and used without
further purification or synthesiz&taccording to literature procedures; ZORA DFT calculations of EF& and magnetic shielding tensors
Tl4sMo(CN)s was synthesized according to a literature procedftifbe were performed on the isolated Mo(G#\f) anion using experimental
samples were powdered and packed into 5.0 mm glass NMR tubes orstructures determined from single-crystal X-ray diffraction studiés
7.0 mm o.d. ZrQ rotors. Solid-staté*Mo NMR eXperimentS were (CS Symmetry for the K salt ancl Symmetry for the Tl Sa|t)’ as We”’
performed on Bruker Avance (11.75 T) and Varian Inova (17.63 and analogous calculations on idealized structures of MogENjossessing
21.1T) spectrometers, operating at spectral frequencies of 32.55, 48.68,, and square antiprismatic symmetry were carried out. The molecular

and 58.57 MHz, respectively, and using double-resonance MAS probes.
The accepted Mo chemical shift refererfé@, 2.0 M aqueous solution
of NaMoO,-2H,0 (diso = 0 ppm), was used for referencing and pulse
width calibration. Employing a standard one-pulse experiment, typical
solutionzr/2 pulse widths of 6.610.3us were obtained. The QCPMG
pulse sequences(2)x—t1—mty— To—(td2)—[t3— 71y~ T4~ Ta]m—Ty, WAS
used to acquir€Mo NMR spectra of KMo(CN)s:2H,0 at 11.75 and
17.63 T and TAMo(CN)s at 11.75 T, while the combined DFS/QCPMG
experiment was used to colle®Mo NMR spectra of T/IMo(CN)s 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 selectiver/2 pulse widths, [(solutionz/2)/(I + %/,)], of
2.0-3.4 us, pulse delays of-810 s and pulse train repetitionlsl, of
32—-48 were used. High-powerfH decoupling was used for
K4Mo(CN)g:2H,0 at 11.75 T. The spinecho delayszy, 72, 73, andza,
varied between 8@s and 110us and are used to minimize effects
from probe ringing. The spikelet spacing,ceme equal tora 2, where
74 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. Fo®™o NMR spectra of T/Mo(CN)g
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 acquiring®o QCPMG NMR spectra of magic-angle
spinning (MAS) samples of #M0(CN)g-2H,0 and TkMo(CN)s at 11.75
T were unsuccessful due to insufficient rotor spinning speeds for 7.0
mm rotors.

Solid-state'3C NMR spectra of KkMo(CN)s-2H,0 and ThMo(CN)g
were collected on a Bruker Avance 5@) & 11.75 T;v (*°C) = 125.8
MHz) spectrometer; highpower*H decoupling was used for the K

(65) Akitt, J. W.; McDonald, W. SJ. Magn. Reson1984 58, 401-412.

(66) Akitt, J. W.Prog. Nucl. Magn. Reson. Spectrod@89 21, 1—149.

(67) Eichele, K.; Wasylishen, R. E.; Nelson, J.HPhys. Chem. A997, 101,
5463-5468.

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

O. B.; Le Poalles, L.; Gautier, R.; Gan, ZJ. Phys. Chem. R005 109,
14033-14042.

(69) Leipoldt, J. G.; Bok, L. D. C; Cilliers, P. Z. Anorg. Allg. Chem1974
407, 350-352.

7820 J. AM. CHEM. SOC. = VOL. 128, NO. 24, 2006

coordinates used for the idealized Mo(GN)anions are included in
Supporting Information. In addition, a calculation carried out at the
nonrelativistic level employing ZORA DZ basis sets was performed
on TILMo(CN)s by including the first coordination sphere of four TI
cations, i.e., within a distance of 4.85 A 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 possessinfy or O, symmetry: MoQ? 8 MoSz? %
MoSe?~,88 and Mo(CO3,%” 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

(70) Bak, M.; Rasmussen, J. T.; Nielsen, N. X.Magn. Reson200Q 147,
296-330.

(71) Eichele, K.; Wasylishen, R. BvSOLIDS NMR Simulation Packagéersion
1.17.26; 2000.

(72) (a) Schreckenbach, G.; Ziegler,Ift. J. Quantum Cheni997 61, 899~
918. (b) Wolff, S. K.; Ziegler, TJ. Chem. Phys1998 109, 895-905.

(73) ADF 2000.02, 2002.99, and 2004.0mheoretical ChemistryVrije Uni-
versiteit: Amsterdam, http://www.scm.com.

(74) (a) Baerends, E. J.; Ellis, D. E.; Ros,Ghem. Phys1973 2, 41-51. (b)
Versluis, L.; Ziegler, T.J. Chem. Phys1988 88, 322-328. (c) te Velde,
G.; Baerends, E. J. Comput. Physl992 99, 84—98. (d) Fonseca Guerra,
C.; Snijders, J. G.; te Velde, G.; Baerends, ETHeor. Chem. Accl998
99, 391-403.

(75) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200-1211.

(76) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

(77) Perdew, J. FPhys. Re. B 1986 33, 8822-8824; Perdew, J. FPhys. Re.

B 1986 34, 7406-7406.

(78) Chang, C.; Pelissier, M.; Durand, Phys. Scr1986 34, 394-404.

(79) van Lenthe, E.; Baerends, E. J.; Snijders, JJ.GChem. Phys1993 99,

4597-4610.

(80) van Lenthe, E.; Baerends, E. J.; Snijders, JJ.&hem. Phys1994 101,
9783-9792.

(81) van Lenthe, E.; Ehlers, A.; Baerends, E1.Xhem. Phys1999 110 8943—
8953

(82) van Lenthe, E.; van Leeuwen, R.; Baerends, E. J.; Snijders, lit.G.
Quantum Chem1996 57, 281—293.

(83) van Lenthe, E.; Baerends, E.JJ.Chem. Phys200Q 112, 8279-8292.

(84) Matsumoto, K.; Kobayashi, A.; Sasaki, Bull. Chem. Soc. Jpri975 48,
1009-1013.

(85) Kanatzidis, M. G.; Coucouvanis, Bcta Crystallogr., Sect. @988 39,
835—-838.
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of the Mo EFG tensors were carried out on a series of isolated, idealized
anions possessin®.s symmetry, as well as various rotamers of
Mo(CN)g,*~ including O, symmetry. The hypothetical Mo(CK) anion
possessingO, symmetry, i.e., a cube, was generated from that
possessinddss symmetry by rotating the upper portion of the square
antiprism with respect to the bottom portion by°4% total of nine
rotamers were subsequently generated by rotating the upper portion of .
the Oy, structure in increments of°5until the square antiprismatic o
structure was restore@®fq symmetry retained). The ZORA DZ basis
sets were used for all atoms, except the calculation o®thretamer,

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 groufss ©n, D2, and
Da4g) were obeyed. Fob,y symmetry, two types of CNligands (A
and B) were generated (Figure 1). For all calculations, the molecules

were oriented with Mo at the origin and the principal molecular axes transition NMR spectra of a solid stationary sample aM6(CN)g-2H0

along thez-axis. acquired at 11.75 T (left) and 17.63 T (right). The parameters used to
Calculated isotropic Mo magnetic shielding values were converted calculate the simulated spectra are given in Table 1. A total of 24 682 and
to calculated isotropic chemical shift values by first setting the calculated 4480 transients were summed for spectra acquired at 11.75 and 17.63 T,
chemical shift value of Mo(CQ)to its accepted experimental value, —'espectively. An expansion of the experimental and simulated QCPMG
S(reflsocac= —1860 ppm, and subsequently converting the calculated spectra acquired at 17.63 T is given in the Supporting Information.

Oisocalc Values for the remaining Mo compounds & cac USING: . . . .
S(sampledo.cac™ o(refisocac — o(Sampleo.cac — 1860 ppm. order quadrupolar interaction wigy. Assuming the quadrupolar

To determine contributions from the paramagnetic shieldinga interaction is the only important internal interaction, the breadth
to the principal components of the Mo magnetic shielding tensor, of the NMR line shape for a quadrupolar nucleus acquired at
nonrelativistic ZORA DFT calculations were carried out using the EPR 17.63 T is roughly 1.5 times narrower in frequency units than
modulé® of the ADF program. Calculations were performed on isolated, that at 11.75 T. However, upon inspection of Figure 2, the

By=11.75T By=17.63T

best-fit

il

(b)

wnlul

exp

(a)

-400  -1000 -1600 -2200
&/ ppm

T 400 -1000 -1600 -2200
S/ ppm
Figure 2. Experimental (a) and best-fit simulated (b) QCPNf®lo central

idealized, closed-sheD,q andD4g Mo(CN)s*~ 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 Solut#ns
and MOLOPRQO? RHF calculations were carried out on the isolated
Dsg Mo(CN)g*~ anion as well as the aforementioned rotameds (
symmetry through to square antiprismalllgy Symmetry in 8 incre-
ments). In all RHF calculations, the minimal 3-21G basis set was
employed for Mo due to a limited basis set selection. Nuclear
qguadrupolar coupling constants were subsequently calculated (in
frequency units) usin@o = eQVzz/h. Conversion oiVzz from atomic
units to V nT2 was carried out using the factor, 9.717 3610?* V
m~2 per atomic unié!

Point-charge calculations of¥z; were carried out on models
possessing g, On, andD4g symmetry using eq 1. The atomic charges
for Mo, C, N, and O were taken from spitorbit relativistic ZORA
DFT calculations using QZ4P basis sets.

4. Results and Discussion

4.1. K4Mo(CN)g-2H,0: Approximate Dodecahedral Sym-
metry. Shown in Figure 2 are solid-stateMo QCPMG NMR
spectra of stationary, powdered samples gVi§(CN)g:2H,0
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 spikeletgcpme 1940 and 500 Hz at 11.75
and 17.63 T, respectively, provides a well-defirfédo NMR

observed breadth of tfMo NMR spectrum of KMo(CN)g-
2H,O 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 th€"Mo NMR spectra, it is useful to
refer to X-ray diffraction data. ®Wo(CN)s-2H,O crystallizes
in space grounma and the anion is approximately described
by D,y symmetry. For idealD,y 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 (twoaGand two G) lie,
resulting in six crystallographically unique carbon atoms; hence,
the actual point group symmetry of the experimental anion is
Cs'® Our 3C NMR spectrum of an MAS sample of
K4Mo(CN)g-2H,O (not shown) reveals six resolvetC signals,
in agreement with both X-rd§16 andN NQR*-42data. The
small deviation fromDyy 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 fi®o NMR

line shape and adequate S/N. In addition, the relative breadthsSpectra of KMO(CN)g-2H,0 determined from the best-fit

of the Mo NMR spectra illustrate the benefits of employing

higher magnetic fields due to the inverse scaling of the second-

(88) Schreckenbach, G.; Ziegler, J. Phys. Chem1995 99, 606-611.

(89) PQS Version 2.5; Parallel Quantum Solutions: Fayetteville, AK; http:/
www.pgs-chem.com. sales@pgs-chem.com

(90) MOLPRQ a package of ab initio programs; Werner, H.-J.; Knowles, P. J.;
Lindh, R.; Schite, M.; and others; version 2002.6100.

(91) Mills, I.; Cvitas T.; Homann, K.; Kallay, N.; Kuchitsu, KQuantities, Units
and Symbols in Physical Chemist8nd ed.; Blackwell Science: Oxford,
1993.

experimental parameters in Table 1. At the fields employed here,
the anisotropic Mo magnetic shielding makes approximately
equal contributions to th#¥Mo central transition NMR spectra
as the quadrupolar interactieta common occurrence for heavy
nuclei with large chemical shift ranges, such as Mo. The
experimental quadrupolar coupling consta@t = (—)7.08
MHz, is approximately twice that deduced from solutit/hl
and®Mo T; measurement£q = 3.61 MHz?° Since the sign
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Table 1. Experimental and Calculated Mo o and EFG Parameters for KsiMo(CN)g-2H,0

Oiso/ppm? Q/ppm K Co/MHz 79 o, B, yl°
Experimental: Solid-Stat®Mo NMR
—1322+5 1160+ 30 —0.987+ 0.013 )7.08+ 0.05 0.065+ 0.030 0+ 30, 90,0
Calculated? Scalar+ Spin—Orbit Relativistic
—1223 971 —0.996 —7.08 0.027 88,90,0
Calculated? Nonrelativistic
—1186 1016 —0.928 —7.32 0.026 122,90, 177
Calculated: Nonrelativistic (Ide&;s Mo(CN)g*~ anion)
—1212 993 —1.00 —7.47 0.00 NAS90, 0

a Calculated isotropic chemical shifts were determined usifigf)iso,caic= —1860.0 ppm for Mo(CQ)and d(sampleo caic — O(ref)iso caic~ o(ref)iso calc
— o(sample)o caic ® ZORA DFT calculations using QZ4P basis sets were performed on the isolated Mé{@Njon using coordinates as determined from
single-crystal X-ray structure dataSpin—orbit: for Mo(CO), o(ref)isocac= 1572.3 ppm and(ref)isocac= —1860 ppm.d Nonrelativistic: for Mo(CO},
o(ref)iso.caic = 1229.4 ppm and(ref)iso calc= —1860 ppm.€ Due to the axial symmetry of the CS and EFG tensors, the calculated line shape fevithe

NMR spectrum is invariant to angle,.

By=11.75T

(a) I l EFG

V2z, 633

By=17.63T

Pyy, 622

© Ny |
‘ XX 011

V2z. 611

(d)

Pyy, 622

Vxx, 03

0

-800 -1600 -2400 -800 -1600 -2400
S/ ppm S/ ppm

Figure 3. Simulations of central transitioP™Mo NMR spectra of solid,
stationary KMo(CN)s-2H,0O to show the individual contributions from the
EFG (a) andy (b) interactions. The sum of these interactions is shown in
(c, d) using two possible relative orientations of the EFG arnénsors.
Simulations which best match the experimental spectra are shown in (a),
and the corresponding best-fit simulation parameters are given in Table 1.

0

of Co(®**Mo) for KsMo(CN)s-2H,O cannot be determined from

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 thato has near axial symmetry,= —0.987, eithel;

or o33 must be colinear with/zz. Shown in Figure 3, ¢ and d,
are two possible relative orientations of the EFG ardnsors.
From these simulations, the only orientation consistent with
experiment is that wherd/z; and 011 are co-linear and
perpendicular to the mirror plane; henge= 90° andy = 0°
(Figure 3d). This orientation, in combination with the magni-
tudes of the Moo 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,cpme The remaining Euler
angle, o, 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 ofo = 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 4Kl0(CN)g-2H,0,
relativistic and nonrelativistic ZORA DFT computations of the
Mo magnetic shielding and EFG tensors were carried out on
the isolated Mo(CNy*~ anior?® using the experimental X-ray
structure. The calculated results are given in Table 1, and despite

%Mo NMR experiments, it is inferred from our DFT calculations Our calculations being carried out on the isolated anion,
and assumed to be correct, given the accuracy of the magnituddVlo(CN)s*", the resuilts are in good agreement with experiment.
of the calculatedCq values. The anisotropic Mo magnetic ~Although results for the isotropic magnetic shielding values

reported’ for a Mo compound. The isotropic Mo chemical shift,
Oiso = —13224 5 ppm, for solid KMo(CN)g-2H,0 indicates
that the Mo is shielded by 14 ppm compared to that for an
aqueous solution of o(CN)g-2H,O, —1308 ppm?2 The
observed line shape and breadth of thdo 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)g-2H,0 restricts the relative orientation of the Mo

differ by several hundred ppm, their respectolemical shift
values are in good agreement with experiment. In addition,
values forQ, «, Cq, andnq are similar for the spinorbit
relativistic and nonrelativistic values.

For comparison, calculations of the Mo magnetic shielding
and EFG tensors were also carried out on the MogENgnion
with imposedDyy 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

and EFG tensors: one component of each of the tensors musD2¢ Symmetry are axially symmetric, and differences in the

lie perpendicular to this plane, and the remaining two compo-
nents must lie in the plane. Recognizing that the only possible

magnitudes of these tensors between the idealxgdnodel
and the experimental structure are minor. Still, the calculated

(92) Lutz, O.; Nolle, A.; Kroneck, PZ. Naturforsch., A: Phys. Scl977, 32,
505-506.
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aligned parallel to the-axis.
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By=11.75T By=21.15T
Paramagnetic Contribution to Gy,
i: (b) best-fit
dicy?) 400 KT mol™ gy
HOMO LUMOH3
Paramagnetic Contribution to G, Gs3
Al exp
o Lk, 8§ §
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Figure 5. Experimental (a) and best-fit simulated fylo central transition
NMR spectra of a solid stationary sample ofiNIb(CN)s acquired using
Pl the QCPMG pulse sequence at 11.75 T (left) and the DFS/QCPMG pulse
it (3%} 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

Vxx, O3
TI4Mo(CN)g at 11.75 T and 8192 at 21.15 T.

Figure 4. Origin of the paramagnetic shielding contribution to the principal
components of the Mo magnetic shielding tensghaa for Dog Mo(CN)g,*~

as determined by our DFT calculations. Symmetry-allowed mixing between . . . . .
occupied and virtual Mo dlominated molecular orbitals via the orbital ~ MIXING of these orbitals is symmetry allow&and their energy

angular momentum operatofs, Ly, andL, give rise too;Paa The relative difference is small (Figure 4). Mixing of 8{—y?) and dky)
orientation of the Mar and EFG tensors in the molecular frame (i\&, occurs between several MOs and each makes a substantial
o e B e e ot CONUIbUION (001 the most substantial contribution involves
orbitals. mixing of the HOMO with the LUMOGH12, 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 vial; only influences the shielding component
along thez-axis; furthermore, rotations which affeet; do not
affectoy, = g3z and vice versa. Since thexd( and df2) orbitals

results for ideaD,q Mo(CN)g*~ 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 tefthwhich operates via mixing

of occupied and virtual molecular orbitals (MOs) of appropriate A ; . S A
symmetry that are centered on the nucleus of interest. Hence '€ degenerate, rotations involvingy?) via Ly or Ly resuit
inspection of the energy level diagram (Figure 1a) and the IN contributions to the paramagnetic shieldingagp and oss
contribution of atomic orbitals to the MOs is required to (Figure 4). This mixing involves the HOMO, xK~y?), with
understand the magnetic shielding @5 Mo(CN)g*~. Exami- each of thg fOHOW'r_‘g degenerate pairs ofxz(or d(y2)
nation of our ZORA DFT calculations for ideBkg Mo(CN)g* dominated virtual orbitals: LU_M@l, +2, I._UMO+5,.+6, and
indicates that the HOMO, as well as many low-lying virtual “UMO=9, +10. For comparison, the difference in the total
orbitals, are dominated by Mo d orbitals. The ordering of Paramagnetic shielding betweem andoz, = o33 is 933 ppm,
selected energy levels fdb,q Mo(CN)g~ (Figure 1a) is in whereas the difference in the totgl d|ama_lgnet|c shielding
agreement with that determined by oth&&97 In addition betweenoi; and 022 = 033, 12 ppm, is negligible. Together, -
to the MOs, the maghnitude and orientation of the Mo magnetic the total dlamagpetlc and paramagnetlc contnbunons result in
shielding tensor in the molecular frame must be considered. For2 1arge deshielding of the principal components for ideal

D4 Symmetry there are two unique magnetic shielding tensor MO(CN)s*", diso = 936 ppm (spir-orbit relativistic; Table 1),
componentson and ox, = o33, referring to the magnetic  With respect to the bare nucleusso ~ 4317.7 ppnf?

shielding components oriented perpendicular and parallel to the  4-2- TUMO(CN)g: - Approximate Square Antiprismatic
molecularz-axis, respectively. Since the unique component of Symmetry. S_hown in Figure 5 are experimental and best-fit
the Mo magnetic shielding tensor f&r,g Mo(CN)g*~, 011, is simulated solid-stat®Mo QCPMQ (11.75T) and DFS/QCPMG
oriented along the molecularaxis, orbitals contributing to11 (21.1'T) NMR spectra of a stationary sample ofMb(CN)s,
must lie in thexy-plane and the symmetry-allowed mixing of ~POSS€SSINg approxm;amd symmetry. The parameters used to
these orbitals occurs via rotation about thaxis. According ~ calculate the best-fi'Mo NMR spectra (Figure 5b) are listed
to our calculations on ided.q Mo(CN)g~, the most plausible in Table 2. The separation between spikelets is approximately
source of the large paramagnetic contributiomigis mixing ,1940 HZ at 11.75 T and 500 Hz at.Zl..l T These spectra
of occupied d—y?) and unoccupied df) orbitals via the immediately suggest that structural deviations in the MogEN)

z-component of the orbital angular momentum operdtaras 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. FPhys. Re. 195Q 77, 567 (b) Jameson, C. J. In
Multinuclear NMR Mason, J., Ed., Plenum Press: New York, 1987; (98) Jameson, C. J.; Gutowsky, H. 5.Chem. Physl964 40, 1714-1724.

Chapter 3. (99) This value forois((Mo), 4317 ppm, was extrapolated from a plot of
(95) Golding, R. M Applied Wae MechanicsD. Van Nostrand: London, 1969. giso(calc) vs atomic number for all closed-shell atoms. Calculations were
(96) Corden, B. J.; Cunningham, J. A.; Eisenberg,idrg. Chem.197Q 9, performed using spinorbit relativistic ZORA DFT. This extrapolation

356-362. method was employed because the program ADF does not yet permit
(97) Golding, R. M.; Carrington, AMol. Phys.1962 377—385. shielding calculations on open-shell systems.
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Table 2. Experimental and Calculated Mo ¢ and EFG Parameters for TIsMo(CN)g

Oiso/ppm? Q/ppm I3 Co/MHz nq o, B, yl°
Experimental: Solid-Stat®Mo NMR
—1350+ 10 1350+ 30 +0.50+ 0.05 +6.35+0.15 0.50+ 0.08 90+5,0,0
Calculated? Scalar+ Spin—Orbit Relativistic
—1308& 989 +0.50 +6.34 0.86 92,171,9
Calculated® Nonrelativistic
—1273 980 +0.50 +6.60 0.82 95, 168, 8
Calculated: Nonrelativistic (Ide&sg Mo(CN)g*~ anion)
—1263 722 +1.00 +6.92 0.00 90, 0, NA

a Calculated isotropic chemical shifts were determined ud{ngf)iso calc= —1860.0 ppm for Mo(CQ)andd(sample}o caic= o(ref)iso,calc— o(sampleo caic
— 1860.0 ppm P ZORA DFT calculations using QZ4P basis sets were performed on the isolated M&(GNjon using coordinates as determined from
X—ray crystallography¢ Spin—orbit: for Mo(CO), o(ref)iso caic= 1572.3 ppm and(ref)iso cac= —1860 ppm.d Nonrelativistic: for Mo(COy, o(ref)iso calc
= 1229.4 ppm and(ref)iso,caic= —1860 ppm.c Due to the axial symmetry of the CS and EFG tensors, the calculated line shape¥dMehieMR spectrum
is invariant to angley.

an ideal square antiprism; instead, #fléo NMR spectrum for By=11.75T By=21.15T
TI4,M0o(CN)g is more than twice the breadth of that fosMo-
(CN)g'ZHzO

According to the crystal structure forsMo(CN)g,1” structural
deviations present in the anion are significant, reducing the point

group symmetry fromD4y to C;. The average parameters |

determined from the X-ray diffraction stutlyare: r(Mo,C)ayg

= 2.150 + 0.019 A, r(C,N)ayg = 1.163 + 0.013 A, and
(OMo,C,N)avg = 175.8+ 1.8°. The parameter which deviates
most from ideal symmetry is the MeC—N bond angle, which ”ZZ O
must be 180 for a square antiprismatic structure. Deviations

from square antiprismatic symmetry are evident in’fi@(not ©

shown; MAS sample) NMR spectra of JMo(CN)g; at 11.75 w00
T, the eight carbon atoms are not fully resolved, resulting in V” o

overlapping®*C NMR signals with chemical shifts varying over
approximately 15 ppm between 147 and 162 ppm; however, if (d) Vw on
the structure were truly a square antiprism, a single carbon peak Vm o

would appear in the'*C NMR spectrum. These structural
deviations were, therefore, initially thought to explain the large, r
observed EFG at Mo for TMo(CN)g. 0

Similar to the K salt, nonrelativistic and spiorbit relativistic . 6 Simulat ¢ contral transitiofvio NMR tra of solid,

. . . gure imulations ot central transitio (0] Spectra of solli
ZORA DET calculations were carried out on the isolated stationary TAMo(CN)s to show the contributions from the EFG (a) and
Mo(CN)s*~ anion using the structure determined from a single- (p) interactions. The sum of these interactions is shown (c, d) using two
crystal X-ray diffraction study? i.e., approximat®q symmetry, possible relative orientations of the EFG antensors. Simulations which
and are summarized in Table 2. The calculated results are inPest match the experimental spectra are shown in (d). Simulation parameters
are given in Table 2.

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 arsymmetry does not dictate the relative orientations obthed
the values fomq; nevertheless, the calculations are correct in EFG tensors; hence, the Euler angles were obtained by manual
predicting a large deviation from axial symmetry. Inclusion of iteration and visual comparison with the experimerifllo
the first coordination sphere of four Tl cations (within a distance NMR spectra obtained at 11.75 and 21.15 T. Two arbitrary
of 4.85 A from Mo) in the nonrelativistic ZORA DFT orientations are shown in Figure 6, ¢ and d, to illustrate the

l/yy Oxn

'\
L
e

-1000 -2000 -3000 I -1000 -2000 -3000
o/ ppm &/ ppm

calculation does not significantly alter the EFG angparam- sensitivity of the line shape on the Euler angles. The simulation
eters: Cqo = 6.21 MHz,579 = 0.70,0is0 = 801.4 ppmQ = 741 which best fits the experimental spectra corresponds to the
ppm, andk = +0.65. relative orientation of EFG and tensors where:Vxx Il 022,

While deviations from square antiprismatic symmetry for Vyyll 011, andVzzIl o33 shown in Figure 6d. That the principal
TI4,Mo(CN)g are significant, the magnitude of the Mo EFG is components of the EFG andtensors are, within experimental
larger than anticipated. The individual contributions from the error, coincident is fortuitous since the crystal symmetry does
Mo ¢ and EFG interactions to tf#Mo NMR spectra, obtained  not dictate such an orientation for,Mo(CN)s; however, the
from the best-fit experimental parameters in Table 2, are excellentfits obtained at 11.75 and 21.15 T support this solution.
illustrated in Figure 6. The observed EFG at Mo for According to the ZORA DFT calculations for the anion in
TIsaMo(CN)s is Cqo = (+)6.35 MHz; again, the sign of  TIuaMo(CN)s (Table 2), thes and EFG tensors have the same
Co(**Mo) was inferred from the DFT calculations. The span of general orientation as that determined by experiment, with slight
the Mo shielding tensor for the Tl salt, 1350 ppm, represents deviations from coincidence<(L0°) between principal compo-
the largest reported value for Mo. ForsMo(CN)g, the crystal nents of thes and EFG tensors.
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The values obtained for the Mo EFG and the span of the Mo

shielding tensor for TMo(CN)g are surprisingly comparable Paramagnetic Contribution to ¢, G2

to those observed for #10(CN)g:2H,0. In previous*Mo NMR i

studies of KMo(CN)g-2H,O dissolved in isotropic liquids, <=:> £ 1y Q i Q

results were interpreted on the strict basis thaDhestructure 430 kimol”

has a zero EFG; however, our solid-st&t®lo NMR results diz’) d(xz) d(yz)

indicate that, when structural deviations are considered, not only HOMO LUMO+2, +10  LUMO+3.+11

is the EFG at Mo non-zero, it is significant and comparable in ! L

magnitude to that observed for tieq structure. Paramagnetic Contribution to Gs3
Although the magnitudes of the and EFG parameters are r

similar for KsMo(CN)g-2H,O and ThMo(CN)g (Tables 1 and & & C‘D L_) C.D f m

2), the symmetry and sign of these tensors differ considerably. X5y dxCy?) HH0kImol’ gz 2y d(xy)

The sign of Cq is negative forDyy KsMo(CN)g:2H,O, but HOMO-3  HOMO-4 LUMOAT LUMO+1.48

positive for Dsyg TI4M0O(CN)g, and the skew of the magnetic

shielding tensor is also different. Tlhetensor for KMo(CN)g: il

2H,0 is near axial symmetry, withs1; being the unique - i Puia

component £ = —0.987), while the skew is reversed for

TI4,Mo(CN)s. For the Tl salt, they tensor deviates considerably

from axial symmetry, with a positive skew, = +0.5, and Vyy, On

principal components)y1; = —788 ppm,dz; = —1125 ppm, Vxx, G2

and d33 = —2138 ppm. The relative orientation of the Mo Figure 7. Origin of the paramagnetic shielding contribution to the principal
and EFG tensors for the two salts is also different. In each case,components of the Mo magnetic shielding tensg#ea for Dgg Mo(CN)g?~.
the principal components of the and EFG tensors are Symmetry-allowed mixing between occupied and virtual Mdainated
coinciden, andvzz must be paralll 10 the highest molecular[ISCU otal v he angular momentyn opersogt, sl i
symmetry axis; however, the exact orientation of the tensors is molecular frame (i.eVxx, Viv, andVzz are coincident with the-, y-, z-axes),
different for the two salts (see Figures 3d and 6d). along with the Moo powder pattern, are shown to help visualize and

It is interesting to compare the Mo shielding tensors for the fationalize the mixing of d orbitals.
D2q and Dsg Mo(CN)g*~ to the g tensors for the analogous
paramagnetic Mo(V) systems. While NMR spectroscopy has
been used to investigate the structure of diamagnetic Mg{CN)
anions, ESR has similarly been used to study the structure of
Mo(CN)g®~ anions!®96.:94,100.101n one ESR investigatio?f, the
authors calculated the ordering of d orbitals for idBa} and
D4g symmetry to determine the sense of thetensors to
rationalize the structure of Mo(Ch¥y. They concluded that
d(x2—y?) is the ground-state orbital forD,y symmetry, while
d(2) is the ground-state orbital f@4y symmetry, in agreement
with our ZORA DFT calculations for the ided,yq and Dag
Mo(CN)g*~ anions (Figure 1). They further determined that the
anisotropicg tensors are axially symmetric with; > g, for
D,g symmetry andy, > gp for D4y Symmetry. Hence, just as
the sense of the tensor changes for the diamagndigy and
D4g Mo(CN)g*~ anions, the sense of tligtensors changes for
the analogous paramagnetic systems.

Initially, the lowered symmetry in TMo(CN)s was presumed
to explain the non-zero EFG at M&§ = +6.35 MHz) and
the disagreement with the PCA. To investigate this further, EFG
ando tensor calculations were carried out on idealized models
of Mo(CN)s*~ with Dsg Symmetry (Table 2). Surprisingly, the
calculated results for square antiprismatic Mo(gN)ndicate
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}*~ 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 TMo(CN)s 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@EN)
anion. The reader is referred to selected energy levels for square
antiprismatic Mo(CNy*~, shown in Figure 1b. Recalling that
the Mo shielding tensor for IMo(CN)g*~ is oriented such that
o33 is along thez-axis andos,, 011 are along thex,y-axes,
respectively, indicates that contributions d¢g,, o11 involve
rotations about they-axes, thereby mixing df) with d(x2
and dg2) (Figure 7). This mixing involves the two lowest energy
gaps, is both allowe and favorable, and is responsible for
the deshielding ofr1; and g2, Contributions tooss involve
mixing of the diy) and d¢2—y?) orbitals vial,. The smaller
paramagnetic contribution tm3 results from the larger energy
gaps between occupied (HOM@,—4) and virtual
(LUMO,+1,+7,48) orbitals of Mo dky) and d§?—y?) character.

Contributions from the total diamagnetic and paramagnetic
terms result in an overall deshielding for square antiprismatic
Mo(CN)g*~, giso = 1020 ppm (spir-orbit relativistic; Table 2),
with respect to the bare Mo nucleuss, ~ 4317.7 ppm.

4.3 Quantum Chemical Investigation of theDsy Mo(CN)g*~
Anion: Investigation of the PCA. To test the reliability of
the DFT calculations of the Mo EFG and tensors for
Mo(CN)g*~, 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 and
tensors were performed on representative Mo compounds of
ideal symmetry, namely, the tetrahedral molybdate anion in
NaMo0,,2* the tetrathiomolybdate anion in [§8s)sN],[M0S,],8°
the tetraselenomolybdate anion in §G)4P][M0Sey],8¢ and
the octahedral molecule, Mo(C&¥Y The experimental Mo
chemical shift values of these compounds cover approximately
(100) Hayes, R. GJ. Chem. Phys1966 44, 2210-2212. 60% of the chemical shift range for molybdenum. Our calcula-
(101) McGarvey, B. RInorg. Chem.1966 5, 476—479. tions were performed on isolated, idealized structures of these
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Table 3. Calculated NMR Parameters for Isolated, Idealized
Model Compounds of High Symmetry and Experimental Mo 200
Chemical Shift Values
(S\so‘exp/ Oiso,calel Oisd 6.00
symmetry molecule ppm ppmab ppm Co/MHz 7 CQ /
Ty MoO42~ 0 347 —636 0.00 — MHz 400
Ty MoSs2~ 225902 2282 —2571 0.00 —
Ty MoSe?2~ 314502 2970 —3259 0.00 — )
On Mo(CO)  —1860  —1860 1571 0.00 — 2.00
On Mo(CN)g*~ - —128F 656 0.00 —
Dag Mo(CN)g*~ —1375 —-1263 974 +6.92 0.00 0.00 . i, . i, i, . . ;
Dag Mo(CN)g*~ —1350 —1212 923 —7.47 0.00 0 10 20 30 40 50 &0 70 80 90

Deviation from Oy, Symmetry / degrees
aZORA DFT spin-orbit calculations using QZ4P basis sét€alculated

isotropic chemical shifts were determined usitef)so cac= —1860.0 ppm Figure 8. Nonrelativistic G(**Mo) values for Mo(CNy* rotamers as a
for Mo(CO) andd(sampleo caic= o(refiso caic— o(samplepo caic— 1860.0 function of deviation from cubic symmetry. Using the PCA, a zero EFG at
ppm. < The spir-orbit relativistic calculation forO, Mo(CN)g?~ did not Mo results for all rotamers. ZORA DFT calculatior®,(blue), and RHF,

converge; hence, nonrelativistic ZORA DFT was employed using Qz4p M (red), calculations.
basis sets. An analogous calculation was carried out on the secondary

reference, Mo(CQ) o0iso = 1229.4 ppmgiso = —1860 ppm, to determine ; ;

the calculated chemical shift fdDn, Mo(CN)s.4~ QZ4P basis sets were Failure of th_e PCA for the abov_e cases mOt.IvaFed us to carry

used. out a calculation using actual point charggs,in lieu of the
CN~ ligands. This involved replacing each carbon and nitrogen

Mo compounds, as well as Mo(C§) anions possessingzq, atom with a point charge, equivalent to the charge predicted by

D¢, and Oy, symmetry; the results are summarized in Table 3. RHF calculations, such that the overall molecular charge for
Considering that the calculations were performed on isolated the “anion”, Mo@can)s*~ is —4. The calculated result is in
molecules or anions with ideal symmetry and do not account accord with the PCA with a zero EFG f@uq symmetry. This

for solvent effects, our calculateds, values are in good implies that the asymmetry in the distribution of the ligand
agreement with experimental valu&g92Furthermore, results ~ charge gives rise to the non-zero EFG at Mo and Zr.

for the calculated Mo EFG tensor for compoundsgandOy, Since the PCA holds for cubic Mo(Ch}~ but fails for the
symmetry are in accord with the PCA in that a zero EFG is square antiprismatic analogue, we carried out calculations of
predicted; however, a significant EFG is calculated for the the Mo EFG tensor during the transition fro@y to Dag

isolated Mo(CNg*~ anion possessing square antiprismeabigs) symmetry in an attempt to understand the EFG at MoCigy
symmetry, contrary to the PCA which indicates the EFG at Mo Mo(CN)g.4~ Both nonrelativistic ZORA DFT and RHF calcula-
is necessarily zero. tions of the Mo EFG tensor for various rotamers of Mo(gN)

Initially, the origin of the non-zero EFG at Mo for the isolated were carried out. The Mo(Cl) anion possessing cubic
square antiprismatic Mo(CRhf)” anion was thought to arise from  Symmetry served as our starting structure, and subsequent
the two d electrons localized in Mo Z atomic orbitals. To rotamers were generated by rotating the top portion of the cube
investigate this further, calculations were performed on isolated in steps of 8 about the principalz-axis, while holding the
Mo(CN)gZ~, where the formal charge on Mo #6 and there bottom fragment of the cube fixed. A total of 10 rotamers were
are no valence d electrons; however, nonrelativistic calculations generated fron®, Mo(CN)g*~, each possessirigys symmetry,
indicate that the large EFG in the Mo(VI) system remains and with the square antriprism (Figure 1b) representing our final
is slightly larger Co = —8.4 MHz) than that for the Mo(IV)  structure. Shown in Figure 8 is a plot of the calculaBg®*Mo)
anion. In the hypothetical Mo(VI1) system, the highest occupied values as a function of deviation from cubic symmetry.
MOs have zero contribution from Mo 4d orbitals,whereas the According to the PCA, the EFG at Mo is zero fali rotamers,
lowest unoccupied MOs are largely dominated by Mo d orbitals. including the square antiprism; however, the DFT and RHF
Hence, it appears that the valence d electrons are not the sourcealculations indicate that once the cubic symmetry of MogEN)
of the EFG for either the Mo(IV) or the Mo(VI) system. Similar  is broken, a dramatic increase in the EFG is observed. The EFG
results were found when calculations were performed on at Mo remains high but slowly decreases and reaches a local
Zr(CN)g*~, a hypothetical anion where Zr is ideall{.dn this minimum at 48, i.e., the square antiprism. The general
case, both the standard ZORA DZ basis set for Zr and a agreement in the trends for the calculated EFGs at Mo obtained
modified Zr basis set, in which all 4d orbitals were removed, using two methods is reassuring. In particular, both methods
were employed. In both cases, the calculations yield an EFG atcalculate axially-symmetric Mo EFG tensors for all rotamers
Zr that is large but is several times smaller than the analogousand a zero EFG at Mo foD, symmetry, but a non-zero and
Mo calculation using standard ZORA DZ basis sets: substantial EFG at Mo for square antiprismatic symmetry,
eq(°1Zr)pz = 0.37 x 1071V m~2, eqpA(*'Zrmodified pz = 0.15 lending confidence to our calculated and experimental results.
x 1071V m~2, andeqyA(**Mo)pz = 0.79 x 10?1V m~2. These Nevertheless, according to the PCApth Q, and square
results indicate that the large EFG is not solely linked to the d antiprismatic symmetries should result in a zero BfG.
electrons. Last, a ZORA DFT EFG calculation was carried out  Magnetic shielding calculations were also carried out on the
on MoFRg*~, and again, a large EFG was computed, indicating above Dsg Mo(CN)s*~ rotamers (Figure 9). Results fdD,
that the extended CNligand is not the source of the EFG at Mo(CN)g*~ are not shown in Figure 9 since this calculation

Mo. required use of a higher basis set for convergence. The principal
components of the Mo tensor are shown in Figure 9, where
(102) Brevard, C.; Pregosin, P. S.; Thouvenot, RTtansition Metal Nuclear [P ; B
Magnetic Resonan¢@®regosink, P. S., Ed.; Elsevier: Amsterdam, 1991, it I_S Clea_r thatoss _Iarge_ly _govems bOth the Isotropic and
pp 67-81. anisotropic magnetic shielding. The profiles @, and Q2 for
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1400 TIsMo(CN)s; however, the sign and relative orientations of the
12001 LA, EFG and magnetic shielding tensors resuffivio NMR spectra
10001 W which are strikingly different for the two forms. Our calculations
Mo g L . on Mo(CN)*~ anions possessing ideal dodecahedral and square
Shielding . U . . antiprismatic symmetry indicate a substantial EFG at Mo for
Tensor / 609‘. sr e g L. -~i\' L both structures; this result is in contrast to the PCA, which
PPM 4001 predicts a zero EFG fdDsg Mo(CN)s*~ and a non-zero EFG
2wl for Dog Mo(CN)g*~. Although the origin of the non-zero EFG
0 ,/.' s for square antiprismatic Mo(CRfy is not clear, our calculations
0 10 20 30 40 50 60 70 80 90

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)g-2H,O and TkMo(CN)s and allowed the Mo
magnetic shielding and EFG tensors, as well as their relative
orientations, to be characterized.

Deviation from Oy, Symmetry / degrees

Figure 9. Components of the axially symmetric Mo shielding tensa,

= 022 M (red),033 = A (purple), and spasr -- - -, for Mo(CN)s*~ rotamers

as a function of deviation from ideal cubic symmetry, calculated using
nonrelativistic ZORA DFT.

the rotamers show a steady increase upon rotation f@am
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 shieldingya to

the principal components for each rotamer. In each cagés
collinear with thez-axis; hence, contributions frobppaato o33
involve mixing of diy) and d&—y?) orbitals vial,, whereas
mixing of d(z%) and d&2), d(y2) via Ly andL, contribute tooy;,
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Solid-state®®Mo NMR spectroscopy is an ideal method for
examining the two forms of Mo(CN)~ anions possessing
approximate dodecahedral and square antiprismatic symmetry
The magnitudes of the Mo EFG and magnetic shielding
anisotropy are significant for both JKIo(CN)g-2H,O and
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