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Abstract: The feasibility of 99Ru NMR spectroscopy as a tool to characterize solid compounds is
demonstrated. Results of the first solid-state 99Ru NMR investigation of diamagnetic compounds are
presented for Ru(NH3)6Cl2, K4Ru(CN)6 ‚ xH2O (x ) 0, 3), LaKRu(CN)6, and Ru3(CO)12. The sensitivity of
the ruthenium magnetic shielding tensor to subtle changes in the local structure about the ruthenium nucleus
is highlighted by comparing the 99Ru isotropic chemical shift of Ru(NH3)6Cl2 in aqueous solutions and in
the solid state. The narrow isotropic 99Ru NMR peak observed for solid Ru(NH3)6Cl2 indicates that this
compound is an ideal secondary reference sample for solid-state 99Ru NMR studies. The isotropic 99Ru
chemical shift, 99Ru nuclear quadrupolar coupling constant, CQ, and quadrupolar asymmetry parameter of
K4Ru(CN)6 ‚ xH2O (x ) 0, 3) are shown to be sensitive to x. For Ru3(CO)12, the magnetic shielding tensors
of each of the three nonequivalent Ru nuclei have spans of 1300-1400 ppm, and the 99Ru CQ values are
also similar, 1.36-1.85 MHz, and are surprisingly small given that 99Ru has a moderate nuclear quadrupole
moment. Information about the relative orientation of the Ru magnetic shielding and electric field gradient
tensors has been determined for Ru3(CO)12 from experimental 99Ru NMR spectra as well as quantum
chemical calculations.

Introduction

Despite the importance of ruthenium in modern chemistry,1-3

the study of ruthenium by nuclear magnetic resonance (NMR)
spectroscopy has been limited because of its unfavorable nuclear
properties. Ruthenium has two NMR-active isotopes,99Ru and
101Ru, both of which may be classified as “low-gamma” nuclei,
i.e., they have magnetogyric ratios (γ) less than that of15N
(γ(99Ru) ) -1.229× 107 rad s-1 T-1, ¥(99Ru) ) 4.605 MHz;
γ(101Ru) ) -1.377 × 107 rad s-1 T-1, ¥(101Ru) ) 5.161
MHz).4,5 To further complicate matters, both99Ru and101Ru
have low natural abundances, 12.76 and 17.06%, respectively,
are quadrupolar nuclei with nuclear spins of 5/2, and have
moderate and large nuclear quadrupole moments (Q(99Ru) )
7.9 fm2, Q(101Ru) ) 45.7 fm2).5 Although the relative NMR
receptivity of101Ru is approximately 1.9 times greater than that
of 99Ru, the latter isotope is preferred for ruthenium NMR
because of its smaller nuclear quadrupole moment.

While more than 20 years have passed since the first reported
solution99Ru NMR investigation,6 such studies are limited;7,8

to our knowledge there have been only 1699Ru NMR papers
published, encompassing approximately 100 different ruthenium
compounds.6,9-23 These studies have established that the chemi-
cal shift (CS) range of ruthenium is approximately 18 000 ppm,
with δiso ) +16050 ppm and-1338 ppm for Ru(OH2)6

2+ and
[RuCp(CO)2]2, respectively, relative to solutions of K4Ru-
(CN)6.22,23 The large CS range of ruthenium is comparable to
that of cobalt, which is generally acknowledged as having one
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of the largest CS ranges of all nuclei in the NMR periodic
table.7,8 Two computational studies have also been reported to
investigate the reliability of current computational methods in
calculating99Ru NMR isotropic chemical shifts.24,25

There have been no reports of99/101Ru NMR studies of
nonmetallic diamagnetic ruthenium compounds in the solid state,
i.e., where ruthenium is in either the 0,+2, or +8 oxidation
state. A number of99Ru and101Ru solid-state NMR and nuclear
quadrupolar resonance (NQR) studies have been published for
metallic, paramagnetic, ferromagnetic, and superconducting
ruthenium compounds.26-40 The absence of99/101Ru NMR data
for solid diamagnetic compounds can be appreciated if it is
recognized that the NMR receptivity of99Ru is 1400 times less
than that of27Al; thus, assuming the same peak widths and
relaxation times, a99Ru NMR spectrum would take ap-
proximately two million times longer to acquire than a
comparable quality27Al NMR spectrum.5

Both the magnetic shielding (σ) and electric field gradient
(EFG) are second-rank tensors; thus, they contain both magni-
tude and orientational information.41-45 In isotropic solutions,
rapid molecular tumbling results in averaging of the magnetic
shielding and EFG tensors, and all orientational information is
lost. In contrast, in the solid-state experimentalists have an
opportunity to probe the orientational dependence of these
interactions.

We present99Ru NMR spectra using magic-angle spinning
(MAS) and stationary samples of solid Ru(NH3)6Cl2, K4Ru-
(CN)6 ‚ xH2O (x ) 0, 3), LaKRu(CN)6, and Ru3(CO)12. To
complement the experimental results, quantum chemical density
functional theory (DFT) computations using hybrid functionals
are presented.

Experimental Section

(a) Materials. Ru(NH3)6Cl2, K4Ru(CN)6 ‚ 3H2O, and Ru3(CO)12 were
obtained from Strem Chemicals, Inc. and used without further purifica-
tion. LaKRu(CN)6 ‚ 4H2O was prepared according to literature
methods.46 Powder X-ray diffraction measurements indicated that trace
amounts of K4Ru(CN)6 ‚ 3H2O were present in the LaKRu(CN)6 ‚ 4H2O
sample; however, the impurity did not interfere with the NMR analysis
as their respective99Ru NMR chemical shifts are different.

(b) NMR Spectroscopy. Solid-state 99Ru NMR spectra were
acquired on a Bruker Avance 500 and a Varian Inova 750 spectrometer
operating at 23.040 MHz (B0 ) 11.75 T) and 34.516 MHz (B0 ) 17.6
T), respectively. Ruthenium chemical shifts were referenced using a
0.3 M solution of K4Ru(CN)6 in D2O at 20( 1 °C, δiso ) 0.0 ppm and
¥(99Ru) ) 4.605151 MHz.5 This sample was also used to determine
90° pulse widths of 9.75µs (γB1/2π ) 25.6 kHz) and 12.0µs (γB1/2π
) 20.8 kHz) at 11.75 and 17.6 T, respectively. The magic angle was
set by maximizing the number of rotational echoes observed in the
35Cl NMR free-induction decay of solid NaCl or those of the79Br NMR
signal of KBr.47 At 11.75 T, a wide-bore (89 mm) Bruker double
resonance probe (7 mm O. D. rotor) was used to obtain spectra with
MAS. Spinning rates ranged from 2.0 to 7.0 kHz, and were controlled
by an automated MAS pneumatic control unit to better than 2 Hz
stability. A home-built MAS probe (5 mm O. D. rotor) was used to
obtain MAS rates up to 9.0 kHz on the Varian 750 spectrometer (51
mm bore magnet). All MAS spectra were acquired using a one-pulse
sequence. Because of extensive probe ringing at these low frequencies,
dead times of approximately 100µs at 11.75 T and 150µs at 17.6 T
were necessary. The pulse length used at 11.75 T for solid samples
was 3.25µs, which corresponds to a 30° nonselective “solution” pulse.
At 17.6 T a 22.5° pulse was used (τp ) 3.0 µs) to allow for slightly
shorter recycle delays and a broader excitation envelope. Recycle delays
ranged from 2 to 4 s. The quadrupolar Carr-Purcell Meiboom-Gill
(QCPMG) pulse sequence was used and has proven to be useful in
obtaining sensitivity enhancements in NMR spectra of stationary
samples for quadrupolar nuclei with low receptivities.48,49Echo delays
in the QCPMG experiment were 128µs, and the excitation and
refocusing pulse lengths were 3.25 and 6.50µs, respectively, at 11.75
T. Proton decoupling was used for Ru(NH3)6Cl2, employing a decou-
pling field strength of approximately 42 kHz. For the hydrates of the
ruthenium(II) hexacyanides, use of1H decoupling resulted in no
noticeable line-narrowing under MAS conditions.

All 99Ru NMR spectra, including those acquired on the Inova 750,
were processed using the Bruker software, WINNMR. Gaussian line-
broadening functions of 20-200 Hz were applied to the free-induction
decays prior to Fourier transformation. Spectra were simulated using
CSOLIDS,50 a program developed in this lab, and SIMPSON.51 For
Ru3(CO)12, the three ruthenium sites were simulated independently, and
the resulting spectra were co-added using WINNMR.

(c) Computations.Calculations of the ruthenium magnetic shielding
tensors were performed using Gaussian 98W (revision A.7)52 and the
NMR module53-57 of the Amsterdam Density Functional (ADF 2002.02)
package.17,58 B3LYP59,60 calculations were performed on a Windows-
based Intel PC using the DZVP local spin density basis set (6s5p3d)61

for ruthenium and the 6-31G(d) basis sets for all other atoms, as
available in the Gaussian package. While it is recognized that the DZVP
basis set for Ru is small, higher level computations were not possible
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with the computer resources currently available to us.24 ADF calcula-
tions were performed on an 8-processor AMD-based Linux cluster using
the zeroth-order regular approximation (ZORA) TZ2P basis sets
(valence triple-ú, doubly polarized), and they included scalar and spin-
orbit relativistic corrections. The exchange-correlation functional
employed the LDA of Vosko, Wilk, Nusair (VWN)62 and the GGA of
Becke8863 and Perdew86.64,65The atomic coordinates of Ru3(CO)12 were
calculated from the X-ray crystal structure determined by Churchill et
al.66 The calculated principal components of the magnetic shielding
tensor,σii (i ) 1, 2, or 3), were converted to principal components of
the chemical shift tensors,δii , using the relationδii ) [(σiso(ref) - σii)]/
[(1 - σiso(ref))], whereσiso(ref) is the calculated isotropic magnetic
shielding of K4Ru(CN)6. This value was calculated using the geometry-
optimized structure previously reported by Bu¨hl et al. which includes
the four potassium atoms.24

In assigning the principal components of the magnetic shielding
tensor, we have followed the conventions summarized by Mason;67 thus,
σ11 e σ22 e σ33 andδ11 g δ22 g δ33. The span of the magnetic shielding
tensor is defined as:

and the skew as:

whereσiso ) (σ11 + σ22 + σ33)/3 andδiso ) (δ11 + δ22 + δ33)/3.
Experimentally, the EFG tensor is generally characterized by the

nuclear quadrupolar coupling constant,CQ,

and the quadrupolar asymmetry parameter,η,

where the principal components of the EFG tensor in its principal axis
system (PAS) are defined such that|VZZ| g |VYY| g |VXX|.

The calculated principal components of the EFG tensor were
converted from atomic units to Vm-2 by multiplying the values in au
by 9.7177× 1021 Vm-2. The principal components of the EFG tensor
were then expressed in terms ofCQ andηQ.

The relative orientation of the EFG tensor and the magnetic shielding
tensor are defined by three Euler angles (R, â, andγ), which are the
counterclockwise rotations required to bring the PAS of the EFG tensor
into coincidence with the PAS of the magnetic shielding tensor.45

Results and Discussion

(a) Ru(NH3)6Cl2. Isotropic99Ru NMR chemical shift values
for solid Ru(NH3)6Cl2 and a number of aqueous solutions of
Ru(NH3)6Cl2 are presented in Table 1. From these data, it is
clear that the99Ru chemical shift is sensitive to changes in the
local environment. As the concentration of Ru(NH3)6Cl2 in D2O
increases,δiso increases from 7671( 3 ppm for a 0.3 M solution
to 7821 ppm for a saturated solution.10 A similar but smaller
concentration effect has been observed for the59Co chemical
shift of K3Co(CN)6.68 A large 2H-isotope shift of 79 ppm to
low frequency is observed when the solvent is changed from
H2O to D2O, respectively. For Co(NH3)6Cl3, the 2H-isotope
effect on the cobalt isotropic chemical shift is 94 ppm, with
the cobalt also being more shielded in D2O.69

Ru(NH3)6Cl2 crystallizes in the cubic space groupFm3hm,
which places Ru in a site of octahedral symmetry and dictates
an isotropic magnetic shielding tensor (σ11 ) σ22 ) σ33) and a
null EFG (VXX ) VYY ) VZZ ) 0).

The99Ru NMR spectrum of solid Ru(NH3)6Cl2 obtained with
MAS is presented in Figure 1a. The spectrum consists of one
narrow isotropic peak at 7569( 1 ppm with a width at half-
height,∆ν1/2, of 135( 20 Hz at 11.75 T. There is no evidence
of magnetic shielding anisotropy or nuclear quadrupole interac-
tions, as expected on the basis of the crystal structure. The
ruthenium nucleus is 102 ppm more shielded in the solid state
than in the 0.3 M solution of Ru(NH3)6Cl2 in D2O. A similar
change in the59Co isotropic chemical shift occurs for
Co(NH3)6Cl3, whereδiso increases when the solid is dissolved
in an aqueous solution by 217, 281, and 332 ppm for the three
unique cobalt sites.70 Given the2H-isotope shift, this would yield
changes of approximately 123, 187, and 238 ppm for a D2O
solution.

Since the narrow99Ru NMR peak for solid Ru(NH3)6Cl2 is
readily observed, we suggest that this compound be used as a
secondary solid-state reference sample for ruthenium NMR
studies (¥(99Ru) ) 4.640 007( 0.000 028 MHz). The99Ru
spin-lattice relaxation time,T1, for this sample is approximately
1 s, determined using an inversion-recovery experiment, thus
allowing for rapid signal acquisition. Under MAS conditions,

(52) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. A.Gaussian 98, revision A.7; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(53) Schreckenbach, G.; Ziegler, T.J. Phys. Chem.1995, 99, 606-611.
(54) Schreckenbach, G.; Ziegler, T.Int. J. Quantum Chem.1996, 60, 753-

766.
(55) Schreckenbach, G.; Ziegler, T.Int. J. Quantum Chem.1997, 61, 899-

918.
(56) Wolff, S. K.; Ziegler, T.J. Chem. Phys.1998, 109, 895-905.
(57) Wolff, S. K.; Ziegler, T.; van Lenthe, E.; Baerends, E. J.J. Chem. Phys.

1999, 110, 7689-7698.
(58) Guerra, C. F.; Snijders, J. G.; te Velde, G.; Baerends, E. J.Theor. Chem.

Acc.1998, 99, 391-403.
(59) Lee, C.; Yang, W.; Parr, R. G.Phys. ReV. B 1988, 37, 785.
(60) Becke, A. D.J. Chem. Phys.1993, 98, 5648.
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1992, 70, 560-571.
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Ω ) σ33 - σ11 ) δ11 - δ33 (1)

κ ) 3(σiso - σ22)/Ω ) 3(δ22 - δiso)/Ω (2)

CQ ) eQVZZ/h (3)

ηQ ) (VXX - VYY)/VZZ (4)

Table 1. Experimental 99Ru NMR Parameters Determined for the
Hexaammine Ruthenium(II) Cation and Hexacyanoruthenate(II)
Anion in Aqueous Solutions and the Solid State

compound δiso/ppm CQ/MHz ηQ

0.3 M Ru(NH3)6Cl2 in H2O 7750( 0.5
saturated Ru(NH3)6Cl2 in D2O 7821a

0.5 M Ru(NH3)6Cl2 in D2O 7680( 0.5
0.3 M Ru(NH3)6Cl2 in D2O 7671( 3
Ru(NH3)6Cl2 solid 7569( 1 0
0.3 M K4Ru(CN)6 in D2O 0
LaKRu(CN)6 ‚ 4H2O solid -247( 2 0
K4Ru(CN)6 solid 17( 1 0.35( 0.02 0.85( 0.05
K4Ru(CN)6 ‚ 3H2O solid -14 ( 1 0.40( 0.05 0.1( 0.1

a Value taken from ref 10.
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a signal-to-noise ratio of 5:1 can be achieved in 16 scans at
11.75 T using a 7 mm O. D. rotor, which makes solid
Ru(NH3)6Cl2 an ideal setup sample for99Ru NMR experiments.

(b) LaKRu(CN) 6 and K4Ru(CN)6. As with Ru(NH3)6Cl2,
the crystal structure of the mixed salt LaKRu(CN)6 ‚ 4H2O
reveals that ruthenium is at a site of octahedral symmetry. The
compound crystallizes in the hexagonal space groupP63/mwith
four water molecules.46 The solid-state99Ru NMR spectrum of
LaKRu(CN)6 ‚ 4H2O, acquired under MAS conditions at 11.75
T, shown in Figure 1b, consists of a broad peak,δiso ) -247
( 2 ppm with∆ν1/2 ) 530 Hz. This peak may consist of several
overlapping peaks originating from various hydrates; LaKRu-
(CN)6 ‚ xH2O (x e 4) produced as a result of heating from
rapid magic-angle spinning (vide infra).

The 99Ru NMR spectrum for K4Ru(CN)6 acquired under
MAS conditions consists of two isotropic (1/2 T -1/2) peaks at
17 ( 1 ppm and-14 ( 1 ppm (an expansion of the centerband
region is presented in Figure 1c). In this case, spinning sidebands
(ssb) from the(3/2 T (1/2 and(5/2 T (3/2 satellite transitions
are also observed (see Figure 2). Unlike the LaK salt, X-ray
crystallography reveals that the ruthenium nucleus in the
potassium salt K4Ru(CN)6 ‚ 3H2O does not reside in a site of
octahedral symmetry.71 The structure at room temperature,
which is isostructural with K4Fe(CN)6 ‚ 3H2O,72 has four unique
cyanide ligands, two unique potassium ions, and two unique
water molecules. Thus, on the basis of the crystal structure, the
EFG at ruthenium and the magnetic shielding anisotropy are
expected to be small but nonzero. The crystal structure of
K4Ru(CN)6 ‚ 3H2O also indicates that there is only one unique
ruthenium atom per unit cell.71 The presence of two peaks
suggests that two structural forms of the hexacyanoruthenate
are present in the sample. The sample was placed in an oven at
140 °C for 24 h, and the spectrum that was subsequently
acquired contained only the peak at 17( 1 ppm. Since the
trihydrate salt loses all three water molecules by 140°C, as
determined by thermal gravimetric analysis, we attribute the

peak at 17( 1 ppm to an anhydrous salt, K4Ru(CN)6, whereas
the peak at-14 ( 1 ppm is attributed to the trihydrate salt. In
an attempt to acquire a spectrum of the pure hydrate salt, the
sample was dissolved in water and allowed to air-dry overnight,
after which the sample was packed into an airtight rotor. During
the first few hours of data collection only the hydrate peak,δiso

) -14 ( 1 ppm, was present; however, after approximately 6
h of sample spinning at 2.5 kHz, the peak at 17( 1 ppm began
to appear. This observation suggests that the waters of hydration
are being removed from the sample because of the heating
caused by sample spinning.73 There do not appear to be any
intermediate forms of hydration between the trihydrate and
anhydrous salts.

Figure 2 shows that the99Ru NMR spectra of both the
anhydrous and hydrate forms of K4Ru(CN)6 display significant
ssb envelopes arising from first-order quadrupolar effects on
the satellite transitions (i.e.,(5/2 T (3/2, (3/2 T (1/2). By
simulating these ssb envelopes, the quadrupolar parameters can
be determined.42 The individual ssb’s do not exhibit line shapes
characteristic of second-order quadrupolar effects, indicating that
theCQ values are small. The difference in quality between the
two experimental99Ru NMR spectra (Figure 2) is a result of
the lower spinning speed that was necessary to obtain a spectrum
of the predominantly hydrated form. Nevertheless, the quadru-
polar coupling constant and asymmetry parameter can be
estimated,CQ ) 0.40( 0.05 MHz andηQ ) 0.1 ( 0.1 (Table
1). The99Ru NMR spectrum obtained for the anhydrous form
is significantly higher in quality, and therefore the EFG
parameters can be more confidently determined;CQ ) 0.35(
0.02 MHz andηQ ) 0.85( 0.05. For both the trihydrate and
anhydrous salts there was no evidence of magnetic shielding
anisotropy in the99Ru NMR spectra obtained for stationary
samples (not shown).

The change in the ruthenium EFG upon dehydration of
K4Ru(CN)6 ‚ 3H2O is significant. Of particular interest is the
change inηQ from near axial symmetry in the trihydrate form
to 0.85 in the anhydrous form. The crystal structure of the
trihydrate form suggests a qualitative reason for the near axial

(71) Pospelov, V. A.; Zhdanov, G. A.Zh. Fiz. Khim.1947, 21, 405-410.
(72) Kiriyama, R.; Kiriyama, H.; Wada, K.; Niizeki, N.; Hirabayashi, H.J. Phys.

Soc. Jpn.1964, 19, 540-549.
(73) Vangorkom, L. C. M.; Hook, J. M.; Logan, M. B.; Hanna, J. V.; Wasylishen,

R. E. Magn. Reson. Chem.1995, 33, 791-795.

Figure 1. Solid-state99Ru NMR spectra of three Ru(II) compounds
acquired at 23.040 MHz (11.75 T) with MAS. (a) Ru(NH3)6Cl2; 2 k scans,
2 s recycle delay, MAS rate of 5.0 kHz. (b) LaKRu(CN)6 ‚ 4H2O; 80 k
scans, 1 s recycle delay, MAS rate of 2.5 kHz. (c) Expansion of the central
transition peaks (1/2 T -1/2) for K4Ru(CN)6 ‚ xH2O; 89 k scans, 0.5 s recycle
delay, MAS rate of 6.5 kHz.

Figure 2. Experimental (bottom)99Ru NMR spectra of solid anhydrous
K4Ru(CN)6 and K4Ru(CN)6 ‚ 3H2O acquired at 23.040 MHz (11.75 T) with
MAS. Experimental spectra were acquired with a 0.5 s recycle delay, 12 k
scans at a 6.5 kHz MAS rate for K4Ru(CN)6 and a 0.5 s recycle delay, and
29 k scans at a 2.5 kHz MAS rate for K4Ru(CN)6 ‚ 3H2O. A small amount
of anhydrous salt is also present in the hydrate sample. The calculated (top)
spectra were calculated using the parameters presented in Table 1. Relative
intensities of the outer peaks are reduced as a result of incomplete excitation
due to the pulse width and probe Q.
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symmetry of the EFG tensor. While no obvious symmetry is
present in the immediate coordination environment of ruthenium,
i.e., the Ru-C bond lengths and C-Ru-C bond angles, long-
range symmetry is evident. For the trihydrate salt, there is
approximateC4 symmetry about the crystallographicb-axis, with
four potassium ions lying slightly out of the Ru(CN)4 plane in
the crystallographicac-plane. This results in the components
of the EFG in theac-plane being similar. In contrast, the
environment along the crystallographicb-axis is different from
the a- or c-axis, with K+ ions around one of the CN- groups
and water molecules around the other. This is expected to make
the component of the EFG that is perpendicular to theac-plane
significantly different from the two in-plane components leading
to near axial symmetry of the EFG tensor.

While a crystal structure of the anhydrous form could not be
obtained, the loss of water is thought to cause rearrangement
of the potassium ions, as evidenced by the shattering of single
crystals of K4Ru(CN)6 ‚ 3H2O upon dehydration. This change
in structure is reflected in the Ru EFG tensors observed for the
two forms. The magnetic shielding interaction depends primarily
on local environment, such as the Ru-C bond lengths, while
the EFG at the ruthenium is more sensitive to long-range effects.
The 31 ppm difference in the isotropic Ru chemical shifts upon
dehydration is small considering the sensitivity of Ru to changes
in the local environment, suggesting that there are no dramatic
alterations in the local structure of the Ru(CN)6

4- anion.
(c) Ru3(CO)12. (i) Solid-State NMR Spectroscopy.Triru-

thenium dodecacarbonyl is the best known ruthenium carbonyl.
The molecule consists of three ruthenium atoms bonded together
in a trigonal plane. Each ruthenium is also bonded to four
carbonyl ligands, two of which are perpendicular to the Ru3

plane and two of which are in the Ru3 plane. There is a great
deal of interest in various ruthenium carbonyl compounds
because of their catalytic properties and their use as models for
surface catalysts.2,74-77 The molecular structure and its influence
on catalytic properties are important aspects of the application

of these metal-cluster systems. In the case of Ru3(CO)12, a
structure from single-crystal X-ray diffraction was originally
reported in 196878 and redetermined in 1977.66 All three
ruthenium atoms and 12 carbonyl groups are crystallographically
unique.66,78Previous13C NMR studies of this compound in the
solid state have shown that 11 of the 12 unique carbon sites
can be resolved using MAS.79,80

The NMR spectra used to determine the99Ru NMR param-
eters for Ru3(CO)12 in the solid state are shown in Figures 3-6.
By iteratively fitting simulated spectra to all of these experi-
mental spectra, the NMR parameters given in Table 2 were
obtained. Figure 3 shows the QCPMG99Ru NMR spectrum of
a stationary sample of Ru3(CO)12 acquired at a magnetic field
strength of 11.75 T, and Figure 4 shows the spectrum obtained
under MAS conditions at the same field. When the two spectra
are compared, it becomes clear that the99Ru NMR spectrum of
solid Ru3(CO)12 is dominated by anisotropic magnetic shielding
rather than the quadrupolar interaction, which is unusual for
quadrupolar nuclei. This is evidenced by the observation that

(74) Muetterties, E. L.; Rhodin, T. N.; Band, E.; Brucker, C. F.; Pretzer, W. R.
Chem. ReV. 1979, 79, 91-137.

(75) Kettle, S. F. A.; Boccaleri, E.; Diana, E.; Rossetti, R.; Stanghellini, P. L.;
Iapalucci, M. C.; Longoni, G.Inorg. Chem.2003, 42, 6314-6322.

(76) Asaumi, T.; Chatani, N.; Matsuo, T.; Kakiuchi, F.; Murai, S.J. Org. Chem.
2003, 68, 7538-7540.

(77) Kondo, T.; Kaneko, Y.; Taguchi, Y.; Nakamura, A.; Okada, T.; Shiotsuki,
M.; Ura, Y.; Wada, K.; Mitsudo, T.J. Am. Chem. Soc.2002, 124, 6824-
6825.

(78) Mason, R.; Rae, A. I. M.J. Chem. Soc. A1968, 778-779.
(79) Aime, S.; Dastru, W.; Gobetto, R.; Krause, J.; Milone, L.Organometallics

1995, 14, 4435-4438.
(80) Walter, T. H.; Reven, L.; Oldfield, E.J. Phys. Chem.1989, 93, 1320-

1326.

Table 2. Experimental and Calculated 99Ru NMR Parameters Determined for Ru3(CO)12 and the Chemical Shift Reference, K4Ru(CN)6

σiso/ppm δiso/ppma Ω/ppm κ CQ/MHz ηQ R, â, γ/deg

Experimental
Ru3(CO)12 site 1 -1312( 5 1375( 30 0.35( 0.12 1.60( 0.1 0.9( 0.1 0, 90, (0 or 90)( 10

site 2 -1309( 5 1375( 30 0.30( 0.06 1.36( 0.1 0.8( 0.1 0, 90, (0 or 90)( 5
site 3 -1285( 5 1340( 30 0.35( 0.06 1.85( 0.1 0.5( 0.1 0, 90, (0 or 90)( 5

Relativistic ZORA-TZ2P
Ru3(CO)12 site 1 1027 -1195 1428 0.36 -3.9 0.13 0, 90, 150

site 2 1025 -1193 1472 0.33 -2.8 0.83 0, 90, 142
site 3 1003 -1171 1436 0.34 -2.3 0.53 0, 90, 142

K4Ru(CN)6 -168 0

Nonrelativistic B3LYP-DZVP
Ru3(CO)12 site 1 834 -1413 1340 0.59 -5.0 0.43 0, 90, 0

site 2 839 -1418 1379 0.56 -3.9 0.78 0, 90, 0
site 3 822 -1401 1327 0.59 -3.4 0.72 0, 90, 0

K4Ru(CN)6 -579 0

a The calculated magnetic shielding values were referenced to the calculated shielding value of a geometry-optimized structure of K4Ru(CN)6 taken from
ref 24.

Figure 3. Experimental (bottom) solid-state99Ru NMR spectrum of the
1/2 T -1/2 transition of Ru3(CO)12 using the QCPMG pulse sequence on a
stationary sample acquired at 23.040 MHz (11.75 T). Echo times of 128
µs and a 1 msacquisition time per echo were used. The spectrum is the
summation of 34 k scans. The calculated (top) spectrum was calculated
using the parameters presented in Table 2. Theνii values correspond to the
approximate positions of the principal components of the Ru magnetic
shielding tensors, in frequency units:ν11 ) -16.1 kHz (-697 ppm),ν22

) -26.6 kHz (-1156 ppm),ν33 ) -47.2 kHz (-2047 ppm).
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under conditions of MAS the central transition,1/2 T -1/2, splits
into relatively narrow (∼2 kHz), distinct, ssb’s (Figure 4); the
MAS rate, 7.0 kHz, is much smaller than the span of the
magnetic shielding tensor in frequency units. If the central-
transition line shape of the stationary sample (breadth≈ 35 kHz)
was dominated by quadrupolar interactions, it would be impos-
sible to obtain the observed sharp ssb’s by spinning at 7.0 kHz.42

The99Ru NMR spectra obtained at 17.6 T using three different
spinning speeds (Figure 6) confirm that the99Ru CQ values are
small (<3 MHz) and that the span of the magnetic shielding
tensor is greater than 1000 ppm.

From the QCPMG99Ru NMR spectrum (Figure 3) of a
stationary sample of Ru3(CO)12, the presence of three magneti-
cally distinct ruthenium sites is not apparent. This is not
surprising because of the nature of the QCPMG experiment and
the fact that the magnetic shielding tensors for the three
ruthenium sites are not expected to be substantially different
(vide infra). From the shape of the QCPMG spectrum it can be
estimated that the spans,Ω, of the shielding tensors are between
1300 and 1400 ppm and the skews,κ, are between 0.2 and 0.5.
The line shape of the QCPMG spectrum also places restraints
on the three Euler angles (R, â, γ).81 While a number of different
orientations are compatible with the experimental spectra, the
best results are obtained for the anglesR ) 0°, â ) 90°, andγ
) 0°, which is consistent with the known structure about the
ruthenium nuclei. On the basis of the local symmetry, one
component of each tensor is expected to be perpendicular to
the Ru3 plane while the other two lie in the plane, with one
bisecting the Ru-Ru-Ru bond angle; this assumption restricts
the Euler angles to being either 0° or 90°. Of all possible
combinations of these angles, only the set whereR ) 0°, â )
90°, and γ ) 0° or 90° yields a line shape consistent with
experiment. The orientation withγ ) 0° is in best agreement
with the quantum chemical calculations, as shown in Table 2
(vide infra).

Since the99Ru CQ values are small, they play a minor role in
determining the breadth of the spectrum shown in Figure 3;

however, bothCQ and ηQ influence the overall line shape of
the spectrum. Given thatR ) 0°, â ) 90°, and assumingγ )
0°, the simulations indicate that theCQ values must be less than
2.3 MHz. On the basis of numerous simulations, the asymmetry
parameters for all three sites areg0.5 (vide infra).

To simulate the experimental99Ru NMR spectrum obtained
with MAS at 11.75 T (Figure 4), it was necessary to include
both anisotropic magnetic shielding and the quadrupolar interac-
tion for each of the three sites. By comparing the breadth of
the MAS spectrum to the stationary QCPMG spectrum collected
at the same field strength (Figure 3), it is clear that the
centerband and the+1, -1, and-2 ssb’s contain significant
contributions from anisotropic magnetic shielding as well as
second-order quadrupolar interactions; the remaining ssb’s arise
from the(3/2 T (1/2 satellites, as is verified by the fact that
they are narrower than the central transition peaks by a factor
of 0.29 (Figure 5).82,83 The observation of an ssb pattern from
the satellite transitions is another indication that the quadrupolar
coupling constants are relatively small.42 Ssb’s from the(5/2
T (3/2 satellite transition are expected to be broader than the
central transition82 and spread out over a larger frequency range,
making them difficult to detect.

Figure 5e shows an expansion of the centerband and+3 ssb
regions of the spectrum presented in Figure 4. The position of
the centerband peaks (Figure 5e) does not vary as a function of
spinning speed; their position is a result of the isotropic chemical

(81) Power, W. P.; Wasylishen, R. E.; Mooibroek, S.; Pettitt, B. A.; Danchura,
W. J. Phys. Chem.1990, 94, 591-598.

(82) Samoson, A.Chem. Phys. Lett.1985, 119, 29-32.
(83) Samoson, A.; Lippmaa, E.Chem. Phys. Lett.1983, 100, 205-208.

Figure 4. Experimental (bottom) solid-state99Ru NMR spectrum of Ru3-
(CO)12 using a recycle delay of 4 s at a 7.0 kHz MASrate acquired at
23.040 MHz (11.75 T). The spectrum is the summation of 54 k scans. The
asterisk denotes the position of the peaks invariant to the MAS rate. Ssb’s
from both the+1/2 T -1/2 (betweenν11 andν33) and(3/2 T (1/2 transitions
can be seen. Relative intensities of the outer peaks are reduced because of
incomplete excitation due to pulse width and probe Q. The calculated (top)
spectrum was obtained using the parameters presented in Table 2. Theνii

values correspond to the approximate positions of the principal components
of the Ru magnetic shielding tensors, in frequency units.

Figure 5. An expansion of the centerband region (-33.7 kHz) and the+3
ssb (-51.1 kHz) of solid Ru3(CO)12 under MAS conditions (7.0 kHz) at
11.75 T. (a-c) Individual site simulations for sites 1, 2, and 3, respectively.
(d) Simulated spectrum of all three sites summed together. (e) Experimental
spectrum. The parameters determined from the experimental spectrum are
given in Table 2. The shaded peak shows the contribution that the(3/2 T
(1/2 satellite transition makes to the centerband region. The+3 ssb is solely
from the(3/2 T (1/2 satellite transitions.
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shift and the second-order quadrupolar shift associated with a
particular ruthenium site. The second-order quadrupolar shift
is a consequence of the fact that the quadrupolar interaction
has an isotropic component that is inseparable from the isotropic
chemical shift.82,84 As a result, the peaks from different
transitions are shifted with respect to the isotropic chemical shift
values by∆ν|m,m-1| (in Hz):

whereνL is the Larmor frequency of the nucleus,I is the nuclear
spin quantum number, andm is 1/2, 3/2, or 5/2, depending on the
transition (i.e.,1/2 for the central transition). To obtain accurate
values ofδiso, theCQ andηQ values must first be determined.

A number of general observations can be made by examining
Figure 5. First, given that there are three ruthenium sites
contributing to the centerband region, the peaks are relatively
narrow, <150 ppm (3.45 kHz), again confirming that the
second-order quadrupolar interactions, and thusCQ values, are
small. Second, one can determine that the three unique
ruthenium sites have similar isotropic chemical shifts and
quadrupolar coupling parameters. Figure 5a-c shows simula-
tions of the three unique sites using the parameters presented
in Table 2. The sum of these three spectra, shown in Figure 5d,
is in good agreement with the experimental results (Figure 5e).

The key features that aid in the simulation of the three Ru
sites are the general line shape and the presence of the satellite

transition ssb’s in Figures 4 and 5. The shoulders of the
centerband peaks and the presence of sharp features in the
centers (Figure 5) indicate that theηQ values for the three sites
are 0.5 or greater. The observation of the satellite transition ssb’s
in the 11.75 T spectrum allows one to refine the value ofCQ in
the simulations (eq 5). Once values ofCQ andηQ were estimated
from analysis of the MAS spectra, the relative intensities of
the ssb’s were used to optimizeΩ andκ for each of the three
sites from the QCPMG spectrum (Figure 3).

Since the span of the magnetic shielding tensor in frequency
units is directly proportional to the magnetic field strength while
the second-order quadrupolar interaction is inversely propor-
tional to magnetic field strength, acquiring spectra at two or
more applied magnetic field strengths can help one separate
these two interactions.41-45 Thus, to confirm the accuracy of
the results, spectra were acquired at 17.6 T using three MAS
rates (Figure 6). The individual ssb’s show significantly less
fine structure at the higher magnetic field strength because of
the inverse field dependence of the second-order quadrupolar
interaction. On the basis of the position of the peaks using MAS
rates of 5.0, 7.5, and 9.0 kHz, theδiso andCQ values could be
confirmed. The peaks between-1280 and-1360 ppm (i.e.,
-44.2 and-46.9 kHz) in the spectra collected at 17.6 T are
independent of spinning speed. On the basis of the simulation
of these spectra, the parameters determined from the spectra
acquired at 11.75 T could be verified.

For Ru3(CO)12, the δiso, Ω, andκ values characterizing the
three Ru magnetic shielding tensors are slightly different;
however, experimental error prevents definitive conclusions
about these differences. In contrast, the threeCQ values (1.60,
1.36, 1.85 MHz) differ beyond experimental error. The accuracy
of theηQ values (0.9, 0.8, 0.5) is somewhat limited by the quality
of the MAS spectra; however, all three99Ru sites clearly have
an ηQ greater than 0.4, and in the case of sites 1 and 2, the
asymmetry parameter is close to 1. The largeΩ values observed
for the Ru nuclei of Ru3(CO)12 are not unexpected given that
ruthenium has a chemical shift range of 18 000 ppm. On the
other hand, the observation that the99Ru CQ values are small is
somewhat surprising given the lack of symmetry about the
ruthenium nuclei. Nevertheless, on the basis of the narrow99Ru
NMR peak width observed for Ru3(CO)12 in THF solution22

and earlier DFT calculations,24 the smallCQ values could have
been anticipated.

(ii) DFT Calculations. Results of the ruthenium magnetic
shielding calculations using the ZORA-DFT and B3LYP hybrid-
DFT methods are presented in Table 2. Both computational
methods yield excellent results for theΩ andδiso values. The
differences in the calculated and experimentalΩ andδiso values
are less than 150 and 130 ppm, respectively. Given the large
CS range for ruthenium, the small difference between experi-
mental and calculated values may be fortuitous, especially for
the B3LYP calculations where the basis set used for the
ruthenium is small. Qualitatively, values ofκ are also reproduced
by both methods, with the ZORA-DFT calculation yielding
superior results. Both computational methods indicate thatΩ
andκ for the three ruthenium sites do not differ dramatically;
this prevents confident assignment of the NMR parameters
determined experimentally to specific crystallographic ruthenium
sites. The labeling of the three ruthenium sites used for the
calculations presented in Table 2 correspond to that of the crystal(84) Samoson, A.; Lippmaa, E.Phys. ReV. B 1983, 28, 6567-6570.

Figure 6. Experimental (bottom) solid-state99Ru NMR spectra of Ru3-
(CO)12 using a recycle delay of 2 s at: (a) 9.0 kHz, (b) 7.5 kHz, and (c)
5.0 kHz MAS rates acquired at 34.516 MHz (17.6 T). The spectra are the
summation of 27 k, 64 k, and 25 k scans, respectively. The calculated (top)
spectra were obtained using the parameters presented in Table 2. Theνii

values correspond to the approximate positions of the principal components
of the Ru magnetic shielding tensors, in frequency units:ν11 ) -24.0 kHz
(-697 ppm),ν22 ) -39.9 kHz (-1156 ppm),ν33 ) -70.7 kHz (-2047
ppm).
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structure.66 The orientation of the three Ru magnetic shielding
tensors (Figure 7) is reproduced by both calculation methods;
σ11 is perpendicular to the Ru3 plane andσ22 bisects the Ru-
Ru-Ru bond angle. Previous nonrelativistic DFT computations
of ruthenium chemical shifts are in good agreement with
isotropic values measured in solution;24 our results further
support this finding. Although the calculated magnetic shielding
values obtained by relativistic and nonrelativistic methods differ
substantially (see Table 2), the calculated chemical shifts are
very similar. As more solid-state99Ru NMR data become
available, the necessity of applying relativistic corrections to
the calculation of magnetic shielding tensors for ruthenium and
the use of larger basis sets can be further evaluated.

The99Ru EFG parameters were also calculated for Ru3(CO)12

using the ZORA-DFT and B3LYP computation methods (Table
2). Values obtained by the two methods are in qualitative
agreement with experiment; however, both the ZORA-DFT and
B3LYP calculations overestimate theCQ values. ForηQ, the
B3LYP method provides better agreement with values of 0.72,
0.78, and 0.43. The B3LYP calculation suggests that the EFG
tensor is orientated such thatVZZ is perpendicular to the Ru3

plane and thatVYY bisects the Ru-Ru-Ru bond angle, thus
the relative orientations of the magnetic shielding and EFG
tensors are in agreement with experiment (Figure 7). The
ZORA-DFT calculation yields slightly different orientations for
the EFG tensors. For all three Ru nuclei, theVZZ component is
predicted to be perpendicular to the Ru3 plane, as with the
B3LYP calculation, whileVXX andVYY are rotated 30-40° away
from the principal components of the shielding tensor, placing
them closer to one of the Ru-Ru bonds for each of the three
sites (see Table 2).

One probable source of error in the calculation of the EFG
tensor is that only a single molecule was employed in the
calculation. In a simple point-charge model, the EFG is
proportional to〈r-3〉, where r is the point-charge to nucleus
separation. Also, it is well-known that the calculation of EFG
tensors for transition metals is difficult; for example, unreliable
results have been previously reported using both the B3LYP
and ZORA-DFT methods and have been attributed to deficien-

cies in the density functionals.24,85-87 Previously, Bu¨hl et al.24

noted that B3LYP calculations ofVZZ at the ruthenium nucleus
of ruthenocene are approximately 60% greater than the experi-
mental value. Given the difficulties in reproducing the experi-
mental CQ and ηQ values and the similarities in the three
magnetic shielding tensors, it is impossible to make a definitive
assignment of the NMR parameters to a particular crystal-
lographic Ru site. We have tentatively assigned the Ru sites on
the basis of the observed and calculated isotropic chemical shifts.

As previously mentioned, the small99Ru CQ values deter-
mined experimentally for Ru3(CO)12 were unexpected given the
apparent lack of symmetry at the ruthenium sites. By compari-
son, in hexagonally close-packed ruthenium metal,CQ ≈ 2
MHz.39,40 While the B3LYP and ZORA-DFT methods are
unsuccessful in quantitatively reproducing the observed EFGs
at the ruthenium nuclei, they do qualitatively agree that theCQ

values are small.

Conclusions

Although solid-state99Ru NMR experiments are inherently
challenging, we have demonstrated that such experiments are
feasible for diamagnetic Ru(II) salts and Ru3(CO)12. By
considering the geometry of the molecule and employing
computational methods, useful information can be obtained. The
large chemical shift range of ruthenium presents a wealth of
opportunity to investigate the influence of small structural
changes. For example, the sensitivity of99Ru chemical shifts
to concentration and solvent effects was previously observed,
and our results for Ru(NH3)6Cl2 have also demonstrated that
solid-state and solution chemical shifts are significantly different.
Deviation from octahedral symmetry introduces an EFG at the
Ru nucleus and possible anisotropic Ru magnetic shielding, as
has been shown by comparing LaKRu(CN)6 ‚ 4H2O and
K4Ru(CN)6 ‚ xH2O (x ) 0, 3). In the case of Ru3(CO)12, the
stationary powder99Ru NMR line shape of the central transition
is dominated by anisotropic magnetic shielding and not second-
order quadrupolar broadening, an unusual result for a quadru-
polar nucleus.

With the continued increase in magnetic field strengths,
development of new spectrometer and probe hardware, and
introduction of new pulse sequences,99Ru NMR will likely
become a valuable tool for chemists. The ability to simulta-
neously characterize magnetic shielding and EFG tensors, both
of which are sensitive to structure, has the potential to make
99Ru NMR an important structural tool for anyone engaged in
ruthenium chemistry.
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