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Abstract: Ka band ESEEM spectroscopy was used to determine the hyperfine (hfi) and nuclear quadrupole
(nqi) interaction parameters for the oxo-17O ligand in [Mo17O(SPh)4]-, a spectroscopic model of the oxo-
Mo(V) centers of enzymes. The isotropic hfi constant of 6.5 MHz found for the oxo-17O is much smaller
than the values of ∼20-40 MHz typical for the 17O nucleus of an equatorial OH(2) ligand in molybdenum
enzymes. The 17O nqi parameter (e2qQ/h ) 1.45 MHz, η ≈ 0) is the first to be obtained for an oxo group
in a metal complex. The parameters of the oxo-17O ligand, as well as other magnetic resonance parameters
of [Mo17O(SPh)4]- predicted by quasi-relativistic DFT calculations, were in good agreement with those
obtained in experiment. From the electronic structure of the complex revealed by DFT, it follows that the
SOMO is almost entirely molybdenum dxy and sulfur p, while the spin density on the oxo-17O is negative,
determined by spin polarization mechanisms. The results of this work will enable direct experimental
identification of the oxo ligand in a variety of chemical and biological systems.

Introduction

Electron paramagnetic resonance (EPR) has long been a
convenient and direct probe of the active sites of molybdoen-
zymes, such as sulfite oxidase (SO), xanthine oxidase (XO),
and dimethyl sulfoxide (DMSO) reductase. Structural interpreta-
tion of EPR data from the enzymes has been greatly aided by
comparison with the EPR data from a wide range of synthetic
molybdenum(V) complexes of known structure. These synthetic
complexes include Mo(abt)3 (abtH2 ) o-aminobenzenethiol),
[MoO(XPh)4]- (X ) S, Se),cis-[MoO(qtl)2X] (X ) Cl, Br;
qtlH ) quinoline-8-thiol),1-6 [MoOXL] - and [MoO(XH)L]
(X ) O, S; LH2 ) N,N′-bis(2-mercaptophenyl)-1,2-diamino-
ethane),7-9 and (Tp*)MoOX2 (Tp* ) hydrotris(3,5-dimethyl-

1-pyrazolyl)borate, X) Cl, NCS, N3, SR, OR).10 Although the
EPR experiments were mostly continuous wave (CW), the use
of isotopic substitutions and multifrequency EPR led to dramatic
improvements in the quantity and quality of the data related to
the ligand hyperfine interactions (hfi) in Mo(V) complexes.6 In
particular, these studies of model compounds provided very
useful correlations between theg values, the nature of atoms
directly coordinated to Mo(V), and the amount of spin popula-
tion transferred from Mo(V) to the ligands. Specifically, for
oxygen ligands, it was shown that thehfi of an axial oxo-17O is
substantially weaker than that of a water or hydroxyl oxygen
coordinated in the equatorial plane.8,9 This result allowed
assignment of the oxygen ligands in xanthine oxidase, which
provided a deep insight into structure and function of this
enzyme.11

Our current interest in model Mo(V) complexes is stimulated
by the results of our recent investigation of the Mo(V) center
of the high-pH (hpH) form of SO in17O-enriched water using
electron spin-echo envelope modulation (ESEEM) spectroscopy
in the microwave (mw)Ka band.12 That study revealed the
presence of a weakly magnetically coupled17O ligand, in
addition to a strongly magnetically coupled17O from the
equatorial water/hydroxyl ligand that was detected previously
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by CW EPR.13 The hfi parameters of this weakly coupled17O
ligand were similar to those estimated earlier by CW EPR for
the model oxomolybdenum(V) complex, [Mo17O(SPh)4]-,1,5,6

which led us to tentatively assign this ligand in SO as an axial
oxo-17O. An alternative option that could not be completely ruled
out was to assign this oxygen to an axial17OH ligand.12 To
conclusively decide in favor of one of these options, further
investigation of SO as well as of model systems is necessary.
In particular, it is desirable to obtain information about the
nuclear quadrupole interaction (nqi) tensor of an oxo-17O in a
model system, which is a valuable parameter for distinguishing
between different kinds of oxygen ligands. Quite understandably,
no nqi data for the oxo-17O were obtained by CW EPR,1,5,6and
to our knowledge, no such data are currently available in the
literature.

Therefore, in this work, we undertook a17O ESEEM study
of the model oxomolybdenum complex, [Mo17O(SPh)4]-. The
purposes of this investigation were to obtain thenqi parameters
for the oxo-17O ligand and to improve the accuracy of thehfi
parameters. Thehfi andnqi parameters obtained were analyzed
in terms of the electronic structure, both qualitatively and using
density functional theory (DFT) calculations. The success of
DFT in reproducing the characteristic values of thehfi andnqi
parameters for the oxo-17O allows one to expect a similar degree
of success in the applications of DFT to SO and other
molybdoenzymes.

Materials and Methods

Synthesis of [Mo17O(SPh)4]-. [PPh4][Mo17OCl4] was prepared by
a method analogous to that for [PPh4][MoOCl4].14 Water (50µL of 70
mol % of H2

17O, an excess) was added to a red/brown mixture of MoCl5

(0.06 g) and dry PPh4Cl (0.082 g, dried under vacuum for 48 h) in
DCM (8 cm3) and stirred vigorously for 3 min. The resulting pale green
solution was filtered, carefully layered with hexane (8 cm3), and allowed
to stand for 48 h to yield green crystals of [PPh4][Mo17OCl4].

[Mo17O(SPh)4]- was prepared by the method of Hanson et al.1 A
solution of MeCN (20 cm3), DMF (5 cm3), NEt3 (0.7 cm3), and HSPh
(0.027 g) was prepared. A 4.3 cm3 aliquot was then added to 0.05 g of
[PPh4][Mo17OCl4]. The resultant solution was filtered directly into the
EPR tubes. The majority of the counterion was presumed to be
[NEt3H]+.

Pulsed EPR Measurements.ESEEM measurements were performed
on a home-builtKa band pulsed EPR spectrometer15 that operates in
the mw frequency range from 26.5 to 40 GHz. The specific mw
frequency of 29.372 GHz and the range of magnetic fields from 1030
to 1060 mT used in our experiments provided the so-called “weak
interaction” conditions, in which thehfi constant of17O (aiso ≈ 6.6
MHz1) was less than twice its Zeeman frequency. This facilitated a
simple interpretation of the ESEEM spectra. At the same time, under
these experimental conditions, the17O parameters were not very far
into the weak interaction limit, which resulted in an easily measurable
ESEEM amplitude.

In our experiments, we used two-pulse (primary) and four-pulse
ESEEM techniques. The durations of the 90 and 180° mw pulses were
14 and 25 ns, respectively. These pulses provided a mw field amplitude
of about 20 MHz, more than twice as great as the largest frequency of

a ∆mI ) 1 transition of17O. As a result, a nearly complete excitation16

of the ESEEM harmonics with frequencies up to those corresponding
to ∆mI ) 2 transitions of 17O was achieved (which practically
represented all easily observable harmonics), and the numerical
simulations could be performed in the complete excitation limit. At
the same time, the mw amplitude of 20 MHz (which translates to∼0.7
mT excitation width in the EPR spectrum) was only about half of the
intrinsic EPR line width and did not significantly affect the orientational
selectivity in our measurements. The temperature of measurements was
about 20 K.

Density Functional Calculations.All calculations were done with
the ORCA package.17 Two sets of scalar relativistic DFT calculations
were carried out. The first set of calculations was done on the
experimental structure.4 The second set was performed on geometry
optimized structures. Optimizations were done in redundant internal
coordinates using the built-in optimizer of ORCA and using the BP86
functional,18,19the SV(P) (on H and C),20 and TZVP (on Mo and S)21,22

basis sets, the RI approximation,23,24and the COSMO solvent model25

(with ε ) 80 simulating a polar environment) together with the ZORA-
(MP)26,27scalar relativistic correction in the one-center approximation.28

The coordinates for the optimized structure are given in Table S1.
Property calculations were done at the two above-mentioned

geometries and the B3LYP and BP86 functionals. Again, the COSMO-
(water) solvation model was employed together with the scalar
relativistic ZORA(MP) method (but without the one-center approxima-
tion). The property calculations used an extensive uncontracted basis
set at the Mo center (28s20p17d),29,30 the uncontracted TZVP basis on
sulfur (14s9p1d), and the uncontracted IGLO-III basis31 on oxygen
(11s7p2d). The carbons were described with the uncontracted SVP basis
(7s4p1d), while the hydrogens were described with the uncontracted
SV basis (4s). Altogether, this calculation used 1055 basis functions.

The g-tensors were calculated according to the coupled-perturbed
Kohn-Sham procedure as described previously.32 A-tensors were
evaluated according to the procedure of van Lenthe in the ZORA
formalism.33 Spin-orbit coupling contributions were treated with the
coupled-perturbed Kohn-Sham method outlined previously.34 SOC
corrections for both Mo and O were computed. For the field gradient,
we used the straight ZORA electron density since we have found in a
recent study that the ZORA-4 formalism does not improve the results
of ZORA calculations relative to four-component reference calcula-
tions.35 The SOC operator was the accurate SOMF approximation36 in
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the multicenter implementation described previously.37 The auxiliary
basis set used in the BP86 calculations as well as for the calculation of
the SOC integrals was generated automatically from the orbital basis.
Accurate numerical integration in the presence of steep basis functions
was ensured by using very dense integration meshes in the core region
of the heavy atoms.

ESEEM Theory for 17O

The 17O nucleus has spinI ) 5/2 and a nonzero quadrupole
moment. While there is a considerable body of work, both
experimental and theoretical, concerning ESEEM of high-spin
(I > 1/2) nuclei,16 most of those studies deal with14N and2D
(both I ) 1). The ESEEM investigations of nuclei withI ) 5/2
(17O, 27Al) are much fewer in number,38-41 but they provide a
sufficient background for understanding the17O ESEEM
observed in this work. The purpose of this section is to introduce
the necessary spectroscopic parameters and to show their
approximate relation to the17O frequencies in the ESEEM
spectra of the [Mo17O(SPh)4]- complex.

The spin Hamiltonian accounting for the nuclear Zeeman
interaction,hfi, andnqi can be written as follows:

where νI is the Zeeman frequency,aiso is the isotropichfi
constant,TZj (j ) X, Y, Z) are the relevant components of the
anisotropichfi, k is the nuclear quadrupole coupling constant
(k ) e2Qq/[4I(2I - 1)h]), andη is the asymmetry parameter of
the electric field gradient on the nucleus. X, Y, and Z are the
axes of the laboratory coordinate frame, withBo // Z. X′, Y′,
and Z′ are the principal axes of thenqi. The electron spin
projection onBo, mS (mS t 〈SZ〉), assumes the values of-1/2
and 1/2.

Let us consider first the ESEEM frequencies. To obtain
approximate expressions necessary for a qualitative analysis,
we will omit the nonsecular part of the Hamiltonian eq 1:

whereQ̃ ) 3/2k[3bZ′Z
2 - 1 + η(bX′Z

2 - bY′Z
2 )], and bX′Z, bY′Z,

andbZ′Z are the direction cosines of the Z axis in the X′Y′Z′
frame. We will denote the transition frequencies between the
nuclear spin projectionsmI and mI + ∆mI (mI ≡ 〈IZ〉) within
the R and â electron spin manifolds asνR

∆mI and νâ
∆mI. These

frequencies are given by

In particular, for the∆mI ) 1 transition, one obtains

In the case of weaknqi, obviously,νR,â
∆mI ≈ ∆mI ‚ νR,â

1 .
From eq 3, one can see that each of the fundamental

frequencies, collectively denotedνR
∆mI andνâ

∆mI, actually splits

into 2I + 1 - ∆mI different frequencies that depend on the
specificmI values involved in the nuclear transition. The splitting
between the spectral linesνR,â

∆mI corresponding to the nuclear
transitionsmI T mI + ∆mI (denotedνR,â

∆mI(mI)) andmI + 1 T

mI + 1 + ∆mI (denotedνR,â
∆mI(mI + 1)), as obtained from eq 3,

is equal to

In this approximation, the splitting is purely due to thenqi. In
most cases, however, it cannot be used to experimentally
determine thenqi parameters because thehfi distribution,
whether purely statistical or because of thehfi anisotropy, will
broaden the individualνR,â

∆mI(mI) lines to the extent that small
quadrupolar splittings cannot be resolved.

Along with fundamental frequencies given by eqs 3 and 4,
in many ESEEM techniques, combination frequencies are also
observed. Thus, for a system withI ) 1/2, one can observe the
sum and difference combinations ofνR

1 andνâ
1, νσ

1 ) νR
1 + νâ

1

and νδ
1 ) |νR

1 - νâ
1|, respectively. ForI > 1/2, however, all

other possible combinations of fundamental frequencies inR
and â manifolds (e.g.,νR

2 + νâ
1 or |νR

2 - νâ
1|) may also

contribute to the ESEEM spectra. From a practical standpoint,
the sum combination frequencyνσ

1 ) νR
1 + νâ

1 is the most
interesting one because in favorable conditions it may allow
one to easily estimate thenqi parameters. The idea, first
investigated theoretically elsewhere,38-41 follows from the
explicit expression forνσ

1:

As with the fundamental frequency discussed above, the generic
sum combination frequencyνσ

1 splits into a quintet of frequen-
cies corresponding to different transitionsmI T mI + 1. The
splitting between the frequencies in this sum combination quintet
is obviously

The splitting is again due to thenqi only. In this case, however,
the individual νσ

1(mI) lines in an ESEEM spectrum are not
broadened by thehfi distribution (see eq 6), and in favorable
cases, the splitting of the sum combination lineνσ

1 into a
quintet can be observed.

Our discussion so far was based on the simplified Hamiltonian
given by eq 2 that did not contain any nonsecular terms.
Neglecting these terms is reasonable for a qualitative discussion
if the anisotropic hyperfine (Tij) and quadrupolar (k) coupling
constants (in frequency units) are small compared with the
nuclear transition frequencies. The analysis of the experimental
data in the following sections shows that this represents a good
approximation for the oxo-17O ligand in [MoO(SPh)4]-, when
the experiments are performed in the mwKa band.

The accuracy of the expressions for the ESEEM frequencies
would be improved by including the nonsecular terms, but at
the expense of making the equations less transparent and less
suitable for a qualitative discussion. More importantly, it is due
to the nonsecular terms that the nuclear eigenstates within one
of the electron spin manifolds become generally nonorthogonal
to more than one eigenstate within the other manifold, which
is a necessary condition for the ESEEM to appear at all. As a

(37) Neese, F.J. Chem. Phys.2005, 122, 034107/1-034107/13.
(38) Thomann, H.; Bernardo, M.; Goldfarb, D.; Kroneck, P. M. H.; Ullrich, V.

J. Am. Chem. Soc.1995, 117, 8243-8251.
(39) Matar, K.; Goldfarb, D.J. Magn. Reson., Ser. A1994, 111, 50-61.
(40) Matar, K.; Goldfarb, D.J. Chem. Phys.1992, 96, 6464-6476.
(41) Matar, K.; Goldfarb, D.J. Phys. Chem.1992, 96, 3100-3109.

Ĥ ) -νI ÎZ + mS[TZX ÎX + TZY ÎY + (aiso + TZZ)ÎZ] +

k[3ÎZ′
2 + η(ÎX′

2 - ÎY′
2 )] (1)

Ĥ ) -νI ÎZ + mS(aiso + TZZ)ÎZ + Q̃ÎZ
2 (2)

νR,â
∆mI ) [-νI ( 1

2
(aiso + TZZ) + Q̃(2mI + ∆mI)]‚∆mI (3)

νR,â
1 ) -νI ( 1

2
(aiso + TZZ) + Q̃(2mI + 1) (4)

∆νR,â
∆mI ) |νR,â

∆mI(mI + 1) - νR,â
∆mI(mI)| ) 2|Q̃∆mI| (5)

νσ
1(mI) ) νR

1(mI) + νâ
1(mI) ) - 2νI + 2Q̃(2mI + 1) (6)

∆νσ
1 ) |νσ

1(mI + 1) - νσ
1(mI)| ) 4|Q̃| (7)
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simple demonstration of how the nonsecular terms of Hamil-
tonian 1 determine the ESEEM amplitude forI ) 5/2, one can
use the following expression for the primary ESEEM derived
from a general formula for the case of arbitrary spin and zero
nqi:42

where

is the primary ESEEM forI ) 1/2,τ is the time interval between
the mw pulses, andωR,â,σ,δ

1 ) 2πνR,â,σ,δ
1 . The ESEEM ampli-

tude factor is given by43

In this hfi-only approximation, the ESEEM amplitude is
determined by the nonsecular terms related to the anisotropic
hfi. For weaknqi, however, it is still a very good approximation
because the weaknqi primarily affects the ESEEM frequen-
cies.16

From eq 8, it follows that the fundamental harmonicsνR,â
∆mI

(in the case of zeronqi νR,â
∆mI ) ∆mI ‚ νR,â

1 ; see above) will have
relative amplitudes∝ km

∆mI. If the anisotropichfi is sufficiently
weak, thenkm , 1, and the amplitude of these harmonics will
rapidly decrease with increasing∆mI. Therefore, in the limit of
weakhfi andnqi, the fundamental lines of∆mI ) 1 transitions
in ESEEM spectra will have the largest amplitude among all
fundamental lines.

The features of the ESEEM spectra forI ) 5/2 described
here will facilitate the qualitative understanding of the experi-
mental spectra of [Mo17O(SPh)4]-. The expressions given in
this section will also provide preliminary estimates for thehfi
and nqi parameters of the oxo-17O ligand. The refinement of
these parameters, however, will be done using ESEEM simula-
tions based on numerical diagonalization of the full spin-
Hamiltonian (eq 1) and the density matrix formalism.

Results and Discussion

Field-Sweep Spectrum. The field-sweep spectrum of
[Mo17O(SPh)4]- detected using the primary ESE technique is
shown in Figure 1. As expected from theC4 symmetry of the
complex, and in agreement with results reported elsewhere,1

the g-tensor is essentially axial, withg| ≈ 2.019 andg⊥ ≈ 1.982.
A small shoulder at the high-field side of the spectrum is due
to the95Mo isotope.1 The spectrum of the complex with natural
abundance of17O (i.e., essentially, [Mo16O(SPh)4]-) was
identical. Since the spectrum in Figure 1 does not exhibit any
features attributable to17O, ESEEM experiments have been
performed in order to determine the spectroscopic parameters
of the oxo-17O ligand. Although several ESEEM techniques have

been tried, the most productive ones were the primary ESEEM,
which allowed us to easily determine thehfi tensor, and the
integrated four-pulse ESEEM that allowed us to determine the
nqi tensor. Below, we consider the ESEEM results in detail.

For convenience, we will use in the following the molecular
coordinate frame (x, y, z) with the z-axis being parallel to the
MotO bond, and with thex- andy-axes being parallel to two
mutually perpendicular O-Mo-S planes. The ESEEM mea-
surements were performed at several positions in the EPR
spectrum that corresponded to different anglesθ between the
external magnetic fieldBo and the g| axis. By symmetry, the g|
axis is parallel to the MotO bond and, by definition, to the
z-axis. For a position within the EPR spectrum that corresponds
to a g-factor ofg, the angleθ is found from

The hfi andnqi tensors obtained from the ESEEM analysis
described below were axial, with the main axes being parallel
to z. Therefore, although the measurements were performed at
many EPR positions, we only present the spectra obtained at
EPR positions A (nearg|, θ ≈ 11°), B (θ ≈ 56°, close to the
magic angle), and C (nearg⊥, θ ≈ 79°) marked in Figure 1.

Primary ESEEM Spectra. Determination of hfi Param-
eters. The primary ESEEM spectra obtained at EPR positions
A and C for [Mo17O(SPh)4]- and [Mo16O(SPh)4]- are shown
in the Supporting Information (Figure S1). One of the lines
observed in these spectra is easily recognizable; it is a weak
line with positive amplitude at the proton Zeeman frequency,
νH ∼ 45 MHz. This line is caused by thehfi of the unpaired
electron of Mo(V) with numerous protons of the solvent and
ligands. In addition to theνH line, there are multiple lines in
the low-frequency region that are only observed for the sample
with 17O (compare solid and dashed traces in Figure S1). The
latter fact indicates that these are the lines of17O nuclear
transitions (with positive amplitude) and their linear combina-
tions (with negative amplitude).

Figure 2 shows the low-frequency part of the primary ESEEM
spectra obtained at EPR positions A, B, and C. In each spectrum,
one can see a pair of prominent lines with positive amplitude,
situated symmetrically with respect to the17O Zeeman fre-
quency,νO, that varies from 6.0 MHz (trace A) to 6.1 MHz

(42) Dikanov, S. A.; Shubin, A. A.; Parmon, V. N.J. Magn. Reson.1981, 42,
474-487.

(43) Mims, W. B.Phys. ReV. B: Solid State1972, 3, 2409-2419.
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Figure 1. Field-sweep spectrum of [Mo17O(SPh)4]- recorded using a two-
pulse ESE technique. Experimental conditions: mw frequency) 29.372
GHz; mw pulses) 2 × 17 ns; time interval between the mw pulses) τ )
200 ns. Points A (Bo ) 1040 mT), B (Bo ) 1053 mT), and C (Bo ) 1058.3
mT) correspond to the angles between the g| axis andBo of 11, 56, and
79°, respectively.
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(trace C). Based on the discussion in the Theory section, these
lines can be attributed to the∆mI ) 1 transition frequenciesνR

1

andνâ
1. Although it is not possible to say which of these lines

corresponds to theR electron spin manifold and which to theâ
manifold, we have tentatively assigned the high-frequency line
to theR-manifold. The opposite assignment will ultimately result
in the simultaneous change of the sign of allhfi parameters.

The line with negative amplitude at the frequency of about
12 MHz is a sum combination lineνσ

1. The positive line at the
frequency of∼19.5 MHz in spectrum B is the fundamental line
of the ∆mI ) 2 transitions,νR

2. The assignments of all the
mentioned lines, as well of other clearly visible lines, are
indicated in Figure 2.

The fact that theνσ
1 line is reasonably narrow (although it

broadens somewhat in spectrum A) and does not show anynqi-
related features indicates that thenqi is weak, and the qualitative
analysis outlined in the Theory section is applicable. It follows
from eq 4 that the centers of gravity of the compositeνR,â

1 lines
do not depend onnqi (to first order innqi) and are approximately
located at the frequencies of

The splitting between these lines then gives us a measure of
the hfi constantaiso + TZZ.

From the axial symmetry of the [MoO(SPh)4]- complex, we
can reasonably expect thehfi andnqi tensors of17O also to be
axial, with the main axes being parallel to the MotO bond
(molecular axisz). Therefore, our analysis of the experimental
data will be based on this approximation. At the end, however,
we will return to a discussion of how good this approximation
really is in quantitative terms.

If the main axes of the axialg- andhfi tensors are collinear,
then the anisotropichfi constant at a given EPR position is
simply TZZ ) T⊥(1 - 3cos2 θ), whereθ is found from eq 11.
The dependence of the splitting between the experimentalνR

1

andνâ
1 lines,A ) aiso + TZZ, on 1- 3cos2 θ is shown in Figure

3a. As expected, this dependence is linear, and a least-squares
linear fit yields the approximatehfi parametersaiso ≈ 6.3 MHz
andT⊥ ≈ 1.6 MHz.

Thesehfi parameters will be used as an initial approximation
in numerical simulations described below. To perform these
simulations, however, one also needs to obtain an initial
approximation for thenqi parameters. From the analysis given
in the Theory section, it follows that the most suitable
experimental parameter that can be utilized for measuring the
quadrupole coupling constant is the splitting between the
component lines in the sum combination quintetνσ

1(mI) (see
eqs 6 and 7).

The primary ESEEM spectra in Figure 2 did not reveal any
splittings in theνσ

1 line, the most plausible reason being an
insufficient frequency resolution of the primary ESEEM tech-
nique limited by the transverse relaxation time of the electron
spin. As an alternative, one can use the four-pulse ESEEM
technique that also exhibits the sum combination line.44 In this
case, however, the spectral resolution may be much higher than
in the primary ESEEM spectra because it is now determined

(44) Van Doorslaer, S.; Schweiger, A.Chem. Phys. Lett.1997, 281, 297-305.

Figure 2. Solid traces A, B, and C, cosine Fourier transforms (low-
frequency part) of the primary ESEEM of [Mo17O(SPh)4]- obtained at EPR
positions A, B, and C, respectively (see Figure 1). Experimental condi-
tions: mw frequency) 29.372 GHz; mw pulses) 2 × 17 ns; dead time
) τd ) 120 ns. Dashed traces show the corresponding simulated primary
ESEEM spectra. The simulation parameters were as follows: nucleus,17O;
isotropic hfi constant,aiso ) 6.5 MHz; anisotropichfi tensor was axial,
with T⊥ ) 1.6 MHz; nqi tensor was axial, with the quadrupole coupling
constante2Qq/h ) 1.45 MHz. The axes of thehfi, nqi, and g-tensors were
coincident. The assignments of the clearly visible lines are indicated.

〈νR,â
1 (mI)〉mI

) -νO ( 1
2
(aiso + TZZ) (12)

Figure 3. The dependences of the hyperfine (a) and quadrupole (b)
splittings on 1- 3cos2 θ, whereθ is the angle between theg| axis andBo.
The hyperfine splitting was determined as the splitting between the lines
νR

1 andνâ
1 in the primary ESEEM spectra (see Figure 2). The quadrupole

splitting was determined as the splitting between the adjacent component
lines of theνσ

1 quintet (see Figure 4 and eq 7). Dashed lines represent least-
squares fits.
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by the electron spin longitudinal relaxation time. To our
knowledge, using the four-pulse ESEEM for resolving quad-
rupole splittings of theνσ

1 line in the case ofI ) 5/2 was only
discussed theoretically,38-41 while the experimental attempts to
observe these splittings were not successful. In this work,
because of the well-defined structure and axial symmetry of
the [Mo17O(SPh)4]- complex, we were able to resolve thenqi
splittings of the sum combination line. These experiments are
described in detail below.

Integrated Four-Pulse ESEEM Spectra. Determination of
nqi Parameters.In this work, to increase the resolution of the
sum combination line, the four-pulse ESEEM technique with
integration over the time interval between the first two pulses,
τ, was used. The advantage of the integrated four-pulse ESEEM
technique is that allτ-dependent terms average out, and a one-
dimensional (1D) spectrum with nearly zero dead time can be
obtained.45

The integrated four-pulse ESEEM spectra of [Mo17O(SPh)4]-

obtained at EPR positions A, B, and C are shown in Figure 4.
In spectrum A (θ ≈ 11°), the generic sum combination
line clearly splits into a quintet of separate linesνσ

1(mI), with
|∆νσ

1|≈ 0.4 MHz. A quintet splitting is also observed in
spectrum C (θ ≈ 79°), but in this case, it is about half as large,
|∆νσ

1| ≈ 0.2 MHz. In spectrum B (θ ≈ 56°), no splitting is
observed. This behavior is consistent with an axial or nearly
axial nqi tensor, in which case the sign of∆νσ

1 for the anglesθ
< 54.7° (the magic angle) is to be opposite to the sign of∆νσ

1

for θ > 54.7°. The dependence of∆νσ
1 on 1 - 3cos2 θ

obtained from the four-pulsed ESEEM measurements at EPR
positions A, B, and C, as well as at several other positions, is
shown in Figure 3b. The sign of∆νσ

1 at θ < 54.7° was
tentatively taken as negative. Changing this sign to the opposite
will ultimately result in a change of the sign of the quadrupole
coupling constant. Both assignments, however, will result in
identical ESEEM spectra.

The splitting between the component lines in the∆νσ
1

quintet is described by eq 7, whereQ̃ ) 3/2k[3cos2 θ - 1] for
an axialnqi tensor (η ) 0). From a linear least-squares fit to
the data in Figure 3b, one can then estimatee2Qq/h ) 40k ≈
1.48 MHz. This quadrupole coupling constant, along with the
hfi parameters estimated above, was used as an initial ap-
proximation in numerical simulations of the primary and
integrated four-pulse ESEEM spectra.

Numerical Simulations of the ESEEM Spectra.Numerical
simulations were performed using the home-written software
SimBud46 that allows one to simulate various orientation-
selective pulsed EPR experiments. In the simulations, thehfi
andnqi parameters determined from the plots in Figure 3 were
used as an initial approximation. The simulations assuming axial
hfi and nqi tensors whose main axes are parallel to the main
axis of the g-tensor have resulted inaiso ) 6.5 ( 0.1 MHz,T⊥
) 1.6 ( 0.1 MHz, ande2Qq/h ) 1.45( 0.05 MHz. One can
see that the simple estimates of thehfi andnqi parameters made
using the plots in Figure 3 were actually very accurate. The
examples of simulated spectra are shown by dashed traces in
Figures 2 and 4.

The percentage of17O-substituted [MoO(SPh)4]- was esti-
mated as the ratio of the experimental and calculated primary
ESEEM amplitudes. The resulting17O enrichment was only
about 28%, which was unexpectedly low, given the 70%17O
enrichment of H2O used to synthesize the complex. This fact,
however, is in line with an earlier observation6 of disappearance
of the [Mo17O(SPh)4]- EPR signal in about 20 min after
dissolving the solid compound in CH3CN, when the experiment
was performed in a liquid phase. This disappearance was
explained by exchange of the oxo-17O with residual water in
the solvent.

Finally, we have used the numerical simulations to investigate
possible departures of thehfi andnqi parameters from the ideal
axial model employed above. Such departures may be caused
by small distortions of the complex geometry that usually take
place in a frozen solution. The results of these extended
simulations are summarized as follows: the minimal ratio of
the two small components of thehfi tensor,T22/T11 g 0.7 (T22/
T11 ) 1 corresponds to the axial tensor), the angle between the
main hfi axis, and the main axis of the g-tensor,θh e 5°; the
nqi asymmetry parameter,η e 0.15; the angle between the main
nqi axis and the main axis of the g-tensor,θq e 10°. One can
see from these results that the possible departures from axiality
are actually very small, and theC4 symmetry of [MoO(SPh)4]-

in frozen solution is preserved with good accuracy.
Qualitative Discussion of thenqi and hfi Parameters.To

discuss the17O nqi andhfi data in terms of electronic and spin
populations of the oxygen orbitals, we have to specify the orbital
model appropriate for the description of the MotO group. Three

(45) Astashkin, A. V.; Raitsimring, A. M.J. Magn. Reson.2000, 143, 280-
291.

(46) Astashkin, A. V.; Raitsimring, A. M. Available for download fromhttp://
quiz2.chem.arizona.edu/epr, 2005.

Figure 4. Solid traces A, B, and C, cosine Fourier transforms (low-
frequency part) of integrated four-pulse ESEEM of [Mo17O(SPh)4]- obtained
at EPR positions A, B, and C, respectively (see Figure 1). Experimental
conditions: mw frequency) 29.372 GHz; mw pulses) 14, 14, 17, and
14 ns; dead time) τd ) 20 ns. Dashed traces are the corresponding
simulated spectra of the integrated four-pulse ESEEM. The simulation
parameters are the same as in Figure 2. The assignments of the clearly
visible lines are indicated.
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out of four valence orbitals of the oxygen atom (or rather O2-

ion) participate in the MotO bond. One of these orbitals
represents a general hybrid of pz and s orbitals and makes a
σ-bond with the dz2 orbital of Mo(V). The s-character of this
orbital,øs1, is difficult to predict from qualitative considerations,
and the values fromøs1 ) 0 (pure pz orbital) to øs1 ) 1/2
(conventional sp hybrid) are conceivable. Despite this uncer-
tainty, we will still denote this orbital as spz1.

Two more oxygen orbitals participating in the MotO bond
are the px and py orbitals that makeπ-bonds with, respectively,
dxz and dyz orbitals of molybdenum. The fact that these orbitals
are virtually pure p-orbitals follows from theC4 symmetry of
the complex and from the axial symmetry of the g-tensor and
the hfi andnqi tensors of17O.

The fourth valence orbital of oxygen does not participate in
the bonding with molybdenum. This orbital, spz2, like the
bonding orbital spz1 discussed above, is also a general sp hybrid.
The s-character of spz2, øs2 ) 1 - øs1, can assume the values
from 1/2 to 1.

Let us consider first the17O quadrupole interaction tensor.
The axialnqi tensor that corresponds to the quadrupole coupling
constante2Qq/h ≈ (1.45 MHz can explicitly be written as
(Pxx,Pyy,Pzz) ≈ ((-0.036,-0.036,0.072) MHz.47 Thenqi tensor
associated with a single electron in a p-orbital is approximately
(-0.52,-0.52,1.04) MHz (e2Qq/h ≈ 20.8 MHz48). If all of the
oxygen valence orbitals are fully occupied, then the totalnqi
coupling constant would be zero. A nonzeronqi coupling
constant appears because the bonding spz orbital and the px and
py orbitals donate part of their electronic populations to dz2, dxz,
and dyz orbitals of Mo(V). The z-component of thenqi tensor
can be expressed as

where P|
p ) 1.04 MHz is the parallel component of thenqi

tensor associated with a single electron on a p-orbital of17O.
The first term describes the contribution of the sp orbital of
oxygen that does not participate in bonding with molybdenum
(spz2), while the other three terms are the contributions of the
bonding orbitals. The factors in front of eachP|

p andP|
p/2 are

the electronic populations of the oxygen orbitals, andδpx, δpy,
andδspz1 are the parts of these populations donated to molyb-
denum.

SubstitutingPzz ) (0.072 MHz into eq 13 and taking into
account thatøs2 ) 1 - øs1 andδpx ) δpy (because of the axial
symmetry of the experimentalnqi tensor), we can easily estimate
δpx ) δpy ≈ (1 - øs1)δspz1 ( 0.07. Since the typical values ofδ
are expected to be considerably greater than 0.07, it appears
that it is a relatively minor imbalance in the population transfer
from different orbitals that results in the observed17O nqi
coupling. Neglecting this imbalance results inδpx ) δpy ≈ (1 -
øs1)δspz1. In the limiting case oføs1 ) 1/2 (a conventional spz
orbital), one obtainsδpx ) δpy ≈ δspz1/2, which may be
interpreted as an indication that theπ-bonds are twice as weak

as theσ-bond. The other limiting case oføs1 ) 0 (pure pz orbital),
one obtainsδpx ) δpy ≈ δspz1, indicating that all theπ- and
σ-bonds are of the same strength.

While the analysis of thenqi gives information about the
electronic populations of the oxygen orbitals, the analysis of
the hfi provides one with spin populations of these orbitals.
Although the unpaired electron mainly occupies the dxy orbital,
other orbitals of molybdenum, including those participating in
the bond formation with the axial oxygen, acquire some spin
population via a polarization mechanism. This spin population
is further propagated to the oxygen orbitals and determines or,
at least, affects thehfi of the oxo-17O. Thehfi parameters can
be qualitatively analyzed using the following equations that
relate the observed isotropic and anisotropichfi parameters of
17O with the spin populations of its bonding orbitals:

where g and gn are the electronic and nuclear g-factors,
respectively,â is the Bohr magneton,ân is the nuclear magneton,
and h is Planck’s constant. The characteristic isotropichfi
constantsas ≈ -5260 MHz andap ≈ -120 MHz, and the
anisotropichfi constantbp ≈ 170 MHz correspond to a spin
population ofF ) 1 localized in a s or p (asindicated by a
subscript) orbital of oxygen.49,50 The spin population on Mo,
FMo, and the molybdenum-oxygen distance,RMoO, represent
variable parameters that are known with a certain degree of
accuracy, while the spin populations on various oxygen orbitals,
Fspz1, Fpx, andFpy are the values we want to estimate. Since the
anisotropichfi is axial (Txx ) Tyy ≡ T⊥), the spin populations
Fpx andFpy should be similar, and we will simply setFpx ) Fpy.

In our experiments, we have determined thataiso andT⊥ have
the same signs. The absolute signs are, however, unknown.
Therefore, we have to consider the solutions for two possible
sets ofhfi parameters: (1)aiso ) 6.5 MHz,T⊥ ) 1.6 MHz, and
(2) aiso ) -6.5 MHz, T⊥ ) -1.6 MHz. To solve eqs 14 with
respect to oxygen spin populations, we will assumeFMo ∼ 0.8
and take RMoO ) 1.7 Å.6 Substituting all the necessary
parameters into eqs 14, we can now easily estimate the values
of Fpx, Fpy, andFspz1 as a function of s-character of theσ-bonding
orbital, øs1. The estimates for the two limiting cases oføs1 ) 0
(σ-bonding orbital is pure pz) andøs1 ) 1/2 (σ-bonding orbital
is a conventional spz hybrid) are presented in Table 1.

It seems that at least some of the spin populations estimated
for øs1 ) 1/2 are about an order of magnitude too small, while
those estimated forøs1 ) 0 seem to be reasonable. Although
this may be taken as an indication that theσ-bonding orbital is
closer to a pure p-orbital than to the conventional sp hybrid,
this is really not a solid ground to prefer one hybridization over
the other. Also the analysis of the17O nqi performed above
gives reasonable electronic populations for both kinds of

(47) Thenqi tensor principal components are:Px ) -k(1 - η), Py ) -k(1 +
η), andPx ) 2k, wherek ) e2Qq/[4I(2I - 1)h] and η is the asymmetry
parameter of the electric field gradient on the nucleus.

(48) Kamper, R. A.; Lea, K. R.; Lustig, C. D.Proc. Phys. Soc., London1957,
70B, 897-899.

(49) Morton, J. R.; Preston, K. F.J. Magn. Reson.1978, 30, 577-582.
(50) Zhidomirov, G. M.; Schastnev, P. V.; Chuvylkin, N. D.Quant. Chem. Calc.

Magn. Reson. Param.: Free Radicals1978, 367.
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hybridization. Therefore, in the following section, we will
compare our spin and electronic population estimates with the
results of quantum-chemical (DFT) calculations.

Results of DFT Calculations. The purpose of the DFT
calculations was to provide an understanding of the electronic
structure of [Mo17O(SPh)4]- that leads to the observedhfi and
nqi parameters of the17O-oxo ligand. We were particularly
interested in answers to the questions that created uncertainties
in our qualitative analysis performed above. Namely, what is a
hybridization of the oxygen valence orbitals, and what are the
absolute signs of thehfi parameters? However, while our
qualitative analysis was performed for an isolated subset of the
orbitals, DFT calculations involve all of the electrons in the
complex anion. Therefore, before discussing the magnetic
resonance parameters of the17O ligand, one has to evaluate the
overall quality of the DFT calculations.

The experimental4 and BP86/ZORA optimized structures are
shown in Figure 5. The Mo-O bond is predicted slightly too
long (by∼0.05 Å, similar to what has been found in a related
study51). Likewise, the Mo-S bonds are computed slightly too
long (by∼0.03-0.05 Å), but the overall agreement is reason-
able, and the ligand positions and ring orientations are largely
preserved in the computed structure.

The overall electronic structure of the complex has been
analyzed in detail before52,53and needs little additional explana-
tion. The singly occupied MO is of the weaklyπ-antibonding
type (Mo 4dxy based) and oriented perpendicular to the MotO

triple bond which dominates the ligand field (Figure 6). The
net spin density roughly follows the shape of the singly occupied
molecular orbital (SOMO) with one important exception; due
to spin-polarization, a significant amount (-0.063 electrons in
the Mulliken analysis and-0.048 electrons in the Lo¨wdin
analysis) of negative spin population appears on the oxo-oxygen.
According to either the Lo¨wdin or the Mulliken analysis, 80-
82% of the positive spin population is located in the Mo 4d-
orbitals, and 3-4% of the spin population resides on each of
the sulfur atoms. Spin populations on carbons and hydrogens
are fairly small.

The calculated EPR parameters show encouraging agreement
with the experimental values (see Table 2). The effects of the
solvent correction are very limited (as found in a related study51)
and are, therefore, not further documented. The effects of the
scalar relativistic correction at the ZORA level are somewhat
larger and improve the agreement with the experimental values
for all quantities. The ZORA effect on the g-tensor is reasonably

(51) Cosper, M. M.; Neese, F.; Astashkin, A. V.; Carducci, M. D.; Raitsimring,
A. M.; Enemark, J. H.Inorg. Chem.2005, 44, 1290-1301.

(52) McMaster, J.; Carducci, M. D.; Yang, Y.; Solomon, E. I.; Enemark, J. H.
Inorg. Chem.2001, 40, 687-702.

(53) McNaughton, R. L.; Tipton, A. A.; Rubie, N. D.; Conry, R. R.; Kirk, M.
L. Inorg. Chem.2000, 39, 5697-5706.

Table 1. Spin Populations in the Bonding Oxygen Orbitals Estimated Using Equation 14 for the Limiting Cases of øs1 ) 0 (σ-bonding orbital
is pure pz) and øs1 ) 1/2 (σ-bonding orbital is a conventional spz hybrid) and the Different Possible Signs of the hfi Parameters.

aiso ) 6.5 MHz
T⊥ ) 1.6 MHz

øs1 ) 0

aiso ) −6.5 MHz
T⊥ ) 1.6 MHz

øs1 ) 0

aiso ) 6.5 MHz
T⊥ ) −1.6 MHz

øs1 ) 1/2

aiso ) −6.5 MHz
T⊥ ) −1.6 MHz

øs1 ) 1/2 B3LYPa

Fpx, Fpy -0.018 0.025 -0.0004 0.02 -0.017b

Fspz1 -0.019 0.005 -0.0024 0.0006 -0.017

a Calculated according to the Lo¨wdin partitioning scheme from calculations on the X-ray structure.b Averaged to axial symmetry. The anisotropy is
0.003 unpaired electrons.

Figure 5. Comparison of the optimized (a) and experimental (b) structures
of [MoO(SPh)4]-.

Figure 6. (a) The singly occupied spin unrestricted natural orbital of
[MoO(SPh)4]- contoured at 0.05 (e/bohr3)1/2. (b) The total spin density of
[MoO(SPh)4]- contoured at 0.001 e/bohr3. The calculations used the
experimental geometry and the scalar relativistic B3LYP/ZORA functional
together with large, uncontracted Gaussian basis sets.
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small (∼2-4 ppt). The Mohfi’s are smaller by∼10 MHz if
the ZORA correction is not applied, while the oxygenhfi’s are
affected by less than 0.1 MHz. The17O nqi calculated in the
nonrelativistic limit is 12% smaller than the ZORA value.

The predicted g-tensor correctly reproduces the experimental
finding that one principal g-value is larger than the free electron
g-value, while the two perpendicular components are below it.
This is unusual for a d1 system, where all ligand field excited
states only contribute to negative shifts. To understand this
finding, one has to go beyond ligand field theory and take into
account ligand-to-metal charge transfer excitations, which are
particularly low-lying in the thiolate-ligated Mo(V) complexes.
The anisotropy in the95Mo hfi is predicted with excellent
accuracy. The Fermi contact term is, however, underestimated
by 20% (for the B3LYP functional) or more (for the pure GGA
functional BP86) owing to insufficient core level spin-polariza-
tion.34,54,55

The calculated isotropic component of the17O hfi is positive
and∼2 MHz smaller than the experimental estimate of 6.5 MHz.
The SOC correction is quite small and amounts to 0.1-0.3 MHz
on the individual tensor components. The calculated anisotropy
in the hfi thus mainly stems from the spin-dipolar part and
appears to be slightly overestimated by the calculations. The
agreement is nevertheless fairly reasonable, especially given that
all contributions to thehfi are indirect, through spin-polarization
and through-space interactions.

The calculatednqi tensor also reasonably compares with the
experimental estimate. Better agreement (1.05 MHz fore2qQ/h
calculated vs 1.45 MHz measured experimentally) is found for
the calculations based on the experimental structure, which
shows somewhat less symmetry than the optimized structure.
The calculated value, although off by∼50%, is still quite good
considering how small the quadrupole coupling constant is
(recall that a single electron in an oxygen p-orbital givese2qQ/h
∼15-20 times larger than the observed and calculated values).

Since the overall agreement between calculation and experi-
ment is reasonable, it is possible to use the calculation results
to evaluate the qualitative model from the previous section. In
doing so, it should be stressed that individual atomic or orbital
spin and charge populations are not observables in the strict
quantum mechanical sense. They are nevertheless good guides
in approaching a qualitative understanding of the experimental
spectroscopic parameters. Below, we compare Lo¨wdin spin
populations from the B3LYP calculations on the experimental
structure with the experimental estimates.

Turning first to the spin populations in the oxygen valence
orbitals, the Lo¨wdin analysis predicts a negative spin population
of -0.017 electrons in the oxygen pσ orbital, while the total
π-spin population amounts to-0.035, which shows that all three
oxygen p-orbitals carry about the same spin population. The
spin population in the oxygen 2s orbital is quite small and
amounts to-0.0004 electrons, which is 2 orders of magnitude
smaller than the p-spin population. Thus, from this point of view,
there is very little evidence for significant spn hybridization at
the oxo group. The equivalence of theπ- andσ-bonds is also
shown by approximate equality of the electronic populations
of oxygen p-orbitals (∼1.54 electrons/orbital).

From the analysis presented above, the calculations definitely
favor the solution which hasøs1 ) 0 with both aiso and T⊥
positive. The first column in Table 1 shows the oxygen spin
populations estimated from eq 14 forøs1 ) 0 and positiveaiso

andT⊥. One can see that they are in excellent agreement with
those predicted by DFT (last column in Table 1). Also, the
qualitative consideration of thenqi for øs1 ) 0 (eq 13) resulted
in the electronic populations of oxygen bonding orbitals being
approximately equal, in agreement with the DFT results
(although, unlike DFT, it only shows the differences in the
electronic populations). The significance of this result is in the
easy applicability of the local qualitative treatment to more
complicated systems, where the structural information about the
complex may be limited, and the conditions for rigorous
quantum-chemical calculations are not well defined.

Conclusions

In this work, we usedKa band ESEEM spectroscopy to
determine thehfi andnqi parameters for the17O nucleus of an
axial oxo ligand in [Mo17O(SPh)4]-, a model for theaxial oxo
ligand of the molybdenum center of sulfite oxidase. The
isotropic hfi constant found for the oxo-17O, aiso(17O) ) 6.5
MHz, is very small compared to the values of∼20-40 MHz
typical for the 17O nucleus ofequatorial OH(2) ligand in
molybdenum enzymes.11,13,56-58 The 17O nqi parameters pre-
sented here are, to our knowledge, the first determination of
the nqi parameters for an oxo group in a metal complex. The
quadrupole coupling constant (e2qQ/h ) 1.45 MHz) for the oxo-
17O ligand in a molybdenum complex is substantially smaller
than the∼6.5 MHz found for 17OH2 ligands in other metal
complexes.59,60

(54) Munzarova, M. L.; Kubacek, P.; Kaupp, M.J. Am. Chem. Soc.2000, 122,
11900-11913.

(55) Munzarova, M.; Kaupp, M.J. Phys. Chem. A1999, 103, 9966-9983.

(56) Gutteridge, S.; Malthouse, P. G.; Bray, R. C.J. Inorg. Biochem.1979, 11,
355-360.

(57) Bray, R. C.; Gutteridge, S.Biochemistry1982, 21, 5992-5999.
(58) Xia, M.; Dempski, R.; Hille, R.J. Biol. Chem.1999, 274, 3323-3330.

Table 2. Comparison of Experimental Magnetic Resonance Parameters of [Mo17O(SPh)4]- with Those Calculated by DFT

Experimental Experimental Structure Optimized Structure

BP86 B3LYP BP86 B3LYP

g1 1.982 1.9889 1.9831 1.9908 1.9839
g2 1.982 1.9900 1.9844 1.9918 1.9850
g3 2.020 2.0275 2.0251 2.0247 2.0224
A1(95Mo) (MHz) 66 31.75 49.23 30.25 47.85
A2(95Mo) (MHz) 66 31.92 49.43 30.49 48.10
A3(95Mo) (MHz) 157 111.94 144.68 107.54 141.51
aiso (17O) (MHz) 6.5( 0.1 2.00 4.39 2.93 4.16
T⊥ (17O) (MHz) 1.6( 0.1 1.96 2.24 0.57 2.47
e2qQ/h (MHz) 1.45( 0.05 1.069 1.024 0.790 0.737
η e0.15 0.25 0.2 0.13 0.15
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The EPR parameters of [Mo17O(SPh)4]- predicted by rela-
tivistic DFT calculations are in very good agreement with those
obtained by experiment. Particularly encouraging is the close
similarity between the calculated and observedhfi and
nqi parameters of the oxo-17O ligand, considering how small
these interactions are in the present case. The calculations also
clearly show that the SOMO alone does not accurately represent
the spin density in the molecule. For [Mo17O(SPh)4]-, the
SOMO is almost entirely molybdenum dxy and sulfur p, with
essentially no oxygen character. However, spin polarization
mechanisms lead to significant negative spin density on the oxo
group.

The close agreement between experimental and calculated
EPR parameters for this high-symmetry model system provides
encouragement to extend the theoretical calculations of spectral
parameters to enzyme sites of lower symmetry. On the other
hand, these calculations eliminate uncertainties about the
hybridization of the oxygen orbitals and the sign of the spin
density delocalized on this oxygen, and allow one to more
productively use the qualitative approach for the interpretation
of the hfi and nqi parameters in terms of spin and electronic
populations.

Finally, it appears that thehfi andnqi parameters determined
and analyzed in this work for an axial17O ligand are sufficiently
characteristic to enable direct experimental identification of the
oxo ligand in a variety of chemical and biological systems. In
particular, our results strongly support the earlier hypothesis12

that the weakly magnetically coupled (aiso ∼ 5 MHz) 17O
nucleus observed in the high-pH (hpH) form of chicken liver
sulfite oxidase arises from an axial oxo ligand.
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