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A variety of density functional methods have been evaluated in the computation of elechtemisors and
molybdenum hyperfine couplings for systems ranging from the Mo atom throudhNVpMoVOCl,]~, and
[MoVORs)? to two larger Md complexes MoXLC] (X = O, S; L= tris(3,5-dimethylpyrazolyl)hydroborate
anion). In particular, the influence of the molybdenum basis set and of various exeftamgeation functionals

with variable admixtures of Hartred=ock exchange on the computed EPR parameters have been evaluated

in detail. Careful basis-set studies have provided a moderate-sized 12s6p5d all-electron basis on molybdenum

that gives hyperfine tensors in excellent agreement with much larger basis sets and that will be useful for
calculations on larger systems. The best agreement with experimental data for both hyperfiptersats

is obtained with hybrid functionals containing approximately-30% Hartree-Fock exchange. Only for
MoSLCl, does increasing spin contamination with increasing exact-exchange admixture restrict the achievable
computational accuracy. In all cases, spambit corrections to the hyperfine tensors are sizable and have to
be included in accurate calculations. Scalar relativistic effects enhance the isotropic Mo hyperfine coupling
by approximately 1520%. Two-componeng-tensor calculations with variational inclusion of spiorbit
coupling show that thé\g, components in [MBOCl;]~ and [Mo’OFs]?~ depend on higher-order spiorbit

contributions and are thus described insufficiently by the usual second-order perturbation approaches. Computed

orientations ofy- and hyperfine tensors relative to each other and to the molecular framework for the MoXLCI

complexes provide good agreement between theory and single-crystal electron paramagnetic resonance

experiments. In these cases, the hyperfine tensor orientations are influenced only slightly-wyisipieffects.

1. Introduction Hamiltonian concept. Thus, models or theories are needed that
A number of molybdenum-containing enzymes, such as, for &€ able to provide the link betvygen moIeCL_JIar strgcture and
example, sulfite oxidase, nitrate reductase, xanthine oxidase,EPR parameters. In some specific cases, ligand-field theory,
xanthine dehydrogenase, dimethylsulfoxide (DMSO) reductase, Semiempirical McConnell relations, or the point-dipole ap-
or polysulfide reductase, play an important role in biological Proximation are suitable for the interpretation of EPR param-
two-electron redox processts. Since these catalytic reactions ~ eters>101214.16.11n general, these approaches fail for systems
directly involve the molybdenum ion, it is of great importance that possess a complicated electronic structure or that are not
for a deeper understanding of the reaction mechanism to studyyet calibrated for the use of semiempirical theoffek.is here
the structure of the catalytically active molybdenum binding that explicit quantum chemical calculations come into play and
site? Due to the occurrence of paramagnetic‘Mipecies during  are very useful for correlating experimental EPR data with
the.catalytic cycles of all of these enzymes, electron paramag- molecular structuré151819Dye to the sizes of the systems that
netic resonance (EPR) spectroscopgn be a valuable tool to  haye to be considered to describe the local magnetic properties
reveal details about the molybdenum coordination sph&fe® of metal binding sites, density functional theory (DFTi¥ the

The parameters that can be extracted from EPR spectra, sucly, o & 0 & provides the best compromise between

as electronigy-tensors, hyperfine coupling (HFC) tensors, or . . .
nuclear quadrupole coupling (NQC) tensors, contain indirect accuracy of the theoretlca! level and computatlon time, thus
providing a very useful basis for the calculationgefand HFC

information about the electronic and molecular structure of the 182130
metal binding sité:619-14 However, it is often difficult or even ~ €NSOrs:®
impossible to relate these spin Hamiltonian EPR parameters to  while substantial validation work during the past B years
structural informatiort1°It may even be hard to find a unique  has established the scope and accuracy of DFT methods for
solution for the simulation of the EPR spectra using the spin cg|culating EPR parameters for 3d-compleXe5-28-34 much
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about their structure based on computational results, a critical
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8 J. Maximilians University of Wrzburg. validation of the available DFT methods and basis sets for
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EPR Parameters for Mo Complexes

treating systems containing the 4d transition metal molybdenum
is thus necessary to avoid misinterpretation.

Until now only a few computational studies a@f and
molybdenum HFC tensors of Mocompounds have been
performed. Early studies in this field employed the bonding
coefficients of self-consistent-field (SCF)-MSeXvave func-
tions in approximate linear combination of atomic orbital
(LCAO) expressions for thg- and HFC tensor® In other work,
single-excitation configuration interaction (SCI) wave functions
at the intermediate neglect of differential overlap (INDO/S) level

have been used in second-order perturbation expressions for the

g-tensor¥® Furthermore, simple connections from DFT to ligand-
field-theory perturbation expressions fgr and HFC value¥

or the INDO-CI-Stone method for the computation of principal
g-value$® have been employed.

More recent studies @ and HFC tensors of transition metal
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MoXLCl,

X=0,8

complexes have shown that modern DFT provides a useful basis

for the calculation of both propertiég1824.2729,31,33,34,3942
Patchkovskii and Ziegler reported the first systematic study
on the prediction ofg-tensors for some axialldMEX4]%
systems (M= V, Cr, Mo, W, Tc, Re; E= N, O; X=F, Cl,

Br) using DFT with local density approximation (LDA) and
gradient-corrected approximation (GGA) function#is\Vhile

Figure 1. Schematic structure of the two larger Moomplexes studied
in this work (MoOLCLk and MoSLC} with L = tris(3,5-dimethylpyra-
zolyl)hydroborate).

MAG-ReSpect program systéto compute electronia-
tensors and molybdenum HFC tensors for a large variety of
paramagnetic Mo systems. In the present work, the test systems

that study suggested a relatively small dependence of the resultsange from the Mo atom via the MoN diatomic molecule

on the exchangecorrelation functional, experience for 3d-

through the small M6 complexes [MoOG]~ and [MoOFR]?~

complexes has indicated that the admixture of exact exchangeto the larger and less symmetrical Neystems MoXLC] (X

in hybrid functionals increases tigeshifts and thereby improves
agreement with experiment in typical systems with metal-
centered spin densif:28 (The opposite behavior was found
for ligand-centered radicaf8:*9 Moreover, LDA and GGA
functionals underestimate corshell spin polarization at the
metal center, which is important for the calculation of metal
hyperfine coupling constants (HFCC8)° It has been shown
that hybrid functionals may enhance the cesbell spin
polarization and thus often yield better isotropic metal HFCCs.
However, increased admixture of Hartreeock exchange may
be coupled to spin contamination in unrestricted treatments,

=0, S; L= tris(3,5-dimethylpyrazolyl)hydroborate anion, also
frequently abbreviated as Tp* in the literature) (Figure 1). The
computational results are compared with experimental data,
including tensor orientations from single-crystal experiments for
the less symmetrical MoXLGlsystems. In the second paffer
we will provide analyses of EPR parameters for a larger series
of more complicated Mbcomplexes that are even closer models
for the Mo’ coordination in molybdopterin enzymes.

2. Theoretical Formalism and Computational Details

The theoretical background of EPR spin Hamiltonian param-

which under certain circumstances deteriorates computed Ny-gters and their computation is covered in detail in the

perfine coupling tensors ang-tensors, especially when the
singly occupied molecular orbitals (SOMOSs) are significantly
metal-ligand antibonding® Recent work based on so-called
localized hybrid potentials did not eliminate the spin-contamina-
tion problem per se but providegtensors that were not affected
negatively by it#445

Turning to molybdenum systems in particular, only a few

literaturei0-18:52-54 hence only the most relevant points will be
summarized here.

g-Tensor Calculations. The g-tensorg will be provided as
correctionAg to the free electromg-value ge (in this work the
g-shift tensorAg will be given in ppm, i.e., in units of 1)

g=0.1+Ag

EPR property calculations have been performed besides the

pioneering work of Patchkovskii and ZiegérTwo further
LDA/GGA DFT studies by Patchkovskii and Ziegteone on
g-tensors of 8 metal porphyring* and a benchmark study on
the calculation ofj-tensors of high-spin radicdfye.g., MoN)—
and a few general methodologiogdtensor validation studies

including some paramagnetic molybdenum species are avail-

able?7:2847 including one study using hybrid functionafs.

During the course of the present work, two other studies treated

the g- and molybdenum HFC tensdtsand ligand HFC and

170 NQC valueg? respectively, of two larger Mbcomplexes

with state-of-the-art computational methods (INDO/S config-
uration interaction calculations and/or one-component DFT
calculations). However, systematic validation studies of ex-
change-correlation functionals and basis sets (for HFC calcula-
tions) and of the spin-contamination problem for paramagnetic

molybdenum systems have not been performed. In this paper

and in a companion pagérwe evaluate thus in detail the
unrestricted KohaSham methods implemen&d25Cin our

with ge = 2.002319. Up to the level of second-order perturbation
theory using the BreitPauli Hamiltonian, theg-shift Ag
consists of three terrh%>®

Ag: AgSO/OZ+ AgRMC+ AgGC

of which the “paramagnetic” second-order sporbit/orbital
Zeeman cross termgS®©Z dominates (except for extremely
small Ag-values)?® Within our unrestricted coupleeberturbed
Kohn—Sham approach using hybrid density functionals, its
Cartesian componentsare computed (in atomic units)%ds
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wherea is the fine-structure constart’®is explained below,

Fi is the perturbed Fock operator, witff = 4©; — (2/0)ag

S k=1"2 Kii» where 4, is a spatial component of the orbital
Zeeman operatoi; ; is the response-exchange operator, and
a is the weight of HartreeFock exchange depending on the
specific hybrid functional usedy{ and ¢ are spin-polarized
Kohn—Sham orbitals and orbital energies, respectively. LDA
and/or GGA functionals lead to an uncoupled (UDFT) treatment
for this second-order terma{ = 0). The relativistic mass
correction termAgRMC and the one-electron part of the gauge
correction termAg®€ are also included in our approag¢h?®

To evaluate the importance of spiorbit contributions to
the g-tensor beyond leading order in perturbation theory, we
have carried out calculations on two complexes ([MogCI
and [MoOFR]?") using a recently implemented relativistic two-
component DouglasKroll —Hess approact This g-tensor
implementation is the first method that includes spimbit
coupling variationally in a relativistic framework but also
recovers spin polarization faithfully. It requires three two-
component non-collinear spin-density functional calculations
with orthogonal directions of total magnetization.

Hyperfine Coupling Tensor Calculations.Using the Breit
Pauli HamiltoniaR®®%5and a vector potential corresponding to
a pointlike magnetic dipole moment of nucleMsthe isotropic
hyperfine coupling constam,(N) is at first order approxi-
mated by the Fermi contact terAgc(N) = Aiso(N), which can
be written a¥53

AisN) = Aec(N) =

4 1 B
— g = B0 Y P, l0RYIe,0(2)
3 2 =
Hereyy is the gyromagnetic ratio of nucledy ge is the free
electrong-value,[$,[1s the expectation value of tizecomponent
of the total electronic spin, angf;,” is theuv element of the
spin-density matrix in the atomic orbital bas{gy,}. The
Cartesian componentE; of the anisotropic dipolar tensdr
are given b§%:53

pe 7

uv

[, Iry _s(eraij -
3y 1e,H (3)
wherery = r — Ry (Rn is the position vector of nucleus).

Arc = Aso andT;; contribute to the nonrelativistic part of the
HFC tensor

1 1
— 2 1
Tij(N) = 5 O 0cVN E [$Z|j E

o

Aj(N) = Tj(N) + 0;A(N)

The dominant spirrorbit (SO) correction term to the HFC

tensor arises as a second-order cross term between the one- arl;

two-electron SO Hamiltoniarh®® and the perturbed Fock
operatorF ;3250

1 1
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with Fy; = (Aj/rv®) — (2l0)ao Ti=1"? Ky, where {/rvd) is
the paramagnetic nuclear-spin electron-orbit operatorkjnd
is the response-exchange operator.

For better comparison with experimental values the SO
correctionAZ® to the principal componenti; of the nonrela-
tivistic HFC tensorA are given in terms of an isotropic
pseudocontact¥pc) and anisotropic T ory) term

S ON) = Ap(N) + T; oi(N)

Taking these definitions, the components of the complete
HFC tensorA' (up to second-order perturbation theory) can be
written as

Ai'j(N) = Tij(N) +T on(N) + 5ij(AFc(N) + ApdN)) =
Ti(N) + 0;A(N)

and in the case of axial symmetry

Toip=Tnn=Tp= —Tf2=TH= -T2

Torb = Tll,orbz T22,orb= _T33,orb{2 = TI],orb = _Tll,ort/z

and
:jip = Tdip + Torb

and the principal components &f can be expressed using
only two parameters

AAN) = Ap(N) = Ay(N) = Ty, + A, @nd
A1'I(N) = A'Q;S(N) = + Ai'so

The quantitiesA,, and T (including SO corrections) repre-
sent the best description of the experimental EPR parameters
and should therefore be used for comparison with experimental
data. In the following, we will generally refer to the molybde-
num hyperfine interaction and the argumahill be omitted.
Furthermore, thdi, Tii o, andT;; values will always be given
as eigenvalues of the corresponding tensors, i.e., in their own
principal axis systems. The sum relati®p= T; + Tij orp Will
only be fully valid if the principal axis systems of all three
tensors coincide. Since this is not the case for less symmetrical
compoundsT; will in general deviate from the sum of the two
eigenvalued; andT; o The magnitude of this deviation is an
indicator of how much the axis systems differ from each other.

Calculation of EPR Parameters. Practically, the one-
componeng- and HFC tensor calculations were carried out in
two steps: First the unrestricted KohB8ham orbitals were
generated with the Gaussian 03 progtaand were transferred
to the MAG-ReSpect property packagby suitable interface
utines. The converted orbitals were then used to carry out
the g-tensor and HFC tensor calculations. In the Gaussian 03
single-point SCF calculations tight SCF convergence criteria
(energy and density matrix convergence 4@nd 108 a.u.,
respectively) and an ultrafine integration grid (99 radial shells
and 590 angular points per shell) were used. The two-component
g-tensor calculations on [MoOgI- and [MoOF]2~ were done
with a recent two-component versfSrof ReSpect and MAG-
ReSpect. A FINER angular integration grid with 64 radial shells
(this corresponds to ca. 6000 points per atom) was used.

The following exchangecorrelation functionals were used
and compared: (a) the local density approximation (LDA) with
Slater exchange and VoskdVilk —Nusair (VWN) correlatioPf
(cf. SVWNS5 keyword in Gaussian 03); (b) the BP86! GGA

— 2T,
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(generalized gradientapproximation) functional; (c) the B3PRA/¢1 Figure 1). For MoN the experimental Md\N bond length of
hybrid functional, incorporating 20% exact Hartreeock (HF) 1.636 A5 was used. To be able to compare with previous
exchange; and (d) user-defined one-parameter BPW91-basedomputationg;/2834DFT-optimized coordinates (SVWN results)
hybrid functionals (as available within the Gaussian 03 program) from Patchkovskii and Ziegl&twere taken for [MoOG] . The

of the general form structures of [MoXLCJ] were optimized (starting from crystal-
lographic data for related systems) at the unrestricted DFT level
EDbrid — g ENF + (1 — a)ES®® + ERVOL (BP8&°%! functional) with the Turbomolé code. For molyb-

denum an energy-adjusted small-core effective core potéhtial
. s was used together with a TZVP valence basis set (7s6p5d)/
WEP % indicating the amount of Hartreé~ock exa}ct exchangg [5s3p3d] (default basis in Turbomole for atoms from Rb to Rn).
Ex" (chosen as 0.30, 0.40, 0.50, 0.60, or 0.70, in the following 17vp all-electron basis s&&were employed for all other
denoted as BPW91'3OHF’ E_’PW91'40HF’ etc.). . atoms. The Coulomb term was approximated by the resolution
The property calculat|on_s in _MAG-ReSpect used the atomic of the identity (RI) metho®8 (density fitting with a standard
mean-field (AMFI) approximatiof?®’to compute the matrix  1zyp auxiliary basis s&9) to speed up the computations. The
elements of the spirorbit operator. A common gauge at the  g5me computational level was used to optimize [Mg®F

molybdenum nucleus was used for @xéensors. (The-tensor  cartesian coordinates of the optimized structures are available
is generally r_nuclh less gauge-dependent than, for example, NMRjn, the Supporting Information (Tables S3 and S4). Agreement
chemical shifts:) between optimized and experimental structures (where available)

Since no molybdenum Gaussian-type orbital (GTO) basis sets\yas generally good.
specifically tailored for the computation of EPR properties were
available, one t.ask of this work was the construqtion ofa s_ui.table 3. Results and Discussion
basis set that is flexible enough but computationally efficient.
Therefore, we have investigated the dependence of the EPR Molybdenum Basis-Set Studies.In view of the above-
parameters of small molybdenum compounds (Mo atom, MoN, mentioned lack of well-calibrated molybdenum basis sets
[MoOCly]~, and [MoOF]%?") on the choice of the basis set for EPR parameter calculations, we used calculations
employing various contracted and fully uncontracted basis sets.on the Mo atom, the MoN molecule, and the two well-
These basis sets were constructed by fully uncontracting andstudied?283435.37.38824 small Mo’ complexes [MoOG]~ and
then partially recontracting (from inside out) the all-electron [MoOFs]?~ to construct a suitable basis set for molybdenum
TZVP basis set for molybdenum from Ahlrichs and My he that is accurate but sufficiently efficient computationally to be
contractions were performed in the same way and using theapplied to large systems.
same contraction coefficients as in the original contracted In contrast to the MoV systems, where the unpaired electron
(19s14p9d)/[8s6p50]84211111/641111/511}1TZVP basis is almost completely located in a metal d-orbital, one of the
set. The following basis sets were generated for this study: singly occupied atomic orbitals of the Mo atomic ground state
19s14p9d (fully uncontracted), 19s14p5d, 19s9p5d, 19s6p5d,is the 5s-orbital, and one of the singly occupied molecular
12s9p5d, 12s6p5d, 9s6p5d, and 8s6p5d (fully contracted). Toorbitals (SOMOs) of MoN is @-orbital. There is thus a direct
evaluate the influence of f-polarization functions at the metal, SOMO contribution to the Fermi contact interaction for Mo and
we have also carried out some calculations in which the single MoN, and spin-polarization effed%> play a minor role for
f-set (exponent 1.04835114) of Weigend (from the Turbomole Ais, in these species. Figure 2 shows the dependencies of the
standard TZVPP basis set) has been added to yield a fully hyperfine couplings on the metal basis set (the less dramatic
uncontracted 19s14p9d1f basis set. The (19s14p9d)/[12s6p5dHependence of thg-values is shown in Figures S1 and S2 in
{811111111111/641111/51 B &ontraction was found to be an  the Supporting Information), using the B3PW91 hybrid func-
optimal compromise between accuracy and computational efforttional. The isotropic hyperfine couplings exhibit only little
(see Results and Discussion section below). For [MoDGine change upon recontraction of the 19s14p9d basis down to
calculation with a very large and flexible, fully uncontracted 12s6p5d. But any further contraction of the s-functions leads
23s19p12d Hirao basis §&for molybdenum was performed. to an appreciable deviation (e.g., of approximately 17 MHz for
Huzinaga-Kutzelnigg-type IGLO-II basis set$were used for Mo) from the fully uncontracted basis-set resl, in MoN
all other atoms. (Figure 2b) and they-tensor components in Mo and MoN

In some calculations on [MoOg and [MoOF)%-, scalar (Figure S2) are almost invariant toward basis-set contraction.
relativistic effects on molybdenum hyperfine tensors were Addition of an f-function has a nonnegligible effect 8g, in
evaluated using a second-order Douglsoll —Hess (DKH) MoN (Figure 2b) and changesgy by approximately 10% (from
approach developed in ref 71 and extended recently to aca.—6400 to ca—7100 ppm; Figure S2). The latter change is
Gaussian charge finite-nucleus moéfelThese calculations  approximately the order of magnitude of the usual experimental
employed the fully uncontracted 23s19p12d Hirao basi® set errors for many EPR signals of molybdenum compounds. The
for molybdenum combined with fully uncontracted DZVP basis use of metal f-functions is thus not crucialgrtensor calcula-
setd3 for the other atoms. When a finite-nucleus model was tions. These results show clearly that tpgalues and dipolar
employed, this was done consistently for both the nuclear chargehyperfine tensors exhibit only little dependence on the basis
in the second-order DKH SCF calculation (in the Gaussian 03 set. However, a sufficiently flexible s-function basis set in the
program) and for the nuclear magnetic moment in the HFC outer-core part is essential for accurate isotropic metal hyperfine

calculatiori (in MAG-ReSpect). couplings. This is similar to the results obtained for 3d-
Molecular Structures and Structure Optimizations. The complexes?® The smallest basis set that yields only small

electronic ground states arés for [Ma%’4 and 4 for deviations from the “basis-set limit” accuracy (assumed here

[Mo"'N].7475[MoVOCls]~ and [Mo’OFs]2~ posses<y, sym- for the fully uncontracted TZVP basis set) is the 12s6p5d basis

metry and a?B, ground staté’ The larger “octahedral”  set.

hexacoordinated [M6XLCI;] systems (X= O or Sy exhibit Table 1 provides a corresponding basis-set studyf@nd

doublet ground states with structures clos€isymmetry (cf. HFC tensors of [MoOG]~ and [MoOF]?~ (Figure 3 illustrates
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(2)_177 ] for [MoOCly]~ employing the extended basis sets 12s7p5d,
1= — — 12s6p6d, and 12s7p6d for molybdenum provided generally
741 \-—-- effects of less than 1 MHz for HFCs and of less than 1 ppt for
-176 g-tensor components.
178 We have thus identified the 12s6p5d basis as the smallest
1 basis set that still yields EPR parameters close to the “basis-set
) -180 limit” values. It appears therefore suitable as a standard
=, -182+ molybdenum basis set for EPR parameter calculations on larger
q.a 184 ] systems.
186 Dependence on ExchangeCorrelation Functional:
] [MoOCl 4]~ and [MoOFs)?~. The second task of this work was
-188 + to find generally applicable exchangeorrelation functionals
1904 L—" that provide accurate EPR parameters foVNdomplexes. The
192 initial calculations were performed for the sm@l, symmetrical
\{ 6‘ ol 6' 6‘ 6' 6' 6' 6' model complexes [MoOG]~ and [MoOFR]2~ (Table 2 and
s b o o o o o o o Figure 4). Starting with the-tensors, we note that for@q, d*
RS WA system like [MoOC]]~ with a dy SOMO the dominant
contributions toAgp arise from couplings of the SOMO tgA
(b and d-based MOs andg, is dominated by coupling from the
01 et —e SOMO to a ¢-_y-based MO (as has been discussed previ-
.55 Tao oushy?*®). Closer analysis (cf. discussion in the Supporting
sol L Information as well as Table S1 and Figure S3 for detailed MO
T T analyses of ourg-tensor calculations) indicates also some
N -4004 = (positive) contributions from couplings of doubly occupied MOs
S 05 \*_ . . of Mo—Cl bonding character to th&component of the SOMO.
& ] \_ In the course of the analyses it has become obvious that non-
~ 410+ ligand-field transitions have to be considered to explain the
q:-g 4154 observedy-shifts and that metalligand covalency and ligand
. A SO coupling plays a nonnegligible role. These aspects have
'420'_ 's0 already been noted in earlier works36.37.828%nd it has now
-425 4 become possible to put the whole discussion on a firmer
430 ' . . . . . . . . guantitative basis.

N B B B B B b jl'hegu-.compqner)t is furthermore influenced by higher-order
\M,gé DD ADRT GO 0B g (0¥ B o e? spin—orbit contr|but|ons (s_ee beI(_)W). Table 2 and Figure 4 show
oot NP Y that the negative perpendicutgshift component for [MoOG]~
Figure 2. Dependence 0PMo As, (squares) andyp, (circles) on the reaches the experimental value at an exact-exchange admixture
size of the molybdenum basis set for (a) the’Nf&) atom and (b) the  of approximately 36-40%. In contrast, B3PW91 overshoots
MoN (*%) molecule. The calculations were performed using the already slightly for [MoOR]2~. Given the potential environ-
B3PW91 density functional and the IGLO-II basis set for nitrogen. mental effects on these ions, this does not allow a “best
functional” to be chosen. Even at 70% HF exchange admixture,
results for the former complex). Thigp- and Agy-shifts of the negativeAg-values are not yet reached. This points to a
[MoOCl,]~ exhibit a considerable change upon addition of a systematic error of the one-component second-order perturbation
metal f-function, and the dependence on the contraction of the approach used that we will address below in two-component
metal d-functions is also clearly notable. But again, both effects calculations. We will refrain here from extensively comparing
are not far outside the usual experimental error margins of our results for these two complexes in detail with previous
gtensor evaluations and much smaller than influences of calculations, which range from INDO-CI resdfisria early,
different density functionals. All further basis-set contractions crude DFT calculatior’€ to state-of-the-art DFT results with
do not influence the-shift parameters. As was already found GGA functionald”2834and a few hybrid DFT dat# The reason
for MoN, Tqip exhibits negligible basis-set dependence, whereas for this is that the semiempirical results are considered too
Aiso is reduced substantially (by about 28 MHz) when the approximate and unreliable quantitatively and that GGA func-
s-functions are contracted from 12s to 9s (Figure 3 and Table tionals in DFT are not considered very appropriate either. Some
1). The basis-set dependence of the EPR parameters ofof the spin-orbit operators used previously were also far from
[MoOFs]?~ is very similar (Table 1). For [MoOG]~ we applied the current state of the art. We prefer to analyze the influence
also a still larger, fully uncontracted 23s19p12d basis set of of various parameters by comparing different functionals in one
Hirao (Table 1). Differences relative to the fully uncontracted implementation and with the same basis sets. Swann and
TZVP basis are minor, except for a somewhat laryes Here Westmorelan¥ have used a strongly simplified DFT imple-
the influence of the tighter s-functions in the Hirao basis set mentation together with one-electron SO coupling parameters
comes into play. from experimental data, and Patchkovskii and Zieglem-

We have also investigated potential limitations of our 12s6p5d ployed LDA and GGA functionals in combination with effective
molybdenum basis set that could be due to the lack of very potentials for the SO operator. Both theoretical models are not
diffuse p- or d-functions. For this purpose we have added a able to reproduce the negative paralpshifts and yield
more diffuse p-function (exponent, 0.0300) and/or a more diffuse perpendicularg-shifts that are still not negative enough for
d-function (exponent, 0.0596) to the 12s6p5d basis. (ExponentsiMoOCl,]~. Our present one-component results agree qualita-
were obtained by dividing those of the most diffuse p- or tively with the more recent calculatioci$* and furthermore
d-functions already present by a factor of 3.) BP86 calculations reveal that the use of hybrid functionals leads to a correct
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TABLE 1: Dependence of Hyperfine Coupling andg-Tensor Principal Values (without SO-HFC Corrections) on the Size of the
Molybdenum Basis Set for [MoOCL]~ (?B,) and [MoOFs]?~ (?By)?2

complex basis set o o Agy Agn Aiso Taip 0

[MoOCl4]~ 23s19pi2d (Hirao fully uncontracted) 1.9972 1.9504 5125 —51884 85.6 —34.8 0.7576
19s14p9d1if (fully uncontracted) 1.9979 1.9506 —4420 —51720 89.2 347 0.7572
19s14p9d (fully uncontracted) 1.9993 1.9502 —3044 —52084 87.8 —34.6 0.7575
19s14p5d 2.0000 1.9511 —2289 —51188 87.1 —-34.0 0.7575
19s9p5d 2.0000 1.9510 —2333 —51271 87.2 346 0.7575
19s6p5d 1.9999 1.9510 —2419 —51351 86.1 —34.3 0.7561
12s9p5d 2.0000 1.9510 —2327 —51271 899 346 0.7575
12s6p5d 2.0000 1.9510 —2320 —51320 90.1 343 0.7575
9s6p5d 2.0000 1.9510 —2339 —51320 62.7 —34.3 0.7575
8s6p5d 2.0000 1.9510 —2339 —51320 728 —34.3 0.7575
exp8 1.9650 1.9468 —37320 —55520 144.6 —41.4

[MoOFs]?~ 19s14p9d1if (fully uncontracted) 1.9217 1.9050 —80586 —97278 1126  —38.2 0.7578
19s14p9d (fully uncontracted) 1.9222 1.9028 —80144 —99550 111.3 —38.0 0.7581
12s6p5d 1.9238 1.9040 —78495 —98291 1141 377 0.7581
9s6p5d 1.9238 1.9041  —78495 —98235 834 377 0.7581
exps 1.874 1911 —128320 —91320 183.1 —47.8

a All computations were performed using the B3PW91 density functional and IGLO-II basis sets for all atoms except molybdenum. All HFC
constants are given in MHz, amgdshifts (Ag) are given in ppm.

(a) 2000 functionals from ref 28 by approximately £20 ppt for Agn
o and by 6-16 ppt for Ag;. Closer analyses (data not shown)
-3000- Ag, indicate that these differences are due to an insufficiently flexible
Mo d-basis set in ref 28. (This problem does not affect the bulk
-4000 of the calculations in that work, which was focused on
3d-complexes.)
E 50004 Turning to the®Mo HFC tensors, it appears at first sight
% -6000 = 1 that larger HF exchange admixtures are required to approach
< ’ il the experimental values (we focus on thg, and Ty, values
51000 4 obtained after inclusion of spirorbit corrections, cf. discussion
. / A below) for both isotropic and anisotropic contributions. How-
520004 9. ever, already around 40% HF exchange, where gptehsors
53000 may be obtained, the agreement with experimental hyperfine

tensors is acceptable. Moreover, we will show below that, in
o P o o o o B contrast to the HFC anisotrop#s, is increased on the order
ABS gg»\b& AN '\Qﬁg&) '\9’569 \,Léav ,\,Lg@? o o PRiso IS | .
e AT A of ca. 15-20% by scalar relativistic effects, which were
neglected in the calculations presented in Tables 1 and 2. This

(b) 9 suggests again hybrid functionals with approximately-80%
904 . — HF exchange as the preferred choice.
g5 T '\-/. Notably, spin contamination of the KokiSham determinant
is small even up to 70% HF exchange admixture @&.
_. 80+ expectation values), as indicated also by a small and monotonous
g 75 ] A, dependence of th&g, contributions on the functiona?. This
= is consister® with an essentially nonbonding character of the
l:" 701 dytype SOMO in these two complexes. GGA and LDA
< 651 functionals provide too covalent ML bonds3487:8This gives
too little spin density on the metal and thus too small
= = g-anisotropies? and HF exchange admixture helps by rendering
N Tap the metat-ligand bond somewhat more iori¢?8 Core—shell
351 " - spin polarization is important for the isotropic hyperfine
\\' cl ol 6' 6‘; 56' 56' 5¢I 6; coup!ings and is also u_nderesti_mated by GGA and_ LDA
\M,gé gs\uvg g,\w" géaq" S g g B R functionals?®-3° More detailed studies of the corshell spin-
A A polarization mechanisms in Mo ions will be reported elsewhere.
Figure 3. Dependence of (ago (squares) anag (circles) and (b) Spin—orbit contributions toTy,, are on the order of ap-

%Mo Ao (squares) andip, (circles) on the size of the molybdenum
basis set for [MoOG]~ (°B.). The calculations were performed using
the B3PW91 density functional and IGLO-II basis sets for all other

proximately 7#12% (the fraction increases with more exact-
exchange admixture) and render the overall values somewhat

atoms. more negative (Table 2 and Figure 4b). Contributiong\tg

are close to 15% and increase the positive values further toward
prediction of the negative sign of the paraligshift. Therefore, experiment. (Due to the negative nucleaiactor of**Mo, this
our hybrid DFT calculations for [MoOG]~ yield g-shifts in corresponds to negative spin densities at the nucleus.) It is clear

better agreement with experimental data than the previousthat accurate calculations of the HFC parameters should take
calculations. We note, however, that our present results for the SO contributions into account. A similar magnitude of SO
[MoOCI4]~ are lower than the results with the corresponding contributions has been found for t£8d® complexeg532The



4622 J. Phys. Chem. B, Vol. 111, No. 17, 2007 Fritscher et al.

TABLE 2: Dependence of Hyperfine Coupling andg-Tensor Principal Values (with and without SO-HFC Corrections) on the
Choice of the Density Functional for [MoOCIl,]~ (?B,) and [MoOFs]?~ (?B,)2

complex functional gP g AgpP AgeP Acc (Ais) Asy Tap Ty [F0O
[MoOCl,]~ SVWN5 2.0085 1.9514 6177 —50911 58.9 73.3—32.5 —34.3 0.7532
BP86 2.0081 (1.9973) 1.9562 (1.9519) 5822074) —46168 (-50364) 72.1 85.7—-32.1 —33.9 0.7540
B3PWO1  2.0000 (1.9888) 1.9510 (194640319 (-13530) —51319 (-55947) 90.1 105.3-34.3 —36.6 0.7575

BPWO1-30HF 1.9950 (1.9838) 1.9487 (1.9439Y294 (-18537) —53648 (-58388)  101.3 117.1-35.2 —37.7 0.7605
BPWO91-40HF 1.9894 (1.9779) 1.9454 (1.9407)12907 (-24382) —56928 (-61665)  110.3 127.0-36.1 —38.9 0.7641

BPW91-50HF 1.9833 1.9415 —19005 —60789 119.5 137.2-37.0 —40.0 0.7691
BPW91-60HF 1.9768 1.9369 —25521 —65466 128.9 147.6-37.9 —41.2 0.7764
BPW91-70HF 1.9699 1.9310 —32408 —71315 138.6 158.4-38.8 —42.5 0.7872
exps 1.9650 1.9468 —37320 —55520 144.6 —41.4

[MoOFs]>~ SVWN5 1.9332 1.8867 —69083 —115607 75.8 101.6-36.8 —38.9 0.7534
BP86 1.9394 (1.9206) 1.9062 (1.9041)62933 (-81725) —96148 (-98225) 95.0 117.9-36.1 —38.7 0.7543

B3PW91 1.9238 (1.9030) 1.9040 (1.9021)78494 (-99285) —98290 (-100231) 1141 138.5-37.7 —41.2 0.7581
BPW91-30HF 1.9167 (1.8960) 1.9039 (1.902085601 (-106354) —98405 (-100342) 126.5 151.5-38.1 —42.1 0.7618
BPW91-40HF 1.9083 (1.8877) 1.9020 (1.8999p4071 (-114650) —100341 (102447) 136.2 162.0-38.5 —43.0 0.7666

BPW91-50HF 1.8994 1.8995 —102919 —102850 146.2 172.8-38.8 —44.0 0.7739
BPW91-60HF 1.8901 1.8963 —112193 —106066 156.5 184.2-39.0 —44.8 0.7850
exp84 1.874 1911 —128320 —91320 183.1 —47.8

a All computations were performed using the 12s6p5d basis set for molybdenum and IGLO-II basis sets for all other atoms. All HFC constants
are given in MHz, and-shifts (Ag) are given in ppm? One-componerg-tensor results with relativistic two-component DKH results in parentheses,
cf. text. © Ay, = Arc + Apc and Ty, = Taip + Tors.

SO corrections are slightly more important for [Mog)# than (a) 10000 | e—
for [MoOCl,] . 0- \\
It should be noted that the optimized structures used here T
(and in previous calculations) for the free [MoQ[I and '10000'. \.
[MoOFs)2~ anions exhibit somewhat too long bonds compared  _>qggo \-
to available experimental solid-state structures (cf., e.g., ref 37, 1 \.\Ag"
see also ref 34 for a discussion of structures). To test the § 3000 71gy5 Ag .
influence of these structural differences on the EPR parameters;= F---- e ]

. . -40000
we have also carried out a few BP86 calculations for the 2

) ]
experimental structures. Changes for HFCs compared to results 500004 " ~~,
for optimized structures (cf. Table 2) were below 1.6 MHz for T Ny
Aso and below 0.3 MHz forTgj, for both complexes. Larger 60000'_ exp. Ag, "
differences (between approximately 3000 and 10000 ppm) were  _70000 - ~
obtained for theg-values with results for optimized structures T T T T T T T
generally in somewhat better agreement with experiment. We
will in any case focus on DFT-optimized structures in the
following since any future computations for systems of unknown
structure will also have to employ structure optimizations.

Use of Pseudopotentials fog-Tensor Calculations.While M ool - ___________ &
the bulk of calculations in this work relied on an all-electron 1exp. A o
140 iso .
treatment that neglected scalar relativistic effects, we have also 120 /n?.f
performed a few calculations (BP86 level) on [MoGICiwhere ] /”/- e
the core shells of Mo had been replaced by a small-core scalar 1997 A /D/'
relativistic pseudopotenti@ (effective core potential (ECP)) in T 804 _— : /.
the SCF step (with a 6s5p3d valence b&iand a correspond- 2 gl —
ing spin—orbit ECP8was used in the perturbational calculation 5 40
of the SO matrix elements (eq 2.The resultingAgy = e
—42 409 ppm and\g, = 3687 ppm differ by 30084000 ppm < 20
from the all-electron results (Table 2), possibly in part as a 04 exp. T,
consequence of scalar relativistic effects. In any case these 20 T T
results indicate that ECP/SO-ECP calculations may be of useful 0]/ ° 5 5 P ""’U—
accuracy at very limited computational cost, for example, if one e e e e L
is not interested in the metal hyperfine couplings but only in ®  ® o \ \4 \ \ \3
g-tensors or ligand HFC tensors for Mo systems. %\‘\‘*\A & 6'5?®\N9\:50Y\®9\A o\(\\ﬂg’\b@’\\@"b@’\@fb\j@’\
Two-Componentg-Tensor Calculations.It has been noted _ & & 9_?
previously that perturbational inclusion of spinrbit coupling Figure 4. Dependence of (a)gs (squares) andg; (circles) and (b)

95 . . i i
in a one-component second-order perturbation approach does Mo As, (squares) andy (circles), both with (open symbols) and

. - . without (closed symbols) SO-HFC corrections, on the choice of the
not reproduce the negative paralieshifts (Ag)) in heavy-atom density functional for [MoOC]~ (?B,). The calculations were per-

-radicals?*® It appears thus reasonable to assume that the formed using the 12s6p5d basis set for molybdenum and IGLO-Il basis
insufficiently negativeAg, components for [MoOG]~ and sets for all other atoms. The dashed lines indicate the experimental
[MoOFs]?~ are also due to the neglect of higher-order SO value$® for (a) Agn andAg; as well as (b)Aiso and Taip.
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TABLE 3: Scalar Relativistic Effects on Mo HFC Tensors
for [MoOCI 4]~ (?B,) and [MoOFs)%~ (?By)?2

complex method Aiso Taip
[MoOCl4]~ BP86 NR 67.3 —325
BP86 DKH PN 81.7 —32.0
BP86 DKH FN 80.0 —32.0
B3PW91 NR 84.7 —34.6
B3PW91 DKH PN 104.3 —33.8
B3PW91 DKH FN 100.9 —33.8
[MoOFs]2~ BP86 NR 82.7 —35.9
BP86 DKH PN 111.8 —36.2
BP86 DKH FN! 110.0 —36.2
B3PW91 NR 109.0 —38.3
B3PW91 DKH PN 137.3 —37.5
B3PW91 DKH FN 134.3 -375

a All computations were performed using the fully uncontracted Hirao
23s19pl2d basis set for molybdenum and fully uncontracted DZVP
basis sets for all other atonfsNonrelativistic calculation¢ Relativistic
second-order DouglaKroll—Hess calculation with point-nucleus
model for both wavefunction and HFC operatbRelativistic second-
order Douglas-Kroll —Hess calculation with Gaussian finite-nucleus
model for both wavefunction and HFC operator.

contributions. In addition to the second-order perturbation
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ment with previous result&,compared to results with a finite-
nucleus model, the point-nucleus calculations tend to overshoot
somewhat the scalar relativistic effects Agy.)

We think that the relativistic enhancement factors obtained
will be reasonably transferable to larger systems and may serve
at least as good semiquantitative a posteriori correction factors
on top of nonrelativistic calculations for larger systems. This
should be kept in mind when evaluating the performance of
different exchangecorrelation functionals for isotropic hyper-
fine couplings below and in future studies.

EPR Parameters of MOOLCl, and MoSLCl, (L = Tris-
(3,5-dimethylpyrazolyl)hydroborate). These two larger com-
plexes (cf. Figure 1) provide us with a more challenging test of
the methodology due to their lower symmetry. The latter point
renders the orientations of tlge and HFC tensors nontrivial.
Since very reliable single-crystal EPR studies are available for
these system®, we may evaluate the performance of DFT
methods for tensor orientations relative to each other and to
the molecular framework. We note that only very few single-
crystal EPR studies of Mocompounds are availalte-7682:86.9093
due to the lack of suitable diamagnetic host lattices. This leads
to a limited amount of experimental data on the orientation of

calculations presented, we have therefore also applied a recentheg- and HFC tensors relative to the molecular frame. For the

relativistic non-collinear two-component DKH appro&tko

MoOLCI, and MoSLC} complexes, single-crystal Q-band EPR

these two complexes at the BP86, B3PW91, BPW91-30HF, anddata are availabl® and we may use them as “reference”
BPW91-40HF levels. The results are included in Table 2 (values systems before applying the computational methodology to an

in parentheses).
While changes inm\gn compared to the one-component results

extended set of larger systems in a companion p&e note
that a second single-crystal EPR study of MoOgE€teports

at the corresponding DFT levels are moderate, the more negativeather similar EPR parameters.

Ag, values are notable for both complexes and with all

functionals used. (The differences between one- and two-
component results exhibit relatively little dependence on the jistripution respectively

functional.) Interestingly, the decrease 4§, due to higher-
order SO effects is larger for [MoGQF~ than for [MoOCk]~
(ca.—20 vs ca.—11 ppt) whereas the decrease/dd is less
pronounced (ca-2 vs ca.—5 ppt). In both cases, the computed
two-componenig values are appreciably closer to experiment

than the one-component results. The deviations from experimen

for a given functional have still not become identical for both

tensor components. However, we note that the BPW91-30HF

and BPW91-40HF levels do now provide the correct omgler
< gp for [MoOFsg]?".
As the two-component calculations in their current imple-

Figures 5 and 6 help to relate EPR parameters to bonding by
visualizing the shape of the SOMO and the spin-density
for both MoXLgtomplexes and for
the GGA BP86 and the hybrid BPW91-40HF functionals. The
SOMO (Figure 5) is mainly a molybdenum gabrbital with
additional p-type contributions from the chlorine atoms (and to
a lesser extent from the equatorial nitrogen ligands), and it
possesses some metéiband r-antibonding character. (While

tthe m-antibonding character relative to the axial ligand is

obviously small for X= O, it can be seen for X= S upon

inclusion of 40% HF exchange.)

The shape of the SOMO is roughly reflected in the positive
part of the overall spin density (Figure 6). Additionally, however,

mentation are rather demanding for wider application to the N€gative spin density due to spin polarization is apparent at the
larger systems discussed below and in the second paper of oufXi@l ligand. Such negative spin density has recently been
validation study’? it appears most practical at this point to apply analyzed in detail by electron spin echo envelope modulation
appropriate corrections for higher-order SO effects to the parallel @hd DFT studies of oxygen HFC and NQC tensors"i0-
(Ag; or Agy3) components obtained in one-component second- labeled [MoO(SPh]~.® The negative spin density reflects the
order calculations. This should enhance the predictive power 7Z-antibonding nature of the SOMO regarding the axial-\o
of the one-component approaches for large complexes. bond. As has been discussed previously for 3d-compf&xes,
Evaluation of Scalar Relativistic Effects on Mo Hyperfine valence-shell spin polarization in transition-metal systems is
Tensors by Second-Order DKH CalculationsWhen evaluat-  closely related to metalligand o- or -antibonding character
ing scalar relativistic effects on the Mo hyperfine couplings, ©f the SOMO. It leads particularly to the polarization of the
we rely on an all-electron relativistic treatment: Table 3 corresponding bonding doubly occupied MOs. The spin polar-
compares nonrelativistic (NR) calculations of Mo hyperfine ization differs notably for the two systems, in particular with
tensors with scalar relativistic calculations at the second-order respect to the dependence on the functional. While the negative

DKH level with point-nucleus (PN) and finite-nucleus (FN)
models, respectivel{% 72 using either the BP86 GGA or the
B3PW91 hybrid functional. It is immediately obvious that

spin density at the oxo ligand in MoOL£Llis increased
moderately upon going from the BP86 GGA functional to the
BPW91-40HF functional, the admixture of 40% HF exchange

relativistic effects (and effects of the nature of the nuclear model) has a much more dramatic effect for MoSkQlVhereas little

are very small for the hyperfine anisotropies but are significant
for the isotropic hyperfine couplings. For both systems and with
both functionalsAiso is enhanced appreciably, by ca. 19% for
[MoOCI4]~ and by more than 20% for [MoQF. (In agree-

negative spin density has developed at the axial sulfur ligand
at the BP86 level, it is very pronounced in the BPW91-40HF

calculations (Figure 6). Such a large dependence of valence-
shell spin polarization on exact-exchange admixture has previ-
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BP86 BPW91-40HF

Figure 5. Isosurface plots of the SOMOH—0.05 a.u.) for MoOLG] and MoSLC} as calculated with BP86 or BPW91-40HF functionals, the
12s6p5d basis set for molybdenum, and IGLO-II basis sets for all other atoms. Positive amplitudes are shown in gray, and negative amplitudes in
blue. Hydrogen atoms are omitted for the sake of clarity.

TABLE 4: Dependence ofg-Tensor Principal Values on the Choice of the Density Functional for MOoOLC} and MoSLCI,?

complex functional ou O22 O33 Agi1 Ag22 Agss Adi1 — AQs®  Agi — AQedAgn — Age [0

MoOLCl, SVWN5 2.0046 1.9423 1.9314 2290-60051 —70957 73 0.85 0.7534
BP86 2.0037 1.9483 1.9384 135153982 —63934 65 0.85 0.7546
B3PW91 1.9948 1.9427 1.9309 —7493 —-59572 —71466 64 0.81 0.7601
BPW91-30HF 1.9892 1.9404 1.9281 —13105 —61874 —74234 61 0.80 0.7661
BPW91-40HF 1.9828 1.9370 1.9242 —19535 —65323 —78081 59 0.78 0.7754
exp’® 1.969(1) 1.939(1) 1.931(1)—33319 —63319 —71319 38 0.79

MoSLClL SVWN5 1.9987 1.9111 1.8839 —3616 —91224 —-118419 115 0.76 0.7501
BP86 1.9976 1.9244 1.9022 —-4747 —77956 —100112 95 0.77 0.7643
B3PW91 1.9860 1.9187 1.8972 —16345 —83627 —105168 89 0.76 0.8024
BPW91-30HF 1.9780 1.9149 1.8962 —24298 —87443 —106128 82 0.77 0.8721
BPW91-40HF 1.9685 1.9074 1.8921 —33795 —94935 —110193 76 0.80 0.9995
exp’® 1.958(1) 1.911(1) 1.900(1)—44319 —91319 —102319 58 0.81

a All computations were performed using the 12s6p5d basis set for molybdenum and IGLO-II basis sets for all other atgpshifish@\g)
are given in ppm, and thg-anisotropy is given in ppt. The error of the experimemgashifts is+1000 ppm for both compound3g-Anisotropy
= Agi1 — Agsz in ppt. ¢ g-Tensor rhombicity= (Agi1 — AQz2)/(AQ11 — Agss).

ously been found to be connected to spin contamination with 5. Starting with theg-tensors, we see a similar behavior as for
hybrid functional®® (see discussion below). This behavior is the smaller models above: Hybrid functionals with about30
consister®® with a larger covalent nature of the M& compared 40% HF exchange admixture provide good agreement with
to the Mo—O multiple bond to the axial ligands. We may experiment for the “perpendicular” componemsg, andAgss)
furthermore conclude from the shape of the SOMO that its but insufficiently negative “parallelAg;;-values. As we have
s-character is negligible (Figure 5). We thus expect estell seen above, the latter point is due to the neglect of higher-order
spin polarization to dominate the isotropic metal HFC vafijés, spin—orbit contributions in the perturbational treatment. There-
whereas the anisotropic parts will mainly be due to contributions fore, theg-tensor anisotropy tends to be overestimated by the
from the unpaired electron in the SOMO. calculations (this could be improved at the two-component level,

We will use the “optimum” 12s6p5d molybdenum basis and see above), while the rhombicity of the tensors is reproduced
focus on the comparison of different functionals and on the reasonably well. This is an observation that may bear on the
importance of spirrorbit corrections to the HFC tensors. comparison of theory and experiment for 4d-complexes on a
g-Tensors are provided in Table 4, and HFC tensors in Table more general level.
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BP86 BPW91-40HF

MoOLCl,

Figure 6. Isosurface plots of the spin-density distributiord<0.005 a.u.) for MOOLGland MoSLC} as calculated with BP86 or BPW91-40HF
functionals, the 12s6p5d basis set for molybdenum, and IGLO-II basis sets for all other atoms. Positive densities are shown in gray, and negative
densities in blue. Hydrogen atoms are omitted for the sake of clarity.

TABLE 5: Dependence of HFC Constants on the Choice of the Density Functional for MoOLGland MoSLCI2

complex functional Arc Apc A:sob Tz Too Tas Tll,orb T22,orb T33,orb TELlc T'22C T'33C 0

MoOLCl, SVWN5 56.5 14.7 71.3 60.3 -30.8 —29.5 56 —-35 -20 64.3 —32.8 —31.5 0.7534
BP86 69.9 14.0 83.9 59.9-30.5 —-294 54 -33 -21 64.1 —32.6 —31.5 0.7546
B3PW91 89.5 15.9 105.5 64.4-328 -—-31.7 65 -—-38 -—28 69.9 —35.5 —34.4 0.7601
BPW91-30HF 1019 16.0 1179 65.7-334 —-32.3 71 -39 32 72.1 —36.6 —35.4 0.7661
BPW91-40HF 112.6 17.9 130.4 67.0—-34.1 -—-32.9 77 —-41 -36 73.9 —37.6 —36.3 0.7754
exp’® 138(1) 77)  -38(2) -37(2)

MoSLCl,  SVWNS5 56.9 18.9 75.7 583 —299 -—283 6.0 -50 -09 60.1 —30.8 —29.3 0.7501
BP86 711 17.2 88.3 57.2-293 -—-27.9 54 —-42 -13 59.9 —30.5 —29.4 0.7643
B3PW91 95.1 19.6 114.7 58.4—-30.0 -—28.4 57 =37 -20 62.1 —32.0 —30.1 0.8024
BPW91-30HF 113.7 21.0 134.7 56.1-28.9 -—-27.3 56 -31 -25 60.4 —31.3 —29.1 0.8721
BPW91-40HF 132.7 22.9 155.6 52.8—26.8 —25.9 57 =31 -25 57.9 —30.0 —27.9 0.9995
exp’® 140(1) 69(2) —39(2) —29(2)

@ First-order HFC constant®\éc andT;), second-order SO correction ternfs¢ and Tii o), as well as the total HFC, and T;;) are shown. Th&j,
Tii, o, @andT;; values are given as eigenvalues of the corresponding tensors, i.e., in their own principal axis systems. All computations were performed using
the 12s6p5d basis set for molybdenum and IGLO-II basis sets for all other atoms. All HFC constants are given iAMHEz Asc + Apc. ° T} = Tii +
Ti,orb- This sum relation is only valid if the principal axis systems of all three tensors coincide. Since this is not the case for less symmetrical compounds,
]:I'i'i will in ﬁenﬁral deviate from the sum of the two eigenvalig@ndTi o The size of this deviation is an indicator of how much the axis systems differ
rom each other.

Turning to the HFC tensors (Table 5) and recalling that functional, it decreases somewhat upon further increase of the
enhancement of\rc by approximately 1520% due to scalar =~ HF exchange contribution. Such a behavior of the hyperfine
relativistic effects is expected (cf. Table 3), we find good anisotropy has been found to reflect nonnegligible spin con-
agreement with experimental isotropic couplings at approxi- tamination of the KohirSham determinant in previous studies
mately 30% HF exchange admixture. (This ratio appears to of hyperfine tensors for 3d transition metal comple3&¥And
provide a reasonable description of ceshell spin polarization.) indeed the MoSLGIsystem is the only M6 complex in this
While theT; (T;) parameters increase toward experiment with study (and in our subsequent evaluation of a larger set of Mo
increasing HF exchange for MoOLgthe situation is somewhat  complexe$’) where thes? expectation value exhibits appreciable
more complicated for MoSL@I While the hyperfine anisotropy  spin contamination upon increasing the HF exchange admixture
increases from the BP86 GGA functional to the B3PW91 hybrid beyond 20% (Table 5). In recent studiesgeensors and spin-
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TABLE 6: Relative Orientations of g- and HFC Tensors for MoOLCI, and MoSLCI, Expressed in Terms of the Angles
between the Axes of theg and A Principal Axis Systemg

complex computed orientation experimental orientdfion
A1z Ao Asz Au Az Ass
MoOLCl,
Ou1 29.8 90.8 60.2 34.1 90.0 55.9
BP86 022 89.4 0.8 89.5 90.0 0.0 90.0
Os3 119.8 90.2 29.8 124.1 90.0 34.1
a=11 p=29.8 y=-04 a=0 p=34.1 y=0
Ou 31.0 90.7 59.1
B3PW91 022 89.5 0.8 89.3
O3 121.0 90.3 31.0
a=13 p=31.0 y=-0.7
Ou1 32.7 91.6 57.3
+SO-HFC correction 022 89.5 2.2 87.8
Os3 122.7 91.6 32.7
a=41 p=32.7 y=-29
BPW91-30HF 022 89.6 0.7 89.4
Os3 121.6 90.3 31.6
a=12 p =316 y=-0.6
Ou1 33.2 91.4 56.9
+SO-HFC correction 022 89.6 1.9 88.2
O3 123.2 91.3 33.2
=34 p=33.2 y=-24
Ou1 32.3 90.6 57.7
BPW91-40HF 022 89.7 0.6 89.5
O3 122.3 90.3 32.3
a=10 p=323 y=-0.5
Ju1 33.8 91.1 56.2
+SO-HFC correction O22 89.6 15 88.5
Os3 123.8 91.0 33.9
=27 p=33.9 y=-19
MoSLCl,
Ou1 32.2 90.1 57.8 30.7 90.0 59.3
BP86 O22 90.1 0.5 89.5 90.0 0.0 90.0
O33 122.2 90.5 32.2 120.7 90.0 30.7
a=09 p=32.2 y=-09 a=0 p=30.7 y=0
Ou1 30.7 90.3 59.3
B3PW91 022 90.1 0.6 89.4
Os3 120.7 90.5 30.7
a=12 £ =307 y=-11
Ou1 33.1 90.3 56.9
+SO-HFC correction O22 90.0 0.6 89.4
Os3 123.1 90.5 33.1
a=10 p=33.1 y=-0.9
Ou1 28.2 90.5 61.8
BPW91-30HF 022 90.0 0.9 89.1
O3 118.2 90.8 28.2
a=19 p=28.2 y=-16
Ou1 30.2 90.5 59.8
+SO-HFC correction 022 89.9 0.9 89.1
O3 120.2 90.7 30.2
oa=17 p=30.2 y=-15
g1 24.0 91.2 66.0
BPW91-40HF 022 89.8 2.6 87.4
Os3 114.0 92.3 24.1
a=6.3 p=241 y=-55
Ou1 31.0 91.0 59.0
+SO-HFC correction O22 90.0 2.0 88.0
Os3 121.0 91.8 31.0
a=4.0 p=31.0 y=-34

aThe eigenvectors of the two tensors are taken to span right-handed coordinate systems with an orientation of the axes in the molecular frame as shown
exemplarily in Figure 7. Additionally, the corresponding Euler angles (defined as subsequent rotationszanpuat] axes) are given. All computations
were performed using the 12s6p5d basis set for molybdenum and IGLO-II basis sets for all other atoms. All angles are given in degrees.

density distributions of Rl 4d® complexes withortho- was then overestimated at a higher fraction of HF exchange
quinonoid ligands, we found a similar sensitivity[@[to exact- admixture3® The same effect is operative here (see discussion
exchange admixture when one of the ligating atoms was sulfur, above).

whereas no problems arose with oxygen. Closer analysis Table 5 shows furthermore that SO contributions to the HFC
indicated that the larger covalency of thed8 bond gave rise  tensors are of similar magnitude as found above for the smaller
to appreciable spin polarization of certain valence MOs, which model complexes. That is, the SO contributionsAg, are
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above exact-exchange admixtures of 20% (see discussion
above). Inclusion of SO corrections to the HFC tensor leads to
very small alterations of the angles (e.g., bel W& g11—Aq1
andgss—Ags angles) for B3PW91 but influences the HFC tensor
orientation much more for BPW91-40HF (e.g?,fér g11—A11

and gsz—Asz angles). The spin-contamination problem thus
shows itself also for the tensor orientations and makes the choice
of an ideal functional more difficult for this particular complex.
(As noted above, none of the larger variety of systems discussed
in our second pap#t exhibits such problems.) Probably the
B3PW09L1 calculations (with SO corrections to the HFC tensor)
would appear the most reliable approach in this case.

The orientation ofg- and molybdenum HFC tensors in the
molecular frame (Figure 7) is reproduced very well by the
calculations (Table S2 in the Supporting Information) with the
same influence of functional and SO corrections to HFC tensors
as discussed for the relative tensor orientations. The angles
between the principal tensor axes and the-Mobonds (X=

Figure 7. Computed orientation of thg- (green) and HFC (yellow, s ot
including SO corrections to the tensor orientation) tensors in the OIS, Cl1, CI2, N1, N2, N3) indicate deviations for t9&/Au,

molecular frame for MoOLGI(BPW91-40HF results). Principal axis Gg2dAz, and 933/'%:)3 acxes of 5’0 2°, and 4, or better, for
systems are taken to be right-handed coordinate systems. For the sak¥0OLCl>and 6-7°, 2°, and 3-5°, or better for MoSLCJ. The
of clarity all hydrogen atoms are omitted. largest deviations are found for angles of the tensor axes with

. ) the Mo—0O/S bond and the MeCl bonds. These results support
approximately 1525% (the lower values hold for hybrid  thys the predictive power of appropriate DFT methods for the
functionals, as theApc contribution increases less with HF  re|ative and absolute tensor orientations. This is of importance

eXChange admiXturQ than the nonrelatiViSﬁfc Value), and when app|y|ng DFT methods to Systems where the tensor
those toTy;, approximately 10%. In both cases, the absolute grientations are less well-known from experiment.

values are increased by the SO contributions and thus tend to
move closer to the_ experimental data. _It is clear_ that these 4 conclusions
second-order contributions should be included in accurate
calculations. This study suggests that in most cases both molybdenum
Table 6 contains the computed and experiméhialative hyperfine tensors andj-tensors of MY systems are well
g- and A-tensor orientations for the two complexes. (Table S2 reproduced by hybrid DFT methods with approximately-30
in the Supporting Information compares the tensor orientations 40% exact-exchange admixture. The following limitations have
relative to the molecular frame.) Figure 7 visualizes the to be kept in mind, however: (a) The “paralleti-tensor
computed tensor orientations for MoOL:CTheA;; axis points component comes out insufficiently negative in treatments that
along the Me-O bond, theAs; axis lies between the two  include spir-orbit coupling only to leading order in perturbation
chlorine atoms, and th&, axis lies between a chlorine and an  theory. Here, a variational inclusion of spiorbit coupling
equatorial nitrogen atom. Thg; axis is almost collinear with ~ becomes necessary, for example, in a two-component frame-
Az, andgp; and gss are simply rotated clockwise around the work. (The non-collinear two-component DKH approach used
g0/ Az axis with respect to the principal axes of the HFC tensor. in this work has the advantage of taking into account spin
(The tensor orientations for MoSLCare shown in Figure S4  polarization®) It appears possible that a more detailed under-
in the Supporting Information.) The agreement of the angles standing of theg-tensors may allow the systematic correction
between the axes of tlie and HFC tensor principal axis systems of one-component results for the missing higher-order SO
with experiment is in general very satisfying for both complexes contributions. (b) In certain, relatively rare cases (in the present
(Table 6). The influence of the density functional (amount of paper only the MoSLGlsystem), the onset of spin contamina-
HF exchange) is rather small for MoOLGNhere changes of  tion may deteriorate the results for large exact-exchange
g11—A11 and gzs—Ags angles are below®3and changes of the  admixtures. These cases may, however, be identified straight-
go2—Ao2 angle are negligible. Increased exact-exchange admix- forwardly. (The problems are related to an appreciable metal
ture improves the computed orientation somewhat. The SO ligand antibonding nature of the singly occupied MOs.) Then
correction to the HFC tensor changes the orientation almost use of a lower fraction of HF exchange (as, e.g., in the B3-type
negligibly: gi11—As1 and gss—Ags angle alterations are below  hybrid functionals) may still provide reasonably accurate EPR
2° and theg,,—As, angle increases slightly by approximately parameters. An alternative for such cases in future studies may
1° (i.e., these two axes are no longer completely collinear). The be the use of localized hybrid potenti&fs'> (c) Isotropic Mo
smallest deviations from experiment are found for BPW91-30HF hyperfine couplings (more precisely, their Fermi-contact-type
and BPW91-40HF (including SO corrections to the HFC tensor). part) tend to be enhanced by about-Z®% when scalar
They are below 5% for the largg—A;; and gs3—Agz angles relativistic effects are taken into account. This has to be keptin
(corresponding to the Euler angefor collinearity of g, and mind when comparing nonrelativistic calculations to experiment.
Az7). For MoSLC}, the influence of the functional is somewhat Notably, the detailed comparison of theory and single-crystal
different compared to MoOLGI| Going from BP86 to B3PW91  experiments for two larger, less symmetrical MoXkQX =
improves the computed orientation slightly (changes are smallerO,S; L = tris(3,5-dimethylpyrazolyl)hydroborate anion) com-
than 2), but use of BPW91-40HF drastically deteriorates the plexes indicates good predictive power of the chosen DFT
agreement with experiment yielding, for example, too small approaches for relative and absolute orientatiorgs ahd metal
angles betweeg;; andA;; as well agyzz andAgs (cf. Table 6). HFC tensors. Spinorbit corrections to the molybdenum HFC
This reflects probably the onset of substantial spin contamination tensor components are significant and should be included in
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accurate calculations (but their influence on the tensor orienta-
tions was only moderate). Detailed basis-set calibration studies

have provided us with a moderate-sized 12s6p5d basis set for,

molybdenum that provides an excellent compromise between
accuracy for molybdenum hyperfine tensor calculations and
computational effort.
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