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Relativistically corrected nuclear magnetic resonance chemical shifts
calculated with the normalized elimination of the small component
using an effective potential-NMR chemical shifts of molybdenum
and tungsten
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A new method for relativistically corrected nuclear magnetic reson@it&R) chemical shifts is
developed by combining the individual gauge for the localized orbital approach for density
functional theory with the normalized elimination of a small component using an effective potential.
The new method is used for the calculation of the NMR chemical shift¥wd and'®3w in various
molybdenum and tungsten compounds. It is shown that quasirelativistic corrections lead to an
average improvement of calculated NMR chemical shift values by 300 and 120 ppm in the case of
%Mo and ®W, respectively, which is mainly due to improvements in the paramagnetic
contributions. The relationship between electronic structure of a molecule and the relativistic
paramagnetic corrections is discussed. Relativistic effects for the diamagnetic part of the magnetic
shielding caused by a relativistic contraction of Hp orbitals in the core region concern only the
shielding values, however, have little consequence for the shift values because of the large
independence from electronic structure and a cancellation of these effects in the shift values. It is
shown that the relativistic corrections can be improved by level shift operators and a B3LYP hybrid
functional, for which Hartree—Fock exchange is reduced to 15%.2003 American Institute of
Physics. [DOI: 10.1063/1.1580091

I. INTRODUCTION data, which can clarify or complement contradictory, unusual
or incomplete NMR experiments so that the calculated NMR
The calculation of magnetic shieldings and nuclear magehemical shifts represent an important tool for the experi-
netic resonancéNMR) chemical shifts has substantially mentalist. The IGLO method has been successful in the
broadened the applicability of quantum chemical methodsealm of Hartree—Fock calculations while its extension to
for practical purposes and is now an important asset of moICSCF was used less because of cost reasons. Instead, its
quantum chemical investigatiohs? Gauge-invariant or at density functional theory counterpart IGLO-DRRefs. 23,
least approximately gauge-invariant methods at the electrop4) has been used extensively for larger molecéteé’ for
correlation correctedb initio levels have led to a wealth of which correlated GIAO methods, even when integral-direct
reliable NMR chemical shift data concerning in particular methods are applie%i’, are too costly to be carried out.
first and second row nucléi*® Bouman and Hanséwere  |GLO-DFT is a method that has to include empirical cor-
the first to extend their localized orbital/local origifORG)  rection$3~?°to compensate a basic failure of DFT, namely,
approach® with the help of the second order polarization to exaggerate paramagnetic contributions to magnetic shield-
propagator(SOPPA,™ so that electron correlation effects ing constants because the occupied orbitals of a molecule are
were included up to second order. Independently, a SOPP§enerally predicted to be too high in energy at the DFT level
method for calculating NMR chemical shifts was also pub-of theory?® Nevertheless, IGLO-DFT can be considered as
lished by Oddershede and Safi&auss and co-workeété™*'  the most economic approach for obtaining reasonable NMR
developed the gauge-including atomic orbital&lAO)  chemical shifts for large molecules. The reliability of IGLO-
method® previously applied only at the Hartree—FogkF) DFT is given by the fact that the gradient corrected exchange
levelt”18at thenth order 1=2,3,4) many body perturbation functionals nowadays used include both dynamic and nondy-
theory with the Mgller—Plesset perturbatiéMPn) and at  namic electron correlation effeéfs™ thus leading to reason-
coupled cluster theory level vyielding in this way able shift values.
GIAO-MP2,/ GIAO-MP38 GIAO-MP42 GIAO-CCSD? Relativity strongly modifies the electron distribution in
and GIAO-CCSIT).19 Later, GIAO was extended to the do- the vicinity of the nucleus and consequently all properties,
main of density functional theoDFT).1%?°GIAO was also  which depend on the electronic density in regions close to
extended to multiconfigurational self-consistent fi¢ldC-  the nucleus. The inclusion of relativistic effects is mandatory
SCB theory(GIAO-MCSCB (Ref. 12 as was the individual in the calculation of NMR shielding of heavy nucf8iThe
gauge for localized orbitaldGLO) method of Schindler and scalar relativistic(spin-independenteffects are particularly
Kutzelnigg*?? that led to IGLO-MCSCE?3 important for heavy transition metals, whereas the spin—orbit
The correlation corrected GIAO, LORG, and IGLO effects result in a modest modification of shielding compa-
methods provide accurate shielding and NMR chemical shiftable with environmental effec®. Thus, the scalar-

0021-9606/2003/119(2)/701/12/$20.00 701 © 2003 American Institute of Physics

Downloaded 25 Jan 2005 to 129.16.100.69. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



702 J. Chem. Phys., Vol. 119, No. 2, 8 July 2003 M. Filatov and D. Cremer

relativistic (SR) approximation is in many cases sufficient to A. The nonrelativistic IGLO formalism

study NMR shielding of heavy transition metal nuclei in For a closed-shell molecule, the DFT-IGLO expression

complexes? . ____for the nuclear magnetic shielding tensd?is
We have recently developed a new quasirelativistic
method within the normalized elimination of the small com- 9PE(u™,B)
ponent(NESQ approximatior??~3* The purpose of this de- (0%)qg=————
velopment is to have a method available, which is variation- I aBg
ally stable, and can be easily implemented in any occ R occ R
nonrelativistic quantum-chemical program, which leads to =22i (¢f°)|hﬁiﬁ|¢§°))—42 (¢V1h %), (1)

reliable relativistic corrections, and which requires low com-

putational cost so that its application to large molecules isyhere B denotes the external magnetic fiel® and ¢(®)
feasible. These requirements are fulfilled by the NESCyre doubly occupied zeroth order and first order Kohn—Sham
approacf? using an effective potentidESC-EP methat)),  (ks) orbital$® localized according to the criterion of Foster
which if carried out for density functional theofNESC-EP-  5nq Boys® the indexA refers to the nucleus in question, and
DFT (Refs. 33, 34 represents one of the easiest and MOSthe o and 8 subscripts denote the Cartesian coordinatas

economic quasirelativistic approaches. or z. The one-electron magnetic operators are defined by
Apart from its accuracy, an important feature of

NESC-EP is its simplicity both in the sense of implementa-. . JPHM
tion and in the sense of computational cost. The matrix elelias=—"a

A

ments of the NESC-EP-DFT Hamiltonian do not involve any Ira?Bp
unusual molecular integrals often appearing in relativistic e2 Sap(t—Rp)-(r—Rp)—(T=R)o(r—Ra)g
calculations; they can be evaluated analytically using the ex- = 3 2
isting nonrelativistic quantum-chemical software. Since all 2mc? =Rl
modifications concern the one-electron Hamiltonian only, theyng
results of the relativistic calculation can be obtained at es- R
sentially the cost of a nonrelativistic calculation. ~o1 1 aHOL e (r—Rp)XV

As the NESC-EP-DFT method treats all electrons explic-  Na i o ~ T mc W )

itly, it can be used for the calculation of magnetic shielding
tensors of heavy elements in large molecular systems. In thi®, electron chargan, mass of an electror, speed of lighy,
work we develop the theory of a NESC-EP-based individualwhere the superscripts 0 and 1 define the order of the opera-
gauge for the localized orbital approach for density func-tor in the magnetic field8 (first superscriptand in the mag-
tional theory(IGLO-DFT) to obtain a reliable and easily ap- netic momentu” of the nucleusA (second superscriptThe
plicable method for the calculation of relativistically cor- position vectorR, gives the location of nucleus andr is
rected NMR chemical shifts. The new method, IGLO-NESC-the position of an electron in localized orbité| . The ex-
EP-DFT, will be applied to obtain NMR chemical shifts for pressions for the operatotd!! and H% can be found in
molybdenum and tungsten compounds. In this connection wgany publications and are not reproduced here.
will demonstrate how by the use of the appropriate  The first-order occupied Kohn—Sham orbita$® are
exchange-correlation functional and level shift operatorsexpanded in terms of the zero-ordenperturbegl KS orbit-
reasonable shift values are obtained for these heavy nucleials according to

In Sec. I, the theory of IGLO-NESC-EP-DFT will be
described and in Sec. Il the implementation of the new
method as well as the computational ingredients needed to
apply it. Calculated NMR chemical shifts for the Mo and W ) )
compounds investigated in this work are listed and discusse§h€ occupied—occupied part of the mat@xrepresents the
in Sec. IV. Section V gives conclusions and an outlook onProjection of the first-order KS orbitals onto the zero-order
future developments concerning IGLO-NESC-EP-DFT isKS orbitals and is not defined uniquely. Within the IGLO

occ virt

47=2 ¢/70;+2 ¢ 04 @

given. approach it is chosen as
e
Oji= = 5 (7 IAP = AP [¢%), (5)
where

Il. THEORY OF IGLO-NESC-EP-DFT

_ . o API=RRXD, ()

In the following, we shortly describe the nonrelativistic
IGLO-DFT formalism (Sec. Il A), before we discuss the which is compatible with the orthonormality restriction of
NESC-EP methodSec. 11 B and the new IGLO-NESC-EP- the KS orbitals. The occupied-virtual part of the matdixs
DFT approach for calculating NMR chemical shifts of heavy given by
elements. In Sec. Il C, the implementation of the new method oce
and the computational procedures to use it in the case of —
. . Oy=2

molybdenum and tungsten compounds is described.

EOCCY Cr:
J—ajkl) Cui s 7

€k~ €a
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where nuclear attraction operators, awd denotes the matrix of the
o O operator (1/#%c?)pVy.-p, where the effective potential
Yal_<¢a |h1°| ¢(0 2 (¢(°)|A B)_ A<B>|¢<0>> Ve is given in Eq.(15),
(0)[5(0)] 4(0) , => - Za
X( " |12 7). tS) Vel = = "R |erf| —Ral/ro(Zp)). (15

In Eq. (8), the zero-order virtual orbitald:g’) are the usual

canonical orbitals, the one-electron operdtftis defined by 1N Eq.(15), ro(Z,) is a cut-off radius specific for the nucleus

HlO A andR, is the position of the nucleus. The dependence of
~ 10

e e A ; 32,33
hilo - _ (r—R)XV 9 ro(Z,) on the nuclear charge is given in E4.6),
i B 2mc
and the unperturbed KS one-electron operator is given by ro(Z)=(ag+a;Z 1 +a,2 2 i (16)
mc
f<°>——+2 P v, 10 o
c Ir— Rcl Ir=r’| with the coefficientsa,= —0.263 188,a,=106.016 9744,

wherep is the linear momentum operat@g is the nuclear =138.985999 being based on a fit of ths, 3 eigenvalues

chargep(r) denotes the electron density, avig(r) denotes of the Dirac equation for H-like a.to”?'c 1ons.

the usual exchange-correlation potential. With the use of ap- In the presence of a magnetic field with the vector po-
proximate pure density functionals, the dependendé,gbn tential A, the linear momentum operator couples to the field
the first-order orbitalgh)®) vanishes and the uncoupled DFT- via Eq. (17),

IGLO (UC-DFT-IGLO) approach results. The dependence on e

the first-order orbitals can be introduced either via the use of  7=p+ —A. (17)

the level shift operators, such as the Loc.1 and Loc.2 opera- ¢

tors suggested by Malkiat al?®[the level shift, which cor-
rects for an underestimation of the energy gap between th
frontier orbitals in DFT, is constructed via the first- order

Thus, the expressions for the matrix elements of the renor-
mallzatron matrixU and the one-electron Hamiltoniad

(perturbed densityl, or via the use of hybrid density func- modify to
tionals, such as B3LY® that mix in a fraction of the B
Hartree—Fock exchange enefdy? In both cases, the solu- UA = (1 ——— | x,)
tion of Eq. (7) depends on the first-order orbitafs® and BT amc?
the equation is solved iteratively. )
B. The relativistic NESC-EP method
and IGLO-NESC-EP-DFT 2 , o) ,
. . . + Aflx,)=U_+0(c™ ), 18

Expanding the unperturbed one-electron orbitaf® in 4m2c4<X“| [X)= U+ 0(e™) (18)
terms of(nonorthogonal basis set functiong according to
Eq. (11), 2 1

(A)— —+V +—— 7V T

¢|(O): |X>C| (11) <X,lL| Ne m2C2 Ne |XV>
(|x), row-vector of basis function€; , column-vector of ex- p? 1
pansion coefficienjsthe scalar-relativistic NESC-EP equa- _<X,L| +VNe ——— Ve Plxy)
tions within the KS formalisri? are given in matrix form by 2c?
Eqg. (12), o o2
(S¥3)T (U Y TH(U Y2 (SH?)+ 3+ V,)C;=SCe, (12 t omeXulP-ATAPX,)+ 2mc2<)<MIA’1|)<V>
whereJ andV,; are the matrices of the classical Coulomb
repulsion operator and of the Kohn—Sham potential, the
renormalization matrixt is given in Eq.(13), 4 2 3<Xﬂ|pVNe A+AVie PlX)

UeSt— T (13) e?

ZmC2 +4 2 4<X,u| NeA2|Xv>
and the one-electron Hamiltonian matiik is given in Eq.
(14), =HO+
H,, 2mc()mllo "A+Aplx.)
H=T+V+W. (14
2

In Egs.(13) and(14), Sis the matrix of the overlap integrals, (x |A2]y )+O(c*3). (19)
T andV are the matrices of the kinetic energy and electron- 2me " H ’
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In calculations of the NMR shielding tensor, the high orderderivatives necessary to carry out a NESC-EP calculation

relativistic corrections¢ 2 andc %) to the magnetic terms
in Egs. (18 and(19) are neglected. Truncating andH at
the second order e~ ?!

were implemented according to Refs. 32—-34. The IGLO-
NESC-EP-DFT program is based on the nonrelativistic

recovers the same magnetic terms|GLO-DFTO program developed by Olsson and Creffier.

that appear in the scalar-relativistic theory based on the Padulihe relativistic corrections require a renormalization of the

Hamiltonian?? This can be verified by substituting the Iast
lines of Egs.(18) and(19) into Eq.(12) and expandlngJ
in powers ofc 2. The most significant contributions beyond

standard magnetic one-electron integrals as described in the
preceding section. Because only the one-electron molecular
integrals are modified in the present approach, the computa-

this approximation are the spin—orbit contributions, whichtional cost of a IGLO-NESC-EP-DFT quasirelativistic calcu-
are not taken into account in the present work. The termgation is essentially the same as the task of a nonrelativistic

neglected in Eq918) and(19) are smaller in magnitude than

the spin—orbit terms. Thus, neglecting them is consistent
with other approximations made in the present work. Substi*>N-,

tuting Eq.(20),
pAX (r=Rp)

1B><(
r_
Ir—Ral®

2

A (20

= Ri)+
for the vector potentiah of a homogeneous magnetic fiedd
(with the gauge origin aR;) and a magnetic nucleus with
permanent magnetic momept (at a locationR,) into the
last lines of Eqs(18) and (19) and differentiating with re-

spect to the magnetic field and the nuclear magnetic mome

one arrives at the following expressions for the matrix ele-
ments of theh!, h1° and h° operators in the IGLO-
NESC-EP approach;

(xul"=5e Eth sl X0)

2mC2 P
Sap(r=R)-(r=Ra)—(r—=Rj)(r—Ra)
ap a AB
X (Xl ' 5 X2
Ir =Rl
XXy, (21)
(Xl NESCER Y x,)
e (r—Rp)XV
== m_CpE? xpu(XAWMy)XW (22)
S e e P
- chz Xp,u<Xp|(r XV|XT>XTV’ (23)
where X stands for
X=U~12s"2 (24)

IGLO-DFT calculation.
The IGLO-NESC-EP-DFT method was tested t3€-,
and ’O-shieldingso and the corresponding NMR
chemical shiftss of some small moleculgsee Table)lusing
the MP2 molecular geometries of Gausshe B3LYP
functional®®4%4! the (13,7p,2d/5s,1p) [7s,6p,2d/4s,2p]
basis sef? and CH,, NH;, and H,O molecules as appropri-
ate references for the shift values. For the molecules of Table
I, we expect small relativistic corrections generally smaller
than 1 ppm because larger scalar relativistic effects occur
only for Z>36. This expectation is confirmed by the calcu-

ted IGLO-NESC-EP-B3LYP data, which are compared in

able | with the corresponding IGLO-B3LYP data by giving
the relativistic correction in parentheses. All relativistic cor-
rections for the shielding are negative and, in view of the
very small corrections for the reference molecules, all chemi-
cal shift corrections become positive. Ttabsoluté magni-
tude of the relativistic effects for thH€O-shieldings is some-
what larger (0.5-3.7 ppm while those for *C- and
15N-shieldings are all smaller than 1 ppm. A shielding of the
nucleus because of a relativistic contraction of the core or-
bitals would lead to somewhat more negative shift values
(shifts to higher fieldl Hence, the small relativistic correc-
tions calculated result from a dominance of the relativistic
corrections to the paramagnetic contributions. We find that
these are-0.1 to —3.9 ppm while the relativistic corrections
of the diamagnetic contributions are 0.1-0.3 ppm. Within the
IGLO approach, the definition of diamagnetic and paramag-
netic contribution is method immanent and done in a way to
minimize the formef'?2 Hence, diamagnetic and paramag-
netic IGLO contributions have no relationship to measurable
quantities. Nevertheless, we have found it useful in this work
to use these quantities to analyze the relativistic corrections
calculated, for example by setting them into relationship to
the electronic structure of a molecule.

For the calculation of molybdenum and tungsten com-

pounds investigated in this work, basis sets of Gréperre
modified in the following way. In the case of molybdenum, a

Thus, within the present approach the usual nonrelativistit15s7p8d] basis set was constructed from Gropen’s
magnetic integrals used in the IGLO method are renormal(17s12p8d) basis set of primitive Gaussian-type functions
ized using the quasirelativistic metric of the NESC-EP(GTF).*> The most tightstype primitive remains uncon-

method.

C. Implementation and computational procedures

tracted along with thirteen diffusetype primitives. The re-
maining threes-type GTFs are contracted using the coeffi-
cients for the % atomic orbital formed from the original
uncontracted set. The five most diffusdype GTF also re-
main uncontracted. The four most tightype primitives are

The IGLO-NESC-EP-DFT method was programmed andcontracted using the coefficients of the atomic orbital of

incorporated into theCOLOGNE 2003 suite of quantum-
chemical program®’ The one-electron integrals and integral

the original set and the next threeype primitives are con-
tracted using the coefficients of thg &tomic orbital of the
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TABLE |. Magnetic shieldings and NMR chemical shifts calculated with IGLO-NESC-EP-B3LYP for some
first row molecules.

IGLO Loc.1 Loc.2
Expt.
Molecule  Nucleus o S o ) T S )
CH, C 189.7(0) 0 191.1(0) 0 191.5(0) 0 0
NH; N 258.5(0) 0 260.0(—0.1) 0 260.6(0) 0 0
H,O (0] 320.5-0.1) 0 323.0(-0.1) 0 323.8(—0.1) 0 0
(ef0] C —22.3(-0.2 212.0 —6.9(—0.2 198.0 —2.3(-0.1) 193.8 194.1
(0] —89.0(—1.1) 409.5 -65.6(—0.9 388.6 —58.6(—0.9 382.4 386.3
co, c 46.8(—0.2) 142.9 48.6-0.2) 1425 49.2-0.2) 1423 136.3
(0] 208.0(-0.5 1125 212.0-0.5 111.0 213.3-0.5 110.5 100.6
CFK, C 42.9(—-0.3) 146.8 44.2-0.3) 146.9 44.6-0.3) 146.9 130.6
CH,O C -27.3(-0.2 217.0 -185(—0.1) 209.6 —15.8(—0.2 207.3
o) —474.1(—1.6) 794.6 —4257(—15 7487 —4109(-1.5 7347 --
HCN C 67.4(-0.1) 122.3 72.20) 118.9 73.710.1) 117.8 113.0
N —-54.2(-0.3) 312.7 —40.9(-0.3) 3009 —36.7(—0.3 297.3 2849
N, N —105.0(—0.6) 363.5 —87.5(—0.5 347.5 —82.1(-0.5 342.7 326.1
N,O N1 —-20.0(-0.5 2785 —13.8(-0.5 273.8 —11.8(-0.5 272.4 253.2
(N2N10O) N2 75.5(—-0.5 183.0 83.8—-0.5 176.2 86.4—0.5 174.2 165.0
(6] 153.4(-1.3 167.1 161.1—-1.3) 161.3 164.4—1.3 159.4 1434
OF, (0] —630.1(—3.7 950.6 —567.4(—3.4 890.4 —-548.6(—3.3) 8724 817.1

aMagnetic shieldingsr and NMR chemical shiftss in ppm. MP2/tzp geometries from Ref(bf are used.
Relativistic effects given ag (IGLO-NESC-EP-B3LYPB-0(IGLO-B3LYP) in parentheses. The level shift
operators Loc.1 and Loc.2 are defined in Refs. 23 and 24. Experimental values are taken from a compilation
given in Ref. Tb).

original set. All d-type GTF remain uncontracted. The sef® by recontracting it in the following way: The five first
[15s7p8d] basis set is extended to[d6s10p9d] set by  stype primitives are contracted using the contraction coeffi-
amending the former by ongtype, threep-type, and one cients from the % atomic orbital in the original set. The next
d-type diffuse GTF in a well-tempered sequence using thewo s-type primitives are contracted with the coefficients
exponent ratio of 2.5. from the second € atomic orbital formed from the original
For tungsten, g 16s12p8d4f] basis set constructed basis set. All othes-type GTFs remain uncontracted. The
from the (1%14p10d5f) basis set of Gropéhis used. The three firstp-type primitives are contracted using the coeffi-
three most tigh-type primitives remain uncontracted along cients of the p atomic orbital of the original set. The next
with eight diffuses-type primitives. The remaining seven o ptype primitives are contracted with the coefficients
s-type primitives are block-contracted in a sequef®2/2/2  fom the 3 atomic orbital while all othep-type primitives
using the contraction coefficients froms,12s, 3s, and 48 \emain uncontracted. The three firtype primitives are
atomic orbital formed from the (54p10d5f) set. The last  onacted using the original contraction coefficients of the
two cor}trgc':teds-funct}ons n thls. sequence shar.e. ON€ COM-34 atomic orbital; all othed-type GTFs are not contracted.
mon primitive. The f|v'e most dlffusp-type pr!m!t!ves re- The experimental molecular structures for the molybde-
main uncontracted while the other nipeype primitives are num compounds—6 (see Figs. 1 and)2were taken from
b_Iock-contracted in a sequent8/3/2/2 L.'Sing t he coeffi- Refs. 44—48 and the experim.ental Mo chemical shifts for
cients from the , 3p, 4p, and % atomic orbital formed 01—6 were taken from Ref. 49. The experimental molecular

with the original set. The second and the third contracte ruct d th : tal chemical shifts for t ¢
p-function share one commamrtype GTF. The most diffuse structures and the expenmental chemical Shitts for tungsten
compounds7-11 (Fig. 1) are taken from a compilation of

d-type primitive is dropped due to orthogonality problems.
ype P PP 9 . Ziegler and co-worker®) The molecular geometry of the

The next two diffused-type GTF remain uncontracted. The < o . ) .
remaining severd-type primitives are block-contracted in thiotungstate dianion, WS , was optimized using analytical

the sequencé4/2/2) using the contraction coefficients from 9radients for the NESC-EP-B3LYP methidéh combination

the 3d(4/2) and the 4 orbital of the original set. The last With the [16s12p8d4f] basis set on tungsten and the aug-

two contractedd-type basis functions share one commonCC-PVDZ basis séf on sulfur. An experimental geometry for

primitive GTF. The two most tight-type primitives are con- WS;  is not known and to be consistent we use the NESC-

tracted. The 15s9p7d3f] basis set obtained is amended by EP-B3LYP geometry rather than a geometry obtained with

one stype, threep-, one d-type, and one-type primitives ~ Some other quasirelativistic approath.

(according to a well-tempered sequence with ratio #hiis Calculations have been performed employing beside the

leading to the fina] 16s12p8d4f] basis set. B3LYP functionaf® also the BLYP(Refs. 40, 41 and the
For elements O and F, a %p,1d) [6s,4p,1d] and for ~ B3LYP* functionals>® The latter functional is a version of

S and Cl a (146p2d) [ 7s8p2d] basis set is used developed the standard B3LYP hybrid density functional with the

for the calculation of magnetic properti&The [9s8p4d] amount of the HF exchange reduced from 20% to 15% as

basis set on Se is constructed from Dunning’s cc-pVDZ basisecommended by Hesst al®! In some calculations, the
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functional BP86(Ref. 52 was used to compare calculated fore, can be used for structural analyasThe 183/ shift

NMR chemical shifts with results from the literature. range considered in this work is about 7000 ppm.

We calculated thé®Mo and *¥3W magnetic shieldings
IIl. NMR CHEMICAL SHIFTS OF MOLYBDENUM and NMR chemical shifts for compounds-11 with IGLO-
AND TUNGSTEN DFT and IGLO-NESC-EP-DFT using the three functionals

B3LYP, B3LYP*, and BLYP and the level shift operators
Loc.1 and Loc.2. Results of these calculations are listed in
Tables Il (Mo compoundsand Il (W compounds

Common to all IGLO-B3LYP&(®**Mo) values is that
tcompared to the experimental shifts they [aréth the excep-

The isotope®Mo (spin 5/2 is measured by experimen-
talists because its natural abundaiitg.7% is higher than
that of °’Mo (spin 5/2, natural abundance 9.5%3As a ref-
erence, the molybdate dianion M§Qin a basic solution is

normally used although its shielding value is both solvent” >
and concentration dependefitariation from 10 to—35  ton of the MaCO)s value] too positive by 200-1500 ppm.

ppm. This of course is also true for other molybdates. ForNiS is also found for thé®W shifts, which are 80-380 ppm
example the NMR chemical shift "o in MoS?~ changes 100 positive. DFT—_IGLO chemical shlf_ts_§ for first an_d sec-
from 2176 by 78 to 2254 ppm when the solvent DMSO isond period nuclei are often too positieoo negativeo),
replaced by watet® which results from a DFT immanent exaggeration of the
The total NMR chemical shift range for Mo is 5500 ppm Paramagnetic part leading to too positigé*~*’ It is note-
(Mo(0): —1000 to —2120 ppm; M¢ll): —2070 to —150 worthy that B3LYP and BLYP seem to produce the best
ppm; MoVI): —700 to 3350 ppm NMR chemical shifts at the nonrelativistic level of theory,
The only NMR-active isotope of tungsteni&W (spin  however the mean absolute deviatioAsare actually too
1/2), which has a natural abundance of 14.3%he tung- large to differentiate much between the performance of the
state dianion W@ is used as a reference. The chemicaldifferent functionals.
shift range is 9400 ppm, where the(BY shifts are beyond Apart from BLYP, relativistic corrections obtained with
—1200 ppm and W) shifts are at much lower field. The the IGLO-NESC-EP-DFT method lead to an improvement of
chemical shifts of®3W are very sensitive to the geometry both ®*Mo and®\W shifts by reducing their absolute values
and electronic structure of a tungsten compound and, theréTables Il and 1l). By using level shift operators this im-

FIG. 2. Experimental geometries of molybdenum mol-
ecules with the MoMo multiple bond. Distances in A
and angles in deg.

S, Dy, 6, Cyp
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TABLE Il. Magnetic shieldings and NMR chemical shifts 8o calculated for molybdenum compountisé
with different methods.

B3LYP B3LYP* BLYP

Expt.
Molecule o 6 o é o 6 é
Nonrel. IGLO

MoO3~ —-1190 0 —1155 0 —-1075 0 0
MoS;~ —3687 2497 —3528 2373 —3159 2084 2259
MoSé& ™ —4610 3420 —4406 3251 —3874 2799 3145
Mo(CO)g 1026  —2216 1072 —-2227 1165 —2240 —1856
Mo,(O,CH), —6433 5243 —5746 4591 —4285 3210 3702
Mo,(OCHs)6 —4069 2879 —3739 2584 —2962 1887 2447
AP 569 323 391

NESC-EP IGLO
MoO3~ —-1017 0 —-990 0 —904 0 0
MoS;~ —3484 2467 —-3352 2362 —3004 2100 2259
MoSé€ ™ —4470 3453 —4273 3283 —3776 2872 3145
Mo(CO)g 1213 —2230 1252 —2242 1327 -2231  —1856
Mo,(O,CH), —-5733 4716 —-5141 4151 —3865 2961 3702
Mo,(OCHs)6 —3494 2477 —-3222 2232 —2579 1675 2447
A 387 258 464

Nonrel. IGLOLoc.1)

MoO3~ —-1115 0 —-1091 0 —996 0 0
MoS;~ —3557 2442 —3407 2316 —3042 2046 2259
MoSe ™ —4433 3318 —4236 3145 —3749 2753 3145
Mo(CO)s 1067  —2182 1111 —-2202 1201 —2199  —1856
Mo,(O,CH), —6054 4939 —5428 4337 —4076 3080 3702
Mo,(OCHs)6 —3939 2824 —3622 2531 —2872 1876 2447
A 459 224 428

NESC-EP IGLQ@Loc.1)
MoO3~ —-945 0 -911 0 —832 0 0
MoS;~ —-3361 2416 —-3233 2322 —2895 2063 2259
MoSé ™ —-4296 3351 —4092 3181 —3623 2791 3145
Mo(CO)s 1250  —2195 1288 —-2199 1361 —2193  —1856
Mo,(O,CH), —-5387 4442 —4847 3936 —3666 2834 3702
Mo,(OCH;s)6 —-3382 2437 —3120 2209 —2499 1667 2447
A 290 183 507

Nonrel. IGLQOLoc.2

MoO3~ —-1092 0 —-1068 0 —974 0 0
MoS;~ -3515 2423 —3366 2298 —3005 2031 2259
MoSé€ ™ —4374 3282 —4180 3112 —3700 2726 3145
Mo(CO)g 1080  —2172 1124 —-2192 1213 —2187  —1856
Mo,(O,CH), —-5936 4844 —-5328 4260 —4010 3036 3702
Mo,(OCHs)6 —-3897 2805 —3585 2517 —-2843 1869 2447
A 423 207 444

NESC-EP IGLQLoc.2)
MoO3~ -923 0 —-890 0 -811 0 0
MoS;~ —-3321 2398 —-3194 2304 —2859 2048 2259
MoSé€~ —4240 3317 —4037 3147 —-3574 2763 3145
Mo(CO)g 1262  —2185 1300 —2190 1372 -2183  —1856
Mo,(O,CH), —-5279 4356 —4754 3864 —3602 2791 3702
Mo,(OCHs)6 —3346 2423 —3087 2197 —2473 1662 2447
A 264 159 523

#Magnetic shieldingsr and NMR chemical shiftss in ppm. Experimental geometries from Refs. 44—48 are
used(see Figs. 1 and)2The level shift operators Loc.1 and Loc.2 are defined in Refs. 23 and 24. Experimental
NMR chemical shift values from Ref. 49.

bThe mean absolute deviatianis also given in ppm.

provement can be increased. The b&sto NMR chemical  for the ¥3W shifts, which adopt the best agreement with
shifts are obtained with IGLO-NESC-EP-B3LYRand the experimental values at the IGLO-NESC-EP-B3LYP level of
Loc.2 shift operatofmean absolute deviatiohA=159 ppm, theory again with the Loc.2 shift operatéA=142 ppm,
Table 1)) reducing the IGLO-B3LYP value(323 ppm, Table Table Ill) hardly differing from the corresponding results ob-
I1) by more than 50%. A similar improvement is calculatedtained with the B3LYP functional (A=148 ppm, Table IIi.
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TABLE Ill. Magnetic shieldings and NMR chemical shifts 8PW calculated for tungsten compounds11
with different methods.

B3LYP B3LYP* BLYP
Expt.
Molecule o 6 o 6 o 6 6
Nonrel. IGLO

wo3i~ 1289 0 1280 0 1223 0 0
WS P —2763 4052 —2675 3955 —2248 3671 3769
WF 2084 —795 2014 734 1829 -606  —1121
WClg —-1275 2564 —-1256 2536 —-1196 2419 2181
W(CO)g 4652  —3363 4653 —-3373 4603  —3380  —3446
A° 269 250 229

NESC-EP IGLO
wo3~ 1894 0 1862 0 1784 0 0
WS P —-2195 4089 —2145 4007 —2006 3790 3769
WF; 2838 —944 2796 —-934 2559 -775  -1121
WClg -351 2245 —367 2229 —405 2189 2181
W(CO)g 5565  —3671 5555 —3693 5472  —3688  —3446
A 197 180 154

Nonrel. IGLAQLoc.])

w03~ 1374 0 1346 0 1296 0 0
wsi P —2592 3966 —2512 3858 —2293 3589 3769
WF; 2147 —773 2074 -728 1897 -601  -—1121
WClg —-1129 2503 —-1102 2448 —1065 2361 2181
W(CO)g 4687  —3313 4688 —3342 4650  —3354  —3446
A 250 213 243

NESC-EP IGL@Loc.1)
Wern 1956 0 1926 0 1852 0 0
Ws;P —2038 3994 —-1991 3917 —1858 3710 3769
WF 2926 -970 2832 —-906 2615 -763  -1121
WClg -215 2171 -231 2157 -273 2125 2181
W(CO)g 5598  —3642 5590 —3664 5510 —3658  —3446
A 146 151 171

Nonrel. IGLQO(Loc.2)

Wern 1400 0 1371 0 1322 0 0
wsi P —2537 3973 —2548 3829 —2243 3565 3769
WF; 2167 —767 2095 724 1919 -597  -1121
WClg —1080 2480 —-1053 2424 -1022 2344 2181
W(CO)g 4697  —3297 4698 —3327 4661  —3339  —3446
A 243 205 250

NESC-EP IGLQLoc.2)
e 1977 0 1947 0 1875 0 0
wWs;P —1986 3963 —-1941 3888 —-1810 3685 3769
WF 2943 —966 2849 —-902 2633 -758  -1121
WClg -171 2148 -187 2134 -230 2105 2181
W(CO)s 5607  —3630 5599 —3652 5520 —3645  —3446
A 142 148 181

#Magnetic shieldingsr and NMR chemical shiftss in ppm. Experimental geometries unless otherwise noted
from Ref. 50 are usetsee Fig. 1 The level shift operators Loc.1 and Loc.2 are defined in Refs. 23 and 24.
Experimental NMR chemical shift values from Ref. 50.

PMolecular structure is optimized with the NESC-EP-B3LYP methogV—S)=2.213 A].

“The mean absolute deviatianis also given in ppm.

This corresponds to an average improvement by somewhdable IV diamagnetic and paramagnetic contributions to the
more than 100 ppm. Clearly, the scalar relativistic correc®>Mo and®3 shielding valuesr. Although these quantities
tions are important and lead at least in the caséMb shifts  have no relationship to measurable quantities since they are
to values which are in the range of solvent corrections to thenly defined within the IGLO method, they are useful for
calculated shift values=80 ppm, where the positive values rationalizing the relativistic shift corrections.
can result from H-bonding and the negative values from  The diamagnetic contributions are rather constant vary-
overall electrostatic effects. ing by just 250 ppm between 3341 and 3593 ppm in the case
of %Mo shielding and 109 ppm between 7286 and 7395 ppm
in the case of*®\W shieldings. The more a nucleus is
For the purpose of analyzing the corrections obtained ashielded the larger becomes the corresponding diamagnetic
the IGLO-NESC-EP-DFT level of theory, we have listed in contribution. The Mo nucleusZ=42) is less shielded than

A. Analysis of relativistic corrections

Downloaded 25 Jan 2005 to 129.16.100.69. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 119, No. 2, 8 July 2003 NMR chemical shifts 709

TABLE IV. Diamagnetic and paramagnetic contributian$ando® to total shielding values dPMo and*®3w
as calculated with IGLO-NESC-EP-DFT and IGLO-DFT.

B3LYP BLYP
Relativistic Nonrelativistic Relativistic Nonrelativistic
Molecule a4 oP a4 aP a4 oP P oP

Mooﬁ‘ 3581 —4597 3517 —4708 3584 —4488 3517 —4592
MoSf{ 3341 —6825 3277 —6964 3344 —6349 3279 —6438
Moséf 3347 —7818 3287 —7897 3351 —-7127 3289 —7163
Mo(CO)g 3586 —2373 3519 —2493 3589 —2262 3522 —2357
Mo,(O,CH), 3593 —-9325 3526 —9960 3595 —7459 3528 —7813
Mo,(OCHz) g 3586 —-7081 3519 —-7589 3589 —6167 3521 —6484
Woff 7286 —-5392 6879 —-5590 7290 —5506 6883 —5661
WSﬁ‘ 7346 —9541 6934 —-9697 7350 —9356 6933 —9381
WFg 7311 —4472 6911 —4827 7316 —4757 6917 —-5088
WClg 7373 —7724 6959 —8234 7374 —7780 6961 —8157
W(CO)g 7395 —1830 7021 —2369 7397 -1925 7001 —2398

#Magnetic shieldingsr in ppm.

the W nucleus Z=74) as reflected by the calculated dia- bond. This is reflected in the MoMo bond lengths of 2.222 A
magnetic contributions. Shielding depends also on the oxidain the case o6 and 2.095 A in the case &f(see Fig. 24748
tion number of the transition metal atom and the electroneThese values are typical for MoMo triple bond distances
gativity of the ligands attached to it. Low oxidation numbers[measured values: 2.193—2.226Hef. 47] and MoMo qua-
imply larger shieldindcompare, e.g., the hexacarbonyls with druple bond distancefmeasured values: 2.087-2.132 A;
M(0), M=Mo, W and the compounds with (¥1) in Table  only exception Mg:1.928 A. (Ref. 48]. The &*-orbital of
IV]. In the case of compoundsand 6, the oxidation states the quadruple bond is much lower in energy than the
of molybdenum are Il and ll{the formate substituent carries #*-orbital of a triple bond, and the excitation energy
one negative charge as does the alkoxy substituegnice  from the bonding to the antibonding orbital is much smaller
leading to a somewhat larger shielding in the cas&é.dfin  for the quadruple bond and accordingly, the paramagnetic
electronegative ligand can withdraw electron density andabsolutg contribution for5 is much larger than that fo®
in this way lead to a deshielding of the nucleus as is the cas@able llI).
for WFg relative to WC§. The situation is different for There is a relativistic effect for both the diamagnetic and
MoO3~, for which the Mo nucleus is more shielded than in the paramagnetic contributions. For the former it is always a
MoS;~ at all levels of theory(Table IV). The calculated positive, relative constar60—-67 ppm for®®Mo; 374—414
orbital energies reveal that the nonbonding metal-centeregpm for 83W), and almost independent of the functional
e-symmetrical orbitals are more contract@dore shielding  used(Table IV). Relativity leads to a contraction of the
for O than for S probably resulting from the fact that the and p-type core orbitals thus enhancing shielding of the
ligand orbitals are more located at the O than at the S atomswcleus. This shielding effect increases with the number of
The negative paramagnetic contributions vary muchcore electrons. Hence, the relativistic shielding effect is al-
stronger in their magnitude®Mo by 7000 ppm;*®®3W by  most 7 times as large o3 than for ®®*Mo. Since the
7700 ppm; Table 1Y their absolute values being both larger diamagnetic part concerns only the core region, for which
and smaller than the diamagnetic contributions. The paraB3LYP and BLYP provide similar descriptions, their perfor-
magnetic contributions are more sensitive to the electroniecnance does not differ.
structure of the molecules reflecting the existence of low In this connection it is interesting to note that Becke88
lying excited stategif one uses a simple sum-over-statesexchange functiondl suffers like all gradient-corrected
interpretation of their valugs The HOMO(;)-LUMO(t;) functionals from a singularity at the position of the nucleus.
gap decreases in the serigs2, 3 due to the fact that the The cusp of the electron density at a nucleus leads to a sin-
splitting between then-type bonding and antibonding gularity in the gradient of the density, which in turn results in
ligand-metal MOs decreases with increasing electropositiva singularity in the exchange or correlation potential. The
character of the ligandi.e., from O to S and Se Similar  gradient corrections to the exchange functionals increase the
considerations apply to the cases of compoudhdsd10or  absolute value of the exchange energy, the corresponding
if one compared with 7 or 2 with 8. contribution to the exchange potential is therefore
Exceptionally large(negative paramagnetic contribu- attractive’ The density cusps at the nuclei thus lead to an
tions are found for compoundsand 6, which results from attractive singular contribution to the exchange potential,
MoMo bonding in these compounds. B) each Mo atom which increases the effective nuclear charge and the elec-
loses formally 2 electrons to the formate ligands thus changtronegativity. The strongest influence of this extra potential is
ing from a Mo(0)¢--4d°5s') to a Mall)(---4d*) elec- to be seen for the core orbitals, which are contracted com-
tron configuration, which leads to a quadruple bond6Jn pared to LDA, leading to an increase of charge density im-
the three methoxy ligands per Mo atom lead to amediately at the nucleus and a decrease in the surrounding
Mo(lll)( ---4d®) electron configuration and a triple MoMo region. This generates a shell structure in the exchange-only
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TABLE V. Comparison of®3W NMR chemical shifts calculated with the SR-HF, SO-UHF, GIAO-ZORA-DFT,
and IGLO-NESC-EP-DFT methdd.

Molecule HRSRP HF(SO®  ZORA(SR®  ZORA(SO® NESC-EP Expt.
Wern 0 0 0 0 0 0
ws;d 3537 3638 3824 3769
WFg —1666 -1135 -561 -630 -761 -1121
WClg 1983 2685 2011 1932 2109 2181
W(CO)g -3679 —3876 —3709 —3446

A 299 325 188

@Al NMR chemical shift values in ppm. Experimental molecular geometry are used unless noted otherwise. All
DFT calculations employ the BP86 density functionldenotes the mean average deviation in ppm.
bScalar-relativistic HF results and spin—orbit UHF results from Ref. 56.

Scalar-relativistic ZORA results and ZORA results with spin—orbit coupling both taken from Ref. 50.
dMolecular geometry optimized by Ziegler and co-workéRef. 1) with the SR/BP86 methodr (W-S)
=2.231 A is used.

density distributior?? the origin of which is of mathematical operator is applied in addition this effect is even exaggerated
rather than physical nature. and leads to unreasonable NMR chemical shifts. B3LYP

One could expect that because of the singularity in thecombination with relativistic corrections and the level shift
exchange functional, screening of the nucleus and the relaperator Loc2 leads to the best calculated shift values. How-
tivistic diamagnetic correction are both exaggerated thugver, from this discussion it becomes clear that the manipu-
leading to too negative shift values. This however is not thdation of the exchange functional and the level shift operator
case because the shell structure of the density close to thelfill the same purpose, namely, to reduce the paramagnetic
nucleus leads to both screening and descreening thus cancebntribution, which means that one correction should be able
ing each other largely. Hence, the too positive shift values at replace the other.
well as the variation in the relativistic correctiofse Tables
[l and IIl) must result from the paramagnetic contribution to
the shielding values.

In the case of the paramagnetic contributions, all relativ-  The best values obtained in this wokkGLO/Loc2-
istic corrections are positive, which means that their absoluttlESC-EP-B3LYP) are significantly better than those ob-
values decread@able 1V). They vary strongly with the elec- tained previously with the GIAO-ZORA method for the
tronic structure of the molecule under consideration. Thesame tungsten compounds as investigated in this Work.
relativistic contraction of the- andp-core orbitals leads also GIAO-ZORA 83 NMR chemical shifts were obtained with
to a slight contraction of the valense and p-orbitals of the  the BP86 density function# and led to a mean absolute
metal, which contribute to ligand bonding. Actually, tde  deviationA of 299 ppm(Table V), which is more than 100
andf-type orbitals of the metal expand due to the contractioppm larger than the corresponding IGLO-NESC-EP-BP86
of the core orbitals and a stronger shielding of the nuclearesults(A=188 ppm, Table ¥ and 150 ppm larger than the
charge. However, they are nonbonding and have no redGLO/Loc2-NESC-EP-B3LYP resulf{A=142 ppm, Table
counterparts among the unoccupied orbitals. Hence, it is th®/). Including spin—orbit(SO) coupling correctionsA in-
gap between th® —L bonding and thél —L antibondinge  creases even to 325 ppffiable V).>° Clearly, IGLO-NESC-
and m-orbitals, which increases and leads to a reduction oEP-DFT offers more accurate heavy atom NMR chemical
the magnitude of the paramagnetic contributions. This reducshifts than GIAO-ZORA.
tion is strong in those cases, in which ttebsolute para- The SO contribution to chemical shielding is dominated
magnetic contribution is largesee5 and6), however excep- by the Fermi-contactFC) term, which for heavy nuclei can
tions are also foundsee, e.g., the hexacarbonyl compoundsreach values of thousands ppm. However, due to a cancella-
4 and 11). For W-compounds the relativistic corrections in tion of the FC contributions to the shielding of the reference
the paramagnetic contributions are larger than those for thand that of the target compound, the SO contribution to the
corresponding Mo-compounds due to the increase in th&IMR chemical shift is of the order of just 100 ppthFur-
atomic number and the stronger relativistic contractions othermore, the FC contribution is dominated by the shape of
the core orbitals. the potential in the vicinity of the nucleus and for a regular-

Contrary to the diamagnetic contributions, the magni-ized potential such as in EqL5), the FC term differs con-
tude of the paramagnetic contributions depends strongly osiderably from the conventional FC term defined in the
the functional used. The improvement found for the NMRBreit—Pauli approximatiorisee, e.g., the discussion in Ref.
chemical shifts of°Mo and of*83W when using the B3LYP  55). Consequently, the influence of the SO contribution on
functional and when applying the level shift operator arethe IGLO-NESC-EP-DFT chemical shifts can hardly be in-
both with regard to an improvement of the paramagnetiderred from the data obtained within different computational
contributions. BLYP underestimates the magnitude of theschemes. By analogy to ZORA chemical shift calculations
paramagnetic contributior(salues become too positivand it can be expected that the SO contribution®o and of
accordingly leads to too small shift values. If the level shift®3W NMR chemical shifts of the compounds considered in

B. Comparison with other theoretical results
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this work should be comparable to solvent, concentrationexception of Mosé’ for which an increase 32 ppm is found.

and temperature effect on chemical shifts. This means thajecreases result from the fact that the contraction of the core
the differences between calculated and meastitéid and  orbitals effects also valence and p-orbital thus leading to

of 3 shifts results from SO coupling and environmentaljarger o(M—L)—o*(M—-L) and m(M—L)—7*(M—L)
effects thus indicating that IGLO/Loc.2-NESC-EP-B3LYP  gaps and smaller paramagnetic contributions. These effects
actually provides reliable shift values. are particularly strong when MoMo triple or quadruple
Previously, relativistically corrected NMR chemical shift honds exist in the molecule. Similar trends are found for
calculations were carried out for a few tungsten compound$83y; NMR chemical shifts.
at the all-electron level with the help of finite perturbation The relativistic paramagnetic contributions strongly de-
theory employing a relativistically corrected UHF meth8d. pend on the exchange correlation functional used. Differ-
However, in view of the relatively smaltl0s9p4d1f] basis  ences up to 1870 ppm are found between the B3LYP and the
set used for tungsten and in view of the lack of any correlaBLYP functional where the former functional yields much
tion corrections the results reportésee Table Y*° do not  petter shift values than the latter functional. Best values are
compare well with the experiment and are inferior to thepptained with the B3LYP functional, which performs at
results obtained with DFT in the present work and by Ziegleneast for Mo better because it improves already the nonrela-
and co-workers? tivistic shifts. Combined with relativistic corrections and
level shift Loc.2 corrections it leads to the best values.
Apart from its accuracy, an important feature of the new
IV. CONCLUSIONS method is its simplicity both in the sense of implementation

The NESC-EP approach proposed previously was com@nd in the sense of computational cost. The matrix elements
bined with IGLO-DFT for calculating relativistically cor- ©Of the NESC-EP-DFT Hamiltonian do not involve any un-
rected magnetic shieldings and NMR chemical shifts. proysual molecular integrals often appearing in relativistic cal-
gramming and implementation of IGLO-NESC-EP-DFT culations; they can be evaluated analytically using the exist-
leads to a computationally efficient and useful new approaci’d nonrelativistic quantum-chemical software. Since all

for getting the magnetic properties of molecules with heavymodifications concern the one-electron Hamiltonian only, the
elements. NMR chemical shifts of a relativistic calculation can be ob-

The method was applied to calculatéMo and 183y tained at essentially the cost of a nonrelativistic calculation.

NMR chemical shifts, which are experimentally known. The  In this work, we have not considered a spin—orbit con-
best values are obtained with IGLO-NESC-EP-DFT usingtnbunon to NMR chemical shifts. This can be as large as 100
the B3LYP* functional and the Loc.2 level shift operator. PPM as the data in Table V show. A magnetic nucleus induces
ppm for 83 NMR chemical shifts are obtained. In view of cause of the Fermi contact term thus yielding a spin—orbit
the fact that the investigation included bot@and MvI)  contribution to the magnetic shielding already in the leading
oxidation states of the metal, in view of shift ranges of 5500relativistic order. Since the ZORA resuifisdiffer consider-
and 6900 ppm, respectively, in view of solvent and concen@bly from the NESC-EP-DFT results of this work, it makes
tration effects of+80 ppm, and in view of spin—orbit cor- little sense to speculate about additional spin—orbit correc-
rections of+100 ppm results can be considered as reasorfions. Work is in progress to obtain genuine spin—orbit cor-
able. rections within the NESC-EP-DFT method.
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