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We report on the implementation of an algorithm for the calculation of the NMR shielding tensor. Our scheme
is based on the Hartree—Fock method and the zeroth-order regular approximation (ZORA) Hamiltonian with
spin—orbital coupling included. Gauge-including atomic orbitals (GIAOs) are employed to ensure the origin
invariance of the results. Unlike the previous implementation by Fukui and Baba [J. Chem. Phys. 2002, 117,
7836], our computational scheme makes use of Slater-type orbitals. We have employed this method in B3ALYP
calculations of the *C, '>Pt, and '¥’0Os NMR chemical shifts in 5d metal carbonyls, Pt(Il) square-planar
complexes, and osmium phosphines, respectively. The calculated NMR chemical shifts are compared to the
results obtained with the BP86 and BLYP functionals, as well as the Hartree—Fock method. Comparisons
are also given to experimental values. For the Pt chemical shifts, we have found a small improvement with
respect to experiment for the B3ALYP results over the BP86 and BLYP values. For the other systems, use of
the B3BLYP method does not improve the agreement with experiment compared to results from pure functionals

such as BP86 and BLYP.

1. Introduction

A theoretical description of the NMR chemical shifts of heavy
elements requires taking into account relativistic effects.! For
large molecules, a combination of the two-component ZORA
method along with DFT affords reasonably accurate NMR
chemical shifts at a relatively small computational cost. Such a
computational scheme has been implemented by Wolff et al.?
for pure functionals. However, this implementation makes use
of Slater-type orbitals (STOs), and it was, as a result, not at
that time possible to extend the scheme to hybrid density
functionals. Fukui and Baba® have implemented the ZORA
method for the Gaussian-type orbitals (GTOs) at the Hartree—
Fock level of theory. By making use of a recently developed
double fitting algorithm for the calculation of the Hartree—Fock
exchange integrals with STOs,* it has now become possible to
apply the scalar ZORA method in conjunction with hybrid
functionals to the calculation of the NMR shielding tensor using
STOs. Other applications of the double fitting algorithm for the
calculation of the exact Hartree—Fock exchange with STOs
include the implementation of the spin—spin coupling constants,’
the static and dynamic second hyperpolarizability,® and the exact
exchange optimized effective potential method.’

The aim of this work is a further extension of our ZORA
hybrid functional scheme for the calculation of the NMR
shielding tensor to the case where spin—orbital coupling is
included. We have tested our implementation on the '*C
chemical shifts in 5d metal carbonyls and '*>Pt chemical shifts
in Pt(Il) square-planar complexes. These systems were previ-
ously studied with nonhybrid functionals,®® and it was shown
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that the spin—orbital coupling is important for an accurate
description of the NMR chemical shifts. In both cases, experi-
mental trends were reflected in the calculated chemical shifts.
However, obtaining good agreement with experiment for square
platinum complexes is a very difficult task, unlike the case of
Pt(IV) species for which excellent agreement between theory
and experiment has been reported.'’”!? Since Pt shifts are
measured in solutions, Sterzel and Autschbach'? have argued
that for an accurate theoretical description of the Pt NMR
chemical shifts, solvation effects have to be taken into account
with explicit consideration of solvation shells. The results of
theoretical modeling of the '*>Pt NMR shifts have been reviewed
in refs 14—16.

We have, in addition, applied the hybrid DFT/ZORA
computation scheme to the calculation of the '70Os NMR
chemical shifts in osmium complexes. These systems have not
been studied computationally before.

Apart from transition-metal complexes, it was also decided
to test our implementation on the proton NMR chemical shifts
in hydrogen halides because they have been studied at the two-
component ZORA/Hartree—Fock level of theory® as well as by
other relativistic theoretical methods.®!7-18

In the next section, we shall briefly outline the computational
scheme, which incorporates the double fitting technique for the
calculation of the Hartree—Fock exchange integrals. In section
3, we give the computational details. In section 4, we present
the results of the calculations and discuss the results. The
conclusions are outlined in section 5.

2. Implementation Details

The calculation of the NMR shielding tensor as a second-
order derivative of the total electronic energy expression requires
the knowledge of the first-order perturbed Kohn—Sham orbitals.
As was previously shown,? the NMR shielding tensor for the
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ZORA Hamiltonian with spin—orbital coupling can be written
as a sum of three contributions in terms of the paramagnetic,
the diamagnetic, and the spin—orbit part. Similar to refs 2 and
3, we make use in this work of the ZORA Hamiltonian perturbed
by a magnetic field
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for the calculation of the first-order perturbed Kohn—Sham
orbitals
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where ¥} is the two-component ZORA orbital, v - the spin
function (a or ), y, is an atomic basis function, dj; is the
expansion coefficient of the unperturbed orbital, ¢ is the Pauli
spin matrices, p is the momentum operator, ¢ is the velocity of
light, Ap is the magnetic vector potential, K is the exchange
operator, and a is the admixture coefficient of the exact
Hartree—Fock exchange. The potential V includes the nuclear
attraction potential, the electrostatic Coulomb potential, and a
local part of the Kohn—Sham potential
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The u" matrices are obtained from the first-order perturbation
theory
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In eq 9, the scalar factor K, which is defined by
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should not be confused with the matrix elements of the perturbed
exchange operator
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In egs 9 and 13 the vectors r, =r — R, and R,, = R, — R,
are introduced from the GIAO derivatives.>?

It should be noted here that when spin—orbital coupling is
present, it yields nonzero first-order change in the perturbed
density. However, it is usually very small and was neglected in
the previous ZORA nonhybrid implementation of the NMR
shielding tensor.> We have employed here a similar approxima-
tion. In addition to spin—orbital coupling, we also have
contribution from the nonlocal Hartree—Fock exchange operator.
It yields nonzero first-order change in the perturbed density
matrix, which cannot be neglected. We have taken this into
account through a solution of the coupled-perturbed Hartree—Fock
equations as described in ref 3.

The essence of our implementation consists of the ap-
proximation of the two-electron integrals with STOs, («oldv)
and (uotlAv), by a double fitting formula®

(woldv) = Y (i) (15)
i
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(orliv) = Y (frif)c’” (16)

ij

In eqs 15 and 16, the f;’s are the Slater-type fit functions and
the ¢f”’s are the corresponding fit coefficients, obtained from
the minimization of the quadratic form?°

Q= v = D’y = D) A7)

Despite the approximations made in eqs 15 and 16, in our
previous work,* we have obtained nonrelativistic NMR shielding
constants that are very similar to those calculated by Watson et
al.2! The authors of ref 21 have used a more accurate formula
for the calculation of the exchange integrals over STOs. Their
scheme includes numerical evaluation of the three-center two-
electron integrals with STOs and, due to the higher computa-
tional cost, affords hybrid DFT calculations with relatively small
molecules only. Our computational scheme allows us to perform
STO-based calculations on large transition-metal complexes with
inclusion of relativistic effects.

3. Computational Details

We have implemented the algorithm for solving the coupled
perturbed Hartree—Fock equations with spin—orbital coupling
and GIAOs in the ADF package.”? The ZORA Hamiltonian with
spin—orbital coupling and the polarized valence triple- (TZP)
or the double-polarized valence triple-& (TZ2P) basis sets from
the standard ADF library have been employed for the calculation
of the NMR chemical shifts. In this work, we have used
B3LYP,” > BP86,02 and BLYP?*? functionals as well as
the Hartree—Fock method. The geometries for the Hf, Ta, W,
Re, Os, Ir, and Hg carbonyls were taken from Wolff and
Ziegler,® and the structures of a series of Pt(I) complexes were
taken from Gilbert and Ziegler.” The geometries of the osmium
complexes have been optimized at the BP§6/DZP/ZORA level
of theory with spin—orbital coupling in the Hamiltonian. The
structures for hydrogen halides were taken from ref 3.

TABLE 1: 'H NMR Chemical Shifts (ppm) Relative to the
HF Molecule®

molecule B3LYP BP86  Hartree—Fock others” expt®
HCl1 —1.96 —1.65 —2.28 —2.57 —2.58
HBr —491 —4.23 —6.80 —486  —6.43
HI —12.58 —10.8 —19.7 —1349 —15.34

¢ Conditions: integration 5.0; TZ2P basis set; GIAOs; ZORA spin—
orbital coupling. ® Hartree—Fock ZORA with spin—orbital coupling
results from ref 3. © Experimental values are taken from ref 8.
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4. Results of Calculations and Discussion

In Table 1, we have listed the calculated and experimental
"H NMR chemical shifts in hydrogen halides. For comparison,
we have also given the results of calculations from ref 3.
According to the table, the DFT results are underestimated, and
the Hartree—Fock results for HBr and HI are overestimated in
absolute value. Our Hartree—Fock NMR shifts are lower than
those from the work of Fukui and Baba® for HBr and HI but a
bit higher for HCl. Because we have used the same level of
approximation, the source of deviation is in the basis set. Fukui’s
proton shift for the HCl molecule (see Table 1) is almost
identical to that of experiment, while our Hartree—Fock proton
shift for the HBr molecule is much closer to that of experiment.
The largest deviation that we have found for the Hartree—Fock
proton shifts is for the HI molecule. Our result is lower by
approximately 45% than that from ref 3 and is almost twice as
large as the proton shift from the BP86 functional.

Results from the calculation of '*C NMR chemical shifts in
metal carbonyls are compared to experimental values in Table
2. We have also listed in the same table absolute deviations
from experiment expressed in percents. Tetramethylsilane (TMS)
was used as the NMR reference sample. The TMS shielding
constants in ppm are 180.34, 175.90, 180.06, and 190.94 for
BP86, BLYP, B3LYP, and Hartree—Fock, respectively. As we
can see from Table 2, the largest deviation from experiment is
obtained in the case of the BP86 and BLYP functionals for the
chemical shifts in the Hf(CO)%~ and Hg(CO)3" complexes. For
the Hartree—Fock method, we have obtained the opposite trend,
namely, the smallest deviation from experiment is for the Hf
and Hg carbonyl complexes. The chemical shifts from the BLYP
functional are underestimated with respect to experiment for
the Hf and Hg carbonyls and overestimated for other systems.
The chemical shifts from the Hartree—Fock method are all
overestimated, with the exception of those for Ir(CO)". The
chemical shifts produced by the B3LYP functional are in
between the corresponding values from the BLYP functional
and the Hartree—Fock method, which is in agreement with the
fact that B3LYP contains 20% of the exact Hartree—Fock
exchange. Therefore, it is not a surprise that the chemical shifts
produced by the B3LYP functional agree better with those from
experiment for the Hf and Hg carbonyls than those from BLYP.
For other carbonyls, the increase of the calculated NMR
chemical shifts leads to larger deviations from the experimental
values.

In Table 3, we have listed for the same set of carbonyls as
those in Table 2 the HOMO—LUMO gaps as well as the
diamagnetic, paramagnetic, and spin—orbit contributions to the
total calculated chemical shifts for the BLYP functional and
Hartree—Fock method. First of all, in the row from Hf to Ir,
the spin—orbit contribution increases. Such a trend was also

TABLE 2: 3C NMR Chemical Shifts (ppm) Relative to the TMS molecule®

BP86 BLYP B3LYP Hartree—Fock

molecule o) dev.(%) o) dev.(%) o) dev.(%) o) dev.(%) expt’
Hf(CO)~ 231.79 5.00 237.17 5.79 244.57 0.23 263.34 7.93 244
Ta(CO){~ 210.19 0.38 213.20 1.04 221.39 4.92 242.50 14.93 211
W(CO)s 192.25 0.13 194.05 1.07 202.63 5.35 223.37 16.34 192
Re(CO)S*T 173.41 1.41 174.57 2.09 182.49 6.72 197.70 15.61 171
0s(CO)Z*™ 150.62 2.46 151.61 3.14 157.44 7.10 160.11 8.92 147
Ir(CO)*™ 125.97 4.11 126.82 4.81 129.61 7.12 108.33 10.47 121
Hg(CO)+ 155.20 8.06 150.26 10.98 158.24 6.25 179.01 6.05 168.8
rmsd 7.35 8.17 9.62 22.36

@ Conditions: TZP basis set; GIAOs; ZORA spin—orbital coupling. ” Experimental values are taken from ref 8.
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TABLE 3: Diamagnetic, Paramagnetic, and Spin—Orbit Contributions to *C NMR Chemical Shifts (ppm) Relative to the TMS

Molecule and the HOMO—LUMO Gaps (eV)*

BLYP Hartree—Fock

molecule Amr, Op Op ApL Op Op Oso

Hf(CO)z~ 1.87 —23.80 260.72 —0.247 6.88 —34.29 298.56 0.933
Ta(CO){~ 2.55 —27.19 243.86 3.466 8.41 —37.91 286.99 6.572
W(CO)¢ 3.34 —29.73 232.07 8.297 10.17 —39.90 278.47 15.208
Re(CO)¢" 4.14 —30.75 221.19 15.871 12.10 —40.65 268.15 29.794
Os(CO)E" 5.21 —31.39 207.30 24.301 14.58 —41.40 250.65 49.139
Ir(CO)* 5.90 —31.33 190.71 32.562 16.89 —41.49 229.03 79.217
Hg(CO)5*" 7.25 —28.82 167.12 —11.959 17.35 —39.42 200.39 —18.037

¢ Conditions: TZP basis set; GIAOs; ZORA spin—orbital coupling.

TABLE 4: Pt NMR Chemical Shifts (ppm) Relative to the cis-PtCl,(SMe,), Molecule and Spin—Orbit Contributions to the

Total Calculated Shifts*

BP86 B3LYP BLYP
molecule Js0 o Js0 o Js0 o expt”

cis-PtCly(SMe,), 0 0 0 0 0 0
trans-PtCl,(SMe;), —327.44 614.69 —296.54 759.43 —335.11 633.68 127
cis-PtBr,(SMe,), —137.42 —352.37 —123.73 —388.43 —135.45 —360.53 —328
trans-PtBry(SMe,), —520.34 16.46 —469.59 129.66 —528.92 19.43 —348
cis-PtI,(SMe,), —366.40 —932.71 —333.62 —1048.66 —353.93 —949.69
trans-Ptl,(SMe;), —936.02 —1112.86 —857.42 —1068.06 —946.71 —1147.18 —1601
cis-PtCly(NH;), —315.65 1283.67 —313.58 1535.80 —333.52 1420.04 1447
trans-PtCl,(NHj3), —231.40 1202.55 —221.67 1526.35 —246.35 1288.62 1450
cis-PtBr,(NHj3), —463.42 802.49 —444.30 1031.40 —476.10 925.86 1092
trans-PtBr,(NH3), —358.85 676.61 —315.48 1000.85 —367.00 753.08

cis-PtI;(NH3), —746.60 —137.24 —692.77 20.52 —735.94 —44.88 283
trans-Ptl,(NH3), —664.75 —313.71 —583.66 —27.21 —659.60 —266.05
cis-PtCly(PMe;), 51.48 —362.23 93.01 —598.17 63.51 —383.29 —857
trans-PtCl,(PMe;), 10.29 —202.89 —6.17 —297.14 19.87 —187.51 —399
cis-PtBr,(PMes), —63.06 —582.34 —28.29 —869.12 —62.37 —618.92 —1085
trans-PtBry,(PMe;), —159.73 —749.74 —129.43 —837.28 —153.99 —743.89 —922
cis-PtI,(PMes), —231.33 —911.75 —203.89 —1256.27 —247.28 —975.03 —1037
trans-Ptl,(PMe3), —474.71 —1700.15 —389.72 —1816.40 —479.42 —1729.96 —1988
cis-PtCly(AsMes), —66.52 —392.22 —18.19 —554.92 —57.86 —404.70 —740
trans-PtCl,(AsMe3), —58.74 —120.31 —59.50 —131.54 —50.53 —93.47 —229
cis-PtBr,(AsMes), —208.87 —686.61 —150.98 —878.56 —204.02 —709.01 —1074
trans-PtBry(AsMe;), —227.33 —684.68 —191.19 —705.10 —223.03 —666.0 —827
cis-Ptl,(AsMes), —442.50 —1166.58 —385.63 —1421.74 —447.96 —1214.17
trans-Ptl,(AsMe3), —543.18 —1721.28 —462.58 —1795.25 —548.49 —1736.59 —1967
rmsd 323 265 298

@ Conditions: TZP basis set; GIAOs; ZORA spin—orbital coupling. * Experimental values are taken from ref 9.

observed in ref 8. Nevertheless, the largest contribution to the
NMR chemical shift is from the paramagnetic part of the
shielding tensor. We can also see that the Hartree—Fock method
yields larger HOMO—LUMO gaps (see Table 3) and larger
paramagnetic chemical shifts than the BLYP functional. In order
to explain this effect, we need to consider the matrix elements
of the u matrices (see eq 5), which contribute to the paramag-
netic term of the shielding tensor through the perturbed orbitals.
An increase of the orbital energy differences which constitute
the denominator of u reduces an overall contribution to the
paramagnetic tensor. On the other hand, a simultaneous increase
of the numerator of eq 5, which includes the magnetic coupling
of the occupied and virtual orbitals, might lead to an overall
increase of the paramagnetic NMR tensor. The last situation is
true for the Hartree—Fock method; the effect of an increase of
the numerator outperforms the effect of an increase of the
denominator. This result corroborates findings of the authors
of refs 29 and 30. However, in the row from Hf to Hg, an
increase of the HOMO—LUMO gap leads to a decrease of the
paramagnetic part of the chemical shift for both methods.
The results of statistical averaging shows that the B3LYP
functional does not improve the agreement with experiment,
but its performance is not much worse than the performance of
BLYP or BP86. Thus, the root-mean-square deviation (rmsd)

with respect to experiment for B3LYP is 9.62 compared to 8.17
for BLYP and 7.35 for BP86. However, the Hartree—Fock
method performs much worse. Its rmsd is 22.36, which is
approximately twice as large as the B3LYP value.

In Table 4, we have listed the calculated and experimental
195pt NMR chemical shifts together with spin—orbit contribu-
tions to the total calculated chemical shifts. The cis-PtCl,(SMe,),
molecule was used as the NMR reference sample. Its shielding
constants in ppm are 6401.0, 6157.4, and 6306.9 for BP86,
BLYP, and B3LYP, respectively. The results of calculations
with the pure functionals as well as B3LYP are in a good
agreement with experimental trends. For example, the '*>Pt
chemical shifts of PtX,L, (where X is Cl, Br, or I) become more
negative in the row from Cl to I for each L (where L is SMe,,
NH;, PMes;, or AsMes). Also, the chemical shifts of the
PtX,(NH3), compounds are more positive than those for
PtX,(PMes), or PtX,(AsMe;),. These trends were also obtained
for the calculated Pt'®> NMR chemical shifts in ref 9. The
authors of that work had performed calculations for Pt(Il)
square-planar complexes with the Pauli and ZORA spin—orbit
Hamiltonians, based on the PW91 functional and the frozen core
approximation. It was shown in ref 9 that the trend toward more
negative shift from CI toward I is due to spin—orbital coupling.
This explanation is also born out of the present set of
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Figure 1. Time scaling of the hybrid NMR calculations on one 2.4
GHz AMD processor for trans-PtX,Y, complexes (X = Cl, Br, I); TZP
basis set; B3LYP functional; integration 5.0.

TABLE 5: '¥”0s NMR Chemical Shifts (ppm) Relative to
the OsO, molecule and the HOMO—LUMO Gaps (eV)*

BP86 B3LYP BLYP
molecule Am. O Am. O Am O exptt
OsCpH(PMes), 3.414 —5453 4.256 —5383 3.109 —5359 —5272
OsCpCH3(PMes), 3.315 —4879 4.217 —4736 2.973 —4758 —4779
OsCpBr(PMes), 2.610 —3647 4.197 —3242 2.583 —3518 —3506
“Conditions: TZP basis set; GIAOs; ZORA spin—orbital

coupling. * The experimental values are taken from ref 32.

calculations; see Table 4. The trend with respect to the ligand
L has been explained previously,” and the analysis will not be
repeated here. It was also shown in ref 31 that such spin—orbit
effects originate both from the Pt atom and from the ligands.
The largest deviation between the BP86, BLYP results and
experiment is found for trans-PtCl,(SMe,), and its iodide
homologue and also for cis-PtCl;(PMe;), and its bromide
homologue. As for the B3LYP results, the largest deviation is
found for the trans-PtCl,(SMe,), molecule and its bromide and
iodide homologues. It can be seen from Table 4 that, in most
cases, the B3LYP functional yields better agreement with
experiment than BP86 and BLYP. For the cis-Ptl,(NHj),
molecule, B3LYP predicts the correct sign, while BP86 and
BLYP do not. The platinum chemical shifts are better described
by the nonhybrid functionals for the PtX,(SMe,), compounds.
Comparison of the rmsd value of B3LYP (265) against the
BLYP value (298) and the BP86 value (323) shows that, on
average, the B3ALYP chemical shifts agree better with experi-
ment. As was shown in ref 13, inclusion of the solvation effects
into the computational scheme might improve the agreement
with experiment, but this is beyond the scope of this paper.
In order to estimate the computational cost of the implemented
algorithm and its scaling with the problem size, we have studied
the dependence of the total CPU time required for the hybrid
NMR calculations versus the basis set size. Figure 1 shows the
timings in hours for the hybrid NMR calculations for trans-
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PtX,Y, complexes from Table 4. The basis set size is given in
a number of the basis set functions. It can be seen (see Figure
1) that the computational time scales according to a power law
with the exponent 3.6. Such a slow performance is caused by
the fact that we have implemented at this stage the computation
of the GIAO integrals numerically.

In Table 5, we have listed the calculated and experimental
1870s NMR chemical shifts together with HOMO—LUMO gaps.
The OsO, molecule was used as the NMR reference sample.
The B3LYP chemical shifts agree better with experiment than the
BP86 values for the OsCpH(PMes), and OsCpCHj;(PMes),
molecules. The BLYP functional outperforms B3LYP for
OsCpCHj;(PMes), and OsCpBr(PMes;),. For the OsCpH(PMes),
molecule, both the BLYP and B3LYP functionals yield the
deviation from experiment of approximately the same magnitude
but with an opposite sign. It is interesting to note that, although
the B3BLYP HOMO—LUMO gaps are larger than the corre-
sponding BLYP values for all three molecules, the increase of
the gap affects the chemical shifts of three molecules in a
different way. For OsCpH(PMe;),, an increase of the HOMO—
LUMO gap by approximately 1.15 eV leads to a small increase
(24 ppm in absolute value) of the B3LYP chemical shift. For
OsCpCH;(PMes),, an increase of the HOMO—LUMO gap by
approximately 1.2 eV leads to a small decrease (22 ppm in
absolute value) of the B3LYP chemical shift. For OsCp-
Br(PMes),, an increase of the HOMO—LUMO gap by ap-
proximately 1.6 eV leads to a substantial decrease (276 ppm in
absolute value) of the B3LYP chemical shift.

In order to clarify this situation, we have decomposed the
total calculated NMR chemical shifts into the diamagnetic,
paramagnetic, and spin—orbit parts and listed them in Table 6.
It can be seen, first of all, that the diamagnetic contribution to
the total chemical shift is negligible. Second, the changes in
the spin—orbit and paramagnetic parts for the OsCpH(PMes),
and OsCpCHj3(PMe;), molecules compensate each other when
the B3LYP and BLYP values are compared. However, for the
OsCpBr(PMes), molecule, both the spin—orbit and paramagnetic
parts increase from BLYP to B3LYP.

5. Summary

In this work, we have presented the implementation of the
fast and accurate algorithm for the calculation of the NMR
shielding tensor with STOs and the ZORA Hamiltonian with
spin—orbital coupling. It is based on a double fitting formula
for the Hartree—Fock exchange integrals. We have tested this
method on 5d transition-metal complexes. In most cases, the
B3LYP functional yields larger chemical shifts (in absolute
value) than BLYP. As a result, the application of the B3LYP
functional yields smaller deviations from experiment for the Pt
NMR chemical shifts in comparison to BLYP values. It happens
because for the majority of studied Pt(II) square complexes,
local functionals (BLYP and BP86) underestimate (in absolute
value) the NMR chemical shifts.

In osmium complexes, the situation is different. The BLYP
functional yields '8’Os chemical shifts that are very close to

TABLE 6: Diamagnetic, Paramagnetic, and Spin—Orbit Contribution to ¥’0s NMR Chemical Shifts (ppm)*

BP86 B3LYP BLYP
molecule Op Op JOso Op Op 0s0 Op Op Oso
OsCpH(PMejs), -7 —5271 —175 —10 —5296 —76 -7 —5180 —174
OsCpCH;(PMes), -8 —4691 —179 —12 —4644 —=79 —8 —4572 —179
OsCpBr(PMes), -9 —3369 —270 —11 —3056 —174 -9 —3243 —268

“ Conditions: TZP basis set; GIAOs; ZORA spin—orbital coupling.
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experimental values. Therefore, the B3LYP functional either
does not improve calculated NMR shifts or increases the
deviation from experiment. The B3LYP functional also out-
performs BP86 for two osmium complexes.

For the '3C NMR chemical shifts in 5d metal carbonyls, we
have not found improvements from the application of the
B3LYP functional for the majority of studied systems.
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