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Abstract

We apply approximate relativistic methods to calculate the magnetic property ten-

sors, i.e., the g-tensor, zero-field splitting (ZFS) tensor (D), and hyperfine coupling

(HFC) tensors, for the purpose of constructing paramagnetic nuclear magnetic res-

onance (pNMR) shielding tensors. The chemical shift and shielding anisotropy are

calculated by applying a modern implementation of the classic Kurland-McGarvey

theory (J. Magn. Reson. 1970, 2, 286), which formulates the shielding tensor in terms

of the g- and HFC tensors obtained for the ground multiplet, in the case of higher

than doublet multiplicity defined by the ZFS interaction. The g- and ZFS tensors

are calculated by ab initio complete active space self-consistent field and N -electron

valence-state perturbation theory methods, with spin-orbit (SO) effects treated via

quasidegenerate perturbation theory. Results obtained with the scalar relativistic (SR)

Douglas-Kroll-Hess Hamiltonian used for the g- and ZFS tensor calculations are com-

pared with nonrelativistically based computations. The HFC tensors computed using

the fully relativistic four-component matrix Dirac-Kohn-Sham approach are contrasted

against perturbationally SO-corrected nonrelativistic results, in the density-functional
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theory framework. These approximations are applied on paramagnetic metallocenes

(MCp2) (M = Ni, Cr, V, Mn, Co, Rh, Ir), a Co(II) pyrazolylborate complex, and

a Cr(III) complex. SR effects are found to be small for g and D in these systems.

The HFCs are found to be more influenced by relativistic effects for the 3d systems.

However, for some of the 3d complexes, nonrelativistic calculations give a reasonable

agreement with the experimental chemical shift and shielding anisotropy. The influ-

ence of scalar relativity is strong for the 5d IrCp2 system. This mixed ab initio/DFT

technique, with a fully relativistic method used for the critical HFC tensor, should be

useful for the treatment of both electron correlation and relativistic effects at a reason-

able computational cost, to compute the pNMR shielding tensors in transition-metal

systems.

1 Introduction

Paramagnetic ions play an important role in the determination of nuclear magnetic reso-

nance (NMR) spectra of proteins and other biomolecules, as well as in materials sciences.1–5

Electronic structure methods for determining the NMR shielding tensor σ and the associated

chemical shift δ can aid in the prediction, interpretation, and assignment of NMR spectra.6

The involvement of relativistic electronic structure theory7–11 and the application of ab ini-

tio wavefunction-based methods8,9,12,13 have increased the potential of quantum-chemical

approaches in the prediction and interpretation of paramagnetic NMR (pNMR) shifts and

shielding anisotropies.

When parameterizing the pNMR shielding in terms of the electron paramagnetic reso-

nance (EPR) tensors of the ground multiplet, as in the classic Kurland-McGarvey pNMR

shielding theory,14 one needs to reliably compute the g-, hyperfine coupling (HFC, A), and

zero-field splitting (ZFS, D) tensors. The treatment of relativistic effects is important for

the EPR parameters. The HFC tensor is due, in the nonrelativistic (NR) framework, to

the isotropic Fermi contact and the anisotropic spin-dipolar interactions. Relativistic effects
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on HFC are pronounced because such hyperfine interactions depend on the region of the

electronic charge distribution close to the nuclei.7 The g- and ZFS tensors arise from the

spin-orbit (SO) interactions, which can be included perturbationally or variationally. The

latter means 2- or 4-component calculations, where SO effects are treated to infinite order.

An infinite-order treatment is preferred in cases with strong SO interaction. ZFS determines,

in systems with more than one unpaired electron, the energy level structure of the ground

multiplet. In calculations including treatment of SO coupling, the ZFS can be found from

the energies of the 2S + 1 lowest states, where S is the electron spin quantum number. In

heavy-element systems, g, A, and D are also affected by scalar relativistic (SR) effects.

Most of the available relativistic quantum-chemical implementations of EPR parameters

are based on one- or two-component versions of methods based on transformed Hamiltoni-

ans,15,16 e.g ., the zeroth-order regular approximation (ZORA17) and the Douglas-Kroll-Hess

(DKH18,19) Hamiltonian. However, fully relativistic, four-component calculations of the g-

tensor at the Hartree-Fock level have been reported in Refs.20,21 and at the density-functional

theory (DFT) level in the matrix Dirac-Kohn-Sham (mDKS) framework, in Ref.22 In 2006,

Komorovský et al.23 published a relativistic two-component DKS2-RI approach, based on

the DKS Hamiltonian and the resolution-of-identity (RI) technique. The approach was ap-

plied to relativistic calculations of g- and A tensors. Malkin et al.24 studied the effect of

a finite-size model for both the nuclear charge and magnetic moment distributions on HFC

tensors calculated by the mDKS technique. This method provides an attractive alternative

to the approximate two-component methods, as it avoids picture-change effects in property

calculations.25 Recently, the four-component mDKS approach for the calculations of EPR g-

and HFC tensors, within the restricted kinetic balance framework, was extended26 to hybrid

functionals in the ReSpect code.27

The development of relativistic methods for the NMR shielding tensor of diamagnetic

systems has been reviewed in the literature.6,28–43 In pNMR, experimental data are typically

obtained for light nuclei in heavy-element systems, with the NMR nuclei relatively far from
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the paramagnetic center. This is due to the fact that the nuclei close to the paramagnetic

center relax very fast and the associated line broadening renders the NMR signals unobserv-

able in such cases. This somewhat alleviates the demands for a relativistic treatment in the

pNMR context, but already for 3d transition element systems, the SR or strong SO effects

may be expected to be relevant for comparison with pNMR experiments.

Several computational studies on pNMR shieldings and chemical shifts have been re-

ported in recent years.8–13,22,44–51 In Ref.,49 pNMR shieldings for doublet systems (group-IX

metallocenes) were calculated by using a first-principles method with SR effective core po-

tentials, while the SO effects were included perturbationally. In Ref.,50 a DFT-based method

for paramagnetic molecules with arbitrary spin multiplicity was implemented, featuring an

a posteriori inclusion of the ZFS interaction. Autschbach, Patchkovskii, and Pritchard10

calculated the hyperfine tensors and paramagnetic chemical shifts for Ru(III) complexes us-

ing DFT with the SR effects treated at the ZORA level and SO effects perturbationally by

linear response theory.

In 2013, Komorovský et al.11 introduced a four-component relativistic method for the

pNMR shielding tensors of doublet systems, using both restricted kinetically and magneti-

cally balanced basis sets25 along with gauge-including atomic orbitals to ensure rapid basis-

set convergence. Application to the 1H NMR chemical shifts of a series of 3d, 4d, and 5d

transition-metal hydrides was reported.51 For, e.g., lanthanide and actinide systems, still

stronger relativistic effects can be expected. Eventually, the Kurland and McGarvey ap-

proach based on standard EPR parameters14 may have to be abandoned due to the strong

SO coupling and, instead, generalized EPR tensors have to be employed.8 Ref.8 reported

pNMR chemical shifts calculated for lanthanide-doped fluorite crystals using the ab initio

complete active space self-consistent field (CASSCF) method.52 One may also refrain from

using the EPR parameters altogether and, instead, directly employ the relativistic many-

electron wave functions of the ground and excited electronic states, to calculate pNMR

shielding.9 Gendron, Sharkas, and Autschbach9 used multiconfigurational methods, includ-
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ing SR effects taken into account with the DKH Hamiltonian, to compute pNMR shieldings

in this way.

The present authors12,13 reported pNMR shifts according to the Kurland-McGarvey the-

ory14,46 for 3d transition metal systems, where SO effects were included for the g- and ZFS

tensors by an ab initio two-step, post-SCF treatment, combined with DFT to calculate the

HFC tensors. A useful accuracy for such systems was obtained, despite the fact that no SR

effects were included. In the present paper, we investigate the 1H and 13C pNMR chemical

shifts and shielding anisotropies for both S = 1/2 and S > 1/2 metallocenes, as well as

the 1H pNMR shifts and shielding anisotropies for larger quartet S = 3/2 systems, using

the formalism applied in Refs.12,13 We extend upon our previous methodology by includ-

ing SR approximations to the g-, ZFS, and HFC tensors, used to parameterize the pNMR

shielding tensors. As previously,12,13 g and D are calculated ab initio,53–55 based on a

NR one-component CASSCF wavefunction followed by quasidegenerate perturbation theory

(QDPT) treatment of the SO interaction,54,55 with dynamic correlation corrections by N -

electron valence-state perturbation theory (NEVPT256,57). This level is denoted ”NR+SO”

in the following. Alternatively, the relativistic second-order DKH Hamiltonian is used to

produce the underlying one-component wavefunction, before the SO step, which involves

the appropriately picture-changed SO as well as, for the g-tensor calculation, the Zeeman

interaction55 (DKH+SO). On the other hand, the HFC tensors are calculated by hybrid

DFT using the PBE058 exchange-correlation functional at both the NR level, supplemented

with first-order perturbational SO corrections (the level used in Refs.,12,13 NR+SO) and at

the fully relativistic four-component mDKS level.24 The different approximations used for

the three present tensors (g, D, A) can be motivated by their different expected sensitivity

to relativistic effects (vide supra). We believe that the influence of SR effects on pNMR

shielding tensors has not been subjected to such a systematic investigation before. Corre-

sponding methodology was recently applied to the calculation of pNMR spin-spin coupling

enhancement.59
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We demonstrate this combined methodology with calculations on paramagnetic metal-

locenes that have been selected, on the one hand, with the central metal ion across the 3d

period and, on the other hand, down group IX of the periodic table, with 3d, 4d, and 5d

doublet metallocenes. These metallocenes have already been investigated in pNMR shield-

ing calculations in many other studies4,12,13,44,48–50,60 and represent different spin states, i.e.,

S = 1 (nickelocene and chromocene), 3/2 (vanadocene), and 5/2 (manganocene), all with the

central atom in the 3d period, as well as the group-IX S = 1/2 cobaltocene, rhodocene, and

iridocene. In addition, larger quartet (S = 3/2) Co(II) and Cr(III) complexes are studied in

the present work.

2 Theory

2.1 Paramagnetic NMR shielding

We used the formalism of the pNMR nuclear shielding and chemical shift presented in

Refs.12–14,46 for S > 1/2 systems, valid for comparatively weak SO coupling8 and the ZFS

Hamiltonian possessing the form HZFS = S ·D · S. It gives us the following expression for

the nuclear shielding tensor:

σ = σorb −
µB
γkT

g · 〈SS〉 · A (1)

〈SS〉 =

∑
nmQmn〈n|S|m〉〈m|S|n〉∑

n exp (−En/kT )
(2)

Qmn =

 exp (−En/kT ) ; En = Em

− kT
Em−En

[exp (−Em/kT )− exp (−En/kT )] ; En 6= Em

, (3)

which, for S=1/2 systems, reduces to the doublet expression45,49

σ = σorb −
µB
γkT

g · A , (4)
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where the effects of ZFS are absent. In these formulae, γ, µB, k, and T are the gyromagnetic

ratio of the nucleus, the Bohr magneton, the Boltzmann constant, and the absolute tempera-

ture, respectively. S is the effective spin operator and 〈SS〉 is a dyadic with the components

〈SεSτ 〉 evaluated in the manifold of electronic states |n〉, with energies En, consisting here of

the ground-state zero-field split spin multiplet, the eigenfunctions and eigenvalues of HZFS.

In Eq. (1), the first term is the orbital shielding, which is approximately independent of tem-

perature.61–63 The second, both explicitly and implicitly (via 〈SS〉) temperature-dependent

hyperfine shielding term consists of the generalized product of the g-tensor, 〈SS〉, and the

HFC tensor. The different physical contributions to the hyperfine shielding are listed in

Table S1 in the Supporting Information. A detailed discussion of the shielding formalism is

available in Refs.12,13

The isotropic shielding constant σ and the chemical shift δ were obtained from the cal-

culated shielding tensor by using

σ =
σxx + σyy + σzz

3
(5)

δ = σref − σ, (6)

respectively. Here, σref is the isotropic shielding constant in a diamagnetic reference com-

pound, in our case tetramethylsilane, TMS. The shielding anisotropy was calculated for the

axially symmetric metallocenes as

∆σ = σ‖ − σ⊥, (7)

the difference of the shielding tensor component along the effective molecular symmetry axis

and the perpendicular component.
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2.2 Relativistic Approximations

The g- and D tensor calculations were carried out using the method and implementation of

Refs.54,55 at two levels of treating relativistic effects, i.e., the NR+SO and DKH2+SO levels.

In the first, a multiconfigurational one-component NR wavefunction was supplemented by

SO interactions treated by a post-SCF QDPT method using Orca.64 The two-electron

SO contributions were treated by the mean-field approximation developed by Hess et al.65

Secondly, in the DKH2 computations, the SR effects were included in the one-component

CASSCF calculation, after which QDPT with picture-changed SO operator was carried out.

Dynamic correlation effects were included at the NEVPT2 level.

The HFC tensors (A) were calculated first at the NR level using hybrid DFT and SO ef-

fects treated via leading-order perturbational (Breit-Pauli) SO-corrections.66 Secondly, fully

relativistic four-component mDKS level was used, with hybrid DFT, including both SR and

SO effects variationally.

3 Computational Details

Calculations were performed for computationally optimized, eclipsed (as opposed to stag-

gered67,68) geometries of the metallocenes, illustrated in Figure 1. The geometry optimiza-

tion was carried out with the Turbomole software69 using the B3LYP70 level of theory

with the def2-TZVP71 basis set for all metallocenes except CoCp2 (cobaltocene), RhCp2

(rhodocene), and IrCp2 (iridocene). For these three molecules, the def2-TZVP basis set was

only used for the light atoms. For the Co, Rh, and Ir centers, the Stuttgart-type energy-

consistent, SR effective core potentials ECP10MDF,72 ECP28MWB,73 and ECP60MWB,73

with 10, 28, and 60 electrons in the core, respectively, were used with the appropriate

8s7p6d2f1g/6s5p3d2f1g (in the primitive/contracted notation) valence basis sets.74 The

optimized structures for vanadocene, manganocene, cobaltocene, rhodocene, and iridocene

are available in the Supporting Information. The optimized structures for nickelocene, chro-
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Figure 1: Eclipsed structure of metallocenes (MCp2); in this work, M = Ni, Cr, V, Mn, Co,
Rh, and Ir. The pNMR shielding and shielding anisotropy calculations are reported for the
1H and 13C nuclei.

mocene, and the larger studied Cr(III) complexes were taken from Ref.12 and that of the

Co(II) system from Ref.13 The last two complexes are depicted in Figure 2.

Figure 2: Structures of the studied (a) Co(II) pyrazolyborate (HPYBCO) and (b) Cr(III)
complexes. The groups of 1H and 13C nuclei, for which the pNMR shift calculations are
reported, are indicated.
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The computations of σorb were carried out with Gaussian 09 (G09)75 at the DFT level

with the PBE0 functional using the all-electron def2-TZVP basis set. σorb are calculated

non-relativistically, which should not present a drastic approximation for the light nuclei

subjected to pNMR measurements, as well as taken the typical dominance of the hyper-

fine shielding contributions (vide infra). The HFC tensors were calculated, for comparison

purposes, both with Orca and ReSpect, at two different levels of theory. The NR+SO

level computations (SO interactions treated perturbationally to first order) were carried out

with Orca, whereas the fully relativistic mDKS approach was used with ReSpect. The

computations of g and D were performed using the ab initio CASSCF and NEVPT2 levels

of theory with Orca.53–55,76 The SO effects were included in these calculations by a QDPT

procedure on top of the state-average CASSCF procedure including, in the relevant spin

multiplicities, all the roots allowed by the active space (vide infra).54 This was done at the

NR+SO level as well as basing on the one-component reference wavefunction obtained us-

ing the SR DKH2 Hamiltonian. A comparison of treating relativity at both these levels is

presented for the resulting pNMR shieldings. Similarly, the shielding results obtained with

the A tensors computed at the NR+SO and mDKS levels, are compared.

The notation used throughout the article for the electron correlation treatment is CASSCF/PBE0

or NEVPT2/PBE0, denoting that either CASSCF or NEVPT2 was used for g and D,

whereas PBE0 was used for A. The corresponding notation used for relativistic approxi-

mations is NR+SO/NR+SO, DKH+SO/NR+SO, and DKH+SO/mDKS, where always the

first method was used for g and D, and the second one for A.

The active space in our state-average CASSCF calculations, which also underlay the

application of the NEVPT2 method, was chosen as the five valence d-orbitals of the metal

ion. For CoCp2, RhCp2, and IrCp2, all with S = 1/2, the seven metal d-electrons were

correlated in the Co 3d, Rh 4d, and Ir 5d orbitals, respectively. All the 30 doublet states

enabled by the CAS(7,5) specification were included for these doublet systems, to facilitate

the QDPT step. Correspondingly, among the S > 1/2 systems, NiCp2 was treated by
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CAS(8,5), CrCp2 by CAS(4,5), VCp2 by CAS(3,5), and MnCp2 by CAS(5,5) (see Table 1).

Table 1: Ground-state spin quantum number of the studied systems along with the speci-
fication of the active space used to run state-average CASSCF calculations, as well as the
number of computed roots therein.

Computed rootsa

System Ground state S Correlated electrons S − 1 S S+1

NiCp2 1 8 15 10 -
CrCp2 1 4 45 35 5
VCp2 3/2 3 30 10 -

MnCp2 5/2 5 21 1 -
CoCp2 1/2 7 - 30 -
RhCp2 1/2 7 - 30 -
IrCp2 1/2 7 - 30 -

Co(II)b 3/2 7 40 10 -
Cr(III)b 3/2 3 40 10 -

a The S+1 roots are computed only for CrCp2 because of the limitations posed by the active space and
number of correlated electrons. CoCp2, RhCp2, and IrCp2 are doublet (S = 1/2) systems and, hence, do
not feature ZFS nor necessitate including the S + 1 roots in the calculation. b See text for specification of
these complexes.

For the CASSCF and NEVPT2 calculations at the NR+SO level, the balanced def2-

TZVP basis was used for all the atoms of the metallocenes, whereas a locally dense basis

was used for the larger Co(II) and Cr(III) systems. The locally dense basis consisted of the

def2-TZVP set applied for the metal ion and the directly bonded atoms, and the def2-SVP

basis71 for the more distant atoms. The DKH-TZV and DKH-SV basis sets77 were used,

instead of the def2 sets, for the corresponding calculations at the DKH+SO level. These

sets are DKH recontractions of the def2 sets, designed for relativistic calculations. E.g., in

the def2-TZVP basis of Ni, the 17s11p7d1f set of primitive Gaussian functions is contracted

to 6s4p4d1f , whereas in the DKH-TZV basis, the 17s11p7d1f primitives are contracted to

10s6p4d1f . The performance of the locally dense basis approach is reliable in calculations

of the present type, as seen previously from the results of Refs.12,13 For A, DFT PBE0

calculations with both the full def2-TZVP basis (results are shown in parentheses in the

Tables) and entirely uncontracted DKH-TZV basis on all atoms, were employed with the
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NR+SO approximation, while the entirely uncontracted DKH-TZV basis sets were used on

all atoms with the mDKS method. As the A tensors are sensitive to both relativistic effects

and basis-set quality, we decided to compare the different means of treating relativistic effects

for HFC using the same uncontracted DKH-TZV basis. The PBE0 functional is used in the

present work as a typical, well-performing representative of the family of hybrid functionals

in computations of magnetic properties.12,13,29 It should be noted that the comparison with

experiment can be significantly affected by this choice. The main topic of the present work,

the changes due to SR effects on pNMR shieldings, is not expected to be strongly dependent

on the choice of this particular functional, however.

The total chemical shifts were calculated with respect to the diamagnetic tetramethyl-

silane molecule, with the geometry optimized as described in Ref.13 and with the shielding

constants σ(13C) = 188.5 ppm and σ(1H) = 31.8 ppm at the NR PBE0/def2-TZVP level.

The total 13C and 1H chemical shifts and shielding anisotropies of all systems were averaged

over all the experimentally equivalent nuclei.

4 Results and Discussion

4.1 Adequacy of the basis set

We studied the basis set effect for NiCp2 chosen as the example system, with the relativistic

effects included at the mDKS level for A and at the DKH level for g and D. The basis sets

used here are DKH-SV, DKH-TZV, and Dyall-CVQZ? 78 sets, where the ? denotes that the

Dyall-CVQZ set was used only for the Ni atom, while the DKH-QZV71 basis was used for

the C and H atoms. Tables 2 and 3 contain the data for the basis-set dependence of the

calculated EPR parameters of NiCp2.

The g- and ZFS tensors (Table 2) indicate a rather modest sensitivity to the basis-set

quality, whereas the HFC tensors (Table 3) show a more pronounced dependence. Therefore,

the behavior of the pNMR shielding tensors with the different basis sets follows closely that
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Table 2: Calculated isotropic g-factor and the eigenvalues of the g-tensor, as well as the D
(in units of cm−1) parameter of ZFS at the CASSCF and NEVPT2 levels for NiCp2, using
the DKH-SV, DKH-TZV, and Dyall-CQVZ? basis sets at the DKH+SO level.

CASSCF NEVPT2
Parameters DKH-SV DKH-TZV Dyall-CQVZ?a DKH-SV DKH-TZV Dyall-CQVZ?a

Number of basis functionsb 231 435 1130 231 435 1130
D 66.451 67.901 68.871 38.688 39.340 39.797
giso 2.246 2.248 2.250 2.125 2.125 2.123
g-eigenvalues 1.990 1.990 1.990 1.997 1.997 1.997

2.373 2.377 2.380 2.189 2.188 2.186
2.373 2.377 2.380 2.189 2.188 2.186

a The Dyall-CVQZ basis set was used for the Ni atom, while for the C and H atoms, the DKH-QZV basis
was used. b Number of contracted basis functions in the different basis sets.

Table 3: Calculated 13C and 1H hyperfine coupling constants and coupling anisotropies (in
MHz) for NiCp2, using the uncontracted DKH-SV, DKH-TZV, and Dyall-CQVZ? basis sets
at the DFT (PBE0) level in the mDKS approach. Averages over all the 10 experimentally
equivalent carbon and hydrogen nuclei are given.

Parametersa DKH-SV DKH-TZV Dyall-CQVZ?b

Number of basis functionsc 383 632 1310
A(13C) (isotropic) 4.19 5.07 5.18
∆A(13C) 11.36 11.82 11.97
A(1H) (isotropic) -3.018 -3.361 -3.511
∆A(1H) 0.018 0.222 0.274

a The hyperfine coupling anisotropy ∆A is calculated as ∆A = Azz − (Axx + Ayy)/2, where the z axis is
chosen along the axis of the effective cylindrical symmetry of the molecule. b See footnote a in Table 2.
c Number of uncontracted basis functions in the different basis sets.

of theA tensors. It can be conjectured that, while the triple zeta-level basis set is not entirely

converged, it represents a sufficient level for a qualitative consideration of the influence of SR

effects on the pNMR shielding tensor. The deficiencies of the basis set should not dominate

over the other systematic errors, such as those due to our choice of the CASSCF active space

or the DFT functional.
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4.2 Relativistic effects on g and D

The calculated isotropic g-values, the eigenvalues of the g-tensor, as well as the D (and E)

parameters of ZFS are listed in Table 4 for the S > 1/2 metallocenes, as well as the two

larger complexes. It is seen that introducing scalar relativity using the DKH Hamiltonian

mostly decreases the magnitude of the D-parameter very slightly, to much smaller degree

than that of dynamic correlation when changing from CASSCF to NEVPT2. The g-tensor

data are also very little affected by adopting the DKH Hamiltonian. Overall, no major

improvement can be found in the agreement with experimental ZFS or g-tensor data due to

adopting scalar relativity. The fact that the SR influences are small on g and D, suggests

that DKH2 may be quite sufficient for them, at least for the 3d systems.

The isotropic g-factor and the eigenvalues of the g-tensor for the S = 1/2 cobaltocene,

rhodocene, and iridocene, are given in Table 5. CoCp2 shows similar changes due to SR

effects as the other 3d metallocenes. The heavier 4d complex RhCp2 does not feature more

marked changes due to scalar relativity as compared to CoCp2. Expectedly, IrCp2 shows

the largest dependence on the treatment of SR effects. Also a clear influence of the dynamic

electron correlation treatment is observed.

For the A tensors in the present metallocenes, the effects of relativity, both SR and

SO effects beyond the leading order, are indirectly visible from the present chemical shift

and shielding anisotropy Tables 6–9 below, in the changes of the shielding constants and

anisotropies corresponding to the change of the method of calculating A from the NR+SO

to the mDKS level. Due to the fairly modest dependence of g and D on the treatment of

relativity, the results for δ and ∆σ (vide infra) reflect rather faithfully the large variations of

A for practically all the presently studied systems (concerning the group-IX metallocenes,

see Table S7 in SI).
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Table 4: Calculated D- and E/D-parametersa of the zero-field splitting tensor, as well as the
isotropic g-factor and the eigenvalues of the g-tensor, for the present S > 1/2 metallocenes
and two larger paramagnetic complexes. CASSCF and NEVPT2 calculations using the def2-
TZVP and DKH-TZV basis sets, with nonrelativistic (NR+SO) and relativistic (DKH+SO)
wavefunctions, respectively.

NiCp2
b CrCp2

c

CASSCF NEVPT2 CASSCF NEVPT2
Parameter NR+SO DKH+SO NR+SO DKH+SO NR+SO DKH+SO NR+SO DKH+SO
D (cm−1) 70.1 67.9 40.1 39.3 -24.5 -24.7 -11.3 -10.4
E/D 0.000 0.000 0.000 0.000 0.125 0.130 0.002 0.002
giso 2.253 2.248 2.125 2.125 1.635 1.628 2.070 2.066
g-eigenvalues 1.989 1.990 1.997 1.997 1.446 1.444 1.964 1.965

2.385 2.377 2.189 2.188 1.686 1.675 1.964 1.966
2.385 2.377 2.189 2.188 1.773 1.765 2.280 2.267

VCp2
d MnCp2

e

CASSCF NEVPT2 CASSCF NEVPT2
Parameter NR+SO DKH+SO NR+SO DKH+SO NR+SO DKH+SO NR+SO DKH+SO
D (cm−1) 2.4 2.3 2.5 2.4 0.8 -0.1 -0.2 -0.2
E/D 0.000 0.000 0.000 0.000 0.087 0.182 0.226 0.212
giso 1.979 1.980 1.984 1.985 1.997 2.000 1.995 2.000
g-eigenvalues 1.968 1.969 1.976 1.977 1.993 2.000 1.987 2.000

1.968 1.969 1.976 1.977 1.998 2.000 1.998 2.000
2.000 2.000 2.000 2.000 2.001 2.000 1.999 2.000

Co(II) pyrazolylborate complex Cr(III) cyclopentadienyl complex
CASSCF NEVPT2 CASSCF NEVPT2

Parameter NR+SO DKH+SO NR+SO DKH+SO NR+SO DKH+SO NR+SO DKH+SO
D (cm−1) -111.3 -109.9 -113.4 -111.8 3.0 2.9 2.8 2.8
E/D 0.201 0.192 0.155 0.148 0.047 0.046 0.032 0.032
giso 2.111 2.110 2.113 2.113 1.958 1.959 1.970 1.970
g-eigenvalues 1.446 1.450 1.473 1.478 1.944 1.945 1.959 1.959

1.685 1.680 1.663 1.659 1.952 1.952 1.965 1.965
3.200 3.200 3.204 3.202 1.979 1.980 1.985 1.985

a For the definitions of the D- and E-parameters see, e.g., Table S5 of Ref.13 b Experimental D parameters

in the range 25.6± 3.0 . . . 33.6± 0.3 cm−1.79–83 Experimental g-tensor data from susceptibility

measurements: g‖ = 2.00, as well as g⊥ = 2.06± 0.1079 and 2.11± 0.03.81 c Experimental D parameter

from susceptibility measurement −15.1 cm−1.84 Experimental EPR data: g‖ = 2.012, g⊥ = 1.988.85

d Experimental D parameter 2.8 cm−1.86 Experimental isotropic g-value is 2.86 e Experimental D

parameter −0.24 . . .− 0.2 cm−1.87 Experimental isotropic g-value is 2.87

4.3 3d metallocenes with ZFS

4.3.1 Isotropic shifts

The calculated isotropic carbon and proton chemical shifts for the present S > 1/2 metal-

locenes at 298 K are listed in Table 6. Experimental 13C and 1H pNMR shift data for these
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Table 5: Calculated isotropic g-factor and the eigenvalues of the g-tensor for the doublet
CoCp2, RhCp2, and IrCp2 systems. CASSCF and NEVPT2 calculations carried out using
the def2-TZVP and DKH-TZV basis, with nonrelativistic (NR+SO) and scalar relativistic
(DKH+SO) wavefunctions.

CoCp2
a

CASSCF NEVPT2
Parameter NR+SO DKH+SO NR+SO DKH+SO
giso 1.999 2.010 1.979 1.980
g-eigenvalues 1.850 1.867 1.835 1.829

2.050 2.050 2.037 2.035
2.095 2.112 2.065 2.075

RhCp2
b

CASSCF NEVPT2
Parameter NR+SO DKH+SO NR+SO DKH+SO
giso 1.842 1.837 1.827 1.829
g-eigenvalues 1.443 1.442 1.461 1.469

1.923 1.919 1.909 1.912
2.161 2.151 2.111 2.107

IrCp2
c

CASSCF NEVPT2
Parameter NR+SO DKH+SO NR+SO DKH+SO
giso 1.472 1.613 1.532 1.612
g-eigenvalues 0.854 0.965 0.958 1.050

1.415 1.547 1.529 1.661
2.145 2.327 2.109 2.124

a Experimental EPR data.:88 g11 = 1.940, g22 = 1.161, g33 = 1.377, giso = 1.493 in NiCp2 host lattice.

g11 = 1.585, g22 = 1.140, g33 = 1.219, giso = 1.315 in RuCp2 host lattice. g11 = 1.69, g22 = 1.81, g33 = 1.81,

giso = 1.77 in FeCp2 host lattice. b Experimental EPR data: g‖ = 2.033, g⊥ = 2.003.89 c Experimental

EPR data: g‖ = 2.033, g⊥ = 2.001.89

metallocenes have been reported in Refs.86,87,90–96 At the CASSCF level, the isotropic 13C

shifts show very modest changes of 1 to 3 ppm and 1H shifts practically no change (≤ 1 ppm)

due to the inclusion of SR effects for g and D. However, with fully relativistic calculations

of A, much larger changes of around 10 ppm or more are found in the 13C shifts of CrCp2,

VCp2, and MnCp2, as well as changes of up to 10 ppm in the 1H shifts of NiCp2, VCp2,

and MnCp2, when all HFCs are computed with the same uncontracted DKH-TZV basis
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set to facilitate comparison. At the NEVPT2 level, essentially the same findings are made

concerning relativistic approximations as at the CASSCF level. Whereas the effects of rela-

tivity are similar, somewhat large dynamical correlation effects are seen with NEVPT2. Our

best calculations (g and D with DKH+SO; A with mDKS) at the NEVPT2 level lead to a

generally rather good agreement of the calculated carbon and proton shifts with experiment,

although the situation is not dramatically affected by the improved treatment of relativity,

for these 3d metallocenes. In the case of MnCp2, however, a 10 ppm change in the proton

shifts is obtained due to employing the fully relativistic (mDKS) HFC. Some remaining dif-

ference can be expected even in the most favorable comparison of experiments performed in

the condensed phase (solution or solid state) at a finite temperature, with quantum-chemical

calculations in vacuo, without considering rovibrational effects.

Table 6: Computed isotropic 13C and 1H chemical shifts (in ppm, with respect to TMS)
for S > 1/2 metallocenes at 298 K (unless otherwise noted). Notation: Method for g and
D/method for A. The CASSCF/PBE0 and NEVPT2/PBE0 levels are used with the def2-
TZVP basis set for NR+SO calculations and DKH-TZV basis set for DKH+SO and mDKS
calculations. The uncontracted DKH-TZV basis set is used for all the HFC calculations,
except for the results shown in parentheses, where the def2-TZVP basis set was used.

CASSCF/PBE0 NEVPT2/PBE0
Nucleus/System NR+SO/NR+SO DKH+SO/NR+SO DKH+SO/mDKS NR+SO/NR+SO DKH+SO/NR+SO DKH+SO/mDKS Exp. Earlier computational
13C
NiCp2 (1332.2) 1421.3 (1335.9) 1424.9 1424.2 (1373.5) 1459.2 (1374.9) 1460.6 1462.7 1514,a 1715b 1056.8...1503.7,c 1276.26...1401.24d

CrCp2 (-154.1) -159.3 (-153.0) -158.2 -168.4 (-245.0) -253.9 (-244.0) -252.7 -258.4 -250,e -229f -226.2...-62.2,c -215.88...-102.00d

VCp2 (-443.5) -414.6 (-443.7) -414.8 -426.0 (-445.8) -416.8 (-446.0) -417.0 -428.3 -510,g -422g -433.3...-218.9,c -429.17...-287.57d

MnCp2 (3621.1) 1865.9 (3623.4) 1865.6 1866.1 (3611.1) 1857.5 (3624.8) 1867.2 1867.6 1187h 1734.9...2084.8,c 1728.18...1820.40d

(2792.7) 1452.2 (2795.4) 1452.2 1452.6 (2785.6) 1453.1 (2796.1) 1453.1 1453.5 1206i
1H
NiCp2 (-280.7) -269.6 (-280.0) -269.0 -262.5 (-264.1) -253.6 (-264.0) -253.6 -247.3 -253bj -254.3...-238.5,c -258.24...-242.62d

CrCp2 (252.6) 247.3 (251.6) 246.3 248.4 (323.3) 316.6 (322.6) 315.9 318.7 320f j 312.3...336.8,c 311.30...336.34d

VCp2 (335.0) 328.8 (335.1) 328.9 332.6 (335.7) 329.5 (335.8) 329.6 333.3 318,g307g 339.9...362.8,c 336.33...357.69d

MnCp2 (208.3) -2.6 (208.2) -2.9 7.4 (207.3) -3.2 (208.4) -2.7 7.5 -11h -15.4...-4.1,c 5.18...12.12d

(160.6) -0.7 (160.6) -0.7 7.1 (159.9) -0.6 (160.7) -0.6 7.2 -23.3i

a At room temperature. Solution state.90 b At room temperature. Solid state.91 c A range of DFT results

obtained using different exchange-correlation functionals: BP86, B3LYP, B3PW91, and BPW91-30HF.50

d A range of DFT results obtained using the PBE and PBE0 functionals.48 e At 298 K. Solution state.92

f At 298 K. Solid state.93 g At room temperature. Ref.86 h Ref.91 Mean shift value of terminal and

bridging ligands of the polymeric (non-sandwich) compound. i At 390 K. Solution state. Ref.87 j At 298

K. Solution state.94

In the case of nickelocene, the CASSCF and NEVPT2 results show a small relativistic

effect on the isotropic carbon and proton chemical shifts. There is a difference of a couple
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of ppm in the 13C shift when g and D are calculated with the DKH+SO approximation, as

compared to using the NR wavefunction. The 1H shift indicates an even smaller difference

due to the DKH-based treatment of g and D. However, the variation of 1H shifts is large

when we use the relativistic four-component mDKS approximation for A instead of the

NR+SO level, where the only relativistic influence is via the perturbational treatment of SO

effects. At the NEVPT2 level, the difference in the isotropic 13C shift is about 3.5 ppm, while

the 1H shift shows a change of about -6.3 ppm, when SR effects are included both for g, D

(DKH+SO method), and A (mDKS), as compared to the basic NR+SO level. The isotropic

13C and 1H shifts also show the significant 38.5 ppm and -15.2 ppm differences, respectively,

due to improving the correlation treatment from the CASSCF to the NEVPT2 wavefunction

level, using our best combination of relativistic methods (g and D with DKH+SO; A with

mDKS). The best calculations using NEVPT2 give the isotropic 13C shift of 1462.7 ppm and

1H shift of -247.3 ppm, in a fairly good agreement with experimental values in the range

from 1514 to 1715 ppm and -253 ppm, respectively.

For chromocene, the 13C and 1H shifts show a negligible difference, when g and D are

calculated at the DKH+SO level as compared to using a NR wavefunction (NR+SO). Again,

the variation of 13C and 1H shifts is larger if we use the mDKS approximation forA instead of

NR+SO. At NEVPT2, the difference in the 13C isotropic shift is about -4.5 ppm, while the 1H

shift shows a change of +2.1 ppm with g and D using DKH and A with mDKS, as compared

to the NR+SO/NR+SO level. Much larger, 90 and 70 ppm differences are seen in 13C and

1H shifts between the CASSCF and NEVPT2 wavefunctions, with our DKH+SO/mDKS

combination of methods for g and D/A. The relativistically calculated NEVPT2 shifts at

the DKH+SO/mDKS level, -258.4 and 318.7 ppm, are in an excellent agreement with the

experimental shifts of -250...-229 and 320 ppm for 13C and 1H, respectively.

Similar findings concerning the effects of the relativistic approximations are found for

vanadocene VCp2 (S=3/2). Negligible differences result in the chemical shifts when g and

D are calculated with DKH+SO as compared to the NR+SO level. Adopting the fully
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relativistic mDKS HFCs leads, then, to differences in the isotropic 13C and 1H shifts of -11.5

and 3.8 ppm. For this system, the effect of the choice of the wavefunction (either CASSCF

or NEVPT2) in the calculation of the g and D tensors, is very small on the chemical shifts.

Our best calculation, DKH+SO/mDKS at the NEVPT2 level, gives the isotropic 13C and

1H shifts of -428.3 and 333.3 ppm, in a good agreement with the experimental values at

-510...-422 ppm and 307...318 ppm, respectively.

In the case of manganocene, MnCp2 (S=5/2), somewhat larger deviations are found from

experimental isotropic 13C shifts at 298 K even at our best level of computation. The data

corresponding to measurements at 390 K are in a much better agreement, however. At the

lower temperature (298 K), the larger difference in the shifts is likely to be due to the fact

that the experiment91 was carried out for a polymeric instead of a single-molecular species.

The overall effects on chemical shifts due to the incorporation of the present relativistic

approximations are the same as seen for previous systems. Our best DKH+SO/mDKS

calculation at the NEVPT2 level gives the shifts of 1867.6 and 7.5 ppm at 298 K, while

the experimental values are at 1187 ppm and -11 ppm for 13C and 1H, respectively. It is

seen that MnCp2 shows a large basis-set dependence, as major differences are seen between

the chemical shifts when the A tensors are calculated with the contracted def2-TZVP and

the uncontracted DKH-TZV basis set. The smaller def2-TZVP basis gives clearly erroneous

HFCs for this system.

4.3.2 Group-IX doublet metallocenes

The isotropic carbon and proton chemical shifts for the present group-IX metallocenes, i.e.,

CoCp2, RhCp2, and IrCp2 are given in Table 7. The overall variation in the calculated

chemical shift values can be seen in Fig. 3. In the cases of CoCp2 and RhCp2, changing

the method for g from NR+SO to DKH+SO produces small changes at both the CASSCF

and NEVPT2 levels, similarly as seen for the S > 1/2 metallocenes in their isotropic chem-

ical shifts. Qualitatively similar results are found in the 13C and 1H shifts of the doublet

19



metallocenes both using the CASSCF and NEVPT2 wave functions. For cobaltocene, the

fully relativistic mDKS HFCs bring the isotropic carbon chemical shift into an excellent

agreement with experiment (614 ppm) at both the CASSCF and NEVPT2 levels, with the

results 630 and 622 ppm, respectively. A few ppm changes in the proton shift due to the SR

calculations appear for CoCp2 and RhCp2.

Table 7: Computed isotropic 13C and 1H chemical shifts (in ppm, with respect to TMS) for
S = 1/2 metallocenes at 298 K. Notation: Method for g/method forA. The CASSCF/PBE0
and NEVPT2/PBE0 levels used with the def2-TZVP basis set for NR+SO calculations and
DKH-TZV basis set for DKH+SO and mDKS calculations. The uncontracted DKH-TZV
basis set is used for all the HFC calculations, except for the results shown in parentheses,
where the def2-TZVP basis set was used.

CASSCF/PBE0 NEVPT2/PBE0
Nucleus/System NR+SO/NR+SO DKH+SO/NR+SO DKH+SO/mDKS NR+SO/NR+SO DKH+SO/NR+SO DKH+SO/mDKS Exp. Earlier computational

13C
CoCp2 (639.5) 629.9 (643.1) 633.5 630.4 (634.1) 624.6 (633.8) 624.3 621.6 614a 545...681.1,b 541.2...618c

RhCp2 (641.8) 678.1 (641.2) 677.4 681.3 (643.4) 679.4 (645.3) 681.3 685.6 - 562.9,d 601.4e

IrCp2 (289.7) 329.3 (331.2) 374.1 359.7 (319.5) 360.6 (349.2) 392.2 379.7 - 685.9e
1H

CoCp2 (-37.5) -34.5 (-37.8) -34.7 -35.9 (-37.1) -34.1 (-37.1) -34.1 -35.3 -51a -59...-34.2,b -56.2...-54.7c

RhCp2 (-90.1) -86.3 (-89.9) -86.0 -82.1 (-89.2) -85.3 (-89.3) -85.4 -81.5 - -87.7,d -84.2e

IrCp2 (-92.0) -88.0 (-100.7) -96.4 -83.2 (-94.9) -90.8 (-99.3) -95.0 -80.8 - -78.7e

a At 298 K. Solution State.95 b A range of DFT results obtained using different exchange-correlation

functionals: BP86, B3LYP, B3PW91, and BPW91-30HF.50 c A range of DFT results obtained using the

PBE and PBE0 functionals.48 d All-electron DFT calculations using the PBE functional in Ref.49

e Relativistic pseudopotential calculations using the PBE functional in Ref.49

In the cases of CoCp2 and RhCp2, the comparison of the nonrelativistically based (NR+SO)

calculations with DKH+SO for g shows only small SR effects conveyed to isotropic chemical

shifts. Slightly larger, a few ppm relativistic changes follow when the HFCs are calculated

with the mDKS method, as compared to the NR+SO level. However, the incorporation of

SR effects becomes indispensable when reaching the last (5d) transition element row in the

periodic table of elements. The findings point to a genuine, albeit modest need to include

SR effects in pNMR shielding calculations already for 3d and 4d systems,11 for NMR nuclei

that reside in the immediate vicinity of the paramagnetic center such as in the case of the

metallocenes. The results in parentheses in Tables 6 and 7 obtained with the def2-TZVP

basis indicate, however, that it is for 3d and 4d systems even more important to take care
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Figure 3: Calculated isotropic chemical shifts (in ppm, with respect to the TMS reference
compound, at 298 K) for the group-IX doublet metallocenes using various approximations
of relativistic influences: (a) carbon and (b) proton. Notation: Method for g/method for
A. NR denotes nonrelativistic one-component wavefunction and DKH+SO the second-
order Douglas-Kroll-Hess Hamiltonian supplemented with spin-orbit coupling effects. mDKS
denotes a fully relativistic calculation of A. NEVPT2/PBE0 level used. See text for details.

of sufficient flexibility of the basis set. Furthermore, intermolecular interaction effects are

likely to be equally important as SR influences, for such systems.

In contrast to the lighter doublet metallocenes studied presently, the inclusion of SR

effects for g at the DKH+SO level already produces marked influence on the 13C and 1H

shifts in the 5d iridocene system. Furthermore, SR effects on the HFC also change the

13C and 1H pNMR shifts significantly in this 5d system. The difference of the relativistic

results at the DKH+SO/mDKS level (for g/A) from the NR-based shifts amounts to 30-40

ppm for carbon shifts and about 10-15 ppm for proton shifts. The calculated 13C and 1H

isotropic shifts are also comparable with earlier computations.48,49 The comparison of our

best calculation with the earlier obtained 13C shifts shows small differences in the cases of

CoCp2 and RhCp2, but the 13C shifts in IrCp2 shows a large difference of about 300 ppm

with the relativistic effective core potential (ECP) calculation of Ref.49 This suggests that

the relativistic ECP calculations may not be sufficient for the 13C shifts of IrCp2. The

comparison of isotropic 1H shifts of the doublet metallocenes with earlier ECP computations

only shows small differences of few ppm, indicating that the ECP method may indeed be a

viable one for the proton shifts.
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4.3.3 Scalar relativistic effects on the shielding anisotropy

The 13C and 1H shielding anisotropies for the S > 1/2 metallocenes are listed in Table 8.

The calculated 13C shielding anisotropies are negative for these metallocenes except for

CrCp2. They show variations of up to a few ppm units, when we switch from NR+SO to

the DKH+SO method for g and D. The relativistic four-component mDKS HFCs have a

clearly larger effect on the 13C anisotropy for all S > 1/2 metallocenes at both the CASSCF

and NEVPT2 levels.

Table 8: Calculated 13C and 1H shielding anisotropies (in ppm) for S > 1/2 metallocenes
at 298 K. Notation: Method for g and D/method for A. The CASSCF/PBE0 and
NEVPT2/PBE0 levels used with the def2-TZVP basis set for NR+SO calculations and
DKH-TZV basis set for DKH+SO and mDKS calculations. The uncontracted DKH-TZV
basis set is used for all the HFC calculations, except for the results shown in parentheses,
where the def2-TZVP basis set was used.

CASSCF/PBE0 NEVPT2/PBE0
Nucleus/System NR+SO/NR+SO DKH+SO/NR+SO DKH+SO/mDKS NR+SO/NR+SO DKH+SO/NR+SO DKH+SO/mDKS Exp. Earlier computational

13C
NiCp2 (-2683.0) -2700.3 (-2699.0) -2717.2 -2697.8 (-2914.7) -2946.7 (-2919.3) -2951.6 -2926.7 -2855a -4030.2...-3116.4,b -3901.47...-2509.73c

CrCp2 (161.0) 184.2 (162.1) 185.2 182.3 (325.0) 360.1 (320.7) 355.5 342.1 - 119.5...371.4,b 148.35...299.65c

VCp2 (-659.4) -633.9 (-659.7) -634.2 -665.9 (-662.9) -637.3 (-663.2) -637.5 -669.3 -831d -904.7...-567.1,b -899.42...-645.05c

MnCp2 (-3961.8) -4252.0 (-3952.4) -4248.0 -4157.0 (-3923.8) -4224.8 (-3960.7) -4253.3 -4162.3 - -5233.2...-4304.4,b -5074.53...-4238.57c
1H

NiCp2 (-111.7) -108.1 (-109.3) -105.8 -104.7 (-66.6) -64.8 (-66.1) -64.3 -63.9
CrCp2 (-22.8) -23.1 (-23.9) -24.2 -23.7 (-127.7) -126.1 (-124.5) -123.0 -123.5
VCp2 (-210.9) -210.3 (-210.9) -210.4 -210.6 (-209.6) -209.1 (-209.7) -209.2 -209.3

MnCp2 (-462.9) -426.8 (-462.6) -427.0 -430.4 (-460.0) -425.4 (-463.1) -427.2 -430.7

a At room temperature. Solid state.91 b A range of DFT results obtained using different
exchange-correlation functionals: BP86, B3LYP, B3PW91, and BPW91-30HF.50 c A range of DFT results
obtained using the PBE and PBE0 functionals.48 d At room temperature. Ref.86

Upon the switch from the CASSCF level to NEVPT2, the absolute value of the anisotropy

increases for NiCp2 and CrCp2, while for VCp2 and MnCp2, the influence of dynamical cor-

relation is not large. The SR effects on the anisotropic HFCs are equally large, if not larger

than on their isotropic counterparts, and the two dominate the isotropic and anisotropic

parts of nuclear shielding, respectively. Somewhat larger changes in the carbon shielding

anisotropy are found than in the isotropic carbon shift due to incorporation of scalar rel-

ativity. For 13C anisotropies at the NEVPT2 level, the effect of SR g and D is negligible

for VCp2, while NiCp2 and CrCp2 show less than 5 ppm changes in the absolute value, and
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MnCp2 features a much larger change of about 28 ppm. All 3d metallocenes show large

changes of up to 90 ppm in the 13C shielding anisotropies due to the mDKS HFCs. The

NiCp2 carbon anisotropy is in a very good agreement and VCp2 in a reasonable agreement

with experiment, as seen from Table 8. However, reaching that level of agreement is not

significantly affected by incorporating scalar relativity in the calculations.

For 1H anisotropies, minor changes up to 3 ppm appear due to adopting SR Hamilto-

nian for g and D. With mDKS HFCs, at both the CASSCF and NEVPT2 levels, the 1H

anisotropies are generally negligibly affected, except for the 3.5 ppm increase in the absolute

value of ∆σ(1H) in MnCp2.

The 13C and 1H shielding anisotropies for doublet (S = 1/2), group-IX metallocenes are

listed in Table 9. The outcome of the different levels of incorporating relativistic effects are

shown in Fig. 4. The calculated proton and carbon shielding anisotropies for CoCp2 show

changes of a few ppm due to a SR calculation of g at both the CASSCF and NEVPT2 levels.

Fully relativistic HFCs at the mDKS level produce a modest 6 ppm change for ∆σ(13C) in

CoCp2. The proton shielding anisotropies in CoCp2 are hardly affected by the incorporation

of SR effects. For RhCp2, a substantial change of about 17 ppm in carbon anisotropy occurs

at both the CASSCF and NEVPT2 levels, due to adopting relativistic mDKS HFCs. The

corresponding, non-negligible change in the proton shielding anisotropy amounts to about

5 ppm. The incorporation of scalar relativity does not improve agreement of the CoCp2

shielding anisotropy with experiment,91 and the remaining difference remains large, about

187 ppm.

For IrCp2, a large variation is seen for the carbon shielding anisotropy already from

calculating g using a SR Hamiltonian. Also, the inclusion of scalar relativity for A is more

significant and increases the absolute value of carbon shielding anisotropies by about 60 ppm

and decreases the absolute value of proton shielding anisotropies by circa 20 ppm at both

the CASSCF and NEVPT2 levels.

Our best calculation at the NEVPT2 level, with the inclusion of SR effects with the
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Table 9: Calculated 13C and 1H shielding anisotropies (in ppm) for S = 1/2, group-IX
metallocenes at 298 K. Notation: Method for g/method for A. The CASSCF/PBE0 and
NEVPT2/PBE0 levels used with the def2-TZVP basis set for NR+SO calculations and DKH-
TZV basis set for DKH+SO and mDKS calculations. The uncontracted DKH-TZV basis set
is used for all the HFC calculations, except for the results shown in parentheses, where the
def2-TZVP basis set was used.

CASSCF/PBE0 NEVPT2/PBE0
Nucleus/System NR+SO/NR+SO DKH+SO/NR+SO DKH+SO/mDKS NR+SO/NR+SO DKH+SO/NR+SO DKH+SO/mDKS Exp. Earlier computational

13C
CoCp2 (-262.7) -266.5 (-268.3) -272.0 -266.4 (-260.7) -264.5 (-257.7) -261.4 -255.9 -443a -659.0b

RhCp2 (-597.2) -591.6 (-598.0) -592.5 -609.7 (-614.1) -609.5 (-619.9) -615.5 -632.0 - -995.4,b -964.5c

IrCp2 (-466.7) -450.0 (-531.7) -514.5 -579.5 (-542.0) -527.3 (-603.2) -589.3 -649.5 - -970.6c
1H

CoCp2 (-19.8) -19.4 (-19.8) -19.4 -19.1 (-19.5) -19.2 (-19.8) -19.4 -19.0 - -11.9b

RhCp2 (-38.4) -37.1 (-38.0) -36.7 -31.5 (-35.6) -34.5 (-35.2) -34.0 -28.9 - -27.9,b -23.1c

IrCp2 (-72.9) -69.6 (-76.6) -73.1 -50.0 (-68.4) -65.3 (-67.2) -64.1 -39.7 - -

a At room temperature. Solid state.91 b All-electron DFT calculations using the PBE functional in Ref.49

c Relativistic pseudopotential calculations using DFT with the PBE functional in Ref.49

Figure 4: Calculated shielding anisotropies (in ppm, at 298 K) for the group-IX doublet
metallocenes at the NEVPT2/PBE0 level with the different relativistic approximations for
g/A: (a) carbon and (b) proton. See text for details.

DKH+SO/mDKS combination of methods, gives the 13C shielding anisotropies of (-255.9,

-632.0, and -649.5 ppm) for CoCp2, RhCp2, and IrCp2, respectively. The calculated carbon

shielding anisotropies are quite different from the earlier computational data,49 i.e., -659.0,

-995.4...-964.5, and -970.6 ppm for CoCp2, RhCp2, and IrCp2, respectively. These differ-

ences are mainly due to different exchange-correlation functionals (the earlier work49 used

the non-hybrid PBE functional). Additionally, the earlier49 SR pseudopotential treatment

may not be enough for carbon shielding anisotropies, based on the comparison of results for
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RhCp2 and IrCp2. The 1H shielding anisotropies of -19.0, -28.9, and -39.7 ppm, respectively,

were obtained for CoCp2, RhCp2, and IrCp2, respectively, at our best level. These results

agree qualitatively with the earlier computational (at either NR-based all-electron or pseu-

dopotential levels) shielding anisotropies, suggesting that the pseudopotential approximation

may be quite sufficient for the SR effects in proton shielding anisotropies in these doublet

metallocenes.

4.3.4 Scalar relativistic effects on the physical contributions to shielding

The different physical contributions to the total isotropic 13C and 1H nuclear shielding con-

stants for NiCp2 and IrCp2, chosen as example systems, are illustrated in Figures 5 and 6,

respectively. The corresponding illustrations for the shielding anisotropies are in Figs. S1

and S2 in the Supporting Information. Numerical values for the contributions both to the

isotropic shielding constants and shielding anisotropies are listed in Tables S8-S15 in the SI.

In the case of NiCp2, the largest contributions to both 13C and 1H shielding constants arise

from the contact term (term 1 in Table S1). Other, somewhat large contributions to the 13C

shielding constant are given by the dipolar term (term 2), the modification of the contact

term on account of the g-shift (term 6) and the pseudocontact term (term 9). For NiCp2,

the main relativistic influence arises from terms 1, 6, and 9 to the 13C, and from term 1 to

the 1H shielding constant. Similarly for IrCp2, the largest contributions to both 13C and 1H

shielding constants arise from the contact term (term 1). Other large contributions to both

the 13C and 1H shielding constants come from terms 3, 6, and 9. Major relativistic changes

from the NR+SO to the mDKS treatment of the A arise from the big terms 1, 6, and 9.

4.4 Proton shifts of the larger Co(II) and Cr(III) complexes

The notation of the groups of 1H nuclei, for which the pNMR shifts of the two studied quartet

(S = 3/2) Co(II) and Cr(III) complexes are reported, is illustrated in Fig. 2. The computed

isotropic proton chemical shifts for the Co(II) pyrazolylborate complex (HPYBCO), are
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Figure 5: Physical contributions to the total calculated isotropic nuclear shielding constants
and the total chemical shifts (in ppm, shifts with respect to TMS, at 298 K) for NiCp2:
(a) carbon and (b) proton. The numbering of the hyperfine terms refers to Table S1 in the
Supporting Information. The shielding tensors are calculated at the NEVPT2/PBE0 level
using the DKH+SO/mDKS approximation (for g and D/A, respectively), except that the
orbital part is calculated at the NR level with DFT(PBE0). The uncontracted DKH-TZV
basis is used for all the HFCs.

Figure 6: Physical contributions to the total calculated isotropic nuclear shielding constants
and the total chemical shifts (in ppm, shifts with respect to TMS, at 298 K) for IrCp2: (a)
carbon and (b) proton. The numbering of the hyperfine terms refers to Table S1 in the
Supporting Information. The shielding tensors are calculated at the NEVPT2/PBE0 level
using the DKH+SO/mDKS approximation (for g/A, respectively), except that the orbital
part is calculated at the NR level with DFT(PBE0). The uncontracted DKH-TZV basis is
used for all the HFCs.

given in Table 10. Both at the CASSCF and NEVPT2 levels, the DKH+SO approximation

for g and D causes negligible changes of up to 0.5 ppm and 0.8 ppm, respectively, in the

chemical shift for nucleus 3H. However, the mDKS approximation for A induces appreciable

relativistic effects, causing change in the chemical shift of the 3H nucleus by -6 ppm and, for
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the 4H and 5H nuclei, changes of 1 ppm and, for BH, 4.5 ppm, at the CASSCF level. The

correlation effects at NEVPT2 level are a couple of ppm in the chemical shift of 3H and BH

nuclei. The relativistic effects slightly deteriorate the agreement of the data obtained for 4H,

5H, and BH nuclei with the solution-state experiment. As already stated, this can be due to

the fact that the solvent and rovibrational effects influence the experimental data, whereas

these factors are not taken into account in our modelling. However, for the 3H nucleus,

relativity improves the agreement with experiment.

Table 10: Calculated isotropic 1H chemical shifts (in ppm) for pyrazolylborate Co(II) com-
plex at 298 K. Notation: Method for g and D/method for A. The CASSCF/PBE0 and
NEVPT2/PBE0 levels used with the def2-TZVP basis set for NR+SO calculations and DKH-
TZV basis set for DKH+SO and mDKS calculations. The uncontracted DKH-TZV basis set
is used for all the HFC calculations, except for the results shown in parentheses, where the
def2-TZVP basis set was used.

CASSCF/PBE0 NEVPT2/PBE0
Nucleusa NR+SO/NR+SO DKH+SO/NR+SO DKH+SO/mDKS NR+SO/NR+SO DKH+SO/NR+SO DKH+SO/mDKS Exp.b

3H (-90.4) -91.3 (-89.9) -90.8 -96.7 (-92.4) -93.3 (-91.6) -92.5 -98.5 -111.0
4H (38.0) 37.4 (38.0) 37.4 36.7 (37.9) 37.3 (37.9) 37.3 36.7 42.0
5H (94.3) 93.6 (94.1) 93.3 94.7 (95.2) 94.5 (94.9) 94.2 95.5 94.2
BH (125.8) 125.9 (125.3) 125.4 129.9 (127.8) 127.9 (127.0) 127.1 131.7 122.0

a In Ref.,12,13 we reassigned the experimental chemical shifts for 3H and 5H nuclei according to calculated

ones, stating that ”The need to reassign can be due to different numbering conventions or a wrong

experimental signal assignment”. In fact, our own numbering was wrong for the 3H and 5H nuclei, while

the experimental signal was correctly assigned. Therefore, we have listed experimental chemical shifts for

the 3H and 5H nuclei in their original order here and there is no need for reassignment, contrary to what

was suggested in our previous studies. b At 298 K. Solution-state.97

The isotropic proton shifts for the Cr(III) complex are given in Table 11. The proton

shifts show identical behavior at both the CASSCF and NEVPT2 levels; similar relativistic

effects and no large differences (maximally about 1 ppm) in the results when one switches

from CASSCF to NEVPT2. There is hardly any effect of the different treatment of relativity

on the chemical shifts when using the DKH+SO approximation for g and D, instead of the

NR-based wave function. However, significant relativistic effects (change by circa 7 ppm) are

seen for the methyl groups CH3-1 and CH3-2: there are changes from -10.6 ppm to -3.4 ppm

and from -76.4 ppm to -70.7 ppm, respectively, at the NEVPT2/PBE0 level, when we adopt
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the 4-component mDKS approximation for A. In these two cases, incorporating SR effects

improves the agreement with experiment, albeit a relatively large deviation remains. Again,

as the experiment was performed in solution state, the possible reason for the deviation may

be partially due to neglecting the solvation and rovibrational effects in the calculations.

Table 11: Calculated isotropic 1H chemical shifts (in ppm) for quinolyl-functionalized cy-
clopentadienyl Cr(III) complex at 298 K. Notation: Method for g and D/method for A.
The CASSCF/PBE0 and NEVPT2/PBE0 levels used with the def2-TZVP basis set for
NR+SO calculations and DKH-TZV basis set for DKH+SO and mDKS calculations. The
uncontracted DKH-TZV basis set is used for all the HFC calculations, except for the results
shown in parentheses, where the def2-TZVP basis set was used.

CASSCF/PBE0 NEVPT2/PBE0
Nucleus NR+SO/NR+SO DKH+SO/NR+SO DKH+SO/mDKS NR+SO/NR+SO DKH+SO/NR+SO DKH+SO/mDKS Exp.a

CH3-1 (-12.0) -10.6 (-12.0) -10.6 -3.4 (-12.0) -10.5 (-12.0) -10.6 -3.4 27.6
CH3-2 (-78.7) -75.9 (-78.8) -75.9 -70.2 (-79.3) -76.4 (-79.3) -76.4 -70.7 -41.1
H-10 (-64.8) -63.2 (-64.8) -63.3 -65.3 (-65.1) -63.6 (-65.1) -63.6 -65.7 -56.0
H-11 (53.4) 53.1 (53.4) 53.1 54.3 (53.6) 53.3 (53.6) 53.3 54.5 51.8
H-12 (-97.4) -96.8 (-97.3) -96.8 -98.6 (-98.7) -98.1 (-98.6) -98.1 -99.9 -78.0
H-26 (-28.2) -27.6 (-28.3) -27.6 -27.9 (-28.4) -27.7 (-28.4) -27.7 -28.0 -15.8
H-27 (22.0) 21.6 (22.0) 21.6 22.3 (22.1) 21.7 (22.1) 21.7 22.4 15.3
H-28 (-7.4) -7.2 (-7.4) -7.2 -7.9 (-7.5) -7.3 (-7.5) -7.3 -8.0 -

a At 295 K. Solution-state.98

5 Conclusions

First-principles calculations of pNMR chemical shifts and shielding anisotropies are reaching

a level at which they can be used for meaningful spectral assignment, interpretation and

prediction. In this context, multiconfigurational wave function methods are important for

the treatment of electron correlation effects in the calculation of the g- and D tensors.

In this contribution we have investigated the influence of various approximations for

including relativistic effects in the calculations of the pNMR shielding tensor. For the pri-

marily valence-type properties g and D, we used the second order Douglas-Kroll-Hess ap-

proximation to investigate the 13C and 1H shielding tensors in a series of 3d and group-IX

metallocenes, as well as the 1H shielding tensors in two larger 3d complexes. In these cal-
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culations, the spin-orbit interaction effects were included in a two-step, post-SCF treatment

based on all CASSCF roots allowed by the chosen active space. Scalar relativistic effects on

the pNMR shifts and anisotropies arising from the g- and D tensors were found generally

small for the 3d systems, whereas a non-negligible influence is seen for the 5d iridocene. As

is well-known from earlier literature, the hyperfine coupling is very sensitive to relativistic

effects and our present results obtained with the fully relativistic four-component matrix

Dirac-Kohn-Sham approach, at the hybrid DFT level, confirm the influence of SR effects on

the pNMR shifts and shielding anisotropies. This is seen already for many of the 3d systems

and the contribution becomes entirely indispensable for the 5d IrCp2 system.

SR effects are quantitatively important for the 1H shifts in paramagnetic 3d complexes

and even more important in the 13C case. The presently calculated chemical shifts and

shielding anisotropies show that both a reliable treatment of electron correlation and rela-

tivistic effects are important for achieving predictive quality in first-principles pNMR calcu-

lations. We are presently investigating similar methodology for f -element systems. Despite

the progress in electron correlation treatment and incorporating relativistic effects, particu-

larly the intermolecular interaction and solid matrix effects on pNMR shieldings need to be

systematically elaborated in forthcoming work.
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