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Two cis-dioxovanadium(V) complexes and three monooxovanadium(V) complexes with differ-
ent coordination numbers and ligand spheres, serving as model complexes for vanadium halo-
peroxidases, were studied by 51V solid-state NMR spectroscopy. The most important 51V solid-
state NMR parameters (quadrupolar coupling constant CQ, asymmetry of the EFG tensor ηQ,
isotropic chemical shift δiso, chemical shift anisotropy δσ, asymmetry of the CSA tensor ησ and
the Euler angles α, � and γ) describing the quadrupolar and chemical shift anisotropy interac-
tions were determined theoretically with DFT methods employing the B3LYP functional and
experimentally using genetic fitting algorithms. Calculations of δiso values were treated with
different referencing values of VOCl3 computed with different-sized basis sets using the “coun-
terpoise method”. The calculated CQ values were discussed in terms of the quadrupolar moment
Q. Absolute tensor orientations of CSA and EFG tensors were computed by DFT. These orienta-
tions were found to correlate to structural features of the model complexes.

1. Introduction

Vanadium occurs naturally in various minerals as for example in galena (vanad-
inite), patronite or carnotite [1]. Furthermore, it functions as co-factor in the
active site of several haloperoxidases [2–5] which catalyze the oxidation of hal-
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ides to hypohalous acid (Eq. 1). Hypohalous acid is capable to halogenate natural
organic substrates [6–8] or in absence of an appropriate substrate to generate
singlet-oxygen [9].

(1)
The detailed investigation of the catalytic processes in the course of this

reaction is a matter of current interest [10–18]. To solve this problem a whole
range of vanadium model complexes which are intended to mimic the structure
and function of the active site of haloperoxidases have been reported [19–22].
Moreover, the design of efficient enzyme mimics is a desirable goal, as this can
lead to new methods and pathways in organic synthesis [23, 24].

The abundant vanadium isotope 51V (99.75%) is a quadrupolar nucleus with
a nuclear spin of I = 7.2. It can be studied by liquid-state and solid-state NMR
spectroscopy [25–34]. The main interest in the solid-state NMR experiments is
the determination of the 51V NMR parameters, namely the chemical shift anisot-
ropy (CSA) tensor and the electric field gradient (EFG) tensor. In general these
parameters dominate the spectrum. They reflect the molecular and electronic
structure in the vicinity of the 51V nucleus. Their determination is therefore the
first step in understanding the structural features in the vicinity of the vanadium
atom. This can be done on two different levels, namely on the experimental level
and.or on the quantum chemical level. In the latter these parameters are calcu-
lated by quantum chemical techniques [29, 30, 35–41]. The final step is the
interpretation of these data in terms of structural properties. For this step appro-
priate correlations still have to be developed. Moreover, one has to deal with the
problem that a solid base on the quantum chemical level is not developed up to
now. In particular one faces the problem that the referencing of the calculated
chemical shift values in the case of 51V is still not sufficiently well established.
In many calculations the isotropic chemical shift values δiso are extremely overes-
timated, if DFT methods employing the B3LYP functional with specific basis
sets like 6–311+G and TZV [29] or 6–311G(d) [30] are employed for calcula-
tions.

Different methods can be employed for the referencing of the chemical shift
to a standard [42] : If the chemical shift is solely determined from DFT calcula-
tions without using any experimental data for referencing, the calculation of
both, the system of interest and the referencing system is necessary. In the case
of 51V solid-state NMR spectroscopy the common reference system is VOCl3, a
relatively small molecule, which however differs strongly from the systems of
interest. This causes a problem in the referencing, since two different sized mo-
lecular systems (number of atoms: N = 5 for VOCl3; N ≥ 31 for model com-
plexes) have to be compared for the calculation of the relative isotropic chemical
shift. If the same basis set is used for both calculations, the number of basis
functions is significantly lower for the smaller molecule than for the model com-
plex. The result is a lower accuracy of the calculated energy and thus of the
absolute shielding of the small referencing molecule.
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One possibility to handle this problem is the “counterpoise method” devel-
oped by Boys and Bernardi already in 1970 [43]. It determines a correction of
energy by calculating the difference between the energy of the reference system
calculated with the same basis set as the system of interest and the reference
system calculated with additional basis functions from the system of interest.
The latter are localized at atomic positions of the system of interest. These sets
of basis functions are termed “ghost basis”.

In our computations we apply this method to the calculation of the energy
of the VOCl3 to achieve a more accurate determination of its absolute shielding.
For this, calculations with different sized “ghost basis” generated from the model
complexes Ia-Va (Fig. 1) are employed.

The final result of the calculations are the main 51V solid-state NMR parame-
ters: isotropic chemical shifts δiso, asymmetry of the CSA tensors δσ and the
quadrupolar coupling constants CQ. As an experimental example five distinct
vanadium(V) complexes with structural differences in the surrounding of the
vanadium center are compared. In addition the orientation of the tensors in the
molecular frame is discussed and some preliminary correlations between the
orientation of CSA and EFG tensors at the vanadium center and the electronic
structure of the model complexes are developed.

2. Theoretical section

2.1 Investigated model complexes

The five studied model complexes I-V are shown in Fig. 1. I and II are cis-
dioxovanadium(V) compounds. They are based on a Schiff-base ligand derived
salicylidene hydrazide with different functionalized side chains [44–46]. Com-
plexes I and II are present as ammonium salt. This leads in both cases to an
extended hydrogen bonding network in the solid-state structure, which contains
an additional water molecule in I and a methanol molecule in II. The vanadium
centers of I and II are located in a nearly square pyramidal surrounding.

Complexes III-V are monooxovanadium(V) compounds. In IV a trigonal
bipyramidal geometry is found for the vanadium center and the ligand sphere
includes an imine function [47]. In contrast to this the vanadium centers in com-
plexes III and V are found in a distorted octahedral geometry. Complex III

contains a mixed-ligand system with a salicylidene hydrazide ligand and a quino-
line coligand [20]. The coordination sphere in complex V is formed by a five
dentate amino alcohol ligand [48, 49].

2.2 General aspects of 51V solid-state NMR parameters

51V is a highly favorable nucleus for solid-state NMR studies. Main reasons are
the high gyromagnetic ratio (Larmor frequency of 105.19 MHz at 9.4 T) and the
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Fig. 1. Chemical structures of the model complexes I-V and corresponding 3D models Ia-Va

cut from the X-ray structure of the model complexes I-V.

relatively small quadrupolar moment (Q = K 5.2 · 10K30 m2) [50, 51]. As a
result of these properties, even small quantities of vanadium are easily detectable
by NMR spectroscopy.

The total spin Hamiltonian (Eq. 2) of the vanadium nucleus may be expressed
as a sum of individual Hamiltonians

(2)

with HZeeman being the Zeeman interaction, HRF the radio frequency field, HD the
dipolar interaction, HCSA the chemical shift anisotropy interactions and HQ

(1) as
well as HQ

(2) the quadrupolar interactions of first and second order.
The 51V MAS NMR spectra are dominated by the last three terms. The

five parameters characterizing the corresponding interaction tensors – isotropic
chemical shift δiso, chemical shift anisotropy δσ, asymmetry of the CSA tensor
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ησ, quadrupolar coupling constant CQ, asymmetry of the EFG tensor ηQ – are
defined according to Eqs. 3 and 4

(3)

(4)

where δ11, δ22 and δ33 describe the eigenvalues of the symmetrized CSA tensor
with

Vxx, Vyy and Vzz express the principal components of the EFG tensor with

Q defines the quadrupole moment of the nucleus, e the electronic charge and h
the Planck constant.

For a full description of the system, six more parameters are necessary,
namely two sets of Euler angles defining the orientation of these tensors in a
molecular reference frame. As common in solid-state NMR the Euler angle defi-
nition of Rose [52] is chosen. Owing to the 180° symmetry of magnetic interac-
tions, their choice is not unique. Employing the symmetry transformations given
in Fernandez [53] all Euler angles were transformed into the standard range α
2 [0°, 90°], � 2 [0°, 90°] and γ 2 [0°, 180°]. From experiments on non-oriented
powder samples however, only the relative orientations of the two tensors are
obtainable, owing to the lack of an absolute reference frame. This relative orien-
tation is described by the set of Euler angles α, � and γ. Thus in total eight
parameters are necessary for a full description of an experimental spectrum.
These parameters are in general obtained by stepwise fitting of the numerical
simulated 51V NMR spectrum to the experimental spectra [26–33] and can be
compared to the results of quantum mechanical calculations of the CSA and EFG
tensor on structural models using DFT methods [29, 30, 39, 41].

2.3 Computational details

DFT calculations were performed with the model structures Ia-Va shown in
Fig. 1. These models represent fragments of the whole solid-state X-ray struc-
tures of the compounds I-V. The negatively charged structures Ia and IIa are
models for the anions of compounds I and II. The neutral fragments IIIa-Va are
models of the uncharged complexes III-V.

The solid-state NMR parameters describing the anisotropic properties of the
51V interaction tensors (δσ, ησ, CQ and ηq) are extracted directly from the mag-
netic shielding tensor
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Table 1. Absolute shielding values of VOCl3 in ppm calculated with different sized “ghost
basis” namely the “ghost basis” of the first ligand sphere of the model complexes Ia-Va (frag)
and the “ghost basis” of the common ligand of the model complexes Ia-Va (comp).

631G(d) 631++G(d, p) 6311G 6311+G 6311G(d) TZV TZVP

VOCl3 without K1945.2 K1953.4 K2340.7 K2287.8 K2240.2 K2325.6 K2223.1
“ghost basis”
Ia frag K1947.5 K1935.8 K2288.4 K2259.1 K2208.5 K2264.8 K2202.9
Ia comp K1948.1 K1914.8 K2280.6 K2252.9 K2206.3 K2256.7 K2202.9
IIa frag K1969.1 K1930.3 K2269.5 K2248.2 K2207.0 K2256.0 K2206.0
IIa comp K1965.9 K1930.3 K2265.5 K2242.4 K2205.4 K2243.5 K2200.4
IIIa frag K1932.8 K1939.3 K2281.4 K2261.7 K2204.9 K2278.8 K2205.2
IIIa comp K1931.3 K1922.2 K2267.7 K2254.5 K2200.0 K2261.3 K2202.3
IVa frag K1964.6 K1927.1 K2279.9 K2255.1 K2209.1 K2268.8 K2210.5
IVa comp K1957.6 K1895.0 K2266.7 K2235.8 K2204.5 K2248.4 K2197.4
Va frag K1966.0 K1940.8 K2259.9 K2240.9 K2202.3 K2240.7 K2196.0
Va comp K1962.1 K1939.2 K2251.1 K2232.0 K2200.2 K2231.4 K2200.8

and the components of the EFG tensor

at the vanadium center, calculated by the DFT methods. The isotropic chemical
shift δiso of the complexes is calculated by referencing the absolute magnetic
shielding σiso of the complex with respect to the absolute magnetic shielding of
the external standard VOCl3.

For the calculation of the absolute shielding values of VOCl3 as reference,
three different strategies were compared: (i) calculations employing the unmodi-
fied X-ray structure [54] of VOCl3 using a basis set without additional basis
functions of the molecules of interest; (ii) calculations employing the X-ray struc-
ture of VOCl3 plus additional basis functions from the atoms of the first ligand
sphere of the complexes Ia-Va as “ghost basis”; (iii) calculations employing the
X-ray structure of VOCl3 plus additional basis functions from the atoms of the
common ligands of complexes Ia-Va as “ghost basis”. The results of these differ-
ent strategies are summarized in Table 1.

The principal axis directions of the CSA and the EFG tensors are calculated
from their eigenvectors and parameterized via the Euler angles. Computations of
the Euler angles and drawings of the principal axes of the tensors at the vanadium
center were performed with Matlab [55] programs written in our laboratory.

All DFT calculations were executed with Gaussian03 [56] under the Linux
environment employing Becke's three-parameter hybrid functional [57, 58] for
exchange along with the Lee-Yang-Parr [59] correlation functional (B3LYP).
For Ia-Va extensive calculations of the most important NMR parameters (CQ,
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Table 2. Approximate general error intervals for the NMR parameters Isotropic chemical shift
(δiso), Chemical shift anisotropy (δσ), Asymmetry of the CS tensor (ησ), Quadrupolar coupling
constant (CQ) and Asymmetry of the EFG tensor (ηQ).

δiso (ppm) δσ (ppm) ησ CQ (MHz) ηQ

±0.05 ±20 ±0.1 ±0.2 ±0.1

ηQ, δiso, δσ, ησ, α, � and γ) were performed with Pople's double-� and triple-�
basis sets 6–31G(d), 6–31++G(d, p), 6–311G(d) [60–62] as well as the basis set
combination 6–311G(d) opt. 6–311G [30] and with Ahlrichs triple-� basis sets
TZV and TZVP [63, 64]. To study the influence of the referencing strategy on
the δiso values, calculations with the basis sets 6–311G and 6–311+G were also
performed.

3. Experimental section

The cis-dioxovanadium(V) complexes I and II were synthesized starting from
the appropriate Schiff-base ligand by reaction with ammonium metavanadate
according to procedures similarly described in the literature [44, 46]. The oxova-
nadium(V) complexes III [20], IV [47] and V [48, 49] were synthesized accord-
ing to published procedures.

All 51V MAS spectra were measured at two different spinning speeds (7 kHz
and 10 kHz) at a resonance frequency of 105.19 MHz corresponding to a field
of 9.4 T on a Bruker AMX 400 spectrometer at room temperature [30, 34]. The
spectra measured at 10 kHz are displayed in Fig. 2.

The eight NMR parameters (quadrupolar coupling constant CQ, asymmetry
of the EFG tensor ηQ, isotropic chemical shift δiso, chemical shift anisotropy δσ,
asymmetry of the CSA tensor ησ and the Euler angles α, � and γ) were obtained
by least-squares fitting of the simulated to the experimental spectrum by a pro-
gram written in our laboratory. This program is based on a combination of ge-
netic and simplex algorithms and uses the SIMPSON [65] software package as
calculational kernel. Details of this program are beyond the scope of this publica-
tion and will be published elsewhere.

In principle it is possible to determine exactly the error intervals of each
parameter with our method. In practice however this would again imply the
cumbersome application of numerically expensive downhill-simplex optimiza-
tion. Therefore, we estimated the error intervals by comparison of the results of
the genetic algorithm on the one hand with the results of the genetic algorithm
with subsequent downhill-simplex optimization on the other hand for some com-
plexes. According to our experience, the error values for the parameters obtained
by the genetic fitting routine are in the ranges given in Table 2.

The Euler angles, being obtained by our method, must be regarded critically.
For the exact determination of the Euler angles, the spectra would have to be
fitted by gradient or downhill-simplex fitting methods in addition to the genetic
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Fig. 2. 51V MAS NMR spectra of the vanadium complexes I-V acquired at 9.4 T and a spinning
speed of 10 kHz. The scale is in ppm, referenced to VOCl3.

fitting routines, due to the fact that genetic algorithms do not reach the minimum
exactly [66]. Moreover, the fitting process would have to be performed with a
larger number of crystallite orientations. Due to time constraints, both methods
are not applicable for the examination of a large number of complexes. In this
context, it is worth mentioning, that we performed numerous tests to assure the
stability and thus correctness of the other parameters by varying the input param-
eters and number of integration angles.

We found out, that the number of integration angles does not have a signifi-
cant influence on the isotropic chemical shift, the chemical shift anisotropy, the
quadrupolar coupling constant and the two asymmetry parameters.

4. Results and discussion

4.1 Calculation of isotropic chemical shifts

Figure 3 compares experimental and calculated δiso values employing Poples
double-� basis sets 6–31G(d) and 6–31++G(d, p) for the different referencing
strategies. The variation of the referencing values of VOCl3 yields no significant
improvement of δiso. With the exception of complex III, the calculation with the
6–31G(d) basis and an additional “ghost basis” according to strategy (ii) or (iii)
does not improve the referencing value of VOCl3. A similar result is found for
the 6–31++G(d, p) basis set. The δiso values calculated with several referencing
values for VOCl3 vary around the experimental δiso values without any trend.

A rather different behavior of the δiso values is found if triple-� basis sets are
used for the computations. Figures 4 and 5 show that the referencing to the
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Fig. 3. Comparison between isotropic chemical shift values calculated for complexes I-V with
the 6–31G(d) (a) and the 6–31++G(d,p) (b) basis set using different referencing values for
VOCl3 and the experimental values.

absolute shielding values of VOCl3 computed with the “ghost basis” of the atoms
of the first coordination spheres of the complexes according to strategy (ii) leads
to a significant improvement of the δiso values in the range of 15–85 ppm. Further
improvements are obtained if the absolute shielding values of VOCl3 are calcu-
lated with the “ghost basis” of the common ligands of the complexes according
to strategy (iii). Nevertheless, there is only a slight difference between the results
treated with strategy (ii) and (iii) in the range of 2–20 ppm. Therefore it can be
assumed that the atoms of the outer ligand sphere have only a small influence
on the vanadium atom. The highest improvement is reached for the triple-� basis
sets 6–311G, 6–311+G and TZV which contain no polarization functions.

The size of the energy gap between VOCl3 calculated with and without
“ghost basis” seems to be one reason for this result. Quantitative relations
(Table 3) show that for basis sets without polarization functions like 6–311G,
6–311+G and TZV the energy gap (ΔE ≈ 45–125 kJ.mol) is generally larger
than for basis sets with additional polarization functions (ΔE ≈ 20–80 kJ.mol).
The largest energy gaps are calculated with the 6–311G basis set which causes
a significant improvement of δiso in the range of 50–80 ppm for all calculated
model complexes. For the TZVP basis set the calculated energy gap is surpris-
ingly very small (20–40 kJ.mol). Accordingly, practically no significant im-
provements of the δiso values are achieved, similar to the case of the double-�
basis sets 6–31G(d) and 6–31++G(d, p) discussed above.

4.2 Quadrupolar coupling and chemical shift anisotropy

Table 4 summarizes the 51V NMR parameters for complexes I-V, which describe
the quadrupolar and chemical shift anisotropy interactions, by comparing the
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Table 3. Calculated energy gaps in kJ.mol between VOCl3 calculated without “ghost basis”
and with the “ghost basis” of the first ligand sphere (frag) and of the common ligand (comp)
of the model complexes Ia, IIIa and IVa.

Ia IIIa IVa

basis set frag comp frag comp frag comp
6–31G(d) 38.0 48.3 38.2 54.2 41.1 58.8
6–31++G(d, p) 31.7 38.0 30.7 41.1 34.5 45.9
6–311G 69.1 91.0 73.9 104.2 92.8 124.1
6–311+G 50.9 65.2 47.6 70.9 64.0 84.7
6–311G(d) 46.0 62.2 50.6 71.6 56.2 80.5
TZV 58.2 71.9 52.4 77.1 69.0 90.0
TZVP 23.2 29.5 22.0 32.5 24.5 36.3

Fig. 4. Comparison between isotropic chemical shift values calculated for complexes I-V with
the 6-311G (a), the 6-311+G (b) and the 6-311G(d) (c) basis sets using different referencing
values for VOCl3 and the experimental values.

calculated values employing different sized basis sets with the experimental val-
ues.

The quadrupolar coupling constants CQ for complexes I-V calculated with
the 6–31++G(d,p) using the X-ray model structures Ia-Va yielded the best agree-
ment with the experimental data (discrepancies smaller than 1 MHz). For the
other basis sets, especially Pople's triple-� basis sets, the CQ values are strongly
overestimated. Large variations between the CQ values, treated with different
basis sets, are obtained for complexes I and II. Performing the basis set combina-
tion 6–311G(d) opt. 6–311G, which implies that the structure is optimized with
the 6–311G basis set and the NMR parameter calculation is done with the 6–
311G(d) basis set, the calculated CQ values are nearly twice as large as the
experimental values.

These observations can be understood when looking at the electronic struc-
ture of the models. Ia and IIa are negatively charged. Therefore they can not
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Table 4. Comparison of experimental (exp.) and calculated solid-state NMR parameters with
different basis sets using the X-ray model structures Ia-Va for complexes I-V: Isotropic chemi-
cal shift (δiso), Chemical shift anisotropy (δσ), Asymmetry of the CSA tensor (ησ), Quadrupolar
coupling constant (CQ), Asymmetry of the EFG tensor (ηQ) and the Euler angles (α, �, γ),
describing the relative orientation of CSA and EFG tensors. The experimental δiso values are
referenced to neat VOCl3. The calculated δiso values are referenced to the calculated absolute
shielding values of VOCl3 without using a “ghost basis”.

com- basis set δiso δσ ησ CQ CQ ηQ α � γ
plex (ppm) (ppm) (MHz)c (MHz)d (deg) (deg) (deg)

6–31G(d) K568 K620 0.14 7.60 7.01 0.49 2 21 105
6–31++G(d, p) K586 K616 0.13 6.90 6.37 0.38 1 23 99
6–311G(d) K646 K692 0.11 8.98 8.29 0.34 3 25 70

I 6–311G(d) opt. 6311Ga K558 K665 0.22 11.25 10.38 0.53 6 18 83
TZV K717 K704 0.14 7.47 6.90 0.40 0 25 103
TZVP K646 K679 0.13 7.77 7.17 0.45 1 24 105
exp.b −552.4 −541 0.1 6.2 0.6 29 73 129

6–31G(d) K572 K581 0.14 7.60 7.02 0.55 2 18 101
6–31++G(d, p) K585 K575 0.16 6.96 6.42 0.38 2 21 98
6–311G(d) K652 K650 0.13 9.32 8.60 0.31 6 24 74

II 6–311G(d) opt. 6311Ga K560 K668 0.20 10.66 9.84 0.61 3 16 82
TZV K719 K662 0.15 7.66 7.07 0.39 4 24 81
TZVP K649 K639 0.14 7.90 7.29 0.45 2 23 80
exp.b −535.9 −512 0.1 6.0 0.5 23 50 110

6–31G(d) K486 K511 0.15 5.27 4.86 0.66 2 12 130
6–31++G(d, p) K499 K504 0.15 4.05 3.74 0.78 2 16 134
6–311G(d) K579 K570 0.18 4.61 4.26 0.82 15 15 31

III 6–311G(d) opt. 6311Ga K496 K541 0.19 4.52 4.17 0.69 32 24 30
TZV K650 K584 0.18 4.03 3.72 0.85 19 14 32
TZVP K563 K564 0.19 4.08 3.77 0.81 19 13 33
exp.b −458.4 −431 0.4 3.5 0.7 28 52 102

6–31G(d) K573 K405 0.10 3.67 3.39 0.52 82 71 66
6–31++G(d, p) K586 K392 0.05 3.72 3.43 0.15 4 64 80
6–311G(d) K671 K446 0.11 4.17 3.85 0.17 0 55 77

IV 6–311G(d) opt. 6311Ga K555 K498 0.15 4.80 4.43 0.51 68 59 76
TZV K745 K455 0.06 3.27 3.02 0.04 13 56 52
TZVP K656 K445 0.06 3.36 3.10 0.08 5 61 47
exp.b −541.3 −448 0.3 3.3 0.5 53 63 107

6–31G(d) K465 K394 0.29 7.41 6.84 0.52 89 6 4
6–31++G(d, p) K471 K414 0.27 6.54 6.04 0.75 83 7 4
6–311G(d) K543 K464 0.28 7.36 6.79 0.88 83 9 1

V 6–311G(d) opt. 6311Ga K418 K499 0.25 7.71 7.12 0.86 73 18 27
TZV K608 K474 0.28 6.18 5.70 0.86 79 8 3
TZVP K520 K455 0.28 6.43 5.85 0.90 71 8 10
exp.b −422.6 −490 0.4 6.3 0.7 49 46 73

a) structure optimized with 6–311G followed by “single point” NMR parameter calculation
with 6–311G(d)

b) the experimental Euler angles were fitted with rep 30 which yield to relatively unprecise
values

c) Quadrupolar coupling constant calculated with Q = K 5.2 · 10K30 m2

d) Quadrupolar coupling constant calculated with Q = K 4.8 · 10K30 m2
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adequately model the neutral solid-state structure of complex I and II. Further-
more, hydrogen bonds which have an influence on the size of CQ are neglected
in these models. Thus the optimization of Ia and IIa leads to molecular structures
which are not comparable with the parameters observed in the solid-state struc-
ture.

In contrast to I and II, the complexes III-V form neutral compounds which
are not able to build up hydrogen bonding networks. Therefore the three neutral
model complexes IIIa-Va describe the solid-state structure in a way which yields
a better agreement between the calculated and the experimental CQ values.

Another aspect which has to be considered when calculating 51V quadrupolar
coupling constants by quantum chemical methods is the accuracy, with which the
vanadium nuclear quadrupole moment Q itself is known. Since the quadrupolar
interaction is directly proportional to the nuclear quadrupole moment, the relative
error of the latter causes a systematic error of the calculated quadrupolar coupling
constant CQ.

In the case of 51V the relative error of the nuclear quadrupole moment is
rather large. To the best of our knowledge there are two values given for Q
which were determined experimentally by (i) atomic-beam magnetic resonance
[50] (Q = [K5.2 ±1] · 10K30 m2) and (ii) laser-induced resonance-fluorescence
spectroscopy [67] (Q = [K4.3 ±0.5] · 10K30 m2), which corresponds to approxi-
mately ±20% deviation. Alternatively there is also a more recent calculated value
of Q = [K4.8 ±0.1] · 10K30 m2 given by Hansen [68], which coincides within
the error bars with the other values.

To be consistent with the majority of 51V NMR papers, initially the experi-
mental value of Q = [K5.2 ±1] · 10K30 m2 was employed for the calculations
of the quadrupolar interactions. In a next step the value of
Q = [K4.8 ±0.1] · 10K30 m2 was also taken to compare the degree of agreement
between experimental and theoretical values for CQ. Figures 6 and 7 compare
these theoretical results treated with the two double-� basis sets 6–31++G(d, p)
and 6–31G(d), respectively the triple-� basis set TZV, with the experimental
ones. If Q = [K4.8 ±0.1] · 10K30 m2 is employed for the calculations of CQ,
especially for complexes I, II and III a significant better agreement between
calculated and experimental value is found even for the smaller basis sets with
fewer polarization functions like TZV or 6–31G(d) which need smaller computa-
tion time to calculate the EFG tensors.

To summarize these results it can be pointed out that according to Hansens
results for AlVO4 [68] for our vanadium(V) model complexes a higher degree
of consistence between experimental and theoretical value for the quadrupolar
coupling constant CQ is reached if Q = [K4.8 ±0.1] · 10K30 m2 is employed in
the DFT calculations.

A trend similar to what is found for the CQ values is also observed for the
chemical shift anisotropy values of I, II and III, for which the calculated δσ

values are strongly overestimated. For these three complexes the best agreement
between calculated and experimental data is found for the 6–31++G(d,p) basis
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Fig. 5. Comparison between isotropic chemical shift values calculated for complexes I-V with
the TZV (a) and the TZVP (b) basis sets using different referencing values for VOCl3 and the
experimental values.

Fig. 6. Correlation between experimental and theoretical CQ value calculated with the 6-
31++G(d,p) basis set using different values for the quadrupolar moment Q.

set. Complexes IV and V exhibit a different trend of the δσ values. While for
IV good agreement of calculated and experimental values is found for the em-
ployed basis sets, the δσ values for V are underestimated for these basis sets.
One possible reason for these results are the structure elements of the ligand
spheres including the vanadium center. Whereas I-III contain large nearly planar
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heterocyclic ring systems, IV only contains a small planar ring system and V

contains no planar structure elements at all.

4.3 Absolute orientations of the PAS's of CSA and EFG tensors

Figure 8 displays the directions of the principal axes of the EFG and CSA tensors
of the model complexes Ia-Va calculated with the 6–31++G(d,p) basis set in the
molecular frame. In those complexes which include local symmetry elements
like planes or rotating axes group theory demands that the orientation of the
principal axes of the interaction tensors correlate to these symmetries. This sym-
metry constraint was also corroborated by DFT calculations of the EFG and CSA
tensors of other molecules [29, 68–71]. In complex Ia (Fig. 8a) σY and σZ form
a plane which is located in the nearly planar salicylidene hydrazide ligand system
of the complex whereas σX is orientated perpendicular to this plane. The largest
component VZ of the EFG is approximately parallel to this σY σZ -plane with
4 ≈ 10°. In complex IIa (Fig. 8b) the VX and the σZ axes are located in the
planar ligand system. The VZ and the σZ components includes an angle of 4 ≈
125°.

Complex IIIa (Fig. 8c) which contains two nearly planar ligand systems
forming an angle of 77° shows a special arrangement of CSA and EFG tensor.
VZ and VY as well as σZ and σY form plains which are nearly parallel to the plain
of the quinoline ligand with θσZσY ≈ 16° and θVZVY ≈ 29°. Otherwise VX and VY
form a plain which is approximately parallel to the salicylidene hydrazide ligand
system with θVXVY ≈ 12°. The VX VY -plain also includes the σX axis with 4 ≈ 7°.

Model complexes IVa (Fig. 8d) and Va (Fig. 8e) contain no special symme-
try elements. Surprisingly, in both models the VZ axis is located in the σX σY
-plain and therefore the σZ axis is arranged in the VX VY -plain. In IVa the EFG
and CSA tensor are orientated almost perpendicular. The largest components VZ
and σZ enclose an angle of 4 ≈ 71°. Moreover VX and σY are arranged antiparallel
whereas VX is ranged along the V-O bond of the free oxo-ligand.

5. Conclusion

In this work we calculated 51V solid-state NMR parameters of five different
model complexes for vanadium haloperoxidases with DFT methods using the
B3LYP functional. The comparison between calculated and experimental values
extracted by stepwise fitting of simulated to experimental spectra yields new
insights into the problem of practical choice of computational models, basis sets
and the referencing system in vanadium NMR. For triple-� basis sets, it is shown
that the energy gap between VOCl3 calculated with and without “ghost basis”
has a significant influence on the calculated absolute shielding value of the refer-
encing standard VOCl3 and therefore on the agreement between calculated and
experimental δiso values of the model complexes. It is found that the quadrupolar
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Fig. 7. Correlation between experimental and theoretical CQ value calculated with the 6-31G(d)
basis set (left) and the TZV basis set (right) using different values for the quadrupolar moment
Q.

Fig. 8. Absolute orientation of the principal axes of the CSA (σX, σY, σZ) and the EFG (VX,
VY, VZ) tensor in model complexes (a)Ia (b)IIa (c)IIIa (d)IVa (e)Va calculated with the 6-
31++G(d,p) basis set.

coupling constant CQ and the chemical shift anisotropy δσ displays the best
agreement with the experimental data if basis functions located at atomic posi-
tions of the solid-state X-ray structure of the complexes are combined with the
6–31++G(d, p) basis set for the computations. In addition our calculations cor-
roborate the results by Hansen et al. [68], who suggested a new value of
Q = K4.8 · 10K30 m2 for the quadrupolar moment of the vanadium nucleus.
Finally, correlations between the absolute orientations of the principal axes of
CSA and EFG tensors and structure elements of the model complexes could be
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established by DFT calculations. In further studies we are investigating the effect
of the functional on the calculation of the 51V NMR parameters.
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