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Density Functional Theory Calculations of Nitrogen Hyperfine and Quadrupole Coupling
Constants in Oxovanadium(lVV) Complexes
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Relativistic density functional theory (DFT) calculations of nitrogen hyperfine and quadrupole coupling
constants were conducted for a series of oxovanadium complexes with axial and equatorial nitrogen ligands.
The computational results qualitatively reproduced the observed experimental trends in nitrogen hyperfine
coupling constants with ligand type (amine, imine, and isothiocyanate) and coordination (axial vs equatorial).
The best quantitative agreement between calculated and experimental nitrogen coupling constants was obtained
using the scalar-relativistic, spin-unrestricted, open-shell K@&tmam (SR UKS) method. These results have
important implications for the interpretation of high-resolution electron paramagnetic resonance (EPR) spectra
of oxovanadium complexes with nitrogen ligands.

Introduction ESEEM data so that the ESEEM data for biological systems
. . ) containing VG centers could be interpreted. In these systems,

Experimental electron spirecho envelope modulation ggpgM spectroscopy is often used to determine the identity
(ESEEM) and electron nuclear double resonance (ENDOR) 514 coordination of ligands near the ¥Ocenter.

measurements of VO Iige}nd hyperfine qnd quadrupole coup- The interpretation of experimental ESEEM and ENDOR data
ling constants have provided valuable information about local for biological VC** systems could be further enhanced by

active site structure in many different b|o|og|_ca| SySt.%‘ density functional theory (DFT) calculations of ligand hyperfine
Model complex stu_dles have been used to guide the interpreta-, quadrupole tensors. With the insight provided by DFT
tion of the experimental data. For example, experimental calculations, more detailed structural information could poten-
_tially be obtained from high-resolution EPR data. However, few
¢ in VG* I di d histichn %omputational studies have been published in which ligand
eatures in VO' metalloenzymes to coordinated histidin hyperfine coupling constants for transition metal complexes have
or lysine residues: 2 The measured values for isotropic and een reporteét—3° One concern is that because the spin densities
anisotropic nitrogen hyperfine cquplin_g constants hgve been_useoﬁn the ligands in which the unpaired electron is localized in a
to develop qu_els of the active site structure in biological metal singly occupied molecular orbital (SOMO) are very small,
systems_ containing V& centers. . 1-2 orders of magnitude smaller than transition metal hyperfine
~ The nitrogen nuclear quadrupole coupling constant (NQCC) coupling constants, the computational methods may show
is the coupling between the nuclear quadrupole moment of the signjficant quantitative deviations from experimental valfes.

. y — s .
nitrogen G:]\l’ ! _Il) médeus and the ﬁleptr||(: f'ﬁld grz(.jlerjg To assess the accuracy of the DFT calculations of the nitro-
(_EF(ES)_gt t elnuc eusd ue lto a nol_nsp erical charge |str]1 U~ gen-ligand coupling constants for vanadyl complexes and to
tion. Nuclear quadrupole coupling constants (NQCC) for - gnaple the structural interpretation of high-resolution EPR data,
nitrogen are sensitive to the electronic environment of the K1 <alculations were completed for a group of model

nr:trogen Euclegs. NQCCS can be measuredde_xp?ﬁlrlme?éa”%/ Incomplexes for which experimental EPR data and, in most cases,
the gas phase by microwave spectroscopy and in the solid p aS@rystal structures were available. These model complexes will
by nuclear quadrupole resonance (NQR) spectroscopy. Experi-sgre a5 a testing ground for the application of DFT methods
mental nitrogen NQCCs can also be measured using ESEEMy;, 16 cajculation of ligand hyperfine and quadrupole coupling

spectroscopy** ) constants. In this study, the nitrogen hyperfine and quadrupole
Recently, Kamada and co-worké&tsneasured the nitrogen coupling constants for a group of \Ocomplexes (Figure 1)

hyperfine and quadrupole coupling constants for a group of containing amine, imine, and isothiocyanate groups were

oxovanadium amine, imine, and isothiocyanate complexes usingcalculated using relativistic DFT calculations. The results were

ESEEM spectroscopy. Reijerse and co-workeisave also  compared with experimental data obtained from ESEEM
measured the nitrogen hyperfine and quadrupole coupling measurements.

constants for several oxovanadium model complexes. Lobrutto

et a_l.6 have measured the E_SEEI\/! spectra for _several 0X0Va- Theoretical Details

nadium model complexes with axial nitrogen ligands so that

axial versus equatorial ligation could be distinguished in  Geometry Optimization. Calculations of the nitrogen hy-

vanadoprotein systems. In the studies mentioned above, theperfine coupling constants for \A® complexes with equatorial

objective has been to develop a body of model compound nitrogen ligands were performed using the molecular structures
from the X-ray diffraction (XRD) data for VO(edd&),
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Figure 1. Vanadyl complexes with coordinated nitrogen studied: VO-

(gly)2 [1], VO(edda) P], VO(meox) [3], VO(salen) §], [VO(SCN)|2
[5], [VO(H-O)ada] B], and [VO(HO)Hheida] [1].

thylquinolim-8-olato), and bsalen= N,N'-bis(salicylidene)eth-
ylenediamine. The crystal structure was not available for
VO(gly),, where gly= glycinate, thus the structure was geom-
etry-optimized using the B3PW&136 density functional and
the TZ\#7:38hasis set with Gaussian 98A frequency calcula-
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effects. Scalar-relativistic, spin-restricted, open-shell kehn
Sham (SR ROKS) calculations in which both sporbit
coupling and spin polarization effects are neglected were used
to assess the size of the spiorbit coupling contributions to
the hyperfine tensor. The BP86 density functional was used in
the A tensor calculations because some results in the literature
suggest that the BP86 functional yields the best magnetic
resonance parameters compared to the other pure GGA func-
tionals® BP86 uses the parametrized electron gas data given
by Vosko et al. for the LDA! with the correlation correction

by Perdew?® The basis set TZ2P was used for all calculations
and all atoms. The basis set TZ2P is a doubl8later-type
orbital (STO) in the core with a triplé-valence shell with two
polarizable function§?-55

Results and Discussion

DFT Calculations of the Nitrogen Hyperfine Coupling
Constants for VO?" Model Complexes with Equatorial
Amine, Imine, and Isothiocyanate Ligands.The nitrogen hy-
perfine and quadrupole coupling constants were calculated for
VO(gly),, VO(edda), VO(meox) VO(salen), and [VO(SCN)Z~
using the relativistic methods of van LenttfeThe results of
three different methods, SR UKS, S© SR ROKS, and SR
ROKS all with the BP86 functional are listed in Table 1.
Calculations were completed with the three different methods
so that the separate contributions to the nitrogen hyperfine
coupling constant from spin polarization and sparbit coup-
ling could be determined.

The principal values of thé tensor,Aq1, Az, andAgs, are
separated into an isotropic componeftd) and the anisotropic
or dipolar contributionApx, Apy, Apz such that

AD,x = All_ Aiso
AD,y = A22 - Aiso
AD,Z = A33 - Aiso

whereA is the hyperfine coupling constant matrix afd, Az,
andAgs are the principal values &. For most of the complexes

tion was performed to ensure that the geometry was at aexamined in this studyAss is along (or approximately along)

minimum on the potential energy surface. Calculations of the
nitrogen hyperfine coupling constant for ¥Ocomplexes with

axially coordinated nitrogen ligands were performed using the

molecular structures from the X-ray diffraction (XRD) data for
VO(H,0)ad® and VO(HO)Hheid& where Hada = N-(2-
acetamido)iminodiacetic acid angft€ida= N-(2-hydroxyeth-

the V=N bond and this is defined to be tteaxis for the
nitrogen hyperfine interaction.

The experimental and calculated (SR UKS, BPRg)values
for each of the vanadyl complexes are compared using the bar
graph shown in Figure 2. The solid bars represent the SR UKS
(ADF, BP86) results, and the dotted bars represent the experi-

yliminodiacetic acid. mental values. The agreement between the experimental and
Relativistic Calculations of EPR Parameters with ADF. the calculated\s, values is very good and deviations range from
The Amsterdam Density Functional program package (ADF <1% for VO(edda) to~10% for VO(meox) with an average
2002.01j°*2was used to calculate the EPR parameters for the deviation of ~4%. The calculated nitrogeAs, values vary
VO?" model complexes with coordinated nitrogen ligands. The systematically with nitrogen type from approximatel$ MHz
methods for calculating the hyperfine and quadrupole coupling for amine complexes, te-6 to —7 MHz for imine complexes

constants were developed by van Lenthe é&&t**and are
implemented in ADF software. Relativistic effects are included
using the zero-order regular approximation (ZORA) Hamil-
tonian#5-4° which includes scalar relativistic (SR) and spin
orbit (SO) coupling. Two approaches can be used¥tensor
calculations with ADF: the scalar-relativistic, spin-unrestricted,
open-shell KohrSham (SR UKS) calculation and the spin
orbit coupling and scalar-relativistic, spin-restricted, open-shell
Kohn—Sham (SO+ SR ROKS) calculation. In the SR UKS
method, spir-orbit coupling is not included but spin polarization
effects are included. In the S& SR ROKS method, spin
orbit coupling effects are included but not spin polarization

to —7 to —8 MHZz for isothiocyanate complexes. Experimentally,
Fukui and co-workers and LoBrutto and co-workers observed
a similar dependence of the nitrogen hyperfine coupling constant
on the functional group2*

Both direct singly occupied molecular orbital (SOMO) and
indirect spin polarization may contribute to the isotropic
hyperfine coupling constant. For these vanadyl complexes, the
unpaired electron on the vanadium atom occupieg, artital.
Consequently, the overlap with the nitrogen ligand p orbitals is
small, and therefore direct spin polarization contributions are
not expected to be significant. The primary contribution to the
nitrogen isotropic hyperfine coupling constant is from an indirect
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TABLE 1: Calculated (SR UKS, BP86) and Experimental Nitrogen Hyperfine and Quadrupole Coupling Constants for VG*

Complexes with Equatorially Coordinated Ligandst

Aiso Apx Apy Ao, Qu Q2 Qa3 Ui
Amine
VO(gly)2
SR UKS —4.87 -0.22 0.08 0.14 —1.68 1.07 0.61 0.27
SO+ SR ROKS 0.02 —0.60 —0.42 1.02 —1.68 1.06 0.62 0.26
SR ROKS 0.01 —0.64 —0.40 1.04 —1.68 1.06 0.62 0.26
expt —5.10 —0.30 —0.10 0.40 —-1.35 1.00 0.35 0.48
VO(edda)
SR UKS —4.97 —0.16 —0.07 0.23 —1.62 1.16 0.47 0.42
SO+ SR ROKS 0.22 —0.47 —0.67 1.13 —1.62 1.15 0.48 0.41
SR ROKS 0.21 —0.45 —-0.72 1.17 —1.62 1.15 0.48 0.41
expt —4.98 -0.12 -0.12 0.23 —1.55 1.15 0.40 0.48
Imine
VO(meox}
SR UKS —6.73 —0.50 —0.02 0.52 -1.33 0.72 0.61 0.09
SO+ SR ROKS 0.00 —0.61 —0.18 0.79 —-1.27 0.73 0.54 0.15
SR ROKS 0.01 -0.59 -0.22 0.81 -1.27 0.73 0.54 0.15
expt —6.18 —-0.57 0.06 0.51 -1.17 0.66 0.51 0.13
VO(salen)
SR UKS (N1) —6.06 -0.42 -0.03 0.45 —-1.30 0.96 0.35 0.47
SO+ SR ROKS (N1) 0.03 —-0.92 0.29 0.63 —-1.19 0.94 0.25 0.58
SR ROKS (N1) 0.03 -0.91 0.31 0.61 -1.19 0.94 0.25 0.58
SR UKS (N2) —6.19 —0.35 —0.26 0.62 —1.24 1.01 0.24 0.62
SO+ SR ROKS (N2) 0.08 -1.70 —0.48 2.19 -1.10 1.02 0.08 0.85
SR ROKS (N2) 0.10 —1.66 —0.46 2.12 —1.10 1.02 0.08 0.85
expP —-5.83 -0.47 -0.07 0.53 —-1.20 0.80 0.40 0.33
NCS
VO(NCS)?~
SR UKS —7.09 -0.73 —0.48 1.21 —0.65 0.33 0.31 0.03
SO+ SR ROKS 0.06 -0.81 —0.04 0.85 —0.68 0.37 0.32 0.07
SR ROKS 0.03 -0.87 0.01 0.87 —0.68 0.37 0.32 0.07
expP —7.47 -0.43 -0.43 0.87 —0.50 0.25 0.25 0.00

a All values in MHz.? Reference 24¢ Reference 19.
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Figure 2. The nitrogen isotropic coupling constarkg) in MHz
for VO(gly)2 [1], VO(edda) B], VO(meox}) [3], VO(salen) B], and
[VO(SCN)J?~ [5] as a function of the nitrogen ligand type. The solid
bars represends, values from the ADF (SR UKS, BP86) calculat-
ions, and the dotted bars represent the experimentally mea8ydsed

spin transfer mechanism in which the nitrogen p orbital is
polarized by an exchange interaction with the unpaired electron
on the vanadium® The SR UKS method includes spin polar-
ization effects and therefore provides very good agreement with
experimental data for the nitrogen isotropic hyperfine coup-
ling constant as shown in the bar graph in Figure 2. The-spin
orbit contribution to the nitrogen ligands, is very small (as
expected) and can be assessed by comparing thet- SER
ROKS and the SR ROKS results in Table 1. The only differ-
ence between these two calculations is the inclusion of-spin

orbit coupling effects in one method but not the other. The
results indicate that spirorbit coupling effects are less than
0.1 MHz.

The anisotropic contributions to the hyperfine coupling con-
stant tensorApy, Apy, and Ap, were calculated by three
methods, SR UKS, S& SR ROKS, and SR ROKS, so that
the spin polarization and spirorbit coupling contributions could
be evaluated. A comparison 86 Apy, andAp; (SR UKS
and SO+ SR ROKS) with the experimental values 8p x,

Apy, andAp ; can be made by inspection of the data in Table 1.
The agreement betweé , Apy, andAp; (SR UKS) and the
experimentalAp x, Apy, andAp, was very good in comparison
with the same values calculated with the SOSR ROKS
method. The SGF SR ROKS and the SR ROKS results were
the same within~0.1 MHz in almost all cases indicating that
spin—orbit coupling contributions to the anisotropic nitrogen
hyperfine coupling constant are negligible. Therefore, the best
method for calculating the nitrogefy, value is the SR UKS
method although the quantitative agreement is not as good as
that for Aiso values.

DFT Calculations of the Nitrogen Quadrupole Coupling
Constants for VO?" Model Complexes with Equatorial
Amine, Imine, and Isothiocyanate LigandsNitrogen NQCCs
can be measured using ESEEM spectroscopy under conditions
of exact cancellatiod® 22 Exact cancellation for nitrogen nuclei
occurs when the nuclear Zeeman interaction and the hyperfine
coupling interaction cancel in one-electron spin manifold and
pure quadrupole eigenstates remain. Under conditions of exact
cancellation, three pure quadrupole peaks are observed in the
14N ESEEM spectrum at frequencies K3 + 7), K(3 — 7),
and XKz, whereK is the NQCC £2qQ/4, andy is the asymmetry
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Figure 3. The nitrogen quadrupole coupling consta@Qt4 in MHz
for VO(gly)2 [1], VO(edda) ], VO(meox}) [3], VO(salen) B], and VO(edda)
[VO(SCN)J?~ [5] as a function of the nitrogen ligand type. The solid
bars represer@®:; values from the SR UKS (ADF, BP86) calculations,
the diagonal striped bars repres€nt values from the SG& SR ROKS
(ADF, BP86) calculations, and the dotted bars represent the experi-
mentally measure@;:.

parameter. The equations for the quadrupole paramedgss,
andy, are given as follows:

Q= 3¢9Q  _ 3¢aQ
142 -1) 4

y = ‘st —Qy
Qu

whereQi1, Q22, andQssz are the principal values of the traceless
quadrupole tensor is the field gradient along the principal
axis of the largest field gradient éxis), andQ is the nuclear
guadrupole moment.For all of the complexes considered here,
Qi1 lies along (or nearly along) the-WN bond. VO(gly).

The calculated principal values of the nitrogen nuclear Figure 4. Relative orientation of the principal quadrupole and hyperfine
quadrupole coupling tensor are listed in Table 1. The compu- axes for the equatorial nitrogen ligands in VO(edda) and VO4gly)
tational results forQi; are in good agreement with the
experimental data as shown in the bar graph in Figure 3. The Hyperfine and Quadrupole Principal Axes Orientation.
solid bars represe@;; values from the SR UKS (ADF, BP86) The DFT calculations also provide the relative orientation of
calculations, the diagonal striped bars repre€aavalues from the nitrogen quadrupole and hyperfine tensor axes. The orienta-
the SO+ SR ROKS (ADF, BP86) calculations, and the dotted tions of the nitrogenA and Q tensors from the SR UKS
bars represent the experimentally meas@gd The deviation calculations for VO(edda) and VO(glyare shown in Figure 4
between the calculated and experimental values ranges fromin which only the vanadyl nitrogen moiety is shown for clarity.
5% to 25% with an average deviation of 14%. Error bars were Complete information about the axis orientation for all of the
not provided for the experimental values, so it is not possible complexes is included in Table S2 as Supporting Information.
to say whether the agreement is within experimental error. For Experimentally, the orientation of the hyperfine and quadrupole
the amine and isothiocyanate complexes, the results wereaxes is difficult to determine unless single crystal data is
invariant with respect to the computational methods (SR UKS, available. Therefore, the accuracy of these results is difficult to
SO + SR ROKS, SR ROKS). For the imine complexes, the assess and is subject to some uncertainty, especially given the
SO+ SR ROKS computational methods provided slightly better results of the nitrogen anisotropic hyperfine coupling constant
accuracy relative to the SR UKS computational method. Qua- calculations. Further work is needed to address the accuracy of
litatively, the computational results exhibit the same trend as the calculated relative axes orientations. In some cases, a
the experimentalQ;; values in thatQ;; varies from amine comparison of ESEEM data and simulations gives some
(approximately—1.6 MHz) to imine (approximately-1.2 MHz) information about the relative orientation of the nitrogen
to isothiocyanate (approximately0.65 MHz). Overall, the quadrupole and hyperfine axis. However, these data are usually
calculation of the nitrogen NQCC for these complexes was less qualitative. For example, using ESEEM spectroscopy, Fukui and
sensitive to the theoretical method than the nitrogen hyperfine co-workers determined that the nitrogen quadrupole and hy-
coupling constant calculations. Warncke and co-workers rec- perfine Q.1 and Azz axes were misaligned for VO(edda) and
ently reported a DFT computational study of the NQCCs of VO(gly),.24 Fukui and co-workers assumed that #kg axis in
imidazole derivatives and the impact of the molecular environ- these complexes corresponded to the N/ bond axis and
ment!3 In the study reported here, the effect of the molecular therefore suggested that the quadrupole axes for these two
environment has not been investigated but will be incorporated complexes were deviated relative to the-N bond. However,
in future work. the computational results shown in Figure 4 indicate that the

1)




DFT Calculations of Nitrogen Hyperfine J. Phys. Chem. A, Vol. 107, No. 23, 2008739

TABLE 2: Calculated and Experimental Nitrogen Hyperfine in all of the complexes was very good 10%). The quantitative
and Quadrupole Coupling Constants for VO** Complexes agreement between computational and experimental for the
with Axially Coordinated Ligands® anisotropicA values were generally but not uniformly good.
Aiso Aox Aoy Abz Qu Q2 Qi 7 Similarly, the agreement of the calculated and experimental
VO(H;0)ada quadrupole coupling constants was generally but not uniformly

SRUKS -0.10 -0.29 -0.20 0.49 —-252 1.38 1.14 0.09 good. It should be noted that the largest deviations were
SO;O?(E 055 -0.33 —0.21 054 -250 1.36 1.14 009  gpserved for VO(gly, which was also the only complex in
SRROKS 056 —0.34 —022 056 —2.50 1.36 1.14 0.09 this study that was geometry-optimized. Recently, other groups
expp -1.32 047 047 -0.94 have successfully applied related DFT methods to ligand

VO(H,0)Hheida hyperfine coupling constants for various transition metal
SRUKS —0.63 —0.26 —0.21 0.47 —2.40 1.24 1.16 0.03 complexeg>20Work is in progress in our group to apply these
SO+SR  0.01 -0.26 -0.35 0.61 —2.39 1.24 116 0.03 DFT methods to other transition metal complexes to evaluate
SRRSC*;ES 002 —027 —036 063 —2.39 124 116 003 whetr_u_arthe results reported here will apply to a wider range of
expb 139 047 047 —0.94 transition metal systems.

The molecular environment was not considered in these
studies and may contribute to the deviations of the experimental
and calculated values. Overall, the effect of the molecular
environment is expected to be rather small for the complexes
studied here, explaining the good quantitative agreement of
experimental and calculated hyperfine coupling constants in
many cases. These results suggest that DFT calculations may
be very useful for interpreting the ESEEM spectra obtained for
%/anadoprotein systems. However, the molecular environment
may be more important for protein systems and should be
incorporated into future computational studies. The computa-
tional results for the axial nitrogen ligands were qualitatively
correct, but the relative errors were rather large.

a All values in MHz." Reference 6.

quadrupole axes for VO(gly)and VO(edda) deviate by only
6° and 8, respectively, from the ¥N bond axis, while the
nitrogen hyperfine tensor axes deviate by 48d 47, respec-
tively, from the V=N bond axis. Therefore, the computational
results can provide guidance for the interpretation of experi-
mental data particularly when assumptions need to be made a
in the case above. The computational results for the other
complexes in this study suggest a similar trend in that the
nitrogen hyperfine tensor axes deviate more from thé\\bond
than do the quadrupole tensor axes. However, the deviation of
the hyperfine axis relative to the-WN bond is much smaller

for the other complexes in this study.

DFT Calculations of the Nitrogen Hyperfine Coupling )
Constants for VO2* Model Complexes with Axial Nitrogen _ DFT calculations of the EPR pa_ramet_ers for model vanadyl
Ligands. Nitrogen ligands coordinated axially to the vanadyl Nitrogen complexes were used to investigate the nitrogen ligand
bond are expected to have much smaller ligand hyperfine dependence of the nitrogen hyperflne_and quad_rupole coupling
coupling constants than similar ligands that are equatorially constants. Overall, the DFT calculations confirmed that the
coordinated. The rationalization is that the overlap between the Nitrogen hyperfine coupling constant varies according to nitrogen
unpaired electron on the vanadium in g drbital and the Ilgand_ type, from amine tp imine to isothiocyanate as predicted
orbitals of an axial ligand will be very small. Lobrutto and co- €xperimentally by Fukui and co-worket$.The agreement
workers recently reported ESEEM features attributable to an between the calculated and experimental nitroges values
axially bound nitrogen ligand for model vanadyl aminocar- for equatorial nitrogen Il_gands was very good (average deV|a_t|on
boxylate complexes containing an axial amine lig&fithis was of 4%). Equatorial nitrogen nuclear quadrupole coupling
the first observation by ESEEM spectroscopy of an axially constants We.re.also calculated Wlth relatlvely. good accuracy
bound nitrogen ligand. The model complexes that contain ('average deviation of 14%). For aX|aIIy coorqllnqted nitrogen
ligands that are derivatives of iminodiacetic acid were synthe- ligands, the computational results were in qualitative agreement
sized and characterized by Hamstra and co-work@&te model with e_xperlment. The results o_f this study demonstrate the
complexes each contain a tertiary nitrogen bound trans to thePotential utility of DFT calculations of EPR parameters for
vandyl oxo bond. Using the crystal structures for these interpreting the high-resolution EPR spectra of nitrogen ligands
complexes and7) shown in Figure 1, the nitrogen hyperfine i VO?* complexes.
and quadrupole coupling constants were calculated using the
methods discussed earlier. The results are listed in Table 2. The Acknowledgment. S.L. gratefully acknowledges the support
calculatedis (SR UKS) values are less than 1 MHz, which is of NSF (Grant CHE-_02048047) and the University of lowa
qualitatively correct considering the negligible overlap between (Carver). The calculations were performed on the supercomputer
the ligand orbitals and the unpaired electron in theatbital through the National Computational Science Alliance (Grant
of vanadium compared to values of 3 MHz for equatorial N CHE-020051).
ligands. Quantitatively, the agreement between experimental and
calculatedAis, values is quite poor. Because the magnitude of
the coupling constants is so small, a small absolute error is a
very large percent error.

Implications for the Interpretation of N ESEEM Spectra.
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Conclusions

Supporting Information Available: The Cartesian coor-
dinates for all of the complexes used in this study (Table S1)
and the eigenvectors for the nitrogénand Q tensors (Table
S2). The material is available free of charge via the Internet at
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