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Density functional theory calculations of electron paramagnetic resonance (EPR) parameters, such as electronic
g tensors and metal hyperfine interactigk) tensors, have been completed for a series of Vé@mplexes.

g tensors were calculated with the zeroth-order regular approximation (ZORA) for relativistic effects as
incorporated into the Amsterdam Density Functional (ADF) program. Ahensors were calculated by
relativistic and nonrelativistic methods as implemented in ADF and Gaussian98 programs, respectively. The
best overall agreement with experimenfalvalues was obtained with the nonrelativistic method and the
half-and-half hybrid functionals, such as BHPW91, BHP86, and BHLYP. The isotfopidues As,) calculated
nonrelativistically with the BHPW9L1 functional deviated by about 10% from the experimAgialalues.

The A, values calculated with the relativistic effects and pure generalized gradient correction (GGA)
functionals, such as BP86, deviated systematically by approximately 40% compared to the expeAgental
values. The difference in performance of the two methods for these complexes is attributed to the improved
performance of hybrid functionals for treating core shell spin polarization. The calculation of the anisotropic
or dipolar hyperfine interactionsy, was less sensitive to the choice of functional, and therefore, the relativistic
and nonrelativistic calculations &5 exhibited comparable accuracy.

1. Introduction Gaussian-type orbitals (GTOs). Kaupp and co-workers have
Electron paramagnetic resonance (EPR) spectroscopy iSpublished several papers evaluating the use of Gaussian for
widely used to investigate the electronic environment of nonrelativistic calculations oA tensors for transition metal
: e ; . 4-27 i
paramagnetic transition metals, such as vanadium(lV), in system§. Also, Ba}rone has calculated EP_R hyperfme_
biological systems. Vanadium(IV) has & electronic config- coupling constants using these same methods incorporated in

uration with one unpaired electron. The EPR parameters, suchGaussian for organier radicals?®2° The theory behind EPR
as the electronig tensor and the hyperfine coupling constant hyperfine coupling constant calculations can be found in many

or A tensor, depend on the coordination of the transition metal different books?*3*

ion and on the properties of the ligand$.Ligand field theory In this study,g and A tensor calculations were completed
has been used to relate electronic structure to the measured EPRor the series of V@™ complexes shown in Figure 1 including
parameters. [VO(H20)5]%2", VO(acac), [VO(mal)]?~, [VO(0x);]?~, and VO-

Recent advances in computational chemistry have lead to the(gly),. Complexes were chosen that had readily available EPR
development of new methods based on density functional theoryexperimental data so that the accuracy of the computational
(DFT) for electronic structure calculations gfandA tensors. ~ methods could be assessed. The relativistic methods of van
Several groups have reported computational methods forLenthe as incorporated into the ADF program were used to
calculatingg tensors'~8 The relativistic method of van Lenthe  calculate theg and A tensors for each of the complexes. In
has been incorporated into a commercial software package, ADFaddition, theA tensors were also calculated by nonrelativistic
(Amsterdam Density Functional Theory 2002.81); which methods as incorporated into Gaussian98. The dependence of
uses Slater-type orbitals (STOS)In the approach of van  the calculated values on the choice of exchange-correlation
Lenthe, the spinor of the unpaired electron obtained from a DFT fnctionals was examined for the series of ¥@omplexes. A
calculation is used to calculate tlgetensor for @ Kramer's  comparison of the performance of these relativistic and non-

doublet open shell molecule. Spinrbit coupling is included o |ativistic methods for calculations o& tensors of VG*
variationally by use of the zero-order regular approximation complexes will be made.

(ZORA)3-17 to the Dirac equatiofi.An analogous relativistic
method for calculatingd tensors was also developed by van
Lenthe and was similarly incorporated into the ADF progfédm.
Recently, the methods of van Lenthe have been applied to the
calculation of EPR parameters for transition metal compl&xés.
Another DFT method for calculating\ tensors has been
incorporated into Gaussian softw&feThis method does not
include relativistic effects or spirorbit coupling and uses

2. Computational Details

Geometry Optimization. Calculations of theg andA tensors
were performed by use of the molecular structures from X-ray
diffraction (XRD) data for VO(acag)*? [VO(mal),]?~,3 and
[VO(0x),]%~.3* The [VO(mal)]2~ crystal structure has a water
molecule in the axial position, while the [VO(a§j~ has an

* Corresponding author: fax 319-335-1270: e-mail sarah-larsen@ €duatorial water molecule. Crystal structures were not available
uiowa.edu. for [VO(H20)s)?" or VO(gly)z; thus geometry optimization
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Calculations with Gaussian98. All-electron unrestricted
Kohn—Sham calculations of hyperfine tensors were conducted
with Gaussian98 A11.8 Relativistic effects and spinorbit
contributions were not included in the Gaussian98 calculations.
However, Gaussian98 provides a much wider choice of ex-
change and correlation functionals and basis sets than ADF.
Nine different density functionals were used in the Gaussian98
calculations; BLYP, B3LYP, BHLYP, BP86, B3HP86, BHP86,
BPWO91, B3PW91, and BHPW91. The first three functionals
are a combination of the LY®43 correlation functional with
the Becke (B)! the Becke three-parameter (B8)and the
Becke half-and-half (BH} exchange functionals. The next three
functionals are a combination of the PB6orrelation functional
with the B, B3, and BH exchange functionals, respectively. The
last three functionals are a combination of the PW9%:46

correlation functional with the B, B3, and BH exchange
functionals, respectively. A 15s11p6d/ 9s7p4d basis set from
Kaupp et al. was used, which is a DZ (douldlebasis se&f
with the most diffuse function of Dolg added (1s,2p,3%The
SCF convergence criterion was set to- 4@ RMS DM and
1074 in MAX DM.
| Comparison with Experimental EPR Parameters.VO?*
on2he complexes with readily available experimental EPR data were
chosen for this study in order to facilitate a comparison of
calculated and experimental EPR parameters. Despite the careful
choice of model systems, there are some issues related to the
direct comparison of calculated and experimental EPR param-
eters that should be addressed. The experimental EPR param-
calculations were undertaken. The geometry optimizations were eters for the V@+ complexes were obtained from solid-state
performed in Gaussian¥8with an unrestricted KohaSham EPR spectroscop’: 54 Therefore, only the absolute values of
calculation, TZV (triple & valence) basis sé%% and the  the A values can be determined experimentally. To facilitate a
B3PWO1 functionat® *° No symmetry restrictions were placed  comparison with the calculate8i values, the signs of experi-
on the optimizations. Frequency calculations were performed mentalA values were chosen such that agreement with the signs
to ensure that each optimized structure was at a minimum onf the calculatedA values was maintained. Since the environ-
the potential energy surface. ment of the complex will influence thé\ values and the
Calculations with ADF. The ADF program package (ADF  cajculations are for gas-phase systems, better tharl5%
2002.01) ™ was used to calculate tiggandA tensors for each  agreement with experimentalvalues is not expected Further
of the VO** complexes. The methods for calculatiggind A research in which the effect of the environment is included in
tensors were developed by van Lenthe eB’8£2and are  DFT calculations by use of a solvent model or other methods
implemented in ADF software. Two approaches can be used || be important in the future when the best computational
fOI’A tensor Ca|CU|atIOI’lS Wlth ADF: the Scalal’ I’elatIVIS'[IC Spln- methods for Ca'cu'atln@ and A Va'ues for trans|t|on meta's
unrestricted open shell KohiSham (SR UKS) calculation and  gre better understood and more widely accepted. Currently,

the spin-orbit coupling and scalar-relativistic spin-restricted errors due to the environment are probably small compared to
open shell KoharSham (SOt SR ROKS) calculation. Inthe  errors inherent in the computational methods.

SR UKS method, spinorbit coupling is not included but spin
polarization effects_are_ incIuded, making this _the preferred 3. Results and Discussion
method for calculating isotropic hyperfine coupling constants
(Aiso). In the SO+ SR ROKS method, spiorbit coupling Each of the V@' complexes studied here is in &alectronic
effects are included but not spin polarization effects. The SO configuration with one unpaired electron. The vanadium eleetron
+ SR ROKS method is used for calculatiggensors and the nuclear hyperfine interaction is characterized by an interaction
anisotropic contribution to the hyperfine coupling constafgs.( between the unpaired electro§ & %) and the vanadium
Three different combinations of exchange and correlation nuclear spin I( = 7/, 99.8% natural abundance). Two inter-
potentials were used in tlgeandA tensor calculations: BLYP, actions contribute to the hyperfine coupling tensor: an isotropic
BP86, and BPW91. BLYP uses the pure exchange electron gasor Fermi contact interactiomys,, and an anisotropic or dipolar
formula as the local density approximation (LDA) with Becke hyperfine interactionfp.3! The isotropic hyperfine interaction,
gradient correctioft for exchange and Leeyang—Parr cor-  Aiso, is related to the spin density at the magnetic nucleus, and
rection for correlation addet}:43 Both BP86 and BPW91 use therefore inclusion of spin polarization effects is particularly
the parametrized electron gas data given by Vosko et al. for important for accurate calculations Ak,2*%°In some cases,
the LDA* with the Becke gradient correction for exchange. spin polarization may also have a nonnegligible effect on
BP86 uses the correlation correction by Perdewhile BPW91 Ap. 25721158
used the correlation correction by PerdeWang394046The
basis set TZ2P was used for all calculations and all atgnis.
The basis set TZ2P is a douhieSlater-type orbital (STO) in
the core and trip€ in the valence shell with two polarization
functions.

VO(gly) [VO(ox)]”

H,0, ” OH,

HO

[VO(H0)s]**

Figure 1. Vanadyl complexes studied: [VO(mgh~, VO(acac), VO-
(9ly)2, [VO(0x)z]*", and [VO(HO)s]*".

Relativistic Calculations of g Tensors for V&* Com-
plexes.Theg andA tensors of V& complexes were calculated
by the ADF program and the method of van LentA&The
principal values of they tensor were calculated with three
different functionals (BLYP, BP86, and BPW91) and are listed
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TABLE 1: Re'ativistic (ADF) Ca|cu|ated and Experimenta| 0 BLYP BP86 BPW91 B3LYP B3P86 B3PW91 BHLYP BHP86 BHPW91 Exp.
g Values for VO?+ Complexes ‘ ‘
calcd 50
molecule gvalue BLYP BP86 BPW9l exp -100
VO(gly)2 g1 1.992 1992  1.992  1.981 £ %0
O22 1981 1981 1.980 1.980
gs3(g) 1.958 1.958  1.957  1.9850 < 20
[VO(H20)5)?"  gn 1.980 1.980 1.979 1.978 250
022 1.978 1.977 1.977 1.9Y8
gs3(g) 1925 1923 1.923 1.983 -300
VO(acac) Ou 1.980 1.977 1.975 1.985
O22 1972 1968  1.966  1.9Y9 %80
0:(g) 1938 1931 1928  1.945 DFT Method
[VO(mal);]2- Ou1 1.976 1.975 1.974 1.978 Figure 2. Comparison of calculatefis, values (in megahertz) for VO-
Q20 1.964 1.962 1.961 1.978 (gly)2 from data in Tables 2 and 3. The solid bars representédthe
Gsa(g)  1.959  1.957 1.957 1.942 values from the Gaussian98 calculations with the different functionals
[VO(ox)7]%~ Ou1 1.979  1.979 1.979 1.978 listed, the diagonally striped bars represent g values from the
022 1.971 1.971 1.971 1.978 ADF (SR UKS) calculations with the functionals listed, and the dotted

Os3(g9) 1.941 1945 1.945 1.941 bar represents the experimentally measukgd

aReference 54° Reference 53¢ Reference 52.

in Table 1. As expected for these calculations with the pure

GGA functionals, the calculatagivalues are virtually invariant

with respect to the choice of functional. Similarly, Kaupp and

co-workeré and Ziegler and co-workers’ reported little

dependence on the functional with their methods for calculating

g values of transition metal complexes. However, recent work

by Neesé® and Kaupp et al? suggests thag value calculations

may be improved by the use of hybrid functionals.
Relativistic Calculations of A Tensors for VO?* Com-

plexes.Two relativistic methods of calculating th® tensors

for VO2+ complexes were compared: the SR UKS and-80 DFT Method

SR ROKS methods. For each method, the calculation was Figure 3. Comparison of calculatedy, values (in megahertz) for

performed with three different functionals, BLYP, BP86, and VO(gly) from data in Tables 2 and 4. The solid bars represent the

BPWO1. The results are listed in Table 2 and the results for ?sz t?’a'ufsl. fzog‘ ﬂt]ze digagr?;:ﬁn:tﬁ gz‘%‘gf‘sﬁfgsre‘g’gg A&Ea‘lﬂzirem

: . unctionais listeq,

VO(gly) are graphed in Figures 2 and 3. Graphs of the reSl_JltS rom the ADF (SO+ SR RgKS) élalculr;tions with tFr)1e functionals listed,

for the otherl complexes §how the same trends ar}d are prowde nd the dotted bar represents the experimentally meaggred

as Supporting Information. The diagonally striped bars in

Aoz, MHz

Figures 2 and 3 represent the ADF results (SR UKSAgy The Ao values calculated for V& complexes with SR UKS
and SO+ SR ROKS forAp), and the dotted bars represent the are approximately 5670% of the experimental values. This is
experimental values. to be expected since calculations with pure GGA functionals

TABLE 2: Relativistic (ADF) Calculated and Experimental Isotropic and Dipolar Hyperfine Coupling Constants for Vanadium
Model Complexes

ADF
SR UKS SO+ SR ROKS

molecule Avalue (MHz) BLYP BP86 BPW91 BLYP BP86 BPW91 exp

VO(gly)2 Aso -132 —145 —144 18 19 19 —27%
Ao« 100 97 97 117 117 117 115
Apy 78 75 76 78 7 77 105

Ap; —178 —172 —173 —196 —193 —194 —220¢°

[VO(H20)s]?* Aiso —211 —236 —234 -21 -21 -21 —32&
Ao« 92 89 90 109 109 109 132
Aoy 93 90 90 111 110 111 112

Ao, —185 —180 —180 —220 —219 —220 —22&

VO(acac) Aiso —166 —186 —184 -8 -9 —-10 —307
Ao« 100 97 97 122 124 126 146
Aoy 86 84 84 88 83 83 12

A, —186 —181 —181 —210 —207 —208 —228

[VO(mal),]>~ Aiso —153 —173 —-171 -3 -2 -2 —299
Apx 105 101 102 121 121 121 109
Aoy 79 77 78 77 78 79 109

Ap; —184 —179 —179 —198 —199 —200 -219

[VO(ox)]>~ Aso —156 —175 —174 -1 -3 -3 —298
Ap x 98 95 95 114 111 112 108
Aoy 83 81 81 84 85 86 108

Ap; —181 —176 —176 —198 —197 —198 —217

2 A negative value fols, has been assumed for the experimental value for comparison with calculated Y&eésrence 54° Reference 53.
d Reference 52.
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TABLE 3: Nonrelativistic (Gaussian 98) Calculated and Experimental Isotropic Hyperfine Coupling Constants for Vanadium

Model Complexes

Gaussian
molecule Avalue (MHz) BLYP BP86 BPW91 B3LYP B3P86 B3PW91 BHLYP BHP86 BHPW91 aexp

VvO(gly)z Aso -153 —-161 —169  —194  —205 —212 —264 —277 288 —279

2] 0.7570 0.7579 0.7587 0.7618 0.763 0.7640 0.7757 0.7782 0.7813 0.7500
[VO(H0)s)%* Aiso —-231 —246 —256 —278 —094 —-304 —-375 —398 —415 —324

2] 0.7611 0.7618 0.7631 0.7741  0.7748 0.7775 0.8437 0.8476  0.8629 0.7500
VO(acac) Aiso —187 —200 —209 —224 —239 —246 —290 —308 —-319 —307

2] 0.7572 0.7579 0.7589 0.7625 0.7800 0.7648 0.7777 0.7507 0.7835 0.7500
[VO(mal)]*~ Aiso -170 —183 -191 —-207 —-221 —228 —268 —287 —297 —299

[$[ 0.7574 0.7579 0.7588 0.7626  0.7636 0.7649 0.7778 0.7799 0.7831 0.7500
[VO(0x)]%~ Aiso —-175 —188 —-196 —212 —226 —-233 —-271 —290 —300 —29%

[ 0.7571 0.7577 0.7585 0.7621 0.7631 0.7639 0.7748 0.7769  0.7803 0.7500

a Avalues are given in megahertz. A negative valueAgrhas been assumed for the experimental value for comparison with calculated values.

b Reference 54¢ Before annihilationd Reference 53¢ Reference 52.

TABLE 4: Nonrelativistic (Gaussian 98) Calculated and Experimental Dipolar Hyperfine Coupling Constants for Vanadium

Model Complexes

Gaussian
molecule Avalue (MHz) BLYP BP86 BPW91 B3LY B3P86 B3PW91 BHLYP BHP86 BHPW91 exp
VO(gly). Ab x 108 106 106 111 109 109 116 114 94 315
Aoy 82 79 79 88 86 86 96 93 114 105
Ap; —-190 —185 —-185 —199 —-195 —-196 —212 —-207 —208 —220*
[VO(H0)s)?* Abx 98 95 95 99 97 97 97 98 94 112
Aoy 99 96 96 100 98 98 101 95 97 2
A —-197 —192 —192 —-199 —-195 —198 —198 —-193 —-191 —224
VO(acac) Ap x 107 104 105 110 108 108 114 112 112 114
Apy 91 89 89 96 94 94 103 100 100 12
Ap; —198 —193 —193 —205 —-201 —202 —217 —212 —213 —228
[VO(mal),]>~ Ap x 112 110 110 115 113 113 118 115 115 409
Aoy 83 81 81 89 87 87 96 94 94 109
Ap; —195 —190 —191 —204 —200 —200 —214 —209 —209 —219
[VO(0ox),]%~ Abx 105 102 102 110 107 107 114 111 111 3108
Aoy 88 85 86 93 91 91 99 96 96 108
Ab; —-193 —187 —188 —202 —198 —198 —212 —207 —207 —21P”

aReference 54° Reference 53¢ Reference 52.

have been shown to underestimate the spin polarization of the
s-type metal core orbitaf§:2” The A, values calculated for
VO?Z+ complexes by the SG- SR ROKS method severely
underestimatéys, due to the total exclusion of spin polarization
effects in this calculation. Therefore, the SR UKS method
provides betterAs, values relative to the SG& SR ROKS
method??25 However, while the accuracy of th&g, values
calculated with the SR UKS method is still quite poor, it should
be noted that the calculations systematically underestifate

so that trends in data can be predicted by use of these méthods.

TheAp values calculated for V& complexes by the SR UKS
and SO+ SR ROKS methods are approximately-880% of
the experimental values, respectively. For all of the complexes
considered here, the S® SR ROKS calculations yielded the
most accuraté\p values relative to the SR UKS calculations.
This suggests that, for thh, values, the spirorbit effects are
more important than the spin polarization effects. Thus, the most
accurateA values calculated by the relativistic methods in ADF
are obtained by combiningdis,, calculated by the SR UKS
method, anddp, calculated by the S@& SR ROKS method, as
discussed recently by van Lenthe and co-workgidowever,
this is not an ideal situation because g values are calculated
without including spir-orbit effects and theAp values are
calculated with the inclusion of spirorbit effects, and then
these two values are combined. Just as in the case of the
calculations, the variation betweék values calculated with
different functionals was relatively small compared to other
systematic errors inherent in the computational method. When

possible, it is best to consider the two componeAls, and
Ap, separately.

Nonrelativistic Calculations of A Tensors for VO?*
Complexes.For a comparison of the relativistic methods of
ADF and the nonrelativistic methods of Gaussian98, Ahe
tensor for VG complexes was also calculated with Gaussian98.
Since Gaussian98 has a wider range of exchange functionals
available than ADF, the dependence of fgensor calculation
on the functional was examined more extensively. The results
are presented in Tables 3 and 4 and graphically for VO4gly)
in Figures 2 and 3. Graphs of the results for the other complexes
show the same trends and are provided as Supporting Informa-
tion. The solid bars in Figures 2 and 3 represent the Gaussian98
results, the diagonally striped bars represent the ADF results
(SR UKS forAiso and SO+ SR ROKS forAp), and the dotted
bars represent the experimental results.

The Aso values were calculated for VO complexes with
Gaussian98 and nine different functionals. The results for each
of the V&' complexes are graphed in Figure 2 and as
Supporting Information. In general, the accuracy of ke
values successively improved on going from the pure GGA
functionals (BLYP, BP86, and BPW91) to the hybrid B3
functionals (B3LYP, B3P86, and B3PW91) to the half-and-half
hybrid functionals (BHLYP, BHPW91, and BHP86). Generally,
the most accurate results 8%, were obtained when the half-
and-half hybrid functionals were used. The exception to these
observations is [VO(kD)s]2". The Ais, values calculated with
half-and-half hybrid functionals overestimated the experimental
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640 F ' ' ' ' ' ‘ ] In both cases, the results show that the calculations seriously
b Cale. underestimate the spin polarization of the s-type metal core
600 [ ® O?Wgeﬂ ] orbitals when pure GGA functionals are used, as discussed
seo | : Is\]:;rfﬁ%e“ ] earlier. While a direct comparison of these methods is not strictly
. possible because of inherent differences in the computational
500 | o ) . methods implemented in ADF and Gaussian, such as the use
ol of STO and GTO orbitals, respectively, it seems that the
o 4 1 accuracy is comparable when the same functional is used. In
a b other words, wherAs, values are calculated for these %O
complexes, the spin polarization effects dominate all other
400 | A 4 effects. Also apparent is that, as stated previously, the best
s s s s ‘ . agreement with experimental data is obtained for Gaussian98
1920 1.930 1.940 1950 1.960 1970 1.980 1.990 with the half-and-half hybrid functionals, such as BHLYP,
g, BHPW91, and BHP86. For these ¥Ocomplexes, the inclusion
Figure 4. Graph ofg, vs |A;| showing experimental EPR data from  Of relativistic effects does not affect the accuracy as much as
ref 41 for VO** complexes containing equatorial nitroge®)( oxygen the choice of functional. Calculations &, were much less
(@), and sulfur &) ligands. Also plotted are the DFT computational  sensitive to the choice of functional, but the half-and-half hybrid
results [J) for g, (ADF, BP86, SO+ SR ROKS) andA| (Gaussian98,  fynctionals with the nonrelativistic method generally provided
BHPWO1) for [VO(HO)SF", VO(acac), [VO(mal)]*", [VO(ox)*", the best accuracy. The S® SR ROKS relativistic method
and VO(gly): calculations ofAp with pure GGA functionals provided better
accuracy compared to the nonrelativistic calculation&givith
the same pure GGA functionals. This can be seen by considering
the BLYP, BP86, and BPW91 results fép.

Overall, these results suggest that, /gy calculations with Comparison _Of Calculated and Expgnmental EI.DR Pa-
Gaussian98, the best agreement with experimental data isrameters. Despite the recent advances in computational meth-

obtained with half-and-half hybrid functionals, such as BHLYP, ods, the_ performance of DFT calculations of _EPR parar_‘net_ers
BHPWO91, and BHP86. These results are in agreement with for transition metal complexes has not been reliably quantitative.

previous studies by Munzarbwd Kaupp, who observed that However, the deviations from experimental values are often
the A value for transition metal complexes is dependent on SyStematic, especially for a group of related transition metal

the functional used in the calculati8hThis dependence of the complexes. Therefore, tre_nd_s in _EPR parameters can be suc-
A tensor calculation on the functional has also previously been cessfully reproduced and insight into the relationship between
observed for organia radicals?32° For A, value calculations electronic structure and EPR parameters can be obt&%téd.

for vanadium(IV) with Gaussian, Munzaroaad Kaupp found Holyk>* previously observed that, for VAO complexes with
that the best results were obtained for the half-and-half hybrid various equatorial ligands, the parallel componentg ahdA
functional, BHPW91, due to the mixing of exact exchange with Were correlated as shown in Figure 4 by the solid symbolg:VO
the half-and-half hybrid functional, which enhances the spin complexes with equatorial sulfur liganda)(have the largest
polarization of s-type metal core orbitals relative to pure GGA g Vvalues and the smalleg, values. VG* complexes with
functionals?® Munzarovaand Kaupp also pointed out that the ~equatorial nitrogen4€) and oxygen @) ligands can be found
deficiencies in density functionals are systematic for complexes at lowerg values and highed, values relative to sulfur ligands,
of related electronic structuf&which is also the case with the ~ as illustrated in Figure 4. For the \VOcomplexes studied here,

A, (MHz)
o&

480

440

Aso Values for [VO(HO)s]?", and the B3 hybrid functionals
(B3LYP, B3P86, and B3PW91) provided the best numerical
accuracy.

results presented here with the exception of [V&h]2*. the equatorial ligands are oxygen or nitroge_n. me\/alues
The calculations of\, for VO(gly), with the nonrelativistic ~ ¢an be calculated from th&s, andAp ; values listed in Tables
methods of Gaussian98 are graphed in Figure 3 (solid bars).2—4 by use of the relationshiph| = |Aso + Apsl. The

The dependence of thg calculations on the functional is much ~ calculatedg (ADF, BP86, SO+ SR ROKS) andA (Gauss-
less dramatic than for thess, calculations. This is because the 1an98, BHPW91) for the model complexes are also plotted in
Ao values do not strongly depend on spin polarization effects. Figure 4 (). The calculated values fit onto the graph and
However, just as for thé\s, values, the half-and-half hybrid ~ reproduce the experimentally observed trendg iandA rather
functionals generally perform best for tig calculations for ~ Well. It should be noted that the calculatad values have not
the VC?* complexes with the exception of [VOgB)s]2*. These ~ been scaled (as was necessary in our previous Hjodkie to
results are in agreement with recent work by Kaupp and co- the improved performance of the hybrid functionals relative to
workers on vanadyl complexes containing Schiff base ligands the pure GGA functionals for calculating tensors.
in which the best quantitative agreement with experimental  In addition, the dependence of the calculaggdADF, BP86)
results for Ao was obtained with the hybrid functional andA; (Gaussian98, BHPW91) values on the=® bond length
BHPW913940.46,51 (in angstroms) for the complexes [VO{B)s]>", VO(acac),
Comparison of Relativistic and Nonrelativistic Calcula- [VO(mal);]?—, [VO(0x),]2~, and VO(gly} has been investigated
tions of A Tensors for VO™ Complexes.To compare the as shown in Figure 5. %0 bond lengths from crystal structures
results of theA tensor calculations for the DFT methods were used for all complexes except for [VQ®)s]?" and VO-
discussed above, the calculated values listed in Tabldsaze (gly)2, for which the optimized ¥O bond lengths were used.
presented graphically in Figures 2 and 3 and as Supporting The g, values {J) and theA, values @) are represented in
Information. Inspection of Figure 2 and the solid (nonrelativistic Figure 5. The resulting graph in Figure 5 suggests that
Gaussian98) and diagonally striped bars (relativisitc ADF) for increases with increasing=v¥O bond length and\, decreases
the pure GGA functionals (BLYP, BP86, and BPW91) shows with increasing =0 bond length. The, data show much more
that the calculateds, values are comparable for calculations scatter then théy data. A similar trend was observed previously
with ADF and Gaussian98 when the same functional is used. by us for model V3" complexes with similar geometrié$.
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Figure 5. Dependence of the calculateg (ADF, BP86, SO+ SR
ROKS,O) and|A,| (Gaussian98, BHPW9®) values on the VO bond
length (in angstroms) for these complexes, [V@Dh])?", VO(acac),
[VO(mal)]?~, [VO(ox)z]?", and VO(gly». V=0 bond lengths from
crystal structures were used for all complexes except for MO
and VO(gly}, for which the optimized ¥=O bond lengths were used.

This may be the underlying structural feature that establishes

the correlation oy, andg; observed in Figure 4. However, a
more comprehensive investigation of ¥Qcomplexes is needed
before this correction can be definitively established.

4, Conclusions

DFT methods were utilized to calculate the EPR parameters
for several V3™ complexesg tensors were calculated by the
ADF program andA tensors were calculated by relativistic and
nonrelativistic methods incorporated into ADF and Gaussian98

programs, respectively. Comparable accuracy was observed for

the relativistic (ADF) and the nonrelativistic methods when

tensors for VG complexes were calculated with the same
functional (BP86, BLYP, or BPW91). However, the agreement
of the Aiso values with experimental data was significantly
improved when hybrid functionals, such as BHLYP, BHPW91,

and BHP86, were used in the Gaussian98 calculations. The

calculations ofAp was less sensitive to the choice of functional
used in the calculation.
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