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The vanadium hyperfine coupling constant for vanadgiidazole complexes depends on the orientation of

the imidazole ring with respect to the vanadyl bond as illustrated by a recent electron paramagnetic resonance
(EPR) study of vanadytimidazole model complexes (Pecoraro, etlalAm. Chem. So200Q 122, 767). In

the study reported here, density functional theory (DFT) calculations of EPR hyperfine and quadrupole coupling
constants for a model complex, [VO(imid)}{8l),]*", were used to elucidate the orientation dependence of

the vanadium and nitrogen hyperfine coupling constants for an equatorially coordinated imidazole ligand.
The computational results for the orientation dependence of the vanadium hyperfine coupling constant reproduce
the functional dependencéy(imidazole)= A + B sin(29 — 90)) observed in the experimental EPR data.

The computational results predict similar orientation dependence for the vanadium quadrupole coupling constant
and for the nitrogen hyperfine coupling constant for the coordinated nitrogen of the imidazole ligand. These
results have important implications for EPR and pulsed EPR studies of vanadoproteins.

Introduction equatorially coordinated ligands for an octahedral or square
planar compleX.The additivity relationship for V& complexes

Vanadium is an important transition metal in biological : = . X )
dJs given by the equation below:

systems because it is present in enzymes and it is able to mimi

the effects of insulif:?2 The vanadyl ion, V@, is a powerful

structural probe in naturally occurring vanadoproteins and in A= zniAi 1)

systems where VO is substituted for divalent cations, such !

as Mg+ and C&", which are spectroscopically inaccessible. o .

Continuous wave (CW) electron paramagnetic resonance (EPR)Vheren: = the number of equatorial ligands of typandA =

and high-resolution EPR techniques, such as ESEEM (electronth€ contribution toA from each equatorial ligand of typeThe

spin—echo envelope modulation) and ENDOR (electron nuclear addltlv_|ty relatlo_nshlp can be used to calculate the \_/anadlum

double resonance), have been widely used to study thevo hyperfine coupling constan#, for a VO** complex if the

ion in biological systems. The EPR spectra are typically number.of gquatorlal ligands and tAevalues for each of the

interpreted by evaluating the EPR parametgemdA, and then ~ €duatorial ligands are known.

using empirical relationships to determine the coordinated N @ recent study, Pecoraro and co-workers reported the use

ligands. In some cases, the EPR parameters are compared witQf the additivity relationship to predict the orientation of

the EPR parameters of model complexes with similar coordina- €duatorial imidazole rings relative to the ¥Obond in V&

tion spheres. Typically, vanadium ligand hyperfine coupling Medel complexe$ Prior to Pecoraro’s study, Cornmarhas-

constants, &), are too small to be resolved in the CW EPR teen? and van Willigeft had each published different values

spectrum. Experimentallyy, values are often measured by high- for A!|(|m|d.azole.) that were used in the context of the additivity

resolution EPR techniques, such as ESEEM and ENDOR.  relationship to interpret the EPR spectra of ¥Q@omplexes
The CW EPR spectrum for the vanadyl ion, #Qv4*, db), with equatorial imidazole !lgand_s. To addres_s t_hls issue, Pecoraro

depends on the local electronic and ligand environment of the @1d co-workers synthesized five new ¥Oimidazole model

vanadium center. The CW EPR spectrum for a rigid limit3/O complexes with the imidazole rings in different ongntgnons with

system is dominated by the axial hyperfine interaction between "€SPect to the V& bond® They found thatA, (imidazole

the unpaired electron spirs & 1/2) and theé®V nuclear spin contrlbut_lon) varied fr_on_1 120 to 138 MHz for p_arallel- and

(I = 7/2, 99.8% natural abundance). The parallel components p_e_rpendlcular-bognd imidazole ligands, respectively. The ad-

of the g and hyperfine A) tensors are sensitive to the ligand d|t|V|ty' relationship and t.he. newly f.ound.depelndence of the

environment and coordination of the vanadium center. The YanadiumA value on the imidazole ring orientation were used

vanadium quadrupole coupling constant has also been showrf© interpret the EPR and ESEEM spectra of vanadium bromo-
to reflect the local electronic environmett. peroxidase (VBrPO)to estimate the orientation of the coordi-

Empirical additivity relationships are a useful tool for nated imidazole ligands.

interpreting the EPR spectra of \¥Ocomplexes. The basis of Recent advances in computational che_mistry have lead to the
the additivity relationship is that the vanadium hyperfine development of new methods for electronic structure calculations

. . .- iti 24
coupling constantA, is sensitive to the number and type of ©f 9 @ndA tensors for transition metat8->* Several groups
have reported computational methods for calculatinten-
* To whom correspondence should be addressed. Fax: 319-335-1270._30rs“’”’zz’m’zsrhe method of van Lenthe has been incorporated
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Functional Theory 2000.0£,2° which uses Slater type orbitals
(STOs) In the approach of van Lenthe, the spinor of the
unpaired electron obtained from a density functional theory
(DFT) calculation is used to calculate théensor for a Kramer's
doublet open shell molecule. Spiorbit (SO) coupling is
included variationally using the zero-order regular approximation
(ZORA) to the Dirac equatio®’ An analogous relativistic
method for calculatingA tensors was also developed by van
Lenthe and was similarly incorporated into the ADF progfdm.
Recently, the methods of van Lenthe have been applied to the
calculation of EPR parameters for transition metal com-
plexes!619.31.32

In this study, the effect of vanadylmidazole ring orientation
on the EPR hyperfine and quadrupole coupling constants for a
model complex will be investigated using DFT calculations of
EPR parameters as implemented in the ADF program. A simple
model complex, [VO(imid)(KHO)4%", was constructed and
geometry-optimized. The equatorially coordinated imidazole ring
was then rotated relative to the=xD double bond, and DFT
calculations of the EPR parameters were completed at each
angle. The effects of imidazole ring orientation on the vanadium
hyperfine and quadrupole interactions, as well as on the ligand
hyperfine interaction of the coordinated nitrogen of the imidazole
ring, were calculated. A comparison of the experimental and
computational results will be discussed. The usefulness of DFT
calculations of EPR parameters for interpreting the EPR spectra

of vanadoproteins will also be assessed. b)
Figure 1. (a) Structure of [VO(imid)(HO)4?" with & = 0° and (b)
Theoretical Details the dihedral angled, between ¥=O and the imidazole ring.

Geometry Optimization of [VO(imid)(H »0)4)2". To exam-
ine the effect of the imidazole ring orientation in YO by Perdew?? The basis set V, which is a triplevalence STO
complexes, a model complex, [VO(imid)§8)4>*, was con-  with two polarizable functions for atoms H through Ar, was
structed with one imidazole ligand in the equatorial plane and ysed for all calculations and all atortfis2°
with four water molecules as ligands (three in the equatorial
plane and one axially coordinated). The geometry of this
complex was optimized using the B3PW33* density func-

tional the TZ\#° basis set with Gaussian 98A frequency DFT Calculations of the Vanadium Hyperfine Coupling
calculation was performed to ensure that the geometry was atConstants for the [VO(imid)(H ,0)4]2* Model Complex. The
a minimum on the potential energy surface. The imidazole ring optimized structure of [VO(imid)(kD)s%*, with 6 = 0, is
orientation was varied, and the calculations of EPR parametersshown in Figure 1a. The dihedral angle,(Figure 1b), that
described below were completed. The axes were chosen suclcharacterizes the orientation of the imidazole ring relative to
that the \=0 bond defined the-axis and the VN (imidaZOIe) the V=0 bond was varied from 0 to 345For each value of
bond defined thec-axis. the dihedral angle, the vanadium hyperfine coupling constant,
Relativistic Calculations of EPR Parameters with ADF. A, was calculated using the relativistic methods of van Lehthe.
The ADF program package (ADF 2000.8%7° was used to  TheA values were calculated using two different methods, the
calculate the EPR parameters for theA’@nodel complex. The SR UKS method4is) and the SO+ SR ROKS methodAp).
methods for calculatingy and A tensors developed by van  Spin polarization effects have not yet been incorporated into
Lenthe et al’” 1% are implemented in ADF software. Relativistic  these SO-coupled equations fowalue calculations. Therefore,
effects are included using the ZORA Hamiltonian, which the most accurata values for transition metals when SO effects
includes scalar relativistic (SR) and spiarbit (SO) coupling.  are nonnegligible are currently obtained by combinifg,
Two approaches can be used fartensor calculations with  yalues calculated using the SR UKS method Apctalculated
ADF: the SR spin-unrestricted open shell Kohn Sham (SR ysing the SO+ SR ROKS method? The principal values of
UKS) calculation and the SO Coupling and SR Spin-restl’icted the A tensor,A]_l' A22, and%& are Separated into an isotropic

Open She” KOhn Sham (S@ SR ROKS) Calculation. In the ComponentAiso) and the dlpolar Componentﬁix, AD,y. AD,Z)

polarization effects are included making this the preferred

Results

method for calculating isotropic hyperfine coupling constants o
(Aiso).29 In the SO+ SR ROKS method, SO coupling effects Aso = (At Ao T A)f3
are included but not spin polarization effects. The $CBR Aox= A1~ Ao
ROKS method is used for calculating tensors and the Ay, = Ay, — A
anisotropic contribution to the hyperfine coupling constags. ( vy Two
The BP86 density functional was used in thandA tensor A= Agz — Aso (2)

calculations. BP86 uses the parametrized electron gas data given
by Vosko et al. for the LDA? with the correlation correction  The principal values of tha tensors for the [VO(imid)(k0)4]%+
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TABLE 1: Calculated Vanadium Hyperfine Coupling Constant for [VO(imid)(H ,0)4]%"

SR UKSP SO+ SR ROKS3® Aiso (SR UKS)+ Ap (SO+ SR ROKS}*

angle C) Aiso AD,x AD,y AD,Z Aiso AD,X AD,y AD,Z All A22 %3 (AH)
0 —210 85 88 —-173 -21 101 105 —206 —109 —106 —416
15 —211 85 87 —173 —-20 102 104 —205 —109 —106 —416
30 —212 86 87 —-173 —20 102 105 —206 —109 —107 —418
45 —214 86 88 —-173 —20 103 106 —207 —110 —107 —421
60 —216 86 88 —174 -19 105 108 —209 —-111 —108 —425
75 —218 86 88 —174 -19 105 109 —210 —-112 —108 —428
90 —219 85 89 —174 -19 105 111 —211 —114 —108 —430
105 —219 85 90 —174 -19 104 112 —211 —115 —106 —429
120 —218 84 90 —174 -19 102 112 —209 —115 —105 —427
135 —216 83 90 —-173 -19 101 112 —208 —115 —104 —423
150 —214 83 90 —173 —20 100 110 —207 —114 —103 —420
165 —212 83 89 —-173 —20 99 108 —206 —113 —104 —418
180 —212 84 88 —173 —20 100 107 —206 —111 —105 —417
195 —212 85 88 —-173 —20 101 105 —206 —110 —107 —418
210 —213 86 87 —173 —-20 103 105 —207 —-111 —108 —420
225 —215 85 88 —-173 —20 103 107 —208 —112 —108 —422
240 —217 86 88 —174 —-20 104 108 —209 —112 —109 —426
255 —218 86 88 —174 -19 106 109 —211 —113 —109 —429
270 —219 86 88 —175 -19 106 109 —211 —112 —110 —430
285 —218 86 88 —174 -19 106 109 —211 —112 —109 —430
300 —217 85 89 —174 -19 105 109 —210 —113 —108 —427
315 —215 85 89 —174 —20 103 108 —208 —112 —107 —424
330 —213 84 89 —173 —-20 101 107 —207 —112 —106 —420
345 —211 85 88 —-173 —20 101 106 —206 —110 —105 —417

aAll A values in MHz.? BP86.

-416 The value of—423 MHz corresponds to the averagevalue
418 for [VO(imid)(H20)4]?".
Use of the Additivity Relationship to Determine the
-420 Imidazole Contribution to the Vanadium Hyperfine Cou-
N pling Constant. To compare our computational results directly
E -422 with the experimental data of Pecoraro and co-workers, the
S 424 additivity relationship will be used to determine the parallel
= contribution of the equatorial imidazole ligang,(imid), of
-426 [VO(imid)(H20)4)%2" to the overall parallel component of the
428 vanadium hyperfine coupling constant. For each of the com-
plexes synthesized by Pecoraro and co-workers, the contribution
-430 to A due to the equatorial imidazole ligand was calculated by
subtracting the contributions #y, from the other ligands using
A o0 150 300 350 300 350 the additivity relationship. The experimental data demonstrate
Dihedral Angle (°) that theA4|(|m|d) cqntr|but|on is dependent on the dihedral angle,
6, according toA(imid) = A + B sin(29 — 90) whereA andB
Figure 2. Calculated vanadium hyperfine coupling constahy €or are fitted parameters equal to 128 and 9 MHz.

[VO(imid)(H20)4)?* as a function of the dihedral anglé, is plotted ) : :
using the data in Table 2 was calculated frome, (SR UKS, BPS6) The calculated EPR hyperfine coupling constants for [VO

+ Ao (SO+ SR ROKS, BP86). The data were fitdg = A + B(sin2) (imid)(H20)4]?" can also be analyzed using the additivity
— 90) whereA = —423 MHz andB = —6.7 MHz. relationship for comparison with the experimental data. For the
[VO(imid)(H20)4)%" complex, the imidazole contribution
is determined by subtracting tiAg contribution due to the three

complexes calculated with the different methods and as a equatorial water ligands from the calculatdgfor the entire
function of the dihedral angle are listed in Table 1. The [VO(imid)(H,0)4%" complex. The calculated value of 113.7
combinedAss value (orA, value assuming axial symmetry) vs  MHz from previous computational wotkwill be used as the
the dihedral angle is plotted in Figure 2. The calculated A, contribution for an equatorial water molecule to the total
vanadiumA, values vary systematically with dihedral angle.  parallel component of the hyperfine coupling constant. To obtain

Experimentally, Pecoraro and co-workers observed a similar Aj(imid) for [VO(imid)(H20)4]%*, 3 x (113.7)= 341 MHz was
functional dependence of the imidazole contribution to the subtracted from the calculatgss| (combined SR UKSA;so)
hyperfine coupling constant on the orientation of the imidazole and SO+ SR ROKS fAp), BP86). The results for the calculated
ring in VO?"—imidazole model complexésThe experimental |Ay| imidazole contribution as a function of dihedral angle are
data of Pecoraro and co-workers were fit4gimid) = A + B listed in Table 2. The computational results (combined SR UKS
sin(29 — 90) whereA andB are fitted parameters argtlis the (Ais)) and SO+ SR ROKS £p), BP86) were scaled by an
dihedral angle between=0 and the imidazole ring as pictured additive constant equal to 46 MHz to facilitate a comparison
in Figure 1b. A least-squares fit of the calculated vanadiym  with the experimental data. The computational results are plotted
values for the [VO(imid)(HO)4]2"™ model complex to the same  in Figure 3. For comparison, the solid curve was calculated from
functional form yields fitted parameterd,= —423 MHz and the fit to the experimental data of Pecoraro and co-workers.
B = —6.7 MHz whereA,(vanadium)= A + B sin(20 — 90). The computational data reproduce the functional dependence
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TABLE 2: Calculated A, (Imidazole Contribution) and coupling constant), as defined by the equations béfow:
Principal Values of the Vanadium Quadrupole Coupling

Constant Calculated with SR UKS (BP86) Ag — TIA3
angle ¢) |Aj(imidazole)abe Pl P2 P2

0 75 0.08 0.01 —0.09 0_ _
15 75 0.08 001 -0.09 A= (Ag— )12
30 77 0.08 0.02 —0.10
45 80 0.08 0.03 —-0.11 2 _
60 83 0.08 0.03 —0.11 Ao = A= A2
75 87 0.08 0.04 —-0.12
9 89 009 004 —0.12 where|A;;| < Ayl < [Agl 3)
105 88 0.09 0.04 -0.12
120 86 0.09 003 -012 whereA is the hyperfine coupling constant matrix afd, Az,
igg % 8:82 8:82 :8:13 andAgs are the principal values &. To assess the importance
165 77 0.08 001 -0.10 of the SO contribution to the nitrogen hyperfine coupling
180 76 0.08 0.01 —0.09 constant for the coordinated nitrogen (N3), a calculation of the
195 77 0.08 0.01  —0.09 hyperfine tensor for [VO(imid)(k0)42" with a dihedral angle
210 79 0.08 002 -0.10 of 0 with the SR ROKS method was completed. The results of
225 81 0.08 0.02  —-011 this calculation weredso = 0 andApx = 0.65, Apy = 0.48,
240 85 0.09 0.03 —0.11 ’ . X
255 88 0.09 003 -012 andAp; = —1.13 MHz. When compared with the results of
270 89 0.09 0.04 -0.12 the SO+ SR ROKS calculation in Table 3, these results show
285 88 0.09 0.04 —0.12 that SO contributions to the dipolar component of the hyperfine
300 86 0.08 0.03 —-0.12 tensor are on the order of #@20%. Therefore, the three
g%g % 8:82 8:82 :8:1(1) components of the hyperfine coupling constagt = Ag Ag
345 76 0.08 0.02 —0.10 andA5 were obtained by combining the calculated values, such

that Ao is taken from the SR UKS calculation and the

anisotropic contributions are taken from the SOSR ROKS

calculation. The results are listed in the last column of Table 3.

A graph of the variation ofso(N3), A), andAj as a function of

. . : . ; . . the dihedral anglef, is shown in Figure 4Aiso(N3) exhibits

the same functional dependencefag>'V). The data in Figure

4 can be fit to the same functional form a§°V), where

1 Ajso(NS) = Ans + Buns Sin(29 - 90) with Anz = —7.47 MHz

andBysz = —0.59 MHz. Ays is equal to the isotropic coupling

constant averaged over all of the angles. The angular dependence

of AJ andAj is relatively small in magnitude as compared to

Aiso as illustrated by Figure 4.

T Experimentally, nitrogen hyperfine coupling constants for

vanadyl complexes are measured by ESEEM and ENDOR

spectroscop¥:#9-44 Experimental data are not available for a

guantitative comparison of the computational results for the

nitrogen hyperfine coupling constants. The calculated value of
' y ; L ; , Aiso for [VO(imid)(H20)4)%" ranges from—8.1 to —6.8 MHz

0 30 IOODihleji(:al z}:)gole (ofso 300 350 depending on the dihedral angle. These values~d@—20%

higher than similar experimentéls, values for the coordinated
Figur_e 3 Comparisc_)n o_f the orientat?or? dependence of the calcu_lated nitrogen of vanadytimine complexes that range from ap-
|A| (imidazole contribution) for [VO(imid)(0),]%* and the experi- (Proximately 6-7 MHz .41

mental results of Pecoraro and co-workers is presented. The calculate . . .
|Ayl (imidazole contribution) was obtained using the calcula&gd DFT Calculations of the Vanadium Quadrupole Coupling

values Ao (SR UKS, BP86)+ A, (SO + SR ROKS, BP86)) from Constant. Recently, pulsed ENDOR spectroscopy has been used
which the 341 MHz contribution from the three equatorial water t0 measure the®V quadrupole coupling constaft. The
molecules was subtracted. The filled triangles represent the calculatedvanadium quadrupole coupling constant was shown to be
|Ad(imidazole) values from Table 2 that have been shifted by 46 MHz particularly sensitive to axial coordination relative to the®

in order to facilitate a comparison with the experimental data. The solid jynq and to equatorial ligand geometry. The equations for the
line represents the fih + B sin(29 — 90) whereA = 128 andB = 9 uadrupole aqrameter‘é gand gare iv)é.n be|0\/\(I]'
MHz to the experimental data of Pecoraro and co-workers. q P P i ’7’ 9 )

a A andP values in MHz.? Aigo (SR UKS)+ Ap (SR+ SO ROKS)
BP86.¢ To obtain|Aj(imidazole), 341 MHz (3x 113.7&,(H20))) has
been subtracted from the vanadiun

140

—
w
W

130

125

|A | (imidazole), MHz

120

115 L

of A(imidazole) on the dihedral angle quite well, after applying p—3p — 3¢0Q _ 3€qQ (for | :Z)

an additive scaling factor to the calculated values. 27 a@-1) 84 2
DFT Calculations of the Nitrogen Hyperfine Coupling

Constants for a [VO(imid)(H.0)4)2" Model Complex. The Py — Pyy‘

nitrogen hyperfine coupling constants for the coordinated P

nitrogen (N3) of the imidazole ligand of the [VO(imid){B)4]>"

were also calculated and are listed in Table 3. The nitrogen wherePyy, Pyy, andP,; are the principa| values of the traceless

hyperfine coupling constant can be decomposed into threequadrupole tensoR, q s the field gradient along the principal

contributions, Aso = A, A (the axial hyperfine coupling  axis of the largest field gradienz-@xis), andQ is the nuclear

constant), andA3 (the rhombic component of the hyperfine quadrupole moment{0.05 x 10724 cni).4

n= (4)

7z



10448 J. Phys. Chem. A, Vol. 106, No. 43, 2002 Saladino and Larsen

TABLE 3: Calculated Nitrogen Hyperfine Coupling Constant of the Coordinated Nitrogen (N3) of [VO(imid)(H 20O),]%"

SR UKS® SO+ SR ROKS» Aiso (SR UKS)+ Ap (SO+ SR ROKS}?
angle ¢) Aso Aox Aoy Ao, Aso  Aox Aoy Ao, A A
0 —6.91 0.20 0.05 —-0.25 0.06 0.58 0.39 -—-0.98 —0.49 —0.10
15 —6.96 0.21 0.07 —-0.27 0.06 0.60 0.38 —0.97 —0.49 -0.11
30 —-7.16 0.22 0.12 —-0.34 0.05 0.67 0.25 -—-0.92 —0.46 —-0.21
45 —7.44 0.25 0.18 —0.43 0.04 0.80 0.04 -—-0.85 —0.42 —0.38
60 —-7.75 0.27 0.22 —-0.49 0.04 0.94 —-0.16 —-0.78 —-0.39 —0.55
75 —7.98 0.29 0.22 —0.51 0.03 1.04 —0.29 —0.75 —0.38 —0.67
90 —8.09 0.30 0.20 —0.50 0.03 1.10 —-0.35 —-0.75 —0.38 —-0.72
105 —8.04 0.30 0.19 —0.49 0.04 1.09 —0.33 —0.76 —0.38 -0.71
120 —7.88 0.28 0.20 —0.48 0.06 1.04 —-0.27 —-0.77 —0.38 —0.65
135 —-7.55 0.25 0.21 —0.45 0.09 0.94 —0.15 —0.80 —0.40 —0.54
150 —-7.27 0.22 0.16 —0.38 0.10 0.82 0.03 —-0.85 —0.42 —0.40
165 —6.97 0.21 0.08 —0.28 0.09 0.70 0.22 —-0.92 —0.46 —0.24
180 —6.80 0.19 0.02 —-0.21 0.12 0.64 0.31 —-0.95 —0.48 —0.16
195 —6.82 0.19 0.01 —-0.20 0.11 0.63 0.31 -0.94 —0.47 —0.16
210 —7.04 0.21 0.07 —-0.27 0.10 0.69 0.21 —-0.90 —0.45 —0.24
225 —-7.31 0.24 0.12 —0.36 0.08 0.80 0.04 -0.84 —0.42 —0.38
240 —7.63 0.28 0.14 —0.43 0.06 0.93 —0.15 —0.78 —0.39 —0.54
255 —-7.89 0.31 0.14 —0.45 0.06 0.93 —-0.15 —0.78 —-0.39 —0.54
270 —8.00 0.32 0.13 —0.45 0.05 1.07 —0.33 —0.74 —0.37 —-0.70
285 —8.00 0.33 0.13 —0.46 0.05 1.07 —0.33 —0.75 —-0.37 —-0.70
300 —-7.85 0.33 0.13 —0.46 0.04 1.01 —-0.25 —-0.75 —0.38 —0.63
315 —-7.61 0.30 0.12 —-0.42 0.04 0.88 —0.09 —-0.79 —0.40 —0.48
330 —7.32 0.25 0.09 -0.35 0.05 0.74 0.13 -—-0.87 —-0.43 —0.30
345 —-7.05 0.22 0.06 —-0.28 0.05 0.62 0.32 —-0.94 —-0.47 —-0.15

aAll Avalues in MHz.? BP86.

T T T T T T -013 T T T T T T T
0 b A L A A a
008200002880068822009260
N 2 )
= . |
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—~ O A°
2 4| A'l i .
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6| E |
4 . L4
N\ . i
-8 L ‘/ \A/‘—
L 1 L ! 1 1 L -0.19 L L L 1 1 L L
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Dihedral Angle (°)

Figure 4. Graph of the calculated isotropic hyperfine coupling constant
of the coordinated nitrogen (N3) for [VO(imid)g®),]?" as a function

of the dihedral angl€), is plotted using the data in Table 3 (SR UKS,
BP86). The data were fit tdiso (N3) = A + B sin(29 — 90) whereA

= —7.47 MHz andB = —0.59 MHz. The anisotropic parts of the
nitrogen hyperfine coupling constamg andAg obtained by combin-
ing Aiso (SR UKS) andAs (SO + SR ROKS) are also plotted.

Dihedral Angle (°)

Figure 5. Graph of the calculated vanadium quadrupole coupling
constant ) for [VO(imid)(H20)4?" as a function of the dihedral angle,

6, is plotted using the data in Table 2 (SR UKS, BP86). The data were
fit to Py(V) = P + B sin(29 — 90) whereP = —0.16 MHz andB =
—0.023 MHz.

characteristic vanadium hyperfine coupling values for each

In the study reported her®, of vanadium was calculated ligand in the complex are then summed to calculate the total
using the SR UKS relativistic method with the BP86 functional. vanadium hyperfine coupling constant for the complex. The
The results are listed in Table 2 and are plotted in Figure 5. additivity relationship fails to predict vanadium hyperfine
The orientation dependence of the nuclear quadrupole parameter¢oupling constants when the additive hyperfine coupling is

Py, follows the same orientation dependence as the vanadiumdependent on some other structural parameter, such as orienta-
and nitrogen hyperfine coupling constants. tion. However, if this orientation dependence can be predicted

using electronic structure calculations, then valuable structural

information can potentially be obtained from the EPR spectrum.
The DFT calculations of the vanadium hyperfine coupling
Dependence of Vanadium Hyperfine Coupling Constants constants for [VO(imid)(H0)4)2" as a function of imidazole

on Equatorial Imidazole Ring Orientation. The additivity ring orientation clearly show that the vanadium hyperfine

relationship has been used extensively and successfully tocoupling constant sensitively depends on the imidazole ring

interpret the EPR spectra of VO complexes. The basis for  orientation as shown in Figure 2. This angular dependence of

the additivity relationship is that each equatorial ligand con- the vanadium hyperfine coupling constant was first observed

tributes a characteristic vanadium hyperfine coupling value that by Pecoraro and co-worketsn their study, vanadytimidazole

is independent of the other ligands present in the complex. Thesecomplexes were synthesized with the imidazole ring in different

Discussion
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orientations relative to the VO bond. By analyzing the EPR  Dependence of Equatorial Imidazole Nitrogen Hyperfine
spectra of these model complexes using the additivity relation- Coupling Constants on Imidazole Ring Orientation. The
ship, Pecoraro and co-workers demonstrated that the imidazoleresults of the DFT calculations reported here indicate that the
contribution to the vanadium hyperfine coupling constant nitrogen hyperfine coupling constant for the coordinated nitrogen
depended on the dihedral angle between the imidazole ring and(N3) of the imidazole ring in [VO(imid)(H0)4]2" also depends
the V=0 bond according t@y,(imid) = A + B sin(28 — 90) on the orientation of the imidazole ring relative to the=®
whereA = 128 MHz andB = 9 MHz. Pecoraro and co-workers  bond. The isotropic hyperfine coupling constant for the coor-
attributed this functional dependence to the fact that the overlap dinated nitrogen varies from approximateh$.8 to—8.1 MHz
integral between the vanadiumydorbital and the nitrogen  at dihedral angles of 180 and 9Qespectively, as shown in

aromatic p orbital that depends on the dihedral aryles /sir? Figure 4. This is a variation of the isotropic hyperfine coupling
6 d6. This can be evaluated to givecos or sin(® — 90), constant of approximately 10% depending on the orientation
which is the observed functional dependencegimid).® of the imidazole ring in the vanadyl complex. The variation of

The DFT calculations of the vanadium hyperfine coupling the nitrogen isotropic hyperfine coupling constant follows the
constants for the [VO(imid)(bD).]2* model complex clearly  functional form of sin(2 — 90) described by Pecoraro and co-
reproduce the experimental trend in the vanadium hyperfine workers for the imidazole contribution to the vanadium hyper-
coupling constants observed by Pecoraro. The total variation fine coupling constart ESEEM experiments are frequently used
of the parallel component of the vanadium hyperfine coupling to directly measure nitrogen hyperfine coupling constants for
constant with imidazole ring orientation spansl4 MHz. ligands coordinated to V&. Literature data for the isotropic
However, while the DFT calculations of the vanadium hyperfine nitrogen hyperfine coupling constants of vanadyl model com-
coupling constants are qualitatively correct, the quantitative plexes indicate values of-6/ MHz for imine nitrogens in
agreement is still insufficient for a direct comparison with vanadyl complexe$: The calculated isotropic nitrogen hyperfine
experimental data. Because the calculated values are systematcoupling constant4is,) for the coordinated nitrogen of imidazole
cally too low, the agreement between experiment and theory ranges from about-6.8 to —8.1 MHz. The calculated values
can be improved by empirically scaling the calculated values. are systematically higher than experimental values by ap-
The calculated hyperfine coupling constants (imidazole contri- proximately 15%. However, this is just an estimate since a direct
bution) graphed in Figure 3 have been scaled by an additive comparison between theory and experiment is not available for
constant of 46 MHz to facilitate a comparison with the this complex. A more complete computational study of nitrogen
experimental data. ligand hyperfine in V@™ complexes is in progress.

The variation of the imidazole contribution to the parallel ~ Because nitrogen hyperfine coupling constants can be mea-
component of the vanadium hyperfine coupling constant that sured directly using ESEEM or ENDOR, the nitrogen hyperfine
is plotted in Figure 3 provides a direct comparison of the coupling constant could potentially give a direct measurement
experimental data generated by Pecoraro and co-workers andf the imidazole ring orientation. For example, if equatorial
the DFT data from our vanadyimidazole model complex. The  ligation of two imidazole rings to ¥O occurs, the DFT results
agreement between the fit to the experimental data and the scale¢ould be used to determine the relative orientations of the two
calculated values foly(imidazole) is very good. However, the  rings based on the relative values of the N3 hyperfine coupling
utility of these computational methods for interpreting experi- constants. Van Willigen and co-workers measured the nitrogen
mental EPR data is undermined by the poor quantitative ENDOR spectrum for VO(Im§* and found two different
agreement with experimental model complex data. nitrogen coupling constant#y, = 6.6 and 7.4 MHZ They

To better understand the deviation of the calculated and the @SSigned the two nitrogen hyperfine coupling constants to the
experimental vanadium hyperfine coupling constants, the iso- coordinated and remote nitrogen, respectively, of the imidazole
tropic (Asg) and dipolar Ap) components of the vanadium ring. An alternate interpretation supported_by the computational
hyperfine coupling constant should be considered separately.results reported here would be that the signals are both due to
Accurate calculation of the isotropic hyperfine coupling constant the coordinated imidazole rings in which the imidazole rings
for a transition metal, such as vanadium, depends on the have two different orientations with respect to the=® bond,
inclusion of spin polarization since this is the primary mecha- One being approximately parallel and the other being ap-
nism responsible for the isotropic hyperfine coupling between proximately perpendicular.
the unpaired electron and the transition metal nucleus. Kaupp Theoretical Basis for the Orientation Dependence of the
and co-workers have shown that generalized gradient correctionVanadium and Nitrogen Hyperfine Coupling Constants.The
(GGA) functionals substantially underestimate spin polarization unpaired electron in a typical vanadyl (¥Q complex with
but that hybrid functionals, such as BHP86, are able to reproduceCa, sSymmetry is primarily located in the nonbonding vanadium
spin polarization effects much more accuratéh? Unfortu- dyy orbital 34> Pecoraro and co-workers proposed that the basis
nately, hybrid functionals are not available in ADF software for the orientation dependence of the hyperfine coupling
and consequently, the ADF calculations underestimate spinconstants for the imidazole ligand is the overlap between the
polarization contributions toAs,. SO contributions to the  aromatic p orbital on the coordinated nitrogen (N3) and the
isotropic hyperfine coupling constant may also be significant vanadium ¢, orbital® As the imidazole ring is rotated from a
but are not currently included in ADF calculations that also parallel @ = 0°) to perpendiculard = 90°) orientation relative
include spin polarization. The dipolar hyperfine coupling to the V=0 bond, the overlap between the aromatic p orbital
constant is much less sensitive to the inclusion of spin on the imidazole N3 and the vanadiuny drbital decreases.
polarization effects; therefore, SO calculations that do not This results in an increase in the metal character of the singly
include spin polarization are sufficient for accurate calculations. occupied molecular orbital (SOMO) and a concomitant increase
Future improvements in the ADF methods such as the inclusionin Ay. This trend is reflected in the DFT calculations reported
of SO coupling and spin polarization in the same calculation here. The calculated percentages of vanadiyyrorbital and
may significantly improve the quantitative agreement of these nitrogen (N3) aromatic porbital contributions to the SOMO
calculations with experimental data. vs the dihedral angleq, are plotted in Figure 6. (Percentages
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90 ; . . . . : — 3 guantitative agreement between the calculated and the experi-
mental values. However, the results reported here show that

. a 125 trends in EPR parameters such as hyperfine coupling constants
; can be qualitatively reproduced by the DFT calculations.
o ¢« [ In our study, we have shown that the nitrogen hyperfine
2 86 . coupling constants for equatorially coordinated imidazole ligands
_: ; : also depend on the orientation of the imidazole ring relative to
. , 1 : the V=0 bond. Experimentally, nitrogen hyperfine coupling
i H constants in V@' complexes are measured by ESEEM or
] : S ENDOR experiments. The advantage of ESEEM or ENDOR
82 | experiments is that the vanadium nitrogen hyperfine coupling
< oax S\ 103 constants of the coordinated nitrogen (N3) are directly probed.

’ ' ' ' By comparison, in CW EPR experiments, the effect of all of
the ligands on the vanadium hyperfine interaction must be
0 50 100 150 200 250 300 350 factored in using the additivity relationship.
Dihedral Angle (°) A survey of previous V@™ model complex and protein

Figure 6. Calculated percentage contributions (SR UKS) of vanadium ESEEM and ENDOR studies has shown that nitrogen hyperfine
dy (filled triangles) and nitrogep, (filled circles) orbitals to the SOMO coupling constants for equatorially coordinated imidazole ligands
of the [VO(imid)(H:0)4** complex as a function of the dihedral angle.  generally fall in the range of-67 MHz. This range of nitrogen
Contributions less than 1% are n_ot Ii_ste_d in the output_code and appearhyperfine coupling constants may reflect differences in the
as 0% on the graph. The solid line is just a smooth fit to the data.  janation of the equatorial imidazole ring. Unfortunately,

. . adequate experimental data are not available for comparison
less than 1% are not listed in the ADF output; therefore, all i, the calculated nitrogen hyperfine data. ESEEM experiments
percentages less than 1% are plotted as 0% in the graph. Thig,, pecorarg’s model complexes would provide a starting point
accounts for the flat portion of thg graph.) As the N3 porbital for these comparisons. DFT calculations can be particularly
contribution decreases going froth= 0° to § = 9C°, the helpful for cases in which model complexes are not available.
vanadium ¢, percentage increases. This trend follows the g4, example, axial imidazole ligation to O has been
observed variation inA; as well and supports Pecoraro’s ohased in other systerfibut good predictions of the expected
explantion. . . hyperfine coupling constants do not exist. With further improve-

Dependence of the Vanadium Quadrupole Coupling  ments in the quantitative agreement of calculated with experi-

workers recently reported pulsed ENDOR measurements of theca|culate EPR parameters for proposed active site structures in
vanadium quadrupole coupling constants for vanadyl complexesyanadyl complexes.

and corresponding DFT calculations of the vanadium nuclear
quadrupole coupling constants using Gaussian softt/aFer Conclusions
VO(H.0)s2", Py, the calculated nuclear quadrupole parameter,
was —0.185 MHz as compared to an experimental value of
—0.20 MHz#* Axial ligation and geometry distortions in the

d

(%)

84 L

80 [ Lo o-aloe o L eleebe—10

DFT calculations of the EPR parameters for a model
vanadyimidazole complex, [VO(imid)(kH0)4] %", were used
X - : to investigate the orientation dependence of the hyperfine
equatorial plane effect the size of vanadiéin For the [VO- 5 hing constants (vanadium and nitrogen). The DFT calcula-

(imid)(H20)4]2* complex studied here? varied from—0.14 o qsjjjystrated that the vanadium hyperfine coupling constant
to —0.19 MHz depending on the dihedral angle. The orientation  ,iag according téy, = A + B sin(20 — 90) (where# is the

de_pendence Of. the c_alculated vanadigwith dihedr_al angle . dihedral angle between =0 and the imidazole ring) as
mirrored the orientation dependence of the hyperfine coupling e gicted by Pecoraro and co-workéis. addition, the orienta-
constants. The DFT calculations may be used in the future to ;. dependence of the hyperfine coupling constant for the

guide the interpretation of experimental vanadium nuclear qqqinated nitrogen of the imidazole ring was found to follow
quadrupole data. the same functional form but with different values foandB.
Using DFT Calculations to Interpret the EPR Spectra of  The calculated values for the hyperfine coupling constants
VO?" in Biological Systems EPR spectroscopy has been used gevyiated systematically from the experimental data, but the
to investigate V&" in biological systems such as YO yends in the coupling constants agreed very well with the
apoferritin, VG *-transferrin, reduced vanadium bromoperoxi- - experimental results. The orientation dependence was discussed
dase (VBrPO), V& -substituted imidazole glycerol phosphate i the context of the changes in the calculated percentage
dehydratase, and VO-substitutetb-xylose isomeras4446-49 composition of the SOMO for the vanadyimidazole complex.
For example, the CW EPR spectrum of reduced VBrPO can be |t yas found that as the nitrogen p aromatic orbital contribution
analyzed using the additivity relationship and the following decreased and thgrbital contribution increasedy increased.
ligand set (J imidazole, || imidazole, and alkoxide, hydroxide  vanadium nuclear quadrupole coupling constants were also
(low pH), or water (high pH)). As discussed in detail by cajculated for the model complex. Application of these com-

Pecoraro and co-workers, the agreement between the experipytational results to biological systems was discussed.
mental data and the A values calculated using the additivity
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