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DFT Calculations of Proton Hyperfine Coupling Constants for [VO(H20)s]2": Comparison
with Proton ENDOR Data

Sarah C. Larsenf
Department of Chemistry, Usrsity of lowa, lowa City, lowa 52242
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Density functional theory (DFT) methods, as implemented in the Amsterdam Density Functional Theory
(ADF) program, were used to calculate the proton hyperfine coupling constants for pPOR[H. Qualitative
agreement between the calculated and experimental proton hyperfine coupling constants for the axial water
molecule in [VO(HO)s]?>" was observed. For the equatorial water molecules, the proton hyperfine coupling
constants depend on the orientation of the water molecule relative to the equatorial plane. DFT calculations
revealed that the isotropic component of the proton hyperfine coupling constant for an equatorial water molecule
has a trigonometric dependencefmwheref is the OVOH dihedral angle. The relative sizes of the isotropic
hyperfine coupling constants for two protons on one water molecule can be used to determine the orientation
of the water molecule with respect to the equatorial plane. The computational results were compared with
experimental single-crystal and powder ENDOR data from the literature (Atherton, N. M.; Shackleton, J. F.
Mol. Phys.198Q 39, 1471)!

Introduction Using modern EPR techniques, such as ENDOR (electron

Electron paramagnetic resonance (EPR) techniques are widelyuclear double resonance) and ESEEM (electron-spamo
used to study paramagnetic transition metal compléi@he envelope modulation), Ilgan_d hypt_erflne coup_hng constants that
EPR parameters, the electrogiéactor, and the electron nuclear '€ too smqll to be resolved in tradlltlona.l continuous wave (CW)
hyperfine coupling constantA) are determined from the EPR experiments (due to large Ime Wldths)'can bg observed.
experimental EPR spectrum and provide information about the ESEEM and ENDOR have been widely used in studies ofVO
electronic environment of the paramagnetic center. The inter- COMplexes to measure the hyperfine coupling constants of
pretation of the experimental EPR parameters often relies onNitrogen and water ligands:*-3* Few theoretical calculations
empirical trendé and could be significantly enhanced by the ©f ligand hyperfine coupling constants for transition metal
application of computational methods for the calculation of EPR COmplexes have been reported in the literatfifé:'®
parameters. Recently, density functional theory (DFT) methods The objective of this study is to demonstrate that DFT
for the calculation of EPR parameterg énd A tensors) for methods can be successfully used to calculate the proton
transition metal complexes were introduced by several gfodps.  hyperfine coupling constants for [VOgB):]**. We have chosen
The main advantage of DFT methods compared to traditional [VO(H20)s]*" as the focus of this study because single-crystal
ab initio method¥~16 is that they are computationally less ENDOR daté are available for comparison with the calculated
expensive. In addition, DFT methods have been used successvalues. The proton hyperfine coupling constants for the water
fully to calculate other properties of transition metal com- molecules will be calculated using the DFT methods imple-
plexesj_jylg'rhe number Of Systems that the DFT methods has mented in the ADF program. The effeCI Of the Orientation Of
been applied to for the calculation of EPR parameters has beerfhe water molecules with respect to the=@ bond on the
rather limited, and therefore, the validity of using these methods isotropic proton hyperfine coupling constamisg) will be
for the interpretation of experimental EPR data is largely €xamined. The validity of this computational approach for
untested. interpreting ENDOR data will be assessed.

We reported a stud§in which the EPR parameters for VO
model complexes were calculated using the commercial Am- Computational Details
sterdam Density Functional Theory (ADF) progréim2 which
implements the methods of Van Lenthé for g andA tensor
calculations. The computational results were then used to
interpret the EPR data for \Ad-exchanged zeolites. The
calculatedg values were in very good agreement with the
experimental values, but th& (vanadium) values were sys-
tematically too low by approximately 25%. Importantly, these
DFT calculations were able to reproduce the empirical trends
in g andA with ligand identity despite the systematic deviation
of theA values. Munzarova and Kaupp attributed the deviations
in calculatedA values for similar transition metal complexes
to spin polarization and spin contamination effects which are
not adequately treated by the DFT meth8ds.

Geometry optimization of [VO(kD)s]2™ was performed using
the Amsterdam Density Functional (ADF) program pack&gé.
The program implements numerical integration in Cartesian
space®® and gradients for geometry optimizations are solved
analytically36-3” The equations and methods for calculation of
g tensors and\ tensors are due to van Lenthe et’a1238The
basis set designatadin the ADF program was used for V, C,
O, and H, in geometry optimizationgtensor calculations, and
A tensor calculations. Basis Sétis a triple< basis of Slater-
type orbitals with two polarization functions for +HAr. In
general, all electron calculations were performed with no frozen
cores on the atoms of the molecdfe.

Relativistic effects were included in all calculations using the
TFax: (319) 335-1270. E-mail: sarah-larsen@uiowa.eu. zero order relativistic approximation (ZORA):* Two methods
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Figure 1. Optimized geometry for (A) [VO(kD)s]?". Bond lengths are given in angstroms. The dihedral arfyjlés defined in (B) from the
perspective of looking down the~O equatorial bond.

TABLE 1: Selected Geometrical Parameters of [VO(HO)s]?+ and Comparison with Experimental Values

molecule sym Ry=o,2A Ry-LPA Ooavt S(OVOHY source
[VO(H20)s)?* Ca 1.568 2.110,2.122 99.5, 96.3 —69.5, 69.5 DFT calé
2.269 (axial) 68.7—68.7
VOSQ,-5H,0 1.591 2.048, 1.983 (SPp 99.6, 97.9, 93.8, 100.7 (SP expe
2.223 (axial)

2 Ry—o is the vanadyl bond distanceR,—_ is the bond distance between the vanadium ion and the ligand atoms. L refers to equatorial ligands
unless labeled otherwiseo-y—. is the bond angle between the vanadium ion and the equatorial ligand &tg8rissdefined as the dihedral angle
OVOH. See Figure 1B From the crystal structure for VOS@H,O from ref 48.

of including the relativistic effects were utilized. Scalar rela- . . .
L T TABLE 2: Comparison of Calculated and Experimental
tivistic effects were employed for geometry optimizations and pqton Hyperfine Coupling Constants for the Axial Water in

A tensor calculations. Spirorbit relativistic effects were  [VO(H ,0)s]2" Determined from Single-Crystal ENDOR Data
employed forg tensor calculations. The relativistic atomic

: R . Asd/MHz Ap3/MHz reference
potentials necessary for the relativistic calculations for each atom _ _
were calculated using the auxiliary program DIRAC, which is 8-(1)?; :g'ig':g%' g-éi ZETIél-:cI?usr?allél)\'lgE}stork
supplied with the ADF program package. The density functional 0.01 —3137-319 6.56 single-cr¥stal ENDOR

for all calculations used the V\/\ﬁ*illoca_l density approximation 0.2 —3.0,-3.0,6.0 powder ENDOR

and the generalized gradient approximation, with the exchange % Aoy, wherei = x,y, 2. b The two protons (Kand H) on the axial
correction of Beck® ‘"?‘”d the cqrrelatlon corre(_:tlon of Perd&" water }ﬁolecule are’ e’quivalerﬁtThe two protons (Hand H,) on the
Each molecule stu_dlgd c_ontalned one unpaired el_ectron, there—yial water molecule are not equivalent

fore geometry optimizations ané tensor calculations were o . .

performed spin-unrestricted while restrictions due toghensor similar to those reported by Patchkovski and Ziegler for DFT
calculation method required these calculations to be performedgeometry optimizations offdVEX, transition metal complexés.

spin-restricted. DFT Calculations of Vanadium EPR Parameters Using
the geometry-optimized structure of the vanadyl [VQDH] %"
Results with all of the water molecules approximately in the equatorial

Geometry Optimization. The results of the geometry plane (Figure 1A), theg and A tensors for vanadium were
optimization for [VO(H:0)s]?" are presented in Figure 1A and calculated using the ADF program and the methods of van
Table 1. [VO(HO)s]?" was restricted taC,, symmetry such Lenthell-12 The results have been reported previously for the
that the four equatorial water molecules were located in the structure in Figure 1A? The g values calculated for [VO-
equatorial plane (Figure 1A7.The resulting ¥=0 bond length (H20)5)%" (g = 1.930,g0 = 1.986) deviate by 38 ppt (parts
was 1.568 A with equatorial ¥O bond lengths of 2.122 and  per thousand) from the experimental values for [V@Dh]2*
2.110 Al® The axial V-0 bond length was 2.269 A. This (g, = 1.933,g5 = 1.978 andg, = 1.936,g95 = 1.982). The
structure served as the starting point for calculations in which A values calculated for [VO(}D)s]2+ (A = 408, Ag = 148
one of the water molecules was systematically rotated to vary MHz) are systematically too low by approximately 25% when
the dihedral angle? (shown in Figure 1B), in order to quantify = compared to the experimental values for [VO@¥]?" (A, =
the effect of the orientation of the water molecule on the proton 547, A = 2123 Ay = 534, A0 = 210° and A, = 547,Aq =
hyperfine coupling constant. The geometrical parameters ob-208.5 MHZS).
tained from the crystal structure for VO$GH,0*8 are listed Proton Hyperfine Coupling Constants for the Axial Water
in Table 1 for comparison with the optimized structures. The Molecule. The calculated proton hyperfine coupling constants
calculated ¥=0 and V-0 bond lengths for [VO(KO)s]2" for the axial water molecule in [VO(@#D)s]2" (Figure 1A) are
deviate by 0.040.07 A relative to the bond lengths from the listed in Table 2. For comparison, the experimental proton
crystal structure of VOSE5H,0. The size of the deviations  hyperfine coupling constants for [VOg)s]>+ measured by
between the experimental and the calculated bond lengths aresingle-crystal>° and powder ENDOR spectroscapyare also



Hyperfine Coupling Constants for [VO@)s]2"

given in Table 2. The calculated hyperfine coupling constants
qualitatively reproduce the experimental values.

Two interactions contribute to the observed hyperfine cou-
pling constant &): an isotropic or Fermi contact interaction
and an anisotropic or dipolar interaction. The isotropic hyperfine
coupling constant for a nucleus, Aiso(n), is defined by

4r -
Aiso(n) = AFC = ?ﬂeﬁngegngzmna 4 (1)
where
A = Fermi contact term
pn“_ﬂ = spin density at position of nucleus
B=

expectation value af component of the electron spin

In eq 1,g. and g, (and e and y) refer to the electronic and
nuclearg factors (electronic and nuclear Bohr magnetons),
respectively. Using the point-dipole approximation in the strong
field limit, the dipolar hyperfine coupling constai , is given
by28

_ GBdgilBil(3cos ¢ — 1) .

Ap, 3 =Xy, z

)

The modulusy, is defined as the position vectar, between
the proton and the electron awdis the angle betweenand
Ho, the applied magnetic field.

The calculated isotropic component of the hyperfine coupling
constant for the protons of the axial water molecule-is-0.1
MHz (DFT), compared to experimental ENDOR values ranging
from —0.3 to 0.01 MHz. The small value of the isotropic
hyperfine coupling constant is due to fact that the molecular
orbitals of the protons of the axial water molecule do not overlap
with the vanadium g orbital, which contains the unpaired
electron®! Therefore, the spin density at the protons in the axial
water ligand is very smalt?55253The dipolar hyperfine coupling

constants can be used to calculate distances using eq 2. Atherto
and Shackleton used the point-dipole approximation and the
dipolar hyperfine coupling constants to determine the positions

of the protons in [VO(HO)s] 2" in Mg(NH4)2(SQy),+6H,0 single
crystals!:50
Proton Hyperfine Coupling Constants for Equatorial

Water Molecules. To understand how the proton hyperfine
coupling constants in [VO(kD)s]2+ vary with the orientation
of an equatorially ligated water molecule, one equatorial water
ligand was systematically rotated by °lBcrements and the
proton hyperfine coupling constants were calculated at eac

position. The other water molecules remained stationary. The
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Figure 2. Graph showing the variation of the calculated valué\gf
as a function of the dihedral ang|e, for the two protons, H(O) and
Hy (4), in an equatorial water molecule in [VO£8)s]?". The water
molecule was rotated 18@rom the initial orientation shown in Figure
1A. The data were fit to the functional foris, = A + B co S,
where A and B are equal to 11.07 and12.86 MHz, respectivel§}
Data taken from Table 3.

-2

0

The calculated isotropic proton hyperfine coupling constants
(Aiso) for protons, H and H,, as a function of dihedral angle
are plotted in Figure 2Aiso varies periodically and can be fit to
the following functional form:

A=A+ Bcosp (3)
whereAj, is the isotropic component of the proton hyperfine
coupling constantA andB are constants, an@lis the dihedral
angle. Regression of the data in Figure 2 yields the constants
andB which are equal to 11.07 anell2.86 MHz, respectivel$

This provides a quantitative expression for the relationship
betweenAis, and the dihedral anglgd. A similar expression
has been used previously by Dikanov and co-workers in ESEEM
studies of V@™ complexe$? In their case, the anglg, was
defined as the angle of rotation of the water molecule relative
to the equatorial plane of the complex. Similar empirical
expressions have been used to describe the interaction of an
ynpaired electron in a orbital of a hydrocarbon with the €+

bond on the3-carbon?>5 This expression has been widely used
and has been interpreted as a hyperconjugation effect of the
unpaired electron.

In this case, the interaction involves the unpaired electron in
the vanadium g orbitaP! and the molecular orbitals on the
hydrogen atoms of the water molecule. As would be qualita-
tively expected, the size s, for the water protons is largest
when the water molecule is close to the equatorial plane and
overlap with the hydrogen molecular orbitals is maximiz&g,

h becomes smaller as the protons of the water molecule are rotated

out of the equatorial plane and overlap with the proton molecular

starting point was the geometry-optimized structure of [VO- orbitals is negligible. This trend is clearly observed in the data

(H20)5]2* (Figure 1A) with all of the water molecules located

in the equatorial plane. After each rotation, the EPR parameters

for the [VO(H,0)s]?" were calculated using the DFT methods
in the ADF program. The calculated proton hyperfine coupling

constants are listed in Table 3. The angle of rotation of the water

molecule as well as the dihedral angles (defined in Figure 1B)
for each of the protons (Hand H,)) are listed in Table 3. K
and H, refer to the two protons on a single water molecule.
The isotropic hyperfine coupling constanésg§) for each proton

in the rotated water molecule and the dipolar portiép;j of

the hyperfine coupling tensor are listed in Table 3.

plotted in Figure 2. As the dihedral angle approach®sAQ,

also approaches 0. As the dihedral angle approachtsA0
reaches a maximum value. This behavior has been discussed
previously in the context of explaining experimental ENDOR
and ESEEM dat&?5:50.52.53

Discussion

Interpretation of Single-Crystal ENDOR Data Using the
Computational Results The single-crystal proton ENDOR
resultd for the equatorial water ligands of [VO{B)s]?t in
Mg(NH4)2(SQy)2:6H,0 single crystals are given in TableA,
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TABLE 3: Calculated Proton Hyperfine Coupling Constants for an Equatorial Water Molecule (H,—O—Hy) of [VO(H ,0)s]2"

Ha Hb
Orotatior? ﬁb Aisd MHz AD,ic/’\/IHZ ﬂb Aisd/ MHz AD,iC/MHZ

0 68.74 9.49 —4.30,—4.03, 8.32 291.26 9.49 —4.30,—4.03, 8.32
15 83.74 11.1 —4.46,—4.00, 8.48 306.23 6.6 —4.17,—4.01, 8.18
30 98.78 10.92 —4.57,—3.99, 8.56 321.21 3.29 —4.24,—3.84,8.08
45 113.7 8.98 —4.56,— 4.05, 8.62 336.3 0.45 —4.41,—-3.66, 8.07
60 128.7 5.89 —4.51,—-4.10, 8.59 351.26 —-1.23 —4.63,—3.54,8.16
75 143.7 2.52 —4.49,—4.00, 8.51 6.25 —1.38 —4.80,—3.53,8.34
90 158.74 —0.25 —4.,52,—3.83, 8.36 21.26 0.02 —4.84,—3.68, 8.53
105 173.74 —-1.72 —-4,51,-3.67,8.18 36.26 2.66 —4.73,—3.94, 8.66
120 188.74 —1.54 —4.,54,-3.56, 8.04 51.25 5.84 —4.51,-4.22,8.73
135 204.74 0.25 —4.42,—3.55,7.97 66.26 8.81 —4.46,—4.23,8.70
150 218.74 3.19 —4.35,—-3.65, 8.02 81.25 10.72 —-4.52,-4.07,8.61
165 233.74 6.56 —4.27,—3.87,8.14 96.26 10.92 —4.44,-4.03, 8.47
180 248.74 9.40 —4.28,—4.04,8.31 111.25 9.39 —4.27,—4.05, 8.32
195 263.7 10.89 —4.45,-4.03, 8.47 126.3 6.55 —4.28,—3.88,8.14

a[J roaion IS defined as the angle of rotation of an equatorial water molecule around-#@ a4uatorial bond in VO(KD)s**. The starting
structure is the geometry-optimized structure for [V@@]?t (Figure 1A). Each water molecule was rotated Byyaion ° 8 is defined as the
dihedral angle OVOH. See Figure 18Ap;, wherei = X, y, z

TABLE 4: Proton Hyperfine Coupling Constants for R T T T T
Equatorial Water Molecules in [VO(H ,0)s]2" Determined P
from Single-Crystal ENDOR Data®
proton no? Asd/MHz Ap?/MHz
17 —0.39 —4.41,-3.97,8.38 ~
18 4.08 —5.26,—4.32,9.58 =
17 ~0.05 —4.69,—4.41,9.11 g
18 4.57 —4.91,-4.10,9.01 2
19 8.67 ~4.75,~4.45,9.20 <
20 7.14 —4.94,-4.31,9.25
19 7.73 —5.12,-4.64,9.76
20 6.96 —5.13,—4.75,9.88
@ Numbering scheme from ENDOR work of Atherton and Shackleton L 4 L
b . -
was used. P Ap;, wherei = X, y, z 0 50 100 150 200
. ) . £ o (°
and the dipolar components of the hyperfine coupling tensor roaion ()

(Ap;) are listed. The analysis of the ENDOR data led Atherton Figure 3. Proton hyperfine coupling constams,, plotted versus the

and Shackleton to conclude that two water molecules (protonsangle of rotation of an equatorial water molecule in [VOQH]**

19, 20, 19, 20) were oriented approximately in the equatorial €/ative to the equatorial plane. The water molecule was rotatedl 180
| RN h'Il the other tw ¢ | | t 17,18, 17 from the initial orientation shown in Figure 1A. The variation /&g,

plane while the other 0, water molecu e's (protons 17, 18, . for each proton, E(O) and H, (a), is shown as a function of the rotation

18) were located approximately perpendicular to the equatorial gngle. Data taken from Table 3.

plane! The dipolar approximation was the basis for their

analysis!®0 on the orientation of the other two equatorial water molecules
To facilitate a comparison of the single-crystal ENDOR data (17, 18 and 17 18). These results are consistent with the
and the calculated proton hyperfine coupling constaAgs, conclusions of Atherton and Shackelton which were based

versus the angle of rotation of the water molecule from the initial primarily on an analysis of the dipolar hyperfine coupling
configuration was graphed as shown in Figure 3 using the dataconstantg:>°

from Table 3. The data in Figure 3 illustrate th&t, for Hy Validity of DFT Calculations for Interpreting ENDOR

and H, are initially equivalent. The two curves foratdnd H, Data. The DFT calculations of the proton hyperfine coupling
then diverge and eventually cross again when the angle of constants for [VO(HO)s]2™ reproduce the qualitative features
rotation of the water molecule is equal to°%nd then 182 of the experimental ENDOR data. The calculated hyperfine
Using the data in Figure 3 to interpret the single-crystal ENDOR coupling constants for the protons on the axial water molecule
data in Table 4, we conclude that protons 19, 20 arnd 2@ qualitatively agree with the experimentally observed hyperfine
are located approximately in the equatorial plane. This conclu- coupling constants. The calculated hyperfine coupling constants
sion is based on the following two observations: (1) £g for the protons on the equatorial water molecules depend on

values for the two protons on each water molecule are the orientation of the water molecule with respect to the
approximately equivalent, indicating that the angle of rotation equatorial plane. By comparing the relative valuegigfvalues

of the water molecule is eithef 09C°, or 18C; (2) Ao is large for the two protons on the water molecule, one can ascertain
(ranging from 6.96 to 8.67 MHz), indicating substantial overlap the approximate orientation of the equatorial water molecule.
between the vanadiumydorbital and the proton molecular When the water molecule is located in or nearly in the equatorial
orbitals and ruling out the 90rotation angle. Protons 17, 18 plane, Aiso for the two protons on the water molecule are
and 17, 18 clearly have a different orientation than protons equivalent and at a maximum as shown in Figure 3. When the
19, 20, and 19 20 since theAis, values are quite different for ~ water molecule is rotated 9®@ut of the planeAis, for the two
each proton on the water molecule. Protonsddd H, have protons is again equal, but the value is nearly at the minimum
Aiso Values of~0 and~4 MHz, respectively, for protons 17, as shown in Figure 3. The principle values of the proton
18 and 17 18. This allows us to put bounds of70°—115 hyperfine coupling constant tenséy, exhibit the same orienta-
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tion dependence as the isotropic hyperfine coupling constants. Supporting Information Available: The optimized Carte-
Therefore, a similar analysis can be developed if only one of sian coordinates for [VO(¥D)s]?* are given in Table S1. This
more of the principal values of the proton hyperfine tensor is material is available free of charge via the Internet at http://
experimentally measured. pubs.acs.org.

Since the relative sizes of the two proton hyperfine coupling
constants for a single water molecule provide insight into the
orientation of the water molecule, the absolute accuracy of the
calculated values is not essentlal to this angly3|s. For example, (1) Atherton, N. M.; Shackleton, J. Rol. Phys.198Q 39, 1471.
the proton hyperfine coupling constants will also depend on (2) Weil, J. A.; Bolton, J. R.; Wertz, J. EElectron Paramagnetic
the distance of the vanadium atom from the equatorial plane Resonance: Elementary Theory and Practical Applicaticlzn Wiley
containing the water molecules. However, the qualitative & Sons: New York, 1994.

. . ! . . (3) Weltner, W., JrMagnetic Atoms and MoleculeBover Publica-

features of the orientation dependence of the hyperfine coupling jons:* Mineola, NY. 1983.
constants are not expected to change as the distance of the (4) Chasteen, N. D. IiBiological Magnetic Resonanc&erliner, L.
vanadium atom from the equatorial plane is varied. J., Reuben, J., Eds.; Plenum: New York, 1981; Vol. 3; p 53.

0 t of th lculati that h t t b (5) Patchkovskii, S.; Ziegler, 0. Chem. Phys1999 111, 5730.

_Une aspect of these calculations that has not yet bDeen (g gschreckenbach, G.; Ziegler, I. Phys. Chem. 4997, 101, 3388.
discussed is that the calculations are for gas phase complexes (7) Patchkovskii, S.; Ziegler, . Am. Chem. So@00Q 122, 3506.
and do not include any environmental effects. Malkina and co- (8) Malkina, O. L.; Vaara, J.; Schimmelpfennig, B.; Munzarova, M.;

Malkin, V. G.; Kaupp, M.J. Am. Chem. SoQ00Q 122, 9206.
workers have suggested that an agreement f1B% should (9) Munzarova, M.. Kaupp. MJ. Phys. Chem. 4999 103 9966.

be expected when comparing calculated (gas phase) and (o) munzarova, M. L.; Kubacek, P.; Kaupp, M. Am. Chem. Soc.
experimental (condensed phase) EPR hyperfine coupling con-200Q 122, 11900.
stants®10 Previous studies have indicated that the structure of _ (11) van Lenthe, E.; Wormer, P. E. S.; van der Avoird,JA.Chem.

R : N, Phys.1997, 107, 2488.
[VO(H,0)s]?* is similar in frozen aqueous solution and in single {12) van Lenthe, E.; van der Avoird, A.; Wormer, P. E.J.Chem.

crystals®? It was suggested that internal hydrogen bonding forces Phys.1998 108 4783.

played an important role in determining the geometry of [VO-  (13) van Lenthe, E.; van der Avoird, A.; Hagen, W. R.; Reijerse, E. J.
H,0)s]2*.52 In light of this, the role of the environment is not  J- Phys. Chem. £00Q 104 2070.

I('kZIO)?] ) 9 Itto tL S tl el c;.e ofthe et d?] el_: S NOt =1 4) Mattar, S. M.: Doleman, B. £hem. Phys. Let1993 216 369,
Ikely 1o be crucia _0 eca _Cu auons rep_or e ere'_ owever, (15) Knight, L. B., Jr.; Babb, R.; Ray, M.; Banisaukas, T. J., lll; Russon,
for other systems, it may be important to include environmental L.; Dailey, R. S.; Davidson, E. Rl. Chem. Phys1996 105, 10237.
effects16 (16) Leita, A. A.; Coelho Neto, J. A.; Pinhal, N. M.; Bielschowsky,

. - C. E.; Vugman, N. VJ. Phys. Chem. 2001, 105 614.
The results of this study demonstrate that DFT calculations (17) Ziegler, T.Chem. Re. 1991, 91, 651.

of ligand hyperfine coupling constants for ¥YOsystems can (18) Grant, C. V.; Cope, W.; Ball, J. A; Maresch, G. G.; Gaffney, B.
be used to enhance the interpretation of experimental ENDORJ.; Fink, W.; Britt, R. D.J. Phys. Chem. B999 103 10627.

data. The DFT calculations provide insight into the orientation ,_(19) Carl,P.J./Isley, S. L.; Larsen, S. &.Phys. Chem. 001, 105

dependenqe of the proton hyperfine coupling ConStant_S and, (26) ADF, http://tc.chem.vu.nl/SCM; Department of Theoretical Chem-
therefore, into the structure of [VO@)s]?". Future studies istry, Vrije Universiteit, Amsterdam, 1999.
will focus on DFT calculations of hyperfine coupling constants ~ (21) Baerends, E. J.; Ellis, D. E.; Ros, @hem. Phys1973 2, 41.

2+ ; ; ; (22) Methods and Techniques in Computational Chemistry METECC-
for VO** complexes with nitrogen ligands and may have 95; Guerra, F. C., Visser, O., Snijders, J. G., Velde, G. T., Baerends, E. J.,

important implications for the interpretation of ESEEM and gqds.; STEF: Cagliari, 1995; p 305.
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