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The electronic structures of the ions [MoQ[I, [MoOFs]2~, [MoOCI4(H.0)]~, and [MoOBg(H,0)]~ have been
calculated by spin-polarized density functional calculations. The results confirm and extend previous calculations
on these ions. In addition, the output eigenfunctions and eigenvalues have been used to cplaliets and
molybdenum hyperfine coupling constants. The results reproduce the trends in the experimental parameters well
but tend to overestimate the magnitudes of bothgivalues and the hyperfine coupling constants. It is shown

from the calculated EPR parameters that the contributions of low-energy charge transfer states and the covalencies
of the ground and excited states are the major contributors to deviatiapsalfies from the spin-only value.
Ligand-based spinorbit coupling becomes important with increasing atomic number for the halides but never
dominates. The molybdenum hyperfine couplings are dominated by Fermi contact terms which, in turn, originate
primarily from spin polarization of the core 4s electrons. A comparison of [MPGlith [MoOCI4(H,0)]~

indicates that the changes in EPR parameters observed on adding a sixth ligand to the coordination sphere arise
from electronic structural changes due to geometrical distortions and not to specific electronic contributions from
the added ligand.

Introduction for a number of other molybdenum oxidoreductases indicate
that one or more oxo group is a common feature of the active-
site structured® It is also noteworthy that changes in coordina-
tion number during catalysis might be expected. The structures
of the fully oxidized and fully reduced DMSO reductase indicate
éhat the active-site molybdenum is five-coordinate in the reduced
state and six-coordinate in the oxidized stdte.

Major contributions to the understanding of molybdenum
oxidoreductase active-site structures have come from electron
s paramagnetic resonance (EPR) spectroscopy. Partial reduction
of native enzymes or treatment of the enzymes with some
H’nhibitors produces Mo(V) species which give EPR signals in
the g = 2 region. A number of these signals have been
characterized in terms af values and hyperfine couplings to
nuclei of nonzero spifl>2* In several of these systems,

The electronic structures of complexes containing the mo-
lybdenyl {MoO}3*) group continue to be of interest largely
because of their relevance to the active sites of molybdenum
oxidoreductase enzymés® Three molybdenum oxidoreduc-
tases have been crystallographically characterized: the aldehyd
oxidase fromDesulfasibrio gigas® the DMSO reductase from
Rhodobacter sphaeroidé$and formate dehydrogenase H from
Escherichia col® The structural results confirm that the
molybdenum atom is coordinated by the dithiolene sulfur atom
of a pterin-based cofacté#!3 and in the fully oxidized
derivatives of the aldehyde oxidase and DMSO reductase, eac
molybdenum ion has at least one oxo ligdfdThe results of
extended X-ray absorption fine structure (EXAFS) spectroscopy
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of ligand spin-orbit coupling, and (3) the influence of low-
energy charge transfer states.
There have been a number of computational attempts to

determine the relationship between experimental EPR param-

eters and electronic structure for a variety of transition metal

complexes. Previous studies on molybdenyl complexes have[M00C|4(HzO)]:‘;
tended to use bonding coefficients from separate calculationsMoOBra(Hz0)" > 1.656

in approximate LCAO expressions fgrvalues?527:3235 Only
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Table 1. Idealized Structural Parameters for Molybdenum
Oxyhalide Anion3

complex Mo-O Mo—Xeq Mo—Lax O—Mo—Leq ref
[MoOCl,]~ 1.610 2.333 105.25  43a
[MoOFs]2~ 1.710 1.945 1.990 95.60 50
1.672  2.359 2.393 99.00  43b
2.529 2.337 97.69 51

2 Distances are given in angstroms, and angles are in dedres.

recently have attempts been made to calculate EPR parameteraqua complexes, ©H = 0.98 A and H-O—H = 107.

of transition metal complexes by direct evaluation of the relevant
matrix elements over complete molecular wave functiSn&

This has been made possible by the development of reasonably

reliable and efficient density functional methods for electronic
structure calculations of transition metal compleXes.

We report herein the results of such calculations on the high-
symmetry, well-characterized molybdenum(V) oxyhalide series
[MoOF:]2-, [MoOCly]~, [MoOCIl4(H20)]~, and [MoOBg(H.0)] .
These complexes have been studied extensively by
EPR5-29.34,46-44 gnd optical® 4347 spectroscopies, and several
computational studies have previously apped?é&4° Our
previous work?* suggested that the dominant contribution to the
magnitudes ofj values in the molybdenum oxyhalides is the
metal-ligand covalencies of the ground and excited states, while
inclusion of charge transfer states alone or ligand-based-spin
orbit coupling plays an important but secondary role. These
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Figure 1. Definition of coordinate systems for the complexes.

defining electronic structure/EPR parameter correlations for
these and other complexes. Similar computational studies have
been carried out for several other transition metal comptexis

studies also indicated that Fermi contact interactions were thebut few involving fourth- or fifth-row elements and none for

major contributors to the observed molybdenum hyperfine
couplings. The methodology outlined below and in the Sup-
porting Information provides a means of more completely
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molybdenum-containing systems.

Computational Methods

All molecular coordinates were based on crystallographic data for
the complexes, and no geometry optimizations were performed.
Experimentally determined structures were idealized4q[MoOClI,]~
and [MoOFK]?") or Cy, symmetry ([MoOX(H.O)]™; X = Cl, Br). The
final structural parameters are given in Table 1. In the case of the
aqua species, the locations of the hydrogen atoms were not resolved in
the X-ray data and the orientation of the water is unknown. Both the
geometry with the water staggered between the halides (denoted
x-[MoOX4(H20)]") and the geometry with the water eclipsed in one
of the X—Mo—0 planes (denotett-[MoOX4(H;0)] ") were considered.

The coordinate systems are illustrated schematically in Figure 1.

Single-point calculations were performed using the Amsterdam
Density Functional (ADF) Version 1.3.1 package of density functional
routine$?> on an IBM RS6000 Model 550. In the ADF program,
molecular orbitals are expanded in terms of Slater type orbitals (STOs)
and the one-electron KohiBham equatiort$ are solved self-
consistently using highly efficient numerical technigf@®. The Vosko,
Wilk, and Nusair parametrizatibhof the exchange and correlation
energy of the homogeneous electron>§agas utilized in the local
density approximation. Becke’s gradient correction to the exchange
part of the potenti8? and Perdew’s gradient correction to the
correlatiof® were included self-consistent}y. Spin-unrestricted cal-
culations were performed by holding all electrons in the variational
space. For all atoms, triplg-basis sets were employed and, except
for molybdenum and bromine, one polarization function was included
for each atom. Polarization functions for Mo and Br have not been
implemented in the currently available ADF basis sets. The unpaired
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electron was arbitrarily set as spin. Thef spin MOs are nearly
identical in composition and identical in ordering.

The nonzero elements of tlgeinteraction matrix were calculated
from egs 1 and 227%* In eq 2,|00s the electronic ground state wave

9 =0-A; (,i=xy,2 (1)
MI&(r) L;|0m| L InCH |&(r) Lntm| |00

= 2

' I E.—E @

function, |nCis an excited statd; andL; are orbital angular momentum
operators about the andj axes, ande, — Eo corresponds to the
excitation energy to the excited stdté]

The nonzero elements of the molybdenum hyperfine interaction
matrix were calculated from the standard perturbation expre$sfdns
given in egs 3-6. In eq 3,A¢ is the nonclassical Fermi contact term.

A=At AP+ AP ©
A= 0BBIWOF — 1W,0)) @
Fi
AP = gegNﬂﬂNB = oD (5)
~ I:j . |:j
WEQ Lﬁncﬂ‘—a‘o@ EG L”OE@‘—g o]
A1'(J'2) = gegNﬂﬁNZ ' ' +
& E, - E,
A Flj N F|j
() LWEHHo@ BIEC) Lk|ocB‘_3 n
L r r 6)
1€k E_E (

Ai(jl) corresponds (for orbitally nondegenerate ground states) to the

spin dipolar term, which represents the dipetépole coupling of the
electronic spin with the spin of the nucleus® is the orbital dipolar
term which accounts for the coupling of the orbital angular momentum
of the unpaired electron with the nuclear spin. In eg$4gn andfn

are the values of the nuclegifactor and magneton, respectivellf,-

(0) andWg(0) are the values of the andf spin total molecular wave
functions, respectively, at= 0, andF; is the dipolar operator, defined
by

3nr; — r%;
F== @)
r
in which ¢; is the Dirac delta function for, j = X, ¥, Z € is the
Levi—Civita permutation symbdt

Swann and Westmoreland

Table 2. One-Electron SpirtOrbit Coupling Parameters and
Atomic Charges from Mulliken Analysis

complex Mo (0] %2 X'ef Lax H
[MoOCly]~ 605 71 587
(+1.58) (-0.69) (-0.47)
[MoOFs)2~ 714 71 269 269
(+2.41) (-0.87) (0.71) 0.71)
x-[MOOCIly(H;0)]~ 587 71 587 71 0.0
(+1.61) (-0.65) (-0.51) (-0.49) (+0.28)
+-[MoOCIy(H,0)]- 582 71 587 587 71 0.0
(+1.62) (-0.60) (0.52) (-0.50) (~0.48) (+0.27)
x-[MoOBr4(H-0)]~ 610 71 2457 71 0.0
(+1.44) (-0.64) (-0.46) (0.50) (+0.27)
+-[MOOBr4(H;0)]~ 610 71 2457 2457 0.0

(+1.41) (-0.62) (~0.48) (~0.44) (-0.49) (+0.26)

2 All energies are given in cm. Calculated atomic charges from
Mulliken analysis are given in parentheseRefers in the+-C,,
geometry to X in the plane of the aqua ligafidRefers in thet+-Cy,
geometry to X in the plane perpendicular to the aqua ligand.

Excited state wave functions were approximated by the ground state
one-electron orbital oft spin corresponding to the singly occupied
molecular orbital (SOMO) of the excited state. In this approximation,
the effects of orbital relaxation in the excited state are completely
ignored. The corresponding excited state energies were approximated
by the differences in the ground state one-electron orbital energies.
This approximation is better in density functional approaches than for
similar Hartree-Fock calculations since in the KokiSham equations
the effective field for an orbital is that due to — 1 electrons®

In addition to quantities computed directly by ADF, spiorbit
coupling constants for all non-hydrogen atoms are required. Constants
based on calculated values @f3Oproved to be unreliable for heavy
atoms (particularly Br), and one-electron sprbit coupling param-
eters were taken from experimental d&ta-or the halogens, eq 8 was

2AE,,

ST D30 D)

(8)

used to estimate spitorbit parameters for the oxidation state closest
to that of the atom in the complex as determined by a Mulliken charge
analysis. In eq 8AE,; is the experimentally observed splitting between
the J andJ' levels within the samel(S) term. For the calculations
presented below£ was taken as the average over several terms of the
free ion. For oxygen, the previously reported valuedior O(g)

was used® For the molybdenum atom, a more sophisticated param-
etrization which permits interpolation of values for fractional oxidation
states of @ configurations was employeédl. Table 2 gives both the
atomic charges as calculated in ADF and the one-electron-sphit
coupling parameters used in each calculation.

In the ADF package, the molecular orbitals are expressed as Results and Analysis
expansions of STOs centered on the nuclei, and the integrands in eqgs

2, 5, and 6 involve products of STOs which must be evaluated

Electronic Structure. Consistent with all other computa-

numerically. In this work, the integration scheme used was a Monte tjgnal studie$2484%the ground state was found to BB, for

Carlo based algorithi#f. For each matrix elementgn|Olyml) the

integrand was evaluated at a particular point in space and then multiplied
by an appropriate volume element generated by the integration routine.
Due to the approximate nature of the integrations, it has not been

assumed that the hermitian relationstign|O|@s0= [gp|O|@al} is
strictly valid for the calculated matrix elements of hermitian operators

the C4, complexes. Forx-[MoOX4(H»0)]~ the ground state

is A1, while for +-[MoOX4(H,0)]~ the ground state corre-
sponds to &A; representation. For each of the complexes, the
electronic configuration of molybdenum is formally*4ahd the
unpaired electron is located in a MO of predominantly Mgy4d

and egs 2 and 6 have been retained in the form given. Additional character (formally d-? for x-C, complexes). In all cases,
details of the matrix element evaluation procedures are given in the the SOMO is a Me-X z* antibonding orbital involving the

Supporting Information.
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halide p and p orbitals. The charge distributions in the
complexes, given in Table 2, are similar to those previously
calculated by discrete variationaKa (DV —Xa) approache&’
While each is formally a Mo(V) complex, the effective oxidation
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Table 3. Valence Orbital Compositions for [MoOg]t 2 15e orbital (16b + 16k, of [MoOCI4(H,0)]"). This decrease
Mo o) cl in energy can be rationalized in terms of the geometry
energy . ) . .
MO (eV) %d %p %s %s %p %s %p %d differences between the five- and six-coordinate complexes.
From Table 1 it is apparent that the addition of a water molecule

éﬁl& :(1):;(15? ‘5% 118 1 23 00 4120 46 to [MoOCl,]~ is accompanied by a decrease in theNo—Cl

15e  —2.546 59 0 24 0 15 2 angle of over 8. This distortion places the chlorides more fully
4b,  —4.443 62 36 2 into the equatorial plane of the metal atom and decreases the
2 —5.680 100 O extent ofo interaction of the chlorine orbitals with the.nd

14 6272 1 1 2 -1 97 0 dy, orbitals. The net smaller effective ligand field interaction
?gle :g:ggg é 0 5 % 182 8 causes the energy of these orbitals to decrease relative to the
18a -7.113 1 0o 4 0 7 0 8 0 ground state. Significant differences between the species are
12e —-7.758 2 5 10 1 81 0 also apparent in some of the orbitals which do not contribute
17a —-8541 0 5 1 0 1 2 8 O to the EPR parameters and are therefore not included in Tables
3,  —8550 34 63 2 4—6 (see Supporting Information). On the whole, however,
Ztl}le —_1%:(1)@3 g; 0 59 3(') 5% % binding of the s?xth ligand yields only small differences in the
16a —10.274 32 1 2 5 52 1 9 o0 overall electronic structure.

10e -18.631 1 -1 0 100 0 0 From Tables 5, 7, and 8 it is evident that both the SOMO
6b  —18.643 3 98 0 0 and excited state orbital metal characters decrease in the order
155 —19.093 0 0 0 0 0 98 1 0

F > CI > Br. This trend is consistent with expectations based
on the electronegativities of the halides. The calculated
*Energies are given for the spin MOs. Boldfaced type indicates gifference in SOMO metal character between the chloride and
the SOMO. bromide complexes is very small but is consistent with the
results of both DV-Xa calculation4® and simplified LCAO

l4a —22.994 6 -2 5 91 0 0 0

o

state of the metal center varies betweeh4 and+2.5 and the

o . approached!
complexes exhibit a substantial degree of covalency. The i . . .
bonding in [MoOF]2" is considerably more ionic than that in Excited State Energies. The excited states in these systems

the other complexes. which are of importance in the calculation of EPR parameters

As a representative example, Table 3 gives the valence orbital2™® the one-electron ligand field excited states and ligand-to-
compositions for the [MoOGJ~ anion from the ADF calcula- me_tal charge transfer excited states. Excitation energies, as
tions. For [MoOCH - (as well as each of the other complexes) e_stlmated by th(_a ground_ state one-electron orb_ltal energy
there are low-lying unfilled orbitals of primarily Mo d character differences, are included in Tables-@ for the orbitals of
which correspond to ligand field excited states. The 15e orbital félévance to the EPR analysis.
corresponds to the degenerate d,, based orbital, 9pis the In Table 10 are compared the calculated and experimentally
de_y2 orbital, and 19acorresponds to theabrbital. Just below  determined energies for the excited states which have been
the 4 SOMO is a set of orbitals (17ahrough 2a) with assigned for [MoOG]~. Analogous tables for the other ions
primarily chlorine p character which essentially correspond to are included in the Supporting Information. Agreement between
lone pairs. Below these are M&l o- andz-bonding orbitals the calculated energy differences and experimentally observed
(7by and 3B, respectively) with considerable metal and chlorine transition energies for the ligand field states (9b 4b, and
character. At even lower energy are theMo bonding orbitals 15e-— 4by) is excellent. The 4b— 12e excitation lies close
(16a and 11e), three chlorine localized pairs (1aough 10e), in energy to that observed experimentally, while the 4b7b,
and an oxygen-based pair (1}a The energy orderings and  excitation is calculationally found to lie 10 000 cfhigher
orbital compositions are essentially identical to those reported than the experimentally assigned energy. In the case of
by Sunilet al3? and by DeetH? [MoOFs])?-, the agreement between the calculated energies and

Symmetry and energy constraints limit the number of orbitals experimental energies for the ligand field states is somewhat
which must be considered in the EPR analysisCinsymmetry poorer than that for [MoOG]~, but the one-electron orbital
only excited states ofitor e symmetry are relevant. -Cyp, energy differences provide approximate energies similar to those
symmetry the required representations ardog and b (which from previous calculatiofd“8-4%which use the Slater transition
correspond to g by, and b in +-C,, symmetry). Tables49 method* (see Supporting Information). For [MoOQH,0)]™,
summarize the orbital compositions for all the complexes but the calculated transition energies are in good agreement with
only include the orbitals important to the EPR parameter experiment. As observed experimentally, tF& and 2B,
calculations. These include the SOMO (which corresponds to excited states?E in Cy,) are at lower energy than those in the
the ground state), empty orbitals of primarily d character five-coordinate [MoOJ]~ anion while the?A, excited state is
(corresponding to ligand field excited states), and filled ligand- nearly identical to that of [MoOG]~. It is important to note
based orbitals (which correspond to charge transfer states) withinthat, in addition to the spectroscopically observed transitions,
50 000 cnr! of the SOMO energy. Complete tables of valence there are, for each complex, several low-lying transitions which
orbital compositions and energies for the complexes are givenare predicted by the calculations. These transitions have not
in the Supporting Information. In all cases where comparable been observed experimentally, presumably due to their predicted
calculations have been publish&d349 the orbital energy  small absorptivities, but have been included in the calculation
ordering$® and compositions match well. of EPR parameters. The contributions to the EPR parameters

The effects of an increase in coordination number on orbital from these states are, however, nearly negligible, and the EPR
energies and compositions are apparent in Tabtes 4For all

three oxychloride complexes, the SOMO characters are es-

(70) While the orderings and energy differences between the one-electron

sentially identical. Likewise, only negligible changes are orbitals are nearly identical to those previously published, the absolute
apparent in the compositions of the orbitals which make orbital energies differ significantly, with the ADF energies being
significant contributions to the EPR parameters. The orbital substantially more positive. This effect is due to the negative charges

. of the ions, which were compensated for in other calculations by
energies of the three complexes are comparable. The largest  \yatson spheré3 or additional atomic potential welfS.

change is a significant drop-4000 cn1?) in the energy of the (71) Slater, J. CAdv. Quantum. Chenil972 6, 1—92.



5352 Inorganic Chemistry, Vol. 36, No. 23, 1997 Swann and Westmoreland

Table 4. Orbital Compositions and Excited State Contributiong) tmr [MoOCI4]~

MO type AE (cmr )2 orbital composition Agy Agn
lle CT 46 103 32% Mo d, 59% O p, 8% Glyp 0.006
7 CT 37122 37% Mo d, 3% Cl s, 59% Ckp 1% Cl d 0.039
12e CT 26 742 2% Mo d, 5% Mo p, 10% O p, 1% Cl s, 81% Gl p 0.002
9, LF 23245 53% Mo d, 42% Cl,, 4% Cl d —0.034
13e CT 17 586 3% Mod, 5% O p,92% Gl p 0.015
15e LF 15 295 59% Mo d, 24% O p, 17% Glp2% Cl d —-0.041
8by CT 14 982 1% Mo d, 100% Cl.p 0.002
14e CT 14 757 1% Mo d, 1% Mo p, 2% O p1% Cl s, 97% Cl py 0.001
ab, ground state 62% Mo d, 36% Cl p, 2% Cl d
Ag 0.007 —0.018
g(calc) 2.009 1.985
g(expy 1.9650 1.9461,1.9474

aEstimated as the absolute value of the difference in calculated energy between the indicated orbital and thé R&&iénce 32b.

Table 5. Orbital Compositions and Excited State Contributiong tor x-[MoOClI4(H.0)]~

MO type AE (cm1)2 orbital composition Ag, Agy Agk
11, CT 42 541 32% Mo d, 49% O p, 11% CL % HO 0.006
1200 CT 41 565 32% Mo d, 57% O p, 8% Clp 0.006
8a CT 37 317 37% Mo d, 3% Cl s, 59% Clp 1% Cl d 0.041
12, CT 31925 1% Mo d, 2% Mo p, 14% O p, 10% Glyp72% HO 0.000
13 CT 25733 2% Mo d, 5% Mo p, 5% O p, 1% Cl s, 87% Gl p 0.001
13k, CT 24 371 1% Mo d, 3% Mo p, 80% Clkp 14% HO 0.002
11y LF 22 662 53% Mo d, 1% Cl's, 41% Clp 4% Cl d —0.034
14 CT 16 795 2% Mo d, 11% O p, 87% Clp 0.014
9 CT 16 029 100% Cl p 0.001
14b, CT 15914 1% Mo d, 9% O p, 84% CL5% HO 0.013
15, CT 15 348 1% Mo p, 2% O p>1% Cl s, 97% Cl py, 1% HO 0.001
15 CT 15 306 1% Mo d, 2% O pr1% Cl s, 96% Cl py 0.001
16, LF 11 246 60% Mo d, 26% O p, 12% ClL% Cl d —0.062
10& CT 11 224 100% Cl g, 0.000
16y  LF 11162 60% Mo d, 25% O p, 14% C},1% Cld —0.063
25a  ground state 61% Mo d, 36% Cl p, 3% Cl d
Ag 0.008 —0.041 —0.040
g(calc) 2.010 1.961 1.962

glexpp  1.9632 1.9400 1.9400

aEstimated as the absolute value of the difference in calculated energy between the indicated orbital and thé &diénce 34.

Table 6. Orbital Compositions and Excited State Contributiong tor +-[MoOCI4(H.0)]~

MO type AE (cm™1)2 orbital composition AQ, Agy Agx
11b, CT 42775 32% Mo d, 49% O p, 10% C},d% Cl d, 7% HO 0.006
12y CT 42 203 31% Mo d, 58% O p, 9% Clp 0.006
25a CT 42 037 22% Mo d, 3% Mo s, 1% Mo p,2% O's, 33% O p, 2% Cl s, 0.000
26% Cl p,y, 10% HO
26a CT 35708 36% Mo d, 2% Cl s, 60% C}p 0.039
32a LF 36 081 28% Mo d, 10% Mo s, 2% Mo p, 12% O$2% Cl s, 0.000
2% Cl d, 9% Cl py, 47% HO
12h CT 32407 1% Mo d, 2% Mo p, 14% O p, 9% Clp72% HO 0.000
3la LF 31078 17% Mo di—2% Mo s, 9% O p, 4% Cl g, 2% Cl d, 67% HO 0.000
27a CT 30730 2% Mos, 1% O's, 32% O p, 1% Cl s, 58% G, 5% HO 0.001
13y CT 26 516 2% Mo d, 4% Mo p, 5% O p, 1% Cl s, 87% G| p 0.001
13 CT 24 636 1% Mo d, 3% Mo p, 1% O p, 80% Clp14% HO 0.002
30a LF 22 454 53% Mo d, 40% Cl,g, 3% Cl d —0.031
28a CT 20500 1% Mo d, 5% Mo p, 1% O p, 93% Cl p-1% H,0O 0.000
14y CT 17921 2% Mo d, 12% O p, 87% C}p 0.013
29a CT 16 385 100% Cl p 0.001
14b, CT 16 305 1% Mo d, 1% Mo p, 1% O p;1% Cl's, 98% Cl py, 1% HO 0.004
15 CT 15723 1% Mod, 1% Mo p, 1% O p;1% Cl s, 99% Cl p, 0.000
15 CT 15 650 2% Mo p, 10% O p, 83% C},pt% HO 0.011
16k, LF 11273 60% Mo d, 25% O p, 13% ClL% Cl d —0.063
16y LF 10589 60% Mo d, 25% O p, 12% Clp 1% Cl d, 1% HO —0.065
6a  ground state 62% Mo d, 35% Cl p, 2% Cl d
Ag 0.010 -—0.040 —0.046

g(calc) 2.013 1.963 1.957
g(expy 1.9632 1.9400 1.9400

aEstimated as the absolute value of the difference in calculated energy between the indicated orbital and thé &dténce 34.

properties are dominated by spectroscopically observable exciteddo parallel those observed experimentally. The addition of the
states (see Tables9). sixth ligand has significant effects only on the levels of e
While the excitation energies given in Tables@ do not symmetry (inCs,). In the Cy, complexes, the degeneracy of
exactly match experimental values, differences between the five-these levels is lifted to b+ b, and the average energy is
coordinate [MoOGC]~ and the six-coordinate [MoO&H,0)]~ lowered. Since these orbitals are of the correct symmetry for
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Table 7. Orbital Compositions and Excited State Contributiong tior [MoOFs]?~

MO type AE (cm™ )2 orbital compositioh Agy Agn
4ab, CT 57 709 26% Mo d, 2% F s, 72% kp 0.020
7e CT 51 031 28% Mo d, 21% O p, 40% F p0% Fx 0.004
8e CT 41181 3% Mo p, 5% O p, 91% kyp1% Fux 0.000
9e CT 36511 1% Mo pr1% Fs, 99% F p, 1% Fux 0.000
13e LF 35835 —88% Mo p, 2% O p, 2% k&, 195% F s—12% F p,y 0.000
5by CT 35552 100% Fp 0.000
10e CT 31211 3% Mo d, 44% O p, 16% F B8% Fux 0.002
6by LF 29519 48% Mo d, 30% F s, 20% k,p —0.034
11e CT 28 370 1% Mo d, 9% O p, 44% & B6% R 0.004
12e LF 8518 67% Mo d, 21% O p, 6% F, @% Fux —0.106
4by, ground state 75% Mo d, 25% F p
Ag —0.014 —0.096
g(calc) 1.988 1.907
g(exp¥f 1.894 1.913

aEstimated as the absolute value of the difference in calculated energy between the indicated orbital and theé B@@e characters are
for equatorial fluorines unless denoteg.F Reference 41b.

Table 8. Orbital Compositions and Excited State Contributiong twr x-[MoOBr4(H20)]~

MO type AE (cm1)? orbital composition Ag, Agy Agx
20b, CT 42 004 32% Mo d, 53% O p, 1% Br d, 5% By, 7% HO 0.009
21b CT 40 963 30% Mo d, 62% O p, 4% Br p 0.009
21y, CT 31673 1% Mo d, 2% Mo p, 13% O p, 6% Bg,p78% HO 0.001
17a CT 31223 42% Mo d, 1% Br d, 2% Br s, 54% By,p 0.100
22k CT 21 246 3% Mo d, 6% Mo p, 3% O p, 1% Br's, 85% By p 0.002
203 LF 21044 50% Mo d, 3% Br d, 1% Br s, 48% Byg,p —0.061
22by CT 19 758 2% Mo d, 4% Mo p, 1% Br s, 83% By,p8% H,O 0.003
23h CT 12 430 4% Mo d, 7% O p, 89% Br.p 0.080
25b, LF 12 037 61% Mo d, 27% O p, 1% Br d, 12% By, f% H,O —0.082
23h CT 11 864 2% Mo d, 7% O p, 86% Br,p% HO 0.072
25h LF 11709 59% Mo d, 26% O p, 1% Br d, 13% By, 4% H,O —0.085
18a CT 11701 100% Br p 0.002
24h CT 11017 1% Mo d, 1% O p;1% Br s, 98% Br py 0.000
24, CT 10897 1% Mo p;-1 Br's, 99% Br py 0.009
19a CT 7 288 100% Br p, 0.002
34a ground state 60% Mo d, 1% Br d, 38% Br p
Ag 0.043 0.006 0.012
g(calc) 2.046 2.008 2.014

o(expy 2.090 1.945 1.945

aEstimated as the absolute value of the difference in calculated energy between the indicated orbital and thé \&BWM© reported for
[MoOBrs]?: refs 41b and 42.

7 interaction with the sixth ligand, such changes are not are likely to be reliable. As an example, the results for
unexpected. Thus, in terms of the orbital characters and [MoOCI4]~ are presented in detail.
energies, the five-coordinate [MoQft is very similar to the The experimental and calculatgdralues for [MoOC)]~ are
two [MoOClIy(H20)]~ complexes. As is also evident from given in Table 4. Both the calculated valuesgpfand of g
Tables 5 and 6, as well as Tables 8 and 9, the orientation of theare larger than the experimental values 5¥0.04. The
aqua ligand with respect to the halides has little effect on the experimentally observed inverted ordering of thealues,g;,
overall electronic structural parameters. > g, is reproduced in the calculations. Also given in Table 4
The trends down the halide series also reflect those observeds a breakdown of individual excited state orbital contributions
experimentally. For the,g 2 based ligand field transition, the  to the calculated) values for [MoOCI]~. TheAg, column of
energy decreases from the fluoride to the bromide as do thoseTable 4 shows that three;Rxcited states fall within 50 000
of the ?2B; — 2B, and %E (in C;) — 2B, charge transfer ~ cm™ of the ground state: two charge transfer states and one
transitions. In contrast, the calculated energy of4he— 2B, ligand field state. The lowest lying state is a-€IMo charge
ligand field transition increases significantly from the fluoride transfer state which has not been observed experimentally in
to the chloride and only slightly from the chloride to the the absorption spectrum. Its contribution ¢ggis negligible
bromide. because the 8borbital to which it corresponds is composed
For the purpose of the current investigation of the origins of almost entirely of Cl 3porbitals which have negligible overlap
the observed trends of the EPR parameters of the molybdenumwith the SOMO. Next lowest is a ligand field state correspond-
oxyhalides, the description of the electronic structures as ing to the metal-based 4d, orbital (9h). As expected, the
generated by ADF appears to be sufficient. The trends revealedcontribution tog; is substantial because of large interaction with
are consistent with all previous calculational studies and the ground state through spiorbit coupling. The highest
available experimental data. energy contributor is a charge transfer state (corresponding to
Calculated g Values. Tables 4-9 summarize the experi-  7by) with significant metal character. The contribution dp
mentally observed and calculatgdvalues for the series of  from this state is larger than might be expected, and it is due to
complexes. The calculated values are significantly different this large positive contribution that the calculatgdvalue is
from the experimentally determined values, but the general larger thange, in contrast to the experimental result. For the
trends within the series are reproduced. Thus insights into the calculation ofgy, one ligand field state and four charge transfer
origin of these trends based on analysis of the calculated valuesstates are relevant. The contribution from the ligand field state
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Table 9. Orbital Compositions and Excited State Contributiong twr +-[MoOBr4(H20)]~

Swann and Westmoreland

MO type AE (cm1)2 orbital composition AQ; Agy A0

20, CT 42 354 32% Mo d, 55% O p, 1% Br d, 6% By, % HO 0.008

21y CT 41 605 32% Mo d, 55% O p, 1% Br d, 6% By, % H.O 0.009

37a CT 39900 22% Mo d, 4% Mo s, 1% Mo p,2% O's, 41% O p, 2% Br s, 0.001

16% Br gy, 13% HO
44 LF 37 452 22% Mo d, 11% Mo s, 1% Mo p, 10% O p, 2% Br d, 0.000
—2% Br's, 10% Br p, 47% kO

433 LF 32264 20% Mo d, 1% Mo p, 10% O p, 2% Br d, 7% By,58% HO 0.000

21y CT 31937 1% Mo d, 2% Mo p, 12% O p, 6% Bg,p78% HO 0.000

38a CT 31625 41% Mo d, 2% Br s, 54% Brp 0.095

39a CT 27127 1% Mo s, 1% O's, 24% O p, 1% Br's, 64% By, 3% HO 0.011

22 CT 22 215 3% Mo d, 6% Mo p, 3% O p, 1% Br's, 87% By p 0.001

428 LF 20691 50% Mo d, 2% Br d, 47% Brp —0.062

22 CT 20182 2% Mo d, 6% Mo p, 1% Br p, 82% Bf,p 10% HO 0.002

40a CT 16 261 1% Mo d, 5% Mo p, 93% Br,p 0.000

23 CT 13794 3% Mo d, 8% O p, 88% Brp 0.065

413 CT 12 053 98% Br py 0.002

25, LF 11 840 60% Mo d, 26% O p, 1% Br d, 12% By, p% HO —0.085

23 CT 11715 1% Mo d, 4% O p, 92% B p 2% HO 0.015

24 CT 11576 2% Mo p, 5% O p, 92% Br,®2% H,O 0.072

24y CT 11 566 1% Mo p;-1% Br's, 98% Br py 0.001

25h  LF 11 086 59% Mo d, 27% O p, 1% Br d, 12% Byyp1% HO —0.085

12 ground state 61% Mo d, 2% Brd, 37% Brp
Ag 0.047 0.013 —0.009
g(calc) 2.049 1.963 1.993
g(expy 2.090 1.945 1.945

aEstimated as the absolute value of the difference in calculated energy between the indicated orbital and thé \&DM© reported for
[MoOBrs]?~: refs 41b and 42.

Table 10. Experimentally Determined and Calculated Excited State Energies for [M$OCI

transition typé exptf ADF DV—Xod MS—Xoe MS—Xaf
4, —1le O— Mo 30 000 46 103 31948

4, —T7h Cl— Mo(po) 27 000 37122

4, — 12e Cl— Mo(po) 28 000 26 742 29 335 25700
9, —4b, Ohe—y? 23000 23 245 22 627 25 240 23 300
4b, — 13e Cl— Mo(pzy) 17 586 23 000
15e—4b, Oxzyz 15780 15295 16 418 17 450 15 600
4h, — 8by Cl — Mo(pm) 14 982

4, — 14e Cl— Mo(p7p) 14 757 18 700

2 All energies are given in cm.  po denotes halide p orbitals directed at Magglenotes those roughly parallel to the MO bond, and pn
denotes halide p orbitals perpendicular to bott) and . ¢ References 33 and 47Reference 4% Reference 32.Reference 48.

Table 11. Effects of Metat-Ligand Covalency, Ligand SpirOrbit Coupling, and Low-Lying Charge Transfer Excited States on Calcutated

Values
[MoOCl4]~ x-[MoOCI4(H0)]~ +-[MoOCI4(H0)]~ [MOOF5]27 x-[MOOBr4(H20)]~ +-[MoOBr4(H0)]~

g(calc) 2.009 2.010 2.013 1.988 2.046 2.049
Mo only 1.978 1.977 1.991 1.986 1.982 1.981
& =0 2.004 2.005 2.006 1.986 2.014 2.013
no CT 1.968 1.968 1.971 1.968 1.941 1.941

gy(calc) 1.985 1.961 1.963 1.907 2.008 1.963
Mo only 1.959 1.944 1.943 1.888 1.949 1.949
& =0 1.974 1.955 1.956 1.908 1.960 1.962
no CT 1.961 1.939 1.939 1.896 1.918 1.917

gx(calc) 1.962 1.957 2.014 1.993
Mo only 1.943 1.939 1.948 1.946
& =0 1.956 1.953 1.963 1.960
no CT 1.940 1.937 1.920 1.960

is largest but is significantly quenched by the charge transfer effects of metatligand covalency) in the wave functions. For
state contributions. The results are qualitatively in agreement [MoOCI4]~ under the “Mo only” approximation, the ligand-
with the experiments in thajg is less tharg, and less thagk. field state contribution is essentially unaffected, while the charge
Previous studi¢&—34 have suggested that the three dominant transfer contributions almost vanish, giving significantly smaller
factors contributing t@ values in the molybdenum oxyhalides values ofg, andgn. The results of calculations with the chlorine
are (1) the metatligand covalencies of the ground and excited spin—orbit coupling constant set to zero are given as the=
state orbitals, (2) ligand-based spiorbit coupling, and (3) 0” entry. Both the ligand field and the charge transfer state
mixing of low-lying charge transfer excited states into the contributions decrease in magnitude. A slightly larger decrease
ground state. The ADF calculations provide a means of in the charge transfer contribution results in an overall small
quantitatively probing these effects. In Table 11, the “Mo only”
entries refer to calculated EPR parameters with the integral
evaluated only over molybdenum basis functions and correspond
to neglect of ligand orbital contributions (and thus most of the

S(72) The values do not reflectompleteneglect of covalency since the
overall metal character remains less than unity. This level of
approximation is essentially equivalent to a ligand field approach
incorporating orbital reduction factof3:64
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decrease in bothy; andgn. The influence of charge transfer variation in the calculated energies of these orbitals is relatively
excited states is apparent in the “no CT” entries of Table 11, small. In contrast, charge transfer contributions increase
which give the calculated values without the charge transfer dramatically down the series. This is due not only to the
contributions. Since the charge transfer states provide netincreasing covalency of the orbitals but also to the decrease in
positive contributions to thg values, it is not surprising that  charge transfer excited state energies which results in greater
bothg, andgp are dramatically smaller. It is also notable that, mixing into the ground state. The trend is, therefore, that as
in the absence of charge transfer contributions, the calcuiated covalency increases or charge transfer energies become smaller,
values become nearly isotropic. From this analysis, the chargethe g values increase. Similar trends are evident in the results
transfer contributions are predicted to have the single largestfor the +-[MoOX4(H-0)]~ geometries.

effect on the calculated values with metatligand covalency Table 11 quantitatively summarizes the effects of ligand-based

being nearly as important. Chlorine spiarbit coupling in orbital contributions, ligand spirorbit coupling, and charge

[MoOCI,]~ is calculated to be the smallest of the three effects. transfer states on the calculatgdalues. In all cases, neglect
Effects of Coordination Number: [MoOCIl,~ and of ligand contributions results in a decrease in the calculgted

[MoOCI 4H,0)]~. Also presented in Tables 5, 6, and 11 are Vvalues and the magnitude of the change becomes larger as the
the calculatedg value analyses for both geometries of ligand characters of the ground and excited state orbitals
[MoOCI4(H,0)]~. Upon coordination of water, the experimen- increase. The effect of ligand sp#orbit coupling is nearly

tally determined values show a very slight drop in bgtfand negligible for the fluoride complex but for the bromide complex
go. For both of the aqua geometries, the calculated valuesis similar in magnitude to the covalency contribution. The
exhibit a similar decrease igx and g, (relative to g for largest effect on the calculatgdsalues in each case is observed

[MoOCl4]") but a slight increase ig,. The experimentally ~ on eliminating the charge transfer contributions, and the
determined and the calculateyl values, however, are very magnitude of the change increases down the series.

similar for both the five- and six-coordinate species. The  Molybdenum Hyperfine Couplings. The results of théMo°
orientation of the water in the aqua species has only a minimal calculations are given in Table 12 along with the experimentally
effect on theg values. observed parameters. While in every case the calculated

The individual excited state contributions @ for the magnitude is smaller than the observed, the trends in the
complexes (Tables 5 and 6) are nearly identical in both the five- calculatedAY° values reproduce the observed experimental
and six-coordinate complexes. The effects of ignoring ligand- trends. A comparison of the five-coordinate [MoGIClanion
based contributions to the orbitals, ligand sparbit coupling, with the six-coordinate [MoOG{Hz0)] "~ ion shows a significant
or charge transfer contributions (see Table 11) closely parallel decrease in the magnitude of the calculalé#f’ and AY°
those for [MoOCJ]~. As was noted above, for the states values. For the six-coordinate species AP values decrease
relevant togx and gy, the only significant difference between systematically from the fluoride to the bromide. In all cases,
the five- and six-coordinate complexes is that the lowest ligand “,"" is roughly twice the magnitude omg". The calculated
field excited state is significantly lower in energy in the aqua [AM°[values parallel the observed trends but differ consistently
complexes. The smaller energy denominator in the perturbationfrom experimental values by approximately ¥510~4 cm1.
expressions results in slightly larger ligand field contributions  Partitioning of AM°. Experimentally measured hyperfine
tog«andgy. The effects of ignoring ligand-based contributions, coupling constants represent the net total of contributions from
ligand spin-orbit coupling, or charge transfer contributions also  three principal mechanisni$8473 Fermi contact,As, is a
parallel those calculated for [MoOAt. completely isotropic nonclassical contribution which is propor-

Overall, the relative differences between thevalues as tional to the unpaired spin density at the nucled&) represents
calculated for [MoOC{~ and [MoOCk(H.O)]~ are in good the spin dipolar contribution and corresponds to the first-order
agreement with experiment. The only factor which varies energy of interaction due to the completely anisotropic dipole
significantly with the presence or absence of the sixth ligand is dipole coupling of the electronic spin with the nuclear spin.
the contribution of the lowest ligand field state(s), corresponding The orbital dipolar termA®), is the second-order cross-term of
to the 4, dy; set, togn. The change in this contribution lies  the dipolar operator with the spiorbit coupling operator. For
almost exclusively in the difference between the transition a nondegenerate ground state, this contribution physically
energies for this state for the five- and six-coordinate complexes. corresponds to the coupling of the net ground state orbital
The difference in energy can be rationalized in terms of the angular momentum to the nuclear spi¥?) has both anisotropic
geometric distortions which accompany the change in coordina- and isotropic components. Table 12 includes the calculated
tion geometry, as described above. contributions from each term to the to#@'° values.

The Halide Series: [MoOFRs]2~, x-[MoOCI 4(H20)]~, and Fermi contact dominates the obser¥ednd calculated
x-[MoOBr 4(H20)]~. Presented in Tables—® are the calcu- molybdenum hyperfine structure and is chiefly responsible for
lated and experimentglvalues for the six-coordinate complexes the large decrease iA° down the halide series. The spin
[MoOFs)2~ and [MoOBy(H,0)]-. The calculated values dipolar terms are next in magnitude and likewise decrease down
reproduce the experimentally observed trgfl) < g(Cl) < the halide series. Least significant are the orbital dipolar terms
g(Br) for bothg (g;) andgn (gx, gy). For all three complexes, ~ Which parallel the calculated values afg and increase in
however, the calculated ordering gfandgg is inverted while magnitude somewhat down the halide series. These results
experimentally only the bromide and the chloride exhibit this agree with a previous studfy which attributes the large

feature. Also, with the exception gf; for [MoOFs)%-, all the difference betweeA"‘l"O andAY° to relatively large spin dipolar
calculatedy values are larger than the experimentally observed terms. Due to the small orbital dipolar contributions and the
values. complete anisotropy of the spin dipolar term, the average

Upon comparison of the results in Tables 7, 5, and 8 for Molybdenum hyperfine splittingsA¥°L] are dominated by the
[MOOFs]2~, x-[MoOCI4(H;0)]~, and x-[MoOBr4(H20)]", it Fermi contact.
is apparent that the magnitude of the ligand field contributions ~ Comparison of the molybdenum hyperfine analysis for the
to theg values increases modestly down the series. This effect five- and six-coordinate chloride species shows that the most
can be attributed almost entirely to the increasing mehtalide
covalency of the ligand field excited state orbitals since the (73) Solomon, E. IComments Inorg. Cherd984 3, 225-320.
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Table 12. Contributions to Calculated° Terms for Molybdenum Oxyhalide Aniofs

Swann and Westmoreland

[MoOCl4]~ x-[MoOClI4(H20)]~ +-[MoOCl4(H.0)]~ [MOOF5]2_ x-[MoOBr4(H20)]~ +-[MoOBr4(H20)]~
exp ref 43a 34 34 41c 41b, 22 41b, 42
A2A°(calc) —53.38 —45.62 —37.76 —60.02 —39.46 —30.76
A (exp) 83.19 74.7 74.7 90.1 66.0 66.0
A\;"O(calc) —25.13 —17.44 —-9.79 —23.98 —13.93 —4.30
Aﬁ"o(exp) 37.75 32.6 32.6 42.5 30.0 30.0
AY°(calc) —25.13 -17.01 -8.18 —23.98 -14.12 -3.13
A (exp) 37.75 326 326 425 30.0 30.0
[Al{calc) —34.55 —26.69 —18.58 —35.99 —22.50 12.73
Aexp) 52.90 46.6 46.6 58.4 42.0 42.0
A —37.33 —29.63 —21.60 —-41.15 —26.57 -17.15
Agl) —19.80 —18.86 —18.94 —25.39 —17.54 —18.49
A(/l) 10.53 9.86 9.55 12.49 9.43 9.58
Ail) 10.53 9.00 9.60 12.49 7.99 8.89
Agz) 3.75 2.87 2.78 6.52 4.65 4.88
A(/Z) 1.67 2.33 2.26 4.68 3.21 3.27
Aff) 1.67 3.62 3.82 4.68 4.46 5.13
a All values in units of 164 cm™. ® Values given are those reported for [MoGBT.
significant difference is in the Fermi contact terms. In addition, Table 13. Indirect Fermi Contact Contributions #"°
the rather surprising difference iWM° between the two 10%cm™? % O—Mo—X
alternative aqua geometries lies almost exclusively in the Fermi As coré 4s valenceMo  (deg)
contact term. Thus, the sensitivity of the molybdenum hyperfine free ion Mo(v) —78.1 —78.1 —68.1 100

coupling constants to coordination environment seems to pentacoordinated
originate primarily in the Fermi contact contribution. The  [M0oOCL]” e
excited state contributions tAM° appear only in the orbital Hizmggg:“gjﬂ,"b
dipolar terms and parallel those of thgevalues. Since these “[MOOF4(_§]—"D
terms are only minor contributors to the overall hyperfine hexacoordinated
coupling, they will not be considered further, except to note  [MoOFs]*~

ibuti 2) i ; +-[MoOCla(H20)]~
that the largest contributions @ are from the ligand field x-[MoOCIj(HiO)]-

—37.3 -40.9 -38.3 +3.6 62
—23.3-25.1-221 +18 63 99
—22.9 -26.0 -22.2 +3.1 63 99
—41.3 -41.2-40.1 -0.1 73 956

—41.1 -40.0-389 —-1.1 75 956
—21.5-25.0 -225 +35 62 99
—29.7 —36.9 —33.8 +7.2 61 99

and charge transfer states with large .mqubdenum d pharacters. “ 1 [MoOCly(H0)] > —38.3 —32.3 292 —6.0 67 105.25

Fermi Contact. There are two principal mechanisms for “x-[MOOCI4(H,0)] P —45.8 —50.4 —46.4 +4.5 63 105.25
Fermi contact interactiorf&:5473 Direct contact arises from net +-[MoOBrs(H,0)]~ —17.0 -21.0 -17.9 +4.0 61 97.69
spin density at the nucleus due to s orbital character in the *-[MoOBraH0)]  —26.5-322-285 +57 60  97.69

ground state wave function, while indirect contact reflects the
spin polarization of valence or core electrons by the unpaired
valence electron to give a net excess spin density at the nucleusextent of delocalization of the SOMO unpaired electron. The
For each complex with th€,, or +-Cy, geometry, the ground  valence term is smaller and is positive for all but the fluoride
state does not correspond to a totally symmetric representationcomplex.
in the point group of the ion. Thus, any direct Fermi contact In comparing [MoOC]]~ to the [MoOCk(H,O)]™ ions, a
contribution for the metal is precluded by symmetry consider- significant decrease is calculated in tAe term. While the
ations. For both of thex-C,, complexes, thejaground state calculatedg values are very similar for the complexes, the
SOMO character is entirely Mo 4d and pf and the direct calculated hyperfine splittings differ by {8.5) x 1074 cm?,
Fermi contact is negligibly small. Thus, significant Fermi depending on the orientation of the water molecule. These
contact in all the complexes must be entirely indirect, arising changes could be attributed either to the direct electronic effects
from polarization of valence and core electrons. Symmetry of the sixth ligand or to geometric distortions, primarily the
considerations also require for these complexes that any indirectdecrease of the ©Mo—Cl angle relative to the five-coordinate
Fermi contact terms arise from totally symmetric molecular complex.
orbitals since all other orbitals have nodes at the metal nucleus. In order to investigate more thoroughly the origin of the
Table 13 presents the contributions from core and valence differences inAr between the five- and six-coordinate species,
orbitals to the Fermi contact term both for the free Mo(V) ion calculations were performed on several “model” ions,,
and for the complexes under consideration. A detailed break- complexes with geometries different from those observed
down of the individual valence orbital contributions is given in crystallographically. Table 13 includes results for three model
the Supporting Information. ions: (1) the aqua chloride species with the water ligand
As noted above, the calculated valuesfpfdecrease down  removed, resulting in a flattened [MoQft geometry (denoted
the halide series. This trend is expected since the decrease irf[MoOCls(—)] ™); (2) the observed [MoOG]~ geometry but
metal character in the SOMO will decrease the extent to which with water added as a sixth ligand (denot@ddOCl,(H-0)] ~);
the unpaired electron polarizes the core orbitals on the metal.and (3) the [MoOE]2~ geometry in the absence of the axial
Itis clear from the calculated values in Table 13 that the major fluoride “[MoOF4(—)] .
contribution to the Fermi contact in all species is the polarization =~ Comparing A= for [MoOCI4(—)]~ with those of the two
of the core orbitals (particularly 4s) which yields a large, [MoOCI4(H,O)]~ species, little change is apparent. The dif-
negative contribution téAr. The magnitude varies with the ferences irAr for the x-C,, and+-Cy, structures for the most

a2 Core includes orbitals through Mo 45See text for definition.
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part disappear, and the resulting contact term is much closer to The calculations and analysis yield a number of general
that of the aqua species than to that of [Mo@CI| These results  conclusions regarding the EPR parameters of molybdenum
are also consistent with calculations using the observed oxyhalide anions. In all cases, tlgevalues are substantially
[MoOCl4]~ geometry but with a water molecule coordinated sensitive to metatligand covalency in the ground and excited
(“[MoOCl4(H20)] ). When A values from both of these state orbitals and to the influence of low-lying charge transfer
model geometries are compareddofor [MoOCl,]~, a modest excited states. The overestimation of covalency and the
increase in the Fermi contact term is observed upon the additionunderestimation of charge transfer energies leag} to g for
of the sixth ligand. TheAs value for {MoOF4(—)]™" is all the complexes, a result which is only experimentally observed
essentially identical to that for the six-coordinate species. for the bromide complex. The observed trendyin(Br > ClI
Overall, these results suggest that the differences between the> F) is, however, reproduced and can be attributed to the
pentacoordinated and the hexacoordinated species arise primarilyncreased metalhalide covalencies and lower charge transfer
from changes in electronic structure due to geometric distortion excited state energies down the series. Ligand -spihit
of the{MoOX,~} moiety rather than from specific axial ligand coupling becomes more important &s increases, but in no
electronic effects. Similar conclusions have been reached forcase is it the dominant contribution to the overpllalues. The
[M(CN)s]®~ (M = Co, Rh, Ir) species in terms of the effects of AM° values are dominated by Fermi contact contributions, while
small changes in the £-M—Cgq bond angles on the Fermi  their anisotropies are determined almost entirely by the first-
contact tern¥’ order spin dipolar coupling. The largest contribution to the
The origin of the large differences = between the aqua  Fermi contact comes from polarization of the 4s core electrons.
species with the same halides but different orientations of the The calculated sign oAV° is negative, and both the Fermi
water remains unclear. Itis, however, apparent that for similar contact and the dipolar coupling decrease in magnitude with
geometriedr is dominated by polarization of the 4s shell and increasing SOMO covalency.
is correlated with the ground state metal character of the SOMO.  Addition of a sixth ligand to a five-coordinate complex results

Ar is very sensitive to the geometry, primarily the.:Mo— in a decrease in the magnitudes of ¥ values but nearly
Leq angle, and appears to be somewhat sensitive to theidenticalg values. The results of the calculations indicate that
orientation of the aqua ligand. this is the result of the changes in geometry due to the

coordination of the sixth ligand and not to specific electronic
effects of the ligand. This conclusion is consistent with the

The calculations presented above provide insight into the experimental observation that, for a wide range of L, the EPR
origins of the relative magnitudes of the EPR parameters for a parameters of [MoOGL]~ are relatively insensitive to the
series of closely related complexes. The calculated values dospecific identity of L7
not, however, provide accurate estimates of the experimentally The conclusions presented above are consistent with the
determinedy andAM° values. A close inspection of the results results of fitting observed EPR parameters to a much simpler
of the calculations suggests a number of reasons for theseLCAO model3* The fitting approach, however, suggested that
discrepancies. The ADF calculations, like many density ground and excited state covalencies were more important than
functional approaches to transition metal complexes, tend to the contributions of charge transfer states. A comparison of
overestimate covalencdy. For example, while the ground and  the studies suggests that the density functional based calculations
excited state orbital metal characters in Table®4re similar seriously overestimate the contributions of low-lying charge
to those calculated in other density functional schef#é%3° transfer excited states. The calculational approach presented
they are all significantly smaller than those suggested by fitting in this work does, however, provide some advantages over the
the observed EPR parameters to a simplified model with simpler models. In particular, the previously described LCAO
adjustable bonding parametéfs.To a significant extent, the ~ modef* required independent measurement or estimation of
overestimation of covalency must reflect the inadequacy of the excited state energies, overlap integrals, and-spihit coupling
available basis sets, particularly with respect to polarization constants. The only external parameters required in the current
functions. The large covalencies also affect the calculated approach are the spirorbit coupling constants. In addition,
energies of the charge transfer states and thus the perturbatiosimpler models are limited to relatively high-symmetry (at least
expressions which are particularly sensitive to these energies.C4,) systems to keep the number of adjustable variables
In addition, for more accurate calculation of Fermi contact terms, manageable. The calculational approach described above is
better all-electron basis sets will need to be developed. easily extended to systems of low or no symmetry.

The deficiencies in the basis sets are, however, systematic. .
It would thus be expected that while the experimentally observed ~Acknowledgment. Prof. G. A. Petersson is acknowledged
EPR parameters will not be accurately reproduced, the trendsfor providing cqmpytatlonal facilities and for helpful d|§cu35|pns.
in the parameters for a series of related complexes should peProf. S. E. Novick is also acknowledged for helpful discussions.

reasonably reflected in the calculated values. As described in Supporting Information Available: Text giving details of matrix

the analysis above, the calculated values do reproduce thegjement evaluation methods and tables comparing selected calculated
experimentally observed trends. Thus the calculations canmatrix elements to their analytical values, calculated valence orbital
provide insights into the origins of the observed EPR parametersenergies and compositions and experimentally assigned excited state
if interpreted within a context of closely related compounds. energies for [MoOF?~, [MoOCIs(H-0)] ", and [MoOBi(H.0)]~, and
individual valence orbital contributions to the Fermi contact for all

(74) In a previous X—SW approach to copper(ll) complex&sadjustable species (20 pages). Ordering information is given on any current
sphere sizes were employed to minimize these effects. masthead page.
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