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The principal g values of a series of [MOX,]"™ (M = V", Cr¥, expressions of Stone’s formula were adoptaéd—23. In
Mo¥; X = F7, CI", Br'; n = 4, 5;m = 1, 2, 3) complexes are  sych a model, merely the contributions by the lowest-lyin
calculated by the INDO-CI-Stone method. The results agree well  aycited states of symmetr, and E are included for
with the exp_eri_me_ntal (_Jlata and rt_eveal that the traditional models calculating theg shifts (deviation ofy value fromg.). Since
have_some limitations in »calculatlng g values for some complexes some important contributions by the higher lying states ma
O this type.  © 1999 Acadernic Pres . be ignored, most of these works can only approximatel
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Cl=Stone model. interpret the anomalous relationship (_)@H > g,"” men-
tioned above; none of them gave quantitative interpretatior
of the highg value which is greater thag.. Here we adopt

INTRODUCTION the CI-Stone formula24), which is established on Stone’s
second-order perturbation theor5j, and configuration

The electronic structures of complexes containing thieteraction to calculate the principglvalues of a series of
molybdenyl (MG") or vanadyl (VG*) group continue to be [MOX,]™ (M = V", Cr', Mo"; X = F,CI",Br;n = 4,
of interest largely due to their relevance to the active sitesbf m = 1, 2, 3) complexes listed in Table 1. The INDOSCI
molybdenum and vanadium oxidoreductase enzynme$§)( procedure developed by Zernetral. (26-29 is assumed in
and the vanadyl group attracts more and more attention fander to get the multiconfiguration wavefunctions and exci
its dominant role in crude oil in poisoning hydrodesulfutation energies.
rization catalysts@, 7). A major contribution to the current
understanding of the structures of these metal active sites
has come from EPR spectroscopy. The vanadyl, chromyl, CALCULATION
and molybdenyl ions (V& , CrO*", and MoG") are elec-

tropically equ.ivalent._ The rglatively simple_optical and.mag- All INDO parameters are taken from the literatu26(
netic properties which arise from the simple unpaittd 30 The Slater orbital exponents of molybdenum are take
electron and the apprpxma‘t_@4v symmgtry ha\(e madg as £(4d) = 2.594 (2.432)£(5S) = 1.447 (1.429) 26).
these systems of particular interest. Simple ligand fielgy|yes of the ionization potentials, the binding parameter:
models ford" systems in axial symmetry predict that the 44 the one-centered two-electron integrals are summariz

values should be in the orde8 {10 in Tables 1 and 2. All complexes of interest in this paper ca
be assumed to havg,, symmetry. Their coordination sys-
9e > 9.(=0xy) > 9)(9y). tems are shown in Fig. 1. The geometry parameters of t

anions MOX;]"" and [MOX,]™ are given in Table 3.
However, the anomalously largevalues @ > g.) and the Except for the geometry parameters of [VQPF,
“reversed” trend ¢, > g,) are often observed in some[CrOBr,] ", and [CrOBE]? ", which are first estimated in this
metal oxyhalide complexesl{-16. Up to now, all calcu- work, all other parameters are taken from the literatur
lations ofg values for this type of complex are reported by11-16. Table 4 lists the spin—orbit coupling constants
the use of ligand field theory in which the approximatghich are taken from Dunn’s table81). Ay, is taken from

Mo*" since the effective charge on molybdenum in the

L This work was supported by the National Natural Scientific Foundation Si€Nntahalogeno-oxo-molybdate anions is expected to be le
China and the Natural Scientific Foundation of Fujian Province. than its oxidation number by about two unit82f. The
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TABLE 1
lonization Potentials 1(eV) and Binding Parameters B(eV)

TABLE 2
One-Centered Two-Electron Integrals vy, (eV)

Atom —Bs —B —Ba —ls I —lg  Atom Vss Yoo Vs Yoa Yad

F 39.0 39.0 39.39 20.86 V 5.07 5.07 6.01 6.01 8.91
(6] 34.2 34.2 32.90 17.28 Cr 5.60 5.60 6.60 6.60 9.81
cl 18.0 18.0 25.23 15.03 6.00 Mo 5.57 5.57 6.38 6.38 9.25
\% 1.0 1.0 21.0

Cr 1.0 1.0 23.0 8.07 5.04 10.66

Mo 1.0 1.0 21.83 (6.97) (4.06) (7.43)

occupied MO ofb; symmetry.b, is the half-filled MO.

b,(u) is the highest-lying unoccupied (or virtual) MO bf

symmetry, and similar indications can be extended to a
INDO calculation (without Cl) indicates that the ground/1OS: O O, o1, Por, deny), €IC., are group orbitals of
state of these types of complexes isBa symmetry. The !lgands in appropriate symmetrgi, = py, + P — Pys —
excited states are generated by limited configuration intfx’ O = p_xl ~ P T Pe T Py U :_pzl ~ P2t Ps
action 26, 29 among configurations formed by single-elec- P#: b1 = 517 S t S3 7 Sa ibe(”) = (Pua t Par Pz
tron excitation from occupied MOs into unoccupied or virt Pi)s @y = (P = Py P2 = Pa)s Yoty = (Pyn F
tual orbitals determined in INDO calculations. There arg”® P2 Pa)-
five types of relevant configurations shown in Fig. 2
(33, 39. As our calculation shows, the dominanshifts are
contributed by types 0, 1, and 2 in Fig. 2, and each of these
configurations corresponds to a single half-filled MO; there-
fore, for explicity, we use the same symbol to indicate thﬁ]
half-filled MO and the corresponding configuration. In thi

paper, we designate lowercase letters (bg, b,, ande) to 5.k of experimental EPR data of [VOBF, [CrOBr] ",
be the indications of MOs and uppercase letters Be.B2,  [croBr.]?", and [MoOBg] , their calculatedy values can be
and E) to be the state wavefunctions. Table 5 lists thgonsidered to be the predicted parameters. Among these co
atomic orbital combination of some important MOs, Whefﬁlexes, only the calculation of value for [MoOBL] ™ was

n or mcan be taken as 1, 3,. . .indicating that MOs of the reported {1); [VOBr,]*", [CrOBr,] ", and [CrOBE]>” are cal-
same symmetry have the same combination, and they @(fated for the first time. From Table 6, it can be shown that th
ordered by energy.H,(0) indicates the highest-lying occu-INDO-CI-Stone calculations agree well with the experimente
pied MO of b, symmetry. d,(0) indicates the subhighestdata and get some improvement over thenethod as a whole.

RESULTS

The principalg values calculated by the INDO-CI-Stone
ethod in this work are given in Table 6, compared with the
@xperimental data and the results of ghemethod (1). For the

-
N
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N
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Xs—Zey = X

1

X,

(b)

(M=V, Cr, Mo, X=F, Ci, Br)

FIG. 1.

The coordination systems oMOXs]" (a) and MOX,]" (b).
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TABLE 3
Geometry Parameters
Anions M-O(A) M—Xoo(R) M—X(A) <O-M—X(%) Ref.

[VOF,]* 1.63 1.97 98.5 11
[VOF]* 1.63 1.97 2.16 90 11
[vocl,)? 1.63 2.42 98.5 12
[VOCI4* 1.63 2.42 2.67 90 11
[VOBr,]* 1.65 2.52 98.5 This work
[CrOF,] 1.519 1.79 104.5 11
[CrOFR)* 1.519 1.79 2.01 90 11
[CrOCl,]~ 1.519 2.24 104.5 13
[CrOCIs)? 1.519 2.24 2.389 90 11
[CrOBr,] - 1.549 2.34 104.5 This work
[CrOBrg]* 1.549 2.34 2.349 90 This work
[MoOF,] 1.61 1.88 105.2 11
[MOOF]* 1.61 1.88 2.02 90 14
[MoOCl,]~ 1.61 2.39 105.2 13
[MoOClIg)? 1.61 2.39 2.59 90 15
[MoOBr,]~ 1.64 2.49 105.2 11
[MoOBrs]* 1.64 2.49 2.49 90 16

# Crystal structures.
® M—X., is taken as the average value over the four equatorial bond lengths.

The residual errors (Er) can be applied to compare the cal@ontributed by the listed states occupy more than 95% of tf

lations of the two methods, total g shifts, which include the contributions from all calcu-
lated states (more than 20), the contributions of other states c

Er, = > [gy(cal; — g,(expi]¥> [g,(exp;]? be neglected. From Table 7, we can see that the excited sta
i i of symmetryB, only contribute tog, shift, and the states of
) ) symmetryE only contribute tog, shift. This is because the
Er, = E [9.(cab; — g.(expi] /Z [9.(expil*, excited states contribute g shift only by mixing with the
' ' ground stateB,. With the exception of

where the summation is over all comparable complexes for

which the experimental data and the calculated values by two (Bo|€,/By) # 0
methods are available. The Eand Er, given by the INDO- (BJ|(,|E) # O
Cl-Stone method are 2.2 10™* and 1.7x 10°*, which are 2
several times smaller than those givenypy 1.1 X 107° and (B,|¢,|E,) # 0,
1.3 X 10°%, correspondingly.

DISCUSSION

Tables 7a—7f list the CI coefficients of the dominant excited™~— ———— === ————= ———=
states and their contributions ® shifts. Since they shifts ﬂ*_——_ _—_—i:— j_—_*
— A e e e
—M— —AN— A A= N
TABLE 4 AN— A AN A
Spin-Orbit Coupling Constants A (cm™) —_—— —_—— ———— ———— ===

Reference

V(IV) Cr(V) Mo(V) o F Cl Br State
0 1 2 3 4

210 300 890 151 272 587 2460

FIG. 2. The five types of configurations of interest in the calculation.
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TABLE 5 [CrOBr,]~ and [CrOBEk]*, where it would give the under-
Combinations of the Important MOs estimatedg, components.

Combination From Table 8 we can get the total shifts simply by adding

up theg, shifts contributed bye(u) andE(0). It can be shown

MO Metal Ligand that the complexes with the same metal center have gose
b, d, 0us shifts, which indicates that the varieties in the halogen ligan
b, (u) dezy2 0y make little difference to theig, components. For the same
nb, (o) dyz.y2 b1, Vo1, Gin reason, as the penta-coordinated complex and the analog
aey()(::()o) g 3& ii: ::3 i;z six-coordinated complex with the same metal and haloge

ligand have closg values, it is revealed that the halogen aton
in the second axial position has little effect on the magneti
properties.

Table 9 lists theg, shifts contributed byB,(u) and the
the other angular momentum operator matrix elements are zexerall g, shifts contributed bynB,(0) (n = 1, 2, or 3).
because of the unmatched symmetry. First let us look at the fluorides. The positivg shifts

The g, shifts contributed bye(u) andnE(o) (n = 1, 2, contributed byB,(0) are far less than the negatige shifts

3) are given in Table 8. It can be shown thgt shift is  contributed byB,(u), so the ignorance d,(0) in the ligand
dominantly contributed byE(u) in negative; only a small fie\4 MO models p1-23 still gives reasonable results in

{)Corscl)tg/re]_glanséhl[f(t:rgBécz)p)tnbAuste; rgguﬁt(oior(iﬁzzgt c]:;)rL calculatingg, components of the fluorides. Second, for the
4, . ’ -

plexes, the relationship isg, < g..” which is in agreement bromides, the situation is contrary. The positigge shifts

with the simple ligand field theory. In the reported ligan§Ontributed byB.(0) are far greater than the negatige
field MO models 21-23, only E(u) is included for calcu- Shifts contributed byB,(u), so the bromides havg, com-
latingg, components of 1OX,] ™, and now it is proved to ponents greater thag.. Especially for the chromium bro-
be a reasonable approximation in most cases, except foides, the smalf, shift contributed byB,(u) is negligible

TABLE 6
Calculated and Experimental g Values

Gea (INDO—CI—Stone) Jea (Xa) Jexp
Complex 9 9. 9 9. el 9. Ref?

[VOF,* 1.9397 1.9771 1.938 1.955 1.932 1.973 35
[VOF4* 1.9412 1.9850 1.937 1.944 1.937 1.977 36
[vocl,* 1.9331 1.9808 1.948 1.968 1.948 1.979 37
[VOCIs)* 1.9485 1.9904 1.947 1.962 1.945 1.985 38
[VOBr,* 2.0039 1.9885

[CrOFR,]~ 1.9665 1.9751 1.959 1.967 1.959 1.968 36
[CrOF)* 1.9622 1.9695 1.963 1.943 1.961 1.975 39
[CrOCl] 2.0033 1.9758 2.040 1.980 2.006 1.979 36
[CrOCls) > 1.9906 1.9752 2.043 1.966 2.008 1.977 40
[CrOBr,] - 2.0730 1.9812

[CrOBrs]* 2.0630 1.9776

[MoOF,]~ 1.8883 1.9332 1.898 1.927 1.895 1.925 35
[MoOF]* 1.8838 1.9293 1.903 1.869 1.874 1.911 36
[MoOCl,] ™~ 1.9693 1.9428 1.994 1.946 1.965 1.947 35
[MoOCIg* 1.9551 1.9369 1.980 1.917 1.963 1.940 36
[MoOBr,] ™~ 2.0812 1.9426 2.141 1.947

[MoOBrs]* 2.0925 1.9418 2.090 1.945 23

* References for the experimental data.
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TABLE 7a
The Dominant Contributions to g Shifts for [VOX,]*~ (X = F, Cl, Br)

Composition of configuration Excitation g, shift g, shift
X State and MO (%) energy (cm') (X107 (x107%)
F B, 98[864d,,] 0 0 0
B.(u) 100[79,, ,21801,] 16200 —68.10 0
B.(0) 97[18&d,,-,80604] 87890 5.19 0
E.(u) 97[69,,18p,,7d,,] 12067 0 —27.40
E.(0) 73[12A,,61p,23¢.d + 25[12d,,61p,,23¢] 34990 0 2.16
Total g-shift -62.6 —-25.2
Cl B, 92[79,,216,,] + 8[21d,,776.,] 0 0 0
B.(u) 100[79,, ,21801,] 12269 —90.29 0
1B,(0) 54[18&d,,-,,676,:] + 46[850,] 23700 17.59 0
2B,(0) 46[18d,,-,,6760,] + 54[850,] 34078 3.37 0
E(u) 81[62,,14p,,10d,,] 14267 0 —23.20
E(0) T7[44)37ded 30cd 36044 0 0.86
Total g shift —69.2 —215
Br B, 90[74d,,2564,] 0 0 0
B.(u) 100[79,,-,,1961,] 18975 —28.56 0
1B,(0) 47[19%,,-,,67601] + 53[8804] 41437 22.64 0
2B,(0) 53[1%,,-,670r:] + 47[886,,] 43690 7.4 0
E(u) 91[50d,,19d,,] 14267 0 —17.40
E.(0) 85[81pedlded + 12[11p.,81de,] 36044 0 2.80
Total g shift 1.7 -13.3
TABLE 7b

The Dominant Contributions to g Shifts for [CrOX,]” (X = F, Cl, Br)

Composition of configuration Excitation gy shift g, shift
X State and MO (%) energy (cm") (X107 (x107%)
F B, 99[71d,,296,,] 0 0 0
B, (u) 100[71d,,-,266,,] 23390 —45.51 0
B,(0) 97[21d,,-,,6161,] 90766 8.67 0
E,(u) 88[64d,,28p,;] + 12[64d,,28p,.] 12340 0 —-29.35
1E,(0) 100[25,,6 706, 64667 0 1.17
2E,(0) 100[41p,,32d,,10¢¢,15¢.,] 96057 0 0.88
Total g shift —-35.8 —27.2
Cl B, 92[62d,,380,,] + 8[38,,6164,] 0 0 0
B (u) 100[6,, ,,2764;] 20540 —-49.11 0
1B,(0) 97 [7 W1 216,,] 23000 11.03 0
2B,(0) 96[28d,, 1,520,191 25680 37.62 0
3B.(0) 100[96d1,] 51293 1.43 0
E,(u) 71[66d,,21p,,9¢e] + 28[66d,,21p,:9¢.,] 13500 0 —-30.57
E,(0) 95[8 e 6P 10l 36044 0 2.1
Total g shift 1.0 —-26.5
Br B, 90[58d,,416,,] 0 0 0
B, (u) 100[66d,,-,296,,] 23000 -1.4 0
1B,(0) 95[77¢,,1661,] 32153 25.2 0
2B,(0) 95[30d,; 124901 19¢] 39963 46.5 0
E,(u) 93[62,,250., 15000 0 -325
E.(0) 100[82p¢,100.,] 29106 0 12.0

Total g shift 70.7 —-21.3
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TABLE 7c
The Dominant Contributions to g Shifts for [VOX:]*~ (X = F, Cl)

Composition of configuration Excitation g, shift g shift
X State and MO (%) energy (cm) (1073 (1073
F B, 99[89d,y] 0 0 0
B, (u) 100[75,,-y,2141] 17520 -72.21 0
B,(0) 97[19,,-,,80,] 99230 7.45 0
E,(u) 99[67d,,22p,] 11410 0 —31.52
E.(0) 84[41p,,2319d,,] 29130 0 3.09
Total g shift —-64.5 —-28.4
Cl B, 91[78d,,21,,] + 8[21d,,78y,] 0 0 0
B,(u) 99([76d,,-,20,] 14628 —101.21 0
1B,(0) 47[35,,_p4 7] + 53[724] 83450 29.12 0
2B,(0) 53[35,,-,4 7] + 47[724] 34078 1.39 0
E,(u) 69[62,,14p,,10.] + 30[62d,,14p,,10.,] 21281 0 —26.35
E.(0) 89[39,,45., 31550 0 1.29
Total g shift —70.1 —24.7
TABLE 7d

The Dominant Contributions to g Shifts for [CrOX;]*” (X = F, Cl, Br)

Composition of configuration Excitation g, shift g, shift
X State and MO (%) energy (cm") (X107%) (x107%)
F B, 98[74d,,2764,] 0 0 0
B.(u) 100[71d,,-,,2561,] 22746 —49.25 0
B.(0) 100[21d,,-,,7461,] 87656 9.16 0
E.(u) 98[67d,,23p,.] 11310 0 —36.55
E«(0) 88[460,0:39¢ 1 1¢h e, 7d,,5P 0] 27845 0 3.35
Total g shift -40.1 -32.3
Cl B, 92[62d,,360,,] + 8[37d,,640.,] 0 0 0
B.(u) 100[69,,-,,29601,] 20904 —48.70 0
B.(0) 100[27,,-,,7161,] 30322 36.80 0
E.(u) 69[44d,,18d,,14p,,] + 29[44d,,18d,,14p,,] 13783 0 —30.48
E«(0) 43[25,44¢.,11¢.,12pys] + 27[16¢e,55p4s] 26000 0 1.14
Total g shift -11.7 27.1
Br B, 91[59,,4164,] 0 0 0
B.(u) 100[6M,,-,,3161,] 26720 0.19 0
1B,(0) 100[100Gh] 38011 0.25 0
2B,(0) 100[29,5-1271641] 43969 60.24 0
E(u) 92[34d,,4260,,] 14762 0 —37.33
1E,(0) 78[580.,8¢cd + 18[450s410] 19081 0 2.80
2E,(0) 66[450,,41¢.,] + 12[580.8¢.] + 14[34d,420.] 25234 0 10.56

Total g shift 60.7 —24.7
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TABLE 7e
The Dominant Contributions to g Shifts for [MoOX,]™ (X = F, Cl, Br)

Composition of configuration Excitation g, shift g, shift
X State and MO (%) energy (cm") (X107%) (x107%)
F B, 100[71d,,296,,] 0 0 0
B,(u) 99[71d,,-,21611] 21000 —155.0 0
1B,(0) 99[20d,2-2590,118¢11] 50135 33.0 0
2B, (0) 98[88&d,, 0] 82311 6.66 0
E,(u) 98[58ad,,4d,,24p,,] 13000 0 —75.69
1E,(0) 99[41p,,30¢ ;54 32190 0 3.54
2E,(0) 100[21940270,,23¢ ;1 8¢, 80927 0 2.5
Total g shift —114.0 —69.1
cl B, 94[58d,,416,,] + 6[42d,,586,,] 0 0 0
B.(u) 100[66d;-1227011] 24600 —111.83 0
1B,(0) 10028, ,218¢1,15260] 34003 67.27 0
2B,(0) 100[7 App1216011] 29000 8.64 0
3B,(0) 100[502-y295¢r01] 98023 2.86 0
E,(u) 70[35,,29d,,12p,,10p,.] 14300 0 —-67.66
E.(0) 96[30d,.64py] 32800 0 4.29
Total g shift —33.0 —59.7
Br B, 93[55d,,4501,,] + 7[450,,5501,] 0 0 0
B,(u) 100[64,,-,»296,1] 25730 —59.84 0
1B,(0) 100[76),,216,,] 26000 26.01 0
2B,(0) 100[49,,31d,, ,,181,] 35000 109.70 0
E.(u) 44[48)e,32de,] + 21[48e32¢ 16810 0 —63.82
+ 25[54d,,32¢r,,] + 10[54d,,32¢.,]
Ex(0) 34[48).,32¢.] + 62[54d,,32(.,] 19000 0 3.0
Total g shift 78.9 -59.7
TABLE 7f
The Dominant Contributions to g Shifts for [MoOXs]>~ (X = F, Cl, Br)
Composition of configuration Excitation g, shift g, shift
X State and MO (%) energy (cm") (x107% (x107%)
F B, 100[71d,,2864,] 0 0 0
B.(u) 100[71d,, ,,2361,] 22000 —134.4 0
B,(0) 100[49,, ,416,4] 106073 16.0 0
E.(u) 88[3&d,,27d,,] + 12[38d,,27d,,] 13100 0 —77.4
E.(0) 52[d,,556.,] + 46[6d,,550.,] 60006 0 2.0
Total g shift —118.5 —73.0
Cl B, 94[69,,236,,] + 6[40d,,600,,] 0 0 0
B.(u) 100[6M,, ,290.,] 23000 -122.6 0
1B,(0) 100[2 5 27 141] 32100 75.5 0
2B,(0) 100[810,;14d,,-,,] 36363 1.8 0
E.(u) 100[41d,,17d,,37p,024P o) 13800 0 -71.9
1E,(0) 87[61p,,29d,,] + 13[61p,,29d,,] 0 1.0
2E,(0) 10[42¢$,30¢,15¢.,22p,s] 72610 0 25
+ 41[42¢ex30¢ex15¢'ex22px5] + 40[86px5]
Total g shift —47.2 —65.4
Br B, 92[56d,,440:,] + 7[43d,,570,,] 0 0 0
B.(u) 100[56d,,_,,440,] 21280 -75.1 0
B,(0) 100[29,, ,,676}4] 26530 165.1 0
E.(u) 89[27d,,24d,,13p,s12p,s] 14290 0 —77.6
E.(0) 94[580,,28d,] 24100 0 15.2

Total g shift 90.7 —60.3
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TABLE 8
g, Shift Contributed by E(u) and E(0) (x107%)

X=F X = ClI X = Br
Complex E(u) E(0) E(u) E(0) E(u) E(0) 2.
MoOX, —75.69 6.04 —67.66 4.29 —63.82 3.00 3
MoOXs~ —77.4 2.00 —71.90 3.50 —77.6 15.20
CrOX, —29.35 2.05 —-30.57 210 —-3250 12.00 4
Croxz” —36.55 3.35 —30.48 1.14 —37.33 1336 5
VOX;~ —27.40 216  —23.20 0.86 —17.40 2.80 6
VOX3~ -31.52 3.09 -26.35 1.29
7
8

compared with that ofB,(0). Therefore,B,(0) must be
included in the calculation o, components of bromides;
otherwise we would get erroneous results f@; “< ge,”
which is contrary to the experimental data. Last, in the.
chlorides, they, shift from B,(0) is between that of fluorides
and bromides. In the molybdenum chloride complex, ghe 12
shift by B,(0) is more than half of that b,(u), and even 1.
in the chromium analogue, the two terms are equivalent, so
we cannot ignore the contributions 1B4(0) in calculating 14.
the g, component of molybdenum or the chromium chlorides.
complex. But in the vanadium chloride complex, theshift

by B,(0) is far less than that d8,(u), soB,(0) can be safely 16.
ignored. 1

Summarizing the analyses above, we come to the followin
conclusions:

10.

7.
g
18.

(1) For the vanadium and fluorine complex, the calculd?
tion of g, with only the inclusion ofB,(u) may give the
gualitative explanation of the EPR data, but for the chro--
mium (or molybdenum) chlorine (or bromine) complex,,
1B,(0), 2B,(0), . . .must be included.

(2) In the calculation ofy, for all the complexes in this .
series, only the lowest-lying(u) need to be included.

TABLE 9

87
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