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Dipolar hyperfine-coupling parameters for transition-metal nd all 521 computed points (the tabulated wavefunctions pub-
and (n / 1)p orbitals and isotropic hyperfine-coupling parameters lished by Herman and Skillman included every fourth point).
for (n / 1)s orbitals are computed from SCF–Hartree–Fock– The modifications also included extrapolation of s-orbital
Slater atomic orbitals. The parameters depend strongly on elec- wavefunctions to r Å 0, using a quadratic fit to the first 20
tronic configuration, particularly on the number of d electrons, points. Computations were carried out for each of the 24
and empirical equations are presented to allow computation of the

elements of groups 4–11 (IVA–IB) for the 14 configurationsparameters, given an assumed configuration. q 1997 Academic Press
listed in Table 1 (the SCF program failed to converge for
the 3d 94s1 and 3d104s1 configurations of Ni and Cu, respec-
tively; thus for these two elements, only 13 configurationsINTRODUCTION
were used).

There have been several compilations of atomic parame-
RESULTS AND DISCUSSIONters for use in the interpretation of nuclear hyperfine cou-

plings observed in electron paramagnetic resonance spectra
On inspection of the computed results, it became apparent(1–4). The compilation of Morton and Preston (3), which

that all three parameters— »r03
…nd, »r

03
…(n/1)p, and c(0)2

(n/1)s—was based on SCF–Hartree–Fock–Slater atomic orbitals,
depend strongly on the number of nd electrons and lesscomputed and tabulated by Herman and Skillman (5), has
strongly on the number of (n / 1)s and (n / 1)p electrons.been most widely used and has generally given results which

are at least consistent with electron conservation and expec-
tations based on semiquantitative MO theory considerations.

TABLE 1This compilation has several shortcomings, however, which
Electronic Configurations Used in Computationsare particularly serious for the transition metals. Since pa-

rameters are given only for the ground-state configurations
Charge nda Dnd (n / 1)s (n / 1)pof neutral atoms, e.g., [Ar]3d 54s1 for Cr and [Ar]3d 54s2 for

Mn, significant errors may result when applied to transition- 0b g 0 1 /1 1 0
metal complexes or organo-transition-metal radicals in 0 g 0 1 /1 0 1

0c g 0 2 0 2 0which the effective configuration is different. Several EPR
0 g 0 2 0 1 1spectra have been reported which exhibit metal hyperfine
0 g 0 3 01 2 1structure which can be understood only by postulating a
1 g 01 /1 0 0

significant contribution of an (n / 1)p orbital to the singly 1 g 0 2 0 1 0
occupied molecular orbital (SOMO) (6, 7). Again since only 1 g 0 2 0 0 1

1 g 0 3 01 2 0ground-state configurations were considered by Herman and
1 g 0 3 01 1 1Skillman, there is no way to evaluate the magnitude of this
2d g 0 2 0 0 0contribution. For these reasons, the computations of Herman
2 g 0 3 01 1 0

and Skillman have been extended, using a slightly modified 2 g 0 3 01 0 1
version of the original FORTRAN program. 3 g 0 3 01 0 0

a g, group number.COMPUTATIONS
b Ground-state configuration for Cr, Cu, Nb, Mo, Tc, Ru, Rh, Ag, Pt,

and Au.
The original SCF–Hartree–Fock–Slater program of Her- c Ground-state configuration for Ti, V, Mn, Fe, Co, Ni, Zr, Hf, Ta, W,

man and Skillman (5) was modified to include computation Re, Os, and Ir.
d Reference configuration in this work.of »r03

… for p and d orbitals by numerical integration using
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141HYPERFINE COUPLING FOR TRANSITION METALS

TABLE 2
EPR Hyperfine Coupling Parameters

a From Ref. (8)
b Factor defined by Eq. [4].
c Parameters A, B, C, and D refer to Eqs. [1]–[3]; number in parentheses is uncertainty in last digit(s).

In other words, the parameters are influenced by shielding »r03
…(n/1)p Å A / BDnd / Cns, [3]

effects rather than net charge. The results can be summarized
where Dnd Å nd 0 g / 2, g is the group number, ns is theaccurately by the empirical equations
number of (n / 1)s electrons, and np is the number of (n /
1)p electrons. The results for the 14 configurations were»r03

…nd Å A / BDnd / Cns / Dnp [1]
fitted by least-squares analysis to Eqs. [1]–[3] to give the
parameters A–D shown in Table 2; the uncertainties quoted8p

3
[c2(0)](n/1)s Å A / BDnd / Cns / Dnp [2]

are from the least-squares-fitting procedure. The parameters
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TABLE 2—Continued

(and uncertainties) for the Eq. [2] parameters include the from the least-squares parameters A–D by multiplication by
the factor F given bysemiempirical relativistic correction determined by Morton

and Preston, [1 / (3.9 { 0.1) 1 1006 Z 3]. The overall errors
in the fits to Eqs. [1], [2], and [3] were less than about 0.5,

F Å gegNm0mBmN

4ph1.5, and 2.5%, respectively.
Note that the parameters A represent values of »r03

…nd,
1 (6.74834 1 1030 au3 m03)(1006 MHz s01), [4](8p/3)[c2(0)](n/1)s, and »r03

…(n/1)p for the usual ground-state
configuration of the 2/ ions, or for a transition-metal atom
in a molecule with g 0 2 nd electrons and traces of (n / where gN Å m/I. The F factors are given for each of the
1)s and (n/ 1)p electrons contributing to the filled molecular transition-metal isotopes listed in Table 2 with m taken from
orbitals. the Handbook of Chemistry and Physics (8). Thus, for exam-

ple, the dipolar coupling parameters P3d and P4p and 4s iso-The EPR parameters Pnd, P(n/1)p, and A(n/1)s are obtained
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143HYPERFINE COUPLING FOR TRANSITION METALS

TABLE 2—Continued

tropic coupling for the 3d54s2 and 3d64s1 configurations of
P4p Å F»r03

…4pMn are
Å 132.53(2.96 0 1.88 0 1.08) Å 0 MHz

P3d Å F»r03
…3d A4s Å Fc(0)2

4s

Å 132.53(4.841 0 0.064 1 2) Å 625 MHz Å 132.53(53.6 0 2 1 7.6) Å 5089 MHz

P3d Å F»r03
…3d A4s Å Fc(0)2

4s

Å 132.53(4.841 0 0.559 0 0.064) Å 559 MHz Å 132.53(53.6 0 17.8 0 7.6) Å 3737 MHz.

P4p Å F»r03
…4p These results demonstrate the sensitivity of the hyperfine-

coupling parameters to the d-electron count, particularly forÅ 132.53(2.96 0 2 1 1.08) Å 106 MHz
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TABLE 3
Parameters for Inner-Shell s Orbitals for the nd 2 Configurations

P4p, and underscore the understanding that spin densities from those in the Morton/Preston tabulation; there are sev-
eral reasons for these differences: (i) Because four times asobtained from EPR dipolar couplings alone should be treated

as order-of-magnitude estimates at best. many points were used, the numerical integrations are
slightly more accurate in the present work than those basedThe parameter P3d Å 625 MHz for the 3d 54s2 configura-

tion of Mn can be compared with the value given by Morton on the Herman–Skillman-tabulated wavefunctions; thus, for
Mn, Morton and Preston found »r03

…3d Å 4.721 comparedand Preston, 622.1 MHz, based on the same configuration
(3). Most of the present values are similarly slightly different with 4.7177 for the same configuration but with 521 points.
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145HYPERFINE COUPLING FOR TRANSITION METALS

TABLE 4(ii) The least-squares parameters are subject to fitting error;
Spin Density Calculations for [Re2(m-H)2(CO)8]0in the case of Mn, the least-squares parameters give »r03

…3d

Å 4.713, 0.1% smaller than the actual computed value. (iii)
Configuration P5d P6p r5d r6p rtotalThe magnetic moments used in the present tabulations are

from a more modern tabulation and differ slightly from those d3s1 1440 1866 0.211 0.087 0.596
used by Morton and Preston; thus, the factor F used for d 4 1348 1645 0.226 0.099 0.650

d4s1 1315 1297 0.231 0.125 0.712Mn in the Morton/Preston tabulation was 131.8 MHz, 0.6%
d 5 1223 1075 0.249 0.151 0.800smaller than the present value.
d 5s1 1190 727 0.256 0.224 0.959The parameters Pnd and P(n/1)p are used in practice with
d 6 1098 515 0.277 0.322 1.198

an angular factor to compute the electron-nuclear dipolar
coupling. The components of the hyperfine matrices for the
SOMO of Eq. [5] are given by Eqs. [6] (9):

third contribution usually dominates. Although at present
ÉSOMO… Å az2Éz 2

… / ax20y2Éx 2 0 y 2
… / axyÉxy… there is no adequate theoretical way of predicting the Q

parameters, they are expected to be proportional to (8p// axzÉxz… / ayzÉyz… / rrr [5]
3)c2(0) and inversely proportional to (End 0 Es). These

Axx Å 2
7Pnd(0a

2
z2 / a

2
x20y2 / a2

xy / a2
xz parameters, obtained from the present computations, are

given in Table 3 for the standard M2/ configuration, Dnd0 2a2
yz 0 2

√
3ax20y2az2) [6a] Å ns Å np Å 0. The inner-shell s parameters are relatively

insensitive to Dnd, ns, and np.Ayy Å 2
7Pnd(0a

2
z2 / a

2
x20y2 / a2

xy 0 2a2
xz

An (n / 1)p-orbital contribution to the SOMO has been
/ a2

yz / 2
√
3ax20y2az2) [6b] postulated in cases where, for reasons of symmetry, a non-

axial hyperfine matrix cannot be explained by nd-orbitalAzz Å 2
7Pnd(2a

2
z2 0 2a

2
x20y2 0 2a2

xy / a2
xz / a2

yz) [6c]
contributions alone. For example, Kawamura and co-work-

Axy Å 2
7Pnd(02

√
3az2axy / 3axzayz) [6d] ers (6) obtained EPR spectra of [Re2(m-H)2(CO)8]

0 (D2h sym-
metry) and found a markedly nonaxial 185,187Re hyperfine

Axz Å 2
7Pnd(

√
3az2axz / 3axzax20y2 / 3ayzaxy) [6e]

matrix (278, 105, 393 MHz) (all assumed negative). MO
arguments suggested that the SOMO is of b1g symmetry withAyz Å 2

7Pnd(
√
3az2ayz 0 3ayzax20y2 / 3axzaxy). [6f]

possible dxy and py contributions, each of which gives an
axial hyperfine matrix, but with different major axes, asThus, a SOMO with a hybrid d-orbital contribution may
shown byhave a nondiagonal hyperfine matrix in the xyz-axis system,

in other words, principal axes which differ from the molecu-
lar axes. If there are p-orbital contributions to the SOMO,

A Å As / 2
7P5dr

5d F1 0 0
0 1 0
0 0 02

Gas in Eq. [7], the additional dipolar matrix element terms
are given by Eqs. [8]:

ÉSOMO… Å bxÉx… / byÉy… / bzÉz… / rrr [7] / 2
5P6pr

6p F01 0 0
0 2 0
0 0 01

G . [9]

Axx Å 2
5P(n/1)p(2b2

x 0 b2
y 0 b2

z) [8a]

Ayy Å 2
5P(n/1)p(0b2

x / 2b2
y 0 b2

z) [8b] After approximate corrections for spin–orbit coupling, the
matrix can be factored to obtain P5dr

d Å 304 MHz, P6pr
p

Azz Å 2
5P(n/1)p(0b2

x 0 b2
y / 2b2

z) [8c]
Å 162 MHz. In order to employ the parameters obtained

Aij Å 0 6
5P(n/1)pbibj. [8d] in the present work, we must assume an effective configu-

ration for the Re atoms, i.e., the number of Re 5d, 6s, and
6p orbitals which are incorporated into filled MOs in theAn isotropic metal hyperfine coupling normally has at

least three contributions: (i) a direct contribution from (n complex. In Table 4, we show the results of calculations
for several assumed configurations. Clearly, the d 6 con-/ 1)s spin density, »A…i Å A(n/1)sr

s; (ii) a small contribution
from the spin–orbit coupling correction to the dipolar figuration is impossible and the d 5s1 configuration unlikely

since the SOMO is at least somewhat delocalized onto thecoupling, usually on the order of »A…ii Å Pnd(»g… 0 ge); and
(iii) a contribution, of opposite sign to »A…i, proportional to equatorial CO ligands. Taking the H ligands as hydrides,

the formal oxidation state of Re in the complex is /0.5.the d-electron spin density but arising from polarization
of inner-shell s orbitals, »A…iii Å Qndr

d. In practice, the Thus, the d 3s1 and d 4 configurations with a net charge of
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TABLE 5
Spin Density Calculations for [(C5Ph5)M(CO)2]0 (M Å Co, Rh)

Configuration PCo
3d PCo

4p r3d r4p PRh
4d PRh

5p r4d r5p

d 6 946 728 0.420 0.093 0146 0150 0.280 0.122
d 6s1 938 561 0.424 0.121 0144 0117 0.284 0.155
d 7 865 442 0.460 0.154 0135 095 0.304 0.191
d 7s1 856 276 0.465 0.257 0133 063 0.309 0.291
d 8 782 157 0.509 0.434 0121 08 0.338 @1

/3 on each Re atom seem unlikely. This leaves the d 4s1 Again, the parameters obtained in this work are useful pri-
marily in verifying that (n / 1)p-orbital admixture to theor d 5 configuration with a net charge of /2 and 25–30%
SOMO is indeed a plausible explanation of the departure of6p character in the SOMO. Because the dipolar parameter
the metal hyperfine matrix from axial symmetry.P for (n / 1)p orbitals is so very sensitive to electronic

configuration, it is unlikely that, from EPR evidence alone,
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