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Abstract: The ESR spectra of electrolytically generated anion radicals of several acetylene-bridged dicobalt hexacarbonyls,
RC;RCo,(CO)g™+, were observed in THF solutions. The isotropic spectra show coupling to two equivalent cobalt nuclei with
{a) =2.4-28 mT and (g) = 2.010-2.015. Frozen solution ESR spectra were interpreted in terms of completely anisotropic
g and cobalt hyperfine tensors. One of the hyperfine tensor principal axes is parallel to the corresponding g-tensor axis, but the
other two hyperfine tensor axes are oriented at £15-20° relative to the g-tensor axes. This information and the magnitude of
the hyperfine tensor components allow the following conclusions to be drawn: (1) the unpaired electron occupies a by orbital,
largely cobalt 3d.z2 in character, with the major axes of the metal 3d contributions oriented at 15-20° relative to the Co-Co
vector; (2) the total cobalt 3d contribution to the orbital is about 64%; (3) the isotropic coupling is negative, implying a total
cobalt 4s contribution of about |.6%; (4) to the extent that the unpaired electron occupies the antibonding counterpart of the
a; metal-metal bonding orbital, the Co-Co bond may be accurately described as a ""bent” bond.

Introduction

When one considers ESR spectra of polynuclear organo-
metallic radicals which have a single unpaired electron delo-
calized over two or more metal atoms, one naturally thinks of
analogies with polynuclear complexes of paramagnetic tran-
sition metal ions (e.g., dimeric oxovanadium(IV)3 or copper-
(I1)? tartrates) or with organic 7 radicals. The situation is quite
different than for either of these apparent analogues, however.
Electron delocalization reduces spin-orbit coupling so that
g-tensor anisotropy is small and, with only one unpaired
electron, there are no complicating spin exchange effects or
zero-field splittings. Thus these species afford much simpler
ESR spectra than typical polynuclear complexes. On the other
hand, unlike 7 radicals, isotropic nuclear hyperfine couplings
can, by themselves, give relatively little information. The iso-
tropic cobalt coupling in an organocobalt radical, for example,
arises’ from polarization of the filled Is and 2s orbitals, giving
negative contributions to {(a€°), from polarization of the 3s
orbital and filled molecular orbitals with 4s character, giving
positive contributions to (@“°), and from admixture of 4s
character into the molecular orbital containing the unpaired
electron, again giving a positive contribution to (a©°). The
observed isotropic cobalt coupling is thus a balance among
these five contributions, and, although some trends in a series
of related radicals may be understandable, it is unlikely that
an observed coupling constant can, by itself, yield much useful
information about the spin density distribution in the mole-
cule.

It has long been recognized® that the electron-nuclear hy-
perfine interaction tensor, obtained from ESR spectra of
paramagnetic species in dilute single crystals, has both mag-
nitude and directional information and that this information
can be used to construct a rather detailed description of the
orbital containing the unpaired electron. It is usually assumed
that ESR powder patterns, lacking a reference direction, can
yield only the magnitudes of the hyperfine tensor components.
Though this is often true, some directional information is re-
tained in the ESR powder patterns of radicals containing two
or more equivalent magnetic nuclei. As we shall demonstrate,
the experimental spectrum is sensitive to the relative orienta-
tions of the principal axes of the various hyperfine tensors, and
furthermore these orientations can be obtained, at least ap-
proximately, from experimental spectra.
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In this paper, we report the interpretation of frozen solution
ESR spectra of a series of acetylene-bridged dinuclear cobalt
radical anions, RC;R’Co,(CO)e~+,” to obtain the cobalt hy-
perfine tensors and the relative orientations of the tensor
principal axes. This information will be used to construct a
detailed description of the molecular orbital containing the
unpaired electron. It is generally accepted that a distinct co-
balt-cobalt bond is required to rationalize the geometry and
diamagnetism of the parent molecules, but there has been some
difference of opinion as to whether it is a “straight” or “bent”
interaction.® Results for molecular-orbital calculations®10 on
X>M;,(CO)g systems favor the “bent” bond model and this is
unequivocally demonstrated in this paper.

Frozen Solution ESR Spectra

In this section, we will discuss the general expectations for
ESR spectra of frozen solutions of paramagnetic molecules
containing two or more magnetic nuclei with anisotropic hy-
perfine coupling tensors. We shall assume one unpaired elec-
tron, small g-tensor anisotropy, and negligible quadrupolar
coupling.

The ESR spectrum of a sample of randomly oriented
paramagnetic molecules, each with n magnetic nuclei, consists
of the superposition of (2/y + 1)...(2/, + 1) components,
corresponding to all possible combinations of nuclear spin
quantum numbers. For one component, magnetic resonance
absorption occurs at a magnetic field given to first order by

B=Bo— % mk (1)

where Bo = hvo/gup and m; is the nuclear spin quantum
number of the ith nucleus; g and k;, the effective g value and
the ith nuclear hyperfine coupling constant, are functions of
the g and hyperfine tensor components, g, and ay., and of the
angles # and ¢ which describe the orientation of B in the
coordinate system defined by the principal axes of the g tensor.
For a randomly oriented sample, absorption occurs over a field
range determined by the range of g and the k; when 8 ranges
from 0 to 180° and ¢ ranges from O to 360°,

Component powder patterns computed using eq 1 generally
have the shape shown in Figure la. A variety of homogeneous
and inhomogeneous broadening mechanisms round off the
discontinuities on the absorption powder pattern as shown in

© 1980 American Chemical Society



Rieger et al. | Metal-Metal Interaction in X;Co>(CO)s

Figure 1. Component powder pattern: (a) absorption (dashed lines show
unbroadened absorption line shape); (b) first derivative of absorption.

the figure so that the first derivative powder pattern shown in
Figure 1b is obtained. The complete spectrum then is a su-
perposition of these component powder patterns.

When the first-order result, eq 1, suffices (i.e., when the
high-field approximation is valid, |a;/B| << 1), and when the
principal axes of the hyperfine tensors and g tensor are coin-
cident, the recognizable features of the derivative spectrum
may be grouped into three series of features, each described
by eq I, where the g and k; are, successively, the three elements
of the diagonal g and hyperfine tensors. In other words, three
series of features are found, the spacing and centers of gravity
of which may be measured to determine g; and the a;;, g2 and
the a;>, and g3 and the a;3.

Complications may arise in the interpretation of frozen so-
lution spectra when one or more of the a;, is sufficiently large
that the high-field approximation breaks down. The intro-
duction of second-order terms in the solution of the spin
Hamiltonian leads to a corrected form of eq 1 for the positions
of the derivative spectrum features:'!

— 2
B,=By— Y apmi — ¥ KM]
i 7 4By

et o
v {1

where Bg = hvo/g.up and the indices 1, u, and v refer to the
three principal axes of the tensors. The second-order term in
eq 2 leads to variations in the spacings of spectral features and
shifts the center of gravity downfield from By; corrections must
in general be made to obtain accurate values of the g and a;
tensor components.

In contrast to an isotropic solution where reorientation
correlation times are very short and symmetrically equivalent
nuclei are magnetically equivalent over an interval of time
defined by the line widths, symmetrically equivalent nuclei in
a frozen solution are magnetically inequivalent for many or-
ientations. For this reason, eq 2 was derived using the uncou-
pled representation with |ms, m;, m3,, ..) as basis functions,
In principle, the coupled representation with basis functions
ms, J, M should be used for those orientations in which sym-
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Figure 2. Resonant field as a function of orientation in the § = 90° plane
formy+m=3a=4mT,a3=2mT, a = £20°.

metrically equivalent nuclei are also magnetically equivalent.!?
In the coupled representation, the second-order term of eq 2
is replaced by

JU+ 1) = Mg 2.2
4B, ](g) at (gu) ”“2] )

The second-order corrections of eq 3 may be much larger or
much smaller than those of eq 2, depending on the value of J.
Thus, when one or more of the tensor components is large,
extra features, corresponding to those angles for which the
nuclei are magnetically equivalent, may be observed in the
spectrum. This effect is most often lost within the line widths,
however, and, since the average second-order shifts of com-
ponents within a “line” corresponding to a given value of M
= Zm; is the same in the two representations, these compli-
cations are not generally expected.

When the principal axes of the g and hyperfine tensors are
parallel, the observed spectral features correspond to orien-
tations where the magnetic field is aligned with one of the
principal axes,i.e.,tof = 0,t08 =90°, ¢ = 0°,0r to § = 90°,
¢ = 90°. When the principal axes are not parallel, however,
the observed features do not necessarily correspond with or-
ientations along the g tensor principal axes and spacings of
features in general are functions of two (or three) of the hy-
perfine tensor components.

Consider, for example, the case of two symmetrically
equivalent nuclei where one of the principal axes for each hy-
perfine tensor is coincident with a g-tensor axis; the other two
hyperfine tensor axes are rotated by an angle « from the cor-
responding g-tensor axes for one nucleus and by —« for the
other nucleus. Then, neglecting g-tensor anisotropy, the res-
onant field is given to first order by eq 4. Thus one series of
features, corresponding to # = 0, is expected at B = By — a,(m;
+ m,). The other features correspond to ! = 90° and the values
of ¢ which maximize and minimize m,b+ + myb_. Consider,
for example, the M = 3 components whena; =4 mT, a3 =2
mT, and o = 20°. The quantity Bg — B is plotted as a function
of the angle ¢ in Figure 2. Maxima occur at By — B = 12.4,
11.7, and 11.4 mT for the (5, — '5), (35, '5). and (3%, 35h)
components, respectively, while minima are at Bo — B = 5.5,
6.5, and 7.0 mT for the same components. If the hyperfine
tensor axes were coincident, the extrema would have occurred
at B — B = 12.0 and 6.0 mT for all components. Thus sub-
stantial shifts and splittings are expected when the tensor axes
are not collinear. In practice, the components may not be re-
solved, but the width of observed features should increase with
decreasing | M| and averaged features should not be equally
spaced, even after correcting for second-order shifts.

B = Bo— miky — mok- (4)
ki = (a;2cos?b + b 2sin2f)!/2 (5)
bs = [ar2 cos? (¢ £ @) + az?sin? (p £ )]'/2 (6)
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Table 1. Isotropic ESR Parameters
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radical anion (g)e {ay/mT fmax/°C?
[ 6HsCaSi(CH3);3]Co2(CO)e~ (1) 2011 —-2.88 £ 0.01 -60
[CH1C3Si(CH3)3]Coy(CO)e ™ (2) 2.012 —-2.86 £ 0.02 -60
[(CsH3),C3)Coa(CO)~ (3) 2,010 ~2.84 4 0.04 -60
(- C4H9)2C2]C03(CO)6—- (4) 2.009 ~2.84 +0.02 -30
[H2C1]Cox(COYe~ (5) 2,010 ~2.63 +0.02 -70
[CF;C3Si(CHi)1]Cos(CO).~ (6) 2.013 ~2.66 + 0.01 0
[(CF3)2Ca]Cox(CO)e~+ (T) 2.015 -2.37 £ 0.0} +20
P2Co2(COYs (8) 2.007 ~2.80 + 0.03¢ +20
A$3C01(CO)e (9) 2012 ~2.81 +001¢ 0

¢ Estimated uncertainty 0,001, # Temperature at which radical lifetime is about | min in THF.

=2.12+£0.05mT.

Coa (CO)g [CF3CaSi(CHa)3 1™

J-5mT-+

Figure 3, ESR spectrum of [CF3C,Si(CH3)3]Co0,(CO)s
at=50°C.

~+in THF solution

Experimental Section

ESR spectra were obtained with a Varian E-4 spectrometer
equipped with a variable temperature accessory. The microwave
frequency was determined with a Systron-Donner microwave fre-
quency counter and the Fieldial calibration was checked by proton
resonance. The acetylene-bridged dicobalt compounds were synthe-
sized by literature methods!? or were supplied by Dr. R. J. Dickson.
Tetrahydrofuran solvent was distilled from benzophenone ketyl and
tetra-n-butylammonium perchlorate was used as the supporting
electrolyte. Radical anions were produced by electrolysis insitu in the
ESR cavity, usually at =60 °C; frozen solution spectra were obtained
by cooling the resulting solution to =160 °C.

Results

Isotropic Spectra. ESR spectra of liquid THF solutions of
the RC,R’Co,(CO)¢ radical anions show the expected 15
hyperfine lines due to interaction of the unpaired electron with
two equivalent spin 7 cobalt-59 nuclei. A typical spectrum,
that of [CF3C,Si(CH3)3]Co02(CO)¢ - obtained at =50 °C, is
shown in Figure 3. Isotropic g values and cobalt hyperfine
coupling constants are given in Table I. Spectra were obtained
from —70 °C up to the maximum temperatures given in Table
I; the isotropic g values and cobalt hyperfine coupling constants
are independent of temperature within the error limits given
in the table.

Frozen Solution Spectra. Reduction of the temperature of
a THF solution of a RC;R’Co,(CO)¢ radical anion, produced
at —60 °C, to —160 °C resulted in ESR spectra similar in all
cases to that of [CF3C,Si{CH3)3]Co0,(CO)¢ which is shown
in Figure 4. The spectrum of this particular radical was slightly
better resolved than the others and was therefore chosen for

<|{aP)| = 3.74 £ 0.06 mT. | (a™)]

wSmTe

Cop1CONgI CF 3CaSitCH3)3 17

Figure 4. ESR spectrum of [CF3C,Si(CH3)3]Co,(CO)¢™
at =160 °C.

+in THF solution

detailed analysis and interpretation. The spectrum was ana-
lyzed in two stages: first by assignment of the more prominent
features, direct measurement of positions, and least-squares
fitting to eq 2; second by computer simulation of the spectrum
and refinement by “cut and try” methods to obtain the pa-
rameters not uniquely determined by visual observation.

Examination of the frozen solution spectrum, Figure 4,
clearly reveals a series of prominent, nearly equally spaced
features, approximately equal in width, which increase in
amplitude from the wings of the spectrum toward the center.
These features clearly correspond to the largest hyperfine
tensor component. Since there is no evidence of additional
splitting of these components, unusual line shapes, broadening,
or marked deviation from the expected intensity ratios, they
must correspond to a hyperfine tensor principal axis which is
collinear with one of the g-tensor axes. From the positions of
these components, g; and a; were determined by least-squares
fit to eq 2, at first to first order, and, later when estimates of
a> and a3 were available, to second order. The final result is
g1 =2.007, |a;| = 6.49 £ 0.02 mT.

After assignment of the features corresponding to a;, several
well-resolved features remain in the wings of the spectrum
which have shapes analogous to the central feature of the
component powder pattern shown in Figure 1b. It is easy to
show that these correspond to a second tensor component with
M = -7,-5, +4, 46, and +7 (assuming a; < 0), and that,
with this assignment, other expected features in the series
would be obscured by overlap with the more prominent a;
features. Other assignments lead to predictions of components
in regions where no feature is observed. These features are not
exactly equally spaced (even after correction for second-order
shifts and approximate overlap corrections), vary somewhat
in width and shape, and do not increase in amplitude with de-
creasing | M| as rapidly as do the a; features. For these reasons,
it is likely that these features are due to a tensor component
corresponding to principal axes not coincident with g-tensor
axes. Nonetheless, it is possible to determine g, = 2.012 and
estimate |a;| & 4.2 mT. From this and the requirement that
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Figure 5. Computer-simulated spectrum of [CF3C,Si(CH;3)3]C02(CO)¢~ for @ = £15° and the parameters given in Table I1.
Table II. Anisotropic ESR Parameters
radical g1 g2° g3’ a;/mT ay/mT ay/mT

1 2.002 ¢ ¢ -6.69 £ 0.02 ¢ ¢
2 2.005 2,011 2.020 -6.68 £ 0.0} -4.44 £0.03 2.54 £0.05
3 2.000 2011 2.019 —-6.62 £ 0.02 —-4.153£0.03 2.25+£0.08
4 1.998 2.020 2.009 —-6.75 £ 0.01 -3.83+£002 2.06 £ 0.04
5 2.002 ¢ ¢ -6.60 £ 0.03 ¢ ¢
6 2.007 2.012 2.017 —-6.49 £ 0.01 -4.20+0.02 271 £0.03
7 2.009 2.013 2.024 -6.22 £ 0.02 -389+£0.03 3.00 £ 0.04

¢ Estimated uncertainty £0.002. ¥ Estimated uncertainty £0.005. ¢

the isotropic {g) and (a) are given by

(g)=(g1+g2+g3)/3 (7
(a) = (a) + a, +a3)/3 (8)

we can estimate g3 =~ 2.02, |a3| a 2.7 mT. It is necessary that
(a),aq,and a; all have the same sign and that a3 be of opposite
sign in order to avoid the prediction of unobserved features.
A number of partially resolved features in the experimental
spectrum may be assigned tentatively to the a3 features, but
direct interpretation can go little further than the results
quoted.

In further analysis of the spectrum, it was assumed that the
two cobalt nuclei are symmetrically equivalent as indicated
by the isotropic spectrum and that the hyperfine tensor prin-
cipal axes for each cobalt corresponding to a; are coincident
with the g, principal axis. The other two pairs of hyperfine
tensor axes are then assumed to be symmetrically displaced
from the g-tensor axes, i.e., @) = —«;. Since the M = 7
features of the a; series are well resolved and must correspond
to f# = 90°, ¢ = 0°, a useful constraint on parameter choices
is provided by the separation of these two features:;

B(+7) = B(=7) = [a>? cos®> « + (g3/g2)%a3?sin? «]1/2 (9)

Two other constraints are provided by eq 7 and 8. Thus of the
seven parameters—g,, g,, g3, d;, 4, 43, and a—three are
accurately known and three reasonably accurate constraints
are available, leaving one degree of freedom.

Frozen solution spectrum features unresolved.

The spectrum was then computer simulated, using the
program described in the Appendix, for 0° < o < 30°, varying
a> and as in accord with the constraints, eq 8 and 9; the value
of g3 was also varied within the range permitted by the ex-
perimental uncertainty in eq 7. The simulations were found
to be generally rather insensitive to the value of a3 for o > 10°,
but were quite sensitive to «. This is as expected since the
broadening resulting from noncoincident tensor axes is greatest
for the features due to the smallest component (see Figure 2).
In all, 25 simulations were produced with the best fits obtained
when a was 15-20°. The simulation for & = 15° is shown in
Figure S and the corresponding parameters are listed in Table
II. Although the fit is almost certainly optimum for the spin
Hamiltonian assumed, eq A1, it is not perfect. A completely
satisfactory fit would probably require the inclusion of nuclear
quadrupole coupling. Belford and Duan'4 have shown that the
“forbidden” transitions which arise from nuclear quadrupolar
effects alter the appearance of a frozen solution spectrum in
much the way that Figures 4 and 5 differ.

Frozen solution spectra of the other anion radicals were
analyzed by hand using eq 7, 8, and 9 and o = 15°. The re-
sulting parameters are also given in Table II.

Discussion

Electron-nuclear hyperfine interactions arise from classical
dipole-dipole coupling as well as the isotropic Fermi contact
interaction,'’ and the hyperfine tensor may be expressed as a
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Table III. LUMO Orbital Percent Composition

molecule 3d.2 3d,- 3dyz-y2 4s 4p «, deg
RC,R'Co,:(CO)“ 25-21 T-11 0.1-0.0 0.8 15-20
H3N,Fey(CO)e? 16.5 7.5 0.0 0.0 5.3 24.0
(CH3)2N3Fey(CO)e? 20.0 6.2 0.5 0.4 6.4 21.5
(CH3)5S,Fe»(CO)° 23.6 33 0.0 0.1 6.0 19.0
Sa2Fe,(CO),? 24.6 2.8 0.6 0.1 6.7 15.2

¢ R = CF3; R = Si(CH3)3. ® Reference 9.
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Figure 6. Dipolir hyperfine tensor components for d-x-d,. admixtures.

sum of terms representing the two effects:
aij = by + (a)dy; (10)

Second-order contributions to eq 10, arising from spin-orbit
coupling and proportional to (g;; — g.), are often important
for transition-metal complexes.!6 In the present case, however,
the g-tensor components are close to the free-electron value
and we will ignore spin-orbit contributions to eq 10. If a single
3d orbital on atom i contributes to the molecular orbital wave
function, the dipolar contribution'” to the hyperfine tensor for
nucleus / is given by

by = | =% £% +3%| Pp;¥ (11)
where p;34 is the 3d-orbital spin density, and P is given by
P=gegnugun(r=?) (12)

The upper signs ineq 11 apply to dy,, d.., d,., and dy2—;2 while
the lower signs apply when the electron is in a d,2 orbital.

If the contribution of atomic orbitals on atom / to the mo-
lecular orbital containing the unpaired electron is described
as a linear combination of the real 3d orbitals

ci|z2) +calyz) + eslxz) +ca|x2 = p2) +eslxy)  (13)

then the hyperfine tensor is generally no longer diagonal in the
xyz coordinate system. For the general case of eq 13, the di-
polar tensor components are given by

by = (J)Pp3ly (14)

where the /;; are given by eq 15a-f.

Lie= =12 = 2¢2 4+ 32 + ca2 + ¢s* — 24/3cics  (15a)
Le==ci2+ 02— 2032+ ca? + cs2 + 24/3cics (15b)
L.=20124 2 + 032 — 2c4° — 2c5? (15¢)

Loy = =23/3cics + 30203 (15d)

Lee =/ 3cic3 + 3c3cq + 3cacs (15¢)

Iy = V/3cic2 + 3cses — 3eacq (15f)

Thus, for example, for a combination of only d,: and d,, or-
bitals, the hyperfine tensor given by eq 16 is obtained.

-2 —2¢? 0 0
0 -2+ ¢ V3o

| =
0 NETIT 2012+ ¢5?

(16)

This tensor may be diagonalized by rotation about the x axis
by the angle «, given by

a = ('h) tan™! (2c2/4/3¢1) (17)

to give the components shown in Figure 6. Here we see that the
dipolar interaction tensor is not axial; indeed, binary combi-
nations of d.: with any of the other d orbitals gives in general
a completely anisotropic dipolar tensor. Similarly binary
combinations of dy2—.2 with d,- or d,. result in nonaxial ten-
sors, but binary combinations of dy, and d2-,: or ternary
combinations of d,,, d,., and d,. give axial tensors with
components given by eq 11.

The parameter P, given by eq 12, can be computed from
atomic orbital wave functions. A recent calculation by Morton
and Preston'® gives P = 6.71 MHz (30.2 mT) for 3*Co atoms.
The value of P is expected to increase with net positive charge
on the cobalt atom, probably by about 10% for each unit of
charge.® In the present analysis, we shall use P = 30.2 mT but
note that, because of the unknown charge on the cobalt atoms
in RC;R’Co0,(CO)¢~- and the inherent error involved in using
a value of P computed from atomic orbitals in a molecular
orbital description, the resulting uncertainties are on the order
of at least 10-20%.

The isotropic cobalt hyperfine coupling constant results from
spin polarization of the filled s, 2s, and 3s orbitals as well as
the filled molecular orbitals having a 4s contributign. The
negative contribution to (a) from polarization of the s and
2s orbitals is expected to dominate. In addition, any 4s char-
acter in the molecular orbital containing the unpaired electron
would make a positive contribution to {(@). In the YCCos-
(CO)y anion radicals, the unpaired electron occupies an a;
orbital which can contain no 4s character;!® In this case the
observed coupling, (@) =~ —3.5 mT, must arise entirely from
polarization. From the anisotropic coupling, one can estimate
p3d =~ 0.25. If we assume that the polarization contribution
to (a) is proportional to p34, @ &~ Qp3d, then Q = —14 mT.
Morton and Preston'® compute 212 mT for the isotropic cou-
pling of a single cobalt 4s electron. The two contributions may
then be combined:

(a) = —14p% + 212p% (18)

Thus, given {(a) and p39, we can obtain a rough estimate of the
4s contribution to the molecular orbital.

Turning now to the RC5R’Co,(CO) radical anions, we take
the C-C vector to define the molecular x axis and the Co-Co
vector to define the molecular z axis. We assume that these
axes, and the perpendicular y axis (the C; axis under Cs,
symmetry), are the principal axes of the g tensor. For the
purposes of the following discussion,? we shall take the local
axes on each cobalt atom to be parallel to the molecular axes
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as defined, With this choice of axes, the d; 2, dy,, dx2—)2, 5, p-,
and p, cobalt orbitals contribute to molecular orbitals of a; and
b, symmetry whereas the d;, d,,, and py orbitals contribute
to a; and by molecular orbitals.

Let us now examine the implications of the dipolar hyperfine
tensor, For the [CF>C,Si(CH3)3]Co,(CO)g radical anion, {(a)
= 2,66 mT and b = |¥3.83 1.54 £5.37| mT. Assuming
that the metal contribution to the molecular orbital containing
the unpaired electron (the lowest unoccupied MO of the neu-
tral parent molecule which we shall hereafter refer to as the
LUMO) is entirely 3d, we can immediately reject molecular
orbitals of a, and b; symmetry since any combination of d,
and d,. would result in an axial hyperfine tensor.

When we consider the d-orbital combinations of a; or b,
symmetry, three orbitals are found which give dipolar tensors
which duplicate the experimental component ratios. Each of
the three orbitals is essentially similar in shape to one of the
component atomic orbitals—d.2, d,.., or dy2—;2—but the de-
tailed description of each depends upon the orientation of its
principal axes relative to the coordinate system in which the
basis set is defined. The orientation-dependent composition
of each orbital is shown in Figure 7, The dipolar tensors cor-
responding to the three orbitals are given by

for “d.2": 5 = | —0.396 —0.159 + 0.555|Pp3d (19a)
for “d,.": b = |+0.159 —0.555 40.396| Pp3d (19b)
for “dya_,2”: b = |=0.555 +0.396 + 0.159Pp3d (19¢)

The first component in each case corresponds to the x axis
while the second and third components correspond to principal
axes in the yz plane. The experimental results provide a unique
choice among these three possibilities. The experimental hy-
perfine tensor component, b, = +3.83 mT, belongs to a prin-
cipal axes common to both cobalt atoms, necessarily the x axis.
This assignment can be made only for the orbital resembling
d:2. This assignment also determines the sign of the tensor
components unambiguously.

Comparison of the experimental and calculated dipolar
hyperfine interaction tensors leads to Pp*9 = 9.68 mT, which,
with P = 30.2 mT, leads to p3¢ = 0,32. Thus the total cobalt
3d character in the molecular orbital is about 64%. Further-
more, with this value of p3d and {a) = —2.66 mT, eq |8 gives
p* = 0.008.

Consider now the angle «, which describes the orientation
of the dipolar tensor principal axes in the yz plane. From the
simulation studies described above, we found that « is 15-20°.
There are then four possible orientations of the major principal
axis, corresponding to b3 = +5.37 mT, relative to the molec-
ular z axis: o and £(90 — «). As we expect the LUMO to
be strongly antibonding, orientation at £(90 — «) is unlikely
and we conclude that the major axes of the d-2-like orbital
contributions to the LUMO are orientated at £« with respect
to the Co-Co vector.

The cobalt 3d contributions to the LUMO, obtained from
Figure 7a for & = 15-20°, are given in Table I11. Also given
in Table I11 are the LUMO populations for several structurally
related bridged X>Fe»(CO)¢ molecules obtained from mo-
lecular orbital theory calculations of Teo et al.? In every re-
spect, the agreement between our experimental results for the
RC,R’Co,y(CO), radical anions and the theoretical results for
the bridged diiron molecules is striking.22 However, by com-
parison with the molecular-orbital calculations, it appears
likely that each cobalt also contributes ca. 6% 4p character to
the LUMO. The contribution of 4p character to the dipolar
hyperfine tensor has been ignored in our analysis, but, since
{r~3)4p is considerably smaller than (=3} 3q, this omission is
probably not important. If we assume ca. 6% 4p, together with
32% 3d and 1% 4s character, we are left with about 22% total
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dyz_y2

d,z_yz

dyz_y2 dy,

Figure 7. Molecular orbital compositions which fit the relative magnitudes
of the experimentaj dipolar hyperfine tensor components. Dashed portions
of the curves represent regions where the coefficients of d.2and dy2—,2are
of opposite sign. The angle between the molecular z axis and the orbital
major axis in indicated at various points on the curves.

ligand orbital contribution to the LUMO. If the molecular
orbital theory calculations are taken as a guide,” this contri-
bution is spread more or less evenly among the six carbonyl
ligands and the bridging acetylene moiety.
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Spin-orbit coupling of the b, orbital containing the unpaired
electron

|b2Yo = crollz2)1 = |22)2] + caol|yz )1 + |yz)2]
+oegpollx? =y = |x2=y30+... (20)

with filled molecular orbitals of a;, b;, and a; symmetry

lar) = cullz?)i + |22)2] + cullyz)i = |yz)2]

+oeallx? =y + |x2 =yl + (21a)

Ibl>m = CSm[Ixz>l - |x2>2]
+ osml]xy) 4+ |xy)a] + (21b)

|as)y = canl|x2)1 + |x2)2]
+osallxy)yr = |xy)a] + (21¢)

leads to deviations of the g-tensor components from the free-
electron value. These may be computed, using the method of
Stone,?3 to obtain

gx — 8¢
- 852 [vV3cio + C4o)62/0- Cg{)(\/%u + ca)]? (22a)
- I + "

g - go = sy L0300 EC:(BC; e’ (991)

m m

n = 2 ] 2

g —g =8t% [CzoCsEO — 24065:] (22¢)

n n

where £ is the spin-orbit parameter. According to the molec-
ular orbital theory calculations by Teo et al.,® the by LUMO
is ca. 5 eV higher in energy than the a; HOMO, which is the
principal metal-metal bonding orbital. However, these two
orbitals have virtually the same 3d contributions so that ¢;o o~
¢i; and the numerator of eq 22 is nearly zero for that term. The
remaining molecular orbitals having substantial metal 3d
character lie 6-7 eV below |b3)¢; thus the differences among
g« gy, and g- depend upon the details of the 3d orbital popu-
lations in the filled molecular orbitals in this energy range.
However, we note that, taking £ ~ 100 cm™',24 8£/(Eo — E,,)
is on the order of 0.02, in agreement with the magnitude of the
gi — g. found experlmentally

According to the MO energy level scheme of Thorn and
Hoffmann,!Y on the other hand, the b> LUMO lies about 4 eV
above the HOMO which is of a; symmetry with significant
acetylene m* character; the a; metal-metal bonding orbital
and a b, orbital lie ca. 0.5 eV lower in energy. With this
scheme, g, and g. are expected to be greater than g, asis ob-
served. Furthermore, g, and g should be sensitive to the nature
of the acetylene substituents. Variations in g, and g. are
comparable with experimental uncertainties, but it seems
significant that the isotropic g value is greatest for the CF3-
substituted acetylenes, suggesting that the b,-a» and/or by-b,
energy differences are smaller. This is consistent with the ob-
served lowering of polarographic reduction potentials for the
CF;-substituted acetylenes.”

It should be noted that the angle ¢, determined experi-
mentally and therefore completely independent of any as-
sumptions about the nature of the molecular orbital, describes
the orientation of maximum electron density with respect to
the Co-Co vector. To the extent that the orbital containing the
unpaired electron is the antibonding counterpart of the prin-
cipal metal-metal bonding orbital, « is the angle of the
metal-metal bonding interaction with respect to the metal-
metal vector. Thus the detailed agreement with the molecular
orbital theory calculations on the X,Fe> systems merely
strengthens the conclusion that the metal-metal interaction
in the RC5R’Co0,(CO)¢ compounds can be accurately de-
scribed in terms of a “bent” bond.

Although the above analysis has been in terms of the
[CF3C,Si(CH3);3]C0,(CO)¢ radical anion for which detailed
spectrum simulations were obtained, examination of the results
in Table 11 leaves no doubt that this description is appropriate
for the other dicobalt acetylenes as well. The P,Co,(CO)¢ and
As,C0,(CO)¢ radical anions’ gave poorly resolved frozen so-
lution spectra, but the similarities of the isotropic g values and
cobalt coupling constants strongly suggest that these radicals
are also very similar in electronic structure.

Note Added in Proof. A recent MO theory calculation by
Fisel and Hoffmann (R. Hoffmann, private communication)
on H,C,Co0y(CO)¢ gives a LUMO with a metal d-orbital
mixture in good agreement with the results reported here but
with substantially greater ligand orbital participation (ca.
47%). The calculation showed substantial mixing of metal 3d
character with the numerous carbonyl 7* orbitals suggesting
that the above discussion of the excited states and the g tensor
is probably greatly oversimplified.
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Appendix

Analysis of the spectra reported in this paper was carried
out using the spin Hamiltonian
H=ugB:g:S+3YS A - 1, (A1)
i
where B is the magnetic field, S is the electron spin operator,
I; is the nuclear spin operator for the ith nucleus, and up is the
Bohr magneton. The g tensor, g, and hyperfine tensors, A,, are
assumed to share one principal axis; the remaining hyperfine
tensor principal axes are displaced from the corresponding
g-tensor axes by an angle «;. Nuclear quadrupolar and nuclear
Zeeman terms are assumed to be negligible. The Hamiltonian
was solved by the methods of Blinder?® to obtain eq A2 for the
resonant magnetic field.

B = B() -
2
Lkimi+ 3 (zng ) ((gzkr' - glza”j?((gzkiz — 8,°b:%)
L&k = gi%an)(gy’hi® — g2%ai?) (857bi% — gsza.sz))
g2ki%(gpbi% — g1%an?)
-y (]i(]f + D —m ) (glzail 25°b;% | grtai’gsai3
i 4g°Bo g7ki? 86°b°

2

g1%ai*(g%ki? — g57b:°)(8°bi* — g2%ai2*)(gn>bi° = gszarsz))
g%ki’gy2bi*(gs2bi* — g1%an?)
(A2)

The parameters of eq A2 are related to the components of
the g and hyperfine tensors by eq A3-A10; the angles ¢ and
¢ describe the orientation of the magnetic field in the g-tensor
principal axis coordinate system. Equation A2 reduces to the
result given by Atherton and Winscom'! when a; = 0 and to
eq 2 when 8 = 0 or f = 90°, ¢ = O or 90°.

Bo = hvo/upg (A3)

a; = Ai/gins (A4)
g2l=g2cos?b + gy?sin? ¥ (AS)

gl =gytcos? ¢ + g3%sin’ (A6)

ki = (g1/g)*an? cos?d + (gu/g)*bi*sin® 8 (A7)
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bi® = (g2/gn)?ai® cos® (¢ + o)

+ (g3/gs)2ai3? sin? (¢' + o))  (A8)
cos ¢’ = (g2/gs) cos ¢ (A9)
sin ¢’ = (g3/gs) sin ¢ (A10)

A Fortran program was written which computes the reso-
nant field for each of 4096 orientations of the molecule using
eq A2 and then constructs a histogram of the number of reso-
nant conditions found in each of 1575 equal field increments
spanning the range of the experimental spectrum. The com-
ponent powder patterns are then added and artificially
broadened by computing the convolution integral with the
appropriate Gaussian or Lorentzian shape function. The result
is then differentiated and plotted. The program is based on a
general approach to magnetic resonance powder patterns de-
veloped by Taylor and Bray?® but with provisions added for
more than one nucleus and noncoincident tensor axes. Since
for two spin 75 nuclei there are 64 components, the program
computes over 262 000 resonant field values for each spectrum
and is therefore expensive to run, each spectrum requiring
approximately 40 min on an IBM 370/138 computer.
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The Methylmercury Heavy Atom Effect. Phosphorescence
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Abstract: The triplet-state kinetics of the complexes of benzimidazole (HBIm) and tryptophan (HTrp) with CH3;Hg!! have
been investigated. The sublevel relative radiative rate constants and total decay rate constants are reported for both complexes.
The heavy-atom effect causes the largest radiative enhancements of in-plane spin sublevels. Results of the sublevel total decay
rate constant measurements confirm the previously reported reduction factor of 40 in the triplet state lifetime of the
CH3;HgHBIm* complex. The triplet lifetime of CH3HgTrp is reduced by a factor of 800 relative to that of HTrp. Polarized
phosphorescence excitation measurements were made on both complexes. The CH3HgTrp complex has a polarization of P =
—0.18, constant over the 'L, and 'Ly, absorption bands indicating out-of-plane polarization, while CH;HgHBIm* has P =
0.06 over the 'L, band and P = ~0.06 over the 'L, band indicating in-plane polarization. A new transient microwave-phospho-
rescence measurement is described which permits the measurement of average triplet lifetimes in the presence of optically

competing chromophores.

I. Introduction

The uptake of CH3Hg!! in biological systems!~3 has been
an area of great interest in recent years. Since the neurotoxicity
of CH3Hg!"' to humans has been convincingly demonstrated,*>
a major concern has been to identify the critical sites of action.
Potential candidates for CH3;Hg" binding sites have been
suggested and include the bases of DNA and RNA, primary
amines, and sulfhydryl groups.6-15
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It has been demonstrated previously!®!7 that the attachment
of heavy closed-shell metal ions to aromatic chromophores of
biopolymers results in an external heavy-atom effect.'® The
triplet quantum yield is enhanced with a corresponding
quenching of fluorescence and a shortening of the triplet
radiative lifetime. Frequently, the phosphorescence quantum
yield is enhanced.'® Optically detected magnetic resonance
(ODMR) slow passage?%2' and transient?2-24 methods may
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