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The sources of line broadening and line-shape distortion in isotropic ESR spectra of organometallic radicals containing
two or more equivalent nuclei have been examined in some detail. Second-order hyperfine splittings are shown to lead
to asymmetric line shapes in both isotropic and frozen-solution spectra. The X-band and Q-band ESR spectra of the
C¢HsCCo;3(CO)g radical anion have been analyzed as a test of the theory. Computer simulations of the experimental isotropic
spectra show that the principal line-width contribution results from incomplete averaging of anisotropies in the g and hyperfine

tensors.

Introduction

In previous reports of the electron spin resonance (ESR)
spectra of tricobalt carbon enneacarbonyl radical anions,
YCCo4(CO)y,? markedly asymmetric line shapes have been
noted, and a variety of explanations have been offered. In this
paper, we examine in detail the factors which contribute to
line shapes and line widths in the ESR spectra of organo-
metallic radicals and radical ions. We will show that
asymmetric line shapes are expected whenever the ESR
spectrum has hyperfine splitting due to two or more equivalent
nuclei. The theory is tested by a line-shape and line-width
analysis of the ESR spectrum of the C{HCCo,(CO), radical
anion which employed computer simulation of the experi-
mental spectra.,

Theory ,

Isotropic ESR Spectra. Solution ESR spectra of radicals
with one unpaired electron can be interpreted in terms of the
spin Hamiltonian :

H = (g)upB-S + (A S (1)

!

where (g) is the isotropic g factor, up is the Bohr magneton,
B is the magnetic flux density, (A4,) is the isotropic hyperfine
coupling constant of the ith nucleus, and S and I, are the
electron and nuclear spin operators. If the magnetic field
defines the axis of quantization (taken to be the Z axis), eq
1 can be written

H = (gupBSz + L(AN[2Sz + /IS + [.S)]  (2)

*On leave from Brown University, Providence, R.I.

If product wave functions |mg, m, m,, ...) are used as a basis
set, eq 2 can be used to predict ESR lines, to second order in
perturbation theory, at field positions

<az‘>2
B=BO_Z(ai>mi_ZE[[i([i+ 1) - m?] (3)

where I; and m; are the nuclear spin and Z-component
quantum number of the ith nucleus, (a,) = (A4;)/(g)up is the
hyperfine coupling constant in magnetic flux density units, and
By = hvo/(g)up is the center field when the microwave fre-
quency is vq.

If the nuclear spins are completely equivalent, that is
equivalent both instantaneously and over a time average, then
it is appropriate to describe the spin system in the “coupled
representation” with the quantum numbers J and M of the
total nuclear spin angular-momentum operators J = 31,34
In the coupled representation, the spin Hamiltonian is

H = (gugBSz + (AYU;S; + H(J.S_+JS)] (4

and the zero-order basis set of nuclear spin wave functions
consists of linear combinations of the product wave functions
which are eigenfunctions of J?, J,, and the appropriate
symmetry operators.

In the case of three equivalent spin 7/, nuclei, 11 values of
J are found, ranging from J = !/, t0 J = ?!/,. The 22 basis
functions corresponding to J = 2!/, are of the symmetry type
A, and include all possible values of M (£2/,, £°/,, ..., £!/,).
The four basis functions corresponding to J = !/, are of
symmetry type E and include M = £!/,. The symmetries of
the other basis functions for this case are given in Table L.

0020-1669/79/1318-1000301.00/0 © 1979 American Chemical Society
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Table I. Nuclear Spin States for Three Spin 7/, Nuclei

J symmetry degeneracy
21/, A, 1
19/1 E 2’
17/, A +E 3.
15/, A +A, +E 4
13/, A +2E 5
1/, A, +A, +2E 6
%/, 2A, +A,+2E 7
2 A +A, +3E 8
52 A +A,+2E 6
s A, +A, +E 4
s E 2

With the appropriate basis functions, ESR lines are pre-
dicted from eq 4, to second order in perturbation theory, at
field positions given by eq 5. Thus the line positions are

(a)?
B =By~ ()M - —[JJ + 1) - M?) (5)

functions of both J and M. ‘

To first order in perturbation theory, eq 3 and 5 give
identical predictions. For three equivalent spin 7/, nuclei, 22
equally spaced lines are expected with intensity ratios

1:3:6:10:15:21:28:36:42:46:48:48:46.... To second order, the

degeneracies of the lines are partially lifted, and further
splitting is predicted according to both eq 3 and 5. Consider
the M = 17/, “line”, for example, which to first order is sixfold
degenerate. Equation 5 predicts splitting into three lines of
degeneracies 1, 2, and 3 at field positions given by eq 6. For

B(J = %) = By~ ("h)(a) ~ 97(a)*/4B
B(J = %) = By~ (/3)(a) - 55(a)*/4B (6)
B(J =1 = By - ("72)(a) - 17(a)?/4B

a YCCo;(CO)y radical anion, (a) is about 3.5 mT; in the
X-band spectrum (a)/B is on the order of 0.01 so that the
second-order shifts are on the order of {a)/10 or about0.35
mT. Equation 3 also predicts second-order splittings but of
a rather different nature. Again taking the M = !7/, line as
an example, two threefold degenerate components would be
expected corresponding to the nuclear spin configurations (7/5,

/232 and (7/,, 3/4, %/2). The predicted field positions are

B, tat) = By — (h){a) — 41(a)?/4B
B, ) = By — () (a) — 45(a)? /4B

If {a)/B.is on the order of 0.01, the second-order splitting is
about 0.035 mT, an order of magnitude smaller than the
splittings predicted by eq 5. The distinction between the two
predictions is that eq 5 and 6 are appropriate if the nuclei are
completely equivalent, that is, equivalent both instantaneously
and on the time average. If the nuclei are equivalent on the
time average, but not instantaneously (perhaps because of some
fluxional behavior), then the coupled representation is not
appropriate, and eq 4 and 7 apply. Thus the size and nature
of second-order splittings (or line shapes attributable to such
splittings) can be used as evidence for or against complete
equivalence of nuclear spins. It should be noted, however, that
if the nuclei are not instantaneously equivalent, but are
equivalent over a time average, then the temporal process by
which the coupling constants are modulated would be expected
to lead to recognizable line width contributions (see below).?

In the case of ESR spectra of YCCo,(CO), radical anions,
the second-order splittings are, by either prediction, less than
the narrowest line widths and therefore are unresolved.
However, eq 6 suggests that the shape of the envelope of
unresolved components should be markedly asymmetrical.
Since the second-order shifts are always to low field and
increase with increasing J, the envelope of lines corresponding

(7
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to a given value of M is expected to have a sharp high-field
cutoff and a long tail to low field. For three or more equivalent
nuclei, the degeneracies of the components generally decrease
with increasing J, and the asymmetry of the envelope is further
enhanced. Thus an asymmetric line shape is a general ex-
pectation for ESR spectra of species containing two or more
completely equivalent nuclei. The effect is more pronounced
for nuclei of high spin and large isotropic coupling constant.
Conversely, the effect is reduced in spectra obtained at higher
microwave frequency. Thus lines in a Q-band (¥, ~ 35 GHz)
spectrum should be substantially more symmetrical than those
found in a X-band (y; ~ 9 GHz) spectrum since the sec-
ond-order shifts would be smaller by a factor of 4.

Line Widths. Line broadening in ESR spectra of or-
ganometallic radicals may be due to one or more of several
different mechanisms. These mechanisms fall broadly into
two classes: homogeneous broadening arising from short
electron-spin transverse relaxation times, T,, and inhomo-
geneous broadening which affects the observed line width or
line shape without affecting T,. In the latter category are
unresolved structure, including second-order splittings, and
instrumental broadening through magnetic field inhomog-
eneity, over-modulation, saturation, or improper tuning (re-
sulting in an admixture of the dispersion mode). Inhomo-
geneously broadened lines are in general non-Lorentzian, and
line width contributions are not additive.

Homogeneous line-broadening contributions are additive;
that is, the width of an ESR derivative line may be computed
from eq 8 where T, is the transverse relaxation time of the

2h
= ————3 7! 8
31/2<g>u£ : ®)

ith line-broadening mechanism. It is frequently found that
line widths may be expressed as a power-series function of the
quantum number M:

W.=oa+ BM+ yM* + 6M? + M? (9)

There are several mechanisms which contribute to the
coefficients of eq 9, but the most common, and frequently the
largest single line-broadening mechanism, is incomplete av-
eraging of anisotropies in the g and hyperfine tensors by slow
tumbling of the radical in solution. As the radical rotates, line
positions are modulated and line-width contributions result
which are proportional to 7g, the rotational correlation time.
Contributions to a, 8, v, and § of eq 9 have been computed
by Wilson and Kivelson;’ for axially symmetric g- and hy-
perfine tensors, these are given by eq 10a-d where C =

a/Cry = (BoAv)X(4 + 31) + Y(bv)2(3 + Tu -
Sufa)/Bo)J(J + 1) = (BoAy)(vcD)({a) /Bo)J(J + 1)
(10a)

B/Crg = 2(BeAy)(bye)(4 + 3u) -
2(BoAy)2((a) /Bo)(4 + 3u + 3uf) — (by)*((a)/By)(1 +
u+ Tuf)JJ + 1) + (4 + u)] (10b)

v/Crr = /a(bv)*(5 — u + Suf(a)/By) -
(BoAy)(bye)((a) /Bo)(T + 5u + 12uf) (10c)

8/Crg = (bv)*((a) /Bo)(1 + u+ uf)  (10d)

2k /45(31) (g pp, Ye = (&)1p/h, Ay = (g~ g )un/h, b =
ay-ag, u=(1+w’rg?), and f = wy’rgu. Notice that since
« and 8 are functions of J, components of different J, but the
same value of M, are expected to have different widths.
Furthermore, since most terms are functions of the center field
By, the coefficients «, 8, v, and § are functions of the mi-
crowave frequency and are different, for example, in X-band
and Q-band spectra.
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The effect of the nuclear quadrupole interaction averages -

to zero in isotropic spectra. However, just as anisotropies in
the g and hyperfine tensors contribute to line widths when the
radical tumbles slowly in solution, line-width contributions
proportional to 7 are expected from quadrupolar coupling.
For a radical with a single nucleus, or several inequivalent
nuclei, line-width contributions proportional to even powers
of M (a, v, and €) have been computed theoretically.® When
two or more completely equivalent nuclei are present, the
theory becomes much more complex, and the details have not
been worked out. It is likely, however, that contributions to
o, v, and € would still result.

Coupling of the electron-spin magnetic moment to the
rotational motion of the radical in solution provides a relaxation
mechanism which broadens all lines equally. The contribution
to « is given approximately by’ eq 11 where g is the free

a/TR/C = 5{(g|| - gc)2 + 2(g_l. - ge)z] (11)

electron g value.  The rotational correlation time is given
approximately by eq 12 where Vis the hydrodynamic volume

e = Vo /KT (12)

of the radical and % is the solution viscosity. Thus spin-ro-
tational line-width contributions are expected to increase with
T/n whereas the contributions arising from motional averaging
of anisotropies increase with n/T.

Spin exchange between radicals or between a radical and
another paramagnetic species (such as molecular oxygen)
limits the lifetime of a spin state and therefore contributes to
ESR line widths. Similarly electron exchange between a
radical ion and the neutral parent molecules provides a
line-broadening mechanism. The contributions of these
mechanisms are nearly independent of M and may be ex-
pressed by® eq 13 where k, is the second-order rate constant

o = (2/(3'7) )k, [X] (13)

for the process and [X] is the concentration of radical in the
case of spin exchange or neutral parent in the case of electron
exchange. Spin exchange is often diffusion controlled for
neutral radicals but is usually slower for radical ions. Even
50, if k, is 10% dm® mol™ s™' and [X] is 1072 mol dm™, o is
only 0.066 mT, barely significant in most spectra of or-
ganometallic radicals. Electron exchange is usually slower than
spin exchange, and thus these mechanisms would be expected
to be significant only under conditions of high concentration
and temperature and when other line-broadening contributions
are small,

Other kinetic processes may effect line widths if they
modulate either (g) or (a).*® Thus a ligand-exchange or
conformational equilibrium could affect line widths if the rate
is in the appropriate range. Modulation of (g) broadens all
lines equally and thus contributes to . Modulation of (a)
gives a contribution to v if only one nucleus is involved, or,
if two or more completely equivalent nuclei are present, the
modulation of the hyperfine couplings is in-phase. If the
hyperfine couplings are modulated out-of-phase, the nuclei are
instantaneously inequivalent, and the line-width contributions
for a given line are proportional to the square of quantum
number differences; e.g., for two nuclei, the contribution is
proportional to (111, — m,).2 1f both (g) and (&) are modulated,
cross terms arise which contribute to 8.

A number of other line-broadening mechanisms have been
suggested® but are probably not significant in the ESR spectra
of organometallic radicals.

Frozen-Solution ESR Spectra. Spectra of frozen solutions
of organometallic radicals are often useful. Time-dependent
phenomena (fluxional behavior, intramolecular electron ex-
change, etc.) that may perturb the spectra of liquid solutions
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are often frozen out. Radicals generated at low temperature
may be difficult to detect in liquid solution because of low
spectrometer sensitivity. Dielectric loss in the solvent increases
with decreasing temperature but is markedly reduced when
the solution is frozen. Thus spectrometer sensitivity is usually
much higher for frozen solutions than for the same sample just
above the freezing point.

Frozen-solution spectra are in general much more complex
than isotropic spectra, but, in favorable cases, one or more of
the components of the g and hyperfine tensors may be
evaluated by simple analysis of the frozen-solution spectrum. '
Features are expected in the frozen-solution spectrum cor-
responding to orientation of each of the principal axes of the
tensors in the direction of the magnetic field, and, if the
hyperfine tensor is sufficiently anisotropic, the features will
be resolved, and the spectrum can be interpreted.

On the assumption of axial symmetry and that the principal
axes of the g and hyperfine tensors are coincident, the spin
Hamiltonian for an oriented sample may be written as in eq
141! where @ is the angle between the magnetic field (the Z

H= g,LLBBSZ + ASZIZ + (A”AL/A)SXIX + A_LSyly +
(g8 /(A2 ~ AP /2A4](sin 20)Sxl; (14)

axis) and the principal axis of the g tensor; g and A4 are given
by eq 15 and 16. When the field is parallel to the principal

g = (g cos? 8 + g ?sin? §)!/2 (15)
A= (g“2A|'2 C052 0 + g_LzA_LZ Sin2 H)I/Z/g (16)

axis (8 = 0), lines are predicted, to second order, at field
positions

and, in the perpendicular orientation, lines are expected at

(a”2 +a,?)
B_L=BJ_0"‘(1J_M_ [J(J+1)_W] (18)
’ 4B |
where B,y = hvo/gup and a; = A;/gus.

In the case of a YCCo4(CO), radical anion, the g tensor
is nearly isotropic, but the hyperfine tensor is quite anisotropic
with gy =~ -8 mT and a; =~ 1.5 mT. Thus in the X-band
spectrum, the second-order shifts of the parallel features
corresponding to M = 17/, are -0.17, —0.14, and -0.03 mT
for J =2/, Y/, and 7/,, respectively. Since the observed
lines are typically 2-3 mT wide, these shifts are quite negligible
and do not contribute significantly to the width or shape of
the lines. The perpendicular features, on the other hand, are
expected to exhibit much larger shifts. Again for M = 17/,,
shifts are expected of —2.47, —1.40, and —0.43 mT, and it is
clear that line widths and shapes would be affected.

Since **Co (and other nuclei with / > !/,) has a quadrupole
moment, one might expect quadrupolar effects to be evident
in ESR spectra of organometallic radicals containing such
nuclei. Quadrupole coupling effects depend upon the electric
field gradient at the nucleus and vanish when the nuclear
environment is spherically symmetric. Because the trace of
the quadrupole coupling tensor is zero, line positions in an
isotropic spectrum are independent of quadrupole coupling.
Frozen-solution or dilute single-crystal spectra, on the other
hand, should show quadrupolar effects.

On the assumption of axial symmetry and coincident
principal tensor axes, the quadrupolar terms in the spin
Hamiltonian can be written as in eq 19'' where P is the
quadrupole coupling constant. Only the first term of eq 19
is of significance for the parallel features of the spectrum (¢
= 0°). It contributes only diagonal elements to the Hamil-
tonian matrix when a single nucleus (or several inequivalent
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3¢y 5
Hq = l/zP A2 COS2 0 — 1 - [Izl'z - 1/3],‘(1,‘ + 1)] -
g '
Y\P S8 g T lzly + Iz +
—— sin i A7
2 A2 ; Zit X XitZi

ZAJ_Z
VuP sin? § | X[y - Il (19)
g ,-

nuclei) is present. Since both the mg = +1/2 and mg = -1/,
states are raised in energy by the same amount, there can be
no effect on the ESR spectrum. When two or more equivalent
nuclei are present, the first term of eq 19 leads to off-diagonal
matrix elements connecting nuclear spin states of like sym-
metry and M quantum number but different J values. Thus,
for example, in the case of three equivalent spin 7/, nuclei,
there are six nuclear spin states with M = 17/, The two states
of A, symmetry, J = ¥/, and J = 7/,, are mixed as are the
four states of E symmetry, J = 1/, and J = '7/,. For small
P («A ), the selection rules, Amg = £1, AJ = 0, AM =0,
are still valid, and predicted line positions are unaffected. For
larger values of P (~A ), the AJ = 0 selection rule breaks
down, and “forbidden” transitions emerge at both higher and
lower field which should be well resolved from the “allowed”
transitions which remain virtually unshifted at their positions
for P = 0.

In the perpendicular orientation (6 = 90°), the third term
of eq 19 mixes nuclear spin states of a given M with states
of the same symmetry, and M’ = M + 1. Here, both the AJ
= 0 and AM = 0 selection rules fail, and both shifts of
“allowed” transitions and the emergence of “forbidden”
transitions are expected. The situation is extremely com-
plicated and has not been analyzed in detail.

Results and Discussion

Isotropic ESR Spectra. The X-band ESR spectrum of the
CsH;sCCo,(CO), radical anion in THF solution consists of 22
hyperfine lines as expected for a radical with three equivalent
spin 7/, nuclei. Spectra obtained at +40 °C and —20 °C are
shown in Figures la-and 2a. The most notable features of
the spectra are the markedly asymmetric line shapes, par-
ticularly of the central lines, and the much greater width of
the outer lines. The widths of lines with larger values of M
are strongly temperature dependent whereas the central lines
vary in width hardly at all over the temperature range —60 to
+60 °C. The outermost lines, M = %!/, are generally
observable only at or above room temperature, and as the
temperature is lowered, further lines broaden beyond detection.

Because of the markedly asymmetric line shapes, it is
difficult to measure line positions accurately. At 60 °C the
nondegenerate £2!/, lines were well resolved and could be used
to determine the isotropic parameters (g)-and (a). When the
"&21/, lines were not observable or too broad to measure
accurately, the £'/, and +!7/, lines were used with sec-
ond-order shifts computed by taking appropriate weighted
averages over the J = 21/, 1%/, and 17/, components. The
measured values of (g} and (a) are, respectively, 2.013 £
0.001 and -3.58 £ 0.01 mT.!2

The ESR spectrum of the C;HsCCo,(CO)4 anion, obtained
with a Q-band spectrometer (v, = 34.66 GHz), is shown in
Figure 3a. As expected from the theory of second-order shifts,
the line shapes are much less asymmetric than in the X-band
spectra. Sixteen of the 22 lines are clearly visible, and these
are assigned with the hclp of simulation techniques (see below)
to the lines with M ranging from -7/, to +'3/,. Thus the line
with maximum derivative amplitude corresponds to M = =/,

Frozen-Solution ESR Spectra. The ESR spectrum of a
frozen THF solution of the C4gHsCCo3(CO)q radical anion,
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Figure 1. X-band ESR spectrum of C,H;CCo,(CO), radical anion:
(a) experimental spectrum of radical in THF solution at 40 °C; (b)
computer-simulated spectrum.
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Figure 2. X-band ESR spectrum of C;H;CCo3(CO), radical anion:
(a) experimental spectrum of radical in THF solution at -20 °C; (b)
computer-simulated spectrum.
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Figure 3. Q-band ESR spectrum of C HSCC03(CO)9 radical anion:
(a) experimental spectrum of radical in THF solution at room
temperature; (b) computer-simulated spectrum.
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_w%

Figure 4. X-band ESR spectrum of frozen THF solution of
C¢HsCCo;3(CO)q radical anion.

-
1006

Figure §. Computer-simulated spectrum of the CgHsCCo;(CQO)q
radical anion with constant component widths of 0.5 mT.

obtained at —140 °C, is shown in Figure 4. Most of the 22
expected parallel features are well resolved and are easily
identified. Second-order corrections to the parallel spectrum,
eq 17, are small so that these features are easily interpretable
by use of first-order theory: gy = 1.996 + 0.002, g = ~7.90
#+ 0.001 mT.!2 The perpendicular features, on the other hand,
are completely unresolved. The lack of resolution is due to
two factors: (1) @, is —1.42 mT, less than the line widths of
2-3 mT; (2) second-order shifts, given by eq 18, are large, often
larger than a |, so that many more than 22 lines are expected.

No “forbidden” transitions are observed in the parallel
regions of the spectrum. Similarly, no extra lines were ob-
served in the dilute single-crystal spectrum of SCo,(CO)s,,
reported by Strouse and Dahl,'® which was much better re-
solved than the frozen-solution spectrum reported here. Thus
we can conclude that the quadrupolar coupling, while not
necessarily zero, is certainly small with P << g, uga, .

A series of tricobalt carbon cluster molecules has recently
been studied by nuclear quadrupole resonance spectroscopy.**
For the phenyl derivative, P = 2.66 MHz, and although the
principal axes of the quadrupolar coupling are quite different
from those of the hyperfine tensor and the quadrupolar
coupling constant is probably slightly different in the radical
anion, P is indeed much smaller than |g, uga | which, for
C4H:CCo;3(CO)y™, is about 40 MHz.

Spectrum Simulations. In order to verify the explanation
of the line shapes observed in the ESR spectra of YCCo,(CO),
radical anions, spectra were computer simulated with line
positions calculated with eq 5. A simulated spectrum,
computed assuming a constant component line width of 0.5
mT, is shown in Figure 5. From a comparison of Figures 1a
and 2a, it is seen that the line shapes, particularly in the center
of the spectrum, are qualitatively reproduced. However, the
outer lines are much more prominent in the simulated
spectrum, suggesting line-width contributions proportional to
M2 Since the parameters of eq 10 are known, the line-width
contributions from modulation of the g- and hyperfine-tensor
anisotropies can be computed given a value of g, the rotational
correlation time. For example, if g is assumed to be 107!
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Table II, Line-Width Parameters Used in Spectrum Simulations

TR/ TR/
T/)K (10" g)¢ o/mT? T/K (107" )¢ o/mT?
233 6.5 0.50 293 1.7 0.40
253 4.5 0.45 313 1.5 0.45
273 2.75 0.45 333 1.0 0.55

2:15%. Y +0.05 mT.

s, a reasonable expectation for solutions near room temper-
ature, the contribution to the J = 2!/, M = 421/, line is 1.6
mT, but the contribution to the J = 1/, M = +!/, line is only
0.02 mT. Clearly, if the components were that sharp, sec-
ond-order splittings would be resolved near the center of the
spectrum; thus there must be other contributions to the line
widths.

In testing the hypothesis that eq 10a-d account for the
variation in line width among components, an additional
contribution, o/, was added to all component widths and the
two parameters g and o’ were adjusted to give the best fit
to the experimental spectra. Simulations were undertaken for
X-band spectra of the Y = C4H; radical anion at temperatures
ranging from -40 to +60 °C and for the room-temperature
Q-band spectrum. The simulations of the X-band spectra
which used the values of 7z and o’ given in Table II are
compared with experimental spectra in Figures 1b and 2b. The
simulation of the Q-band spectrum (7g = 2.5 X 10715, o’ =
0.8 mT) is given in Figure 3b.

The match of experimental and simulated spectra is quite
good overall. A small discrepancy, most noticeable at lower
temperatures, is an overestimate of the line width term, 8, eq
10b, which causes the lines in the simulated spectra to be too
broad at the high-field end of the spectrum and too sharp at
the Jow-field end. If the experimental value of Ay were too
large, then 8 would be overestimated. The Q-band widths are
much more strongly dependent on Ay, however, and can be
simulated satisfactorily with the same set of parameters used
to simulate the X-band spectra. It is thus more likely that
the discrepancy arises from another contribution to v which
is not included in the simulations. To compensate for the
missing contribution to «, g, and thus 8, would be overes-
timated. The missing contribution may be due to the
quadrupolar interaction. However, since the theory of
quadrupolar line-width contribution has not been developed
for radicals with equivalent nuclei, there seems little more we
can do.!* The effect is small, and, even with an adequate
theory, it would be difficult to prove conclusively that it is
quadrupolar in origin.

The small increase in o at the higher temperatures may
be due to a spin-rotation contribution to the line widths. With
the values of g and g, for C4HsCCo3(CO)q7, together with
g from Table II, eq 11 suggests negligible spin—rotation
contributions below about 293 K and a contribution of about
0.06 mT at 333 K, consistent, within the uncertainties of the
theory and data, with the results shown in Table II.

By far the largest part of o remains unexplained. The
residual line width is-only weakly temperature dependent but
appears to increase with microwave frequency. Quadrupolar
contributions might account for some of the residual width,
but these would be expected to be proportional to g and
independent of microwave frequency. Of the line-broadening
mechanisms known, only motional averaging of the g-tensor
anisotropy and modulation of the isotropic g value should give
field-dependent line-width contributions. The former con-
tribution has already been explicitly accounted for in the
simulations, and the latter seems unlikely on several grounds.

Experimental Section

Pheny! tricobalt carbon enneacarbonyl was synthesized by the
literature method and reduced to the radical anion by sodium in THF
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solution. X-band ESR spectra were obtained with a Varian E-4

- spectrometer equipped with a variable-temperature accessory.
Temperatures quoted in this paper were read from the uncalibrated
temperature controller and are thus of qualitative significance only.
The microwave frequency was measured with a Systron Donner 6054A
frequency counter, The magnetic-field calibration of the E-4
spectrometer was checked with a proton resonance gaussmeter.
Q-band ESR spectra were obtained by Dr. Ira Goldberg, Rockwell
Science Center, Thousands Oaks, CA, with a Varian TEy,, cavity,
Varian V-4561 Q-band microwave bridge, a modified Varian V-4502
spectrometer, and a Magnion 15-in. magnet.
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The photochemical reactivity of the dimeric, mixed dimer, and monomeric sulfophthalocyanines of cobalt(III) and iron(II)
was investigated by steady-state and flash irradiations. The dimeric species photodissociated into sulfophthalocyanine radicals
which were coordinated to either Co(III) or Fe(II) metal centers. Reactions of such intermediates were investigated by

interception with alcohols and O,.

Also, photoredox reactions were detected with monomeric acidocobalt(III) sulfo-

phthalocyanines, These processes produce the oxidation of the acido ligands (CI-, Br, Ny, I") and the reduction of the
metal center. The photoredox dissociation was also investigated by using mixed dimers of the cobalt sulfophthalocyanines
with Cr(bpy);** and Ru(bpy);**. The photogeneration of sulfophthalocyanine radicals was observed as a general reaction

which was produced by excitation of either the Cr(bpy);**

or Ru(bpy);**

units in the mixed dimer. The nature of the

reactive excited states involved in the various photochemical reactions of the sulfophthalocyanmes of Co(II), Co(IID), Cu(II),

and Fe(II) is discussed.

Introduction

The photochemistry of the dimeric and monomeric sulfo-
phthalocyanines of copper(II) and cobalt(II) have been re-
cently investigated.> Such a study has demonstrated that
dimeric species are photodissociated by irradiation of the
ultraviolet bands. Copper(II)-ligand radicals and sulfo-
phthalocyanines with cobalt(I) and cobalt(III) metal centers
are the primary products of these reactions. In addition,
photoredox processes of the monomeric cobalt(II) and cop-
per(II) sulfophthalocyanines were observed when these species
were irradiated in the presence of hydrogen donors. These
photochemical properties of the dimeric and monomeric
complexes were related to the population of a ligand-centered
excited state which is probably an nw* state of the ligand. In
this regard, it seems that there is some parallelism between
the photochemistries of the sulfophthalocyanines and por-
phyrins.>* In fact, it has been reported that population of nx*
excited states of the porphyrins induces their reduction by
tertiary amines.

Also, a photoredox process has been briefly reported for a
methylcobalt(III) sulfophthalocyanine by Day et al.> This
reaction can probably be described as the same homolytic
photodissociation of the metal~carbon bond which is observed
with other methylcobalt(IIl) macrocyclic complexes.®8

Nevertheless, the behavior of the methylcobalt(III) sulfo-
phthalocyanine contrasts with the photochemistries of the
sulfophthalocyanines of copper(II) and cobalt(II). These
differences suggest that a low-energy charge-transfer lig-
and-to-metal, CTTM, excited state is the photoactive state of
the methyl complex.® In this regard, one may expect that the
photochemistry of some sulfophthalocyanines should have the
combined features of the reactions which are originated in
either charge-transfer or ligand-centered states.® In such a
case, the nature of the ligands attached to the metal center
in axial positions will have a large influence on the nature of
the photochemical process.

The study of the photochemistry of the sulfophthalocyanines
of the transition-metal ions has been continued in this work
by use of complexes with d® metal centers, Fe(II) and Co(III).?2
The results, obtained with monomeric and dimeric species, are
compared with those of the copper(Il) and cobalt(Il) com-
plexes.

Experimental Section

Photochemical Procedures. Steady-state irradiations were carried
out with an experimental setup that was previously described in some
detail.' A 300-W xenon Varian lamp, combined with collimating
filters, lenses, and a high intensity Bausch and Lomb monochromator,
was used for ultraviolet-visible photolyses. The entrance and exit
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