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I. Introduction

The electronic spectroscopy of transition-metal com-
plexes is particularly rich due to the three basic types
of transitions that can take place. The first of these is
localized to the ligand alone, L — L*, and generally
resembles that of the ligand, perhaps inductively shifted
in frequency. In addition, transitions that are formally
forbidden in the ligand may be allowed due to com-
plexation and a lower local symmetry. The second type
of transition involves the metal ion alone, and are
generally d — d*. These excitations are forbidden in
the atom or ion either on spacial symmetry grounds,
gerade-to-gerade, “Laporte forbidden”,? or for reasons
of spin symmetry. In the former case such transitions
gain intensity either through the reduced symmetry of
the complex and covalent mixing with the ligand or-
bitals, or through borrowing, which in turn reduces the
symmetry. In the latter case intensity is gained prin-
cipally through spin-orbit coupling between states of
different multiplicities.®*

The third type of transition is ligand to metal L —
M?* or metal to ligand M — L* charge-transfer excita-
tions.? Low-lying excitations of this type generally
follow a predictable trend: from easily oxidized ligands
to highly oxidized metal ions or from easily oxidized
metal ions to easily reduced ligands. Charge-transfer
excitations, if they are symmetry and spin allowed, are
generally stronger than d — d* but weaker than allowed
L. — L*. The reason for this is that the transition
strength reduces to a calculation of the transition dipole
between two orbitals, one of d type and one of ligand
type. In the absence of any “covalent” mixing of the
d orbitals with ligand orbitals only two center dipole
integrals remain, and they are small. Covalency gen-
erally increases the transition strength considerably.

These three types of transitions are depicted in Fig-
ure 1. This clean distinction into types is, of course,
destroyed in the presence of strong covalent bonding.
The simplicity and regularity just described must be
replaced by thinking of the entire complex as a
“supermolecule”. Symmetry can, however, still be used
to yield insight into the physical meaning (if any) of the
transition.
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There is another consideration that can confuse,
somewhat, the picture just presented, although in this
case the perturbation that complicates this situation
might be quite weak leading to results still easily in-
terpretable. This involves spin coupling of the L — L*
transitions of different multiplicities with open-shell
transition-metal ions. These ligand excitations, nor-
mally spin-forbidden, may become allowed. Such
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Figure 1. The three basic types of transitions observed in
transition-metal complexes: metal to metal (d — d*), ligand to
ligand (L — L*), and charge-transfer, ligand to metal (L — M*)
and metal to ligand (M — L*).
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Figure 2. The ca—se of a two open shell transition-metal ion
coupling with singlet and triplet ligand states.

v

transitions are easily mistaken for d — d* or charge
transfer. This kind of exchange coupling was examined
in detail by Murrell® and by Hoijtinck® to explain the
effect of molecular oxygen on the spectrum of benzene,
but is general to any two weakly interacting systems in
which at least one such system is paramagnetic. Ex-
change coupling has been described in some detail for
the case of a weakly interacting ligand-transition metal
compound in Ake’s thesis? as well as in a discussion
some years ago by Ake and Gouterman.?? With the
advent of more accurate self-consistent field—-configu-
ration interaction (SCF-CI)!%17 calculations on excited
states, either by ab initio or semiempirical models, it
seems desirable to revisit this regularity. The reason
for this is that most modern calculations treat the
complex as a supermolecule, and this regularity if not
easily noticed. Worse, most SCF-CI calculations often
do not show this regularity, for states of different
multiplicities are often biased in energy differently by
the SCF procedure itself. For example, (see Figure 2)
the quartet and doublets, which result from a triplet
L — L* transition exchange coupled to a doublet
transition-metal ion, may be at greatly different energies
at the molecular orbital level of theory. Often a con-
siderable amount of correlation is required to rees-
tablish the correct parentage of these states and the
small splitting that usually characterizes exchange
coupling of this type. The reason for this poor initial
ordering is that SCF-based methods generally estimate
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TABLE I. Summary of Notation

iR molecular orbitals (¢) occupied in the ground
state of the ligand
a,bc... molecular orbitals (¢) unoccupied in the ground

state of the ligand

m,n,0... metal-based orbitals, in general (d) type

By ligand-based many-electron state of multiplicity
2S +1

B+ My meztsal::):ised many-electron state of multiplicity

BHg, ground state of the complex

excited states of the complex with origin stem-
ming from the first, second, ..., [(A - 1)/2 + 1]
excited ligand-based singlet state

excited states of the complex with origin stem-
ming from the first, second, ..., [A/2] excited
ligand-based triplet state

M designates the metal-based state of highest
multiplicity and primes designate states of
lower multiplicity (see text under eq 18)

B¢ my..a

BHG v LA

MULIL...

states of higher multiplicity too low in energy relative
to states of lower multiplicity. Approximate models
that rely heavily on atomic spectroscopy for parameters
such as the intermediate neglect of differential over-
lap/spectroscopic (INDO/S) model,'®?2 often position
these transitions correctly even at low levels of config-
uration interaction (CI). Nevertheless, the hundreds
of states that suddenly appear on calculating the excited
states of open-shell transition-metal complexes defy
easy interpretation without recalling exchange coupling
of the kind we describe below.

I11. Electron-Electron Exchange Coupling

Consider, a ligand state of multiplicity 2s+1 and a
metal ion with multiplicity 2s’+1. Then the addition
of angular momentum suggests resultant molecular
states of s’ = s+ ¢', 8 + 8 - 1, ..., |s — &|, with appro-
priate multiplicities 2s”/+1, etc."%® This implies a
direct coupling between the metal and the ligand
electronic “spin” systems. The electronic spin—-spin
coupling?6?” we address in this review arises as a con-
sequence of the antisymmetric nature of electronic wave
functions with respect to permutation of electrons. This
is all there really is to this subject except for some
important subtleties.

Consider the ground state of a ligand as a singlet, !L,.
For simplity let its lowest excited state be dominated
by the molecular orbital excitation ¢; — ¢, (where i,j,k
etc. will designate occupied molecular orbitals and a,b,c,
etc. unoccupied molecular orbitals, on the ligand). The
lowest excited state will then usually be a triplet, viz.

SLE(1) = |¢11..-0idl = lia
SLO) = (1/V2)|6:11--6idal = |$11---0adil) =
(1/VDjia| - (i} (1a)
SL#(-1) = |¢161.--0idal = |16
and then followed by the corresponding singlet
ILY(0) = (1/V2ljia| + |ai] (1b)

where the “bar” over an orbital designates 8 spin, the
values in parentheses are s, values, and |...| implies the
usual Slater determinant.?32%-3! For ease in the sub-

sequent discussion we summarize our notation in Table
I
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Let this ligand now chelate with a doublet metal ion
in such a fashion that the overall spin state of the
complex is “doublet”. The normal spin-allowed tran-
sition of the ligand 'Ly, — !L? is now more properly
described as 2®) — 2¢{ with

29, = A[IL,!M,(1/2)] (2a)
and
29¢ = A['L2M,(1/2)] (2b)

where A is the antisymmetrizer?! and 2Mo(1/2) repre-
sents the ground-state wave function of the metal. The
physics of this situation has not changed; what was
formally a singlet-to-singlet transition is now formally
a doublet-to-doublet transition.

Let ¢,, be the singly occupied metal orbital (where
m,n,0, etc., are the metal-based d orbitals) that lead to
the triplet. The L — L* excitation ( — a) yields three
open-shell orbitals, eight microstates (23),32 one quartet,
and two doublets. The construction of the quartet is
unique®

‘811(3/2) = Jiam| = [PL3(1)*My(1/2)]  (3a)

Although the two doublets below are not unique, they
are constructed to have unique ligand and metal par-
entage:

28/(1/2) = (1/V/2){jfam| - liam|} = ['L#(0)2M,(1 /(2)]
3b)

20',(1/2) = (1/V/6){jiam| + [fam| - 2liam]} =
(1/4/3)BLE0)My(1/2) - V23Le(1)*My(-1/2)] (3c)

The corresponding energies of these states are

‘En=D-K,-K (4a)
2E,=D+K;,- (1/2)K (4b)
26y=D-K, + (1/2K (4c)

where D is an energy common to all these states, and

K = (K, + K, (4d)

The exchange integral K, is given by

K, = (ovjpo) =

{ dr(0dr@6: (04,201 /r)8,1)8,(2) (4e)

4%, and 2®;; stem from the 3L¢ ligand state, six mic-
rostates where there were, before this coupling, but two.
Ligand—metal exchange, K, is generally small, thus the
quartet and doublet are nearly degenerate with an en-
ergy of approximately D - K;,. These zero-order
splittings can be estimated by eqs 4a—d with the quartet
lying lower in accord with Hund’s rule.

2@, is the normally allowed singlet excited state of the
ligand (eq 3b) but whereas in the ligand we observed
spin-allowed transitions

lLo g IL? - 2@0 — 2@1 (5&)
we also now can observe
lLo g SL? «> 2@0 - 2@11 (5b)

where 2®, represents the ground-state complex. The
number of spin-allowed L — L* excitations has doubled
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TABLE II. The Coupling of a One Open Shell Metal Ion
with Ligand Singlet and Triplet Excited States

quartet
4$(3/2) = Jiam| = *L{(1)°M(1/2)
@y(1/2) = (1/v3)lidm| + |iam| + |iam|} =
(1/v/3){v25L(0)2M(1/2) + °L(1)°M(-1/2)}
Ayy(-1/2) = (1/v3)iam| + [iarm| + [{am|) =
(1/v/3){v25L(0)2M(-1/2) + SL(-1)2M(1/2)}
49;(-3/2) = |iam| = *L(-1)*M(-1/2)
_ doublet 1
28y(1/2) = (1/v2){liam| - iam|} = 'L(0)*M(1/2)
29,(-1/2) = (1/v2)jiam| + [farm]} = *L(0)°M(-1/2)

_ doublet 2
2(1/2) = (1/v/6)jiam| + [iam| - 2liam|} =
(1/v3)PLOM(1/2) - vZ3L(1)*M(-1/2)}
2,,(-1/2) = (1/v8)liam| + iarm| - 2Jiam|} =
(1/v3)PL(0)°M(-1/2) - v25L(-1)"M(1/2)}
energy
E[*®y(3/2)] = D - K;; = (Kip + Kum)
E[*8,(1/2)] = D + Kiz - (1/2)(Kim + Kom)
E[28y(1/2)] = D - Ky + (1/2)(Kim + Kum)

with formally excited state ligand triplets now becoming
allowed.

The simple case of a metal-doublet coupling with
ligand singlets and triplets is shown in Figure 2 and
tabulated in Table II. The normal transition of the
spin-forbidden excitation from ground state to triplet
(before configuration interactions, CI) is given by

EPL#) - E['Lo] = ¢, — = J; (6)

In the case of a doublet metal ion this single band is
split into two, separated by (3/2)(K;,, + K,,) with &,
— 2@ now spin allowed. In addition to the splitting,
the excitations are shifted by an amount equal to (J,,
- dim) = (1)K + B/HK

El*'®y) - E[*®)] = ¢, — ¢, = Jiy = (Jim = Iom) — Kam
(7a)

E[*®y] - E[*®,] =
€ — €™ Ji - (Jim - Jam) + (1/2)Kam + (3/2)Kim
(7b)

Similarly, the energy for the normal singlet excitation
L, — IL¢ given by (again in the absence of CI)

E[L¢#] - E['Lg) = ¢, - ¢ - J;, + 2K, (8)
is shifted and becomes

E[*®)] - E[*®] =
€ — € — Jia +2Kia - (Jim - Jam) - (1/2)(Kam - Kim)
9

In the above ¢, and ¢; are the molecular orbital eigen-
values for the unperturbed ligand and J;, is the Cou-
lomb repulsion integral

Jia = (iajia) =

J [ drar@¢i (062 (1/r12)oi(1Dga(2) (10)

Equations such as 7 and 9 are correct only to first order.
Major deviations result from configuration mixing
among excitations ®; —~ &, and &; - &,, etc.?>* and
inductive effects that might raise or lower the eigen-
values of ¢, and ¢; which are principally ligand in nature.
Even so, in the absence of covalency (the mixing of d
orbitals with ligand orbitals), ¢ — ¢, should remain
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Figure 3. The case of a one open shell transition-metal ion
coupling with singlet and triplet ligand states.

TABLE III. The Coupling of a Two Open Shell Metal Ion
with Ligand Singlet and Triplet Excited States

quintet
54(2) = [iamn| = 3L(1)M(1)

triplets
3¢,(1) = (1/v2){jlamn| - |idmn]} = 'L(0)*M(1)
3¢(1) = (1/v2){|iamn| - [iamnal} = SL(1)'M'(0)
3dy(1) = (1/2){iamn| + |iamn| - |iamn| - [iamA)} =
(1/v2)EL(0®M(1) - 3L(1)*M(0)}

singlets
1¢71(0) = (1/2){|iarn| - |iamn)| - |idmn| + |iamAl} =
ILOM(0) _
194(0) = (1/2v/3(2iamn| + 2liarmA)| - |iarmn| - |ilamn)] -
|iamn| - [iamn])
= (1/v3)FL(-1)*M(1) + 2L(1)*M(-1) - *L(0)*M(0)}

energy
E[*y(2)] = D - K,y - R - (K + Kond)
E[(1)] =D + K, - R - (1/2) (K + Kom)
EP#(1)] =D - K, + R - (1/2)(Kin + Kon)
E[*®y(1)) = D-K,- R

E['%,(0)] =D + K, + R - (1/2)(Koy + Ko
E['9;(0)] = D- K- K + (1/2)(Kim + Kom)

constant. The shifts given in eqs 7 and 9 are expected
to be small, as J;,, ~ J,, and both K,,, and K, are,
themselves, small.

The case of a triplet metal ion is summarized in
Figure 3 and Table III. The three terms arising from
the 3Ln (sq)n, aq)lb and lq)n) are Split by (3/2)K = (3/
2)K;, + K;, + K,,, + K,,). In this case, the newly
allowed transition, *®, — ‘5‘4’11, has a transition energy
given by
E[3®y] - E[3®,) =

€™ €6 Jia + (Jam + Jon - Iim — Jin) + Kin + K,
(11)
The 'L, — 'L singlet becomes 3®, — 3®; with excitation
energy
E[3¢I] - E[3¢0] =¢— 6=y F2Kjg + (o + Jon -
Jim - Jin) - 1/2(Kam + Kan - Ki - Kin) (12)

The state 2@’y of Figure 3 is also spin allowed, but
should lie considerably higher in energy, as this state
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TABLE IV. The Coupling of a Three Open Shell Metal Ion
with Ligand Singlet and Triplet Excited States

sextet
8&,(5/2) = Jiamnp| = L(1)*M(3/2)

_ quartets
49y(3/2) = (1/v/30){3[iamnp] + 3|idmnp] - 2liaranp| -
2liamAp| - 2Jiamnp|} _
= (1/v30)(3v23L(0)*M(3/2) - 2v/3L(1)*M(1/2)}
“@/4(3/2) = (1/v/2)liamnp| - liamap)) = *L(1)M(1/2)
‘2"y(3/2) = (1/v/8)lliamnp| + liamnp| - 2liamnp]} =
SL(1)2M7(1/2)_
‘®(3/2) = (1/vDligmnp| - liamnp]} = 'L(0)*M(3/2)

doublets

20(1/2) = (1/3v/2){liamnp| + |idmAp| + |idmnp| + [lamnp| +
[iamAp| + liamnp| - liamAp| - liamnp| - liamAp| - 3jiamnp|}
= (1/v8){v/23L(0)*M(1/2) - 3L(1)*M(-1/2) -
V3IL(-1)'M(3/2)}

29/4(1/2) = (1/2v/3){jiarnp| - liamnrp| + |idmnp)| - |iamnp| -
2liariinp| + 2liamAp|} = (1/v/3PL(0)2M'(1/2) -
v23L(1)2M'(-1/2)} i i

29"1(1/2) = (1/6){|iarRnp| + |iam7Ap| - 2liamnp| + Jidmnp| +
liamap| - 2liamnp| + 2jiamnp| + 2jiamAp| - 4|iarmrp|}
= (1/v3)FL(0)2M"(1/2) - v23L(1)2M"(-1/2)}.

29'1(1/2) = (1/2){|iamnp]| + |ilamnAp| - |iémAp| - liamnp|} =
IL(0)2M(1/2)

2¢7,(1/2) = (1/2v3)lliamnp| + Jiamnp| - [famap| - famnp]| -
2lidmnp| + 2iamnp|} = *L(0)*M’(1/2)

energy

E[GQH(S/Z)] =D - K,'a - 3K - (KiM + KnM)

E[*®5(3/2)] = D - K,, - 3R - (1/6)(Kins + Kop)

E[*®'y(3/2)) = D - (1/2)(Kim + Ki + 2Kip+ Ky + Kin +
9K ) + (1/2)(2Kpy ~ Ky - Kpp)

E[¢"1(3/2)] = D - K - (1/6)(5K;m + 5Kiy + 2K + 5Ky +
5K, + 2K,p) — (1)K ~ Koy — Ko

E[*®(3/2)] =D + Ki, - 38 - (1/D (Ko + Ko

E[*85(1/2)] =D - K,, - 3R + (1/3)(Ky + Kopg)

E[ZQ,H(]-/z)] =D-K,- (1/2)(Kim + Kin - Kip + Kom + Kun -
K,;) + (1/2)@Km ~ Kimp ~ Kop)

E[%87(1/2)] = D ~ K, + (1/8)(Kin + Kip - 5K;p + Kom +
K,y - 5K,p) - (1/2)(2K s - Kpp — K,

E[P8(1/2)] = D + K - (1/2)(Ro + Ko) + (1/2)(2K iy -

-
EP8%(1/2)] = D + Kiy - (1/2)/(Kig + Ko) - (1/2)(2K p, -
mp ~ Rnp
TABLE V. The Coupling of a Four Open Shell Metal Ion
with Ligand Singlet and Triplet Excited States
septet

®;(3) = *L(1)’M(2)

_ quintets
5¢1(2) = (1/+v/6){23L0)"M(2) - v/25L(1)*M(1))
5¢y(2) = 'L(0)°M(2)

_ triplet _
3ey(1) = (1/2v/15){6°L(-1)'M(2) - 3v23L(0)*M(1) +
63L(1)°M(0)}
energy

E["®4(3)] = D - K;y - 6K - (K + Kam)

E[5,(3)] = D - K, - 6K - (1/4) (K + Kom)
E[5¢4(3)] = D + K;, - 6K - (1/2)0(Kiq + Kom)
E[s¢|l(3)] =D- Kia - GK + (1/4)(KlM + KnM)

represents the coupling of the singlet state of the metal,
“spin flip”, with the triplet ligand state. The position
of !M’ in this diagram is arbitrary, and the position of
states !®,, 3@y, and &’y will shift up or down accord-
ingly.

Figure 4 shows the case for a three open shell metal
(quartet). Where the ligand initially showed one spin-
allowed excitation, from the orbital excitation ¢; — ¢,,
there are now four. This situation is summarized in
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Figure 4. The case of a three open shell transition-metal ion
coupling with singlet and triplet ligand states.
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Figure 5. The case of a four open shell transition-metal ion
coupling with singlet and triplet ligand states.

Table IV. Tables V and VI summarize the case of the
coupling between the ligand and four open shell and
five open shell transition metals, respectively. These
tables are not complete in that four open shells can
generate a quintet, three triplets, and two singlets. Only
the coupling to the quintet is given. Similarly five open
shells generate a sextet, four quintets and six doublets.
Only the coupling to the sextet is given. These spin-
flipped (B» 1M’ 2x1M”, etc.)3 states lie higher in en-
ergy than the state of maximum multiplicity for a given
open-shell structure (Hund’s rule). Figures 5 and 6
show the situations for a quintet and sextet transi-
tion-metal ion, respectively.
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TABLE VI. The Coupling of a Five Open Shell Metal Ion
with Ligand Singlet and Triplet Excited States
octet
80(7/2) = 3L(1)*M(5/2)
_ sextet _
88(5/2) = (1/vT){v/23L(1)*M(3/2) - v/5°L(0)*M(5/2)}
64,(5/2) = IL(0)*M(5/2)
_ quartet
‘@n(%ﬂ = (1/v15){*L(1)®M(1/2) - 23L(0)*M(3/2) +
v 103L{-1)*M(5/2)}

energy
E[®y(7/2)} = D - Ky - 10K = (Koy + Kow)
E[*®y(5/2)] = D - K, - 10K - (5/14) (Ko + Kop)
E[°¢](5/2)] =D+ Kia - ].OK - (1/2)(KiM + KnM)
E[*¢y(3/2)] = D - Ky - 10K + (1/5)(Koy + Kopg)

N M
v ‘4 v
1 1] "U M
L []
1 1
1’: 2 v
4,/// “om
]
) 4,/; ‘M”
¢
% < LA
o — u
,l.l
4’/ "Ml
v
1 ¢ 6
L, L M,

Figure 6. The case of a five open shell transition-metal ion
coupling with singlet and triplet ligand states.

Generally, the triplet ligand °Ly; state splits into a
high multiplicity component with energy given by
E[EM”CI)H(SLHZSM”M)] =

D-K;, - S,(2S, - DK - (Kjy + Ko (13)
and a lowest multiplicity component with energy given
by
E[2|S,,.-l|+lq,n(3ans,,.+lM)] =

D-K;, -Sn(2S,- DK + (1/28,)(K;m + Kom)
(14)
with a split of

split = (1 + (1/2S,))(Kim + Kom) (18)
The singlet ligand energy is given by
E[Em+l¢I(ILIEm+lM)] =

D+ K;,-S,2S,,- DK - (1/2)(Kiy + Kan) (16)
with

d orbitals
R=[1/8,2S,-1)] X Km (17a)

m<n
d orbitals
Kim = 7; Ky (17b)
d orbitals
KaM = ; Kal (17¢)
K=Ky+ K.u (17d)
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A d! transition-metal ion will possess a manifold of
states as shown in Figure 2. Permutations of one
electron within the d orbital manifold will not only give
rise to d — d* states, but also a superposition of ligand
perturbed states, each of which will appear as those in
Figure 2. One such excited d — d* is superimposed on
another in Figure 7. Recall that all states labeled as
doublets are spin allowed. The excitations 2, — 2@,-
(dd*) is the usual d — d* but this excitation also gen-
erates a doubling of accessible L — L* states.

The situation is clearly more complex for d? metal
ions (Figure 3). Here there are 10 possible triplet states,
each giving rise to a diagram such as that shown in
Figure 3. In addition, there are five singlets corre-
sponding to those cases (higher energy) in which the d
electrons are paired. The case of three unpaired elec-
trons, d3, gives rise not only to a superposition of 10
such manifold of states such as those given in Figure
4, but also 20 such diagrams as in Figure 2 corre-
sponding to situations in which two of the d electrons
are paired. In spite of these complexities, it is clear that
we can describe the excited state manifolds in terms of
superposition figures such as those we have given in
Figures 2-6.

In order to clarify the origin of these excitations, Ake
and Gouterman™® introduced a notation that specified
the ligand—metal origin of such states. For example, in
Figure 5, the first excited states "®y;, 5®y;, and ®y; are
trip-quintets, 3@y, 3®”, sing-triplets, and 5®; a sing-
quintet. We have adopted the notation

2S+l<p£ (18)

with 28 + 1 the actual multiplicity of the state, A = 0,
I, II for the ground state, the lowest singlet excited L
— L* state, and the lowest triplet excited state asso-
ciated with A = I (see Table I). A = III would represent
the next highest L — L* singlet, and A = IV, the triplet
associated with it. The superscript u =0,’,”,’”, etc.
accounts for the metal states of highest multiplicity, S,,,
then all those of next highest, S,—1, then those of S,-2,
in order. [E.g. ®M = SM(S,), *M'(S,), M"(S,), SM"(S,),
IMIV(S,), and 'MY(S,), see Figure 6.]

111. Transition Probabliiity

The electronic transition probability between two
states can be given in the dipole approximation as an
oscillator strength3

fra = 47092 X 1077 AE, (¥ a[¥ )2 (19)

where AE;; = E; - E; in centimeter’}, and #, the dipole
operator, is given in debye. Again, in the absence of
configuration mixing, the transition moment between
a closed-shell ground state 'Ly and 'L$(0) is given by
(see eq 1b)

(Lol@|'L#(0)) = v/2(i[fja) (208)

or the simple evaluation of the dipole operator between
molecular orbitals ¢; and ¢,. The L, — 3L¢ excitations,
are, of course, spin-forbidden

(WolPL#) = 0 (20b)

and this remains so, to first-order, even after the ex-
change coupling we have discussed. However, the lig-
and triplet state that spin couples to create a state of
the same multiplicity as the ground state, the trip-
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“2S,,+1 tet”, Zn*1d;, Bn*ld; now mix with the corre-
sponding sing-“2S,,+1 tet”, ®=*1®,, and borrow intensity
from it.

We examine this for the case of the open-shell metal
doublet (Table II) and derive

(%1 /D|APEY(1/2) = (V3/2)Kom - Kin)  (21a)
and estimate from first-order perturbation theory!
2611(1/2) ~ 2y(1/2) +

V372 Ko~ Kin) __, (1/2) (21b)
/2K, = Kom + K] 1/

This yields an estimate of the transition dipole between
the ground-state doublet to the trip-doublet of’?

(2yr(1/2)[A]*®o(1/2)) =

am im)

3 R~ (Ko + Ki) P
575 Kam — Kin) o1
V3/2——5—(ilfla) (21c)

H

The transition probability should be small as both K,,,,
and K;, are expected to be small in the absence of
covalency, but it is non-zero. For completeness we note
that the ground state 2®,(1/2) can also mix with the
trip-doublet 2®y;(1/2) through the last term in the de-
scription of 2®;(1/2), viz. [iar| (Table II). The effect
of this so-called “Brillouin theorem violating term” 3%
on the computed oscillator strength can be shown to be
small compared to that included in eq 21c.

Equation 21c can be generalized and yields for the
transition dipole for the “forbidden” ligand triplet

(Bnt1Pg|p[BSntigy) =
(28, + 2)(Kom — Kim)

@) ~

(ilfila)
V228, + 2)! 2K, - (KoM + Kim) /28n]
(22a)
with
All = (A)(A -2 M=1 2 =2 (22b)

Before concluding this section it is important to point
out that most of the intensity that derived from tran-
sitions, from the ground state to excited states, stem
from single excitations of the type ¢; — ¢,. This is
simply a manifestation of the one-electron nature of the
dipole transition operator. Transitions from the ground
state to states that are principally double (or higher)
excitations can only gain intensity through configura-
tional mixing with single excitations, or through the
mixing of the ground state with excited configurations.
This observation gives utility to diagrams such as those
shown in Figures 2-6. The superposition of such dia-
grams represented in Figure 7 gives a more complete
representation of the available manifold of excited
states, but the actual ground state, and the excited
states that are principally singly excited relative to this
ground-state, will give the major features of this spec-
trum. In other words, in Figure 7, 2, — 2®,(dd*) or
(d — d*) might be observed, but other 2&,(dd*) will
probably not be, as they are doubly (or higher) excited
relative to 2®,,

1V. Effects of Covalency

Throughout these discussions we have assumed that
the mixing of ligand molecular orbitals and metal or-
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Figure 7. Ligand-based states that are (fenerated throughd —
d* excitation. States designated 2*1®,(dd*), A = 0, differ from
2%, by two orbital assignments. See text.

bitals (covalency) is minor, and thus the perturbation
of the ligand by the metal is minor and essentially
confined to inductive effects and exchange coupling of
the type we have discussed here. Regardless, the de-
scription of the configuration in terms of determinants
that we present in the tables and the energies we assign
to these remain valid. The utility of the description of
the states in terms of “L” and “M” many-electron
functions, however, does degenerate with increasing
covalency, as the uniqueness of the choice of states of
the same multiplicity stemming from the same elec-
tronic configuration becomes less meaningful. For ex-
ample, the choice of the three triplets of Table III is not
unique. The utility of this particular choice rests on
the observation that one of these is associated with the
ligand singlet, one with the ligand triplet and one with
a spin flip on the metal. That is, that these three states
do not have large mixing among themselves. This, in
turn, depends on the fact that K;,, and K, are smaller
than both K;,, the intraligand exchange, and K_,,,, the
exchange between two d orbitals. Matrix elements
between two states of arbitrary ¢;, ¢,, and ¢, take the
form of those given in eq 21. We derive, for example,
the condition that (KaM - K,-M)/2Sm < [2Kia - (KaM +
Kiv)/2S,,] for small mixing, between ®; and ®;. Sim-
ilar expressions compare differences of metal-ligand
exchange integrals with [2K - (K,m + Kiv)/2S,,] for
determining mixing of spin-flip states with the trip--
(28, +1) tets” of interest. For ¢;, ¢,, and ¢, localized
to the ligand and metal respectively, this is clearly the
case. This condition also remains intact even for rea-
sonable amounts of covalency (<10-20%) for the cor-
rection terms in an analysis of covalency tend to cancel.
Beyond this, the approximate breakdown into “L” and
“M” many-electron fragments degenerates quickly and
only a supermolecule description seems appropriate.

V. Examples
A. Porphinatoiron(111) Chioride

We present, as an example, the calculated spectrum
of porphinatoiron(III) chloride, the molecule given in
Figure 8.4 This spectrum is somewhat complicated
in that it requires, at a minimum, consideration of the
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Figure 8. Porphinatoiron(III) chloride.

Simulated
Spectrum

Before CI After CI

Figure 9. The “four orbital model” description of the spectrum
of porphyrin: ---, triplet and —, singlet.

two highest filled porphyrin [a,,() and as,(7)] and the
two lowest empty porphyrin [e,(7*)] molecular orbitals,
to describe the ligand spectrum, as shown in Figure 9.9
The results we present are from SCF-CI'%7 calculations
of the INDO/S type.!#%

The “B” band, or “Soret” band, is very intense, and
we consider here only the calculated states of lower
energy. As suggested in Figure 9, the two triplets, the
“Q” band, and another triplet with origin outside of the
four orbital model,%° and the “B” band will all con-
tribute to the allowed spectrum in the lower energy
region after metal-ligand spin—spin coupling. All of
these states are of E, (E) symmetry.

In Figure 10 we summarize the salient features of the
calculated spectrum of this system assuming the ground
state is of 2B2¥ (?B,) type, and then of ?E, (°E) type.

In the following discussion we will give both Dy, labels
as is conventional in porphyrin spectroscopy, and the
actual C,, symmetry labels in parentheses. The prin-
cipal intensity will lie in transitions related to the ref-
ererllce through single-excitations as described previ-
ously.

Figure 10 also demonstrates another type of impor-
tant interaction between ligand and metal that is spacial
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Figure 10. The calculated spectrum of porphinatoiron(III)
chloride assuming a 2By, and *E, ground state.

(rather than spin) in nature. If the metal ion is in a
degenerate state before coupling, and the states of in-
terest of the ligand are degenerate, then the direct
product representation can cause further splittings. In
this case, the ligand triplet and singlet states of interest
are of E, (E) symmetry, coupling with the %E, (°E) state
of the Fe(III) ion. In the D, point group E, ® E, =
A, + Ay, + By, + By, and in the C,, point group E ®
E = A, + A, + B, + B,.* This leads not only to the
spin-spin coupling we have been discussing until now,
but also to a spacial coupling and resulting splitting of
states. In the original ligand, only B and Q bands are
allowed. In coupling with the doublet, three trip-
doublets below the B band gain intensity and the lowest
energy one might be observed in absorption experi-
ments. When the reference is 2E, (2E), 20 separate
states below the B band (and incluc!ing the B band) in
energy gain intensity, when only two were allowed in
the isolated porphyrin ligand.

The %E, state (d2,.d,.d2,) is believed to be the lowest
lying state for ferricytochrome-C# and for most met-
myoglobins.43# In all cases, the Q band is broadened
and appears in the range 16 900-18900 cm™. We cal-
culate very many states before the Q band (Table VII)
including d, — d,2 and d,, — d,: and the charge-transfer
states, a;,(7) — d,: and ag,(7) — d,2. The two trip-
doublets associated with the lowest porphyrin triplet
states are calculated at 10921-12883 cm™ and 15740~
17857 cm™. The first of these has a calculated oscillator
strength of 0.002 and should be observable. The cal-
culated trip-quartets lie about 200 cm™ below their
corresponding trip-doublets (Table VII) except for the
lowest trip-doublet, which has been depressed through
configuration mixing with the sing-doublet and has
gained intensity through this mixing (eq 21c). The
second group of trip-doublets has a calculated oscillator
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TABLE VII. The Calculated Spectrum of
Porphinatoiron(III) Chloride Assuming a E; Ground State
(Unless Labeled “Quartet” These States Are All Doublets)
calculated 2E;
excitation energies

oscillator
label type energy, cm™  strength
d(r) — d(z? 2Ag,(dd"‘) 3014.0
d(xy) ~ d(r)  %By(dd¥) 3617.0
d(r) — d(z? 2Az‘(dd"‘) 6715.0
d(=) = d(z? 27, (dd*) 7535.0
d(xy) — d(z? 2E:?dd"‘) 10633.0
T, trip-doublet (Q) 10921.0 0.002
quartet trip-doublet (Q) 12607.0
quartet trip-doublet (Q) 12632.0
quartet trip-doublet (Q) 12653.0
quartet trip-doublet (Q) 12700.0
trip-doublet (Q) 12806.0
trip-doublet (Q) 12877.0
trip-doublet (Q) 12883.0
8, — d(z? Tx 13855.0
d(x) — d(z? 2A,.(dd*) 14404.0
d(xy) — d(z? 2E?dd"‘) 14769.0
2 trip-doublet (B) 15740.0 0.001
8y, — d(z?) Tx 16041.0 0.001
T, quartet trip-doublet (B) 17292,0
quartet trip-doublet (B) 17297.0
quartet trip-doublet (B) 17320.0
quartet trip-doublet (B) 17323.0
trip-doublet (B) 17746.0 0.002
trip-doublet (B) 17826.0 0.001
trip-doublet (B) 17857.0 0.001
Q sing-doublet 18456.0 0.081
a;, — d(z? Tx 18 469.0
Q sing-doublet 18660.0 0.063
sing-doublet 18711.0 0.075
Q sing-doublet 18731.0 0.074
L] L] L] L]
L] L] L] L]
L] L] L] L]
B sing-doublet 30150.0 1.248
sing-doublet 30365.0 1.025
sing-doublet 30418.0 1.248
sing-doublet 30706.0 1.094

strength that sums to 0.004, but would likely be hidden
by the Q bands with calculated oscillator strength that
totals 0.293. We estimate from SCF-CI calculations on
each species separately that the 2B,, (d2,d%d,,) lies
1800 cm™ above the E; (corresponding to d,, — d,) and
that the 2Ay (d3,d,.d.) state lies 2100 cm™ above the
2E; (corresponding to the d, — d,: excitation). A
measure of the consistency of this procedure is obtained
by comparing these values with those calculated from
the CI, assuming a 2E, reference state. These values
appear in Table VII as 8600 and 3000 cm™, which shows
a reveral in the order of states, but an average “error”
of only 1300 ¢cm™,

If the calculated spectrum, assuming ground states
of 2E,, ?By,, and 2A,,, is of the singles-only type (CIS),
as is often the case in semiempirical schemes, a su-
perposition of the calculated manifolds assuming an
offset of 1800 cm™ for the ?B,, states and 2100 cm™ for
the 2A,, states gives a good 2t«eel for the nature of the
low-lying states and suggests the regularities that should
be apparent in a larger calculation.*® The spectroscopy
of the 2E, species, however, will still be dominated by
those states that are singly excited relative to the 2E;
reference.

There are literally thousands of states that are rep-
resented, for example, by the superposition of diagrams
such as the two given in Figure 10. In general, all the
excited states are represented in principal by a greater
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Figure 11. The symmetry of the metal states in a Dy, (C,,) field.
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Figure 12. The assumed structure of plastocyanine. See refs
49 and 50.

CI that includes at least all single excitations from all
the reference states suggested in Figure 11.46%° The
utility of a superposition of such diagrams as given in
Figure 10 rests upon weak coupling between metal and
ligand, and the fact that most of the oscillator strength
for transitions of a system in a well-characterized
ground state results from single excitations from that
ground state. Given these caveats a superposition of
such diagrams® does show the regularities that should
be apparent in the larger CI.

For completeness, we note tht in the particular case
of the model compound porphinatoiron(III) chloride the
Ay, state is believed to lie lowest in energy, with the
6A,, state less than 1000 cm™ above.®

B. Plastocyanine

As a second example we present a calculation of the
excited states of plastocyanine.”® The structure adopted
is from ref 52 and is given in Figure 12. The calculated
spectrum appears in Table VIII, where it is compared
with experimental values reported by Solomon, Hare,
and Gray.5® Also reported in Table VIII is the calcu-
lated spectrum of the “bare” imidazole and imidazolate
complexes of Figure 12 without copper, (SCH3)", and
S(CH,),. The peaks from 6400 to 17000 cm™ are all
associated with excitations into the singly occupied
HOMO, an orbital about 67% Cu and 20% of the S of
(SCH;)". The peak calculated at 17000 cm™ we asso-
ciate with the “signature” copper blue line®® common
to the complexes.
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TABLE VIII. The Calculated Spectra of Plastocyanine and
the Imidazole-Imidazolate Complex (Energies are in Units
of cm™ X 107, the Calculated Oscillator Strengths Are in

Parentheses)
imidazole-imidazolate
complex plastocyanine
singlet triplet  observed calculated® comments®
55 6.4 (0.0007) (SCHy —

HOMO
10.3 8.1¢ (0.0017) N, — HOMO
11.9 9.4¢ (0.0082) N, - HOMO
13.6 11.2 (0.0009) N, — HOMO
11.4° (0.0013) N, — HOMO
16.6 17.0 (0.1020) N, - HOMO
719.3 [Q] trip-doublets

16.8 18.1 | 19.6 (0.0000) N, — N,
[19.3 [Q] trip-doublets

21.9 20.1 (0.0003) N, — N,
215  21.1 (0.0087) N, — HOMO
23.6 22.9 (0.0540) N, — HOMO
[24.8 [Q] trip-doublets

26.0 125.3 (0.0025) N, — N,
26.3 [Q] trip-doublets

27.1 [26.6 (0.0000) N, — N,

28.3 (0.0058) 28.9 (0.0062) sing-doublet

[28.7 [Q] trip-doublets

28.3 [29.1 (0.0000) N, — N,

3From ref 51. [Q] designates the quartet component. ®The
HOMO is an orbital of about 67% Cu and 20% (SCHj)™ and is
characteristic of the complex. N, is imidazole and N, imidazolate.
°The energies of these peaks are reasonably sensitive to the as-
sumed geometry. See Figure 12.

Peaks calculated at 19600 and 20100 cm™ are trip-
doublets associated with imidazole and imidazolate
triplet states as indicated in the table. Similarly peaks
calculated at 25300 and 26 600 cm™ are also associated
with imidazole and imidazolate triplets. The peaks
calculated at 28900 and 29 100 cm™ are sing-doublet
and trip-doublet states associated with imidazolate—
imidazole (N, — N,) charge-transfer excitations. That
they lie within 200 cm™ of each other is a consequence
of a very small K, value between ¢; on the imidazolate
and ¢, on imidazole (Table I). Note for small K;,, the
sing-doublet lies below the trip-doublet, as calculated.

Although there is much to say about the chemistry
of this system,®! it is rather interesting that even with
the amount of covalency shown in this calculation be-
tween Cu and S, the spectrum is easily interpreted in
terms of this exchange coupling model.

VI. Conclusion

In this article the effect of ligand—metal electron ex-
change coupling as it pertains to the calculated elec-
tronic spectra of transition-metal complexes has been
reviewed. Through the use of example calculations,
along with the accompanying tables and figures, the
increase in the number of spin-allowed electronic ex-
citations due to this exchange coupling has been deli-
neated. We present closed formulas for the splitting
of the multiplets due to this interaction. The predicted
intensity of these newly spin-allowed excitations was
addressed in section III, and we also present closed
formulas for this oscillator strength. The calculated
spectra of porphinatoiron(III) chloride and plasto-
cyanine were offered as examples in section IV. For the
case of porphinatoiron(III) chloride, in addition to the
exchange coupling that gives intensity to the lowest
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lying porphyrin triplet state, which is well explained in
terms of the analysis we present, there is a further
splitting of levels due to symmetry. The excited ligand
states of interest are !E and °E, while that of the cou-
pling Fe(IIl) is 2E. This spacial coupling splits the
dipole-allowed porphyrin E states into B,, By, A}, and
A, nondegenerate states. The plastocyanine example
demonstrates the applicability of the exchange-coupling
model to systems where the assumption of no (or little)
covalent mixing is not rigorously obeyed. The Cu-S
covalency in the plastocyanine system is sufficiently
strong to disrupt the picture of “clean” molecular or-
bitals. That is, the picture of molecular orbitals
localized on the ligand, and molecular orbitals of almost
pure metal “d” atomic character, has begun to fail.
Even so, the calculated spectrum is still easily inter-
preted in terms of this model.

As can be seen in Tables VII and VIII, the calculated
spectra of transition-metal complexes are rich in
structure. With the advent of fast, relatively inexpen-
sive desk top computers, and the availability of so-
phisticated quantum chemical program packages, such
spectra calculations will become routine to both the
specialist and nonspecialist. It is our hope that this
review will aid in interpreting the results of these cal-
culations, yielding a useful description of the calculated
results, and, perhaps, prevent possible misinterpreta-
tions due to exchange splittings that are calculated too
large relative to experiment, a consequence of an in-
complete theoretical treatment. It is also our hope to
remind the reader that in addition to the d — d* and
charge-transfer excitations that appear in the low en-
ergy spectra of transition-metal complexes, weakly al-
lowed formally spin-forbidden L. — L* excitations
should be observed.
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