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Optical Ligand to Ligand Charge Transfer of Metarl 
Complexes Including Ligand-Based Mixed-Valence 

Systems 
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Universiriit Regenslwrg, 
Universitausrr. 31, 

0-8400 Regenshug, 
Federal Republic of Germany 

The electronic spectra of metal complexes which contain a reducing and an oxidizing 
ligand (Ld-M-L.,J are characterized by ligand to ligand charge transfer (LLCT) 
absorptions. A specific form of L,,-M-L, complexes are ligand-based mired- 
valence (LBMV) compounds which contain the same ligand in two different redox 
states. In this case the ligand-ligand interaction may lead to a partial or even 
complete electronic delocalizarion between the reduced and oxidized form 01 the 
ligands. As a consequence. the "LLCY transition loses its ff character since it 
takes place between delocaiized orbitals. 

Key Words: mixed-vulence complexes. electronic spectru, optical electron trum fer 

INTRODUCTION 

The discussion of the electronic interaction in coordination com- 
pounds is frequently restricted to the coupling between the central 
metal and the ligands. However, the metal also facilitates the mu- 
tual interaction of the ligands. A special and very interesting case 
of this interaction occurs if a complex contains simultaneously an 
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electron donor (or reducing) ligand Lrcd and an acceptor (or oxi- 
dizing) ligand Lox. In the electronic spectra of such complexes 
M-Lo, an absorption band may appear which belongs to a charge 
transfer (m) transition from the donor to the acceptor ligand. 
Ligand to ligand charge transfer (LLCT) is a rather new type of 
optical electronic transition which has been studied only recently 
but is now gaining increasing attention. 

Before a detailed description of LLCT is presented it is appro- 
priate to mention briefly the classical electronic CT transitions of 
metal complexes. CT transitions are classified according to the 
redox sites.] 

Ligand to metal CT (LMCT) absorption bands are observed at 
low energies if the metal is oxidizing and the ligand reducing. 
Co(11I) and Fe(II1) complexes are well-documented examples. The 
colors of do oxometallates such as the yellow Cr0:- and the violet 
MnO; are caused by LMCT bands. 

Metal to ligand CT (MLCT) is another classical optical transition 
of metal complexes. MLCT absorptions appear at long wave- 
lengths if the metal is reducing and a ligand provides low-energy 
empty orbitals. Complexes such as [Fe(CN),]'- and [R~(bipy) , ]~+ 
(bipy = 22'-bipyridyl) are typical cases. In addition. organome- 
tallics which contain a metal in a low oxidation state and .;r-ac- 
cepting ligands such as an olefin or an aromatic molecule are char- 
acterized by low-energy MLCT 

Metal to metal CT (MMCT) bands occur only in the absorption 
spectra of binuclear (or polynuclear) complexes which contain a 
reducing and an oxidizing metal.' Two cases can be distinguished. 
Both metals are either bridged by a suitable ligand (Mred-L-MoJ'.3 
or connected by a direct but polar metal-metal bond (Mrcd-Mox).4-h 
The binuclear complexes [ (hTH3)sCo"'NCRu"(CN)~}~'~~ and 
[P~,PAu~-CO- ' (CO),]~ are typical compounds which display low- 
energy MMCT absorption bands. 

The following discussion of LLCT is presented in four parts. 
First, LLCT is shown to be a very general phenomenon which can 
take place in all mixed-ligand complexes provided they contain a 
reducing and an oxidizing ligand of any type. Secondly, ligand- 
based (LB) mixed-valence (MV) complexes are discussed. The 
third part deals with excited state processes involving LLCT states. 
Finally, two special cases of LLCT, namely intraligand CT (ILCT) 
and outer-sphere LLCT. are described. 
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LLCT OF MIXED-LIGAND COMPLEXES 

Any complex of the type L,,-M-Lo, may display a LLCT band 
in its absorption spectrum. In principle, such a CT band should 
also be observed if the donor and acceptor ligands interact without 
an intervening metal. Pyridinium halides and related ion pairs can 
be taken as examples: 

It is well known that the spectra of these compounds show low- 
energy absorptions which belong to outer-sphere (halide to pyri- 
dinium) CT transitions.’ It is then by no means surprising that such 
CT transitions also occur if a metal mediates an inner-sphere in- 
teraction between the same donor and acceptor: 

However, in many cases LLCT bands are difficult to detect since 
they may be hidden under or obscured by absorption of different 
origin. An unambiguous assignment of LLCT bands is facilitated 
if other absorptions do not occur in the same wavelength region. 
In some cases a clear identification of LLCT bands is possible if 
they occur at very long wavelengths where the appearance of these 
absorptions is unique. This requires a rather strong reducing and 
oxidizing strength of both ligands. In other cases LLCT bands may 
occur at much higher energies. It is then certainly an advantage if 
the metal is rather redox inert and any interference by long-wave- 
length LMCT and MLCT absorptions can be excluded. Metals 
such as Zn(II), Cd(I1) or Rh(II1) should serve this purpose. An- 
other useful criterion for the detection of LLCT bands is the in- 
dependence of their energy of the type of metal unless the inier- 
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action of the metal with ligands of interest exerts a large influence 
on its electronic structure. 

LLCT bands appear in the absorption spectra of complexes which 
contain the following donor and acceptor ligands: Donor: X -  (hal- 
ide), RS- (thiolate), R -  (R = alkyl and aryl groups). Acceptor: 
bipy, o-phen (0-phenanthroline). porphyrins. 

Historically. the first LLCT assignment was made by Coates and 
Green in 1962.5 They concluded that the long-wavelength absorp- 
tions of [Be"(bipy)X,] and [Be"(bipy)R,] are caused by an optical 
electron transfer from X- or R -  to bipy. Be(1I) as a redox inert 
closed shell metal certainly does not participate in low-energy elec- 
tronic transitions. The LLCT bands are red-shifted in the order of 
increasing reducing strength of the halide: A,,, = 352 nm (Cl-). 
364 nm (Br-). 368 nm (I-) .  Upon substitution of the halide by 
carbanions the LLCT bands appear at A = 353 nm (C,H;), 395 
nm (CH,). and 461 nm (C2H;). The absorption spectrum of 
[Tl(bipy),l,]+ shows a LLCT ( I -  to bipy) band at A,,, = 374 nm.9 
The complexes [Zn(bipy)RJ are also characterized by low-energy 
LLCT bands at A,,, = 360 nm (CH<).'O-ll 420 nm (C2H;).11.12 
426 nm (C3Hy),l0 and 430 nm (C,H;).'' Zn(1I) as a redox inert 
dl0 metal certainly does not take part in any low-energy transition. 

Alkyl and aplthiolates are well suited as donor ligands. too. So 
i t  is not surprising that complexes of the type Zn(o-phen)(SR)? 
and Cd(o-phen)(SR), with R = aryl display LLCT bands in their 
absorption spectra. lxl' These bands appear in the near UV. 

LLCT bands are also expected to occur for the square-planar 
ds complexes [Pt(bipy)X,). However. the electronic spectra are 
certainly more complicated due to the presence of bands of dif- 
ferent origin. The long-wavelength bands of [Pt(bipy)XJ which 
undergo a considerable red shift in the series X = C1. Br and I 
were assigned to MLCT  transition^.^^ This red shift could be caused 
by a progressive destabilization of the filled d,-orbitals by n-donor 
interaction with the halide ligands. At the same time the resulting 
MO's gain an increasing contribution from the halide. Conse- 
quently. these MLCT transitions have an increasing LLCT char- 
acter from X = C1 to I .  Complexes of the type [Pt(bipy)R,] also 
display long-wavelength CT bands (e.g., A,,, - 500 nm for R = 
C2H5).16 These bands show a strong negative solvatochromism. 
Since T orbitals of the alkyl anion ligands are not available these 
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bands should be assigned to LLCT transitions from the u-bonding 
electron pair of the R- ligand to bipy. A MLCT assignment can 
be excluded since the complex [Pt(bipy) (ethylene- 
diamine)I2+ does not exhibit such a long-wavelength band.” The 
ethylenediarnine is also a u donor ligand but much less reducing 
than R-. 

The absorption spectrum of carboxycytochrome P 450 is quite 
unusual. This compound is an octahedral Fe(I1) complex uhich 
contains a porphyrin ligand. Axial ligands are CO and RS-. This 
rnetalloporphyrin shows the Soret band (So 4 S2 m ~ *  intrali!;and 
transition of the porphyrin) at extremely long wavelength (450 nm) 
and an additional intense band in the near UV (360 nm). The latter 
band was assigned to a LLCT transition from the axial S-R- ligand 
to the T* orbitals of the porphyrin.ls It was recently proven that 
this assignment is indeed correct. The absorption spectrum of Zn(I1) 
porphyrin thiolate complexes is very similar to that of P 450 in- 
cluding the LLCT band. l9.lo Any electronic transition involving 
Zn(I1) cannot occur in this energy region. 

There are certainly many other complexes which are expected 
to show LLCT bands in their electronic spectra. Quite often wch 
LLCT bands could be obscured by other absorptions and only a 
careful analysis of the spectrum may lead to their detection. Some- 
times the spectra have simply not been recorded although LILT 
bands are anticipated to appear at long wavelengths. For example, 
calculations have shown that the HOMO of the carbyne complex 
Cr(CO),(C-Ph)Br is located at the bromide ligand while the LUMO 
is derived from the carbyne.21 Consequently, a low-energy LLCT 
band should occur but the spectrum of this complex is yet un- 
known. 

LIGAND-BASED MIXED-VALENCE (LBMV) 
COMPLEXES 

Ligand-based mixed-valence complexes contain the same ligand in 
a reduced and oxidized form. LLCT absorptions should then ap- 
pear in the electronic spectra of these compounds. However, the 
electronic coupling of both ligands introduces a serious compli- 
cation. A strong coupling may lead to a complete electronic de- 
localization between both ligands. The reduced and oxidized form 
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of the ligands then yield two identical ligands in an intermediate 
redox state. A “LLCT” band could still occur but the electronic 
transition does not have any CT contribution but involves delo- 
calked orbitals. 

LBMV complexes are quite analogous to metal-based (MB) MV 
complexes. Since the theory of MBMV complexes is well devel- 
oped.=-% some fundamental features of this theory are discussed 
first to facilitate the description of LBMV compounds. Bi- or po- 
lynuclear complexes which contain the same metal in two different 
oxidation states are MBMV compounds. Generally, the reducing 
and oxidizing metal are bridged by a suitable ligand (Mred-L- 
M0J. The best known examples are those compounds which con- 
tain ruthenium in the oxidation states 11 and I11 (RU~’-L-RU~~’) .  
Since both metals are electronically coupled an electron delocal- 
kation takes place. With increasing metal-metal interaction the 
individual metal ions Ru’I and Ru”’ lose their identity. Finally, 
the valence orbitals of both metals are completely delocalized and 
the metals no longer exist in well-defined (“trapped”) oxidation 
states. Both ruthenium atoms now have the intermediate oxidation 
state 2.5. 

For a delocalized MV complex L , R U ~ . ~ - L ~ - R U ~ . ~ L ;  (L = L‘) 
a redox asymmetry can be introduced by chemical modification If 
L and L‘ are different ligands which stabilize Ru” and Ru”’ to a 
different extent, the resonance formula L,RU~’-L~-RU~~’L,!, may 
contribute more to the real electron distribution in the complex. 
However, the influence of the ligands on the redox asymmetry is 
usually small compared to the variation of the metal. A substitution 
of one Ru by the homologous Fe reduces the delocalization greatly 
due to the different energies of the valence orbitals of both metals. 
In a more general sense such binuclear mixed-metal complexes 
with a reducing and an oxidizing metal can still be viewed as MV 
cornpo~nds .~ . ’~  

The extent of delocalization can be determined or estimated by 
experimental data.22-2s In favorable cases structural features allow 
a distinction since bond lengths and angles will depend on the 
oxidation state. An important feature is the MMCT absorption 
band. With increasing delocalization this band still appears but 
loses its CT character. As a consequence the energy of this band 
no longer depends on the polarity of the solvent. 

The ideas developed above will now be applied to LBMV com- 
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plexes. First. some interesting complexes with unknown optical 
properties are described (a). Secondly, LBMV compound. c, are 
discussed which are characterized by a LLCT absorption (b). How- 
ever, the extent of CT contribution to this LLCT transition is not 
clear. Then complexes will be presented which contain completely 
delocalized MV ligands (c). The "LLCT"bands do not have any 
CT character. The final section deals with LBMV complexes u hich 
are definitely redox asymmetric and their LLCT transitions have 
a real CT contribution (d). 

(a) Let us first consider the CT interaction in a purely organic 
system which may also be used for a LBMV complex. A suilable 
redox-active compound is p-quinone which can be reversibly re- 
duced to the semiquinone radical anion and the deprotonatetl hy- 
droquinone dianion by two consecutive one-electron transfer proc- 
esses: 

8 ,  
10 I 6 
Ib' I 

101 

ii 
10 1 

In 1844 Wohler observed that a mixture of the quinone and hy- 
droquinone yields the dark-colored quinhydrone.M The color is 
caused by an intense absorption which involves a CT transition 
from the reducing hydroquinone to the oxidizing quinone. Irt so- 
lution this color disappears since the quinhydrone dissociates into 
its components. Staab and Rebafka avoided this dissociation by 
the incorporation of the quinone and hydroquinone .n a 
para~yclophan~': 
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The resulting compound is blue-colored due to the hydroquinone 
to quinone CT absorption. It should now also be possible to me- 
diate the CT interaction between quinone and hydroquinone by 
an intervening metal atom yielding the prototype of a LBMV com- 
plex. When Ni(CO), reacts with duroquinone a sandwich complex 
is formed in which two quinone molecules are coordinated as 
d i ~ l e f i n ~ ~ :  

A LBMV complex is thus apparently not formed. However, when 
stronger oxidizing quinones react with Ni(CO), a dark-colored 
material is formed32 which may indeed be the desired LBMV com- 
pound: 

Ni’ 

Due to the insolubility of this material any further characterization 
which could confirm such a structure was not achieved. It would 
be most interesting to know if this compound really contains a 
quinone and a hydroquinone dianion (“trapped valencies”) or two 
coupled semiquinone ligands (“intermediate valency” or delocal- 
ized ligands). 
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A similar organometallic LBMV compound may be a cobalt(1) 
complex which seems to contain tetraphenylcyclopentadienone 
(tetracyclone) and its dianion as MV l i g a n d ~ ~ ~ :  

I C O I  ‘ 

Q 

This complex anion can be protonated to yield a stable neutral 
compound. There is evidence that the proton bridges the oxygen 
atom of both ligands. interestingly, this compound crystallizes in 
two modifications of different color. Unfortunately, the extent of 
electronic coupling and delocalization of both ligands is not known. 

Instead of p-quinone and its reduced forms, the ortho isomers 
o-quinone, o-semiquinone and catecholate can be used as ligands. 
Chelates which are coordinated via both oxygen atoms are formed. 
Numerous complexes of this type have been synthesi~ed.~.’~ In 
some cases it was established by X-ray crystallography that LEIMV 
complexes with trapped valencies do jndeed exist. The six-coor- 
dinate complex [ MoV( 9,lO-phenant hrencatecho(ate),( 9,lO-p hen- 
anthrensemiquinone)] is an example of a real LBMV complex 
which contains a ligand in two different tedox states.34.36 This is 
also true for the cation [Co(II)(o-benzoquinonediimid),(o-ben- 
zosemiquinonediimide)] + .37 The oxygen atoms of o-quinone and 
its reduced form are substituted by NH. The complex is fivt:-co- 
ordinate. The two quinonediimide ligands are chelating while: the 
semiquinonediimide acts as monodentate ligand. Further exan.ples 
are described by Pierpont and Buchanan.% Unfortunately, LLCT 
bands were not detected for these complexes. The extent of r:lec- 
tronic coupling of the MV ligands is also not clear. 

(b) In this section LBMV complexes are described which display 
a LLCT band in their electronic spectra. However, the extent of 
CT contribution to the “LLCT’ transitions is now known in these 
cases. In the following discussion the term LLCT is replaced by 
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intervalence transfer (IT) if the MV ligands are delocalized or the 
CT character of the "LLCT" bands has not been determined or 
estimated experimentally. 

Buchanan and Pierpont were the first who assigned a near-IR 
absorption (A,,,= - 1300 nm) of [C0~~~(3,5-di-tert.-butylcatecho- 
late)(3.5-di-tert.-butylsemiquinone)(bipy)] to a ligand-based IT 
t r a n s i t i ~ n . ~ ' . ~ ~  Since the complex contains MV ligands with trapped 
valencies, as indicated by the X-ray structure, the IT band should 
belong to a real LLCT (catecholate to semiquinone) transition, 
but this remains to be confirmed. A similar system was studied by 
Hendrickson and his group. The complex [Fe1I1(9,1O-phenanthren- 
catecholate)(9,30-phenanthrene semiquinone)(bipy)] and related 
compounds display an IT band near 1100 nm.39 In polar solutions 
this absorption disappears due to the change of redox states. 

Many complexes of the general formula [M(N-N)J-, with N- 
N = bipy and other polypyridyl ligands, can be reduced, often in 
several consecutive When the reduction occurs at the N- 
N ligands LBMV complexes of the type [M(N-N),(N-N-)]"-] 
or [M(N-N)(N-N-)2]"-z  a re  formed.  T h e  complexes 
[ Run(bipy),(bipy - )] + , [ Ru"( bipy)(bipy -)$, [ Ir"'(bipy)z(bipy-)]2 + , 
and [Ir"'(bipy)(bipy-),] + apparently contain MV ligands with 
trapped ~alencies ."~- '~  Accordingly, IT bands of these complexes 
were detected in the neai  IR. For example, the latter complex 
displays its IT band at A,,, = 2600 nm. However, the CT nature 
of these IT transitions has not yet been confirmed experimentally. 
The energy of a real bipy- to bipy LLCT band should depend on 
the polarity of the solvent. Such measurements or other additional 
evidence in favor of the CT character of these IT bands have not 
yet been reported. 

Quite recently, a new family of LBMV complexes has been 
discovered. These compounds contain two coplanar porphyrin rings 
which are bridged by a large metal cation via coordination of the 
porphyrin nitrogen atoms. The central ion is a lanthanoid (Pr11J,*3.44 
Eu"'.'~ Ce'" "7 or actinoid (Th'", Urv)* metal. These LBMV 
complexes contain one porphyrin in its usual form and one oxidized 
to the 7-radical cation. The extent of delocalization of the electron 
hole over both ligands does not seem to be clear. Although an IT 
band appears in the near IR it has been suggested that this tran- 
sition involves little CT.46 In this context it is certainly of interest 
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that such an IT band (Ama = 1300 nm) was also detected in the 
etectronic spectrum of the oxidized special pair of two chlorophyll 
molecules which occurs in the reaction center of bacterial F hoto- 
~ynthesis.~' 

(c) In this section LBMV complexes are discussed which defi- 
nitely contain completely delocalited MV ligands. In this case IT 
transitions without any CT contribution occur. 

A large variety of square-planar ds complexes of Ni(1I). Pd(II), 
and Pt(I1) with two chelating ligands of the same stoichioinetry 
but in formally different redox states are known's*J9: 

L L 

The coordinating atoms L are either 0, S or N (NR). In thr: case 
of L = 0 the ligands are o-quinone and its deprotonated hydro- 
quinone dianion. The redox properties of the ligands remain es- 
sentially unchanged if this ligand structure is preserved only 
partiallv-49: 

However, both ligands are completely delocalized. In a va,ence 
bond picture the electron distribution must then be described by 
two equivalent resonance € o ~ s ~ O :  
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This situation is also reflected by MO considerations of these com- 
p o u n d ~ . ~ - ~ ~  The highest occupied (2 bl,) and the lowest empty 
(3 bzg) ligand orbitals are equally delocalized over both ligands. 

The largest group of complexes of this type are the dithiolenes 
(L = S).48.49 All compounds are deeply colored. This color is 
caused by the IT band of the 2 b,, --* 3 bZg transition. Since this 
transition does not have any CT character the energy of the ab- 
sorption maximum does not depend on the polarity of the solvent. 

In many cases the delocalized 2 b,, and 3 b2, ligand orbitals are 
the HOMO and LUMO of the whole complex. One-electron re- 
duction and oxidation are then ligand-based p r o c e s ~ e s . ~ ~ . ~ ~  In a 
formal sense the complexes now contain a semiquinone-type ligand 
in addition to the hydroquinone or quinone-related ligand. The 
compounds are still delocalized LBMV complexes which are char- 
acterized by a long-wavelength IT band which belongs to the 
2 b,, + 3 b,, transition without any CT contribution. 

(d) For delocalized LBMV complexes which are discussed in the 
previous section (c), a redox asymmetry can be introduced by a 
chemical modification of one ligand. The resulting compounds are 
MV complexes only in a more general sense since the chemical 
composition of both “MV” ligands is no longer identical. The same 
generalization was applied to MBMV cornple~es~ .*~ (see above). 

A chemical modification is possible in two ways. A slight redox 
asymmetry 

is achieved if L = L‘ and R f R’. In the ground state the left 
resonance form prevails slightly over the right one if R is more 
electron-withdrawing than R’. For the IT excited state the opposite 
is true. In terms of MO theory this means that the 2 b,, orbital is 
now slightly more localized at the ligand with L and 3 b,, at the 
ligand with L’. The 2 b,, --+ 3 b,, transition in (DZh symmetry) 
takes now place between orbitals which are largely but not any 
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more exclusively delocalized. The IT transition then has a small 
CT contribution. This assumption was experimentally ~erified.~) 

The neutral complex Ni[S2C2(CN)2][S2C2Ph2] would be a !good 
example since the nitrile substituents are much more strongly elec- 
tron-withdrawing than the phenyl groups. Unfortunately, this (:om- 
plex is not stable but its reduced monoanion can be taken instead 
since the localization of the MO's should not change upon reduc- 
tion of the neutral complex: 

Indeed, there is evidence that this resonance form prevails sii{$tly 
in the ground state. The complex ion shows a small negative sol- 
vatochromism. The 2 b,, 4 3 b,, IT band undergoes a small red 
shift with decreasing solvent polarity. 

A large redox asymmetry can be accomplished if the coordi- 
nating atoms of both ligands are different (L' f L'). The prototype 
of such complexes contains a 1,2-ethylenedithiolate as reducing 
and a 1.2-diimine as oxidizing ligand: 

I 

I 
The first nickel( 11) complexes of this structure were syntheslzed 
and characterized by Miller and Dance in 1973.3' During the last 
decade a large number of these compounds with M = Ni(I1). 
Pd(II), and Pt(I1) has been r e p ~ r t e d . ' ~ - ~ ~  The 1,2-diimines also 
include the classical ligands bipy and o-phen. In a few cases the 
i,&dithiolates were replaced by catecholates. 

The donor orbital 2 b,, is now predominantly localized at the 
dithiolate while the acceptor orbital 3 b2, (in D, symmetry) resides 
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essentially at the diimine. Consequently, the 2 b,, -, 3 b,, tran- 
sition is then a real LLCT transition. The energy of the LLCT 
bands is a sensitive function of the solvent polarity and the com- 
pounds exhibit a large negative solvatochromism. The solutions of 
less polar solvents such as CH2C12 are frequently blue while so- 
lutions of rather polar solvents such as CH,CN are often red. The 
2 b,, and 3 b2, orbitals are apparently quite pure ligand orbitals 
with little metal character. This is indicated by the observation 
that the energy of the LLCT bands depends only slightly on the 
metal (Ni(II), Pd(II), and Pt(II)).56 A detailed description of the 
ligand-ligand interaction supported by MO calculations has been 
reported r e ~ e n t l y . ~ ~ ~ ~  

The mutual orientation of donor and acceptor ligands is certainly 
also important. The electronic coupling of both ligands seems to 
be very strong in square-planar complexes. In tetrahedral com- 
plexes with an orthogonal orientation of the ligands, the interaction 
may be absent. An intermediate situation could apply to the com- 
plexes [Zn”(diimine)(toluenedithiolate) J with diimine = bipy and 
o-phen.61 Although their geometry is not known, four-coordinate 
Zn(I1) complexes generally prefer tetrahedral structures. The LLCT 
bands of these Zn complexes are much less intense6’ compared to 
those of corresponding square-planar c~mplexes .~’  This is a good 
indication that the LBMV complexes of zink are indeed distorted 
towards a tetrahedral structure and the ligand-ligand interaction 
deviates from that of analogous Ni(I1) or Pt(I1) compounds. 

The complexes [Cu~1(diimine)(3,5-di-tert.-butylcatecholate)J with 
diimine = bipy and o-phen also show longwavelength absorptions 
which were assigned to LLCT  transition^.^^.^^ For the bipy complex 
this band appears at A,,, = 530 nm (in DMSO) while the corre- 
sponding square-planar Pt(I1) complex displays this absorption at 
A,,, = 570 nm (in DMF).57 Again? this difference could be caused 
by structural differences. These copper complexes may deviate 
from a planar structure. 

Finally, octahedral LBMV complexes which are characterized 
by LLCT bands are also known. In this case the MV chelate ligands 
cannot be arranged in a plane, too. In the electronic spectrum of 
[Cd11(o-phen)(toluenedithiolate)2)’- a shoulder at 400 nm (in 
CH3CN) was assigned to a LLCT transition.6’.6‘ LLCT absorptions 
were also identified in the spectra of [Ru**(bipy)2(catecholate)) and 
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(Run(bipy)(catecholate),J2- c o r n p l e x e ~ . ~ . ~ ~  The spectra of these 
compounds are rather complicated since other bands such as MLCT 
absorptions appear in the same wavelength region as the cate- 
cholate to bipy LLCT bands. Interestingly, these LLCT band; are 
also present in the spectra of complexes in which the catecholate 
ligand is oxidized to the semiquinone. The donor ability is ecsen- 
tially unchanged by this oxidation. 

EXCITED STATE PROCESSES INVOLVING LLCT 
STATES 

In all cases which have been discussed so far LLCT excited states 
are generated directly by light absorption into LLCT bands. Gen- 
erally, the LLCT excited complexes return to their ground states 
by radiationless deactivation. However, in some cases the gener- 
ation and deactivation of LLCT excited states takes place by other 
processes. 

The population of a LLCT state can also occur from excited 
states of a different origin. For example, the complex IRe* 
(bipy)(CO),(py-PTZ)] + contains a coordinated pyridine ('py) 
which is linked at its 4 position to the reducing phenothiazine 
(PTZ) molecule via a methylene group.& A PTZ to bipy LL.CT 
absorption was not observed. The electronic coupling between 
PTZ and bipy is probably too weak due to the intervening CH, 
group. Light absorption by a MLCT band leads to the excited s:ate 
[Re"(bipy ')(CO),(py-PTZ)] + which undergoes a rapid exc: ted 
state electron transfer from PTZ to the oxidized Re center. The 
resuit of this excited state electron transfer is a LLCT excited slate 
with the electron distribution [Re'(bipy-)(CO),(py-PTZ+)]'. It 
reverts to the ground state with k = 4 x 108 s-l. 

Occasionally, the deactivation of LLCT excited states does not 
occur by radiationless deactivation but also by emission or pho- 
tochemical reaction. The complex [Pt*l(bipy)(toluenedithiolate)] 
is excited to a LLCT state directly by light a b ~ o r p t i o n . ~ ~  At 77 K 
the LLCT state returns to the ground state by emission. At rcom 
temperature in an ethanol solution this tuminescence is quenciied 
by a competing radiationless deactivation. However, in solutions 
of CHCt3 the LLCT excited state transfers an electron to the iol- 
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vent. This leads to  an irreversible photooxidation of the complex. 
Low-temperature (77 K) emission from L L C r  excited states was 
also observed for the complexes M"(diimine)(RS), with M = Zn 
and Cd, diimine = bipy and o-phen. and R = aryl g r o ~ p s ' ~ J ~  (see 
above). 

Complexes of the form [Re'(bipy)(CO),(DMABN)]+ and 
[OS"(~~~~~(CO)(DMABN)]~+ with the donor ligand DMABN = 
4-(N,N-dimethylamino)be11zonitrile possess DMABN to bipy L L n  
excited states which are populated by electron transfer from a 
MLCT excited state and deactivated by emi~sion.~'  

INTRALIGAND CHARGE TRANSFER (ILCT) AND 

TRANSFER 
OUTER-SPHERE LIGAND TO LIGAND CHARGE 

A ligand itself may consist of a reducing and an oxidizing part. 
The spectrum of the metal complex should then show a low-energy 
ILCT band involving a CT transition from the donor to the ac- 
ceptor site of the same ligand. Such a long-wavelength ILCT band 
was detected in the absorption spectrum of a Ni(I1) complex with 
a quadridentate ligand? 

The donor site is the reducing thiolate moiety while the diimine 
is the accepting part of the ligand. The solvent dependence of the 
ILCT band causes a large negative solvatochromism of this com- 
pound. The donor-acceptor interaction within the complex is dearly 
of the inner-sphere type since the nickel ion mediates the electronic 
coupling. The free ligand apparently does not exist. It might be 
expected to show also a CT absorption. This, however, would 
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belong to an outer-sphere CT transition since donor and acceptor 
sites are separated by electronically insulating methylene gro ~ p s .  

Quite recently, such ILCT bands were also detected in the ab- 
sorption spectra of related Zn(I1) and Ni(I1) complexes (L := 0 
or S)? 

A LLCT transition cannot only occur by an inner-sphere inter- 
action within a complex; in addition, it may take place as an outer- 
sphere process if the donor and acceptor ligand are located at 
different complexes. The necessary close approach is facilitated by 
electrostatic attraction within ion pairs of both complexes. Intense 
long-wavelength absorption bands at h ,  - 830 nm appear in the 
spectra of (Ni11(tim)]2+[M1*(mnt)2]Z- with M = Ni, Pd and P1:70: 

There is good evidence that this band belongs to an outer-sphere 
LLCT transition from the dithiolate ligand of the complex anion 
to the diimine moiety of the macrocyclic complex cation. 
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CONCLUSION 

LLCT seems ta  be a rather general type of electronic transition 
of metal complexes which contains a donor and acceptor ligand. 
There is no doubt that many more examples will be discovered in 
the future, including ligand-based mixed-valence complexes. 
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