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ABSTRACT

The emitting excited states of [Ru (2,2'-bipyridine)(ethylenediamine)2]?* as
well as [Ru (2,2'-bipyridine)s]?" are described as the metal-to-bipyridine
charge-transfer triplet state to which a variety of the spin-allowed transitions
grant their intensities as deduced by molecular orbital calculations
taking into account spin-orbit coupling.

The structure of the lowest excited states of metalloporphyrins are discussed
Wwith relevance to the excited state 1ifetime. A variety of tetraphenylporphyrin
metal complexes generate blue light upon red light Taser excitation. The
pumping up to the second excited singlet is ascribed to a successive two-photon
absorption S¢+S;+S=~S,.

INTRODUCTION

An electron provided by the reducing reagent to a metalloporphyrin is captur-
ed either in the central metal or in the conjugated system of the porphyrin
moiety. When a planar CoIITPP {TPP: tetraphenylporphin) is reduced, an electron
is trapped in a molecular orbital predominantly localized on the cobalt ion.

In this particular planar ligand, the gap between the ligand-field d, orbitals,

22 and xz-yz, is so great that the central coba®t(I) is in the diamagnetic
ground configuration (d_ ) (22)2. A diamagnetic complex Na[TPPCo 1-5THF was
obtained by reduction of Col TPP with sodium benzophenone ketyl in THF (ref.1).
On the other hand, one-electron reduction of the d] metal compiexes yields
porphyrin anion radical (ref.2).

One-electron reduction of [CoII bpy) (bpy: 2,2' bipyridine) yields a
complex of Co(I) in the triplet ground conf1gurat1on (d;) (22) (x2 yz)] (ref.3).
Since the 22 2-y2 orbitails are the antibonding orbitals, the electron
occupations in the orbitals result in bond dissociations unless an electrostatic
attraction between the metal ion and the ligands stabilizes the bonds. Na[CoI—
TPP] is not susceptible to accept axial ligands, while [Col(bpy)3]x dissociates
one coordinated bipyridine in solution and yields [Co[(bpy)QX]. On the other
hand, [Fe(bpy)31, isoelectronic to [CoI(bpy)3]+, does not dissociate a ligand,
since no electren occupation arises in the d; orbital. [Fe(bpy)3] is a complex

G

and x

of Fe(II) in (dﬂ)ﬁ configuration coordinated by two bipyridine anion radicals
and one bipyridine molecule (ref. 4).
Reductions of metal carbonyls with the closed dTT shell result in a
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decrease of coordination number formation of a dimer with a metal-metal
bond and/or with carbonyl br1dges One-electron reduction of
[Cr(CO)G] yields [Crz(co)]o] " (ref.5), while two-electron reduction results in
[Cr(CO)5] {ref.6). The electrons provided by the reducing reagents are in
the antibonding d_ orbitals and thus one of the carbonyl bonds dissociates.
However one-electron reduction of [Cr(CO)4be] can be achieved without accom-
panying evolution of carbon monoxide, and a monomeric open-shell complex
Na[Cr(CO)4(bpy')] can be isolated (ref.7 and 8). This complex shows a g=2 ESR
signal with a well-resolved superhyperfine structure due to interaction of
the trapped electron with the peripheral protons of coordinated bipyridine
molecule. It has an electronic absorption spectrum characteristic of the
bipyridine anion radical.

Metal carbonyl complexes dissociate the coordinated carbon monoxide upon
electronic excitation. In a condensed medium, the relaxation takes
place in a very short pericd down to the lowest excited state. The lowest
excited state of [Cr(CO)G] is the lowest component of the 3(d,d*) excited states.
An electron occupation of the antibonding d; orbital in the lowest excited
state results in dissociation of the .coordinated carbon monoxide. However,
excitation of ECr(CO)4bpy] yields Juminescence instead of the dissociation of
carbon monoxide (ref.9). The luminescence is assigned to the lowest "metal-to-
bipyridine" charge-transfer excited triplet state rather than the 3(d,d*)
excited state. This implies that reduction and also photoexcitation of [Cr-
(CO)4bpy] do not result in the electron occupation of the d, orbital which gives
rise to dissociation of the coordinated carbon monoxide, In other words, the
Towest vacant m* orbital (LUMO) of the coordinated bipyridine is lower than the
antibonding do orbital.

THE LOWEST EXCITED STATE OF [Ru'lbpy(en),1%*

‘ Extensxve studies have been achieved on photodynamics and photochemistry of
[Ru(bpy)3] and its analogues. However the fine structure of the lowest
excited singlet and triplet states of [RuII(bpy)3] has never been determined
exactly even by extensive experimental efforts.

Hanazak1 and Nagakura described the lowest (d ,T*) excited states of
[Fe(bpy), 1%* as well as [Fe(phen)3] (phen: 1, 10 phenanthroline) by the
compos1te-system method in which are superposed the "metal-to-ligand" charge-
transfer excited configurations and the ligand (mw,w*) excited configurations
(ref.10 and 11). With this model, the promoted electron in the (dw,ﬂ*) excited
state is in ane of three 1igands and hops around three ligands.

Circular dichroism spectra in the 1igand (m,m*) transitions of the optical
isomers are ascribed to an exciton coupling between the excitations in three
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ligands (ref.11). The delocalization of electronic excitation over three
Tigands does not necessarily mean that the promoted electron in the "metal-to-
ligand" charge-transfer excited state is in a 7 orbital completely delocalized
over all three ligands. The (d“,w*) transitions can borrow their intensity
from the ligand allowed (mw,w*) transitions by a counter migration of the Tigand
m electron into the metal d hole.

The mixed-Tigand complexes such as [Rubpy(en)2]2 {en: ethylenediamine) and
[Ruphen(en) ]2+, in which no-interligand exciton coupiing is present, exhibit
the ”meta]-to-1igand“ charge-transfer bands and emit luminescence which are
very similar to those of [Ru(bpy)3]2+ and [Ru(phen)3]2+. Table 1 summarizes
the results of our recent measurements on absorption and emission maxima, decay
lifetimes and oxidation potentials (ref.12).. The resonance Raman specira taken
by use of the argon ion laser lines within the 20~21X103cm'1 band show the
skeletal vibrational modes of cooirdinated bipyridine and phenanthroline. This
impTlies that the lowest excited state is the "metal-to-ligand" charge-transfer
excited state.

TABLE 1
Absorption and Emission Maxima, Decay Lifetimes and Oxidation Potentials
Absorption maxima Emission maxima® Ep(V)
Complex (163em™ ") (103%™ {nsec) vs. Ag/AgC10,
[Ru(bpy)s13* 21.90, 35.00 17.30, 16.02 610 +0.95
[Ru(bpy)zen]2+ 20.53; 34.40 " 15.15, 13.89 70 +0.62
[Ru(bpy) (NHs)%JZ* 20.49, 34.39 13.62, 14.79 33 +0.58
[Ru(bpy)(en)z 19.61, 34.01 15.15, 13.85 64 +0.26
[Ru{bpy) (NHs),]1** 19.16, 34.01 +0.21
[Ru(phen)s]2* 22.35, 38.21 16.45, 17.83 870 +0.96
[Ru(phen)gen]2+ 20.91, 37.90 15.43, 14.25 250 +0.61
[Ru(phen), (NH3) 212* 20.96, 37.83 14.86, 13.18 144 +0.57
{Ru(phen)(en}),]? 21.32, 37.56 15.41, 13.97 154 +0.29
[Ru(phen}(NH3). 12" 21.23, 37.64 +0.21

3observed at 77 K.
The ]T1 and T2 states of [Co(bpy)3]3+ and [Co(phen) 33+ ('t 1: 23x]03cm-])
are in an energy region s1m11ar to those of [Co(NH3) ]3+ and [Coen3] ( T]:

1; 1T2 30x10%cm”! ), since the o donations of ethylenediamine,

Ix]03cm
bipyridine and phenanthroline are not so much different for the cobalt (III)ion.
The gap between dn and do orb1tals is substantially increased by the backbonding
in [Ru(bpy)a] and [Ru(phen)s] 2% i contrast with [Ru(NH3)6]2 and [Ru(en)§]2+
A decrease 1n the oxidation potent1a1 is-observed in the series, [Ru(bpy) ]
[Ru(bpy)zen] and [Rubpy(en), ] and their ammine analogues. Subst1tut1on of

bipyridine by ethylenediamine or ammonia 1ift the dﬁ orbitals and reduce the
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energy of the lowest (d,d*) excited state. The "metal-to-bipyridine" charge-

transfer absorption maxima of [Rubpy(en) ] and [Ru(bpy)3]2+ are observed at

20. 3x103cm ! and 21.9x103cm and the corresponding luminescence maxima are at
15.2x10%em™", 13.9x10%em™! and 17.3x10%m™}, 16.0x10%em™, respectively, while
the oxidation potent1als (E_) are +0.26V and 0.95V against Ag/O ™ AgC]O4

This implies that the (d d*) excited state in [Rubpy(en) ] is much lower than
that of [Ru(bpy)3]2+. Thermal activation to the 3(d,d*) excited state results
in fast electronic relaxation. For the same reason, the decay lifetime of
[Ru( bpy) (NH ) 1¢* (E_= +0. 58V) 1s as short as 40ns and [Rubpy(NH )4]2+ (E =
+0.21V) ana]ogous to ERubpy en) ] em1ts no phosphorescence Reduct1on in
the decay lifetimes of [Rubpy(en) ] and [Ruphen(en) ] and the nonluminescent
character of [Rubpy(NH3)4] and [Ruphen(NH3) ] are attributable to the
stabilization of the Towest (d d*) excited state. The nonluminescent complexes
are rather sensitive to photolysis. The emitting state is the lowest "metal-to-
bipyridine (phenanthroline)" charge-transfer triplet state (3CT) which is lower
than the lowest 3(d d*) excited state. In the case of [Fe(bpy)3]2+, the 3(d,d*)
( T]) excited state is observed at 1ZX10 cm (ref 13). Theory predicts that
the ST] state is in a region not higher than 4000cm~ -1 above the 3CT of [Ru-
(bpy)3]2+. It has been proposed that the upper set of levels, from which photo-
induced ligand substitution reaction occurs, is in a region 3600cm"1
lower set which are photoinert (ref.14).

Recently, we calculated the lowest excited states of [Rubpy(en)2]2 as well
as [Ru(bpy)3] by use of the composite system method. The calculation
was semiempirical but all the multicentric integrals and overlap integrals ware
taken into account. The method can reasonably predict a difference in the
electronic correlation between the ground and excited states and reproduce the

observed spectra not only of benzene, pyridine and pyrazine but also of biphenyl
and bipyridine.

above the

The spin-orbit coupling interactions within ruthenium d" orbitals give rise
to mixing of the singliet and triplet manifolds of the metal-to-ligand charge-
transfer excited states (ref.15). The present theoretical approach to the
nature of the excited state spin-orbit coupling sublevels has been achieved by
taking into account configuration interaction between the low-Tlying states.

The absorption bands at ZOXIO3cm'] and 27><103<:m'1 are assigned to the "metal-
to-bipyridine" charge-transfer excited singlet states, ]CT(yz,zx+n7) and
]CT(yZ zx+n8), respectively, where yz, zx and Ty, g are the filled and vacant
molecular orbitals in which the metal d and the b1pyr1d1ne 7w orbitals make a
predominant contribution. The band in 34XIO cm fo11owed by the (0,1) vibronic
band is ascribed to the bipyridine (n,n*) excited state ]LE(ns 7). The non-

relativistic model predicts two components of 3CT(yz,zx—>1r7) at l7.5><]()3cm'.| and
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]7.52><][)3cm'1 and the forbidden and allowed components of 1CT(yz,zx-wry) at

18.2x10 cm_] and 20.0x70 cm']. The d orbital is isolated from the ligand w
orbitals in [Rubpy(en) 12* and thus 1,3¢ CT(xy+ﬂ7) are strictly forbidden. The
backbonding stabilizes only yz and zx orbitals., The oxidation potentials of
[Rubpy(en)2]2+ and [Rubpy(NH3)4]2+ are reduced raising the dxy orbital

which is not stabilized by the backbonding.

Spin-orbit coupling interactions mix the spin-forbidden states with the spin-
allowed states. However the lowest sublevel of 3CT(yz,zx—>117) in [Rubpy(en)2}2+
lacks contributions from the allowed excited singlets, while the second and
third sublevels can be the emitting states s1nce they are granted an appreciabie
but less than 10% contribution of the allowed CT(yz zx*nT) and a variety of

LE s. An absorption shoulder observed in 17X10 cm -1 (ref.13), which is a
mirror image of the Tuminescence band, is a manifold of the weakly allowed sub-
levels of 3CT(yz,zx+ﬂ7) and 1CT(yz,zxwrr7) origin.

It is also noted that the spin-orbit coupling enhances the intensities not
only of CT(yz zx*ng) but also of 3LE(Tr >m) in the 25~30x10°cm ™! region.

The exciton coupling in [Ru(bpy), 12+
transition and the structure of the 1owest excited states of [Ru{bpy)s3]
be very close to that of [Rubpy(en) ]

is not strong even in the allowed

2+ must

THE CHARGE-TRANSFER STATES OF CrX AND Coll PORPHYRINS

A1Inporphyrin is a typical porphyrin incorporated with a tervalent metal ion;
characteristic Q and B bands in the visible and near-ultraviolet region, respec-
tively, are the {(m,m*) excitations in the porphyrin ring with only minor
perturbation from the outer-shell electrons of the central metal ion (ref.16).
On the other hand, CrIH, MnnI
spectral profiles attributable to the configuration-interaction admixtures
of the porphyrin (n,n*) excited states and the "porphyrin-to-metal"
charge-transfer excited states (refs. 17-18). The ground state of Crlll
porphyrin is a spin quartet state. The lowest spin-allowed excited

and FeIII porphyrins show rather complicated

states of E symmetry of CrIHporphyr1n are descr1bed by superpos1t1ons of the
ant1symmetr1c product wavefunct1ons 4E£ (1a1+4e) A], E[ (3a >de) - A],

“er’ (1a,74e)- %A1, %l (3 74e)- *a1, *er?a,(7a;)-*€(dm)] and ‘2 1(3a,)-3(dm)],
where 3(la +de), 3(3a2 4e), (]a]+4e), and ](3a2+4e) are the wavefunct1ons of
the lowest porphyrin (m,7*) excited triplets and singlets, respectively, 4
denotes the ground state of the Crlll quartet state and 4E[2A1(1a]) 3E(dw)] and

E[ A1(3a )- E(dw)] are the wavefunctions of the excited states which arise
from the "porphyrin-to-chromium" charge transfer 1a]+dn and 3a2 ~+~dr, respectively.
The electronic delocalization between the orbitals d1T and 4e connects two
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excited configurations which differ in a single orbital. The energy of the
charge-transfer state varies with the central metal ion but is not so different
from those of the Towest porphyrin (m,m*) excited states. The lowest excited
states of CrIII
states and the split Soret bands are ascribed to an equivalent admixture of the

and MnI]I complexes are mostiy of the (m,m*) triplet excited

porphyrin second excited singlet (52) and the "porphyrin-to-metal" charge-
transfer states (ref.19). On the other hand, the lowest excited states of
high-spin FeInporphyrins are equivalent admixtures of (m,m*) excited triplets
and charge-transfer excited states. The observed spectra of CrIH MnnI and
FenI porphyrins can be theoretically reproduced for the "porphyrin-to-metal"
charge-transfer energies 25.OXT03cm'], 22.0x10%cn™! and 12.SXI03cm_1, respec-
tively. The electron affinities of dﬂ orbitals of CrIH, MnIH and FenI ions are
estimated as 28.27eV, 28.93eV and 30.64eV, respectively, from the atomic
spectral term values. A plot of the "porphyrin-to-metal" charge-transfer
energies against the d_ electron affinities gives a straight line.

CoIHC1TPP in non-coordinating media is not necessarily in the diamagnetic
ground state 1A](dw6). When the axial ligand field is weak, the ground state
of Co™ fon is switched from 'A; to either E or “B,, °E. The triplet ground
state as well as the qu1ntet has open-shell d. orbitals. Thus the d. electron
affinities in the E and BZ’ 5E states are est1mated to be 34.04eV and 33.08eV,
respectively. An extrapolation of the straight line obtained for CrIn MnHI
and Fe[u porphyrins predicts zero or a minus charge transfer energy for the
high spin CoIHporphyrin. This implies that a spontanecus electron transfer
takes place from porphyrin to the central cobalt{Il) don in a high spin state
which arises only in a weak axial ligand field.

In non-coordinating media, the following equilibria must be established;
CoI]I(1

A)CITPP = co¥(3g)ciTPP
m,3. )
Co (

Eyc1TPP = collciter’
2cotlc1tPpt = colltep + co'er, Tt

In fact, CoIHC1TPP in non—coord{nating solvents as well as in crystal yields
CoIITPP and ComC12TPP+ (ref.19). Addition of a small amount of a coordinating
solvent such as alcohol and pyridine gives rise to a remarkable shift of the
equilibrium which allows exclusively the singlet ground state Coln(1A])C1TPP.
The specirum of CoHI in benzene shows a component which is in good agreement
with that of the porphyrin cation radical, while the spectrum in alcohol is of a
typical diamagnetic metalioporphyrins. The spectrum of the benzene solution
also exhibits evidence of the formation of cation dimer.
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THE So EMISSION OF METALLOPORPHYRINS
a1l GaIn In

are the (mw,m*) transitions in the porphyrin ring. Crrn porphyrins, on the

and In™ porphyrins exhibit characteristic § and B bands which
other hand, show a spectrum of complicated profile including the S-T absorption
bands te the red of the Q band and the split Soret bands. The lowest excited
state of Cril porphyrin, which is mostly of the lowest {mw,n*) excited triplet
state (T]), decays in a short lifetime (ref.20 and 21).

Diamagnetic NiII porphyrins exhibit normal @ and B bands, however, non-
radiative relaxation of the excited states arises in a very short period. PdII
and ptil porphyrins, which have an isoelectronic outer-shell, emit phosphores-
cence. The nonluminescent character of NiFIporphyrins has been ascribed to the
](d,d*) state Tower than the porphyrin T state (ref.22). For the complexes of
d8 ions such as PdII and PtIl as well as diamagnetic d6 jon RhII, in which no
1(d,d*) and charge-transfer excited states exist lower than the $1 and Ty
states, strong phosphorescence can be detected even at ambient temperatures
(refs.23-27). These complexes, however, exhibit no fluorescence from the
second excited singlet. The Sy fluorescence was observed for a variety of
closed-shell metalloporphyrins.

The Q band is of forbidden character but can borrow intensity from the
allowed B bands. The intensity of the Q(0,0) band without excitation in the

skeletal vibrational modes is rather sensitive to various substituents, while
those of the vibronically allowed Q(1,0) bands are less sensitive. The for-
bidden character of the Q band is attributable to the Towest component of a
50-50 admixture of two excited configurations ](a]ueg) and ](aZUe ) with almost
equal transition dipoles (ref.28). The substituents including the central
metal ion remove the accidental degeneracy and the intensity of the Q(0,0) band
is enhanced. It is followed that

£(0,0)/6(1,0)-[E(' (a,,e,0)-E(' (g 0 1) 207

Table 2 shows characteristic ratio €(0,0)/e(1,0) observed for zinc porphy-
rins. The ratios £(0,0)/e(1,0) of ZnTPP and ZnT(p—CZHEO)PP (T(p—C2H50)PP:

TABLE 2
Ratio of The Molar Absorption Coefficients of Q(0,0) and Q(1,0) Bands.

Compound €(0,0)/e(1,0)
ZInTPP 0.16
ZnT(p-Cszo)PP 0.32
InTFPP 0.21
InP 0.44

ZnOEP 1.81
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tetra(p-ethoxypheny1)porphin) 1ncrease upon the axial ligation of pyridine
which stabilizes the configuration (az e ), while those of ZnTFPP (TFPP:
tetra(pentafluorophenyl)porph1n), InP (P: porph1n) and ZnOEP (OEP: octacthyl-
porphin) decrease The fact that a decrease in E(l(a2ueg)) results in an
increase of (AE) in ZnTPP and ZnT(p-C,H 5O)PP but a decrease in ZnTFPP, ZnP,
and ZnOEP indicates that the AE's values in ZnTPP and ZnT(p- C2H50)PP are
negative while those of ZnTFPP, ZnP, and ZnOEP are positive.

A variety of relative rates of the intersystem crossing T]-«S0 are well
explained by the energy-gap law (ref.29). In fact, the lifetime of the OEP
phosphorescence is much longer than that of the red-shifted TPP phosphorescence.
However, this must be ascribed to the T, state of 3(ameg) in OEP complexes.

The Tonger Tifetime of ZnTFPP is attributable to a relatively high contribution
of the (a e ), while the shorter lifetimes of ZnTPP and ZnT(p- C, 5O)PP to the
T, state of (32ueg)

The metal complexes of TPP fluorescence from the 52 excited state (ref.30).
The excitation spectrum of the S2 fluorescence is in good agreement with the
ultraviclet absorption spectrum. Some of the S2 fluorescence yields observed
in the present work are presented in Table 3. The yields are rather independent
of the central metal ion. Theoretical calculations of the porphyrin excited
states concluded that there is no orbitally allowed excited triplets between S]
and S, (ref.31).

TABLE 3
The Yields of The S2 Fluorescence

Sa_1an 3 _~1
Compound Salvent 9% x10 AESZ_Sl(lo cm” )
A1CITPP benzene 2.8 6.86
GaCl1TPP benzene 3.1 6.69
InC1TPP benzene 3.6 6.81
A1CITPP ethanol 5.5 7.11
GaC1TPP ethanol 4.6 7.00
InCI1TPP ethanol 4.7 7.06
ZnTPP benzene 3.5 6.69
InT(p-C2Hs0)PP  benzene 3.6 6.61
InTFPP benzene 0.46 6.57
InP benzene 0.73 7.23
ZnOEP benzene <0.04 7.21
PbTPP benzene 0.43 6.24
PbOEP benzene 0.04
H,Tpp2* benzene 0.59 7.51
H,P2* benzene 0.56 7.90

The 52 fluorescence is not observed in any metal complexes of OEP except
PbOEP. Since the excitation spectrum of S fluorescence of the complexes,
which emit the S; fluorescence, is almost identical to the absorption spectrum
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even in the range of 250 nm the internal .conversion 52*451 must be much faster
than the intersystem crossing 52-~~»Tn and the internal conversion 52*»50. A
prominent role of the C-H stretching modes of peripheral ethyl groups has been
proposed as a more effective accepting mode in the OEP. complexes than those of
phenyl groups in the TPP complexes (ref.32). However, the lack of the 52
emission should be ascribed to their much faster internal conversion. ZnTPP
and ZnP display the 32 emission while ZnQEP does not. The yield in ZnTFPP is
much Tower than that of ZnTPP. The absorption intensity in Soret band is almost
the same for ZnTPP and ZnOEP, while the yield of the 32 fluorescence decreases
in the ordering; ZnT(p—CZHSO)PP ~ InTPP > ZnP ~ InTFPP > ZnOEP. This is the
reverse of the order found in AE. As seen in the intensity of the Q(0,0)
band of ZnCGEP, an increase of AE in ZnOEP enhances admixing of the Q and B
states. This promotes an internal conversion 52*’51 in ZnOEP.

The 52 emission is observed for PbOEP and PbTPP. Pb{II) porphyrins show
"hyperporphyrin" spectra (ref.33). The configuration interaction of the Q and
B excited states and the "metal-to-porphyrin" charge-transfer excited states
result in a redistribution of spectral intensity and increase the intensity
of Q{0,0) in PbTPP but decreases in PbOEP. The detectable S2 fluorescence of
PbOEP is attributable to a decrease in the admixing of the Q and B states.

No S, emission was detected in free-base porphyrins such as HZTPP, HZOEP and
H2P As indicated by the enhanced Q_ band in the free bases, a small energy
gap and a strong coupling of Q and B states are responsible for the fast
deactivation of the B state. In contrast with the free bases, diacids H TPP2
and H4P2+ emit rather intense S2 fluorescence.

A variety of TPP metal complexes generate blue light upon red laser-Tight
excitation. According to our measurements using successive laser pulses of two
different wavelengths with a varied delay, the pumping to the 52 excited state
is mainly attributable to the successive two-photon absorption, SO+S1+S aosz
but not SO+S]**T]+T ~»52 and a T-T annihilation process (ref.34).

DISSOCIATION OF LIGANDS IN THE EXCITED STATE

Single crystals of Ce3+ doped Tanthanum(IDI) ethylsulfate enneahydrate
(Ce:La.ES) exhibit five absorption bands in a region between 37 and 51X103cm'
In the crystal, the CenI jon is surrounded by nine water molecules and forms
[Ce(o0H, ) ] in a tricaped tr1gona1 pr1sm The five bands are assigned to five
Kramers doub]ets which are the D(Sd ) multiplet split by the ligand-field
interaction in [Ce(OHZ)g] and the spin-orbit coupling of a cerium 5d elec¥ron
(ref.35). Two resolved luminescence bands are detected in 30 and 3ZXIO cm  at
Tiquid nitrogen temperature. The twin emission bands, which cannot be resolved
at ambient temperatures, are ascribed to the transitions to the 2F5/2 and 2F7/2
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substates which are two components of the ground 2F(4f1) multiplet.

Hydrated Ce3+ ions present in aqueous solution show absorption bands corres-
ponding to those observed with Ce:La.ES. Thus the hydrated ions in aqueous
media must be in a structure of [Ce(OHZ)g] similar to those in the s1n?1e
crystal. However an extra weak absorption band is observed at 34X10 cm  with
the hydrated ions in aqueous sotution. The band can not be detected with
Ce:La.ES even if a high concentration of Ce3+ and/or a thick crystal are used
(ref.36). The Tigand splitting of the 2D(5d]) multiplet gives not more than
five Kramers doublets. Elevation of temperature gives rise to an enhancement
of the extra band but a decrease in the intrinsic bands of [Ce(0H2)9]3+. The
spectral change is reversible with variation of temperature displaying isosbes-
tic points. The intensity of the 34X103cm'] band is independent of the
hydrogen- 1on concentration in solution. Thus the weak band absent in
[Ce(OH ) ] is assigned to the Towest component band of a Tigand-dissociated
species such as [Ce(OH ) ] but not of a proton-dissociated species such as
[Ce(OH)(H 0) ] Recent X-ray studies on the aqueous solutions concluded that
the hydrated ions La3 through Nd3+ are nine coordinated and those between Nd3+
and Tb are trans1t1ona1 between nine and eight (ref.37 and 38). For aqueous
solutions of Ce ion, an emission band is observed at ZSX103cm_] regardliess of
the excitation in the band to be assigned to [Ce(OH2)8] or in the five compo-
nent bands of [Ce(OHz) ]3+
only of the dissociated species. The luminescence of hydrated Ce3+ ion in

(ref.36). This implies that the luminescence is

aqueous media decays in a single exponential of 45 ns lifetime regardless of
the excitation wavelengths while that of Ce:La.ES decays in a shorter lifetime
of 27 ns. No variation of the emission intensity is observed for temperature
rise. However the temperature variation of the excitation spectra conforms to
that of the absorption spectra. Regardless of the monitoring wavelengths
within the emission band, an actua]ly identical exc1tat1on spectrum is cbtained.

An equilibrium between [Ce(OHZ)g] and [Ce(OHZ)S] exists in aqueous media,
where the predominant species is [Ce(OHz)g] . Upon the 5d*4f excitation of
the central metal ion, one of the aqualigands of [Ce(OHz)g] dissociates
during the excited state Tifetime. The equilibrium is shifted to an exclusive
predominance of [Ce(0H2)8]3+ in the excited state (*[Ce(0H2)8]3+). In a very
early stage after excitation, however, the emissions not only of the long lived
excited species *[Ce(OH2)8]3+ (48 ns) but also of the short lived excited
species *[Ce(0H2)9]3+ (430 ps) are detected in ethy]ene glyco]. The rise tran-
sient - of emission indicates an increase of *[Ce(OH )8] immediately after
pulse excitation. The lifetime of *[Ce(OHz)g] in ethylene glycol 1is governed
by the rate of aqualigand dissociation k;=2. 3x10%s”

The structure of [Ce(OH2)9]3+ is a tricapped trigonal prism. In the Towest
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substate of 2D(Sd]), the promoted electron occupies in d22 orbital which extends
in the direction of the C3 symmetry axis. The excitation results in a shift of
the vertex water molecules to the equatorial and thus one of the equatorial
waters is eliminated. A calculation based on the angular overlap model taking
into account the spin-orbit coupling predicts the Towest 5d«4f excited Kramers
doublet of [Ce<0H2)8]3+ in an energy region much lower than the lowest component
of [Ce(OH2)9]3+. The structure of the excited octacoordinate species in solu-
tion must be fluxional between dodecahedron, square antiprism, and/or cube.
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