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Abstract

A large number of second- and third-row d° iransition metul {.G;ﬂ},rit\ﬁ”\ with W-heterocychc

Higands have been prepared in which the lowest energy encited state 35
iransfer (MLCT) state. In some of these complexes hgand localiz
which are of the same spin multiplicity as the MLCT state aﬁd are
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from the ‘MLCT state. Several complexes have been examined which exhibit luminescence
from two states in frozen matrices. In fluid solutions, however, only a few examples exist of
complexes having two non-equilibrated triplet excited states. Fhis article provides a brief
overview of the experimental methods commonly used in the analysis of triplet excited state
formation and relaxation in transition metal complexes having coexisting triplet excited states.
In addition, descriptive examples are given of complexes for which both 3IL and *MLCT
states can be populated following excitation into the "MLCT state, © 1998 Elsevier Science
S.A.

Reywords: MLCT states: Intraligand; Diimine complexes

1. Introduction

The photophysical behavior of well over 1000 complexes containing a d transition
metal coordinated {0 one or more aromatic N-heterocyclic ligands has been investi-
gated [1-3]. These complexes have been intensively studied because of the potential
for various applications such as luminescence-based sensors, electroluminescent dis-
plays and dye-sensitized semiconductor-based photoelectrochemical cells [4,5]. The
N-heterocycles employved span a broad range of structures and the excited states of
these ligands vary widely in energy for both singlet and triplet states.

Regardless of symmetry, the d® N-heterocyclic complexes of second-~ and third-
row transition metals have low spin ground states (§=0}. The thermally equilibrated
excited states of these complexes, observed on nanosecond or longer time scales, are
usually assigned as being either metai-to-ligand charge transfer (MLCT) or intrali-
gand (m—-n*) states with varying degrees of triplet character. Very often the com-
plexes are luminescent in solution and, in most cases, the observed steady state
emission arises exclusively from the lowest energy state in the triplet manifold. In a
relatively small number of complexes, particularly as single crystals or in organic
matrices af low temperature, luminescence from two triplet excited states is observed.
The work of Watts and van Houten in the 1970s provided clear evidence for multiple
emission from two different *(n—n*) states in complexes of the type
[Rh(bpy).{phenj,_,}’*. They found that internal conversion between the two
*(n—n*) states was slow relative to relaxation of the states when the energy gap
between the states was small [6]. Watts’ group also observed simultaneous emission
from an M(dn)-bpy(n*) MLCT state (M=Rh3*, Ir*") and a dd state in
[MClL{bpy},]” in DMF solutions at temperatures below 298 K [7]. Also in the
mid-1970s Wrighton and coworkers showed that Re{1) complexes exist which exhibit
erission from an MLCT siate in solution at room temperature but have structured
1L luminescence in glasses at 77 K [8,9]. This was attributed to the fact that
formation of the glassy matrix raises the energy of the *MLCT state while leaving
the *IL state relatively unperturbed. More recently it has been established that, while
solution luminescence is generally observed only from a single state, some complexes
have *MLCT and *IL states which coexist and reiax to the ground state with different
rate constants. This review will present examples of complexes which have coexistent
IL and MLCT states and will explore issues relating to mternal conversion of the
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Fig. 1. Structures of ligands known to have observable intraligand exoted states when coordipated to

d“ transition metals,

two nominally triplet states. Fig. | shows the structures of some N-heterocyclic
ligands which have been shown to have accessible 1L staies in d® metal complexes.

Fig. 2 shows a general state diagram for this class of complexes. Excitats
s results in rapid intersysiern crossing

either L or 'MLCT absorption band
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Fig. 2. Relative energy level diagram for camplexes having observable "MLOT and “H. excited states,

populate accessible triplet states. While limited data is available on the intersystem
crossing process, recent sub-picosecond transient absorption measurginents on
[Ruf{bpy).]* " suggest the internal conversion to the triplet manifold is complete in
less than 1 ps [10]. The singiet can. in principle. partition beiween the *MLCT and
3L states in the intersysiem crossing process. Once the triplet{s) are formed. relax-
ation in the triplet manifold can yield the thermally equilibrated excited state which
can then relax to the ground state via radiative and non-radiative paths or react via
either unimolecular or bimolecular processes. When the MLCT trausition is selec-
tively pumped, the *IL state can only be popuiated if it is lower in energy than the
"WILCT state, There are a growing number of complexes for which this condition
is true and the photophysical behavior of such compilexes indicates that, in many
instances, the MLCT and 1L states interact weakly and decay independently to
the ground state fe.g. thermal equilibrium in the triplet manifold is not achieved).
A separate internal conversion process observed from the *MLCT state of some
complexes involves formation of a triplet ligand field state (PLF, not shown in the
diagram} followed by ligand disscciation. The *LF state has not been observed
directly but, for [Ru(bpy);]** and many other complexes, is believed to be populated
via 2 thermally activated process which leads to ligand loss [1,2]. The formation
and reactivity of this state will not be discussed here, although there is no reason
why LF reactivity cannot occur in complexes for which both intraligand and MLCT
triplets coexist.
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2. Drefection of coexisting states

A number of experimental approaches can be used to observe involvement of
multiple iong-lived excited states. While definitive proof of the existence of two
coexisting excited states can be obtained when both states exhibit lumine i
is often not the case. Most {raditional photochemical methods provide only necess:
supporting evidence for the existence of states other than the *MLUT siat
general. more than one expenmental approach must be taken to eswablish ¢l
the existence of each state. The discussion below outlines various methods nsed &
the identification of coexisting excited states.

2.
(=1

2.1 Luminescejice spectroscopy

By far the most direct approach for observi e cogxristence of two of state
is luminescence spectroscopy. This approach is especially effective for §~ X LSIper-
ature matrices where SMLCT emission is usually broad @ d has little or no vibra-
tional structure, whereas *IL emission often exhibits exiensive H’iuf&ﬁiﬂﬁ&? structure
and occurs at frequencies nearly the same as the E‘rce ligand phosphorescence. In a
few instances emission from both *MLCT and JIL states has %:«5 en observed. An
early report is that of Wrighton and coworkers for 77 K enussion from
[LRe™(CORXTY (L =3-benzoylpyndine, X=C17, Br™. 1 7) {89
they illustrate the close correspondence Eﬂﬂhmen phosphore :
coordinaied Hgand, More recently Dremas and coworkers have observed dual

al tumi-
nescence from [{{CO),XRel{L )] complexes { X =C] 7, L f1il. In

d }
these complexes the two emitting states are very cios? m Araorgy. C{rﬂ%p} R
exist for which the steady state luminescence 15 wi
but tme-resolved emission spectra indwcate the
An  example is  shown m  Fig 3 3”01
Re(siy_bpyv)}” (AN =CH,CN. sty_bpy shown v
inminescence observed in low iemperature Imsu originate. f O 2 3%1 stgie Iocm
ized on the sty_bpy ligand. In the hme«remhﬁﬁ emission. the spectrum oblamed
m-'er the first 200 ns following excitation c¢learly shows lumingscence from the

3y £

Ref{dm) »sty_bpy{r*) "MLCT state {121

2.2 Measyvement of intersysien: crassing efficicncie

For second- and third-row transition metal di
ing is the predominant process of the 'MLCT sta
for populating the luminescent excited state are
10 ancther state in the triplet manifold. For [Ru
dinmine complexes. éﬂi‘“?’%}mic’fm Crossing occurs wit !
method for dekermmm@: mtersysiem crossing vields is to measu
for an irreversible mmolecular photorgaction |
For example, he ML C"‘ state of lhubm}z

ocmm S@f" and the 8G;- i

34
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Fig, 3. Gated emission specira of {COJ;Re( AN sty _bpyi]l ™ in 411 E1OH:MeOH at 77 K obrained (A}
100 nis following excitation and (B} | ps following 337 nm excitation. Gate width 100 ns.

-

vield for this reaction in the limit of infinite 8,047 is 2 and that is the value found
for [Ru(bpy);}* ™. Limiting quantuim yields less then 2 suggest inefficient intersystem
crossing to the *MLCT state.

A simpler and more widely applicable approach is to evaluate the ratio of the
fuminescence quantum yield and the hifetime of the emitiing excited state. The ratio
yields the product of the intersystem crossing efficiency .. and the radiative decay
rate constant of the emissive state &

e

Don/ Tem = Hise K {1}

A large number of Ru(Il} and Re{1} complexes having diimine ligands exhibit
juminescence from *MLCT states. Among complexes for which #,. is known to be
unity. values of i, &, are generally 8 +4 % 10%s7 !, even though the emission enez‘gies
span 2 gap of over 3000 cm ™' [1,21." As a result, experimental values of &, which
are substaniially lower than 10°s™! suggest the intersysiem crossing efficiency 1o
populate the *MLCT state ;s less than L’ii“’ This approach provides supporting
evidence for population of 2 *IL or other triplet state {i.e. Jigand field) {iireetl‘y‘ from
the 'MLCT state, but is not sufficlent to establish the existence of the IL state.

2.3, Excired state relaxation dynamics

Even in systems where luminescence clearly arises from a single exciied state,
another non-emissive siate may exist. Il the states are not thermally equilibrated.
this can result in non-exponential decay kinetics {nr the emitting state. For instance.
in complexes having nearly isoengrgetic *1L and “MLCT states, lumingscence may

‘Note that, while &, E2. this results in 2 decrease of 4, by a facior of only two for emission over the
range of 630 to 730 nm.
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occur from one state exclusively and the other state may internally convert to
populate the emissive state at a rate which is slow relative to the emission. The room
temperature emission of [{bpy);,Ru{bpy_pyr)l*™ (Fig. 1) represents such a case. The
emission occurs exclusively from the *MLCT state in CH,CN, yet the luminescence
decay is double exponential with lifetimes of 900 ns and 50 ps [14]. The long decay
component is associated with internal conversion from the pyrene localized *11. state
to the *MLCT state of the complex {vide infiw}. Of course, a significant caveat in
this approach to identifving the presence of 2 non-emissive state is that it is often
not possible to exclude impurity luminescence as an explanation for the non-
exponentiality.

2.4. Transient absorprion speciroscopy

The lack of observable Juminescence {or complexes having MLCT absorption
gepierally indicates that non-radiative relaxation of the *MLCT excited state is orders
af magnitude faster than radiative relaxation {e.g. &, > 10% s 7). However, compleses
have been observed that exhibit no fuminescence {even in glasses at 77 K} but have
a long-ived (> 10J ns) excited state absorption which can be atiributed to a L
state. One complex exhibiting this behavior is [{bpy),Ru(dmpbg)l®™ [15]. Whereas
ile complex is only very weakly luminescent in soluiion, it exhibits transient absor-
bance {Fig. 4) throughout the visible with 2 hfetirne of approsimately 960 ns in
degassed TH,CM. The transient absorbance closely resembles the specirum obiaimed
from the difference between the free ligand transient absorbance and the ground
state absorption {dashed line of Fig. 4}

G.16 S S—

8
-804
-0.08

Wavslengih, nm

Fig. 4. Trunsieptabsorption spectrum of [{ bpyvi;Ruidmpbg i
at 332 nm. Dashed line represents the spectrum calculnted frow the difference of lpand dmpbg ransient
absorbance and the complex ground-state absorption spectrum.
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2.5. Photoselection fechnigues

Emission photoselection spectroscopy can be used to determine the relative orien-
tation of an emitting state for randomly oriented samples (e.g. not single crystals).
For complexes having two emitting states, knowledge of the relative orientation of
the oscillators can aid in understanding factors that influence interconvercion
between the two emitting states. In addition, if the emission from both states overlaps
extensively, the wavelength dependence of the emission polarization can provide
evidence that two different emitting states actually exist. The technique has been
employed extensively by DeArmond and coworkers in examining dual luminescence
in Ru(ll}, Rh(IT) and Ir{II1} complexes [16-181.

2.6. Time-resolved infrared and Raman specivoscopy

Recent collaborative work of Stufkens and coworkers has showed that time-
resolved infrared (TRIR) and time-resolved resonance Raman spectroscopy (TR )
can be used to evaluate the nature of lowest energy excited states of d°® diimine
complexes [ 19]. For the series [Ru{ X }{ R}TO) {o-ditmine)]. they were able to show
that the lowest energy excited state goes from being MLCT to XLCT as X is changed
from Cl7 to I™ [19,20]. The conclusions are based upon the relative increase
observed in the CO streiching frequency versus the relative decrease in the CN
(diimine) stretches for the series. The use of TRIR and TR? has great potential for
yse in assignment of excited states and mvestigation of ntramolecular energy migra-
tion processes.

2.7, Quenching of uminescence and transient absorption with wripler quencheys

One approach for cetermining the excited state energy of chromophores exhibiting
either luminescence >r measurable transient absorbance is to examine the free
energy dependence of the rate constant for iriplet guenching. The process is bi-
molecular, and the second-order rate constant will increase with increasing free
energy (inlk,yx —AGHK,T) until the diffusion limit is reached {21,22]. Fig. 5
shows the f{res energy dependence for quenching of luminescence at
14700 cm ™! {1, =660 rs) and transient absorbance at 18000 cm ™! {1y, = 1.6 us)
for the complex [(bpy),Ru(bpy_dvb_bpy)J* ™ [23]. For the series of triplet quenchers
used, the excited state absorption is uot quenched efficiently by quenchers with
energies above approximaiely 14 000 cm™’, whereas the emission is quenched with
rate constants in excess of 10°M "5 for all the triplet quenchers used. Such
experiments can provide conclusive evidence of the coexistence of two non-equili-
brated excited states.

2.8, Time-resolved photoacsustic calorimetry

Photoacoustic and thermal lens techniques have been used effectively for the
evaluation of excited state energies and intersystem crossing efficiencies in transition
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metal complexes ”ff-L”?‘;’ Song and Endicott have used the tcc‘nnéque to evaluate
the energy of the "MLCT staie of {Rutopyy? ™ [241 In an application relating 1o
the determination of excited state f‘ﬂergv i a complex having two accessible states,
Harriman and coworkers used time-resoived therinal lensing to determine the triplet
state enercy of i bpy),Rula( bdpb}i“' 1271

3. Orhital parentage and relative energies of MLCOT and 1L exciled sfales in
moncnmetaliic complexes

Many of the transittion metal complexes that have been ‘:‘Huw n to have multiple
emissions are those for which the two states can be viewed as being spatially isolated
with regar ci 10 the orbitals associaied with ecach state. For instance. mixed ligand

i
omplexes of the type E‘E{EL" (bpyl.phenl,. 7 {v=0 -»‘?}L\E" ibit dua! tuminescence

from two different “{m—x*) excil ted states localized on the bpyv and phen ligands
{6, 3‘2.2‘}; Watts amd wwarﬁ ers also observed lumimescence from both higand field
and * {Ti-*?.f} exciicd states inn Ir' ™ compiexes [28.22]. In such complexes the mei"*’}~

es
ciency of inte md? conversion which leads to multiple emission can be associated
with weak electronic interaction of the two isolated excned states.

Also interesting are complexes that have multiple excited siates m the triplet
manifeld with similar orbital parentage. In such cases the v *0 states are e xpected
to he much more strongly coupled. Mentioned above are the [ phen), Kl YT
complexes reported by Waits and the Re™ benzoylpyridie leplexes of Wrighmv‘;
which exhibit luminescence from both a dr—x* *MLCT '
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involving the same aromatic heterocyclic ligand [6-9]. For [(L),Re " (CO)X1 (L=
3 and 4-benzoylpyridine, 3_bp and 4_bp; X=C1), Wrighton and coworkers found
that the 4_bp complex exhibits emission exclusively from the *MLCT state and the
3_bp derivative emits from both the *MLCT and °IL states at 77 K. The difference
in behavior was attributed io the difference in energy between the two states in the
two complexes. In the 4_bp complex the *MLCT state lies approximately
4000 cm ! below the 3{(n—n*) state, whereas the two states are nearly isoenergetic
in the 3_bp complex [8,9]. In these and other complexes, the dual luminescence
behavior is observed either in single crystals or in low temperature glasses. In such
media, it is generally not possible to discount the existence of multiple emitting
species associated with inhomogeneities of the matrix, especially when the energy
difference between the two states is small. As a result, the remainder of this discussion
will focus on the behavior of complexes in solution at room temperature.

3.1. Re” complexes

Numerous Re™ complexes having N-heterocyclic ligands with relativelv low
energy “IL states exhibit phosphorescence from the *IL state which can be detected
in solution [30-33]. Table 1 presents photophysical properties of Re(l) diimine
complexes in acetonitrile solution [8,9.28--33,35]. Most of the complexes exhibit
tuminescence which decays as a single exponential, regardless of the emitting state.
Those assigned as emitting from a *{m—7*) state exhibit structured emission in
solution, whereas *MLCT state luminescence is a single broad band. It is clear from
the data that values of n, k. vary over many orders of magniiude; complexes which
emit, unperturbed, from a YMLCT state have values in excess of 10° 87!, whereas

Table |
Physical properties of foc-{{CO ;X Ret LY complexes in CHLON at 298K

X¢ Le E, noa® Eom few Mk Excited Ref.
fem ') (cm ) {us} 570 state

AN dmb 22900 18 800 0.66 a0 600 dm -»n* [123
O dmb 225008 22500 2.3 14 360 B [30.31}
Bl phen 21 7004 19 000 7.4 65 700 drn—n* fit]
T8I imphen 21 2088 21 000 74.6 3000 Ta* i11]
T8l dmphen 20 8004 20800 60,1 6100 Tt ftl]
AN phen 20 000 18 &00 0.8 N dn—a* {8.9]
MPy dppz 17 950 17950 185 i1 RS [34]
AN sty_bpy 16 86D 17 960 0,55 1456 dn—n® {12}
AN bpy_dvb_bpy 14 3904 14 390 4.7 <20 R {12}

* AN =acetondirile, Mpy =4-methylpyridine. TBI = t-butvlisocyanide.

® ymphen = 3.4.7.8-tetramethylphenanthroline, dmphen = 4.7-dimethylphenanthroline.

¢ Energy approsimated from triplet energy of related hydrocasbon tie. phen ~phenanthrene) unless
otherwise noted.

9 Emission maximum of highest energy vibronic component.
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those exhibiting structured phosphorescence can have #, 4, values of less than
5057

A particularly nice demonstration of the change from *MLCT to 3IL excited state
iuminescence with changing diimine was reported by Demas and coworkers for the
series fac-[(CO);( TBI)Re *(L)]" (L =phen, dmphen and tmphen; TBI = t-butylisocy-
anide) [11]. The phen complex, having the highest energy 3IL state, emits from the
SMLCT state. Upon alkylation of the phen, the energy of the *(m—n*) state decreases
slightly, resulting in structured *IL luminescence. These complexes have relatively
large radiative decay rate constants for emission from a *(n—n*) state; this may
reflect significant mixing with the *MLCT state. In the complexes {{(COL{AN)
Re"1,{bpy_dvb_bpy)}?* and [{CO)}(Miy)Re (dppz)]*. structured 3IL lumines-
cence is also observed in room temperature solutions [12,34]. In each of these
complexes the ik, value is very low (<50 s™1), indicating the state lacks significant
SMLCT character.

One complex from Table i1 has characteristics that suggest the presence of
both *IL and *MLCT states in sclution at room temperature. The complex
[(sty_bpy)Re (CO)( AN )™ emits weakly from a *MLCT state with 2 maximum at
18 0600 cm ™ 1; however, the energy of the *n—n*) state of the sty_bpy ligand is
iower: approximately 16 800 em ™! [12]. The radiative decay rate constant of the
room temperature *MLCT emission {#;, .k, = 1400 571} is very low. The implication
is that either {a) the intersystem crossing efficiency is significantly less than unity for
populating this state and the sty_bpy *n-sm*) state is providing an alternate path
for relaxation of the "MLCT state or (b} the emitting *MLCT state has a much
higher degree of triplet character because of mixing with the “IL state. [t is possible
that the *IL state is populated, but decays via trans—¢is isomerization; such isomeriza-
rion has been documented to ccour upon photolysis of Ru®" styrylpyridine com-
plexes [36].

2.2, R complexes

A few monometallic Ru*" diimine compiexes of the type [(bpy) Ru?"(L)]* " exist
which exhibit evidence for coexistence of triplet intraligand and MLCT states.
Antong the complexes reported, luminescence is always from the *MLCT state,
represented in Table 2 as Eyy o For those ligands for which phosphorescence could
not be obtained, the energy of the *(m—*) state was approximated by the energy
of the hydrocarbon having the siructure most similar to the N-heterocyche ligand
(i.e. vbpy =styrene}. Table 2 also reports the luminescence lifetimes of the complexes
and values of n,.k, obtained from the ratio of the emission quanturm vield and the
tuminescence lifetime in CHL,CN. Since the energy of the 'MLCT state of the
complexes is at feast 19000 cm ™17 all excent for the complexes of vbpy, dmb
and bphb have *(n—7*} states which ate accessible following excitation into the
'MILCT absorption. The complexes of dmb, vboy and bphb all have k., values
TThis is un estimate made assuming the red edge of the absorption of the complexes hsted 1s at energies
greater than or equal 1o 19 000 cm ™! (5825 nmb.
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Table 2
hysical properties of [(LL),Rul’P?® complexes in acetonitrile at 298 K
LL L Analogous HC? Eyc Euicr At Tem sk s Ref.
{em™ Y fem ™Y (emY) (ns)  (sTIx 1079

dmb dmb biphenyl 22900 15900 7000 95 110 [371
dmb  vbpy siyrepe 21700 14900 6800 1350 5.6 {371
dmb bphb p-terphenyl 206200 15800 4400 1340 79 [38]
bpy dppz 1.2:34-dibenzanthracene 17500 16 300 1400 663 5.0 [39]
dmb  bbpe stilbene 16 600¢ 13 700 2900 1150 0.9 {37}
bpy bpy.pyr pyrene 16 300° 15600 700 1300 7.5(017¢  {i4]
bpy dmpbg anthracene 14900 12800 2100 35 1.7 {133
dmb  bpy_dvb_bpy I1.4d-distvryibenzene i4100¢ 14700 600 622 091 23]

* Hydrocarbon representing the carbon skeleton of the fused ring portion of the ligand or simple aromatic
hydrocarbon of similar structure.

® From absorption maximum of MLCT luminescerce.

¢ Triplet energy measured for the hgand from phosphorescence in low temperature mairix.

9 This complex has a double exponential fuminescence decay. The product calculated is for the short-

lived fwminescence component. Ap additional 57 ps emission exists; this, combined with @, yields a

value for k. of 1700s™ %

greater than 50 000 s™7, typical of emission from *MLCT states having unity
values. The widely studied, DNA-binding complex {{bpy),Ru?*(dppz)j** also has
an n,.k, value large enongh to suggest '"MLCT—*n—»n*) intersystem crossing is
not a significant path for excited state non-radiative relaxation even though the
*IL state is lower in energy than the 'MLCT state [39]. The remaining complexes
all exhibit unique behavior which requires discussion. The complexes all have
sk, values which are less than 10000s™', suggesting competitive intersystem
crossing to some other triplet excited state in the complex.

Meyer and coworkers have thoroughly examined the photophysical behavior of
[(dmb),Ru**{bbpe)}*” and have concluded that the relatively long luminescence
lifetimes observed are the result of a decrease in bond displacement changes in the
excited state relative to other Ru?® diimine compleses [37,40]. The low radiative
decay rate constant (s, is assumed 1o be unity) is aiiributed to a combination of a
smailer transition dipole moment and lower emission energy for the drn—*(bbpe)
MLCT transition relative to dn—n*(dmb) transition of [Ru{dmb)}**. The approxi-
mation leads 1o a ratio of radiative decay rate constanis K, gme/K;uope=23.3; the
experimental ratio is 12. It is possible that the relatively low radiative decay rate
constant observed reflects a contribution from direct "MLCT —>IL{bbpe) intersys-
tem crossing. If the *IL state is formed in this complex, isomerization of the bbpe
ligand would be expected to occur. In a separate report, weak luminescence
at  15600cm ™ (.k,=6700s"") was reported from the complex
[dmb),Ru?" (bbdb)}* ", the butadiene-bridged bis-bipyridine analog of bbpe: how-
ever, it was not possible to discount the possibility of impurity emission in this
comiplex {381

A closely related complex is [(dmb),Ru? " (bpy_dvb_bpy}I**. The reported
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*MLCT luminescence maximum for this complex is 1000 cm ™! higher in energy
(14 700 e ™'y and the luminescence lifetime is roughly half that (r,, =620 ns) of
the bbpe complex [23]. Another related complex, [Ru?"{dsty_bpyi;}**, alsc has
an emission maximum at 14700 cm ™' and a luminescence lifetime of 720 ns
(e, =40 000 s 1) [41]. For the bpy_dvb_bpy complex, the transient absorbance
lifetime is 1660 ns, clearly indicating the presence of a second excited state: it was
also shown that the the transient absorbance and emission differed in the free energy
dependence for quenching with a series of triplet quenchers (Fig. 5). From the free
energy dependence for quenching the transient absorbance, the energy of the stat
was estimated to be 14200 cm i nearly the same as the triplet energy of the
structurally related hydrocarbon 1.4-distyryvlbenzene reported by Sandros et al. [42].
Thus, in this case, strong evidence for population of a *IL exciied siate and coexist-
ence of *MLCT and °IL states was obtained.

Another complex clearly exhibiting coexisting *IL and °*MLCT states is
Kopy):Ru?*(dmpba)l®® [15]. The complex exhibits weak Iuminescence at
12 800 cm ™! with a lifetime of 35 ns (Table 2). The excited state absception has a
lifetime of over 900 ns; further, subiraction of the ground state abrorption of the
complex trom the excited state spectrum of the dmpbg ligand {at wavelengths where
the ground state of the ligand does not absorb) vields a calculated spectrum nearly
identical to the transient spectrum of the dmpbg complex. If the triplet energy of
the ligand is assumed to be nearly the same as the aromatic hydrocarbon skeleton
of the fused aromatic portion of the ligand {anthracene), the ’IL excited state will
have an energy of approximately 14 900 e, 2100 cm ™ above the *MLCT state.
The implication is that the JIL state is very weakly coupled to the MLCT state in
this complex (50 wezkly coupled that non-radiative relaxation of the *IL state occurs
without significant iniernal conversion to the *MLCT state, which would give rise
to a long-lived luminescence component).

Finally, [{bpy),Ru’*{bpy_pyr)F*" represents an example of a complex wherein
interconversion beiween the pyrene localized *(n—n*) siate and the MLCT state
can be viewed as an intramolecular electronic energy transfer process since the
pyrene is relatively spatially isolated from the coordination sphere [ 14]. The lumines-
cence of this complex is relatively efficient and has a2 double exponential decay with
components of 1300 ns and 57.4 ps, as shown in Fig. 6. The luminescence is very
sensitive to the presence of O, and aerated solutions of the complex vield a single
exponential decay with a lifetime of 300 ns. Time-resoived emission spectra indicate
the spectral bandshape is invariant over the duration of the decay. Both the room
temperature and 77 K glass emission spectra are representative of emission from a
SMLCT state. At room temperature the zero—zero emission energy for the "MLCT
state is approximately 16 ¥ em ™' The phosphorescence from the by _pyr ligand
at TTK }'n ethyl-todide-doped glasses yields a zero-zero emission energy of
16 300 em ™. Given that energies of Yx—n*} states of aromatic hydrocarbons are
nearly independem of temperzture or the matrix, it can be conciuded that the
3m—w*) state of the pyrene in [(bpy},Ru** {bpy_ pvr}}’ “ is at slightly higher energy
than the *MLCT state. Thus, the pyrene 3z —»r*) state is serving as a reservoir for
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Fig. 6. Room temperature luminescence decay of W bpyvh:Rui(bpy_pyr))’ " in acetonitrile solution. The
decay fits a double exponential with component. of 1300 ns and 57.4 ps,

luminescence from the lower energy “MLCT state:

[(bnLRa(bpy Ppyn) P "« {(b),RuM(bpy_pyr "}

—[{b LR bpy_pyn)PP ™ + by (2)
The dynamics of dual luminescence decays collected over a range of temperatures
can be quantitatively explained by assuming that excitation inio the "MLCT absorp-
tion is followed by intersysiem crossing to both *IL and *MLCT siates. The initially
formed "MLCT state decays with a lifetime of 1300 ns and the *IL state decays via
slow internal conversion to the *MLCT state, giving rise to the long-lived lumines-
cence decay component.

4. Polyene-bridged bimetallic complexes

Several of the complexes of Fig. 1 are bis-bipyridine derivatives capable of serving
as bridging ligands. The polyene-bridged bis-bipyridines exhibit large differences in
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Table 3
Redox and photophysical properties of {{{dmb),Rul,(LL)}*" complexes in room temperature TH,CN

L E(S+4+y  E(4+73+) b Eem B, T Hrechs P

(VE (vy (nm) (cm™h {nsy® {s™hH {rum
bhy 1.1 - 1.07 500 133200 0.605 1310 40600 630
bbdb 1.14 —-1.05 500 12 800 <0001 540 ~ 8GO 725
bdnb 1.08 —0.90 540 NA MA 200 NA G660

* Versus SSCE.
® Measured from luminescence of bbpe and from transient absorbance of bhdb and bdpb.

redox and photophysical behavior between the monometallic, [{dmb),Ru? {L)*",
and the bimetallic, {[{dmb),Ru® ],L1*", complexes. The bimetallic complexes of
bbie, bbdb and bdpb were studied by three different research groups {37.40.38.27].
The redox and photophysical properties of the complexes are summarized in Table 3.
In the bbpe and hbdb complexes the ..k, values are below 5000 s, again suggesting
the possibility of intersystem crossing 1o a state other than the *MLCT state. The
triplet energies of bbdb and bdpb were estimated from the free energy dependence
for quenching tne ligand transient absorbance to be 14 100 em ™! and 12 500 cm ™!
respectively. Both these energies are certainly below the energy of the '"MLCT state.
given that the absorption maxima for the MLCT transitions are 20000 em™* for
the bimetallic bbdb complex and 18 500 cm™! for the bdpb complex. All three
complexes have transient absorption specira showing bleaching of the ground state
absorbance and a prominent absorbance at wavelengths greater than 550 nm
(Fig. 7). The mansient absorbance of the bbdb and bdpb complexes is efficiently

0.640 2
L ";‘\i;ﬂ’ ‘@mi
0.020 | #
5 0008 %\g it !
adat - & * i
s g E
T 001 - f/ Y ¢
= - \ /
= 0g40 v s |
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ws .

-0.080 | SR R ; b

350 468 450 S04 550 680 R0 708 T5@

Wavelength, nm

Fig. 7. Excited state absorption spectrum of f{tbpy);Rulbbdbi®” in CH,CN 204 ng follewing excitation
at 332 nm.
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quenched by O, (for bbdb the TA decays with a lifetime of less than 10 ns); this
behavier is characteristic of organic triplet excited states [37.40,27]. TR? specir:
obtained for the bbpe complex indi te that the ground siate 1638cm ™' C=C
stretch of the ethylene moiety disappears and new bands appear at 1578 cm ™! and
1385em ™. For the related hydrocaxbon stilbene, the ground-state stretch at
1638 cm ™! shifts to 1578 em ™' in the anion radical and 1586 cm ™! in the lowest
lying triplet [37]. Thus, assignment of the excited state is inconclusive, but could be
interpreted as being a mixture of coexisting *MLCT and *IL states.

5. Cenclusions

The results presenied here indicate that d® complexes of second- and third-row
transition elements with N-heterocychic ligands having triplet excited states accessible
from the 'MLCT state can exhibit behavior consistent with concomitant existence
of wwo very weakly interacting excited states. The factors affecting intersystem
crossing into each of the triplet manifolds and internal conversion between the two
triplets have not been systematically investigated for these complex chromophores:
there 15 a need for detailed spectroscopic investigations anaiogous to those of Gudel
and coworkers [43] and Riliema and coworkers [44] for Re™ bpy and phenanthroline
complexes,
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