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Abstract 

A l a r g e  i a u m b e r  o f  s e c o n d -  a n d  t h i r d - r o w  d ~ t r a n s i t i o n  w e m l  c o m p i e x e s  w k h  N - h e t e r o c y c i i c  

l i g a n d s  h a v e  b e e n  p r e p a r e d  in  w h i c h  the  l o w e s t  e n e r g y  e x c i t e d  s t a t e  is a m e ! a l - t o - l i g a n d  c h a r g e  

t r a n a f e r  t M L C T }  s t a t e ,  t n  s o m e  o f  t h e s e  c o m p l e x e s  I i gand  l o c a t i z e e  { [L} e x c i t e d  sza tes  ex i s t  

w h i c h  a r e  o f  t he  s a m e  sp in  m u l t i p l i c k y  as  the  M L C T  s t a t e  a n d  a re  e n e r g e t i c a l l y  a c c e s s i b l e  
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from the 1MLCT state. Several complexes have been exmrdned 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. This 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 3MLCT 
states can be populated following excitation into the ~MLCT state. © 1998 Elsevier Science 
S.A. 

Keywords." MLCT states: !ntraligand; Diimine complexes 

1, Introduction 

The photophysical behavior of well over 1000 complexes containing a d 6 transition 
metal coordinated to one or more aromatic N-heterocyciic iigands 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 photoelectrochemicat cells [4,5]. The 
N-heterocycles employed 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 6 N-heterocyctic complexes of second- and third- 
row transition metals have low spin ground states (S= 0). The thermaily 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 (n-,n*) states with varying degrees of triplet character. Very often the com- 
plexes are luminescent in solution and, in most eases, 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 h~ organic 
matrices at low temperature, luminescence from two triplet excited states is observed. 
The work of Watts and van Houten in the I970s provided clear evidence for multiple 
emission from two different 3(n~n*) states in complexes of tbe type 
[Rh(bpy)°(phen)3_,] 3+ They lbund that internal conversion between the two 
3(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 = R h  3+, tr ~+) and a dd state in 
[MCl2(bpy)2]* in DMF solutions at temperatures beIow 298 K [7]. Also in the 
mid-1970s Wrighton and coworkers showed tha~ Re(i  ) complexes exist which exhibit 
emission from an MLCT state in solution at room temperature but have structured 
3tL 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 3MLCT state while leaving 
the 3IL state relatively unperturbed. More recently it has been established that, while 
solution luminescence is generaI!y obser~:ed onty from a single state, some complexes 
have 3MLCT and 3IL states which coexist and relax to the ground state with different 
rate constants. This review will present examples of complexes which have coexistent 
tL arid MLCT states and will explore issues relating to in~-ernM conversion of the 
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Fig. i. Struclures of  iieands kno~;t  to ha~.e observable intra!igand excited states ~bvll. coordir~amd to 
d ~' transition metals. 

two nomina!ly triplet sta~es. Fig. t shows the structures of  some ,ai-he~erocyctic 
!igands which have been shown to have accessible StL s~ates in d 6 recta! complexes. 

Fig. 2 shows a general state diagram for this class o f  complexes. Excitation into 
either !1L or ~MLCT absorpt ion bands resaRs in rapid intersystem crossing to 
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populate accessible t:~iptet states. While lim.ited data is avai!abi~ on *_he intersystem 
crossing process, recent sub-picosecond transient absorption measurements cn 
[Ru(bpy)3] -'~ suggest the internal conversion to the triplet manifold is complete in 
less than 1 ps [10]. The si~aglet can, in priacip!e, partition between the 3MLCT and 
3IL states in the intersystem 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 40 the ground state via radiative ao, d non-radiative paths or react via 
either unimolecular or bimolecular processes. When the MLCT transition is selec- 
tively pumped, the 3tL state can only be populated if it is lower in energy than the 
~MLCT s~ate. There are a growing number of complexes for which this condition 
is true and the photophysicai behavior of such complexes indicates that, in many 
instances, the 3MLCT and 3H~ states interact weak!y and decay independently to 
the ground state (e.g. thermal equitibrinm i~ the triplEe~ ma,~ifold is not achieved ). 
A separate internal conversion process observed from tl~e 3MLCT state of some 
complexes involves formation of a triplet tigand field state (aLF, no*. shown in the 
diagram} followed by ]igand dissociation. The 3LF state has not been observed 
directly buL for [Ru( bpy)3] 2* and many other complexes, is believed to be populated 
via a thermally activated process which leads to ligand loss [i,2]. i ne mrmation 
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 intraiigand and MLCT 
triplets coexist. 
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2. De~ection of  coexisting states 

A number  of  expenmenta !  approaches  can be used to observe hwoivement  of  
multiple long-lived excited s, ates. While definitive p r o o f  of  the existence of" ~we 
coexisting excited states can be obtai~aed when both state~ exhibit lumi~escer:ce, this 
is often not the case. Most  tradit ional photochemical  methods  provide only necessary 
suppor t ing evidence J\~r the existence of  states other tl~an the SMLCT state, in 
general, more  than one experimental  approach  mas t  be taken to establish clearly 
the existence of  each state. The discussion below outlines various methods  used in 
the identi~cation o f  coexisting excited sta~es. 

2. i. Luminescence specn'oscopy 

cJ,.xl~t.A1cc o~ two ~2,.L,. states By far the most direct aporoach for observir~g the <~ "~-~ 
is luminescence spectroscopy.  This approach  is especially. . effective. . . . . . . . .  for Iow >m~e,'-. . 
a ture matrices where 3MLCi-  emission is usua!iy broad  a I i~as li~tie or  no vibra- 
tional structure, whereas ~IL emissim~ often exhibits exte~sive vibrat ions!  s~ruct~re 
and occurs at freque.qcies nearly the same as the fi-ee tigand phosphorescence~ In a 
few instances emission f l o m  both SMLCT arid ~IL s',a~ev has been observed. " " 
early report, is that  o f  Wrighton and coworkers  for "77 K emission f rom 

W O r ~  [LeRe+(CO)3X]  * ( L = 3 - b e u z o y l - p y n d i n e ,  X = C :  , Br ~ I [8.9]. in d~is • v 
o¢,4 ° e<,-#~-~, ...... ~he free and they illustrate tb.e close correspondence between >h ~ , n o r  ....... ~,.¢ ¢>r,~., 

coordip, aled li~and.~ More  recently Damns ,and corse,' ~ -'.~e,, have observed dnai ~urr¢- 
nescence f rom [(CO}3XRe~( L~)] complexes  (_ X -  C] - L '=subs t i~uted  pt>en) ~,r~ i .1- h~ 
these comple×es the two emitti.,~g states are very ci>,e i~ energy. :- .. ,-~omp.,exes a!so 
exist for which the steady state luminescence is ,Jbser~,.ed ~.,~.,~)¢..~ a ~m~,: ~'~ s~ate. 
be t  t ime-resoDed emission spectra in&care ~.he existence of  two e~pitt?~_g s~ates. 
An example  is shown in Fig. 3 -':'o~ d:e comp!cx [(COLd AN 
Re(st}-_bpy)]* (AN = C H s C , ~ ,  sty_~:py shown i~ ~=:, . . . .  
iuminescer~ce observed im low tempera ture  glasses origina~e~ from a -='IL stale IocM- 
ized or- the s ty_bpy ligand. ~n the time-resolved emission, the specL,:um obtah?ed 
over  the first 200 ns followi:m excitat{on c'=a ~, '  sho'::s iumir~esc-ence f ' re~ fi'~e 
Re(d~l  - ,s ty_bpy(~* ~ "~M L C T  sm~e [ 12]. 

2.2. Measuremem a f  i~,[et'xy:;te~,~ cros'sI)~g e/~Tcie~_fes m h:m~s:,c.,.cem' ~,.. c i t :d  :;;6~t~s 

Eor second- and third-row ~ransitio~ metal dim~i;~e complexes, in{ers?-stem cross- 
ing is the predominant  process of  ti,~e ~MLC'I  sta~e and e~cie~;des less t!-.,.;~n u~ity 
fbr popula t ing the luminescent excited state are suggestive of  i~m.ersystem cross~ng 
to another  state in the triplet manit~ld, For {Ru{bpy)>]:-  and sevecal edgier R~ :~ 
diimine complexes,  intersystem crossing occt~rs with !00% ei~cie>,cy [b-31. One 
method  for determining intersys~em crossing yie!ds is !o ~aeasare t}ae a~a.,nurr~ yidd 
for an irreversible bimoiecular  pbotoreae t ion  involving the SMLCT excite~ s~ate. 
For examp]e,  the ~MLCT state o f  [Ru(bpy)s i  s- reacts irreversibly with S:.~O~ to 
produce  SQ~- and the SO.[" radical anion,  a s t rong oxidant  [13]° T]:e quar, iu~:i 
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Fig. 3. Gated  emission spectra of  [ tCO)3Re(AN}(sty_bpyt]-  in 4:1 E!OH:MeOH at 77 K obtained (A) 
100 ns following excitation and ( B} i g,s following 337 nm excitation, Gate width 100 ns. 

yield for this reactio~ in the limit of  in@,ile SeO ~- is 2 and that is the vatue found 
for [Ru(bpy)~] a+. Limiting quantum yieids less than 2 suggest inefficient intersystem 
crossing Io the "~MLCT state. 

A simpler and more widely app!icable approach is to evaluate the ratio of the 
luminescence quantum yield and the lifetime of the emitting excited state. The ratio 
yieids the product of the intersystem crossi~ag ei~icie,~cy ~h~ and the radiative decay 
rate constant of the emissive state ~-¢ 

A large number of Ru(H)  and Re( t )  complexes having diimine iigands exhibit 
lmnMescence from ~MLCT states. Among complexes for which q,,¢ is known to be 
unity, values of ~M~ k~ a~e genera!Iy 8 ±d  × !04 s- ~, even though the emission energies 
span a gap of over 3000 cm-~ [l,  2].* As a result, experimental vaiues of ~liJq which 
are substantially lower than 10 ~ s ~ suggest the intersystem crossing efficiency to 
populate the e'MLCT state is less than unity. This approach provides supporting 
evidence for population of a 31L or oilier tripIet state {i.e. iigaud field) directly from 
the ~MLCT state, bt~t is nol su!~iciei~t to establish the existence of ~.he 3[L state. 

2.3. Exc i ted  state re/a.,:a:ion ~(~::,a:.~.ics 

Even in systems where luminescence clearty arises from a single excited state, 
a~lother non-emissive state may exist. [i  the states are not {herma~!y equilibrated, 
this can result in non-e×pone~.atial decay kinetic; I~r the emitting state. For instance. 
in complexes having nearly isoenergetic 3IL and 3MLCT sta*,es, luminescence may 

~Note that, wh~le r s_E~=:, this results in a decrease ol k¢ by a factor o f  o ~ y  ~uo for emission o~¢r the 
range of  600 to 750 rim. 
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oecur f rom one state exclusively and the o~her state may  internally convert to 
poputate  the emissive state at a rate which is slow relative to the emission. The room 
temperature  emission o f  [ (bpyhRu{ bpy_pyr)] 2+ (Fig. 1 i represents such a case. The 
emission occurs exclusively from the 3MLCT state in CHsCN,  yet the, luminescence 
decay is double exponential  with lifetimes of 900 ns and 50 ~s [14]. The long decay 
component  is associated with internal conversion from the pyrene localized s.,, L state 
to the 3MLCT state o f  the complex (vide in/i-a). Of  course, a significant caveat in 
this approach to identifying the presence of  a non-emissive sta~:e is that it is often 
not possible to exclude impuri ty luminescence as an explanation for '~he non- 
expouentia!ity. 

2.4. ~'ansient absm'ptio~ sOec'~roscopv 

The tack o f  observable ]umi~escence %r complexes having M L C T  absorption 
genera!Iy indicates that  non-radiative relaxation of  the SMLCT exci~:ed state is orders 
af  magnitude faster than radiative relaxation (e .g . /% > !0 ~ s-x).  However,  complexes 
l~a~.e been observed that exhibit no luminescence (even in glasses at 77 K )  but have 
a lottg-lived (>  I0d ns) excited state absorpt ion which can be at tr ibuted to a 3~L 
state. One complex exhibiting this behavior is [ (bpy)aRu(dmpbq)]  2~ [ 15]. Whereas 
the complex is only very weakly luminescent in solution, it exhibits transiem absor- 
barite (Fig. 4) throughout  the vis{ble with a lifetirae ~'~f appro×imately 960ns  i~_~ 
degassed CH~CN. The  transient absorbance closely resen;bles the specm,~m obtained 
from the difference between the fl-ee iigand transient absorba~ce and the ground 
state absorpt ion (dashed line o f  Fig. 4}. 
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Fig 4. Transiem ab,~orpdoi: sp.:ctrum of[(bp-) k t l t d d n l g b t  I }}:~ in Nz-ptzrged CH=CN folk;wing excitation 
M 532 mn. Dashed hne represents the spectrum calculated tYom ~he dKierenc: of !ig~nd dmpbq irausieP, t 
absorbe.nc¢ and ~he comp}~x grou;~d-siat¢ ab.mrption spectrum. 
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2.5. Photoselection techniques 

Emission photoselection spectroscopy can be used to determi~e the relative orien- 
tation of an emitting stale 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 interconverrien 
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(I!) ,  Rh(I I I )  and Ir(!II)  complexes [16-181. 

2.6. Time-resolved ir~fi'ared and Ramat~ speciroscopy 

Recent collaborative work of  Stufkens and coworkers has showed that time- 
resolved infrared (TRIR)  and time-resolved resonance Raman spectroscopy (TR 3) 
can be used to evaluate the nature of lowest energy excited states of d ~ diimine 
complexes [19]. For the series [Ru{ X)(R)(CO)2{c~-diimine)], they were able to show 
that the lowest energy excited state goes from being MLCT to XLCT as X is changed 
from C1-- to ! -  [19,20]. The conclusions are based upon the relative increase 
obse~wed in the CO stretching frequency versus the relative decrease in the CN 
(diimine} stretches for the series. The use of  TRIR and TR a has great potential for 
use in assignment of excited states and investigation of iLtramolecular energy migra- 
tion processes. 

2. 7. Quenching of  r~#ninescence end fremsiem absorptio;, wid~ triplet quenchers 

One approach for (. etermining 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 trip!et quenching, The process is bi- 
molecular, and the second-order rate co~astant will increase with increasing free 
energy ( ln (k~ , )~-AG/kuT)  umil the diffusion limit is reached [2t,22]. Fig. 5 
shows the free energy dependence for quenching of  luminescence at 
14 700cm -~ (%m=660 ps) and transient absorbance at 18 000cm -* (~ra=l .6  gs) 
for the complex [(bpy)2Ru(bpy_dvb bpy)] 2 -~ [23]. For the series of ~riplet quenchers 
used, the excited state absorptions, is not quenched efficiently by quenche,-s with 
energies above approximately 14 000 cm -~, whereas the emission is quenched with 
rate constants in excess of 109M -~ s -~ for ali the triptet quenchers used. Such 
experiments can provide conclusive evidence of the c;~existence of two non-equili- 
brated excited states. 

2.8. ~))ne-resoh'ed phc~loacoustic calorimetry 

Photoacoustic and thermat lens techniques have been used effectively for the 
evaluation of excited state energies and intersystem crossing efficiencies in '~ransition 
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metal complexes [24-27 i. Song and Endicott  have used the technique to evaluate 
the energy of  the :~MLCT s~,ate of  [Rut0pyl~] 2- [24]. In an appiication relating to 
the determinat ion of excited state energy m a complex having ~.wo accessible stales, 
Har r iman  and coworkers  used time-resolved thermai loosing to determine the triplet 
state e~el-gy of  ~[( bpy)2Ru]2( bdpb ,~'~ 4- [27]. 

3. Orbi ta!  parentage -and retati~e energie~ of ?~]LC-f a~d ~L excited s~a~,es {a 
monemeCatiic complexes 

Many o f  the transffion metal compiex.es timt h:r<e been ~:ho,,w,~ ~o have muttip~e 
emission, s are those lbr which the two sta~es can be viewed as being spaiiaEy isolated 
with regard ~o the orbita!s associated urit}'~ each s~ate. For instance, mixed ligand 
complexes of  ~ e  type [Rh 3 ( bpy),( pheu)~. ~]~ ~ {x =: 0--3 i exhibit dua~ luminescence 
f rom two different ) x - + x * )  excited states Jocalized on the bpy and phen Iigands 
[6,28.29]. Wa~ts and coworkers  also observed kmm~.escence f rom both ligand field 
and °~(=-~*) excii, ed states in h -3" complexes [28,29]. In such comp}exes ";he ine~N- 
ciency of intema] cow, version which leads to muitiple emission can be associated 
with weak elect:'onic in'teraction of  fl~e two isolated excited states. 

Also interesting are complexes that  ha~e mtfldpie exciied s, zates iI"~ ~the triplet 
manifold  with similar orbital  parentage, in such cases the two sta~es are expected 
~,o be much more  strongly coupled. Memioned  above are ti~e [(phen},Ria~-Ci~t" 
complexes reported by Watts  and the Re"  benzoylpyAdine complexes oi" Wrighm~a 
which exhibit luminescence f rom both  a d~--+~* 3MLCT state and a ~[L slate 
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involving the same aromatic heterocyclic ligand [6-9]. For [(L)2Re+(CO)3X] ( L =  
3 and 4-benzoylpyridine, 3 b p  and 4 b p ;  X=C1),  Wrighton and coworkers found 
that the 4 b p  complex exhibits emission exclusively from the 3MLCT state and the 
3_bp derivative emits from both the 3MLCT and 3[L states at 77 K. The difference 
in behavior was attributed to the difference in energy between the two states in the 
two complexes. In the 4_bp complex the 3MLCT state lies approximately 
4000 cm-~ below the 3(n-+zt*) state, whereas the two states are nearly isoenergetic 
in the 3_bp complex [8.91. In these and other complexes, the dual luminescence 
behavior is observed either in single crystals or in low temperature glasses, tn 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 
wili focus on the behavior of complexes in solution at room temperature. 

3.1. Re + complexes 

Numerous Re + complexes having N-heterocyclic ligands with relatively low 
energy alL states exhibit phosphorescence fi'om the 3lL state which can be detected 
in solution [30-33]. Table 1 presents photophysical properties of Re(I)  diimine 
complexes in acetonitrile solution [8,9,28-33,35]. Most of the complexes exhibit 
luminescence which decays as a single exponential, regardless of the emitting state. 
Those assigned as emitting from a "~(~-~rc*) state exhibit structured emission in 
solution, whereas 3MLCT state luminescence is a single broad band. It is clear from 
the data that vabaes of ~h.~k~ vary over many orders of magnitude; complexes which 
emit, unperturbed, t)'om a 3MLCT sta~e have values in excess of 105 s -~, whereas 

Table 1 
Physical properties of/m-[{COj.~XRe( I_."t] complexes in C [ L C N  at 298 K 

X ~ L + EL, ~ ~ : '  E~, c ..... ~?,,~k~ Excited Rcf~ 

AN drab 22 900 18 800 0.66 {~0 600 drc - ,~* [] 2] 
CO drab 22 gOO d 22 500 2.3 t4 ~(}0 =-*r~* [30.31 j 
TBI phet~ 2I 700 ~l 19000 7.4 65700 d:z-* ~* l i t ]  
TBi tmphen 21 200 -a 2I 000 74.t> 3000 r¢-*~* [l l] 
TBI dmphen 20 800 d 20 800 60.1 6100 Jr ~ rU [ t 1 ] 
AN phen 20 000 lg 800 0.8 NA d ~ - , ~ *  [8,9] 
MPy dppz 17 950 17 950 I8 5 ! 1 ~ - ~ *  [34] 
AN sty bpy 16800 17900 0.55 1450 dr~-~r~* [!2] 
AN bpy_d~,b_bpy 14 390 a id 390 4.7 <20  ~ *  [I2] 

AN = acetouitrite, Mpy = 4qne~hylpyridine. TBI = ~-butylisocyanide. 
t, ~.mphen = 3,4,7,8-tetrame~hylphenamhrolineo dmphen  = 4,7-dimcthylphenanthroline.  

Energy approximated from triple~ energy of  related hydrocml>?n (i.e. plnen ~phenambrene )  unless 
otherwise ~oled. 
d Emission ma×imum of  hi~hest energy vibronic componem.  
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those exhibiting structured phosphorescence can have ~h~k, values of less than 
50 s - j .  

A particularly nice demonstration of the change from 3MLCT to 3IL excited state 
luminescence with changing diimine was reported by Demas and coworkers for the 
seriesfac-[(CO)a(TBI)Re+(L)] * (L=phen ,  dmphen and tmphen; TBI = t-butylisocy- 
anide) [11 ]. The phen complex, having the highest energy aIL state, emits from the 
~MLCT state. Upon alkylation of  the phen, the energy of the 3(n-+ n*) state decreases 
slightly, resulting in structured a l l  luminescence. These complexes have relativeIy 
large radiative decay rate constants for emissio:~ from a 3(~--+n*) state; this may 
reflect significant mixing with the ~-MLCT state, in the complexes {[(CO)3(AN) 
Re+]e(bpy dvb bpy)} a÷ and [(CO)3(Mky)Re+(dppz)] +, structured 3[L lumines- 
cence is also observed in room temperature solutions [12,34]. In each of  these 
complexes the ~l~,¢/c~ value is very low (<  50 s-~), indicating the state lacks significant 
3MLCT character. 

One complex from Table 1 has characteristics that suggest the presence of  
both 3IL and 3MLCT states in solution at room temperatuz°e. The complex 
[(sty_bpy)Re+(CO)3(AN)] + emits weakly from a 3MLCT state with a maximum at 
1 8 0 0 0 c m - h  however, the energy of the ~(n--+n*) state of the sty bpy Iigand is 
lower: approximately 16 800cm -~ [12]. The radiative decay rate constant of the 
room temperature 3MLCT emission 0h~¢k,.= I400 s -~) is very low. The implication 
is that either (a) the intersystem crossing emciency is significantly less than unity for 
populating this state and the sty_bpy a(n-+n*) state is providing an alternate path 
for relaxation of the ~MLCT state or (b) the emitting 3MLCT state has a much 
higi~er degree of triplet character because of mixing with the 3iL state, it is possible 
that {he 31L state is populated, but decays via trans-cis ~somerization; such isomeriza- 
tion has been documented to occur upon photolysis of Ru -'+ styrytpyridine com- 
plexes [36]. 

2 ~ R u  2~ coz~ ' ,p lexes  . J . d . .  

A few monometallic Ru a" diimine complexes of the type [( bpy)~Ru 2 +( L)] z~ exist 
which exhibit evidence for coexistence of triplet imraligand and MLCT states. 
Among the complexes reported, luminescence is always from the "~MLCT state, 
represented in Table 2 as E,~LCr. For those ligands for which phosphorescence could 
not be obtained, the energy of the 3(n~n*) state was approximated by the energy 
of  the hydrocarbon having the structure most similar to {he N-heteroeyclic !igmad 
(i.e. vbpy =styrene). Table 2 also reports the luminescence lifetimes of the complexes 
and value; of ~,h~k~ obtained from the ratio of the emission quantum yield and the 
luminescence }it'etime in CH3CN. Since the energy of the ~MLCT state of the 
complexes is a~ least 19000cm-*,  e all except ~br the comp!exes of  vbpy, drab 
and bphb have ~(n-,n*l states whmh a'~e accessible following exci~*ation into the 
~MLCT absm~tion. The complexes of  drab, vbpy and bphb a!! have ~l,.Jc~ values 

>fbis is an estimate made assuming the red edge of  the absorplion of  ~|le complexes hsted is a! erte:-gies 
grealer than or equal to I9 000 cm-~ ( 525 nmL 
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Table 2 
Physical properties of [~, LL)aRuL'] 2~ complexes i~ acetoni~rile at 298 K 

EL L" Analogous HC a E.c  Es. cr At ~,~ qi~k~ Ref. 
(era l) ( cm-bb  {cm-b  {ns) (s - ~ x l 0  -~) 

drab drab biphenyl 22 900 15 900 7000 950 11.0 [37] 
drab vbpy styrene 21 700 t4 900 6800 1350 5.6 [37] 
drab bphb p-terphenyl 20 200 15 800 4400 I340 7,9 [38] 
bpy dppz !,2:3,4-dibenzanthracene 17 900 16 500 i400 663 5.0 [39] 
drab bbpe stiibene 16 600 ~ 13 700 2900 1150 0.9 [37] 
bpy bpy_pyr pyrene t6 300 ~ t5 600 700 1300 7.5 (0~17) ~ [14] 
bpy dmpbq a'~thraeene 14 900 i2 S00 2100 35 1.7 [ 151 
drab bpy dvb bpy 1.4-distyryibeneene i4100 ~ t4 700 - 6 0 0  622 0.9~ 123] 

" Hydrocarbon representing the carbon skeleton of the fused ring portion of the ligand or simple aromatic 
hydrocarbon of similar structure. 
b From absorption maximum of M L C T  luminesce~ce. 

Triplet energy measured for the ligand from phosphorescence in lo,.v temperature matrix. 
a This complex has a double exponential luminescence decay. The product calculated is for the shor~- 
lived luminescence component. An addi~im~ai 57 I~s emission exists: this, combined with @¢~,. yields a 
value for rhj~ ~ of 1700 s ~. 

greater than 50 000 s -1, typical of  emission f rom 3MLCT states having unity qis~ 
values. The widely studied, DNA-Nnd ing  complex [(bpy)2Ru2+(dppz)] 2+ also has 
an tlt~ck~ value large enough to suggest 'MLCT~S(n- , , r c  *) intersystern crossing is 
not a significant path for excited state non-radiat ive relaxation even though the 
~IL state is lower in energy than the ' M L C T  state [39]. The remaining complexes 
all exhibit unique behavior  which requires discussion. The complexes all have 
~h~k~ values which are less than 10000s  -~. suggesting competit ive intersystem 
crossing to some other  triplet excited state in the complex. 

Meyer and coworkers have thoroughly  examined the photophysicai  behavior  of  
[(dmb)2RuZ+(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 2~ diimme complexes [37,40]. The low radiative 
decay rate constant  (q~  is assumed to be unity) is at tr ibuted to a combinat ion of  a 
smaller transition dipole moment  and lower emission energy for the d~z~.~*(bbpe) 
M LC T transition relative :o drc~ rt*(dmb) transition o f  [Ru (drab)3]-' +. The approxi- 
mation leads to a ratio of  radiative dec~y rate constants krArnb/,/Cr~bbpe=3.3; the 
experimental ratio is 12. It is possible that  the relatively low radiative decay rate 
constant  observed reflects a contr ibut ion from direct ~ M L C T ~ I L ( b b p e )  intersys- 
tern crossing. If  the SIL state is formed in this complex, isomerization of  the bbpe 
ligand would be expected to occur. In a separate report,  weak luminescence 
at 15 600 cm - ~ 0h~k~ = 6700 s- ~) was reported fi'om the complex 
[(dmb)zRua+(bbdb)]  2+, the butadiene-bridged bis-bipyridine anMog of  bbpe: how- 
ever, it was not  possible to discount the possibility of  impuri ty emission iv_ this 
complex [ 38]. 

A closely related complex is [ (dmb)zRu2+(bpy_dvb bpy)] 2+. The reported 
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3MLCT luminescence maximum for this complex is 1000em -1 hig~er in energy 
(14 700 em -~) and the luminescence lifetime is roughly half  that  ( r . ~ = 6 2 0  ns) o f  
the bbpe complex [23]. Another  related complex, [Ru2~'(dsts~bpy)3] 2+, also has 
an emission maximum at 14 700cm -~ and a luminescence lifetime o f  720 ns 
(qiJc~=40 000 s-~) [41]. For  the bpy dvb_bpy complex, the transient absorbance 
lifetime is 1660 ns, clearly indicating the presence o f  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 o f  triplet quenchers (Fig. 5). F rom the free 
energy dependence for quenching the transient absorbance,  the energy of  the state 
was estimated to be 1 4 2 0 0 c m - " ,  nearly the same as the triplet energy of  the 
structurally related hydrocarbon  t .4-distyrylbenzene reported by Sandros e ta l .  [42 i. 
Thus, in this case, strong evidence for populat ion of  a 3IL excited state and coexist- 
ence o f  3MLCT and 3IL states was obtained. 

Another  complex clearly exhibiting coexisting "~IL and 3MLCT states is 
[(bpy)2Ru2+(dmpbq)] 2~- [15]. The complex exhibits weak luminescence at 
12 800 cm-~ with a lifetime o f  35 ns (Table 2L The excited state absccpt ion b_as a 
lifetime of  over 900 ns; further,  subtraction of  tb, e ground state ab:orpt ion  of  the 
complex from the excited state spectrum of  the dmpbq ligand (at wavelengths where 
the ground state o f  the ligand does not  absorb)  yields a calculated spectrum nearly 
identical to the transient spectrum of  the dmpbq complex. If the triplet energy of  
the ligand is assumed to be nearly the same as the aromatic  hydrocarbon skeleton 
of  the fused aromatic  port ion o f  the ligand (anthracene),  the 3!L excited state will 
have an energy of  approximately  14 900 cm -~, 2100 cm -~ above the "~MLCT state. 
The implication is that the 3[L state is very weakly coupled to the 3MLCT state in 
this complex (so weakly coupled that non-radiative relaxation o f  the ~IL state occurs 
without  significant internal conversion to the 3MLCT state, which would give rise 
to a tong-lived luminescence component) .  

Finally, [(bpy)2RuZ+(bpy_pyr)] 2+ represents an exampie of  a complex wherein 
interconversion between the pyrene localized 3 ( ~ _ ~ , )  state and the 3MLCT state 
can be viewed as an intramolecv, lar electronic energy transfer process since the 
pyrene is relatively spatially isolated from the coordinat ion sphere [! 4]. The lumines-. 
cence o f  this complex is relatively efficient and has a double exponential  decay with 
components  of  1300 ns and 57.4/as, as shown in Fig. 6. The luminescence is very 
sensitive to the presence of  O,,  and aerated solutions o f  the complex yield a singte 
exponential  decay with a lifetime of  300 ns. Time-resolved emission spectra indicate 
the spectrai bandshape is invariant over the duration of  the decay, Both the room 
temperature  and 77 K glass emission spectra are represet~tative of  emission from a 
3MLCT state. At room temperattlre the zero-zero  emission energy fo,: the ~MLCT 
state is approximately 16 !~(~0 crn-~. The phosphorescence from the bg,;: _~pyr ligand 
at 77 K in ethyl-iodide-4c;ped glasses yields a zero-zero  emission energy o f  
16 300 cm-~.  Given that energies of  ~(,~-~,*) states of  aromatic  hydrocarbons  are 
nearly independent o f  temperature  or the matrix~ it ca,'a be concluded that the 
3(rc-+~t*) state of  the pyrene in [(bpy)aRu-'+(bpy_pyr)] -' ~ is at slightly higher energy 
than the 3MLCT state~ Thus, the pyrene 3(,~__+~,) state is serving as a. reservoir for  
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Fig. 6. R o o m  temperature  lumine+cetlce decuy of [(bpy)+Ruibpy_pyr+] -'+ in acetonitri+e solution. The  
decay fits a double exponential  ~.ith cornponent  + of  1300 ns m~.d 57.4 i, ts, 

luminescence from the lower energy 3MLCT state: 

[( b )2RuU( bpy +pyr)] 2 * ~-~ [( b)zRu+H( bpy_pyr )] 

~[( b )2Rull( bpy_pyr)] 2 + + hv (2) 

The dynamics of dual luminescence decays collected over a range of temperatures 
can be quantitatively explained by assuming that excitation imo the ~MLCT absorp- 
tion is t:ollowea by mtersystem crossing to both alL and 3MLCT states. The initially 
formed 3MLCT state decays with a lifetime of I300 ns and the 3iL state decays via 
slow internal conversion to the ~MLCT state, giving rise to the tong-lived lumines- 
cence decay component. 

4. Po|yene-bridged bimetallic cort~plexes 

Several of the complexes of Fig. 1 are bis~Npyridine aen atv~'es capable of servin~ 
as bridging ligands. The polyene-bridged bis-bipyridines exhibit large differences in 
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Table 3 
Redox and photophysicai properties of  {[(dmbL, Rt'].4 LL~} a '  complexes in room temperature CH3CN 

( g }  ~ (V)" (nm) (cm ~) (ns) ~' {s -~) (re'n) 

bb! : 1.16 -1 .07  500 13 300 0.005 1310 4000 630 
bbdb 1.14 - 1.05 500 12 800 <0.00l 5.40 - IS00 725 
bdpb 1.08 - 0.90 540 NA NA 200 NA 660 

Versus SSCE. 
,4 Measured from luminescence of  bbpe and from tra~sient absorbance of bbdb and bdpb. 

redox and photophysical behavior between the monometa[Iic, [(dmb)2Rua=(L)] 2÷, 
and the bimetallic, {[(dmb)aRn2+]2L}4+, complexes. The bimetallic compIexes of 
bbpe, 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 *h~/% values are below 5000 s-~, again suggesting 
the possibiIity of intersystem crossing to a state other than the 3MLCT state. The 
triplet energies of bbdb and bdpb were estimated from the free energy dependence 
for quenching tne !igand transient absorbance to be 14 100 cm -~ and i2 500cm -~ 
respectively. Both these energies are certainly below the energy of the ~MLCT state, 
given that the absorption maxima for the MLCT transitions are 20 000 cm-" for 
the bimetallic bbdb complex and 18 500 cm --t for the bdpb complex. All three 
complexes have transient absorption spectra showing bleaching of ~he ground state 
absorbance and a promii:ent absorbance at wave!engths greater than 550nrq 
(Fig. 7). The transient absorbance of the bbdb and bdpb complexes is efficiently 

0 , 0 4 0  i e 

0 ,020  L 

< #/ 

- 0 . 0 4 0  . , \ / , 

' <e ~ I 

} 
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Fig. 7 I-xcited stale absorption sF.~ctrum o~" {[(bpv} Ru]~bbdbi ~ in CH~CN '~ e. 
~1[ ) .  -~ l l n i .  
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quenched by 02 (for bbdb the TA decays with a lifetime of less than 10 ns); this 
behavior is characteristic of organic triplet excited states [37,40,27]. TR ~ spectra 
obtained for the bbpe complex ind:, te that the ground state 1638cm-: C = C  
stretch of the ethylene moiety disappears and new bands appear at 1578 cm-  ~ and 
1585cm -~. For the related hydrocarbon stilbene, the ground-state stretch at 
1638 cm -~ shifts to I578 cm -~ in the anion radical and 15g6cm -* in the lowest 
lying triplet [37]. Thus, assignment of the excited state is inconclusive, but could be 
~.nterpreted as being a mixture of coexisting ~MLCT and ~iL statc~. 

5. Conclusions 

The resuits presented here indicate that d ~ complexes of second- and ~hird-row 
transition elements with N-heterocyciic ligands having triplet excited s*ates accessible 
from the ~MLCT state can exhibit behavior consistent with concomitant existence 
of two very weakly interacting excited s~ates. The factors alTecting 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 is a need for detailed spectroscopic investigations analogous to those of Gudet 
and coworkers [43] and Riliema and coworkers [44] for Re + bpy and phenanthroline 
complexes. 
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