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ghIy resolved iand ~~~e-~~~rowe~ emission of bpy-b&l3 ’ in [Zn( b~~~*)~]~~~~~)~ (see 
The exc1tati0n energy for (a) and (c) wa i& 665 cm L 1 ( G337. I nm), and fix the line- 

narrowed spectrum (b) was ca, =22 757 cm-’ (S*-& resonantly excited). The crystals were grown 
from water/acetone ( 1:4) with a solution molar ratio ~b~~~~):~~(~~) of 1%. Tlx enegies of the satellites 

ified refative to the electronic oaignl at 22 757 cm-l. (L) shows the region of the origin(s) on an 
enlarged scale for lb-4 T and ,I?== 12 T, respectively (T=20 K.). 
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aman data shows very go0 
em of the electronic origins 

nergy range of the emiss 
1 from the electronic origins, are assi 

lattice modes or to modes mixing with the low-mergy vibrational mde 
3). Several of these low-energy lattice modes are 

also found for ion 4.3.1) and [0s(bpy)J2+ 1511 doped into t 

al coordinate analysis is not yet available, a series of important 
vibrational satellite structure is distinctly chasac- 

satellites and some extremely weak 
ined from a comparison 

with those of the partially deuter- 
rience distinct energy 

electronic states [2 I, 26,273. 

des are identified as 
the very weak intensities of 
the wavefuuctions of the inv 

It is interesting that the vibrational satellites do not s ow any dominating vibra- 
tional Fran&-Condon progre on, as might be deduced from the less 
spectra published previoudy. owever, the emission spectra reveal t 
prominent vibrational modes, e O-l and also the O-2 members of weak progressi- 
ons are found (e.g. for the 767, 1 
[42] (see also Fig, 2 and Table 1). T 
ons may be applied to determine the hys factors 14, using 
the expression S= v(H,/I,- r), where IV is the intensity of one member of a specific 

ssion and v is its vibrational quantum number [ 16,52,533. S is directly related 
Fran&-Condon factor of the respective vibrational mode, and increases with 

an increase in the size of the shift of the nuclear equilibrium positions of the potential 
hypersurfaces between the ground and excited states for the specific vibrational 
mode. These progression-formi rick-Condon modes are totally symmetric. For 
all progressions observed for [ one obtains S< Smal ~0.3. The corre- 
sponding modes are characterized by FC in Table 1. Presumably, al1 other stronger 
satellites appeariug in Fig. 2 also represent FC modes which, however, exhibit smaller 
S values. Nearly the same value of 0.3 has also been found for uncoordinated bpy 

1. Compared with the known range of S values observed for other com- 
pounds-values of up to ten have been reported (see, for exam 
[55] and [56))---it follows that a maximum value of 0.3 of the 
must be regarded as very small. This implies that the nuclear 
of the triplet state and the ground state are similar for [ 

All prominent vibrational satellites are accompanied by photon satellites. For 
example, combinations of the 76? cm- * mode with the 33,6 CM- ’ lattice modes 
are clearly discernible for [Rh( bpy-hs)3]3+ (Fig. 2, Table 1). wever, in most cases 
these phonon satellites are smeared out to bands. These bands arc iu part responsible 
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Fig. 8. Energy level diagram for the tkree lowest z&ted states o 
[zn(bpy-h,),l(C~B,),. The spin--lattice relaxation (SL 
owing to a slow process of direct phonon emission resulting in a decay time of 2 
emi III> is wck-Condon (Fe) active modes, while the 
sho g-Telle State /I> emits with its usual emission lifet 
ene heines (bpy-d# * and ~~~~b~~-~~)~~~~ are very 
origins (same matrix) l (I), 87 693 cm-l (II), and 17 745 cm-’ g 
of the partidy deuterated compound); and at 17 724 cm-’ (I), 17 733 cmBp 
~~~-~e~te~ate~ compound). 



9. ~i~~-i~t~~~~t~d and time-resolved emission and excitaticn spectra at T= I.2 K and 10 K of 
Ow-bM’+ in ~%~~b~y-b~)~~~~~~~)~ ( see Ref. [SS]). The crystals were grown from water with a 

sotution molar ratio ~~l(~~):%n~~~) of 0.5%. Tl4% enaission was excited at I7 745 cm- ’ (origin III), and 
the excitation s trum (b) was detected at I? 207 cm-’ (I 477 cm-’ satellite to origin II). The region 

the vibrational and phonon 
tive electronic origins. Satelhites specified in the s~o~-d~~yi~~ 

while those modes spified 
drastic shift of the emission 
e relatively slow spin-lattice 

~~~~x~tio~ and has nothing to do with a bcaliaation process. 
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the satellites corresponding to the vibrational 
e significant intensities (compare with Section 

ligand modes are found above about 500 cm-“. oreover, there are satellites 
ing to combinations of vibrations with I ice modes and ~~~tipho~o~ 

mainly responsible for the pronounced background. 
no significant vibrational Fran progression is observed 
f. [57]). T% largest vibrational S [16,52,53] is 

0.1. This value is even s bpy)J2 + , with 
s milx x0.3 (compare with Section 2.2.3). Thus, it follows that the ground IO> and 
excited state 11) have nearly identical nuclear equilibrium positions. Equivalent 
arguments also hold for the second (Fig. 9f, h) and third excited states 1571. 
Therefore, localization attributable to a strong distortion in these three states can 
be excluded (see Section 4.2 and fs. [78,85]). Further evidence against such iocal- 
ization is presented ia Section 4. 

It is an important but not well-known fact that the lowest excited states iI> and 
I> are not in fast thermal equilibrium at 1.2 K [78.85], owing to relatively SIDW 

nd emission processes [53,129-132]. Thus, after excitation, e.g. 
is Fopulated by a relatively fast relaxation process, but, owing 

to the low density of phonon states correspond’ to the energy separation AE 
een /XI) and II}, further relaxation down to is strongly hind g. 0 
corresponds to a relatively long spin-latti relaxation time FOI- 

3](C104)2, a value of (228 f 10) ns is found, as 
reported for the first time in f. [78]; compare also w 
it has also been o assign the effective 

ion time, state 111) emits 
ate [I) emits 
of state [HI) 

should not be mixed up with the emission lifetime, which is governed by radiative 
and non-radiative decays from state 111) into the ground state 10) of 8 ps [S5] (see 
also Crosby and co-workers [l&95]). It should be mentioned that the processes of 

had already been studied more than three decades a ample, for organic 
compounds [47-49,76,77] and for ruby [53,129- 13 11. r, the relevance of 
the spin-lattice relaxation for low-temperature emission of transition metal 
complexes was emphasized only recently [22-25,42,78,85,132]. 

According to the discussion presented, the time-integrate 
spectrum consists of superimposed emission spectra frmn II> and 
very diRerent decay properties. Thus, it is expected that the s tra of these two 
states can be separated by time-resolved spectroscopy. This is indeed possible, as is 
shown in Fig. 9d-g). The fast spectra (Fig. 9f, g) are measured with no delay with 
respect to the exciting laser pulse (t =O ns) an integrated over a time window of 
At = 300 ns, while the slow emission, shown in ig. 9d, e, is registered with a delay 
time of Al = 10 ps and a time integration (time window) of At = 200 p.s. These two 

ectra differ significantly in the region of the electronic origins (compare Fig. 9e to 
$5 9g VW d an in a series of vibrational satellites (compare Fig. 9d to Fig. 9f). 



H. Yemin et al. / Coordination Chemistry Reviews 159 (1997) X?5-3!W 

distribution. This dist 

sipificantly (Table 2). 
anisws for these two sta 

these investigations and to 
albeit weakly, it follows t 

the electronic tran 
ative ~eac~ivatiQ~ 

modes of different bpy ligands do not ex 



I h issi 





350 66. Yersilz et al. / Coordination Chemistry Reviews 159 (1997) 325-358 

Fig. 11. Liue-narrowed excitation spectra at T= 1.2 K of [Ru(bpy-h&]“+, [IfPu(IPpy-h~)z(b~y~~)]*+, and 
in rzn(bpy-hs)J](Clo,),. I%e crystals were grown from aqueous sdutions having molar 

ratios Ru(II):%n(II) ofQ.58 (a, b); 0.3% (c); 0.03% (inset). The s tra show the electronic origim II and 
III and the corresponding phonon satelllites. Detection is at the energy of the respective electronic origin I. 
Peak WI” represents au unavoidable artefact; see text. Inset: the excitation structures of the electronic origin 
III (same cm-’ scale) measured at two positions of the same crystal. The spectral change displays the 
diKeren*s in dustering of the [Ru(bpy)#+ chromophores (see Section 4.1). Ht is important to note that 
fRu(bpy-hs)z(bpy-d,)]2’ exhibits the same number of electronic origins as found for the per-compounds. 
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