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PbR, (R = Me, Ph); zFr-DAB = N,N'-diisopropyl-l,4-diaza-l,3-butadiene): 
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Abstract: The photophysical properties of 
the metal-metal bonded complexes [Ru- 
(E)(E')(CO),(iPr-DAB)] (E = CI, E' = 
SnPh,, PbPh,; E = Me, E' = SnPh,, 
PbPh,; E = SnPh,, E' = SnMe,, SnPh,, 
GePh,; E = PbPh,, E' = PbMe,, PbPh,, 
GePh,; iPr-DAB = N,N'-diisopropyl- 
1 ,Cdiaza-l,3-butadiene) have been stud- 
ied. According to time-resolved emission, 
UV/vis and IR spectra, combined with 
density functional (DFT) MO calcula- 
tions, the lowest excited state has triplet 
metal-to-ligand charge-transfer (3MLCT), 
triplet halide-to-ligand charge-transfer 

(3XLCT) or 3 ~ ( E - R U - E ~ ) ~ *  character, de- 
pending on the nature and combination of 
the ligands E and E'. The 30(E-Ru-E.)~* 

state is a bound state whose lifetime is 
strongly influenced by the ligands E and 
E'. An exceptionally long lifetime (264 ps 
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Introduction 

Recently. a new type of complex [Ru(E)(E)(CO),(a-diimine)] 
(E = halide. E = alkyl; E = Me, E = Mn(CO),; a-diimine = 
e.g. bpy, iPr-DAB)[' was synthesised and investigated in 
our laboratories. Initial studies on their spectroscopy, photo- 
physics and photochemistry have clearly indicated their great 
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at 80 K) is observed for the 3qsn_Ru-Sn,~* 
state of the symmetrically substituted 
[Ru(SnPh,),(CO),(iPr-DAB)] complex. 
The reason for this long lifetime is the fact 
that the excited state of this complex is 
hardly distorted with respect to the 
ground state, owing to the delocalised 
character of the o(Sn-Ru-Sn) bonding 
orbital, which mixes strongly with the K* 
orbital of the P -  DAB ligand. This delo- 
calisation is also responsible for the un- 
usually high oscillator strength of the 
(J + R* electronic transition in the visible 
spectral region. 

potential as luminophores, photosensitisers and initiators of 
radical reactions, as well as the challenge they pose for the 
understanding of characters and dynamics of the excited states 
of organometallic compounds. In a way, the [Ru(E)(E)(CO),(a- 
diimine)] complexes resemble the better known [Re(X)(CO),(a- 
diimine)] species, whose various kinds of photoactivity and 
whose function as efficient photosensitisers have been amply 
demonstrated.['- "1 For the Re complexes, the nature of the 
lowest excited state may be tuned broadly from metal-to-ligand 
charge transfer (MLCT) to halide-to-ligand charge transfer 
(XLCT) to on* by changing the axial ligand X from CI to I to 
alkyl or metal-containing fragment.I'8-281 Each of these excited 
states was shown to have its own properties and dynamics. 
Further tuning of the excited state behaviour is possible by 
changing the a-diimine ligand.1281 

The excited-state properties of the [Ru(E)(E')(CO),(a-di- 
imine)] complexes may be varied on a much broader scale than 
in the case of their Re analogues since the E and E ligands at 
either of the two axial positions, as well as the a-diimine ligand, 
may be replaced independently. Thus, it has already been shown 
that the MLCT excited state of [Ru(CI)(Me)(CO),(a-diimine)] 
changes into a longer-lived, emissive, XLCT state for [Ru(I)- 
(Me)(CO),(a-diimit~e)],'~I while homolysis of the Ru-alkyl or 
Ru-Mn bond was found to occur from the 3 0 ~ *  excited state 
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of [Ru(I)(iPr)(CO),(a-diimine)] and [Ru(Me)(Mn(CO),)(CO),- 
(a-diimine)], 

A whole range of new excited-state phenomena may be ex- 
pected for the newly synthesised inorganometallic complexes 
[fruns,cis-Ru(E)(E’)(CO),(iPr-DAB)] in which E = C1, E = 
SnPh,, PbPh,; E = Me, E = SnPh,, PbPh,; E = SnPh,, 
E = SnPh,, SnMe,, GePh,; E = PbPh,, E = PbPh,, PbMe,, 
GePh,, whose general structure is shown in Figure 1. Their 

s p e c t r o s ~ o p i c ~ ~ ~ ~  and electrochemi- 
calL3’. behaviour has already indicated 
that the bonding properties and electronic 
structures are quite different from those 

‘NHTkCO of analogous Re and Ru species discussed 
above. Importantly, depending on the na- 
ture of E and E ,  there is a large variation 

structure of the in the electron distribution within the 
[Ru(J$WOO)z- Ru(DAB) chelate ring. For complexes in 
(1Pr-DAB)Icomplexes. which one axial ligand E is a halide or 

Otf-(SO,CF;), the n-electron donation 
from the Ru(E)(E) fragment to the DAB ligand remains very 
limited, leaving the bonding within the Ru(DAB) chelate ring 
rather localised. On the other hand, in the complexes where both 
E and E are coordinated through a Group 14 metal atom 
(Sn, Ge, Pb), as well as for [Ru(Me)(E)(CO),(iPr-DAB)] 
( E  = SnPh,, PbPh,), rather strong interaction between the oc- 
cupied orbitals of the Ru(E)(E) unit and the A* DAB orbital 
occurs, resulting in extensive electron delocalisation. Compared 
with the former class of complexes, the latter more delocalised 
species are characterised by red-shifted visible absorption 
bands, much lower wavenumbers of the v(C0) and v,(CN) vi- 
brations, and by the appearance of resonantly enhanced Raman 
peaks attributed to v(CC) and deformation vibrations of the 
DAB ligand and to skeletal vibrations. In addition, these com- 
plexes show several specific NMR features, for example, up- 
field-shifted resonances of the imine protons. and most striking- 
ly, very large 4J(1 ”/’ ‘gSn,H(i,i,,)) coupling constants, as was 
described in ref. [29]. This electron delocalisation in the Ru- 
(E)(E)(DAB) unit is also manifested structurally by shorter 
C(l)-C(2) and longer C=N bond lengths in the DAB ligand of 
the [Ru(SnPh,),(CO),(iPr -DAB)] complex relative to those of 
[Ru(Cl)(SnPh,)(CO),(iPr-DAB)] A detailed density-func- 
tional (DFT) MO theoretical study of [Ru(SnH,),(CO),(H- 
DAB)] and spectroelectrochemical investigation of [Ru(Sn- 
Ph,),(CO)2(iPr-DAB)]13’1 have shown that this delocalisation 
originates predominantly in a strong mixing between the occu- 
pied weakly bonding o(Sn-Ru-Sn) orbital and the n* DAB 
orbital. This rather unusual c-n* electron delocalisation in the 
[Ru(E)(E)(CO),(iPr- DAB)] complexes is also expected to in- 
fluence profoundly the characters and dynamics of their excited 
states, which thus became the principle subjects of this study. 
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Fig. 1. Generalised 

Results and Discussion 

As explained in the Introduction, the [Ru(E)(E’)(CO),(zPr - 
DAB)] complexes may be divided into two classes with distinct 
spectroscopic (UV/vis, IR, rR, NMR) propertiesr291 that reflect 
different extents of electron delocalisation between the 
Ru(E)(E) unit and the DAB ligand. The first class, hereinafter 
referred to as “halide”, consists of complexes containing an 
electronegative ligand E = CI, I or Otf in combination with 
E = Me, SnPh, or PbPh,. The other class, hereinafter to be 
called %on-halide”, consists of complexes in which both E and 
E are inorganometallic ligands (GePh,, SnPh,, SnMe,, PbPh, 
or PbMe,), and of species where E = Me and E = SnPh, or 

PbPh,. In the following sections, the UV/vis and rR spectra of 
both these classes of [Ru(E)(E)(CO),(iPr-DAB)] complexes 
are used to provide information on their excited-state charac- 
ters. This is followed by a discussion of the results of the steady- 
state emission measurements and the time-resolved emission, 
UV/vis and IR absorption studies. 

Electronic absorption spectra : The halide complexes [Ru(CI)- 
(E)(CO),(iPr-DAB)] ( E  = alkyl, SnPh,, PbPh,), are yellow- 
orange because of the presence of a strong absorption band 
between 400-450 nm. The lowest energy absorption bands 
in the UV/vis spectra of the red-purple compounds of the 
non-halide class are observed at longer wavelengths, between 
510 and 575 nm in THF, with extinction coefficients approxi- 
mately twice as large as those of the halide species. The 
[Ru(PbPh,),(CO),(iPr-DAB)] complex has a shoulder on the 
high-energy side of its absorption band which becomes even 
more pronounced at 77 K.r291 The lowest energy absorption 
band of [Ru(SnPh,),(CO),(iPr-DAB)] has no shoulder at room 
temperature but at 77 K in a 2-MeTHF glass the band becomes 
somewhat asymmetric. The UV/vis spectroscopic data are sum- 
marised in Table 1 and representative spectra are shown in Fig- 
ures 6 and 9. 

Table 1 .  CO and CN stretching frequencies and visible spectral data for [Ru(E)- 
(E)(CO),(iPr-DAB)]. 

Otf 
CI 
I 
CI 
c1 
PbPh, 
SnPh, 
Me 
PbPh, 
SnPh, 
Me 
PbPh, 
SnPh, 

SnPh, 
Me Ifl 
Me [ f l  
PbPh, 
SnPh, 
GePh, 
GePh, 
PbPh, 
PbPh, 
SnPh, 
SnPh, 
PbMe, 
SnMe, 

2040 
2024 
2024 
2028 
2027 
2007 
2007 
2006 
2006 
2005 
2003 
1999 
1994 

1981 
1952 1565 (2) [g] 435 (1710) 
1958 1556 (2) k ]  463 (2320) 
1972 1541 (2) 444 (2520) 
1969 1543(2) 435 (2850) 
1955 1476(3) 538 (5920) 

519 (5130) 1953 1476(3) 

1956 1473(3) 543 (4840) 
1952 1473 (3) 515 (6050) 
1946 14850) 518 (5720) 
1948 1471 (3) 550 (5460) 
1940 1471 (3) 514 (6230) 

1949 [i] 537 (4600) 

1870 [h] 
2320 
1560 
1710 
820 
740 
1450 
940 
710 
1180 
650 
490 

[a] IR(cm-’)data wereobtainedinTHF.(b] Resonance Ramandata(cm-’) were 
determined for the complex in a KNO, pellet. [c] The number in parentheses refers 
to the type of spectrum (Fig. 2 or 3). [dl Maxima (nm) of the visible absorption 
bands and their extinction coeflicients (M-’ cm-’) in parentheses were obtained in 
THE [el A = S,.(CH,CN) - i,,,(hexane) in cm-’.  [q From refs. (1, 621. 
[g] Synthesised according to ref. [I]. [h] A = ?,(CH,CN) - i,,(toluene) in 
cm-’ .  [il N o  rR spectrum was obtained owing to high photolability. 

The visible absorption band of the halide complexes shows a 
large solvatochromism, which is characteristic of CT transi- 
tions. Replacement of the chloride by the more electron-releas- 
ing ligands Me, SnPh, or PbPh, shifts the absorption band to 
lower energy with a concomitant decrease of solvatochromism. 
The latter effect, which points to a decrease in CT character, is 
due to increased mixing between the orbitals of the 
Ru(E)(E)(CO), fragment and the A* LUMO of the iPr-DAB 
ligand (vide infra). This increased mixing is also reflected in a 
drop in the frequencies of the v,(CN) and v(C0) vibrations 
(Table 1). Replacement of Me in [Ru(CI)(Me)(CO),(iPr-DAB)], 
[Ru(Me)(SnPh,)(CO),(iFr-DAB)] or [Ru(Me)(PbPh,)(CO),- 
(Pr-DAB)] by SnPh, or PbPh, always leads to a significant 
decrease of solvatochromism (Table I ) ,  although the charge 
density at the central metal atom, as reflected in the v(C0) 
freq~encies,’~’’ hardly changes. This effect may be due to the 
steric shielding of the metal from the solvent by the bulky EPh, 
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groups. On tht: other hand, v,(CN) is still lowered in frequency 
(from 1485 to 1473 cm-') on replacement of Me in [Ru(Me)- 
(SnPh,)(CO),(iPr-DAB)] by SnPh,. Thus, n back-donation to 
the DAB ligarid and solvatochromism depend much more on 
the nature of the axial ligands than n back-donation to the 
carbonyls doe:+. 

Resonance Rainan spectra: In order to gain more insight into the 
character of the lowest electronic transitions of the complexes 
under investigation, we performed a resonance Raman (rR) 
study, using tl-e fact that only those vibrations that are vibron- 
ically coupled 1.0 the resonant electronic transitions are normally 
enhanced. The wavelength of excitation was varied from 457.9 
to 514.5 nm. 1.1 some cases, strong emission restricted the mea- 
surements to evcitation at the high-energy side of the absorption 
band and to a relatively narrow wavenumber region, 100- 
1800 cm- '. Figures 2 and 3 show rR spectra of [Ru(CI)(SnPh,)- 
(CO),(iPr-DAB)] and [Ru(SnPh,),(CO),(iPr-DAB)], which 

6 0 0 4 0 0  200 
Raman shift (ern-') 

Fig. 2. IR  (KBr, t ,p) and rR (KNO,. 1,,, = 476.5 nm. bottom) spectra of [Ru(CI)(SnPh,)- 
(CO)2(i?'- DAB)]. 

Raman shift (cm-') 

Fig. 3. IR (KBr. tcap) and rR (KNO,, i... = 472.8 nm. bottom) spectra of [Ru(SnPh,),(CO),- 
(iPr - DAB)] . 

D. J. Stufkens et al. 

orbital of iPr-DAB, whose occupation will primarily affect the 
C=N bonds, since it is antibonding with respect to these bonds. 
For the halide complexes, v,(CN) is, in fact, the only vibration 
showing a rR effect. The absence of a Raman band for v,(CO) 
is quite typical for an electronic transition having a predominant 
halide --t II* diimine (XLCT) character.['. 281 This XLCT char- 
acter is confirmed by the DFT MO data to be discussed 
hereinafter. 

Going from the halide complexes to those of the non-halide 
class, the wavenumber of the v,(CN) Raman peak drops by 
more than 70 cm- ' (Table l), owing to increased n back-dona- 
tion to &-DAB. At the same time, the intensity pattern of the 
rR spectrum changes dramatically since the v(CC) Raman peak 
at z 1250 cm- and a group of Raman bands at wavenumbers 
below 1000 cm- become resonance-enhanced. 

By analogy with the rR spectra of the [M{M(CO),}(CO),- 
(iPr-DAB)] (M = Mn and/or Re) complexes studied earlier,1321 
the peaks of [Ru(SnPh,),(CO),(iPr-DAB)] at 950 and 

833 cm-I are attributed to deformations of the DAB 

typify the rR spectral patterns of the complexes belonging to the 
halide and nor -halide classes of compounds, respectively. Thus, 
the rR spectriim of [Ru(Cl)(SnPh,)(CO),(iPr-DAB)] is very 
similar to those obtained for E = CI, E = Me, PbPh,; E = I, 
E = Me, Etl' and E = Otf, E = Me,['] whereas the rR spec- 
trum of [Ru(SnPh,),(CO),(iPr-DAB)] closely resembles those 
of the comp exes with E = SnPh,, E = Me, GePh, and 
E = PbPh,, E' = GePh,, PbPh,. A complete list of the rR 
peaks is given in ref. [29]. 

All complexes studied show resonance enhancement of Ra- 
man intensity .or the band attributed to the v,(CN) vibration of 
the iPr-DAB ligand[32*331 (see Table 1 for the wavenumber 
values). This confirms that the electronic transitions in the visi- 
ble spectral rcgion are in all cases directed to the lowest x* 

ligand, while the bands at smaller wavenumbers (603, 
418, 245, 196 cm-') belong to the metal-ligand 
stretching (e.g., v(M-C), v(M-N), v(M-M)) and de- 
formation (e.g., 6(M -C-0)) m o d e ~ . [ ~ ~ .  341 The en- 
hancement of all these peaks points to a largely delo- 
calised character of the resonant electronic transition. 
Obviously, several bonds and their angles within the 
Ru(DAB) chelate ring are influenced by electronic exci- 
tation. However, it should be noted that the overall rR 
effect, as estimated from the intensity ratio of the 
v,(CN) band and the v,(NO;) reference band, is weaker 
for [Ru(SnPh,),(CO),(iPr-DAB)] and its non-halide 
congeners than for the halide complexes. Apparently, 
CT excitation of the halide complexes strongly distorts 
only the C=N bonds, whereas in the case of the non- 
halide complexes the overall excited state distortion is 
smaller and distributed over many normal coordinates. 

The non-halide complexes show a small splitting. 
sometimes manifested only as a broadening, of the 
v,(CN) band (see Fig. 3). This was also observed 
for other complexes (e.g., [Re{Mn(CO),}(CO),(iPr- 
DAB)],1321 [Ru{M(CO),},(CO),(iPr-DAB)] (M = 
Mn, In some cases, for example [Ru(Sn- 
Ph ,){ Mn( CO) 5 }  (CO), (iPr - DAB)] .I3 the I R band of 
the v,(CN) vibration. measured in KBr, also shows a 
small splitting. Probably there are two closely related 
conformers, for instance rotamers, having slightly dif- 
ferent v,(CN) wavenumbers. The equilibrium between 
them must be very fast in fluid solution since they could 
not be observed with NMR, even at low temperature. 
The presence of these conformers may also explain the 
observation of two transient species in the low-tem- 

perature emission and TRIR spectra -of [Ru(SnPh,),(CO),- 
(iPr DAB)] (vide infra). 

DFT MO calculations: To aid the interpretation of the spectro- 
scopic results, DFT MO calculations were performed on [Ru(Cl)- 
(SnH,)(CO),(H-DAB)] and [Ru(Me)(SnH,)(CO),(H-DAB)] 
as model compounds for the halide and non-halide complexes, 
respectively. The electronic structure of the latter complex will 
also be discussed in relation to the results of the DFT MO calcu- 
lation on [Ru(SnH,),(CO),(H-DAB)] published 
It has to be realised, however, that the results of these DFT MO 
calculations should be used with care for explaining the excited 
state properties, since only the electronic wavefunction of the 
excited molecule at the ground-state geometry was calculated. 
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Fig. 4. Qualitative MO scheme of [Ru(CI)(SnH,)(CO),(H-DAB)] based on the 
DFT MO calculations; see also Table 2. 

Figure 4 and Tables 2a  and b show the results of the DFT 
MO calculation for [Ru(CI)(SnH,)(CO),(H-DAB)]. The occu- 
pied orbitals 16a", 25a', 15a" and 23a' can be described as 
n-interacting Ru d(n) and CI p(n) orbitals. The 24a' HOMO-2 
orbital has predominantly o character with respect to the axial 
bonds. It is composed of the halide 3p, orbital (25%) and the 

Table 2a. DFT-calculated characters and energies of the relevant MO's of [Ru(CI)- 
(SnH,)(CO),(H-DAB)I [a]. 

Orbital Description E (eV) Ru SnH, CI H-DAB CO 

sp3 hybrid ofSnH, 3a, (30%), togetherwith the5pz (10%)and 
4d,, (7%) orbitals of Ru. Both the 25a' HOMO-1 and 16a" 
HOMO have a strongly mixed CI p(n)/Ru d(x) character, the CI 
contribution dominating (79 % and 67 %, respectively). Unlike 
the 25a', the 16a" HOMO has a different symmetry from the n* 
DAB orbital, which has important spectroscopic consequences. 
The LUMO (26a') is composed mainly of this 2b, n* DAB 
orbital (69 %), with only small contributions from other or- 
bitals. This reflects the predominant chloride/ruthenium char- 
acter of the HOMO-I and HOMO on one side and the DAB-lo- 
calised character of the LUMO on the other. The calculated 
orbital characters of [Ru(CI)(SnH,)(CO),(H - DAB)] closely re- 
semble those of [Ru(CI)(Me)(CO),(H -DAB)],'371 for which an 
MLCT type of excitation was found e~per imenta l ly .~~~ How- 
ever, based on the DFT MO calculations, the halide contribu- 
tion to the 16a" and 25a' orbitals is somewhat larger for 
[Ru(CI)(SnH,)(CO),(H-DAB)], and the transitions from these 
orbitals to the LUMO may better be described as having mixed 
MLCT/XLCT character. 

On going to [Ru(Me)(SnH,)(CO),(H - DAB)], the orbital 
diagram changes quite considerably. as can be seen from Table 3 
and Figure 5 .  The HOMO is now of a (J character with respect 

27 a' 
26 a' 
16x1" 
25 a' 
24a' 
15 a" 
23 a' 
22 a' 

U+ -2.401 29% dz2 
DAB=* -4.806 9 % 4 ,  

Ru-CI R -6.114 12% d, 
Ro-CI I -5.976 25% d.. 

CI-Ru-Sn u -6.657 lO%5pz,7%d,, 
CI-Ru-Sn n -7.164 39% d, 
CI-Ru-Sn K -7.552 32% d,. 
d 12, -7.729 67% d , ,~ , ,  

21 % 3a, 12% p. 19%2n 
5%3a,  10% p, 69% 2b, 

61% p. 

30% 3a,  2 4 % ~ .  15%2b ,  
10% 3e 28% p. 14% l a ,  
39% 3e 12% p, 

79% p, 

25%2n 

[a] The HOMO (l6a") and LUMO (26a') are printed in bold type. 
Fig. 5. Qualitative MO scheme of [Ru(Me)(SnH,)(CO),(H-DAB)] based 
on the DFT MO calculations; see also Table 3. 

Table 2 b. Electronic transitions to the lowest 'A' states of [Ru(CIHSnH,)(CO),(H-DAB)]: DFT-calculated changes in Mulliken populations. transition energies and 
oscillator strengths. 

GS 2.31 1.07 0.68 1.57 10.02 2.56 5.64 8.95 1.96 1.58 4.71 12.00 
25a' + 26a' -0.01 +0.03 +0.04 -0.17 -0.07 +0.32 -0.06 +0.04 -0.30 + O M  -0.03 0.00 15558 (642) 13579 (736) 0.055 0.052 
24a' -26a' -0.07 -0.04 +0.04 +O.l2 -0.10 +0.36 -0.06 +0.03 -0.16 -0.08 -0.15 +0.03 17573 (569) 16069 (622) 0.035 
23a' + 26a' 0.00 +0.07 + O M  -0.31 -0.09 +0.34 -0.08 -0.14 -0.11 +0.06 +O.W -0.15 23874 (419) 24897 (402) 0.045 

[a] Oscillator strengths calculated with separately optimised excited state orbitals. [b] Calculated for [Ru(Cl)(SnPh,XCO),(rr -DAB)] from the equation f 
= 4.319 x 10-9&,,,A?) (A? = width at half height). 
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to the axial C- Ru -Sn bonds, originating in the interaction 
between the antisymmetric sp3(Sn)-sp3(Me) combination of 
the o orbitals of the axial ligands and the Ru 5p, orbital. Al- 
though the Ru(p3 +(Sn(sp3)-Me(sp3)) combination domi- 
nates the character of this orbital (overall contribution 61 YO), 
also the n*(2 b,) orbital of the DAB ligand contributes signifi- 
cantly (25 YO). The situation is reversed for the LUMO, since the 
contribution from n*(2 b,) of the DAB ligand dominates (62%) 
and the Ru(d,,) + (Sn(sp3)-Me(sp3)) combination contributes 
36%. The same type of a-n* orbital interaction, to a very 
similar extent, was calculated for [Ru(SnH,),(CO),(H - 
DAB)].t3'I Apparently, it originates in the simultaneous pres- 
ence of two strongly o-donating axial ligands. This o-n* or- 
bital interaction actually results in an extensive delocalisation by 
donation of electron density from the Ru(E)(E) moiety into the 
n system of the DAB ligand. This seems to be the crucial elec- 
tronic factor responsible for many of the unusual properties of 
the non-halide class of [Ru(E)(E)(CO),(iPr- DAB)] complexes. 
A detailed theoretical study will be published elsewhere.[371 

Assignment of the electronic transitions: The characters of the 
frontier orbitals and the oscillator strengthsf(Tab1es 2 b, 3 b-c) 
for the transitions from several of the high-lying MO's to the 
LUMO derived from the DFT MO calculations on the model 
complexes were used to interpret the visible absorption and rR 
spectra of the halide and non-halide complexes, respectively, of 
the [Ru(E)(E')(CO),(iPr- DAB)] family. 

The halide complexes will be discussed first. For the 
HOMO -+ LUMO transition of [Ru(CI)(SnH,)(CO),(H - 
DAB)], a very small ( < 0.0001) oscillator strength was predicted 
by the calculation, apparently because of a very small overlap 

Table 3a. DFT-calculated characters (YO) and energies of the MOs  of [Ru(Me)(SnH,)- 
(CO),(H-DAB)I la]. 

between the essentially n*-DAB LUMO and the HOMO that 
lies in the xz plane, not in the direction of the DAB ligand. On 
the other hand, the 25a' (HOMO-I) orbital is directed toward 
the DAB ligand. Based on this consideration that is supported 
by the large calculatedfvalue for the model complex, the lowest 
energy absorption band of [Ru(Cl)(SnPh,)(CO),(iPr-DAB)] 
and of other halide complexes is attributed to the 25 a'(HOM0- 
1) + 26a'(LUMO) transition. Because of the mixed Ru d(n)- 
CI P(K) character of the HOMO-1, a mixed MLCT/XLCT char- 
acter of the transition is proposed, with the CI + DAB XLCT 
contribution prevailing. Of course this description is rather 
inaccurate because of the delocalised character of the relevant 
orbitals. This assignment is further supported by the following 
comparison. The absorption spectrum of [Ru(CI)(SnPh,)- 
(CO),(iPr-DAB)] closely resembles that of [Ru(CI)(Me)(CO),- 
(iPr-DAB)] (see Table l ) ,  and the calculated HOMO-1 char- 
acters of the corresponding model complexes are compar- 

The oscillator strength of the HOMO-1 -+ LUMO 
transition of [Ru(CI)(Me)(CO),(H -DAB)] was calculated as 
0.041,'371 and that of the same transition of [Ru(CI)- 
(SnH,)(CO),(H-DAB)] as 0.055 (see Table 2b). The ratio be- 
tween these oscillator strengths (1.34) is in agreement with that 
between the peak areas of the lowest energy absorption bands 
of [Ru(CI)(Me)(CO),(iPr-DAB)] and [Ru(Cl)(SnPh,)(CO),- 
(iPr-DAB)] (1.66). 

The predominant Ru/CI- and DAB-localised characters of 
the HOMO-1 and LUMO, respectively, suggest a rather lo- 
calised character of the MLCT/XLCT transitions, in full accord 
with the rR spectral patterns exhibited by all the halide complex- 
es studied (vide supra). These species also consistently show a 
rat her large solvatochromism. 

For the non-halide model complex [Ru(Me)(SnH,)- 
(CO),(H-DAB)] the 25a' HOMO and 26a' LUMO are 

Orbital Description E (eV) Ru SnH, Me H-DAB CO 

26a' DABn' -3.981 10% d,, 15% 3a,  11% 2a, 62% 2b, 
25a' Me-Ru-Sna -5.812 1 3 % ~ .  28%3a, 20%2a, 25%2b, 
16a" d I?, -6.179 67% d.. 5 %  3e 11% l a ,  10% 2n 
24a' d tl, -6.717 60%d,, 12% 3e 4% l e  12% 2b, 11°h2n 
23a' d t2, -7.208 68% d,l.y: 26% 2n 

[a] The HOMO (25a') and LUMO (26a') orbitals are printed in bold type. 

of thesame symmetry, both consisting essentially of the 
same atomic or fragment orbitals (see Table 3). Accord- 
ingly, the calculated oscillator strengths of the HO- 
MO -+ LUMO transitions of both [Ru(Me)(SnH,)- 
(CO),(H -DAB)] and [Ru(SnH,),(CO),(H - DAB)It3" 
are quite large. Hence, we assign the lowest absorp- 
tion band in the spectra of the non-halide complexes 
to this HOMO + LUMO transition, which can best 
be viewed as a oE-RU-Ep -+ n t s  (= CJ -+ n*) transi- 
tion, since the HOMO has o character with respect 

Table 3 b. Electronic transitions to the lowest 'A' srates of [Ru(Me)(SnH,)(CO),(H-DAB)]: DFT-calculated changes in Mulliken populations, transition energies and 
oscillator strengths. 

Ru pz Ru d,, Ru d,, Ru d,. DABa, DABb, DABb, CO n SnH,al SnH, e Me a1 Me e Er (m-') (nm) Er (cm-') (nm) f,, [a] L,p [b] 
~~~~ ~ 

cs 2.31 1.06 0.68 1.57 10.02 2.75 7.66 9.03 4.75 12.01 3.22 4.01 
25a' -, 26a' -0.13 -0.01 0.00 +O.W -0.06 +0.24 -0.06 -0.03 -0.09 0.00 -0.05 0.03 16914 (591) 13419 (745) 0.105 0.054 
24a' -t 26a' +0.03 +0.08 + O M  -0.38 -0.06 +0.36 -0.10 -0.09 +0.14 -0.17 +0.08 0.07 24460 (409) 23362 (428) 0.023 

[a] Oscillator strengths calculated with separately optimised excited-state orbitals. [b] Calculated for [Ru(Me)(SnPh,)(CO),(~~r- DAB)] from the equation f = 4.319 x 
10-9~ , , .A i  (At  = width at half height). 

Table 3c. Electronic transitions to the lowest 'A'  states of [Ru(SnH,),(CO),(H  DAB)]: DFT-calculated changes in Mulliken populations, transition energies and oscillator 
strengths. 

Rup, Rud,, Rud,, Rud,, DABa, DAB b, DAB b, C o n  SnH,a SnH,e ES(crn-')(nm) Er(cm-')(nm) L.'[a] j,,,[bI 

GS 2.49 1.23 0.70 1.60 10.00 2.77 7.63 9.66 9.44 24.01 
lob1 + l l b l  -0.13 -0.02 +0.02 +0.07 -0.06 +0.20 -0.04 -0.06 -0.09 -0.01 17524(571) 14408 (694) 0.122 0.057 
9bl + 11 bl +0.02 f0.07 +0.05 -033 -0.06 +0.37 -0.09 -0.10 +0.27 -0.29 26607 (376) 25412 (394) 0.010 

[a] Oscillator strengths calculated with separately optimird excited-state orbitals. [b] Calculated for [Ru(SnPh,),(CO),(rT'- DAB)] with the equation 
f = 4.319 x 10-9~,,,,nAC (At  = width at half height). 

~~ 
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to the axial bonds and the LUMO is mostly of x*-DAB origin 
(vide supra). 

Indeed, the changes in the population densities calculated for 
[Ru(SnH,),(CO),(H -DAB)] (Table 3c) and [Ru(Me)(SnH,)- 
(CO),(H-DAB)] (Table 3 b) show that the only significantly 
depopulated orbitals are Ru p, and Sn a , ,  and Me a,  in the latter 
complex, while the population of the x*-DAB orbital increases. 
The overall charge separation is smaller than that calculated for 
[Ru(CI)(SnH,)(CO),(H -DAB)], because of an extensive o-n* 
delocalisation in the former, non-halide, complexes. This latter 
factor is responsible for the small solvatochromic effect and it 
also diminishes the structural effects of the r~ + x* excitation, 
distributing them over many normal coordinates. as indicated 
by the rR spectra. 

Excited state properties: All complexes studied show, in a 2- 
MeTHF glass at 80 K, an intense unstructured emission band 
upon excitation into their lowest energy absorption band. The 
emission data obtained at 460 and 532 nm excitation are collect- 
ed in Table 4. In all cases studied, the excited-state lifetimes are 
essentially determined by the rate of the nonradiative decay, 
since k,, is always much larger than the rate constant for the 
radiative decay, k, (see Table 4). As can be seen from Table 4, 
there is a clear distinction between the two classes of 
[ Ru( E)( E)(CO),(Pr - DAB)] complexes. Thus, compared with 
the values of the non-halide complexes, the halide complexes 
show the emission band at higher energy. the apparent Stokes 
shift (AE,b-e,,,) and rate constant for nonradiative decay (kJ 
are larger, and the lifetimes of the excited states are shorter. All 
these data indicate that we are dealing with quite different types 
of excited states for the two classes. We will therefore discuss 
them in separate sections, focussing on the differences within the 
groups of complexes. 

[Ru(CI)(E)(CO),(iPr-DAB)] ( E  = SnPh,. PbPh,): Fig- 
ure 6 shows the absorption, emission and excitation spectra of 
[Ru(Cl)(SnPh,)(CO),(iPr-DAB)] in a 2-MeTHF glass at 80 K. 
The excitation spectrum measured for the emission at 650 nm 
exactly matches the ground-state absorption spectrum, indicat- 
ing that the emitting state is populated from the optically excited 

M V e h e t h  (m) 

Fig. 6. Absorption spectrum (-), excitation spectrum (As- = 650 nm) ( - a  -. -): 
emission spectrum (A,.. = 424 nm) (---) of  [Ru(Cl)(SnPh,)(CO),(iPr-DAB)] in a 
2-MeTHF glass at 80 K.  

state with a constant efficiency, independent of the excitation 
wavelength. 

Comparing the data for the three halide complexes (E = C1, 
E = Me, SnPh,, PbPh,) we see that the ground-state absorp- 
tion band shifts from 387 to 427 nm while the emission wave- 
length decreases from 650 to 634 nm. The resulting decrease of 
the apparent Stokes shift on going from [Ru(Cl)(Me)(CO),- 
(iPr - DAB)] to [Ru(Cl)( SnPh,)( CO),( iPr - DAB)] and [Ru(CI)- 
(PbPh,)(CO),(iPr- DAB)] indicates that the excited-state dis- 
tortion decreases in the same order. The excited-state lifetime 
increases with decreasing apparent Stokes shift, while the emis- 
sion energy changes only little. As in previous cases,[** '9 such 
a behaviour may indicate an increase of C1 -B DAB XLCT char- 
acter of the emitting CT excited state. Indeed, this explanation 
is supported by the calculated changes in orbital population on 
the HOMO-1 + LUMO (MLCT/XLCT) excitation, which 
show that, for [Ru(Cl)(Me)(CO),(H -DAB)], the electron den- 
sity in the Ru d I and C1 py orbitals change by -0.32 and -0.21, 
respectively!37f while values of - 0.17 and - 0.30 are obtained 
for [Ru(CI)(SnH,)(CO),(H - DAB)]. Population of the x* (2 b,) 
DAB orbital was calculated for these complexes to increase 
by +0.42 for [Ru(Cl)(Me)(CO)(H-DAB)] and +0.32 for [Ru- 
(Cl)(SnH,)(CO),(H-DAB)], showing that the CT transition is 
indeed directed to the DAB ligand. 

Table 4. Emission properties of  the [Ru(E)(E)(CO),(iPr-DAB)] complexes in a 2-MeTHF glass (80 K ) .  

CI 
I 
CI 
CI 
SnPh, 

SnPh, 
SnPh, 

Me 

PbPh, 

PbPh, 

PbPh, 
Me [CI 
SnPh, 
SnPh, 

Me [bl 
Me [bl 
SnPh, 
PbPh, 
SnPh, 

SnMe, 
GePh, 

SnPh, 

PbPh, 

PbMe, 

GePh, 
PbPh, 
co [el 
co [rl 

387 
410 
420 
427 
495 

500 
505 

501 

518 

532 

515 
510 
45 1 
447 

650 10455 
642 8814 
637 8111 
634 7646 
670 5211 
543 1786 
694 5591 
693 5372 
559 1913 
715 5974 
578 2659 
690 4812 

2682 4653 
9707 4908 

700 5132 
702 5363 
687 7424 
642 6195 

0.3 3.4 
1.8 37 
1.36 13.4 

9 10 911.6 
264 146 
<0.01 
160 32 
178 25 
< 0.01 
31 10 

<0.01 - 
74 - 

62 [dl 4 
39 [dl 
36 16 

% 24 9 3  
13 8 
26 8 

1 1 4 0  
2100 

182 
9116 

55 

20 
14 

32 

- 

- 

44 
= 12 

6 
29 

384.4 
55 
13.7 

2 10 
0.37 

0.62 
0.56 

3.19 

2.8 
24.2 

7.6 
3.9 

708 6078 

720 6111 
720 5913 

750 6628 

690 4812 
2710 5221 
26f2 4653 
0707 4908 

720 5529 
720 5719 

125 

96 
109 

20 

-74 [d] 
~ 6 8  [d] 
=62 [d] 
z 39 [d] 
44 

~~ 

[a] Apparent Stokes shift defined as A€ = Eab - €.,. [b] From ref. [2]. [c] No accurate lifetime measured owing to partial photodecomposition. [d] Two overlapping signals 
with different lifetimes. [el [Re(SnPh,)(CO),(iP- DAB)] from ref [4l]. [fl [Re(SnPh3)(CO),(iPr-4.Ca)1 from ref. [41]. 
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Fig. 7. TRIR (top) and FTIR (bottom) spectra of  [Ru(CI)(SnPh,)(CO),(rT'-DAB)] (A) and 
[Ru(SnPh,),(CO),(iFr-DAB)] (B, C), all at 77 K in nPrCN. The TRIR spectra were obtained 
120 ns after laser excitation. Each point corresponds to a different line of  the IR diode laser; points 
below the zero line depict loss of the parent, while those above the line indicate the generation of  
a new species. 

Time-resolved (ns timescale) infrared (TRIR) spectra afford- 
ed information on the degree of charge transfer upon excitation, 
since the position of the v(C0) bands is sensitive to the oxidation 
state of the The changing XLCT/MLCT character of 
the emitting excited state is also confirmed in the TRIR spectra 
of the halide complexes at room temperature or in a nPrCN 
glass at 77 K (Fig. 7 and Table 5). The TRIR spectrum of [Ru- 
(CI)(SnPh,)(CO),(iPr-DAB)] at 77 K measured z 120 ns after 
excitation shows bleaching of the ground-state absorption and 
formation of new transient peaks at 2051 and 2003 at- '. These 
transient peaks are shifted by 18 and 29 cm-', respectively, to 
higher wavenumbers relative to the ground-state ones. Identical 
shifts were observed at room temperature. The intensities of the 
IR transient absorption peaks as well as of the bleach decayed 
with a lifetime of 7.6 ps, comparable to the emission lifetime of 
7.4 ps measured in 2-MeTHF at 77 K. Hence, the transient IR 
absorption is assigned to the emitting excited state. When com- 
pared with the TRIR spectra of [Ru(Cl)(Me)(CO),(iPr-DAB)] 
and [Ru(I)(Me)(CO),(iPr-DAB)] studied earlier,r51 the positive 
shifts in wavenumber of both bands, A t ,  and the increase of the 
CO stretching force constant, Ak, on excitation decrease in the 
order [ Ru( C1)( Me)(CO),( iPr - DAB)] > [ Ru( I)( Me)(CO),( iPr - 
DAB)] > [Ru(Cl)(SnPh,)(CO),(iPr-DAB)], which reflects the 
diminishing effect of the excitation on the Ru + CO x back 
donation (see Table 5). As mentioned above, this trend may be 

explained by an increase of XLCT character of the 
emitting state.", 51 

The time-resolved UV/vis absorption spectrum 
of [Ru(Cl)(SnPh,)(CO),(iPr - DAB)] obtained in 
THF at room temperature at 1011s after the 
532 nm excitation pulse (Fig. 8) shows a bleached 
ground-state absorption and a transient absorp- 
tion that consists of a weak, broad band around 
500 nm and a strong maximum at about 350 nm. 
All these features decay with a lifetime of z 1 ps, 
that is, one comparable to the emission lifetime of 
1.1 ps at 293 K; this justifies their assignment to 
the emitting excited state. 

The complex [Ru(Cl)(SnPh,)(CO),(iPr-DAB)] 
and its congeners"] [Ru(Cl)(Me)(CO),(iPr-DAB)] 
and [Ru(I)(Me)(CO),(iPr-DAB)] show a strongly 
temperature-dependent emission lifetime in fluid 
solution, whose analysis may provide informa- 
tion on the mechanism of the nonradiative excited 

state decay.125* "I The experimental data fit Equation (1) well; 

'/r = k,  +Aexp(- EJRT)  (1) 

k ,  = 2 . 4 ~  lo 's - ' ,  En =1009f20cm-', 
rz = 0.999. Compared with the I + DAB (XLCT) excited com- 
plex [RU(I)(M~)(CO),(~P~-DAB))]~~] the value of k,, which 

A = 1.1 x lo8 s-', 

400 500 600 700 800 
wavelength (nm) 

Fig. 8. UV/vis time-resolved absorption spectra of [Ru(CI)(SnPh,)(CO),(iF'- 
DAB)]inTHFat room temperature, (A,,, = 460 nm, 12 mWpulse-l; delay between 
the spectra 200 ns; lifetime of the transient % 1 p). 

Table 5. TRIR data for [Ru(E)(E')(CO),(iPr-DAB)] complexes. 

Compound State [d] )..,. T "" ", k [bl k ,  [bl T A t  [c] [dl 
E E' (nm) (K) (an-') (an-') (Nm-I) (Nm-') (p) (cm-') (Nm-I) 

Me G. S. 355 293 2030 1962 1611 54.8 [fl 
E. S. 2081 2014 1693 55.4 [fl 51/52 82 

E. S. 2058 2010 1671 39.4 0.25 27/43 57 

E. S. 2057 2006 1667 41.8 0.22 24/42 53 

2051 2003 1659 39.3 0.7 17/30 38 E. S. 

E. S. 2042 1995 1646 38.3 7.6 18/29 38 

CI [el 

I [el Me G. S. 355 293 2031 1967 1614 51.7 0.23 

I [el Me G. S. 532 293 2033 1964 0.21 

SnPh, G. S. 355 293 2034 1973 1621 49.4 CI kl 
SnPh, G .  s. 355 77 2024 1966 1608 46.7 7.6 CI lhl 

SnPh, [h] SnPh, G. S. 355 17 2006 1955 1579 35.9 250 [i] 
E. S. % 2006 1944 1571 44.6 250 [i] % 0 / % - 1 1  -8  

SnPh, [h] SnPh, G. S. 532 17 2006 1955 1579 35.9 90 lJ1 
E. s. % 2006 1940 1568 47.7 90 lJ1 %O/= -15 - 1 1  

[a] G. S. = ground state; E. S. =excited state. p] k ( = force constant) and ki ( = interaction force constant) calculated with formulae from ref. (631. [c] A: = 

[g] In  CH,CI,. [h] In nPrCN. [i] Lifetimes obtained with sample concentration 1 0 ' 4 ~ .  [j] Lifetimes obtained with sample concentration lo- '  M. 

~ 

?'(excited ,u,cI %pound IU,.l and k.,&d ll.Ie, - L,,,,,d [dl Ak = kl...il.d n.,rl - k,,,,,, [el In CH,CI,. from ref. PI. [ f l  Trace too noisy to obtain accurate kinetic fit. 
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reflects the rate of the intrinsic nonradiative dea~tivation~~' .  391 

through the weak coupling with the ground state, is about 7.5 
times lower for [Ru(CI)(SnPh,)(CO),(iPr-DAB)]. This is in ac- 
cordance with the smaller distortion of this latter complex in its 
XLCT/MLCT-excited state, which is manifested by the smaller 
apparent Stokes shift. The thermally activated pathway appears 
to involve deactivation by an unidentified higher-lying excited 
state. The activation barrier is somewhat higher than that found 
for [Ru(I)(Me)(CO),(Pr - DAB)] (61 0 cm- I )  .['I 

In conclusion, the experimental data indicate a mixed 
,(MLCT/XLCT) character of the emitting excited state for all 
the halide complexes studied. This assignment is further sup- 
ported by the results of the DFT calculations on the [Ru- 
(Cl)(SnH,)(CO),(H- DAB)] model complex. 

(Ru(E)(E)(CO),(iPr-DAB)] (E, E + halide): Figure 9 
shows the absorption, emission and excitation spectra mea- 
sured in 2-MeTHF glass at 80 K of [Ru(SnPh,),(CO),(iPr- 
DAB)], which is a representative of the non-halide complexes. 

wvebsth (l-a 
Fig. 9. Absorption spectrum (-): emission spectra (A,,, = 460 nm (...) and 
A.., = 525 nm (. . .)); excitation spectra (Acm = 750 nm (- - - -) and A,, = 650 nm 
(- . - . -)) of [Ru(SnPh,),(CO),(iPr-DAB)] in a 2-MeTHF glass at 80 K. 

At 80 K, this species exhibits three emissions depending on the 
excitation wavelength used. Excitation at the high-energy side 
(460 nm) of the absorption band (Amx = 495 nm) gives rise to an 
intense long-lived (264 ps) emission appearing at 670 nm and to 
a very short-lived (c 10 ns) emission at 543 nm. Excitation at 
532 nm at the low-energy side of the absorption band produces 
a much weaker emission at 708 nm with a lifetime of 125 ps. 
Similar behaviour was observed for other non-halide complexes 
and relevant emission data are listed in Table 4. The very short- 
lived high energy emission was found only for some of the com- 
plexes studied. Based on the very short lifetime and very small 
Stokes shift, it was assigned tentatively to the 'on* state and not 
studied further. Figure 9 shows the excitation spectra measured 
for the 670 and 708 nm emissions of [Ru(SnPh,),(CO),(iPr- 
DAB)], respectively. Obviously, the two emissions originate in 
two different excitations hidden within the absorption band 
envelope. The excitation band corresponding to the stronger, 
longer-lived, 670 nm emission is more intense and lies at some- 
what higher energy than that corresponding to the 708 nm emis- 
sion. 

Comparing these data with the low-temperature absorption 
spectrum of [Ru(SnPh,),(CO),(iP-DAB)] (vide supra), we see 
that the asymmetry in the absorption band is related to the 
presence of two maxima in the excitation spectra and the ap- 
pearance of two emissions. In principle these two emissions 
might belong to two different excited states of the same com- 
plex, or to molecules located at different sites in the glass,[401 or 

to different conformers. The first possibility is rather unlikely, 
since the second allowed electronic transition of this complex is 
expected at higher energy and it has an MLCT character.1311 A 
much shorter lifetime is expected for such an MLCT state. Emis- 
sion from two complexes at different sites cannot be excluded 
here. However, in view of the fact that the small splitting of the 
v,(CN) band in the IR and Raman spectra indicates the presence 
of two conformers, we tentatively assign the two emissions to 
such species. 

The lifetimes of the two emissions could only be determined 
accurately for complexes having their low-energy absorption 
band in between the two laser lines available (460 and 532 nm). 
This is the case for most of the tin-containing complexes, for 
which the absorption band maxima lie between 495 and 505 nm. 
The absorption bands of the lead complexes are red-shifted to 
between 510 and 532 nm, and the excitation at 532 nm popu- 
lates both emissive states; only an estimate could be made with 
respect to the lifetime of the high-energy emission. 

Values of the apparent Stokes shift measured for the main 
long-lived emission of the non-halide complexes (Table 4) are 
much smaller than those reported previously for either 3MLCT 
or 3XLCT emissions from Ru or Re carbonyl-diimine com- 
plexes.'2.281 These features, together with the m + n* nature of 
the lowest electronic transition as derived from DFT calcula- 
tions, clearly show[2- 2 7 * 4 1 * 4 2 1  that the emitting lowest excited 
state has a ,on* character. The small Stokes shift values indicate 
a very small molecular distortion that is typical for 'an* excited 
states.''. 27. 421 This distortion should be minimal for the most 
delocalised systems, in which there is efficient compensation for 
the differences in charge distribution between the ground and 
excited states. As can be seen from Table 4, the excited state 
distortion is the smallest and, hence, the delocalisation pre- 
sumably the largest for the symmetrically substituted complexes 
[Ru(EPh,),(CO),(iPr-DAB)] (E = Sn, Pb) and apparently de- 
creases for complexes in which the two axial ligands differ. This 
trend is corroborated by the emission data obtained from 
532 nm excitation. 

The lifetimes of the main on* emission of the non-halide 
complexes show large variations with the actual complex com- 
position, even with the substituents at the Pb or Sn donor atoms 
(EPh, or EMe,). Within the group of the Sn-containing com- 
plexes the decrease of the lifetime of the main emission band 
(670 nm) qualitatively correlates with the decrease of the emis- 
sion energy and increase of the Stokes shift, although the varia- 
tions of the latter two parameters are not large. In general, the 
lifetimes obtained with 532nm excitation follow the same 
trends. 

The time-resolved UV/vis absorption spectrum of [Ru- 
(SnPh,),(CO),(iPr-DAB)] obtained in THF 10 ns after the 
532 nm excitation pulse at room temperature (Fig. 10) has a 
bleached ground-state absorption and a transient absorption 
that consists of intense bands at 590 and 35011x11. All these 
features decay with a lifetime of z 1 ps, justifying their assign- 
ment to the emitting excited state, which has the same lifetime 
at 290 K. The presence of a strong absorption at 590 nm, slight- 
ly red-shifted from the ground state absorption band, is con- 
sistent with the proposed ,on* character of the excited state 
studied. A similar feature was found for the ,on* excited states 
of [R~(BZ)(CO),(~F~-DAB)]~~'~ and [Re(SnPh,)(CO),(a-di- 
imine)]142J in toluene. 

The ox* character and small distortion of the excited state is 
also demonstrated by the TRIR spectrum of the [Ru(SnPh,),- 
(CO),(iPr-DAB)] complex at 77 K in a PrCN glass (see Fig. 7). 
The spectrum measured at z 120 ns after the 355 nm laser exci- 
tation shows bleaching of the ground-state absorption bands at 

Chem. Eur. J. 1996. 2. No. 12 0 V C H  Verlagsgesellschaff mbH. D-69451 Weinheini. 1996 0947-6539/96/0212-1563 $15.00+.25/0 1563 



FULL PAPER D. J. Stufkens et al. 

L I 

400 Mo 600 700 800 
wavelength (nm) 

Fig. 10. UV/vis time-resolved absorption spectra of  [Ru(SnPh,),(CO),(rPr-DAB)] 
in THF at room temperature. (A,,, = 532 nm. 80 mWpulse-'; delay between the 
spectra 300 ns; lifetime of the transient z 1 11s). 

2006 and 1955cm-'. The bleach of the band at about 
2006 cm- is less intense because of the overlap with a transient 
absorption peak arising at approximately the same position. A 
well-developed transient peak appears at 1944 cm- ', its forma- 
tion being completed within the 50 ns instrumental risetime. The 
lifetime of 250 ps calculated from the TRIR decay traces at 1955 
and 1944 cm-' is in accordance with the results obtained from 
emission spectroscopy, with a comparable sample concentra- 
tion of Z Z ~ O - ~ M .  The excited-state decay is concomitant with 
the recovery of the ground state absorption. The TRIR spectra 
measured after the 532 nm excitation again showed a transient 
peak at 1940 cm-', close to the value of 1944 cm-' measured 
after the 355 nm excitation. Unfortunately, the 532 nm excited 
TRIR spectra could only be measured for the complex at a 
higher concentration (ca. lO-,w) than that used for the emis- 
sion experiments. This caused a decrease in the lifetime, since the 
lifetime was 125 ps as derived from the emission spectra 
  lo-'^) but only 901s according to the TRIR data (lo-, M). In 
order to confirm this concentration effect, emission lifetimes 
were determined after 355, 460 and 532 nm excitation of a 
5 x 1 0 - 4 ~  solution of the complex in a BuCN/PrCN (5:4, v:v) 
glass at 80 K. Excitation with 355 or 460 nm caused emission at 
680 nm, decaying with a lifetime of 180 ps (264 ps at 1 0 - 4 ~ ,  see 
Table 4). Upon excitation with 532 nm light, the emission life- 
time was 110 ps, in between the values obtained at 1 0 - 4 ~  in 
emission (125 ps, see Table 4) and at lo-,  M in TRIR (90 ps, see 
Table 5). The close correspondence between the 355 and 532 nm 
excited TRIR spectra supports our assumption that the tran- 
sients which appear after the 355/460 nm and 532 nm excita- 
tions, respectively, belong to two conformers. 

All these results indicate that the transient may be assigned to 
the emissive excited state. Assuming that the high wavenumber 
IR peak at 2006 cm-' hardly shifts on excitation with 355 nm, 
the shift of the lower one at 1955 cm-' by - 11  cm-' indicates 
a decrease of the CO stretching force constant (Ak) by 8 Nm-'. 
This clearly shows that the emitting excited state has neither 
MLCT nor XLCT character, for which large positive shifts of 
the wavenumbers of the CO stretching vibrations and increases 
in the corresponding force constants have always been ob- 
served.['1 However, a zero or slightly negative shift of the aver- 
age v(C0) wavenumbers has already been observed for the an*- 
excited [Re(Bz)(CO),(zPr-DAB)] The TRIR 
spectrum of [Ru(SnPh,),(CO),(iPr-DAB)] thus further sup- 
ports the assignment of the emitting excited state to the 'on* 
state. 

The mechanism of the nonradiative decay of the ,ox* excited 
state of [Ru(SnPh,),(C0)2(iPr-DAB) was investigated by fol- 

lowing the emission lifetime of this complex in fluid THF as a 
function of the temperature. Only a single, relatively broad, 
emission band at x780 nm was observed. The emission lifetime 
in solution does not depend on the excitation wavelength (460 
or 532 nm). The temperature dependence of the excited-state 
lifetime again follows Equation (1), with the parameters 
ko = 3.1 x lo4 s-',  A = 3.9 x lo8 s-',  Ea =1470+70cm-' and 
rz = 0.988. The ko value is nearly 8 times smaller than that for 
the XLCT/MLCT state of [Ru(Cl)(SnPh,)(CO),(iPr-DAB)] 
and FZ 10- 100 times smaller than the values typically encoun- 
tered for 'MLCT states of [Ru(bpy)12+-type complexes[391 or 
[Re(C1)(CO),(bpy)].t2'1 Such a very slow intrinsic rate of the 
nonradiative transition (i.e. tunnelling) to the ground state ap- 
pears to be one of the salient features of the ,an* excited 
states.r27*42*431 The thermally activated pathway involves a 
somewhat larger barrier than for the [Ru(CI)(SnPh,)(CO),(zPr- 
DAB)] complex. Most probably, it corresponds to a thermally 
activated population of a chemically reactive excited state, as 
will be discussed elsewhere.1441 

Conclusion 

The "halide" and "non-halide" classes of [Ru(E)(E)(CO),(iPr- 
DAB)] complexes differ appreciably in their ground- and excit- 
ed-state properties. Both the lowest electronic transition and 
excited state of the halide complexes [Ru(Cl)(E)(CO),(iPr- 
DAB)] have mixed MLCT/XLCT character, which changes 
appreciably on variation of E .  The simultaneous presence of 
two a-bonded ligands in the axial positions gives rise to a 
o,E-RU-E.) + xEAB lowest-energy electronic transition. Extensive 
delocalisation between the axial Ru(E)(E) moiety and the n* 
system of the DAB ligand exists both in the ground and excited 
states. Consequently, the a --f n* excitation occurs with unusu- 
ally large oscillator strength and the 'ax* lowest excited state is 
only a little distorted relative to the ground state. Hence the 

excited states have exceptionally long lifetimes. These 
properties are most pronounced in complexes with identical 
or similar E and E axial ligands, for example [Ru(Sn- 
Ph,),(CO),(iPr-DAB)]. 

These results clearly show that the introduction of two a- 
bonded ligands into diimine complexes opens a route to a new 
class of photoactive compounds with strongly emitting, long- 
lived excited states. 

Experimental Section 
Materials and prepuatioo: Solvents were freshly distilled from sodium wire (THF 
(p.a.), 2-MeTHF (p.a.), hexane (p.a.)) or CaH, (propionitrile and butyronitrile) 
and handled under a N, atmosphere. The syntheses, structures and spectroscopic 
properties ('H, "C NMR, IR, UV/vis) of the complexes studied have been de- 
scribed elsewhere [29,31]. 

Spectroscopic measuremealp: Electronic absorption spectra were recorded on a Vari- 
an Cary 4E spectrophotometer. IR spectra were obtained on a BioRad FTS-A60 
FTIR spectrometer equipped with a liquid nitrogen cooled MCT detector. Reso- 
nance Raman spectra of the samples, prepared as KNO, pellets, were measured on 
a Dilor XY spectrometer with a multichannel diode array detection system. A 
Spectra Physics 2016 Ar* laser was used as excitation source. To avoid photode- 
composition during the Raman measurement the pellet was kept spinning and the 
exciting laser beam was directed onto it through a rotating prism. The Raman 
spectra were corrected for the emission of  the complexes and recalibrated for the 
excitation-wavelength-dependent diode-array shift by means of Grams software 
1451. Emission and excitation spectra were measured with a Spex Fluorolog I1 
emission spectrometer with a RCA-C 31034 GaAs photomultiplier. The samples 
used for emission spectroscopy were dissolved in freshly distilled 2-MeTHE freeze- 
pump-thaw degassed. and sealed off under vacuum in a cylindrical cuvette (diameter 
1 cm). The concentration was chosen such that the maximum absorbance in the 
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spectral region investigated did not exceed 0.2. Low-temperature UV/vis and IR 
measurements were carried out in an Oxford Instruments DN 1704/54 liquid nitro- 
gen cryostat, equipped with NaCI. CaF, or quartz windows. 

Ticresolved spectroscopy: The detailed experimental setup for the time-resolved 
emission and absorption measurements has been described elsewhere [28]. Low- 
temperature measurements (77 K) in 2-MeTHF glasses were performed in an Ox- 
ford Instruments DN 1704/54 liquid nitrogen cryostat. For time-resolved absorp- 
tion spectroscopy of photolabile complexes a homebuilt computersontrolled 
(OMA) stopped-flow cell was used [28]. Emission lifetimes ( 7 )  were determined from 
the spectra measured at 20 progressive delay times ( I )  by fitting the decay of the 
emission intensity (I) at a minimum of lodifferent wavelengths of the emission 
band to first-order kinetics (I, = I,exp( - t /r ) )  (451. Emission quantum yields (ern) 
were measured relative to a standard solution of [Re(CI)(CO),(bpy)]; solutions with 
an absorbance ~ 0 . 2  at 460nm were used [25]. The necessary corrections were 
applied [24.46]. All calculations on the spectra (determination of 7 .  etc.) were 
performed with Grams software [45]. 
The time-resolved IR (TRIR) spectra were recorded [5.471 at the University of 
Nottingham (U. K.). The 355 or 532 nm line (pulse width 7 ns) of a Quanta-Ray 
GCR-12s Nd:YAG laser was used to excite the sample. An infrared diode laser 
(Miitek MDS 1100) was used as an IR probe. It was tuned between 1880 and 
2040 cm-’. Thechangs in IR absorption at a selected wavenumber were monitored 
with a photovoltaic 77 K MCT detector (Laser Monitoring Systems PV 2180) hav- 
ing a risetime of z 50 ns. The kinetic traces obtained at different wavenumbers were 
used to construct the transient 1R spectra point by point at given time delays. The 
sample solution (CH,CI,) flowed through the IR cell after each laser flash. Low- 
temperature TRIR measurements (77 K) in nPrCN glasses were performed in a 
homebuilt cryostat [48]. 

Computational details: All DFT MO calculations were performed with the Amster- 
dam Density Functional program package ADF [49,50]. The computational scheme 
is characterised by the use of a density-fitting procedure to obtain accurate Cou- 
lomb and exchange potentials in each SCF cycle, by the accurate and eflicient 
numerical integration of the Hamiltonian matrix elements I51.521 and the possibility 
of freezing core orbitals. The LSD exchange correlation potential was used (531 with 
Vosko-Wilk-Nusair (541 parametrisation of the electron gas data for the local 
density approximation of the correlation energy. Becke’s nonlocal corrections 
[55,56] to the exchange energy and Perdew’s non-local corrections [57,58] to the 
correlation energy were used. A double-[ STO basis set for H, C, N and 0 was used, 
and a triple-i STO basis set for Ru and Sn was employed. The calculations will be 
referred to throughout this paper as “DFT MO calculations” since the Kohn- Sham 
formulation of density functional theory leads to molecular orbitals with a good 
physical basis that can be used very well in MO theoretical considerations [59]. All 
bases were augmented with one polarisation function. Transition dipole moments 
were calculated by the program Dipole with separately optimised excited-state or- 
bitals [60]. 
The structural parameters used for the DFT MO calculations of [Ru(CI)(SnH,)- 
(CO),(H-DAB)] were based on the crystal structure of [Ru(CI)(SnPh&CO),(P- 
DAB)] [29]. and those used for [Ru(MeKSnH,)(CO),(H -DAB)] were based on the 
crystal structures of [Ru(SnPh,),(CO),(iPr-DAB)] [31] and [Ru(Me){Mn(CO),}- 
(CO),(iPr-PyCa)] [3]. To increase the speed of the DFT MO calculations we used 
H-DAB and SnH, instead of rPr-DAB and SnPh,. respectively. Standard N-H 
and Sn-H bond distances were used 1611. 
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