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This triplet is not a minimum in the energy-geometry surface but 
is on a decomposition channel toward S2- + NZ. We could locate 
a minimum for a singlet bent form of NNSZ- with an N N S  angle 
of 120’ and N N  and N S  distances of 1.17 and 1.72 A, respec- 
tively. This bent NNS2- conformation is some 150 kcal/mol below 
the symmetric bent NSN” anion described in the previous section. 
Nevertheless, an HFS analysis of the bonding in this bent NNS2-- 
singlet indicates an unstable species. Indeed, the atom-atom 
overlap populations show a strong NS antibonding interaction and 
little N N  bonding. Further this state is crossed by the triplet 
decomposition channel leading to S2- and N2 mentioned above. 
Thus the NNS” bent form would be unstable through intersystem 
crossing to the unbound triplet state. 
V. Conclusions 

The stability of the symmetric N,S2- species relative to that 
of the apparently elusive symmetric N2S reaction fragment is not 
too surprising. Both the N S  bond and the barrier to decomposition 

are considerably stronger in the dianion. We find hs(2- )  = 0.47 
vs. hS = 0.41 and AHd,(2-) = 25-30 kcal/mol vs. AHdec = 9-15 
kcal/mol. Not surprisingly, the dianion can be considered as the 
reduction product of N,S. The changes in structure, such as angle 
opening, and orbital energies are primarily those expected on 
addition of two electrons to N2S. As in the case of the isoelectronic 
species, ozone, the UV band at  253 nm likely corresponds to a 
more complex transition than just a single excitation 4al - 2bl. 

Contrary to the case of the neutral N,S species, which has an 
asymmetric linear ground state, the asymmetric form of the di- 
anion, according to our results, is unstable toward decomposition 
into S2- + N2. 
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The complexes Ru(bpy),_,(taphen):’ ( n  = 0-3, bpy = 2,2’-bipyridine, taphen = dipyrid0[3,2-~:2’,3’-e]pyridazine) have been 
prepared, and their absorption spectra, emission spectra, emission lifetimes, luminescence quantum yields, and redox potentials 
have been measured. The first reduction potential of the three taphen-containing complexes is almost the same as (- -0.72 V 
vs. SCE) and much less negative than that of Ru(bpy)32’ (-1.35 V).  The first oxidation potential increases by 0.11 V as each 
bpy of Ru(bpy),2t is replaced by taphen. The maximum of the metal-to-ligand charge-transfer (MLCT) absorption band of the 
taphen-containing complexes lies at slightly higher energy than that of Ru(bpy),2’, while the emission maximum lies at lower 
energy. The lifetime of the emitting excited state is in the 1-ps range at 77 K and in the 0.1-ps range at room temperature, as 
expected for formally triplet MLCT excited states. Ru(taphen),2’ does not follow the correlation observed by other RUL,~+ 
complexes between energy of the absorption maximum and [E1/2(R~L,3’/2’) - El,2!R~L,2+/’)], showing that different **(taphen) 
orbitals are involved in the two processes. Examination of the analogous correlation involving the emission maxima shows that 
the n*(taphen) orbital involved in reduction is presumably the same as that involved in the luminescence emission. A possible 
explanation for this behavior lies on the inverted energy ordering of the r* $ and x orbitals in taphen compared with that found 
for up’-diimines. At 77 K the excited-state lifetime of Ru(bpy)p_n(taphen),2’ seems to be governed by the energy gap law. The 
shorter lifetimes of the complexes containing taphen at room temperature should not result from deactivation via ,MC since the 
energy gap between the luminescent ’MLCT levels and the upper lying )MC level is expected to be larger than in Ru(bpy)32’. 

Introduction 

After the discovery2s3 of the extremely interesting photochemical 
and photophysical properties of Ru(bpy),*+ (bpy = 2,2’-bi- 

a number of analogous Ru complexes have been 
prepared to obtain a better understanding of the metal-ligand and 
ligand-ligand interactions and to tune the excited-state properties 
in a controlled manner.+I8 Continuing our studies in this field, 

(1)  (a) Istituto Chimico “G. Ciamician”. (b) Istituto FRAE-CNR. (c) 
University of Fribourg. 

(2) Gafney, D. H.; Adamson, A. W. J .  Am. Chem. SOC. 1972, 94, 8238. 
(3) Crosby, G .  A. Acc. Chem. Res. 1975, 8, 231. 
(4) Balzani, V.; Bolletta, F.; Gandolfi, M. T.; Maestri, M. Top. Curr. Chem. 

1978, 75, I .  
(5) DeArmond, M. K.; Carlin, C. M. Coord. Chem. Reo. 1981, 36, 325. 
(6) Kalyanasundaram, K. Coord. Chem. Reu. 1982,46, 159. 
(7) Balzani, V.; Bolletta, F.; Ciano, M.; Maestri, M. J .  Chem. Educ. 1983, 

60, 447. 
(8) Watts, R. J.; J .  Chem. Educ. 1983, 60, 834. 
(9) The literature in this field is very rich. Most of the previous papers are 

quoted in the recent references 10-18. 
( I O )  Rillema, D. P.; Allen, G.; Meyer, T. J.; Conrad, D. Inorg. Chem. 1983, 

22, 1617. 
(11)  Crutchley, R. J.; Kress, N.; Lever, A. B. P. J .  Am. Chem. SOC. 1983, 

105, 1170. 

we have synthetised a new family of Ru(I1) complexes that contain 
the quite interesting taphen ligand (taphen = dipyrido[3,2- 
c:2’,3’-e]pyridazine, Figure 1). We report here results concerning 
a spectroscopic, photophysical, and electrochemical investigation 
of the Ru(bpy)3-n(taphen):+ complexes (n = 0-3) and a com- 
parative discussion of the observed properties. 
Experimental Section 

Ru(bpy),2+, Ru(b~y),(taphen)~+, Ru(bpy)(taphen)?’, and Ru(ta- 
phen)32+ as PFC salts were prepared and purified by following a proce- 
dure previously described.19 The synthesis of taphen will be reported 
elsewhere.20 The solvents used were acetonitrile or ethanol-methanol 
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Table I. Spectroscopic and Electrochemical Properties of Ru(bpy)3-n(taphen):t Complexes 
absorptions at 293 emissionb at 77 K emission" at 293 K electrochemistryC at 293 K 

A,,, (e, M-' cm-I), nm A,,,, nm ~ , d  ks A,,,, nm ~ , d  ps ad E(oxidn), V E(redcn), V 
Ru(bpy),2t 452 (13 000) 582 5.0 622L 1.10 0.079 1.26 -1.35 

R~(bpy)~(taphen)~+ 440 (1 4 000) 660 1.8 788c 0.05 0.004 1.37 -0.72 
290 (69000) 

334 (9960) 
284 (60400) 

334 (14000) 
276 (40400) 

332 (20800) 

Ru(bpy)(taphen) 438 (13200) 650 2.0 75OC 0.13 0.012 1.48 -0.748 

Ru(taphen)32+ 436 (15700) 630 3.1 705e 0.33 0.034 1.60 -0.70h 

bPY 284 (1 6 300)' 433' 106' ... -2.22j 
taphenk 418 (195) 500' 0.023' 512' 0.017' ... -1.26 

342 (2290) 
327 (2700) 

" Acetonitrile solution. In methanol-ethanol 4: 1 v/v. Conditions: redox potentials in acetonitrile solution vs. SCE, estimated error f0.02 V; 
reversible or nearly reversible (Aip < 80 mv), except as otherwise noted. dEstimated error <lo%. CCorrected emission spectrum. fWallace, W. L., 
Bard, A. J. J. Phys. Chem. 1979, 83, 1350. gAip = 120 mV. "Aip = 135 mV. 'DeArmond, M. K.; Hillis, J. E. J .  Chem. Phys. 1971, 54, 2247. 
jReference 19. 'The lowest energy absorption and the emission of the taphen molecule are of n - T* origin. 'In propionitrile-butyronitrile 4:s v/v. 

N=N 

Figure 1. Structural formula of the dipyrid0[3,2-~:2',3'-e]pyridazine 
(taphen) ligand. 

(1:4 v/v) of the best commercial grade. Absorption spectra were re- 
corded with a Perkin-Elmer 323 spectrophotometer. The (uncorrected) 
emission spectra were obtained with a Perkin-Elmer 650-40 spectro- 
fluorimeter equipped with a R928 tube. Emission lifetime measurements 
were carried out with a JK System 2000 neodymium YAG DLPY 4 laser 
or with a single photon-counting apparatus previously described.I' 

Emission quantum yields and corrected emission spectra were mea- 
sured at room temperature (20 C) with the optically dilute method2' by 
using a homemade spectrofluorimeter employing a S-1 response detector, 
which was calibrated with a standard lamp. Ru(bpy),*+ in aerated 
aqueous solution was used as a quantum yield standard, assuming a value 
of 0.028.22 The solutions of each complex were sealed under vacuum 
in 1-cm quartz cells after repeated freeze-pumpthaw cycles. 

Electrochemical measurements were carried out by using a Metrohm 
E/506 Polarecord, a Metrohm E/612 VA scanner, and a Hewlett- 
Packard 7044A X-Y recorder. Cyclic voltammograms were obtained in 
acetonitrile solution by using a stationary platinum-disk working elec- 
trode, a platinum counter electrode, and an Ag/O.Ol M AgNO, reference 
electrode, with TBAP as supporting electrolyte. Scanning speed was 200 
mV s - I .  

Results 
The absorption spectra of the Ru(bpy)sn(taphen);+ complexes 

in acetonitrile solution at  room temperature are shown in Figure 
2. Figure 3 shows the emission spectra in acetonitrile at 293 K. 
A summary of the data concerning absorption spectra (at 293 K), 
emission spectra (at 77 and 293 K), emission lifetimes (at 77 and 
293 K), and luminescence quantum yields (at 293 K) is given in 
Table I. Some relevant data concerning the free bpy and taphen 
ligands have also been reported in Table I for comparison purposes. 

Discussion 
Electrochemical Properties. As one can see from Table I, the 

reduction potential of the free taphen ligand is much less negative 
than that of the free bpy ligand. Since the reduction of Ru- 
(11)-polypyridine complexes involves a P* orbital of a single 
aromatic ligand,s*23-2s it is expected that the reduction potential 
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1982, 92, 646. 

31 
40 30 20 

Wavenumber , c m - ' ~ l O - ~  
Figure 2. Absorption spectra in acetonitrile solution at room temperature. 
Each spectrum is identified by the n number of the general formula 
Ru (bp y) ,-"( taphen) :+. 
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Figure 3. Corrected emission spectra in acetonitrile at 293 K. Each 
spectrum is identified by the n number of the general formula Ru- 
(bpy),-,(taphen),2+. 

of the complexes containing taphen is much less negative than 
that of Ru(bpy),2+. The reduction potentials reported in Table 
I show that this expectation is fulfilled and that the value of the 
first reduction potential is almost the same for the three complexes 
containing taphen. This demonstrates that in the mixed-ligand 
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complexes the first reduction process involves taphen and that 
ligand-ligand interactions do not play an important role. 

Oxidation of Ru( 11)-polypyridine complexes is known to involve 
the a(tag) metal orbitals.26 The values reported in Table I show 
that the sequential replacement of the bpy ligands of R ~ ( b p y ) ~ ~ +  
with taphen increases the first oxidation potential by 0.1 1 V. This 
shows that, compared to bpy, taphen lowers the energy of the a(t2 ) 
metal orbitals. Since bpy and taphen have the same pK, value? 
the results concerning the oxidation potentials indicate that there 
is a larger interaction (Le., back-donation) between the a(tzg) metal 
orbitals and the a* taphen orbitals. 

Absorption and Emission Spectra. The ultraviolet region of the 
absorption spectra (Figure 2) shows intense bands, which can be 
readily attributed to a - K* ligand-localized transitions of bpy 
or taphen (Table I). In the visible region all the complexes exhibit 
a rather intense absorption, which, in the case of R ~ ( b p y ) ~ ~ + ,  is 
well-known to correspond to metal-to-ligand a(tag) - a($) charge 
transfer (MLCT)  transition^.^".^ Although there is no doubt that 
the visible absorption of the Ru(taphen),’+ complex can also be 
attributed to MLCT transitions, we will see later that there is some 
problem concerning the specific assignment of the ligand orbital 
involved. For the mixed-ligand complexes, the visible absorption 
most likely results from the overlap between Ru - taphen and 
Ru - bpy CT transitions. 

It is also well-known that the R ~ ( b p y ) , ~ +  luminescence has 
MLCT orbital origin and, formally, triplet m~l t ip l i c i ty .~”~~  The 
same assignment can be proposed for the luminescence emission 
of the complexes containing taphen on the following bases: (i) 
emission occurs a t  lower energy than that of R ~ ( b p y ) , ~ + ,  as ex- 
pected because of the less negative reduction potential of taphen; 
(ii) the emission lifetime and the half-width of the emission band 
are comparable with those of R ~ ( b p y ) , ~ + ;  (iii) the LC emission 
of taphen occurs at much higher energy and exhibits very different 
lifetimes (Table I); (iv) luminescence from MC excited states 
would be characterized by a broader emission band and a much 
shorter lifetime at room temperature; (v) the energy of the emission 
maximum roughly parallels the oxidation potential, as expected 
for a MLCT emission. 

Correlation between Electrochemical and Spectroscopic Quan- 
tities. DeArmond and co-workers5J5 and othersa3 have repeatedly 
emphasized that in the Ru(I1)-polypyridine complexes the a* 
ligand orbital involved in the first electrochemical reduction (redox 
orbital) is the same as that involved in the MLCT absorption and 
emission processes (spectroscopic orbital). In R ~ ( b p y ) , ~ +  as well 
in most of the Ru( 11)-polypyridine complexes this LUMO orbital 
is an antisymmetric (in Cb symmetry) a*($) orbital, as discussed 
by Ceulemans and Vanquickenbornea7 (vide infra). When the 
redox and spectroscopic orbitals are the same, a linear correlation 
can be e ~ p e c t e d ~ ~ - ~ O  between the maximum of the MLCT ab- 
sorption and the quantity AEI j2  = [ E I / ~ ( R u L ~ ~ + / ~ + )  - E1/2- 
(RuL~~+/+) ] ,  which is a measure of the energy difference between 
the HOMO (a(tag)) and LUMO (aL*) orbitals. As one can see 
from Figure 4a, such a correlation is indeed followed by several 
RuL,*+ complexes,31 but R ~ ( t a p h e n ) ~ ~ +  is clearly an exception.33 
A similar linear correlation is also e x p e ~ t e d ] ~ ~ ~ ~  between the 
maximum of the MLCT emission and AEl  2 .  Figure 4b shows 
that such a correlation is less strictly obeyed in general and that 
the point corresponding to Ru(taphen),2+ is not far from the 
least-squares line obtained from the other available data. From 
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Figure 4. Correlations between the maxima of MLCT absorption (a) or 
emission (b) and for ruthenium(I1) tris(po1ypyridine) complexes 
(see text). Data for acetonitrile solutions a t  room temperature: 0, ref 
IO;  0, ref 18; A, ref 28; A, ref 32. For absorption, leaving aside Ru- 
(taphen),2+ and Ru(NO2-bpy)?+, the best-fitting line has a correlation 
coefficient of 0.99 and a slope of 0.93. For emission, the best-fitting line 
has a correlation coefficient of 0.90 and a slope of 0.61. 

the plots of Figure 4 we may thus conclude that the MLCT 
transition responsible for the absorption maximum of Ru(ta- 
phen),2+ does not involve the same n*(taphen) orbital that is 
responsible for the reduction process. However, the a*(taphen) 
orbital involved in the MLCT emission is likely the same as that 
responsible for the reduction process. This anomalous behavior 
of R~( t aphen) ,~+  is also reflected in the shift between absorption 
(at 293 K) and emission (at 77 K) maximum (-6800 cm-I), 
which is considerably larger than that observed for R ~ ( b p y ) , ~ +  
(-5000 cm-I) and other RuL3*+ complexes.l* A larger shift 
(-7000 cm-I) was previously observed for R ~ ( A z p y ) , ~ + ~ ~  (Azpy 
= 2-(pheny1azo)pyridine) and attributed to the less rigid nature 
of the Azpy ligand compared with bpy and to a more localized 
nature of the a* ligand orbital, which would cause a greater 
distortion along some vibrational coordinate in the excited state. 
However, taphen is expected to be more rigid than bpy, so that 
the larger shift has more likely an electronic rather than a nuclear 
origin. 

A tentative explanation for the anomalous behavior of Ru- 
( t a ~ h e n ) , ~ +  may be the following. As discussed by Orge1,36 any 
a or a* ligand orbital can be classified as x or $ with respect to 
a twofold rotation axis bisecting the chelate angle. The x orbitals 
are symmetric (a2 in C,, symmetry) and the $ orbitals antisym- 
metric (bJ, and their overlap with to metal orbitals of appropriate 
symmetry results in the C T  transition. According to EH type 
calculations, in typical a,d-diimine ligands the LUMO is a a*($) 
orbital, which in the free. 2,2’-bipyridine, 1 ,lo-phenanthroline, and 
2,2’-biquinoline ligands lies about 1 .O, 0.3, and 1.1 V lower than 
the lowest r * ( x )  orbital, re~pectively.~~ In the free taphen ligand, 
however, the LUMO is a a*(x) orbital,37 which lies about 1 eV 

(35) Krause, R. A.; Krause, K. Inorg. Chem. 1982,21, 1714. Wolfgang, S.; 
Strekas, T. C.; Gafney, H. D.; Krause, R. A,; Krause, K. Inorg. Chem. 
1984, 23, 2650. 
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by the upper lying 3MC excited state, which provides the most 
efficient deactivation channel to the emitting 3MLCT levels.42 
Since taphen and bpy have a similar u-donor strength,20 the 
stronger ?r-acceptor properties of taphen should increase the ligand 
field strength and thus move the 3MC excited state toward higher 
energies. Coupled with the lower energy of the Ru - taphen 
emitting excited state, this would predict a much larger 
3MLCT-3MC energy gap for the taphen-containing complexes 
compared with R ~ ( b p y ) ~ ~ + .  One could thus expect that a t  room 
temperature the complexes containing taphen should live longer 
than R ~ ( b p y ) ~ * + .  This expectation, however, is in disagreement 
with the observed results. An explanation for the observed be- 
havior will be searched for in the temperature-dependence studies, 
which are now in progress.38 

R~(bpy)~-,,(taphen),Z+ Complexes as Excited-State Reactants. 
Recent trends in chemical research have shown that there is a 
growing interest in processes involving photoinduced electron- and 
energy-transfer p r o c e s ~ e s . ~ , ~ ~ ~ ~ ~ ~  Such processes are extremely 
important for theoretical reasons (Le., for a development of the 
theory of electron-transfer reactions48) as well for practical ap- 
plications (e.g., photochemical conversion of solar e n e r g ~ , ~ ~ - ~ l  
photochemical synthesis,s2 etc.). To perform systematic exper- 
iments in these fields and to optimize practical devices, one needs 
a series of compounds covering a broad range of excited state 
energies and redox potentials. From this point of view the Ru(I1) 
complexes containing the taphen ligand are quite interesting 
because their excited-state properties (Table 11) nicely fill some 
holes in the list of the previously available excited-state energies, 
excited-state oxidation potentials, and particularly excited-state 
reduction potentials.I8 
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Table 11. Excited-State Properties of the Ru(bpy),-,(taphen);+ 
Complexes 

E?"," *E(oxidn),b *E(reducn): 
eV V V 

Ru(bpy),2t 2.13 -0.87 0.78 
R~(bpy),(taphen)~+ 1.88 -0 .5  1 1.16 
Ru(bpy)(taphen)p 1.91 -0.43 1.17 
Ru(taphen)32+ 1.97 -0.37 1.27 

"Emission maximum, 77 K. bReduction potential of the couple 
Ru3+/*Ru2+ obtained from the reduction potential of the Ru3+/RuZt 
couple and the excited-state energy. cReduction potential of the couple 
*Ru2+/Ru+ obtained from the reduction potential of the Ru2+/Ru2' 
couple and the excited-state energy. dData from ref 18. 

below a ?r*($) orbital. The orbital involved in the electrochemical 
reduction of R ~ ( t a p h e n ) ~ ~ +  is thus a ?r*(x) orbital, while the 
MLCT absorption maximum, as suggested by the lack of rela- 
tionship between redox and absorption energies (Figure 4a), could 
correspond to a ?r(tzg) - ?r*(J/) transition. The overlap between 
the ?r(tzg) and ?r*(J/) orbitals is larger than that between the n(t2J 
and ?r*(x) orbitals. As a consequence, the states derived from 
the ?r(tzg) - ?r*(J/)  transition are expected to exhibit higher 
extinction coefficients. Luminescence emission, however, could 
involve a substantial participation of the x orbital. 

Luminescence Lifetimes and Quantum Yields. It is well-known 
that the MLCT luminescence emission of Ru(I1) polypyridine 
complexes takes place from a cluster of more or less closely spaced 
thermally equilibrated  level^.^.^ A detailed description of these 
levels is a very difficult task that can only be attempted on the 
basis of accurate temperature-dependence studies. Waiting for 
the conclusion of such a study?* we would only like to make here 
some simple considerations. 

(a) At 77 K the emission lifetimes of the complexes containing 
taphen lie in the usual range of the MLCT luminescence of Ru(I1) 
polypyridine complexes. It can be noted that in the Ru- 
(bpy)*,,(taphen):+ series there is a clear decrease of the emission 
lifetime with decreasing excited-state energy (Table I). Since the 
emission lifetimes in a rigid matrix a t  77 K are governed by 
radiationless t r a n ~ i t i o n s ~ ~  occurring via a weak coupling mecha- 
nism,40 the observed trend is likely the result of the energy gap 

(b) At room temperature the lifetime of the luminescence 
emission of Ru(I1)-polypyridine complexes is usually controlled 

iaw.41 
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