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To explain the differences in the spectral properties of the complex ions 
( - ) -Fe(phen)~ -2 and ( - ) -Ru(phen)3  ~2 the interaction between the ligands and 
spin-orbit coupling energies have been calculated. It is shown that the spin- 
orbit coupling energy in case of Ru(II) complex is more important than the 
ligand-ligand interaction. This leads to a sequence of the lowest excited states 
3A 2 < 1A 2 < 1E. 
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I .  Introduction 

From the spectroscopic investigations of the complex compounds of nd6-metal 
ions with ~r-electron conjugated ligands, like 1,10-phenanthroline and 2,2'- 
bipyridyl, differences between the spectral properties of the complexes with the 
metal ions having the main quantum number n = 3 and the complexes with n 
greater than 3 could be seen [1-3]. The main changes were observed in the region 
of the metal-to-ligand electron-transfer transitions. The studies of CD spectra 
[1, 4] and luminescence properties were here of especial interest [2, 3, 5-17]. To 
explain the difference the coupled-chromophore model was used in the descrip- 
tion of the electronic states of these complexes. According to this picture, the 
triply degenerate metal-to-ligand electron-transfer excited states split into the 
states A2 and El18]  and their positions depend on the interaction which is 
operative in the relevant molecule. If the dipole-dipole interaction between the 
chromophores is the dominant factor, the 1A1 ~ 1A2 transition will be placed at 
higher energy and the 1A1-~ 1E transition at correspondingly lower energy. If, 
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however, the spin-orbit interaction should be more important than the dipole- 
dipole term, the level order could reverse. 

In a previous paper [19] we have shown that the spin-orbit mechanism may mix 
the electron-transfer s ta te  3A 2 with the electron-transfer state 1E. Therefore,  this 
interaction could influence the sequence of the lowest excited states in the 
pertinent complexes. It is the aim of this paper to calculate the dipole-dipole 
interaction energy in Fe(phen)~ 2 and Ru(phen)~ -2 and to compare it with the 
spin-orbit coupling energy in order  to interpret the spectral properties of these 
compounds in the region of metal-to-ligand electron-transfer transitions. 

2. Calculation of Interaction Energies 

To calculate the dipole-dipole interaction energy, EDD , between the transition 
dipoles tz(1) and/~ (2), we started from the expression [20, 21] 

/~(1)/~(2) 
EDD -- R32 (1) 

rewritten into the form 

1 
EDD = ~ (/Zx(1)/~x(2) d-/Zy (1)/,Zy (2) --  2/lz(1)~z(2), (2) 

where/~x(1) is the x-component  of the ith transition dipole and R12 is the distance 
between the transition dipoles in cm. The transition moments were calculated 
from the theoretical expression given by the semiclassical time dependent  
perturbation theory as [22, 23] 

he 
(AIV[B). (3) 

[..~AB 2"ffmCCrAB 

IA) and IB) are the total electronic wave functions for the ground state and the 
excited state, respectively, and CrAB is the transition energy in wave numbers. 

For the calculation of matrix elements of the "del"  operator  the same procedure 
was used as in the previous paper [24]. The necessary bond distances were taken 
from the literature [19, 24] as were the atomic functions for carbon, nitrogen, 
iron(II) and ruthenium(II) [25-27]. In addition the SCF molecular orbitals given 
for 1,10-phenanthroline by Ito et al. were used [28]. The distances between the 
transition dipoles were calculated from the experimental data for the dipole 
strengths [1]. The results are summarized in Table 1. 

Table 1. Interaction energies 

Complex R12 EDD ESO 
cm cm i cm-1 

Fe(phen)3 ~2 1.06.10 -s 1826 166 
Ru(phen)~ -2 1.17" 10 s 110 408 
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The spin-orbit coupling terms were calculated in Ref. [19]. For comparison the 
results are also given in Table 1. 

Comparing the values of the spin-orbit coupling energies with the dipole-dipole 
interaction energies it can be seen that in the case of a ruthenium(II) complex the 
spin-orbit coupling mechanism predominates. Solving for both effects simul- 
taneously, using the spin-orbit coupling term as a perturbation, we get the 
energies of the metal-to-ligand electron-transfer transition for Ru(phen)~ -2 

1AI-~aA2 19 030 cm -~ 

1Ar-*IAz 23 500 cm -1 

1A 1---~1/~ 25 770cm -1 . 

3. Discussion 

From the theoretical studies of interactions in the tris(bisbidentate) complexes of 
nd 6 metal ions, where the ligands are conjugated 7r-electron molecules, it follows 
that the level sequence of the lowest excited states depends on the interaction 
which is operative in the relevant molecule. In the complex ion Ru(phen)~2 where 
the spin-orbit coupling interaction energy is greater than the interaction energy 
between the transition dipoles on the ligands the sequence of the low lying 
metal-to-ligand electron-transfer transitions is 3A2< 1A2< 1E. On the other 
hand, in the complex Fe(phen)~ -2 where the dominant factor is the dipole-dipole 
interaction the level order is 1E < 3A2 < 1A 2. The same conclusions hold for all 
trigonal dihedral complexes of Fe(II), Ru(II), Os(II) with 2,2'-bipyridyl or 1,10- 
phenanthroline and related ligands. 

These theoretical results are in agreement with the experimental results obtained 
from studies of luminescence properties and from CD spectra. It can be seen from 
the CD measurements of ( - ) -Ru( I I )  and ( - ) -Os( I I )  complexes in the region of 
electron-transfer transitions [1], that the sign of the CD curves are opposite to that 
of the CD curves of the ( - ) -Fe( I I )  complexes. This is caused by the reversed 
position of 1A2 and 1E states [29]. Moreover,  the CD spectra of Os(II) complexes 
exhibit an additional CD band belonging to the 1AI---~3A2 transition. 

The luminescence properties of these complexes also confirm the competition of 
the spin-orbit coupling with the dipole-dipole interaction. Thus, in complexes of 
Ru(II) and Os(II) with conjugated ligands, a ~-*---~d emission has been observed 
[3] while the Fe(II) chelates do not luminesce. We assume that these properties 
are associated with the 3A2--~lA t transition [19]. On the other hand, Crosby and 
co-workers [3] connect this phenomenon with vibronically allowed 3A1---~lA1 
transitions. However,  this conclusion is at variance with the results of CD 
measurements. 

Acknowledgement. I am indebted to Professor C. J. Ballhausen for having read the paper in a 
preliminary form and for his suggestions for improvements. 



336 Milan Krfil 

References 

1. Mason, S. F.: Inorg. Chim. Acta Rev. 2, 89 (1968) 
2. Fleischauer, P. D., Fleischauer, P.: Chem. Rev. 70, 199 (1970) 
3. Crosby, G. A.: Accounts Chem. Res. 8, 231 (1975) 
4. McCaffery, A. J., Mason, S. F., Norman, B. J.: J. Chem. Soc. A 1428 (1969) 
5. Lytle, F. E., Hercules, D. M.: J. Am. Chem. Soc. 91, 259 (1969) 
6. Fink, D. W., Ohnesorge, W. E.: J. Am. Chem. Soc. 91, 4995 (1969) 
7. Demas, J. N., Crosby, G. A.: J. Am. Chem. Soc. 92, 7269 (1970) 
8. Watts, R. J., Harrigan, R. W., Crosby, G. A.: Chem. Phys. Letters 8, 49 (1971) 
9. Demas, J. N., Crosby, G. A.: J. Am. Chem. Soc. 93, 2841 (1971) 

10. Watts, R. J., Crosby, G. A.: J. Am. Chem. Soc. 93, 3184 (1971) 
11. Watts, R. J., Crosby, G.A. : J. Am. Chem. Soc. 94, 2606 (1972) 
12. Harrigan, R. W., Hager, G. D., Crosby, G. A.: Chem. Phys. Letters 21, 487 (1973) 
13. Harrigan, R. W., Crosby, G. A.: J. Chem. Phys. 59, 3468 (1973) 
14. Crosby, G. A., Hipps, K. W., Elfring, Jr., W. H.: J. Am. Chem. Soc. 96, 629 (1974) 
15. Crosby, G. A., Elfring, Jr., W. H.: J. Phys. Chem. 80, 2206 (1976) 
16. Krause, R. A., Ballhausen, C. J.: Acta Chem. Scand., Set. A.: 31, 535 (1977) 
17. Felix, F., Ferguson, J., Guedel, H. U., Ludi, A.: Chem. Phys. Letters 62, 153 (1979) 
18. Ballhausen, C. J., Gray, H. B.: Coordination chemistry, ed. Martell, A. E., Vol. I. p. 74. New 

York: Van Nostrand 1971 
19. Krfil, M.: Theoret. Chim. Acta (Berl.) 43, 273 (1977) 
20. London, F.: Trans. Faraday Soc. 33, 8 (1937) 
21. Kauzmann, W.: Quantum chemistry. New York: Academic Press 1957 
22. Moscowitz, A.: Thesis, Harvard University 1957 
23. Moffitt, W.: J. Chem. Phys. 25, 467 (1956) 
24. Krfil, M., Moscowitz, A., Ballhausen, C. J.: Theoret. Chim. Acta (Berl.) 30, 339 (1973) 
25. Clementi, E., Raimondi, D. L.: J. Chem. Phys. 38, 2686 (1963) 
26. Richardson, J. N., Nieuwpoort, W. C., Powell, R. R., Edgell, W. F.: J. Chem. Phys. 36, 1057 

(1962) 
27. Richardson, J. N., Blackman, M. J., Ranochak, J. E.: J. Chem. Phys. 58, 3010 (1973) 
28. Ito, T., Tanaka, N., Hanazaki, I., Nagakura, S.: Bull. Chem. Soc. Japan 42, 702 (1969) 
29. Krfil, M.: Theoret. Chim. Acta (Berl.) 50, 355 (1979) 

Received January 28, 1980 


