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Self-consistent charge and configuration molecular 
orbital calculations have been perjormed for [Ru- 
(CN)J4, IR~NHJ)J+~, LRu(NH,),It3, [Ru(CN)s 
NOlW2, [RMCI~NO]-~ and [Ru(NH,)~NO]‘~. The 
empirical parameters required in the SCCC-MO calcu- 
lations were derived from the fitting of calculated 
electronic transitions to those measured by optical 
absorption spectroscop_v. The electronic populations 
obtained in this manner were used to interpret the 
isomer shifts and quadrupole splittings measured by 
Mossbauerspectroscopy with 99Ru complexes. 

Introduction 

Among the large number of covalent complexes 
containing Ruthenium as the central atom synthesiz- 
ed up to date, many contain ligands such as CN, CO, 
NO etc. which are known to have low energy n-anti- 
bonding orbitals [I] . These orbitals may become 
populated through bonding with the metal d orbitals; 
this mechanism, known as back-donation, is 
particularly striking for the ligand NO [2]. 

Back-donation and other characteristics of the 
chemical bond in transition metal complexes may be 
detected through hyperfine interactions measured by 
Mbssbauer spectroscopy [3]. Isomer shifts and 
electric quadrupole splittings have been measured for 
a number of Ruthenium complexes, and the general 
trends in the results explained by discussing the CO- 
valent character of the different metal-ligand bonds 
involved [4-61 

Further insight into the hyperfine interactions of 
these complexes requires better knowledge of their 
electronic structure. For this purpose, we have 
performed Molecular Orbital calculations for the 
complex ions [ Ru(CN),] -‘, [Ru(NH3)6]*, [Ru- 
(NH3)6]+3, [Ru(CN),NO]~-~, [RuC~~NO]~-~ and [Ru- 
WJ3)J01+3, using the semi-empirical SCCC-MO 

(“self-consistent charge and configuration molecular 
orbitals”) method of Ballhausen and Gray [7]. Pre- 
liminary results were reported [8] for [Ru(CN)s- 
NO]-=, [RuCI,NO]-~ and [Ru(NH&NO]‘~. M.O. 
calculations with the CNDO (“complete neglect of 
differential overlap”) method were also reported 
recently for these complexes [9]. 

Electronic structure determinations by semi- 
empirical methods involve approximations which 
make it difficult to expect them to account for such 
small effects as the hyperfine interactions. Neverthe- 
less, it would bc interesting to verify if semi-empirical 
M.O. results obtained in such a way as to adequately 
describe a different molecular property, for example 
electronic transitions, can be useful in the interpreta- 
tion of such interactions. With this in view, we have 
chosen the empirical parameters required in our 
calculations with the SCCC-MO method by approxi- 
mately fitting calculated electronic transtions to 
those measured experimentally by optical spectros- 
copy of the complexes in solution. Electronic popula- 
tions obtained in this manner were then used to inter- 
pret Mossbauer isomer shifts and quadrupole 
splittings. 

Experimental 

The sodium and potassium derivatives of [Ru- 
(CN)SNO]2- are highly insoluble in water. We have 
prepared the soluble salt Li2[Ru(CN)sNO] by the 
following procedure: Kq [Ru(CN),] was dissolved in 
hot concentrated HN03 during twelve hours. The 
reaction products are then neutralised with a LiC03 
solution. By adding AgN03 solution the Ag2 [Ru- 
(CN),NO] complex is precipated. After being filtered 
and washed the silver complex is stirred in a LiCl so- 
lution giving AgCl precipitate and the Li2[Ru(CN)S- 
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Figure 1. --- Absorption spectra of [ Ru(NH3)6] ‘+. .- - Gaussian analysis. 
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I:igure 2. -- Absorption spectra of [Ru(NH3)6 ]3+. -- - Gaussian analysis 

NO] in the aqueous solution. From slow evaporation 
red crystals are obtained from this solution. 

[Ru(NH~)~] Clz and [Ru(NHa)e] Cl3 were kindly 
made available by Dr. U. Wagner from Technische 
Universitat Miinchen. Samples of Ka [RuCI,NO] and 
[Ru(NH~)~NO] Clz were prepared by Professor J. P. 
Mathicu from De’partement de Recherches Physiques, 
Paris, according to references 10 and 11. 

The electronic spectra of [Ru(NH~)~]- and [Ru- 
WWel +3 in solution are presented in Figures 1 and 
2. The spectra of [Ru(CN)~NO]-*, [RuCI,NO] .’ 

and [Ru(NH~)SNO]‘~ are presented in Figures 3, 4 
and 5. 

A Cary 14 spectrophotometer was used in all 
cases; the region of absorption scanned ranged from 
15 to 32 kcnr-r, and the spectra were analysed by 
Gaussian decomposition, through a Dupont de Ne- 
mours curve analyser. All spectra were taken at room 
temperature in aqueous solution, except that of 
unstable [Ru(NH~)~]+*, which was measured in 
aqueous solution of NH3 and nitrogen atmosphere in 
an attempt to delay decomposition. 
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Vigurc 3. __ Absorption spectra of (R~(CN)SNO]‘~~. ---- Gaussian analysis. 
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I!igurc 4. __ Absorption spectra of [RuClsNO12~~. ---- Gaussian analysis. 

Details of the Calculations 

The SCCC-MO method was used, as described el- 
sewhere [7]. Non-diagonal elements Hij of the energy 
matrixes were approximated as 

Hij = -FGij (Hii*Hjj)1’2 

where Gij are the group overlap integrals and F an 
empirical parameter to be adjusted. Mulliken popula- 
tion analysis [ 121 were performed. Ligand-ligand 
overlap corrections were included. 

interatomic distances were taken from X-ray 
diffraction measurements when available, otherwise 
they were estimated. Distances in [Ru(CN),NO]-‘, 
for whrch Cav symmetry was considered, were 
estimated by interpolation of values known for 
analogous complexes of Cr, MO, Mn and Fe [ 131. 
They are: Ru-CN = 1.95 A, Ru-NO = 1.75 8, C-N = 
1.16 ,& and N-O = 1.13 8. The same values for Ru-- 
CN and C-N distances were used for [Ru(CN),]-~ 
(On symmetry). Interatomic distances available in the 
literature for- [RuC~~NO]-~-~ were used [ 141. These 
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Figure 5. __ Absorption spectra of [ Ru(NHa)sNO] 3+. ---- Gaussian analysis. 

are Ru-N = 1.79 A, Ru+l = 2.36 A, NO = 1.08 A. 
In spite of the deviation from 180 ’ reported for the 
angle Ru-N-O this was disregarded in the present cal- 
culation and Cav symmetry maintained. Distances 
reported [IS] for [Ru(NH~)~NO]+~ were used, and 
are: Ru-NO = 1.80 A, Ru-NH,(&) = 2.09 A, Ru- 
NHa(tra~s) = 2.19 A, N-O = I .ll A. The same 
approximation as above was made regarding the Ru- 
N-O angle. The distance Ru-NH3 = 2.10 A was 
assumed for the hexammine complexes (oh 
symmetry), 

The orbitals 4d, 5s and 5p of Ruthenium were 
included in the calculation. Wave functions for these 
orbitals were those given by Basch and Gray* [I 61 
For the CN ligands, the highest energy u and rr or- 
bitals, as well as the lowest a*, were included. Wave 
functions for these orbitals were those used in the 
Molecular Orbital calculation of the pentakis(cyano- 
C), nitrosylferrate(-2) complex ion [ 171 , obtained by 
a Wolfsberg-Helmholz calculation of cyanide ion on 
a basis of Clementi’s double-t [18] atomic functions 
for C and N**. Wave functions for NO highest energy 
u and a, and lowest a* orbitals used were those cal- 
culated by Brion, Moser and Yamasaki [ 191 based on 
Slater-type atomic orbitals. Wave functions used for 
Cl (3s and 3p) were Clementi’s double-{*** [18]. 
For the amminc complexes, a further approximation 
was made, regarding the hgands NHa: due to 
computational difficulties, only nitrogen orbitals (2s 
and 2p) were considered in the wave functions of the- 
se ligands. This approximation may bc justified in 
part by considering the difference in electronegativity 
between N and H. Wave functions used for N were 
Clementi’s doublet-< ]18]. 

*For charge + 1, configuration . ..4d7 (4d) and . ..4d5 
5s 5p (5s and 5~). 
**For neutral atoms, configurations . ..2s2 2p2 (3P) for 

carbon, . ..2sz 2p3 (4s) for nitrogen. 
***For neutral atom, configuration . ..3sz 3~’ (ZP). 

Symmetry orbitals for the calculation of group 
overlap integrals were obtained by standard methods. 
Overlap integrals were calculated exactly. VOIPS for 
Ruthenium were obtained from reference 20. Ener- 
gies of the CN orbitals used were: u = --I 12.0 kcm-’ , 
II = -122.0 ken-r and rr* = -30.0 kcm-’ [15]. 
Energies of the NO orbitals were: u = -118.74 
kcm-’ , 71 = --120.05 kcm-’ and rr* = -74 61 kcm-’ 
[ 171 . Energies used for Cl orbitals were: 3s = --203.8 
kcm-‘, 3p, = -120.4 kcm-’ and 3p, = -110.4 
kcrt-’ [7, 211 ; for N orbitals of the NH3 ligands, 
were used : 2s = --206.2 kcm-‘, 2p, = --I 16.4 kcm-’ 
and 2p, = -106.4 ken-’ [7, 211. 

Self-consistency in charge and configuration was 
carried on up to 0.0005 in all cases. For some of the 
complexes studied negative populations were obtain- 
cd for the 5p orbitals of Ruthenium. Such unphysical 
situation has been reported for other SCCC-MO cal- 
culations [22, 231, when Mulliken population analys- 
is was used, and it may be circumvented by changing 
population definitions 1231. However we realize that 
any such definitions arc necessarily arbitrary; since 
we were mainly interested in the 4d and 5s popula- 
tions of Ru, and mainly in general trends, we have 
maintained Mulliken definitions. 

Energy Levels 

Tables I and II present the energy levels obtained 
for the ground state of the complex ions of Oh and 
C4v symmetries, respectively. These tables also show 
the main contributions of orbitals involved in each 
level, in terms of their Mulliken populations. Among 
the octahedral complexes, [Ru(CN),]-~ and [Ru- 
(NHa)e,]‘2 show a closed-shell structure, as expected, 
the last occupied orbital being of tzg symmetry and 
localized mainly on the metal. [Ru(NH~)~]+~ has an 
open-shell structure with 5 electrons on the last 



TABLE I. Molecular Orbital Results for Octahedral Ruthenium Complexes. 

Molecular Energy Orbital 
orbital (Kcm- ) populations(a) 

'Tg - 149.65 

‘t2g - 132.49 

‘tlU - 130.80 

‘t2u - 118.31 

leg - 116.83 

‘tlg - 111.44 

2% - 104.09 

2t2g(b) - 75.74 

2s - g 42.03 

J%l_l - 30.63 

3t2g - 28.83 

2t2u - 28.02 

2t1g - 24.15 

4t1Il 16.28 

2a1 g 46.06 

80.5 c(CN), 19.5(5s(Ru)) 

94.4 1I(CN) 

83.3 v(CN), ‘9.6 Q(CN) 

100 K(CN) 

60.9 o(CN), 39.‘(4d(Ru)) 

99.8 n(CN) 

79.5 U(CN), 18.3n(CN) 

92.1 (4d(Ru)) 

60.9(4d(Ru)), 39.10-(CN) 

96.’ r*(CN) 

98.0 T*(CN) 

100 r*(CN) 

99.8 $(CN) 

96.9(5p(Ru)) 

80.5(5s(Ru), 19.5c(CN) 

Energy of metal orbitals(e): 

4d: - 81 .27 

5s: - 63.91 

5p: - 23.31 

F - factors: 

FlY (metal-ligand) = 2.3 

Fn. (metal-ligand) = 2.0 

F (ligand-ligsnd) = 2.0 

MOleCUlar Energy Orbital 
orbital (Kcm ) populations(a) 

lalg - 221.52 97.0(2s (N)) 

‘tlU - 210.69 106(2s(N)) 

le - 200.64 95.1(2s(N)) 
g 

2a1g - 129.50 9’.‘(2p,(N)) 

1t2g - 123.60 63.2(2p,(N)), 36.8(4d(Ru)) 

2e - 123.17 64.5(2p, (N)), 34.9(4d(Ru)) 
g 

2t1l_I - 119.29 75.4(2p, (N) ),23.9(2p,, (PI)) 

‘t2u - 104.12 100(2pn (N)) 

3t1IJ - 102.52 75.4(2p3, (N)), 23.9(2&N)) 

ltlg - 98.67 ‘00(2~, (N)) 

2t2gW - 88.75 63.2(4d(Ru)), 36.8(2p,+N)) 

3e - 61.50 
g 

60.6(4d(Ru)), 35.‘(Zp,JN)) 

4t1u 34.80 ‘06(5~(Ru)) 

3a1g 81 .96 91.9(5s(Ru)) 

Energy of metal orbitals(e) 

4d: - 104.79 

5s: - 80.78 

5p: - 40.08 

F - factors: 

F, (metal-ligand) = 1.77 

F,, (metal-ligand) = 2.0 

F (ligand-ligand) = 2.0 

Molecular 
orbital 

Energy 
(Kcm- ) ~~~:%ions(a) 

lalg - 222.13 

ItILl - 208.54 

le 
g 

- 201 .87 

2al g - 130.39 

2e 
g 

- 127.24 

1t2g - 127.13 

2tlU - 119.52 

‘t2ll - 104.12 

3t1lJ - 102.56 

‘tlg - 98.67 

2t2g(d) - 92.13 

3e - 60.26 
g 

4%U 45.33 

3al g 103.34 

95.3(2s(N)) 

105(2s(N)) 

93.7(2s(N)) 

90(2p,(N)) 

58.8(2pc(N)),39.9(4d(Ru)) 

5C.9(2pSr(N)), 49.1(4d(Ru)) 

74.2(2p,(N)), 23.3(2p,,(N)) 

‘CO(2pJN)) 

75.7(2p,+N)), 23.6(2~,JN)) 

100(2p,,(N)) 

50.9(4d(Ru)), 49.1(2p,(N)) 

54.1(4d(Ru)), 40.9(2p,(N)) 

‘C4(5p(Ru)) 

89.2(5s(Ru)) 

Energy of netal orbitals (e) 

4d: -111.89 

5s: - 84.51 

5p: - 43.60 

F - factors: 

F, (metal-ligand) = 1 .83 

FT (metal-ligand) = 2.0 

F (ligand-ligand) = 2.0 

a) In % of one electron; only orbitals contributing with 10% or more are included. b) Highest occupied orbital, with 6 electrons. c) Highest occupied orbital, with 6 electrons. 
d) Highest occupied orbital, with 5 electrons. e) After self-consistency. 



TABLE II. Molecular Orbital Results for Ruthenium Complexes of C4y Symmetry. 

[Ru(CN)5No]-2 (4 

M.O. Energy Orbital Populations (d) 
(Kcm ) 

'3 - 149.89 63.2~CN),21.8(5s(Ru)),l4.7u(NO) 

lb2 - 139.30 78.9n(CN), 21.4(4d(Ru)) 

1e - 138.27 65.4n(CN),23.0(4d(Ru)),10.6n(NO) 

*a1 - 132.63 36.On(CN),33.7a(NO),19.7(4d(Ru)) 

2e - 129.00 58.3~~fCN),19.4alCN),17.6n(NO) 

3Y - 128.48 4l.OT(CN),27.1(4d(Ru)),26.?o(CN) 

'bl - 124.28 52.9(4d(Ru)), 47.1qCN) 

3e - 118.94 54.7T(CN), 45.0n(NO) 

2bl - 118.31 iCOn 

4e - i13.42 82.ln(CN), 16.7n(NO) 

'a2 - 111.44 99.EWCN) 

4% - 106.84 50.0~CN),21.9n(CN),24.1~X0) 

5e - 104.51 73.5r(CN), ZO.On(CN) 

6e - 91.09 50.5(4d(Ru)),24.8r;(N(i),)6.7~C~~) 

2b2(e) - 86.29 75.3(4d(Ru)), 20.9n(C~) 

7e - 64.80 70.0 X'(NO), 21.8(4d(Hu)) 

3bl - 54.58 52.9qCN), 47.1(4d(Ru)) 

5% - 48.51 49.4(4d(Ru)),32.7tiCN),16.2@tNO) 

Y - 33.61 %.477*(CN), 12.2(5p(Ru)) 

8e - 32.08 87.4%'*(CN), 11.0(5p(Ruu)) 
4bl - 28.07 100 T*(CN) 

9e - 26.87 97.377*(CNI 

3% - 26.13 96.5X*(CN) 

roe - 25.20 98.5 V*(CN) 
2a2 - 24.15 99.8 77*(CN) 
lie 25.49 82.3(5p(Ru)), 12.7 !V*(CN) 

7Y 26.27 ~7.5(5s(Ru)),l8.O~CN~,ll.l(5p(Ru)) 

*al 36.75 70.6(5p(Ru)),lO.3(5s(Ru)),ll.6~(CN) 

M.O. Orbltnl Populations (d) 

'a1 
le 

22, 

lb1 

3", 

ae 

lb2 

411 

2bl 

5% 
3E 

4e 

3bI 
6a, 

5e 

6e 

'a2 
7e 

- 221.17 

- 207.19 

- 205.OC 

- 203.37 

- 136.57 

- 733.27 

- 132.03 

- 130.39 

- 128.71 

- 121.06 

- 120.84 

- 113.74 

- 104.06 

- 103.91 

- 103.16 

- 101.29 

- 98.41 

- 88.34 

2b2(e) - 82.14 

8e - 66.41 

7Y - 53.47 

4bl - 47.81 

8% 30.86 

9e 74.6? 

% 127.33 

c RuC15NO] -’ (b’ 

M.O. Orbital Popuhtions (d) 
) 

- 211.83 

- 206.27 

- 203.25 

- 201.65 

- 139.26 

- 128.85 

- li5.W 

- 125.70 

- 124.04 

- 123.03 

- 122.86 

- 1?4.23 

- 107.61 

- 106.70 

- 106.24 

- 102.46 

- 100.35 

- 96.05 

2b2(e) - 95.56 
862 - 71.15 

4b, - 63.41 

7a, - 60.16 

8R, 12.13 

9e 32.63 

9n, eo.37 

a) For F, (metal-ligand) = 2.1, F, (metal-ligand) = 2.4, F(ligand-ligand) = 2.0. Energies of metal orbitals after self-consistency: 4d = -100.37, 5s = -75.66, 5p = -34.94 k cm-‘. 
b) For F, (metal-ligand) = 1.9, F,(metal-ligand) = 1.8, F(ligand&ligand) = 2.0. Energies of metal orbitals after self-consistency: 4d = -102.54; 5s = -78.13, 5p = -37.12 k cm-‘. 
C) For Fe (metal-ligand) = 2.0, F, (metal-ligand) = 2.4, F(ligand-ligand) = 2.0. Energies of metal orbitals after self-consistency: 4d = -109.18, 5s = -81.66, 5p = -40.87 k cm-‘. 
d) In % of one electron; only orbitals contributing with 10% or more are included. e) Highest occupied orbital, with 2 electrons. 
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TABLE 111. Electronic Transitions of 1 Fe(CN)b p and 1 Ru(cN)6 r’ . 

1 Fe(CN6 r4 1 Ru(CNhj I4 

Experimentala Calculatedb Experimentala CalculatedC 

Vm&cm-l ) fX lo2 v(kcm-‘) vmax(kcm-’ ) fX 102 -1 v(kcni ) 

23.1 0.002 
31.0 t A = 33.8 0.84 

31.0)A = 33.8 _ 33.7(2t,,-+ 2cg) 
34.5(2t2, + 3eg) 

37.0 0.47 
45.9 53.5 46.9(2t2, + 4tl u) 48.5 85 45.1(2t2, + 3t,“) 
50.0 2.3 53.0(2t2, -+ 2t&& 52.0 45 47.7(2+g -+ 2t2.J 

IE(3d) - E(2tzg)l = 16.32 
lE(3d) - E(3eg) 1 = 50.86 

1 E(4d) - E(2t2,) I= 5.27 
IE(4d) - E(2eg) I= 39.27 

aFrom references 21,22 and 23, in aqueous solution. bFrom reference 21. ‘This work. 

occupied orbital (metal t2g>. In all three cases, the 
lowest energy empty orbital is eg (metal). 

Complexes of C4, symmetry are all of closed shell 
structure. In this symmetry the last occupied and first 
empty tzg and es orbitals are split into b2, e and ar, 
br respectively. The ordering of the level energies in 
the three cases is e < b2 <b, < ai, except for [Ru- 
(NHa)sNO]” where the ordering ai <b, is obtained. 
This inversion may be explained by the greater truns 
Ru-NH3 distance, relative to the cis, used for this last 
complex. 

All three complex ions of C4” symmetry show a 
level whose main contribution is from the n* (NO) 
orbital, between the highest occupied and lowest 
empty d levels. The positioning of this level between 
the metal d levels persists for several values of the 
parameter F around 2.0. 

Electronic Spectrum of [Ru(CN)J -’ 

The electronic spectrum in aqueous solution of 
[Ru(CN),IW4 shows a small number of bands [24, 
251, as would be expected of a low-spin d6 configura- 
tion. From the iAlg ground state only transitions to 
‘T,u states are allowed. Those may correspond to 
charge transfer transitions of metal + l&and type 
(tzg + t lu, tzg -+ tzu) or ligand + metal (t2U + ea, 
t i,, -+ eg). Gray et al. [24, 251 assigned the high-inten- 
sity bands to metal + ligand type transitions, that is 
transitions from the highest tzg (metal) orbital to the 
empty ti, and tzu orbitals localized mainly on the n* 
(CN) orbital. Our M.O. calculation supports this 
assignment, since ligand -+ metal transitions would 
occur at considerably higher energies. 

Table III shows experimental and calculated transi- 
tions for [Ru(CN),IW4. The energy difference 
between the tzg and cg levels was fitted to the value 
of A [24, 251. The same table shows also data on the 

electronic spectra in solution of [Fe(CN)61V4 and its 
assignment made by Alexander and Gray [23, 251 
based on an M.O. calculation with the same method. 
These authors suggested that the remarkably small 
increase of A that occurs for cyanides of the Fe 
family (Fe, Ru, OS) is due to compensation between 
two effects. One is the stabilization of the highest 
occupied tzs level due to stronger da* (CN) bond- 
ing. If this effect is stronger in the order Ru > Fe, the 
tzg level is stabilized to a greater extent in the Ru 
complex. On the other hand, since A values are equi- 
valent, one expects a compensation of this effect pro- 
duced by a weaker u interaction of the d orbitals in 
[Ru(CN),]-“ respect to [Fe(CN),le4, due to the in- 
creased number of nodes in the Ru orbitals, lowering 
the energy of the eg orbital in the first complex. 

In Table III it is seen that our calculation supports 
this hypothesis. In this table are given the energies of 
the tzg and eg orbitals involved relative to the energies 
of the 3d and 4d orbitals in the complexes of Fe and 
Ru. 

Populations obtained for the n*(CN) orbital also 
suggest that Ru is a better back-donor than Fe with 
respect to CN: these are 0.07 for [Fe(CN)6]-4 and 
0.133 for [ Ru(CN),]-~. 

Electronic Spectra of [Ru(NI-I~)~]+~ and [Ru- 
(NW61 +3 

The electronic spectra in solution of [Ru- 
(NHa)6]+2 was measured by other authors [26-301 
who report a peak at 25-26 kcm-’ with em,, = 30- 
40, another at around 36 kcm-’ with emax -650 and 
a band of high intensity at energies greater than 45 
kcm-‘. 

The interpretation of this spectrum is not yet 
clear. Although at first glance the low-energy bands 
could be assigned to the d + d transitions ‘Ais -+ 
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TARI I IV Electromc Spe0rum of 1 Ru(NH~)~ I+’ 

ExperImentala 

“max 
-1 

otcm ) M/2 0-1 
-1 

) Emax 

23 0 -4 05 

30 9 44 70 

35 6 37 260 

385 54 330 

47 6 72 470 

250 - very high 

fX IO2 

0 8 x 10mm3 

013 

041 

0 77 

1 42 

very high 

D Guenzhurgcr, A Garner and J Danon 

Calculatedb 

u (kcm-’ ) 

23 0 (d d) --) (2T2g + 4T~,) 

29 0 (*Tz~ --t 2T,,) 

29 4 

317 t (‘TQ -+ 2 T2‘4 

(d + d) (2T2g + *A,,) 

34 0 (*TQ -t 2E,) 

36 3 t (d-d)(;T2g+ ( T2g+ *Tzg) 

363 *T,,) 

386 (d-d)(2T2g+ 2Alg) 
38 4 1 - hf Lh<wge trdn\fC,’ 

hg-t 3Cg) 

43 (2T2g-* *Eg) 7 (d-d) 

42 I -+ M 0 ch,ugc trdn\fcr 

(3t 1” --i 3ee) 

“After Gauwan dccompo$ltlon bSee text 

‘Tlg and ‘Ala + ‘Tzg, Schmldtke dnd Gdi thoff [ 261 
hdve shown that the band around 36 kcm ’ cannot 
be assigned to the second d + d transltmn, smce this 
would lead to an unreal value of the Racdh parameter 
B Based on spectra of other ammme d6 complexes of 
Ru, these authors have proposed a value for A = 
27 1 kcm- ’ for this complex to which we have fitted 
the t 2p -+ eg transition m OUI M 0 cdlculatlon 

We have measured the spectrum of [Ru(NH~)~]+~ 
m aqueous solution of NH3 and N2 dlmosphclc, m 
an attempt to delay decomposltmn of this highly uns- 
table complex We verlflcd that the spectrum changes 
rapldly with tlmc In fact, when the spectrum IS taken 
less than 2 minutes after dlssolutlon, two low-energy 
bands are obtamed, one at 25 kcm-’ with elnax = 225 
and another at 36 4 kcm-’ with erndx = 545 Ten 
minutes after dlssolutlon, the same bands show E,,, 
= 40 and E,,, z 700, respectively, which are approx- 
imately the values reported by the other authors 
Figure 1 shows the spectrum taken lmmedlately 
after dlssolutlon 

As for the trdnsltlon at 36 4 kcm-‘, we suggest 
assigning it to the hgand (7r) + metal (4d) charge 
transfer 1 tlg -+ 3ep, whlLh OUI molecular orbital 
calculation predicts to occur at ~37 kcm-’ Low 
mtenslty could be due to the panty-forbidden nature 
of the transition This band could be obscuring the 
peak due to the d + d transition ‘A,, + ‘Tzg, whose 
maxlmum would occur at slightly lower energy It IS 
difficult to explam the mclease with time of the 
intensity of this band, since the decomposltlon 
products are not known However, [Ru(NH~)~]+~ 
may be formed and it does show bands m this region, 
as shall be seen 

Two bands m the low-energy region have been re- 
ported for [Ru(NH~)~]+~, namely at v,,, = 3 1 3 
kcm-’ (E,, z 100) and vmax = 36 4 kcm-’ (E,,,,, = 

480) [29, 301 We have measured again the spectrum 
of thrs complex m aqueous solution, which IS 
presented 111 Fig 2 As expected of a d5 Lonfigura- 
tlon, this speLtrum shows a complex structure Many 
d -+ d transitions may be expected from the ‘Tzp; 
ground state, the interpretation IS also rendered 
difficult by the posslblllty of low-energy Charge trans- 
fer transitions of the hgand + metal type, to the 
highest occupied tXF level We shnll not attetnpt to 
give here a defmlte mtelpretdtlon of this spectrum, 
rather we shall suggest a value of A which we believe 
IS consistent with its chardctellstlcs 

First we notice the band at 23 ken-6 lwlth enlax 
= 0 5 Such low intensity allows one to asslgn It to 
the first spin-forbidden d + d transition, namely 
2T2g + 4T18 Through the diagonal elements of the 
energy matrix [31] for oLtahedrd1 ds, a value of A = 
32 7 kcm-’ IS obtained if we assume B = 0 46 kcm-’ 
dnd C/B = 4 This value of B 1s consistent with the 
value 0 43 kcm-’ derived for various hexammes of 
d6 configuration [25] , since the nephelduxetic effect 
ot charge increase would be to shghtly increase B 
The increase m A from [Ru(NH~)~]+~ to [Ru- 
(NH~)GI+~ IS of the same order as that observed for Fe 
complexes of the same charges with the snnllar hgand 
Hz0 [241 

With these values of A and B, other d + d transl- 
tlons were calculated m the same manner As IS 
shown m Table IV, calculated energies (for the exclt- 
ed configuration t4 2g e;) fall m the same legion as the 
observed transitions, supporting the suggested value 
of A 

We now turn to charge-transfer type transitions 
Our results for the M 0 energy levels (after approxl- 
mately fitting the tzg -+ eg energy difference to the 
value of A given above) show a number of levels qmte 
near m energy to the highest filled t2g from which 
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TABLE VII. Electronic Spectrum of ( Ru(NH~)~NO{~. 

Experimentala 

D. Guenzburger, A. Gamier and J. Danon 

Calculated 

vmaJkcm-‘) emax Avr 1~ (kcm 
-1 

) fX IO2 -1 
@cm ) 

21.1 10 

24.0 8 

30.4 26 

33.2 45 

48.0 2300 

>52.0 very high 

3.9 

4.3 

4.8 

3.5 

7.9 

0.017 

0.015 

0.054 

0.068 

8 

very high 

15.7 ‘Al + ‘E (2ba + 8~) 

21.9 ‘A, + ‘A, (7~ +8e) 

32.2b ‘Al -+ rAa (2ba ‘4bi) 

33.7b ‘A r -+ ‘E (7c --t 7ar ) 

46.0b ‘A , +‘E (7e +4bi) 

47.8’ ‘Ai + ‘E (6e +7ar) 

53.5’ ‘Ai +‘E (6e +4bi) 

aAfter Gaussian decomposition of the spectrum. bCorrccted for interelectronic repulsion, assuming B = 400 cm-r and C/B = 
4.63. ‘Ligand --t metal charge transfer. 

TABLE VIII. Isomer Shifts and Electron Populations of Ruthenium Complexes. 

Complex Isomer Shifta 
(mm/s) 

Populations 

4d 5s n*(CN) n*(NO) 

[Ru(NHsk 112 
[Ru(NH3)6 1 Cl2 
[Ru(NH3)61 (BF4h 

I fWNHd6 1 Br3 

[ RU(Nf~3k 1 cl3 

K4 iRu(CNk 1 

K2 [RuClsNO] 
Rb2 ]RuClsNO] 

[Ru(NH~)~NO]CI~‘H~O 

[Ru(NH3)sNO]Br3.H20 
IRu(N~~~)sNOIS~~(SZ~~)~/Z 

K2 [ Ru(CN)sNO] ‘2H20 

K2 1 Ru(CN)s NO] 

-0.93 ? o.03c 
-0.92 + 0.01’ 7.595 0.142 
-0.92 f 0.01’ 

-0.50 f 0.06’ 7.300 0.234 
-0.49 f O.Olb 

-0.22 + O.Olb 7.440 0.391 
-0.25 + 0.03d 

-0.36 + 0.03’ 7.356 0.307 
-0.37 f 0.03e 

0.133 

0.294 

-0.19 * O.OIC 7.028 0.360 0.961 
-0.20 f 0.03” 
-0.22 1- o.02c 
-0.20 f 0.01 c 

-0.08 +_ 0.01’ 6.975 0.440 0.126 1.112 
+0.03 k 0.03d 
-0.12 f 0.03” 

‘Isomer shifts of the recoillcss 90 keV y rays of “Ru, relative to Ru metal. bG. Kaindl, W. Potzel, 1:. E. Wagner, U. Zahn and 
R. L. Mossbauc~J. Phys., 226, 103 (1969). ‘W. Potzcl, I’. L. Wagner, U. Zahn, R. L. Mossbauer and J. Danon, Z. Phys., 240, 
306 (1970). C. A. Clausen, R. A. Prados and M. I,. Good,J. Am. Chem. Sot., 92, 7482 (1970). “R. Greatrex, N. N. Grcen- 
wood and P. Kaspi,J. Chem. Sot. A, 1873 (1971). 

MSssbauer Hyperfine Interactions 

Recoilless resonance may be obtained with the 90 
keV y rays of g9Ru. In spite of the relatively small 
number of reports on Massbauer measurements for 
this element up to date, a significant amount of data 
is already available on hyperfine parameters in Ru 
complexes, namely isomer shifts and quadrupole 
interactions [4-61. 

The isomer shift (6) is a consequence of the elec- 
trostatic monopole interaction between the electronic 
charge of an atom and the charge distribution inside 

its nucleus. The 6 of an absorber relative to a source 
is given by 

2nZe2 
6=---- s (<R2>e.s. - <R2>,.s.) x 

x [(@(ON?4 - @(O)>U (1) 
where Z is the atomic number of the nucleus, e the 
charge of the proton, <R2>,,,, and <RZ>g,s, are the 
mean square radii of the nucleus at the excited and 
ground states respectively and (@(O))i and ($(O))$ 
the electronic charge density at the nucleus for the 



Electronic Structure of Ru Complexes 129 

absorber and source, respectively. For Ru, the factor 
(<R2>e, s. -. <R2>& is positive. 

Differences in isomer shifts between different 
complexes of the same atom may be interpreted 
through a knowledge of the characteristics of the 
metal-Iigand chemical bonds, which influence the 
atomic density at the nucleus. Electronic density at 
the nucleus (s electrons in the non-relativistic 
approximation) of a Mijssbauer atom may be incrcas- 
ed by bonding to ligands that are good u-donors. On 
the other hand, ligands that have low-energy n* 
orbitals available may be n-acceptors; in this case they 
may decrease the d population by receiving electronic 
density from the d,,, dxZ, d,, orbitals. Since d orbi- 
tals shield the nucleus from s electrons, this last effect 
also produces an increase in 6 and has been observed 
in all MGssbauer spectra of transition metal 
complexes containing ligands such as CN, NO, etc. 

[31. 
Table VIII shows values of 6 measured for the Ru 

complexes studied. These values are compared to the 
5s and 4d populations of Ru obtained through our 
M.O. calculations; populations of n-acceptor orbitals, 
namely rr*(NO) and n*(CN), when present, are also 
included. 

The lowest value of 6 belongs to [Ru(NH~)~]+~; in 
fact, this complex shows the smallest value for the 5s 
population, and highest value for 4d. Comparison 
with [Ru(NH&,]+~ shows the effect of increasing the 
charge: the 6 value increases through loss of 4d elec- 
tron density and increase of 5s population, this latter 
being due to greater G invasion through a charge-com- 
pensation effect. 

Comparison of the two octahedral complexes of 
Ru with formal configuration d6, nameIy [Ru- 
(NH3)6]+2 and [Ru(CN)~]-~, shows clearly the effect 
of back-donation of the ligand CN, decreasing the d 
population in the latter complex. Also, 5s population 
is greater in the latter complex. The result of these 
effects is a higher value of 6 for [Ru(CN),]--~. 

The influence of back-donation in 6 values is seen 
very clearly for the three complexes containing the 
ligand NO. In particular, [Ru(CN),NO]-2 shows the 
highest value of 6 of this series of complexes. Com- 
parison between this complex and the hexacyano- 
ruthenate(J1) complex, which exhibits a lower value 
of 6 evidences the stronger back-donation effect of 
NO relative to CN, through the comparison of 4d 
populations and also of rr*(NO) and n*(CN) popula- 
tions. In the same way, comparison of the ammine 
complexes with and without the ligand NO evidences 
the role played by back-donation to this ligand. 

The three complexes containing NO show differen- 
ces in their 6 values, which may be ascribed to the 
effect of the other ligands. Taking into account the 
approximations used regarding the ligands wave func- 
tions, the differences in 4d and K*(NO) populations 
suggest that back donation to NO is different in the 

1=3/2+ ’ 

12j 456 

X=5/2* c 0 ? 5/2 
--_*c - = ;- ‘-3/2 

?I/2 
Figure 6. Quadrupole $perfine levels in the 3/2+ + 5/2+ 
Miissbauer transition of Ru. 

three complexes; also Ss(Ru) populations are in the 
order CN > NH, > Cl. 

Quadrupole splittings obtained in Miissbauer spec- 
tra are the consequence of the interaction of non- 
cubic extranuclear electric fields with the nuclear 
charge density, for nucleus with, spin I > l/2, in 
which case the nucleus has a quadrupole moment 
Q # 0. In Ru, the spin of the nucleus in the excited 
and ground states involved in the Mijssbauer transi- 
tion is 312 and 512, respectively. 

Figure 6 shows the splitting of the nuclear energy 
levels of 99Ru caused by quadrup ole interaction. 
Experimentally, transitions 1, 2, 3 and 4, 5,6 cannot 
be resolved between themselves [6]. In this case, the 
MGssbauer spectrum of 99Ru under conditions lead- 
ing to quadrupole splitting shows only 2 peaks, cor- 
responding to the two groups of transitions. 

The quadrupole splitting AEQ of *Ru may be 
expressed as 

AEQ =i e2 qQ3,2 (1 + 172/3)1’2 (1 - R) (2) 

where Q3,2 is the quadrupole moment of the nucleus 
in the excited state; eq = -V, = the Z component of 
the electric field gradient tensor, e = the proton char- 
ge and TJ the assymmetry parameter (q = (V,, - V,,)- 
IV,,), which is zero for Cav symmetry; (1 - R) is the 
Sternheimer factor. 

In covalent complexes such as those studied here, 
the electric field gradient is believed to be almost 
entirely due to the non-cubic electronic charge distri- 
bution around the Miissbauer nucleus [32]. In this 
case, for complexes of Cav symmetry q may be ex- 
pressed as 

4 
q =- <rP3>d [(nd,z+ - n&z) t 

7 

+ (ndxy - ndxqyz)l (3) 

where <rP3>d is calculated with the d radial func- 
tions and nd,z_yz, etc., are the populations of the 
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TABLE IX. Electric Quadrupolc Splittings (A!&$ of Ruthenium and Iron Complexes. 

Complex Experimental 
AEQ(mm/s) dz2 

Populations (ndg _$ nd,2 ) + Catculatcd 
dx2-_yz dxy dxz.vz (nd,v - nd,,,,,) Al;g 

(mm/s) 

Kz (RuCIsNO] 0.18 f 0.02a 0.820 0.791 2.000 1.873 0.098 0.120 

[Ru(NH3)sNO]C13 ‘Hz0 0.39 * O.Ola 
0.36 f 0.03’ 

[Ru(NH&NO] Br,*HzO 0.37 f 0.02a 0.375e 0.904 0.870 2.000 I .627 0.339 0.353 

[Ru(Nl13)sNOlS04(S208),12 0.38 i O.Ola I 

Kz[Ru(CN)sNO]*21120 0.39 + o.Ola 
0.49 +_ 0.03b t 0.427” 0.989 1.059 1.934 I.497 0.507 0.414 

K, [Ru(CN)sNO] 0.40 + o.03c 

Ka [Pe(CN)sNO] 1.726 + 0.002d 0.954 1.019 1.977 1.517 0.525 1.788 

aW. Potzel, 1:. E. Wagner, U. Zahn, R. L. Mossbauer and _I. Danon, Z. P~JJs., 240, 306 (1970). bC. A. Clause, R. A. Prados and 
M. L. Good,J. Am. Chcm. Sot., 92, 7482 (1970). ‘R. Grcatrcx, N. N. Greenwood and P. Kaspi, J. Chcm. Sot. A, 1873 dJ. 
Danon and L. lannarella, J. Chem. Phys., 47, 382 (1967). ‘Avcraec values. 

different d orbitals. In expression (3) contributions 
due to p orbitals were considered negligible 1321 

Table IX presents the values of the experimental 
quadrupole splittings of the complexes of C4v 
symmetry studied here, as well as values of the cal- 
culated populations in the different d orbitals, and 
the factor in brackets in Eq. (3). 

It is suggested from this table that differences in 
the quadrupole splittings in these complexes may be 
mainly a consequence of differences in back-donation 
to the ligand NO. In fact, this effect causes a decrease 
in the populations of the or-bitals d,,, d,, relative to 
d xY and is in the order [Ru(CN),NO]-2 > [Ru- 
(NH3)sN0]‘3 > [RuCI,NO]-*. 

Quantitative results for the quadrupolc splittings 
using the populations in Table IX may be obtained. 
Considering that <r--3>d must be smaller for d,l, 
dXZ_v2 than for d,,, d,,, d,,, since the former arc 
much more delocalized towards the ligands, WC have 
made the approximation of neglecting the factor 
(nd 2__yz nd 2) in eq. (3). 

fhing the &lues Q3,2(99R~) = 0.29 barn (estimat- 
ed through an empirical rule) [33], <r-3>4d = 5.19 
ai (from Hartree-Fock calculations [34]), (1 -- 
R) = 0.68 (the value generally accepted for Fe) [3S 1, 
we have obtained the values of AEg given in Table 
IX. 

Assuming a positive sign for Q312(99Ru), which 
seems to be established [33, 361, it must bc noticed 
that our calculations predict positive signs for AEQ 
for all three C4” complexes. 

To further test the approximations used, we have 
calculated AEg for a complex containing a different 
Mossbauer eletnent , namely [ Fe(CN)SNO]-2. For 
this purpose we have repeated the SCCC-MO calcula- 
tion for this complex ion, as performed in reference 

17. After convergence to the same eigenvalues, eigen- 
functions and total populations as in the original 
work, we obtained the populations given in Table IX. 
With these values we calculated AFq for this complex 
(Table IX), assuming <fe3>ad = 4.93 ai (from refe- 
rence 34) and Q3,2(57Fe) = 0.2 barn (351. 

Considering the approximations used in calculating 
the 4d populations, the agreement between theoretic- 
al and experimental AEQ values may be considered 
fair. These results support the assumption that distor- 
tions of d shells due to back-donation provide indeed 
the major contribution to the electric field gradient 
in complexes of Fe and Ru. 
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