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ABSTRACT

Isomer shifts of the recoilless 90 keV y-rays of 99Ru were observed in a
number of octahedrally coordinated complexes of ruthenium and :reveal the influence
of different ligands on the electron density at the ruthenium nuc¢lei. For a given
oxidation state the observed shifts are correlated with the spectrochemical series;
the backbonding properties of ligands like CN and NO* cause a considerable
increase of the electron density. This behaviour is largely similar to that found
for compounds of iron and some 5d elements.

1. INTRODUCTION

Recent investigations 1,2

9

of the isomer shifts of the recoilless 90 keVv Y-
rays of 9 Ru in the majority of the studied chemical campounds revealed a monotonic
increase of the dbserved shifts with the oxidation state of the metal. This has

been attributed to the shielding effect which the 44 electrons exert on the closed-

* To be published in Zeit. Phys.
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shell s electrons. Since the nutber of the d electrons decreases from 4d6 in di-

valent to 4d° in octavalent ruthenium cne expects the electron density D at the
sites of the Ru nuclei to increase with the oxidation state. The dbservation that
at the same time the isamer shift energy

s = (21/3) z % 6<r®> D
also increases implies that the change <S<r2> of the mean square nuclear charge

L 3. The considerable spread of the shifts for campounds

radius must be positive
of the same formal oxidation state but with different ligands, however, reflects
the inportance of additional effects of chemical bonding, without a thorough
understanding of which the dbserved details cannot satisfactorily be explained.
Such are, for instance, the 5s, 5p and additional 4d populations arising from o©
bond covalency and changes of the effective number of 4d electrons due toTm bend
ing. Drastic effects of the latter kind have been dbserved in complexes contain-
ing ligands with low-lying empty 7* orbitals. In such campounds badkbonding with
metal d orbitals may lead to an increase of the electron density by an amount cor

responding to more than two oxidation states L, 5, 6.

Since both ¢ and T bonding strongly depend on the nature of the ligands, one
can hope to gain same insight into these mechanisms by a systematic variation of
one or several ligands in otherwise similar complexes. In the present paper we
report such data for hexacoardinated ccnplexes of divalent and trivalent ruthe-
nium and same other recent Ru isomer shift results, which are of interest in

this ocontext.

2. EXPERIMENTS AND RESULTS

Experimental details and the evaluation of the data have been described pre-

99

viously L. A source of °Fh in a 150 mg/ar® foll of natural Ru metal was used in
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all experiments and both the source and the absorbers were cooled to 4.2 K in a
liquid helium cryostat. Same of the trahsmission spectra are reproduced in Fig.
1. The results obtained for the different absorber substances are campiled in
the table. The isamer shifts S are given with respect to Ru metal. The quadru-
pole splittings AR, = (€QV,,/2) (L + n/3) /2, the sign of which camot be derived
fram the nuclear gamma resonance spectra, are those of the 90 keV state with spin
I= 3/2+. As in the previous nuclear ganmma rescnance work con ruthenium 1,2, 4
the quadrupole splitting of the I = 5/2 groundstate could not be resolved in any
of the campounds studied, nor was a magnetic hyperfine splitting dbserved in any
of them at 4.2 K. |

3. DISGUSSIN -
The isarer shift data glven in the table as well as same relevant previous

results 1

are plotted in Fig. 2 where, for the sake of clarity, the different
types of capounds are arranged in separate colums. Even though for most of
these campounds no x-ray structure data are available, their chemical formulae
suggest an octahedral or distorted octahedral arrangement of the ligands. This
is true even for RuF5 which oconsists of tetrameric Ru4F20 clusters made wp of

bridged fluorine octahedra 7.

The behaviour of the hexahalogen complexes of ruthenium is very similar to
that of the iscelectronic iridium compownds °. Obviously this growp of compounds
exhibit the lowest electron densities which are at all cbserved for any given
formal oxidation state of the metal. The absorption lines of the hexammine com-
plexes of trivalent ruthenium are shifted to higher velocities by an amount cor-
responding to about one half of the difference betwéen adjacent oxidation states

.of the hexahalides. This is probable due to a higher degree of ¢ bond covalency,
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since ammonia is expected to be neither a 7 donor nar a T  acceptor 8,9

and elec
tronic cowpling effects should proceed via ¢ bonds only. A more drastic shift to
higher electron densities occurs whenever a polyatamic ligand with backdonation
properties is introduced into a camplex of ligands which do not themselwves possess
enmpty m* orbitals adequate for backbaiding . Most striking in this context is the
‘nitrosyl grow, which forms bonds of high stability in many Ru(II) complexes 0711,
Campared to those of [Ru(NH3) 6] 2* the rescnance lines of [Ru(NH3) 5NO] 3* and
[RiC1NG]?" are shifted towards higher velocities by an amowt which corresponds
to nearly two cxidation states in the hexshalide scale and may formally be identi-
fied with a reduction of the number of 44 electrans by slightly less than two
wmits. The outétanding properties of the Ru-NO bond can be attributed to the
large overlap between the filled nteté.l 4d_, and 4d,, orbitals and the empty m*
orbitals of the nitrosyl growp, which is the essential feature of the molecular
crbital scheme for [MXNG)- type conplexes 27 14, the famation of these anti-
bonding T-type molecular orbitals with the nitrosyl ligand results in the back-
dmation of d electrons to the ligand and leads to a higher s electron density at
the nuclear site since the s electrons of the metal became less strongly shielded.
Moreover, the expansion of the d electrons to the ligand is expected to go along
with an enhancement of the ¢ bonding sﬁrength. In this way electrons occupying
the o bonding orbitals are shifted from the ligands to the metal and the princi-
ple of electroneutrality is, at least partially, cbeyed. Such a process may again
increase the electron density at the nucleus, since the s character of the ¢ bond-
ing orbitals presumably outweighs the shielding power of their d and p contribu-

tions 15. In analogy to what has been cbserved for the iron case the nitrosyl

growp exhibits the strengest backbonding cepability in. ruthenium camplexes 16.
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From the isamer shifts in the series _
l:RuII(CN) SNOZJ b < [RuII(CN) 6 J 4= I:RuII(CN) SNo]z‘ and

[RuII (NE) 6:' 2+ [RuII (NH,) SNZ:I - [RuII (VH,) sno] 3

of carpounds in which only one ligand varies, the following order for the back-dona
_tion power of the ligands can be established:

No,” < o~ < NOo' = and

+
NH3 < Nz << NO

*
While NH, is neither a Trdonornoranacaaptors’ 9,the1r antibonding

3
17, 18

tendency of theN2 ligand has been the dbject of same discussion . The isomer

shift values for the [I_Qun (NH3) 5N2:|2+ camplexes as campared to those of the hexam-
mine campounds of Ru(II) are in agreement with the notion that N, possesses same m*
antibonding capability.

For the isamer shifts in cawpounds with two substituted ligands one can write

the sequence,
2 I1
E{uII (NHB) 6] t < ,:Ru (NH3) 4pyrzjl 2+ < E{ull (NH3)4(HSO3) 2:[ <

II c1 ]+ II OH] 2+
[R“ (NH,) , soJ «:l}“ (NH,) , No]

which again demonstrates the backbonding power of the NoO' ligand.

In @D(S NOJ—type caplexes the five X-ligands are less important for the mole
cular orbital bonding scheme 1, 14 than the nitrosyl group, but they are by no
means negligible. This is demonstrated by the juxtaposition of the isamer shift

series
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[RuIICISNO-IZ" < EzuH(NHB)Smﬂ3+ < E{uII(CN) SNcilz" and

11 2+ I1 4~
[Ru (NH3)6] << [Ru (CN);I

which shows, that the strong backdonation properties of the N ligands as.compared
to the "innocent" NI-I3 provoke less change of the electron density when a nitrosyl
growp is. present than they do between I:RuII (NH3)6jz+ and I:RuII (oY) 6]4_‘ This indi-
cates, that a saturation value is reached, when a shift formally corresponding to
about 2.5 axidation states has been induced, The Emn (@) 5No]2‘ camplex exhibits

the highest isarer shift value dbserved for divalent ruthenium campounds, in strik-

ing analogy to the iron case 16.

Fram the sequence-

III T3+ III 3+
E{u (NH3)6‘, ~ Ezu. (NH3)5H20] ~

III T+ _ III cl]+ -
l-_Ru (NH3)4012J P4 E{u (NH’?')4 OH:I

of isamer shifts in ammine camplexes ane may infer a slight backbonding tendency of

the CH growp 1,20 e interpretation of such small effects in terms of m* anti

bamding may, however, already stress this model too much.

It is interesting to note that the sequences
rullc1No|? < RuII(NH ) No| 3t < |ralt(aw) 0| .
5 3’5 : 5

I:RuII(NHB) 6]2" << I:RuII(CN) 6]4’ and

E‘“HIFs'] 3~ EuIII aes) 6” > EUIII o) (;l 3+

for the isomer shifts correspond to the order of the ligands in the spectrochemical
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series 20 if the thiocyanate group is nitrogen bonded to the ruthenium atom, which

has been inferred fram infrared spectroscopy data 21.
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TABLE

Isomer shift S relative to ruthenium metal, half linewidth at half maximum W/2,
and electric quadrupole splitting AEQ of the 90 keV state of 99Ru obtained from

absorbers of various ruthenium compounds. In the last column references as to the

suppliers or preparation of the samples are given.

Compound | ! E:‘ /s] EnﬁE/g] [xpxlnﬁs] Ref.
Ru'F, +0.15 + 0.01 | 0.56 +0.01 | 0.18+0.02 | (a)
( H'I(NH ) ] 2 - 0.50 + 0.06 - 0.37+0.1_| (b

't o) Br|Br, - 0.53 + 0,02 - 0.30 + 0.02 | ()
E{uIII(NH3) 5H20] mo,), - 0.50 + 0,07 | 0.49 +0.05 | 0.32 +0.08 | (c)
[ o'ty 1, le1.8,0 - 0.51+0.01 | 0.58+0.01 | 0.15+0.01 | (d
[ra™* ) 1, ] ac1, - 0.56 +0.02 | 0.57%0.02 | 0.17+0.02 | (&
2[ IIIC151120] - 0.71 + 0.02 0.32 + 0,02 0.17 + 0.03 | (e)
[;[RuIIIFQ] - 0.84 + 0.01 - 0.24 + 0.01 | ()
[ra't ) Jo1, - 0.92 + 0.01 - 0.13 + 0.01 | (b)
-RuII(NH )6] ) - 0.93 + 0.03 - 0.13 + 0,04 | (b)
[Ru o )](BF4) - 0.92 + 0.01 - 0.14 + 0.01 | (®)

™ o) N]Brz - 0.80 +0.02 | 0.26 +0.02 | 0.14 +0.02 | (g
'iun(tm )5N]J2 - 0.82 +0.02 | 0.25+0.03 | 0.10 + 0.02 | (g)
EluII(NH3)5N()j)C13.H20 ~0.19 +0.01 | 0.39 #0.01 | 0.14+0.01 | ()
[ Ra'T (VH,) (NO[Br . H,0 = 0.22+0.02 | 0.37+0.02 | 0.14+0.02 | ()
Ra® (NH ) No:[ | - 0.20 + 0,01 | 0.38+0.01 | 0.13+0.01 | (h

- 1 82°8172

Rt oy, soz_Jm - 0.50 + 0,01 | 0.56 + 0,01 | 0.15 +0.02 | ()
Ry, N1, - 0.16 +0.02 | 0.25+0.02 | 0.14+0.02 | (h)
: (), o BT, - 0.15 + 0.03 | 0.28+0.03 | 0.15+0.03 | (n)
K, [Ra"Tc1M0] ~0.36+0.03 | 0.18+0,02 | 0.14+0.03 | (i)
4Ezun(cm5uoz] - 0.34 +0.02 | 0.20 +0.02 | 0.15+0.02 | (k)
o [Re™T ) Vo] 21,0 - 0.08 +0.01. | 0.39+0.01 | 0.18+0.01 | (D
E{uII(NH3)4(pyr)2]J2 - 0.71+0.06 | 0.46 + 0.06 | 0.20 + 0.1 | (g)

N -
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References given in the Table:

(a)

(b)
(c)
(d)
(e)
(£)
()

(h)

(1)

(k)
€N

Holloway, J. H., Peacock, R. D., Small, R. W. H.: J. Chem. Soc., 644 (1964).
The sample was kindly provided by Prof. Peacock, Department of Chemistry -

The University, Leicester, England.

Allen, A. D., Senoff, C. V.: Canad. J. Chem., 45, 1337 (1967).
Gleu, K., Cuntze, W.: Z. Anorg. Allg. Chem., 237, 187 (1938).
Gleu, K., Breuel, W.: Z. Anorg. Allg. Chem., 237, 197 (1938).
Mercer, E. E., Buckley, R. R.: Inorg. Chem. 4, 1692 (1965).
Peacock, R. D. : Rec. Trav. Chim., 75, 576 (1956).

Allen, A. D., Senoff, C. V.: Chem. Comm., 621 (1965); Allen, A. D., Bottomley,
F., Harris, R. O., Reinsaln, V. P., Senoff, C. V.: J. Am. Chem. Soc. 89, 5595
(1967) . ST

Gleu, K., Buddecker, I.: Z. anorg. Allg. Chem., 268, 202 (1952).

The sample was kindly made available by Prof. J. P, Mathieu, Laboratoire de
Recherches Physiques, Paris.

Baran, E. J., Miller, A.: Chem. Ber., 102, 3915 (1969).

Mgnchot, W. Dising, J.: Chem. Ber., 63, 1126 (1930).

Figure Captions:

9

Fig. 1 - Relative transmission N(v)/N(x) of the 90 keV Yy ~rays of 9Ru through

absorbers of various ruthenium compounds versus the Doppler velocity v.
Both the absorbers and the source of 99Rh in Ru were cooled to 4.2 K.
The small peak near v = 0 mm/s in the K RuF . spectrum is probably due to

3
impurities.

Fig. 2 - Plot of the present and some previous 1 ruthenium isomer shift data. The

data from ref. 1 are marked with an asterisk.
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