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ABSTRACT 

ESR studies of KC1 single crystals doped with small 

amounts of K3lr(CN)6 and submitted to a prolongucd 2 MeV electron 

irradiation at room temperature reveal the piesence of the 

|lr(CN)sCl| ~ and |Ir(CN).Cl2| " new molecular species. Ligand 

spin densities and ligand field parameters are calculated from 

the experimental hyperfine and superhyperfine interactions and 

compared to previous data on the |Ir(CN)5| species. 



]. INTRODUCTION 

In previous works l '*l ' wc reported the ESR studies of 

|Ir(CN)c| " complex in a KCI host lattice. This molecular species 

is created when KCl single crystals doped with 0,51M K^Ir(CN), are 

exposed to 2 MeV electrons at 77K or at room temperature. The ESR 

spectra are very interesting: they reveal the presence of a strong 

quadrupolar interaction besides a magnetic hyperfine interaction 

with both iridium isotopes and a superhyperfine interaction with 

one axial and four equivalent equatorial cyanides. 

We now report the ESR spectra of the |lr(CN)5Cl| " and 

1 Ir(CN)4Cl2! ~ new molecular species ' ' obtained when the samples 

described above are submitted to appropriate heat treatment after 

irradiation at 77K.-



2. EXPERIMENTAL 

Single crystals have been grown by slow evaporation 

from saturated aqueous solution of KC1 to which KjIrCCN)^ was 

added in molar proportion of O.S*.. They were about 3-mm edge and 

the best ones were chosen by visual inspection. 

Irradiation was performed with 2 MeV electrons at a 

current of 5uA both at room temperature (120 sec) and at 77K dui[ 

ing 30 sec. Samples irradiated at 77K were heated up to 400» in 

order to produce the paramagnetic species under study. The ESR 

spectra were obtained with a Bruker ER-420 X-band spectrometer at 

77K with the aid of a'immersion quartz cryostat. For examination, 

the crystals were mounted in a goniometer in such a way thsy 

could be rotated around one of the KC1 principal axes. When any 

of the other two axes of the crystal is parallel to the applied 

magnetic field, one obtains, in one scan, the three principal 

matures of the spectrum. This gives an immediate check on the 

symmetry of the species under study. An ASPECT-2000 small com

puter has been used to simulate superhyperfine spectra, in first 

order perturbation: theory. 



3. RESULTS 

Samples irradiated at 77K and annealed up to 300*C 

during 4 hours present a new many line spectrum. Angular vari

ation studies indicate that it corresponds to an axially symme

tric species with g = g = gj greater than g, = g = 2 . 

isotopic substitution with 95$ N makes the spectrum interpretation 

relatively easier: resolution increases as the number of lines 

varies as a consequence of the larger N gyromagnetic ratio and 

smaller nuclear spin (I = 1/2). On the other hand, N isotopic 

substitution experiments evident iate the presence of nitrogens in 

this paramagnetic complex. The parallel feature of the spectrum 

(external magnetic field alligned with the complex principal symm£ 

try axis, 0 = 0*) is shown in figure la. Figure lb shows the spectrum 

simulation considering the unpaired electron interaction with one 

191 193 35 
iridium nucleus ( Ir and *Ir isotopes), one chlorine ( CI 

37 _nd ' CI isotopes average), one axial cyanide and four equivalent 

equatorial cyanides ( N 951 enriched). The following Spin 

Hamiltonian has been used: 

which splits into four partial natural abundances weighted Hamil-

tonians corresponding to the ensembles of molecules containing 

37C1 -191lr, 35C1 - 191lr, 37C1 - 193Ir and 35C1 - 193Ir isotopes. 

In the perpendicular feature, the superhyperfine in

teractions with the other nuclei are well resol"ed. On the other 



hand, the perpendicular spectrum evidentiates a strong quadrupolar 

interaction, almost absent in the parallel spectrum. In view of 

these arguments, we assign this species as the |lr(CN),.Cl| com 

pi ex. 

Samples irradiated at 77K and annealed up to 400»C 

during 6 hours reveal the presence of another axially symmetric 

paramagnetic species (g1>g = 2), whose parallel spectrum is 

superimposed to the above mentioned spectrum. However, for the 

samples exposed to prolongued (120 sec) 2 MeV electrons-irradia

tion at room temperature, this new espectrum is rather intense, 

predominating over the previous one (Figure 2a.). It consists 

of dozens of very well Tesolved narrow lines (5 Gauss line width) 

and can be perfectly accounted for assuming the unpaired electron 

interacting with one iridium nucleus and two equivalent chlorine 

191 19"S nuclei. Iridium isotopes lines ( Ir and Ir have I = 3/2 

O.1450„ and 0.1580 nuclear moments and 38.S'., 61.5*» natural a-n n 

bundances respectively), as well as chlorine isotopes lines ( 

3 CI and 37C1 have I = 3/2, 0.821$n> 0.683Sn nuclear moments and 

75.41, 24.ól natural abundances respectively) can be identified 

from the spectrum. Isotopic substitution with N does not mod 

ify this spectrum, as expected. 

Figure 2b shows the first order perturbation theory 

computer simulation of this spectrum, considering the 

Spin Hamiltonian: 

following 



which splits into six partial natural abundances weighted Hamil-

tonians corresponding to the three possible pairs of chlorine 

isotopes. 

The correspondim; perpendicular spectrum is also very 

well resolved and, besides the magnetic hyperfine interactions , 

reveals the presence of a strong quadrupolar interaction with the 

iridium nucleus. We assign this species as the |Ir(CN)4Cl2l 

complex. A comparative study of the strong quadrupolar inter-

actions in the |lr(CN)r| complex1 ' and in the new paramagnetic 

species reported here, in NaCl, KC1 and RbCl host lattices, will 

be the subject of another publication^ '. 

Spin Hamiltonians (1) and (2) must be read with cau 

tion: they are incomplete (quadrupolar interactions are missing) 

and the chlorine interaction term stands for one chlorine in (1) 

and for two chlorine interaction in (2). They have been stated 

in order to introduce the Spin Hamiltonian parameters shown in 

table I. 



-I. DISCUSSION 

The g-values and the supcrhyperfine interactions for 
7 

both species are consistent with a IK, 5d low spin complex with 
•> 

the unpaired electron occupying an anti-bonding d.t2 orbital Ĉ -i 

ground configuration). 

Table II shows the calculated ligand field parameters 

* ' and ligand spin densities for the pentacoordinated, the mono 

and the di-chlorinated species. The d 2 molecular orbital 
2 

coefficient |a| and the axial nitrogen f value are approximately 
1 A 

the same for the |lr(CN)5|
 a n d t h e

 !IT(CN)5C1| ~ species. On 

the other hand, the axial nitrogen f value is much smaller in 

the mono-chlorinated species; the presence of the chlorine at the 

sixth position pulls the metal closer to the equatorial plane.The 

r.etal, h'wever, should not lie in this plane because superhyperfi 

no interaction with the equatorial cyanides are observed^ . As 

to the llrfCN^Cl,! " specier., the |a| coefficient is much 

smaller than those for the other two species, though approximate-
2 

ly equal to the calculated |a| values for the analogous 

!fo(CN)4Cl2|
4_(6i and |Rh(CN)4Li2|

4"(7) species. Chlorine spin 

densities (f and f ), however, are twice as much the respective 

values for the mono-chlorinated species, in agreement with a more 

dclocalized molecular orbital. 

The core polarization field per unpaired spin, X can 

\>e calculated from the Ferni contact term K by the expression: 

- K<T" 3 >5d 



Using <r" >sd = 10.9479 a.u. as calculated in ref. 8 for a Sd Ir 

ion and our experimental Jata we can find the values shown in 

Table II. The positive X values found in the penta- coordinated 

and ir the mono-chlorinated species can be explained if we admit 

a mixture of the lis w.ivcfuncti on in the unpaired electron molecular 

orbital. It is striking, however, the large negative X value 

found for thcjir(CN).Cl21 " complex; this value is even larger than 

Í91 the - 17 a.u. free ion value calculated by Freeman et al. ' for 

the 5d transition elements. Similar result has been found in the 

|lrCl6| species " ° ) . On the other hand, Goodings and Heine^ ' 

did show that spreading out the iron 3d wave-functions makes the 

x values more negative than the free ion value. In the molecular 

species under study the polarizing unpaired electron occupies a 

d„2 molecular orbital which can be strongly delocalized as in the 

case of the di-chlorinated species. Extrapolating Goodirgs and 

Heine's reasonings, we can attribute the large negative „ values 

to an expansion of the unpaired electron d 2 molecular orbital. 
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ri GURI; CAPTIONS 

PClllíi; 1: Paral le l feature Ú=gT ) oT the f i r s t deriva ted ESR 

spectrum of KC1 s i n g l e crystals doped with 0.5*M K-Ir(CN),, 

i rradiated with 2 MeV e l ec t rons at 77K and heated up 

to 300»C during 4 hours. 

4-Top: experimental spectrum of spec ie s |Ir(CN)rClj at 

77K; 

Bottom: spectrum simulat ion (see t e x t ) . Small d i s a 

greements in the centra l l i n e s are due to second order 

e f f e c t s not taken in to account in the s imulat ion . 

FIGURE 2: Paral le l feature (g=g ) of the f i r s t der ivate spectrum 

of species | l r (CN) 4 Cl 2 | 4 ". 

Top: experimental spectrum at 77K; 

Botton: spectrum simulation (see t e x t ) . Small disagree 

ments in the centra l l i n e s are due to second order 

e f f e c t s not reckoned with in the s imulat ion . 





TABLE I 

SPECIES 

Ir(ON)5Cl|
4" 

IIr(CN)4Cl2|4-

SPIN HAMILTONIAN PARAMETERS. HYPERFINE INTERACTIONS 

*X 

2.2139 

2.5580 

9» 

1.9658 

1.8970 

A T r 

<+)15.0 

(-) 137.0 

AIr 

(+)47.9 

(-)116.0 

Pz 

20.6 

80.0 

»I 
4.0 

-

ARE IN 10 

AN 

ax.! 4.3 
eq.: 1.9 

-

"4cm UNITS 

AC1 

6.0 

12.0 

• 

AC1 

16.5 

33.3 

TABLE II , 
LIGAND FIELD PARAMETERS AND SPIN DENSITIES. 

SPECIES 

|Ir(CN)5|
J" 

|Is<CN)5Clj
4-

! |lr(CN)4Cl2|
4" 

1 ex |2 

0.50 

0.55 

0.18 

X (a. u.) 

18.0 

IV . 0 

-54.5 

f . 

Nax-.009 

V - 0 0 3 

CI».006 

CI * .012 

fP 

N «.050 
clX 

CI».0(36 j 

CI -.175 j 
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