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ABSTRACT

Electron irradiation of the diamagnetic Rh(CN)g- ion in a KCl host lattice
produces three paramagnetic species. EPR studies reveals that one of the
species can be assigned as Rh(CN)4CIg-, of Dun symmet:ryi 4d7 low spin configu-
ration, arising from the trapping of an electron in a dz orbital followed by
the substitution of two axial cyanides by chloride ions. The experimental
data have been interpreted in terms of a spin Hamiltonian yielding the princip
al values of the g and hyperfine tensors as g, =.1.995, 8 = 2,297, Aﬁh =

= -40.8% 107 e}, Aj*_h --36.9%x10 % !, aSl =+ 27.8x 1074 ], Ail-

=+ 12.4 % 10"4 cm-r-l. Theoretical estimates of g values confirms this assign-
ment., A semi-empirical estimate of the wunpaired electron density on. the

metal and ligands is presented,

The first EPR work on a coordination campound of Rh(II) reports an inves-

tigation of the canplex (Bu,N)RnS,C,(QV), in which the rhodium ion has a 4d’
1

2

low spin configuration and is coordinated to four sulfur atoms.” Maki et al

studied the same camplex diluted in the isomorphic single crystals of

* Submitted by N. V. Vugman to the Universidade Federsl do Rio de Janeiro as
partial fulfillment of the requirements for the Master's degree.
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(Bu,N)NiS,C,(Q),. Townsend ° investigated Rn(ID) in a single crystal of zinc
tungstate obtaining for the first time detailed information on the hyperfine

interaction with the rhodium nucleus. Dessy et al. L*;:’r“r?z:‘ ‘studied the camplexes

("‘C5H5)Rh(""CQHu)2 and ("-CSHS)RhSQCuPs obtained by electrolitic oxidation
but measured only the average g value of the first campound, Keller and Waver
side © investigated (Tr-C5H5)2Rh without resolving the hyperfine structure of

the spectrum.

References 1 and 2 study refer to a planar complex and Townsend's work

treats the Rh(II) in a crystal field of almost octahedral symmetry.

Danon et al. 7,8 succeeded in pmducﬁng paramagnetic species of d7 confi-
guration irradiating with electrons diamagnetic & low spin complexé& Follow
‘ing this line we have irradiated l<3Rh‘(CN)6, an octahedral camplex of Rh(III),
with a ground state configuration (tzag) R expectiné that under favourable
conditions, reduction effects be produced by electron trapping as reported in-

references 7 and 8.

Given the difficulties of obtaining single crystals, preliminary experiments
were peffdmyed by irradiating policrystaline samples. The results, however,
ﬁere not very informative since many species were produced and the spectra
obtained difficult to assign.

Other work 9, 10, 11

suggested the possibility of diluting the Rh(III)
camplex in KC1 whose cubic lattice has the appropriate symmetry and spacing
to accamodate the Rh(CN)g— ion. The KCl was cheosen after a few trials with
other alkali halides which did not give good results, prebably due to the size
éf the'ur‘nit cell, which is too small, In the KCl it enters substitutionally,

replacing a KClg— group. Two positive ion vacancies must be formed in order



183
to keep neutrality.
Very conveniently the Vk_—oenters which are formed when -dlkali

halides are irradiated disappear at room temperature.

EXPERIMENTAL

The potassium chloride crystals were obtained by slow crystalization of a
saturated aqueous solution to which l<3R‘h»(d\I)‘6 was -added in molar proportions
of .1, .2, .4, .5, 1 and 2 percent. They were about 2 mm edge and the best

ones were chosen by visual inspection.

Irradiation was performed both at room temperature and at 77%K. The samples
irradiated at 77°K were brought to room temperature after irradiation in order
to anneal away the undesired signals  from Vk - centers., All samplec were

irradiated for 20 seconds with 2 MeV electrans at a current of 5 microamperes.

The crystals ir’radiatéd at liquid nitreogen temperature and breught to
ambient temperature became colorless. The onmes irradiated at room temperature

acquired a light pink color.

The spectra were obtained with a Varian 4500 X band spectrameter all at
liquid nitrogen temperature. Q-Band measurements were performed to obtain

angular variation and to check on the ccherence of the species assignement.

For examination in the spectrometer the crystals were mounted on a cold-
finger cryostat for EPR in such a way that they could be rotated arourd one
of the principal axes. When any of the other two axes of the crystal is paral
lel to the applied magnetic field one obtains, in one scanning, both the paral
lel and the perpendicular features of the spectrun. This gives an immediate

check on the axial symmetry of the species under study.
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The spectra cbserved reveal, in the irradiated sample, the presence of
three paramagnetic species (fig. 1) which we label A, B and C. All three have
axial symmetry. Species A, which is the main object of this paper, exhibits a

well resolved spectrum. The other two spectra are under study.

Species A only forms when the crystal is irradiated at room temperature.
Samples irrvadiated at 77°K show the signal corresponding to this species in
such a low intensity that it is hardly measurable. Annealling for about two

hours at 200°C of the samples irradiated at liquid nitrogen strongly enhances
the signal.

The intensity of the species A spectrum is notably influenced by concentra
tion of Rh(N )g— present in the doped sample. For low concentrations (up to
about .3%) the intensity of the signal increases linearly with concentration.
As the amount of added Rh(CN) g_ increases this intensity passes by a maximum
and then decreases in an exponential fashion.

Angular variation studies show that species A has axial symmetry (Figs. 2,
3). Both g values and hyperfine splittings can be fitted to the familiar 00828

law for these parameters, and have the same principal axes, oriented along the

crystaline axes.

The spectrum of species A is shown in figs. 4 and 5 in which on can see
respectively the parallel and perpendicular features. It will be noticed the
strong similarity of the parallel spectrum of species A with the spectrum of
Vi ~centers as presented in Kanzig's work 12. This similarity suggests that,
as in V,~centers, there is interaction with two equivalent chlorines. Species
A, however, has a) different symmetry axes, b) different g values and c) is

stable at room temperature.
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By assigning species A as Rh((N) uC].g_', with the two C1~ in the axial posi-
tions, the semi empirical reconstitution of the spectra reproduced in figs. 4
and 5 was made in terms of a spin hamiltonian of the follmﬁ.ng form:

. _
M= BeH.g.S + j_i]_ S'ACli'ICli+ S'ARh'IRh
which splits into three partial hamiltonians corresponding to the three possi-
ble pairs of chlorine isotopes Cl35 - C135, 0135 - Cl3.7 and 0137 - 0137 one
has to consider to account for the whole spectrum. The parameters obtained
for species A, together with the g values for species B and C are shown in
table I.

The natural abundances of these isotopes are taken respectively as 75% and
25%. As one can see in the figures it is possible to account for all the lines.

observed.

The same line of reasoning leads to the reconstruction of the perpendicular

feature in good agreement with the observed spectrum.

DISCUSSION

The hyperfine splittings cbserwved in both the parallel and perpendicular
features of species A, the observed axial symmetry, and the g values measured
strongly suggests that species A, as mentioned earlier in this work, is

7> 8 Arradiated & 10w spin tran-

Rh(N )HCIL;. Earlier work by Danon et al.
sition metal complexes has shown that the axial cyanides are the ones usually
affected by the electron trapping in a dZZ orbital. This is to be expected

since this is an antibonding orbital normally empty in these complexes.
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The trapping of the electron increases the energy of the system loosening,
therefore, the bond of the axial cyanides. In our case the equatorial cyanides
remain in their positions and the axial cyanides have their binding energies
reduced to a point that thermal agitation is enough to exchange them for
chlorines. This interpretation is supported by the fact that samples irradiat
ed at liquid nitrogen temperature form very little of species A whereas those
irradiated at roaom temperature show very strong signals due to species A. The
fact that samples irrvadiated at 77°K and annealed at 200°C will show the

spectrum of species A gives further support to this interpretation.
These results suggest the following reaction scheme:

mcm)g‘ + & ——eRA(AD), ccm‘z*‘

Rh(CN)u(CN);' +2 CUT= Ru(@V), cfz" £ 2N

The first reaction correspends to the trapping of the electron in the anti-
bonding orbital 13, The second reaction is influenced by concentration and
only proceeds above certain femperature as the annealing experiments show. The
increase in concentration -of'Rh(CN)g— shifts the equilibrium towards the left.
This explains qualitatively the decrease of intensity of the signaldue to
species A at higher concentration of. this ion in the sample.

Y

The data on species A, which we have assigned as Rl'l((l\l)uC].2 are consistent

with the idea that we have a '+d7, low spin, complex with a Dy, symetry.

Indeed, the crystal field treatment of the problem, assuming the unpaired
electron to be in a dZZ orbital, i.e., a ground state configuration eub%al,
including in the hamiltonian the spin orbit interaction and L.I interaction, 1

leads to the following formulas for the spin hamiltonian parameters:
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ﬂ::z{-ﬁy

7v

-3
Bfy<

g, - g,,—z,gL-gl—Z K is a measure of the Fermi contact imterection, and
AlsﬂeenerydlffezamebememmeAlmndanﬁ.g\manmmdﬂeﬁxst
excited Ecmflglmatlm.

TABLE
Species A B C
Symmetry adal axial axial
g-Values gn= 1.995 gn = 1.997 g = 1.990
gl = 2.297 gl = 2.128 gl = 2.160
AR A, = —40.8x10 " cm ¥ ees@
A = -3, 9"10-,* omn 1
A A, = 427810 ¢ o T
A= +12.x107 ¢ L
Stability Stable at room temp Stable at Stable at
yoam temp. YOOm tenp.
Well resolwed mltiplet
consisting of two V, . like.
specira offset by Fh split-
ting. The pezpendlcular Ffeature
consists of ten main lines with
the same characteristics.
Assignement Emn(m)ucd“'
Conditions  Irvediation at rm. temp. of XC1 These form when the crystal
is farmed cxncartzalicnsofm(m)g'.ays mmwat'lﬁ(

tals irradiated at 77K or with
high doping show this spectrum
whegannea]edfa'afar}nxsat
200°°C.

and with aly concentration
aflh((m

Note: The signs of the hyperfine couplings are discussed in the text.
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G. Rossman 15, in preliminary optical measurements of the irradiated sample

2
observed a peak at 505 rm (19,800 cm ) - which can be assigned to the ‘E —> A,
transition. This will give a gl = 2.37, in reasonable agreement with the

experimental data, which supports our unpaired electron orbital assignment.

Measured values of the hyperfine coupling constants bring no information

- about their signs. These can be inferred for the rhodium from the study of
the formula of P obtained from egs. 2 and 3, which can be solved simultaneously
for P and K and from the value of <r °> obtained from the expression (5).
Since gNRh <0, according to (5) P must be negative. The value of <r'-3> for the
complex species must be smaller than the theoretical free Rh(II) ion value,
6.80 a.u 1? The only combination of signs that‘will satisfy these conditions
is both A, and A _l. negative,

Taking AR = -40,8x 10} em t and A, = - 36.9x 107F an *

, ¥y = 0.061 and
the experimental g values one obtains < r-s > = 1,48 a.u, which is consistent
with the delocalization of the electron to the ligands, as indicated by the

chlorine hyperfine splittings observed.

In order to attribute signs for the chlorine hyperfine coupling

constants we start fraom the formula.

Ao = (B - .l.)/3 = 2/5P



189

derived under the assumption a) that the wave function of the unpaired electron on
the chlorines is of character p, b) that the orbital angular momentum is totally

quenched and c) that the chlorine hyperfine interaction is due exclusively to

dipolar interaction T°, P is defined as in (5). Choosing AST = + 27.8 x 10 *em L
and A_l_ =+ 12.4 x 107 an T one cbtains a positive P (positive gN), a value of
<r_3> = 0,74 a.u, (which is less than the theoretical value 6,71 a.u. for the free

17 . . . . .
Cl17) and a small isotropic contents in the hyperfine coupling.

From a molecular orbital standpoint one consider the wave function of the
unpaired electron as a linear combination of metal and ligand functions of the

form
d

‘P='N¢M

+Za ¢P
[, L'L

where the sum extends over all ligands and s densities are considered small and
neglected. ]NI2 and IOLL|2 will be a measure of the spin density respectively on

the metal d orbital ar4 in the ligands p orbitals.

Calculating < r_3 > with this wave function we will have:
<r 3 = <‘y|r—3[\y> = |N|2 <¢§}|r—3|¢§ > + terms
. . . dy.=3,,p Pi.—3,.p :
involving integrals of the type <¢M|r |¢L> and <¢L|r |¢L,> , which can be

considered small.

The INI2 value is, in this approximation:

-3
<7 >
2
N|? =

d;_~3.d
<M]r |¢M>
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The denominator is the theoretical value calculated by Hartree Fock method report-

ed by Freeman and Watson 17

as 6.80 for Rh(II). Admitting that the numerator
corresponds to the semi-empirical value obtained from experimental values of the
hyperfine constants and crystal field theory (1,49 a.u. for Rh(II) in- quII(O\I)HCl;_),

we can write _3
< r >exp

|% =
< 3>theor

This gives iNI2 = 0,22 as the spin density on the d orbital.

One could obtain similar expression for the [aLI 2 putting the origin of the
2
coordinate system on the ligand L. Then, for the chlorine p orbital, Iagll = 0,11.

The s density on the chlorine can be estimated by the ratio of the isotropic
part of the hyperfine splitting to the theoretical value 16 neglecting polariza-

tion of internal shells. This places Iocslz in the vicinity of 1%.

Remains to be estimated the real s density on the metal. In order to do
that one has to separate the effects of polarization on the n32 inner shells. It
can be shown that

pol -1, _ 3
AL (em 7)) = 2/3 (ge Be 8y BN) (28x) /heca o

iso
where X is the core polarization hyperfine field per unit spin 20 and aj the
Bochr radius. X can be obtained from ref. 18 and is approximately constant

for the 4d elements. Assuming that the value of x for pa* (-8.62 a.u.) is the

2+, which has the same configuration, one finds Ali)gg (Rh%*) =

same as that for Rh

= 32,1 x 107% ant and, by difference:
AS = - 70.3x 107 et
exp

1+

The total 5s density calculated theoretically 18 for Rh™ is - 790 x 10'”

cm—l. A candid estimate of the total 5s density for R1'12+ can be made if one

observes that the ratio of the calculated real s isotropic interaction for vl
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and V°, o' and or°, Mn'" and Mn® 19 is of the order of 2.5. This will place
A5R22+= - 2000 x 10~ cm_l, leading to a 5s spin density on the Fh in our camplex
of 3.5%.

PR
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CAPTIONS TO THE FIGURES

1. Spectrum of single crystalé of KC1 doped with 1% M K3 Rh(CN)G, irradiated at
ambient temperature. To the left the perpendicular feature of species A. The
two peaks at the center are the perpendicular feature of species C and B, The
parallel features are superimposed on the extreme right. Spectrum taken with

the magnetic field parallel to one of the crystaline main axes.

2. g-values angular variation of species A, obtained by rotation of the crystal
around one of the main axes. 0° and 90° correspond to the other two axes.

3. Angular variation of the hyperfine splitting due to interaction with Rh and

Cl nuclei.

4., Perpendicular feature of the spectrum of species A. a) Reconstitution made

assuming interaction with Rh and Cl. b) Recorded spectrum at 77°K.

5. Parallel feature of species A. a) Reconstitution assuming interaction with
Rh and Cl. b) Recerded spectrum at 77°K
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