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ABSTRACT

Semi-empirical Molecular Orbital calculations were performed
for the paramagnetic complex ionS'[Ir(CN}5]3', {Ir(CN)5C£I4_ and
[Ir(CN)AC£2]4'. Energy levels schemes and Mulliken-type popula-
tions were obtained. The distribution of the unpaired spin. over
the atoms in the compiexes was derived, and compared to data ob-
tained from Electron Paramagnetic Resonance spectra with the aid
of a Ligand Fieid model. The electric field gradients at the Ir
nucleus were calculated and compared to. experiment. The results
afe discussed in terms of the chemical bonds formed by Ir and the

ligands.

RKey-words: Ir complexes; Mclecular orbital; Electric. field gradient.
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1 INTRODUCTION

There has been considerable interest in the electronic struc-
ture and spectroscopic properties of the transition metal c¢yanide
complexes. Some of these complexes are diamagnetic but can be made
paramagnetic by capturing electrons produced by irradiation with
X-rays. The metal ions in the irradiated complexes may show un-
usual and unstable oxidation states and their properties can be in
vestigated by Electron Paramagnetic Resonance (EPR)(1).

We have been interested in the EPR of transition metal hexa-
cyanide complexes inserted in alkali halide host lattices for the
past aﬁera1y6m3(2}<7). Alkali halides have been the most fancied
host crystals for incorporating the transition metal complexes in
diluted and isolated form for the EPR studies. This has been pos-
sible because of the good matchihg of the symmetry and size of sev
eral transition metal cyanide complexes with several appropriate
alkali halide lattices.

The measured EPR spectra reveals the presence of several @’ low
spin paramagnetic épecies in irradiated crystals. The species can
be divided into three categories i.e. pentacyano/hexacyano, mono-and di-
chlorinated-species(Z). |

The spin-Hamiltonian used to interpret the EPR spectra includes
an electronic Zeeman interaction (effective spin $=1/2), a hyper-
fine interaction between the electron magnetic moment and the mag-
netic moments of nuclei with non-null nuclear spin, and a gqguadru-
polar interaction between the nuclear quadrupole moment of the metal ion
and the electric field gradient (EFG) at the nuclear site. Additional terms

including nuclear Zeeman interactions are ignored, as their first order contri

bution to the spectra are usually small enough to be neglected.
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Usually quadrupoiar interactions are not detected in EPR spec-
tra, as they are much smaller than magnetic hyperfine interactions.
However, when a nucleus combines a small magnetogyric ratio and a-
rather large nuclear quadrupole moment and is located in a site
with a2 non-null EFG, the guadrupole term in the spin- Hamiltonian
can be of the same order of magnitude as the magnetic hyperfine one.
EPR spectra then become very unusual, and the guadrupclar interac-
tion can be accurately measured,_és is the case for divalent iri-
dium and monovalent osmium complexes (7)-

We will focus on the divalent Iridium Cyanide complexes' that
are fogmed by irradiation of [Ir(CN)6]3- in alkali chloride host
lattices, namely [Ir(CN) 1’7, Hr(aMct1*” and [Ir(cN),CE,1%" . For
these species, we obtained the spin distribution on the different
atoms from the measured spin-Hamiltonian parameters accordingly to
a Ligand Field model, described below, which has been extensively
used in the 1iterature(8): EFG values were taken directly from the
measured quadrupolar interactions.

For the purpose of interpreting this experimentally - derived
data in terms of the chemical bonding within the complex ions, we
.have performed semi-empirical Molecular Orbital (MO) calculations
for the species above, thus obtaining the general characteristics
of their electronic structure. The distribution, in terms of Mul-
liken~-type populations, of the unpaired electron over the atoms of
the complexes was derived and compared to the corresponding EPR
data. We also obtained the electric field gradients at the Ir nu-
cleus for the three complexes; these calculated values were com-—
pared to the experimental values, and the relative importance of

the 5d and 6p contributions to the EFG was assessed, as well as the

influence of the Ir-Cf bond distance in the complexes [Ir((N) 5C£]4'
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and [IF(CN),CE,1%".

In Section 2 we describe the Ligand Fiéld model which was em-
ployed to derive the unpaired electron distribution from the EPR
data; in Section 3 we describe the Molecular Orbital metheod; in
Section 4 are given the results obtained with the MO calculations
and compared to the experimental parameters; finally, in section 5

we give a summary of the main conclusions drawn.

2 THE LIGAND FIELD MODEL

For a Cév or D&h symmetry low spin system the unpaired electron

occupies a d_» orbital (2A1 on zAlg ground state). Spin-orbit coupling

causes the admixture of the ground state configuration with the
g state from excited configurations (only the first one is usual-
ly considered in the calculations). The |E'a'> components of the

Kramer's doublet for these two configurations, in the complementa-

ry scheme, are |biaI> and Iaf(l)_> , respectively.

In the Ligand Field model, the atomic d orbital is allowed to
mix with the ligand orbitals, so the corresponding orbitals can be

written

= 083 = o = Iy o At
a; = 0d; o Taland (1) B(l) - B YLi

where a, is the 54, ., orbital with mixing coefficient a and (1) the

1

partner in the Kramer's doublet; Ta and ?L are linear cawbinations
1 1

of the ligand orbitals of appropriate symmetry. The symbol "~" in

dicates an atomic orbital.
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After diagonalization of the spin-ofbit interaction matrix and
' (3)

evaluation of the components of the g and A tensors we get
gy = g cos2& + 2k sin?e (1)
g, = g,cos’8 + /6k'sin28 (2)
4 24 12 ,2 P - o '
A“ = [-qu? a‘cos‘h + B2sin28+ (Y6/7)aB sin28 )P (3)
_ 2 2 2 6 L2 2 15 ity
A, = [-|<—7 a?cos Q-? RZsin B-ﬂfgaﬁ sin2g8]P (4)

k' and k" are orbital reduction factors defined by the following

expressions:

ki

<{1).|£;|alf>/f6_ = aB-aB's, -a'Bs + (a'B'//E)<‘i’L1-|£+|‘*’al>

1
kl'

< e 1> = 1.8 1<y, |2 [¥, >)
_ 1 ' 1 -

S, and S_ are the overlap integrals <(i)|WL> and <51|?a >,

€ 1 e 1
: ' ' - oy : .vek! :
respectively. The angle © is suc¢h that tan26 = T+yk /2 * where
y=A/(E2-E1), A is the spin-corbit coupling constant, EZ—E1 is the

energy difference between the two mixing configurations, «k is the
igotropic Fermi contaét constant and P=g§gn8e8n<r;3>.

The sign of thelspin-orbit coupling constant has already been
changed to give the right expressions for 47, not d° configuration.

Formulas (1) to (4) are a set of four equations and six un-—
knowns. By changing k" and B usually from 1.0 to 0.6 the g”, g¥,
A” and A) can be fitted to give the values of the various parame-
ters; this results in an uncertainty which is of the order of the
uncertainty introduced by the experimental errors. Only the combi

nation of signs for the hyperfine éplitting which gives an  accep-"*
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table value of |a|? is chosen.
The core polarization field per unpaired spin can be calculated

from the Fermi contact constant by the relation

x = -3k<r™> (5)

(9),

The spin densities at the ligands are given by

£0 - (s 2a%)/(3athe0) (6)
L _ L _ L theo
£ = - AD/GR) (7)

where A:heo = (8"/3)gn8nge B |'l'e(0) | 2 is the hyperfine coupling which would

arise from an unpaired electron in a ligand valence-shell s orbital

theo

and Aj = (2/5)gn8nge8e<r'a> is half the coupling constant in the

direction of the orbital which would arise from an electron in a

1(10)

valence-shell p orbita Ah and Ai are the components of hyper

fine coupling tensor with ligand L.

3 THE MOLECULAR ORBITAL METHOD

We have performed Molecular Orbital -calculations for the Ir com-

plexes, employing the semi-empirical method put forward by Ballhau-

(11) | phis method is

2
based on the earlier method of Wolfsberg and He:i.mhc:].'iz:--(1 ) for tran-

sen and Gray and described in detail elsewhere

sition metal complexes, with some improvements added, the most note-
worthy being a'self-consistency scheme which we describe briefly

in what follows, and it may be considered a variant of the method
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known as "Extended Hiickel". Many prbperties of transition metal
complexes have been successfully studied with this scheme(ll): in
particular, this method has been proven useful in investigating the
electric field gradients in covalent Ru compounds(13).

The problem consists of solving the secular equations of the

variational method:
([H]-[EY[S]}[C¥ = O {8)

to obtain the energies and the coefficients of the Molecular Or-
bitals ?i(§) expanded on a basis of valence symmetrized atomic or

bitals'xj5(§)=

¥ (F) = 3*: x§ e, 149)
The diagonal elements of the Hamiltonian matrix are approximated
as ﬁhe Valence Orbital Ionization Potentials (VOIPs), which de-
pend on the charge and configuration of the atom. After each time
the secular equations are solved, a Mulliken-type population a-
nalysis 1s performed and 5d, 6s and 6p populations are determined
for the central Ir atom. The charge and configuration defined in
this way is used to obtain a new set of VOIPs for Ir and con-
struct a new Hamiltonian matrix in Egs. (8), which are solved a-
gain to generate a new set of populations. This procedure is ite
rated until there is no significant difference between the input
Ir configuration used to calculate the VOIPs and the output popu-
lations.
For the 3d and 44 tfansition series, the dependence of the

VOIPs on the charge and configuration of the atom may be obtained
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from the large amount of available data on atomic sPectra(la)(ls).

However, the situation is quite different for the 54 transition e-
lements, since for these the experimental'data is very scarce. For
this reason, we have obtained VOIPs for Ir theoretically,byiaumﬂc
self-consistent relativistic numerical Dirac-Slater calculatioﬁs,
in the local densuw“qxxcmmatﬂxﬁ1§2, The Kohn-Sham-Gaspar local ex-

AEES

change potential was employe . The "transition state" - con-

cept(18)

was used to define Ionization Potentials._:h1the "transi-
tion state" scheme, the Ionization Potential of an atom in a given
configuration is the énergy of the orbital from which the _ioniza-
tion occurs, in a self-consistent calculation in which 1/2 elec-
tron has been removed from this orbital. These calculations yielded

good results, as compared to experimentally derived VOIPs, = when
applied to the few configurations fdr which measurements are avai-
lable. Calculated VOIPs for Ir, obtained in this manner, are given
in Tabkle I. Details of the atomic Dirac-Slater calculations, as
well as calculated VOIPs for other 54 transition elements, will be

given in a forthcoming publication(lg).

The use of Ioni-
zation Potentials for Ir obtained ﬁith relativistic self-
consistent atomic calculations ensures that relativistic ef-
fects are also being taken into account, although partially
and indirectly, in the Molecular Calculations, since the VQIPs are
used in the [H] matrix:in Eg.8. The relativistic treatment in ge-
neral gives Ionization Potentials which are higher for the "s" e-
lectrons (fhe orbitals are contracted) and smaller for "d" (the or
bitals expand), as compared to non-relativistic calculations. Rela
tivistic calculated VOIPs have been used in other reported semi-em
pirical MO calculayions for molecules containing heavy aﬂms(mn(ZI)

The energies of orbitals o(CN), m{CN) and 7m*(CN) were taken from



CBPF-NF-062/88
-8

reference (22) and were obtained from ionization ~ potentials and
spectroscopic transitions. Atomic energies for CL(3s) and C£(3p)
orbitals were taken from Ref. (14); a slightly iower éneigy is used
for the 3p orbital.participating in o MOs.

The non-diagonal elements of the Hamiltonian matrix were. .approxima

ted as the geometrical average of the diagonal elements

_ 4,172
Hij = —FGij(Hii.Hjj) {10}

(11)

in which Gij are group.overlap integrals and F is an empirical
parameter obtained by approximately fitting the electronic transi-
tions of [Ir(CN)6]3_- Actually the  optical spectrum of LIr(CN)6]3"
is rather limited, since the d-+ d bands occur at very high energies,
being obscured by the'high-intensityicharge transfer band§23).(hm
adopted values F;= 2.4 and F, = 2.0 were obtained by an approximate

fit to this spectrum. Atomic analytic Slater-type functions for

Ir used in the evaluation of the overlap integrals of matrix [8]

were obtained from the 1iterature(?4)f for the CN ligands, mole-

cular LCAO functions werE‘employed(zz) with atomic "double-z" func-

tions for C and N given by Clementi(zs). CL functions used  were
(25)

also "double-7" functions of Clementi
The concept of atomic "populations" in a molecule is - a  very
useful one in this context. Here we have adopted a variant of the

(26)

Mulliken populations P in which the overlap population is dis-

tributed among the atoms in a bond according to a weight  propor-
tional to the atomic coefficients in the M0(27). This definition
is more appropriate for transition metal complexes that have oCc-
cupied MOs which are antibonding in nature, avoiding spurious "s"

and "p" negative populations.
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The quadrupole interaction takes place between the guadrupole
moment of the nucleus and the electric field gradient produced by
the charge anisotropy éround the probe nucleus. For the ground

state of '°%Ir with spin 3/2:

AE. =

Nl

ev, Q BENEEY

2z

where Q is the nuclear quadrupole moment and sz is the EFG.

In Molecular Orbital theory we have (in atomic units):

v, 3z¢ - r? 322 -r?
= = izk iy : . ?ni<¢f| : l§i> (12)
k . r [P

where the first summation is the contribution of the nuclei of charge
Zk surrounding the probe atom, and the second is the electronic con
tribution, summed cover Molecular Orbitals ¢iwith oanmathxlni.

In the present approximation, only the valence elec¢trons are
considered to contribute to the EFG, and an approximated form of
obtaining the EFG is employed, which consists of calculating g for
atomic 5d and 6p orbitals occupied by a number of electrons equal
to their Mulliken-type populations obtained from the molecular cal
culations.- In this atomic-like model, the electric field gradient
matrix ehﬁmst are integrated over atomic functions, resulting in
the Gaunt coefficients obtained from integration over thé angles,
multiplied by <™ ’> values calculated over the atomic radial func-

tions. One has then:

sz 4

_ -3
e =TT ?Sdi(nxzw

4 -3
2= Dy2)+ (an B )” *5<r >6p (nx(y)-'nz)

n
y xz(yz

(13)
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where nxz_yz, etc., are Mulliken-type populations.

A correction for core polarization effects may be obtained by

multiplication by the Sternheimer factorgzs). However, as these

were derived for free atoms, we prefer not to employ them here, since

there is evidence that they may change considerably in a molecular

situation(zg).

In extracting the EFG from the guadrupcle interaction values
(Eq.11l) taken from the EPR spectra, it is necessary to havea value
for the nuclear quadrupole moment Q of '*3Ir., Values reported in

the literature, usually derived from atomic hyperfine structure,

cluster aroand +0.7b (397; e adopt the value +0.78b, cited in the

compilation of electric field gradients by Vianden'(31). The ra-

3

dial integrals <r_ and <r~ >6p' which enter the evaluation of

3
754 _
g in Eg. 13, were determined by atomic calculations (nom-relativistic)

for each configuration obtained from the MO calculations.

4 RESULTS AND DISCUSSION

4.1 Electronic structure

Molecular Orbital- calcﬁlations were performed for the-[Ir(QI-)5]3_,
[Ir(CN)SC£]4' and [Ir(CN)4C£2]4"comp1ex ions. Inter-atomic dis-
tances between metal and cyanide ions were estimated by extrapcla-
tion of values known for other transition ﬁetal hexacyano camplexes
or by sums of covalent radii. The metal-chlorine distance
‘taken to be half the lattice parameter, unless otherwise specified.
This corresponds to the distance between the C& and the cation in
the alkali chlofide host. The values are: Ir-C=2,00 3, C=N=1.16 R,

Ir-cf = 2.8148 (Nac2), 3.140R (RCZ), 3.286 8 (RbCL host lattice).
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A distance approximately equal to the sum of the Ir and C£ covalent
radii was also adopted. Since experimentally there is no way to
determine wether the C{ atom is placed at the proper lattice site
or at shorter Ir-Cf£ distances, we consider both possibilities in

the calculations. In Fig. 1 are depicted the complexes studied.

The metal ion is expected to lie out of the plane of the equa
torial ligands in the penta-cyanc and mono-chlorinated species (see
Fig.1), as evidenced by EPR measurements(z). Calculations for the

energy defined as
E =2 n.,e, , (14)
i

which is the sum of the Molecular Orbital energies e. multiplied
by their occupation n,, were carried out for several values of the
angle 9 between the principal symmetry axis of the complex and the
equatorial Ir-CN bond. This quantity is expected to behave appro-
ximately in the same manner as the total energy of the molecule, when
a structural parameter such as the angle 6 is varied(BZ). Figure
2 shows the energy E for the pentacyano complex as a function of 6.
There is cléarly a minimum for 6= 101,5%. This value is close to
that found for the équare pyramidal [Hi(CN)5]3- complex by X-ray

diffraction methods(33)

. For [Ir(CN)Sct}a-, we observe two minima,
one at 6< 90° and another at 8> 90°. The first dominates at small
Ir-CZ distances (%2.5ﬁ) and the sécond at larger distances, as those
corresponding to the metal-chioride distance in the host lattice. A third,.
less pronounced, energy minimm is observed at even larger distances. Figs.
3a and 3b illustrate what we have described. The exact angles at

which the minima occur vary slightly with distance, and are given

in the Tables. The existence of two stable bond lengths for a me-
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tal-ligand bond in a transiﬁion metal complex has been acknowledged
for some time, and is known as "bond-stretch isomerism"(34}.

In Fig. 4 are shown the energy levels diagrams for the Mole-
cular Orbitals of [Ir(CN)(1°7, [Ir(cN).c£]*” and [Ir(CN)4C£234_.
The "crystal field" levels, that is, the levels of large 5d charac

ter, are 2b2, 5e, 4a, and 3b1 fqr_[Ir(CN)S]S', 2b2, 6e, 6a1 " angd

1
4- : : . : b4—
3b1 for [Ir(CN)SCZ] and Beg, 2b2g_'_ 4:-.11.g and 2blg for [Ir(m)4c£2] 3
The ordering b2~:e found for the pentacyano.complexes with and
without Cf is typical of square pyramidal coordination and is due
to the fact that the metal atom is not located on the equatorial

(35) | Gyerall, the MO levels scheme is rather similar in all

plane
three cases, except for the energy of the last occupied orbital

(4a1,6a or 4alg), which contains the paramagnetic electron. This

1
is very low in [Ir(CN)5]3-, increases substantially in [Ir(CN)SCJE]Z"
and decreases again in [Ir(CN)4C£2]4'.

As seen in Fig. 3b, the energy minimum for the small value of
g in [Ir(CN}SC£]4- occurs at Ir-Cf distance smaller than 2.42R. However, at dis
tances smaller than this one an inversion of the 65:1:1 and 3b1 levels
(HOMO and LUMO) occurs, and the paramagnetic electron occupies the
3b1 orbital. Since this is not evidenced by the EPR spectrum, which

points to a Za ground state, it is likely that the isomer with a

1
larger Ir-Cf distance is the one which actually occurs in the al-

kali halide crystals, being somehow stabilized by the lattice.

Table II gives the charge g on Ir, the total Mulliken-type po-
pulations for ‘the complex ilons, as well as the populations for the
last occupied orbital. The charge on Ir is small and positive, and
very similar in all cases, ranging from 0.22 to 0.29. The Ir con-

figuration is nearer to d? than to the formal d7, the 6s and 6p orbitals
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having alsc non-negligible populations. - 7 back-donation, however,
is very small, as seen from the m* (CN) populations. We believe
that these actual numbers have become very small partly because of
the weighted populations, which enhance large populations and sup-
press small ones. However, it is obvious that the n*(CN) populations
are small, independently of population definition. The weighted
populations are also responsible for the 7 (CN) population having values
unphysically higher thap 4.00. Overall, the total populations are
rather similar, differences being more noteworﬁhy when we analyse
the last cccupied orbital, which contains the unpaired electron. In
[Ir(CN)slé_, this electron is distributed mainly between the Sdz2
and 6p  orbitals of Ir and the axial o(CN}. As a C{ ligand is at-
tached, the unpaired electron leaves the Ir(6p) orbital and popula

tes the C£ (3p). In summary, the unpaired electron is localized
essentially on the principal molecular axis, for the distances considered.

As the Ir-C{ distance increases in-[Ir(CN)SCL]A-, the distribu
tion of the unpaired electron tends to resemble that in the penta-
cyano complex, becoming almost exactly the same for the Ir-C{ dis-

tance equal to 3.29&, which is the metal-chlorine distance in RbCf.

4.2 Unpaired electron distribution

In Table III are given the calculated and experimental parame-
ters which define the distribution of the paramagnetic electron o-
ver the orbitals of the atoms in the complexes. Also given in Ta-
ble IIT are the equilibrium values for the angle 6 between the a-
xial and equatorial Ir-CN bonds in [Ir(CN)S]S" and uru)nscua‘. Val

nes were calculated for several Ir-C{f distances in [Ir(CQN} 50214— and
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[Ir(CN)4C£2]4-: 2.44& (which is approximately the sum of the .Ir-C{
lonic radii), 2.814R (the Na-CZ distance in NaC?), 3.140R (the
R-CL distance in KCZ) and 3.286A (the Rb-CL distance in RbC{).

The comparison between calculated and experimental values is
only approximate, since the definition itself of each parameter is
not strictly the same in the theoretical and experimental frame-
works. Bearing this in mind, we identify the Ir(5d,.) populations
in the last occupied orbital with the experimentally-derived value
F

of u® (see Section 2) and the populations Nax(ZS), Neq(ZS), ete.,

in this orbital with the parameters f:?ax,.f:’eq, etc., as defined

in Eq.(6) and Eq. (7).

First we notice that the lattice plays a role which is'not li-
mited to a variation of the Ir-Cf distance in the Cf~ containing
complexes. This is made .clear by examining the o2 values in [Ir(m}5]3'
which vary noticeably with the lattice, even though Irkkﬂsxrw form
a bond with C£ in this complex. We observe, however, the same
trend in calculated and experimental o? values as the Metal-Chlori
ne distance is increased in [Ir(CN)5C£]4', the same being true for
fg£ and fgz. The overall agreement between theoretical and experi
mental values for [Ir(CN)5]3' and [Ir(CN)SC£]4' is fairly good,
the only discrepancy being that the calculations overestimate the
spin populations on the axial Nitrogen 2p orbital with respect to
the equatorial.

For [Ir(CN)actzla_ the agreement is noticeably worse and the

trends in a? and fgz

with Ir-CZ distance are reverted. The expla-
nation for this probably lies in the delocalization . of electrons throuch

the Ir-Cf bonds to the alkali metal ions in the lattice, for which



CBPF-NF-062/88

there is experimental evidence(s). This same mechanism may explain

N, ax

the very small value of fp

found experimentally for the mono-—
chlorinated complex.

It must be noticed that since,these MO calculations are spin-
restficted, only the unpaired electron on the last occupied orhital
is considered in calculations of the spin distribution. In spin-
unrestricted calculations, the polarization induced by this elec-

tron on the closed shells would be taken into account.

4.3 Electric field gradients

In Table IV are given the calculated and experimental = values
of the electric field gradient for the three complex ions studied.

The experimental values are only the absolute value of the EFG,
since the sign was not measured; As explained in Section 3, the
value Q= 0.78b for ¥’Ir was employed in extracting the EFG from
the Quadrupole Splittings(31). Values of <r"3>5 (see Eq.13), ob-
tained with local density atomic calculations, range from 10.18 to
10.26a33; values of <rf3>6p vary from 5.17 to 5.45a7%. In Table
IV are also given 5d and 6p populations for .[Ir(CN)5]3_: for
[Ir(CN)5C£]4" and [Ir(CN)4C£2]4', populations are given for only
one Ir-Cf distance, as an example.

First we notice that all calculated values are negative, so
we predict a negative Voo for all three complexes. The 5d contri
bution dominates in all cases. The accord with experiment is
fairly good for [Ir(CN) 1°” and [Ir(cw)c2i*". ror fIr(aw,ce,1%,
calculated and experimental values are quite different. Again,
this could be explained by the transfer of electrons to the lat-

tice alkali ions in the latter complex(e).
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The lattice plays a non-negligible role in the determination
of the field gradieht, as evidenced by the different experimental

values obtained for [Ir(CN)S]' in NaC£, KC£ and RbCé. 1In chan&-
inj the Ir-C{ distance according to the lattice, we get the same
trend as experiment for [Ir(CN)5C£]4'; however, the experimental
variation is much greater, which shows that this is evidently not
the only effect of the crystal.

The main mechanism which determines the sign and mayﬁtuiacf
v,, in all cases is the larger total.5dzz populations, as compared to
5dx2_yz. These orbitals contribute with opposite signs (see Eq. 
13 in Section 3). The 6p contribution is seen to be positive or
negative, and is gquite small for.[Ir(CN)5]3- And [Ir(CN)SCE]A_.
For [Ir(CN)4C£2]4_, it becomes large and positive, due to deple-
tion of the 6pz crbital. However, for this case a calculation is
needed including atoms of the alkali halide crystals.

The mechanisms which produce the EFG in these complex ions are
quite different from that in covalent complexes of Ru containing
the ligand No‘!3). For these, back-donation to the ligand NO plays

a dominant role, depleting the orbitals 4d of Ru. In the

xz(yz)
present case, as seen in Section 4.1, back-donation to the CN 1li-

gand is small.
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5 CONCLUSIONS

The semi-empirical method employed to perform Molecular Orbital
talculations for the divalent paramagnetic compleX ions [Ir(cnj5]3',
[Ir(CN) ;C21*™ and [Ir(CN),C2,1%" has been proved to be quite useful in
understanding their electronic structure. An interesting inver-
sion of the angle (CN)ax--Ir_--(CN-)eq in-[Ir(ch5c£]4' was found
when going from short to long Ir-Cf distances. The calculated dis
tribution of the unpaired electron compares well with EPR  data.
A negative sign for the field gradient is predicted for all three
complexes. The origin of the EFG is seen to be mainly a larger
5d_. population, with respect to 5dxz_yz. For [Ir(CN)4C£2]4-, a

calculation for a larger cluster is needed.
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FIGURE CAPTIONS

Figure 1 - Iridium Complex Ions.

Figure 2 - Energy as a function of ¢ for [Ir(CN)S]B_.

a) Energy as defined in Eq. 14.

Figure 3a- Energy as a function of 6 for [Ir(CN)BC£]4-.

a) Energy as defined in Eqg. l4..

Figure 3b - Equal energy contours for [Ir(CN)sclla". R is _Ir=Ci

distance.

Figure 4 - Molecular Orbital Energies for -[Ir(CN)sls_, [Ir(CN)BCE]"_
and [Ir(CN)Actzia".
a) Last occupied orbital, with one electron.
.b) The orbital energies for Ir are the self-consistent VOIPs of
[IrtCN)S]B-. However, since the charges and\configg
- rations are similar, VOIPs of the other complexes are

not very different.
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TABLE CAPTIQONS

Table I - Parameters for VOIP curves of Ir as a function of charge
g (VOIP=Ag”+ Bq+ C) (b)
a) Vv.0. stands for valence orbital.

b) In units of 1l0%cm~1!.

Table IT - Mulliken-type ‘populations for [I::(CN)5]3-‘r [Ir(CN) 50&] 4-
and [Ir(cN),ct,l*".
a) CN and Cf populations are given per ligand. "Eq" stands

for equatorial ligand, "ax" stands for axial.

Table ITI- Unpaired electron distribution(a).
a) See Sections 2 and 4.2 for definition of parameters.
b) Experimental values from Ref. (2). Values marked (*)

are reported here for the first time.

Table IV- Electric field gradients, 5d and 6p Ir populations.

a) Experimental values from Refs. (36) and (37).
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Configuration V.O.

53°
5d%6s8
5d%6p
5d%6s
5d76s?
5d’6s6p
5d%p
5d76p?
5d76s6p

d
d

d .

g W O

(a)

6.45
5.59
6.37
4.19
4.23
4.76
5.17
4.76
4.51

=25-

TABLE I

74.2
79.2
76.9

64.1

66.0
64.0
52.3
55.1
55.8

55.7

68.4
78.9
66.5
73.0
80.5
31.3
40.2
34.8

Calculated
VOIP (Ir®)

'55.7

66.5

CBPF-NF-062/88

Experimental
VOIP (Ir?)

56.1

67.8
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TARIE IT
Total mﬂ_@ tions
Complex Ton -l —= o @ [row [mao |cecs) |cttsp)
distance ) | 54 | 6s. | 6p S PR
Eren I | - 7.68/0.60}0.510.221.56 {4.08 [o.00 | - | -
2.44  |7.76|0.54}0.45{0.25]1.60 [4.07 |o.01 | 2.05 | 5.81
PR i . -
[Fr @ cf] _ _ _ _
=S 2-814 7.76]0.58(0.42[0.24{1.59 |4.10 {o.01 | 2.05:| 5.7
vace) T | - -~
- 2.44 7.79|0.49{0.43|0.20]1.58 [4.08 Jo.01 | 2.05 | 5.75
Eriew, e, - | .
AT 1 814 . o
| 2. 7.7810.55{0.38{0.28}1.56 [4.11 [0.01 | 2.03 | 5.75
vace)  } | T -

Populations of the last ccoupied orbital (a; or 3 i[) '

Complex Ion  |Ir-CE 1 s @) s @ilu_ (@o|r* (@0 'cws-;lcx.(bap)
1 5153 . 6s |6p eq ax eq eq
| jdtstance (R)17%:2 z
[Ex@o 5]3’ | - qo.52 .0.01---9.17'_ o;:o;' |01 | o001 o0 | -~ | -
- 2.44 0.4610.0 -{0.0x{ 0.04 |.0.22{ 0.0 | 0.01 Jozoz | 0:09
[Tr (av) cf] - . '
57% %814 0.50(0.0 }0.05]" 0.03 | 0.19 {0.0 | 0.0 loiorL | 0.120
- 2.4 lo.stfe.ol— | 005 | - | - ] - Joceaz|.0:12
r 4= e . : i ;
Erton ct.]

2814 |5 ealo ool - | 0.03 - | - 1 - lo.or |03z
' (NaCL) - | L [
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TABLE III
Comiplex Ion, o | a2 [Elex|gNiex|ieq glieq L | gt
: ; 5 o _ p 8_ B 8 P
Calculated 101.5° [0.52|0.006]0.083]0.001}0.015| - -
) |[NaCl _]es53) -

[Er (W) T experimental l0.50{0.009]0.050|0.001|0.052] - -
79° |0.46]0.007(0.094|0.0010.022/0.018 |0.094
97° 0.50{0.006{0.083|0.001{0.016|0.013 |0.095

Calculated 99° |0.510.006{0.081]0.001|0.015]0.005 |0.056
100° |0.51[0.006}0.081}0.001[0.015]0.002 |0.038
Y 0..51 ‘ _
[Eram jei] ®) 0.5 | 0.013*{0.134*
experinental 0.55{0.008{0.006 |0.001}0.041"0.006 {0.086
| 0.6, 1 |
- Jo.s1| = | = 10.002{0.021/0.029 |0.123
| - ~ |0.62] - | - [o.001{0.012]0.011 [0.115
Calculated o SR e _
- o712} - | - |o.0 lo.004[0.004 [0.092
N - lo.76] - { - lo.0 |0.002]0.003 |0.078
(@0 ,ot,] @ |wace | - fo.35] — | - 0.013 [0.171
lexperimental - lo.as| - | - 0.012 {0.175
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