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The cleetronic structure and bonding of triple—decker and tetradecker sandwich complexes have been
studicd by the Fenske— Hall method. The results show that the stable clectronic configurations of
triple—dccker complexes have 30 to 34 VE, first calcuiated by R.Hoffmann. However, the configurations
with 26 to 29 VE are also stable as the M—M distance is shortengd. The encrgy levels of three o 6rbitals
made up of dz, dv-y and d,, orbitals of the two transition metals are riscd and located in the
fronticr rcgion. Based on a MO analysis, tetradecker complexes with 42 VE have a stable elee-
tronic configuration. However, because the splitting energy between HOMO(d2 orbital) and
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LUMO (dcgenerate orbitals 4,,, d,,) is not large, complexes with 46 VE, which represents the
maximum number of valence electrons for this series, are also stable. Because the frontier
orbitals of the tetradecker complexes are made up of five d orbitals of the transition metals, a
scries of trinudcar complexcs with 36 VE to 46 VE is expected. In the light of MO diagrams and
perturbation theory, the EPR of the complexes [(r]’—C,H,)Fc(u,n’—C,BzH,)Co(n’C,H,)]’r and
[(n*—C4H o)Fe(u,n*—C;B,H)Fc(n’~C,H;,)] can be reasonably explaincd.

Keywords: tripledecker tetradecker MO calculations EPR

Introduction ‘
The oligo— and polydccker sandwich complexes of transition metals have attracted particu-
lar intcrest both synthcetically and thcorctically. The first complex of this type was prepared by

2 ™ Further development of this ficld was mainly connccted with the

Werner and Salzer in 197
use of boron—containing hcterocyclic ligands, which form triple—decker, tetradecker, and
oligodecker up to decadecker complexes **’ . In 1976 J.W.Lauher, R. Hoffmann ct al. pub-
lished the results of an extended Hiickel molecular orbital calculation from which two scries of
stable structurcs, containing 30 and 34 valence electrons, respectively, were predicted ¥ . Since

(3858-D and tetradecker sandwich com-

then, scveral theorctical studics on the triple—dccker
plexes 87 have been published.

We present here MO calculations of triple—decker and tetradecker sandwich complexes
with actual structurcs using the Fenske—Hall mcthod. Our study mainly focuscs on clectronic

structure, bonding and the explanation of EPR spcctra.

Results and Discussion

Triple—Decker Sandwich Complexes
Triple—dccker sandwich complexes FeFe(l), CoCo(2), NiNi(3) and FeCo(4) with the
2,3-dihydro—1,3—diborolyl ligand in the bridging position were cmploycd in our calculations.

@, C“’) L, &3 &3

(2 (3) (4)
formula 1-4

1. The fragment analysis of [M(CsH,)]* and (C,B,H;)”
The clectronic structure of the triple—decker sandwich complexes [(r;’—C,H,)
M(u,n°~C,B,H)M’(n°~C,H,)] may be approached from diffcrent viewpoints as pointed out by

R.Hoffmann et al. “ . It is convcnicnt to divide the molecules into three fragments, as shown
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schcmatically below.
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The characteristic features of the [M(CsH)]* fragment are summarized in Fig. 1.

‘

< i M
3R

Fig.1 Fronticr orbitals of the [M(C;HJJI* fragment
We assume that all triple—decker complexes considered belong to the C, point group with
the symmetry planc xz. The = molccular orbitals of the (C;B;H,) fragment are given in Fig. 2.

o R aia

a‘'(HOMO) a"(LUMO)
(- 8 67) (=3.32) (-2.01) (11 93) (12 19)

Fig.2 =z orbitals of the C,B,H; fragment
Numbcrs in parentheses represent MO encrgics in cV.

Unlike the (C;H)™ ring, four = clectrons in the 2,3—dihydro—1,3—diborolyl ring arc local-
izcd, as follows from the x clcctron population. Two = clectrons form the C—C bond, and the
two others form a threc—center two—clectron bond {(B—C-B). Sincc the¢ LUMO of the
C,B,H, ring is at low cncrgy and has bonding charactcr between boron and carbon (of the C—C
bond) it can casily accept two clectrons, resulting in aromaticily of the (C,B,H,)"ring, just

0.08 . B 70. 286
0. 44-&_-50 zss:-ﬁ_
electron population

like (C;Hy)™. But it should bc cmphasized that there is a difference in the bonding of the
(C,B,H,)” and (C,H,)" rings to the [M(CH,)}" fragment. The (C,B,H,)” ring is taken as a do-
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nor / acceptor for bonding, the (C;H,)™ ring as a donor in [(CH M (u-C,HIM'(C,H )L
(M,M’= Niand Fe for u4—C,H,) © . '
2. Interaction between the fragments

“

MO diagrams for ihteractions of the three fragments are given in Fig.3 and Fig.4. On the
right of Fig.3 and Fig.4 arc shown the = orbitals of the bridging ligand (C,B,H,)", designated to
a’, a’ and a”, rcspectively. These fragment orbitals interact strongly with the corresponding
symmetry combinations derived from the [M(C,H)" 4s, 3d,,, 3d,, orbitals. Our calculations
also show that there are important intcractions of the o orbitals of the (C,B,H,)” and
(CsHg) rings with appropriate symmstry orbitals of the metal atoms. These interactions affect
the cﬂcrgy levels of the d,, and d,, orbitals (HOMOs in 3 and LUMOs in 1). Thesc orbitals
were assigned esscfltially as non—bonding in the early calculations of Ni,Cp; 3 Since the dis-
tances between M and M’ become shorter from NiNi (3.42A), through CoCo(3.28 A), to FeFe

(3.17 A), the encergics of the d,, and d,, orbitals increasc from the NiNi to the FeFe complex.

° 2/
‘\
\ / i
s\
r‘;’//’ \\'\
X7 A \\
H 3, {‘/,//’:// HOMOA" a" H
a" t -
M N a7
i AT
P R )
C;QQ E::<‘ i
~_ . o
Yy L S&iﬂ
e x Y
hS at
= = ' N <
N1 L - T
-- & “> - d',;l &3
Ni Ni Fe Fe
<3 framnd o> R
Fig 3 MO diagram of 3 Fig.4 MO diagram of |

The d,, and d,, orbitals in the NiNi complex (Fig.3) arc at slightly higher cnergy than the
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corresponding fragment orbitals of the [Ni(C;H,)}' fragments. Thus it can be predicted that the

(32 Becausc of .

anionic NiNi complexes (37) with 34 VE are stable as was found experimentally
thc o—antibonding character of the d,, and d,, orbitals, the triple—decker complexcs with 30 VE
should be more stable than those with 31 to 34 VE. The samc conclusion was obtained by
R.Hoffmann ct al. for Ni,Cp;. The d,, and d,, orbitals in thc CoCo' complex (2') arc higher
than thosc in the NiNi* complex. The cnergy gap between HOMO and LUMGC may not allow
to fill in four clectrons in the LUMO to obtain the triple~decker (CoCo)®™ with 34 VE. Bascd
on thc samc reasoning it would be impossible te gencrate the 31 VE triple—decker complex
FcFe?™. This was confirmed by clectrochemical studics ©*° .Comparing the MO diagrams of
these triple~decker complexes, the results arc notcworthy. A striking difference between
FcFe' and NiNi', CoCo' complexes is observed. The HOMO of CoCo' and NiNi*! with 30
VE vepresent bonding orbitals of two fragments, d,, of M(C,H,)' (a”) and the low—lying va-
cant orbital of {(C,B,H;)". The HOMO-1 orbital is also bonding bctween d,, (2°) and the high-
lying occupicd orbital of (C,B,H,)” (a’). The six d—block orbitals arc located below these two
orbitals. Tt is cvident that NiNi*' (29 VE) and CoCo?*' (29 VE) would be difficult to obtain
(compare rcf. 3a). In contrast to this, thc HOMO of thc FcFe complex (1) is mainly attributed
to d2 orbitals of both iron atoms and has somc antibonding character. In addition the orbital
next to the HOMO is also of intcrest hecausc it is mainly composcd of the d,, orbitals of the
two Fc(C,H,)' fragments. HOMO and HOMO-1 arc very close to cach other with an cnergy
difference of about 62.8kJ - mol™.

The small cnergy difference is in good agrecment with the weak tempcerature—dependent
paramagnctism, which was obscrved cxperimently for the 28 VE FeFc' complex G 1t would
he anticipa'tcd that removing an clectron from the HOMO of the FeFe® complex should make

the complex more stable, i.c. the stability scquence of FeFe complexces should be as follows:
FeFc' >  FcFc? >  FcFe~

28VE 29VE 30VE

Indced, the overlap population between d2 orbitals shows that the small antibonding
interaction (—0.02¢ for Fch‘) is changed into small bonding intcraction (0.03¢ for FcFe, 0.07¢
for FeFc¢') when the number of valence clectrons is changed from 30 VE to 28 VE. The cnergy
of the di-y orbital is higher than that of the strongly bonding combination of the two fragment
d,, orbitals (a”) and the low—lying vacant orbital of (C;B,H;)” (2”). Therefore the highest threc
occupied levels in FeFe—like complexes arce expected to fall within a very narrow cnergy range. .
It is possible for the complexcs with clectron numbers ranging between 26 and 29 to have inter-
csting magnctic propertics. From EPR data of FeFe (29 VE), howcever, it should be mentioned
that wé find a nondcgencrate d,, ground state for the ncutral complex (sce below). This requires
thc ordcring of thc HOMO (d2 ) and orbital next to it (d,,) levels in our calculation to be re-
versed. Since the computed encrgy differcnce between these Ievels is , as mentioned above, very
small, this is not a scrious discrepancy considering the approximate method used in our calcula-
tion (scc below). For the 29 VE complex FeCo' the HOMO is mainly attributed to d2 orbital
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of iron. In othcr words, an unpaired clectron is mostly localized on the iron atom. The orbital
ncxt to the HOMO is the strongly banding combination of the d,, orbitals of Fe(CHY)Y,
Co(C,H,)" and the low=lying vacant orbital of (C;B,;H¢)". The LUMOs (dcgenerate orbitals A’
and A”) arc mainly composed of the d,, and d,,, respectively, of Co, with small contributions
from the d,, 'and d,,, respectively, of the iron atom.

3. Comparison gf the stability of triple—dccker complexes

In the Table 1 and Tablc 2 the total overlap populations are presented which allow to com-
parc the bonding between M(CsH,)! (M =Fe,Co and Ni) and the (C,B,H,)” ring and between
M and the (CsHg)™ ring.

Table | Total Overlap Populations between CpM  and the (C,B,H,) ring (ine)

complex VE C2 B1 B3 Cc4 Cs
FcFe™ 30 0.186 0.159 0.159 0.140 0.140
FeFe .29 0.209 0.170 0.170 0.153 0.133
FcFe® 28 0.232 0179 . 0.179 0.160 0.160
CoCo™ 30 0.139 0.113 0.113 0.093 0.093
NiNi™ 32 0.053 0.054 0.054 0.061 0.061
Table 2 Total Overiap Populations between M and the Cp ring (in ¢)

complex VE C2 _c c3 C4 Cs
FcFe™ 30 0.107 0.093 0.093 0.088 0.088
FcFe 29 0.128 0.116 0.116 0.108 0.108
FeFe™ 28 0.152 0.139 0.139 0.128 0.128
CoCo™ 30 0.106 0.091 0.091 0.082 0.082
NiNi* 32 0.013 " 0.056 0.056 0.024 0.024

It can be clearly scen from Table 1 that the total overlap population in the 28VE complex
FcFe' is larger than that of 29VE complex FeFe®, which is larger than that of the 30VE com-
plex FeFe™. Thesc results further confirm the conclusion obtained by the analysis of the MO di-
agram.

Comparing the data for FcFe® (n= +1,0,—1) with the CoCo* and NiNi* complexcs, it ap-
pears that the bonding in the 30 VE complex CoCo* is not as strong as that in the 30 VE com-
plex FcFc™. Weakest covalent interactions arc found in the 32 VE complex NiNi*. The data in
Tablc 2 also show that thec bonding intcraction between the transition mctals and the
(C,H,)™ rings is the best for iron, intcrmediate for cobalt and worst for nickel.

Tetradecker Sandwich Complexes
The tetradecker sandwich complexes [(7’~C3H,)Co(u,n°~C,B,R ),M(M = Cr, Mn, Fe, Co,

d ©* | We take three tetradecker sandwich complexes

Ni, Cu and Zn) have been synthesize
[(r]’-C,HS)Co(y,ns—C3BzH,)]2M(M = Cr, Fc and Ni) as cxamplcs to discuss the general findings
of the scrics. The structures of the complexes choscn for calculation arc taken from X-ray
data ¢

1. The fragment analysis of [(n°~C4H)Co(n*—~C;B,H )]

Expcriments show that two molecules of the sandwich anion [(n’—C,H,)Co

(ns—C,Bst)]" react with onc mctal ion M?' to form thc tctradecker sandwich complexcs
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[(7°~CH )Colu,7°—C,B,R )),M. Thercfore, it is convenicnt to divide the trinuclcar molecule in-
to three fragments , as shown schematically below.

< M__VE

1- ?\ cr 40

2 Co + H2+ vr—r N H‘. N Fe 42
.ca*g\_ -{’;ﬁ. Ni 44

<>
scheme 2

M(C,H,)° and (C,B,H,)". The characteristic featurcs of the M(C;Hy)’ and (C,B,Hy) frag-
have bcen discussed

The sandwich anion [(n’—C,H,)Co(n’—C,B,H,)]' is divided, in turn, into fragments of
ments in

the previous scction.
[(n*~-CH YCo(n*~C B,H,)I” fragment is given in Fig. 5. We assumc that the fragment
skl 3 s

The MO diagram of the
: a-/

@ a.

o

1
]
\)
[}
[

)
]

Fig.5 MO diagram of

[('Is"CsH s)co(ﬂs"caBzH NN

[(n*—CH)Co(n*—C;B,H,)]” has C, symmectry with the symmctry planc yz. On the right arc

prescnted the fronticr orbitals of the (C,B,H;)” fragment, which intcract with fronticr orbitals

of corresponding symmectry of the M(C5H5)° fragment, resulting in threc bonding molecular
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orbitals. It is clearly scen from Fig.§ that the HOMO of A” symmectrics is a strongly bonding
orbital, and the LUMO designated as A’ is a strongly antibonding one. The encrgy gap between
HOMO and LUMO is very large. It thus is ecxpected that the sandwich anion
[(n*—CH)Co(n*~C,B,H,)]™ with 18 VE is quitc stable.

The bonding character of the HOMO and the orbital next to the HOMO is pictured as fol-

lows: 8@8 | | M
8 - L &
=

HOMO
HOMO-1
: HOMO pictures

These two orbitals are resplpnsible for the bonding of the [(n’-C,H,)Co
(n*~C,B,HJ)]” anion with thc d orbitals of the mctal ions. Another notable feature of the
fragment is the distribution of the clectric charge. Unlike the {CHy)™ ring, the fragment
(C;B,H,)™ has a capacity of accepting clectrons when bonding to the Co(CsHy) fragment. As a
result, a higher ncgative charge is localized on the (C;B,H,)™ ring, as shown

-0.080,——-0.077
'0-083< S-0.082
<0.073
Co

-0.126 -
/_\0.130
-0.4028 B-0.381

=0.170
charges

The total ncgative charge on the (C,B,H,)” ring is about 1.2c. Hence, the boron
heterocycle in the sandwich anion may be regarded as a hard basc when it interacts with mctal
ions. Thercfore covalent bonding between two [(n’—C,Hs)Co(q’-C,BzH,)]' fragments and
M?* is rcalized by orbital intcraction, while ionic bonding may also cxist through clectrostatic
intcraction.

2. Orbital intcractions between two fragments [(n’—C,H ,)Co(ns—C3B2H5)]’ and mctal ions
M2+

Calculations were carricd out on three tetradecker complexes [(q’—C,H,)Co
(p,n’—C,Bsz)]zM (M =Cr,Fc and Ni) as representatives. The MO diagram f(;r the Cr complex
is shown in Fig.6.
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Fig.6 MO diagram of
[("s—csHs)CO(ﬂ, n’—C,Bsz)]z Cr
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The corresponding diagrams of the iron and nickel complexces (CoFcCo and CoNiCo) arc
quite similar. Bonding (A” and A’), nonbonding (A” and A’) and antibonding (A” and A’)
orbitals arc gencrated by  interaction of two a”
[(n’—C,H,)Co(n’—C,B,H,)]' with d, of M, and two a’ fragment orbitals of
[(q’—C,H,)Co(r;’—C,BzH,)]_ with d, of M?. The fronticr orbitals arc mainly composcd of five
d orbitals of M?*. The dcgencrate low—lying antibonding orbitals (mainly d,, and d,,) have
some contribution from thc fragment orbitals of the two [(7°-CsH)Co(n’—~C,B,H/)}”
fragments. As obvious from Fig.6 thc number of valence clectrons in the scrics can be varied
from 36 to 46. The tetradccker complexes with 42 VE where the antibonding orbitals (d,, and
d,,) arc empty will bec preferred. 1t is anticipated that the complexes with less than 40 VE, such
as M = Sc(d"), Se(d?), Ti(), Ti(d*), V(). V(d) ctc., could also be preparcd. The bonding pic-
turc is just likc the splitting of the five d orbitals of transition mctal ions in a ligand ficld. The
splitting cnergy of the ligand ficld, A, corrcsponds to the encrgy diffecrence between the

ds orbital and the low—lying antibonding orbitals, d,, and d,,, as shown below.

fragment  orbitals  of

dxz

7Y
I . dzz
dy2 32

dxy
splitting energy

The A valucs dcecrcase going from Cr through Fc to Ni. Low—spin and high-spin
tetradecker complexes will be-anticipated, depending on the splitting encrgy A. The magnetic
data show that [(n*~CH,)Co(u,n°—C,B,R)],Cr (d*) is high~spin state with uq =4.70(5) B.M;
the Fe(d®) complex is also high—spin (Her =4.94(4) B.M ), but its catipn is low—spin with
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tor = 2.74(5) BM. ' The Ni(d®) complex is also paramagnetic ™ . It should be mentioncd
that the A valucs calculated in the MO diagrams are incorrect in absolute scnse. However, these
values can be uscd for comparison in the serics. For instance, the value calculated for the Cr(d*) -
complex is 2.79 ¢V, which rcsults in a high—spin state. As expected, the Fe(d®) complex should
also be high—spin as the A value for this complex is 2.51 eV. I-iowevcr, the A value for the Fe(d®)
complex (CoFcCo)' is about 2 eV higher than that of the Fe(d®) complex (CoFeCo). Therefore
the (CoFcCo)' has a low—spin state, as confirmed experimentally. In the Ni(d®) complex, the
three lower d  orbitals are occupicd by six elcctrons, and the degenerated orbitals, separated by
A, have onc clectron each. Thercfore it can be assumed that the arrangement of the fronticr
orbitals given in Fig.6 is qualitatively correct. The obscrved magnetic data of the tetradecker
sandwich complcxes are well accounted by our MO diagrams.
Intcerpretation of EPR Data of The Triple—Dccker Complexes FeCo' and FcFe

As statcd above the unpaired clectron in the 29 VE complex FeCo' is principally localized

on the Fe atom %

. This complex may thus be trcated as a ferricenium analogue. However,
)] .
, It

is found that they arc quitc different. This difference in g valucs can be interpreted by MO dia-

comparing g values of this complex with those of ferricenium ions and their analogucs ¢*

grams. The ground statc of the ferriccnium ion is the orbitally degenerate (a,‘)z(e,;t )’ configura-
tion.

The large deviation of the g values from 2.0023 in ferricenjum ion indicates that the
orbital momentum contribution to the g . valucs is large (®  Our MO diagram of thc 29 VE
complex FcCo' shows that the HOMO is mainly composcd of the d2  orbital of the iron atom.
In this casc, the g valucs arc cxpected to be close to 2, which is in good agrecment with the ob-
served valuc of 2.11 @27

C 3¢

The similarity of thc ESR spectra of FcFe to ferriccnium and the carboranc

®  has promptcd us to usc thc ground state configuration of

ferriccnium  analogucs
(@) ey ) (ag=dz, e33=d,, €3,= diy), bas.cd on Dy, symmectry , as starting point. Following
Maki and Berry’s trecatment (8)  we assume, that the ground state, th, is split into two Kram-
cr’s doublcts by spin—orbit—coupling and crystal ficlds of lower symmetry than Dy

Wave functions and cncrgics for the lower (‘P‘;’) and uppcer (‘P(;’)) doublcts are given in

rcf.{8a]. The resulting g—valucs arc given by cquations (1) and (2) (e

E—w é l
=0
o —-¢—W
Ne! +te )a
\?‘2’:{ lj 1: W(.)____ _(éz+5z)|/2 a)
N(e,, +le, )
(b)=JN(82_x——Celx)a w® _ +(£z+5z)|/z @)

1

Nle) — e, B

{ is the cffective spin—orbit coupling paramcter, k' the orbital reduction paramcter.
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Using the onc—clectron spin—orbit coupling constant &, of the frec Fe** ion (440 cm™) @,
= 0.793, and k=~ 1.0 are obtaincd by fitting the equations (1) and (2) to the experimental
values ©9 for g,(~291)and g, (= 1.97). ,

The splitting cnergy of d,;, and duy, A, is estimated to be 4231cm™ (0.524 eV). This value
comparcs favourably to the calculated encrgy difference between the HOMO and the orbital
next to HOMO (0.40 cV). As pointed out in rcf.[8], the g factor dcrived from the altcrnative
ground statc configuration of (e;")‘(a,‘)I is expected to be ncarly isotropic and close to 2 be-

-~

causc of the absence of a low—symmetry crystal ficld perturbation. -

Dectails of the Calculations
An approximation to thc Hartrce—Fock Roothaan tcchnique, the Fenske—Hall mcthod,

O This itcrative SCF mcthod is devoid of empirical or adjusta-

has been described clsewherc
blc paramcters, so that rcsults of a calculation—ecigenvalucs, cigenvectors and derived
quantitics— ar¢ dctermined fully by the molecular gcometry and by. the basis functions. The
small but significant cffccts of the intramolecular clectrostatic intcractions are taken into ac-
count in the computation of thc Fock matrix clements. Conscquently, the energics of the frag-
ment orbitals (diagonal clements in the Fock matrix) reflect the influcnces of the molccular cnvi-
ronment on the fragments “rcady for bonding” and the cnergics of the molecular orbitals de-
pend somewhat on the overall distribution of charges in a molecule. Each molccule or a larger
fragment was divided into two subfragments bearing chemically meaningful charges. The trans-
formations of basis scts and partitioning of fragment charges do not affect the results of the cal-
culations but make them more readily interpretable.

The structurcs of the molccules studicd were taken from those of the actual complexcs
FcFe(1), CoCo(2), NiNi (3) and FeCo(4) **” | as well as [(5°-C4H,)Co(u,n*~C,B,R )M
(M = Cr,Fe and Ni) ©” : The basis functions uscd for our calculation arc listed in the Appendix.
Oc;:upations of the fragment orbitals, overlap populations and atomic charges werce calculated

by thc Mulliken population analysis.
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APPENDIX®
Fenske—Hall AO paramcters
atom function cocfTicient exponent
H 1s 1.0 12
C is 1.0 5.59
2s -0.22998 5.59
1.0261 1.61
2p 0.8017 1.2557
0.26047 2.726
B s 0.9270 4.4456
0.0778 7.9180
0.00088 0.8671
—0.002 1.2192
0.0043 2.0726
0.0027 3.4433
2s ~0.19434 4.4456
—0.01254 7.9180
0.06941 0.8671
0.75234 1.2192
0.31856 2.0726
—0.12642 3.4433
2p 0.53622 0.8948
0.40340 1.3700
0.11653 2.3226
0.00821 5.5948
Cr is 1.0 23.39
2s -0.3624 23.39
1.0636 8.9
2p 1.0 9.7
3s 0.1415 23.39
-0.4792 8.9
1.097 4.06
3p —0.3073 9.7
1.0462 3.74
3d 0.506 495
0.675 1.8
4s -0.0556 23.39
0.1926 8.9
-0.5192 4.06
1.1068 2.0
Fe 1s 1.0 25.38
2s —0.3679 25.38
1.0655 9.75
2p 1.0 10.6
3s 0.1455 25.38
—0.4875 9.75
3p —0.3201 106
1.05 4.17
3d 0.5505 5.35
0.626

20



%4 ' ~#ZRF LRGN S FHHWARE ©349 «

(continuc)
atom function coefTicient exponent
Fe 4s —0.0469 25.38
0.1605 9.75
—0.4177 4.48
1.0699 2.0
Co 1s 10 26.375
2 —0.3704 26.375
1.0664 10.175
2 1.0 11.05
3 0.1473 26.375
—0.4912 10.175
1.1012 4.69
3p -0.3256 11.05
1.0517 . 4385
d 0.5598 5.45
T 0.6366 1.90
4s —0.05252 26.375
0.1790 10.175
—0.4683 4.69 -
1.0870 22
Ni 1s 1.0 21.37
2s -0.3727 21.37
1.06720 10.60
2 1.0 11.50
3s 0.1489 27.37
~0.4945 10.60
1.1024 49
3p 03308 | 11.50
1.0533 4.60
3d 0.5439 5.60
0.6184 220
4s ~0.03976 21.37
0.1345 10.60
~0.3406 4.90
1.0468 2.0

* 4p orbitals of Cr, Fe, Co and Ni atoms are deleted in our calculation because they have no significant contribu-
tion to bopding.
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