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Ab initio study of electronic properties in free and matrix-isolated iron dihalides
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Ab initio Hartree-Fock calculations are performed in the molecular 'Ag, 'H~, and 'Xg states of
the dihalides FeC12 and FeBr2 at experimental and geometry-optimized atomic separations.
Molecular-term energies, ionization energies, bond energies, electric-field gradients (EFG), and elec-
tron densities p(0) (the latter two quantities at the iron nucleus) are evaluated and compared with
experiment. Electron-correlation corrections and basis-set effects on the energies, EFCx, and p(0)
are studied. The relative isomer shift of noble-gas-matrix-isolated FeC12 and Fe is analyzed on the
basis of electron densities calculated in FeC1,—noble-gas and Fe —noble-gas clusters.

INTRODUCTION

The combined effort in experimental and theoretical
research during the last three decades has greatly im-
proved the understanding of the electronic structure of
transition-metal complexes. Much interest has been de-
voted to transition-metal dihalides, and especially for the
two iron-containing compounds FeC12 and FeBrz, de-
tailed experimenta1 data are available. Among the vari-
ous authors, unanimity is found concerning the molecular
geometry and ground states of the two dihalides. Howev-
er, the theoretical interpretations of the Mossbauer-effect
data of noble-gas-matrix-isolated (NGMI) dihalides,
presented in the literature, are mutually contradictory.
Notably, the quadrupole splittings of FeC12 and FeBr2, '
for which only the absolute values are available, have
been reproduced from calculated electric-field gradients
(EFG's) of both signs. '

In view of the linearity established in a number of oth-
er metal dihalides and the fact that infrared spectra,
electronic absorption spectra, charge-transfer spectra,
and photoelectron spectra in FeC12 and FeBr2 are satis-
factorily interpreted on this basis, these molecules are
generally considered to be linear. There seems to exist
only some discrepancy between bending frequencies de-
duced from temperature-dependent shrinkage of linear
FeC12 observed in the electron-diffraction study of Vajda
et al. and obtained from infrared-spectroscopy studies
of the molecule either in noble-gas matrix' or in gas
phase. '

DeKock and Gruen adopting an intermediate axial
crystal-field description in the analysis of electronic ab-
sorption spectra in gaseous MC12, M=V —Cu transition
metals, concluded a high-spin Ag ground state in FeC12
and assigned lines observed for this molecule at 4600 and
7140 cm ' to Laporte forbidden 6 - II and X+- H
transitions, respectively. In the study by the same au-
thors of charge-transfer spectra in the matrix-isolated
molecules MC12, M=Mn —Ni transition metals, the
ground state in FeClz is confirmed by comparing ob-
served and predicted spectral-1ine numbers. Since all
molecular states considered here are of gerade symmetry

we shall further drop the subscript g from the notation.
In the combined experimental and theoretical study of

Berkowitz et al. on gas-phase photoelectron spectra of
the transition-metal dihalides MLz, M=Mn —Ni transi-
tion metals, X=C1,Br, the experimental ionization ener-
gies are compared with one-electron molecular-orbital
(MO) energies in the transition state obtained from spin-
restricted and spin-unrestricted multiple-scattering cellu-
lar Xa calculations. The spin-unrestricted scheme leads
again to 6 ground states in FeC12 and FeBr2, and the
significantly lower first-ionization potentials measured in
the Fe and Co dihalides, relative to those of the other
members in the series, correlate satisfactorily with the be-
havior of the MO energies of the ds (1 minority spin)
electron.

The Hartree-Fock-Slater (HFS) Xa calculations in
FeC12 and FeBrz by Ellis et al. confirm once more the
6 ground state in the two dihalides and the d&~ character

of the weakest-bonded electron. The electric-field gra-
dients presented by the same authors, show a strong vari-
ation with the iron-halogen distance and are furthermore
sensitively dependent on the definition of the electronic
model potentials in their method. The most sophisticated
calculational scheme leads thereby, in the two dihalides,
to negative EFG s with quadrupole splittings of magni-
tudes in reasonable agreement with experiment.

By combining EFG's from unrestricted Hartree-Fock
(UHF) calculations and experimental quadrupole split-
tings in FeC12 and FeBr2, Duff et al. deduced a nuclear
quadrupole moment Q for Fe of about half the value
0.15 b (Ref. 11) adopted here In thei.r analysis, the larg-
est contributions to the EFG originate from the Fe 3d
shell and the halogen atoms. However, mutual cancella-
tion leads to a total EFG of an order of magnitude small-
er than the separate contributions, which makes the EFG
sensitively dependent on Fe 3p-electron contributions.

Since Mossbauer studies on FeC12 and FeBr2 are per-
formed on matrix-isolated molecules, it is of interest to
study the effect of the matrix atoms on the Mossbauer pa-
rameters. The theoretical matrix-effect studies which
have appeared up to now mainly deal with NGMI iron;
for molecular systems like FeC12 such investigations are

1989 The American Physical Society



39 AB INITIO STUDY OF ELECTRONIC PROPERTIES IN FREE. . . 73

lacking. A number of arguments can be produced
against or in favor of the importance of the noble-gas
effect on matrix-isolated molecules. (1) The small shifts
in asymmetric-stretching frequencies between NGMI and
gas-phase dihalides indicate, for this property, a small
noble-gas effect. ' (2) The equal values of the quadru-
pole splittings, AE&, and/or isomer shifts, 5, observed in
NGMI FeC12 (Ref. 1) and in NGMI Fe (Refs. 12 and 13)
for different noble-gas matrices can be explained by as-
suming negligible noble-gas interactions. (3) On the other
hand, calculations in Fe-noble-gas clusters result in non-
negligible matrix effects' ' which, under certain plausi-
ble conditions, become equal for different hosts. ' (4)
The small quadrupole splitting, AE& =0.6 mm s ', of
NGMI FeC12, compared with the value of 2 mms ' for
FeC12 deposited on graphite, observed in Mossbauer stud-
ies of Shechter et al. ' is interpreted by these authors as
an indication for strong FeC12—noble-gas interactions.

In this paper we study the electronic structure of the
molecules FeCl2 and FeBrz by quantum-chemical ab ini-
tio methods. Linear geometry in the two dihalides is
adopted in all calculations. Geometry optimizations are
carried out for various electronic configurations, using
different basis sets. Molecular-term energies, ionization
energies, bond energies, electric-field gradients, and elec-
tron densities are calculated. The geometry, basis-set,
and electron-correlation dependences of the energies,
quadrupole splittings, and isomer shifts are discussed.
Finally, the isomer shift of NGMI FeC12 relative to
NGMI Fe is analyzed on the basis of electron densities
at the iron nucleus calculated in FeCl2 —noble-gas and
Fe —noble-gas clusters.0

to the energies, EFG, and p(0), corrections up to fourth-
order Mdller-Plesset perturbation theory (MP4) (Ref. 20)
are calculated in FeC12.

Since the s electrons in iron are subjected to consider-
able relativistic effects, which are not taken into account
in the UHF procedure adopted here, the nonrelativistic
p(0) values are scaled by a relativistic correction factor S
(Ref. 21) resulting from the interpolation formula
S =a +b(n, —6)+c(nd —6). In this expression, n, and
nd represent the numbers of Fe s and Fe d electrons as
defined in Mulliken population analysis, and a, b, and c
coefficients with values 1.3888898, —1.23X10, and
1.636 X 10, respectively. ' We note that the calibration
constant a' obtained by combining experimental
isomer shifts and nonrelativistic charge densities,
6=a'bp„,„„,,(0), is generally larger by a factor of about
1.4 than the relativistic value a = —0.23 mm s ' a „(Refs.
22 and 23) used here.

In a previous theoretical study on free and NGMI FeX,
X=H, C, N, and 0, we observed various degrees of
basis-set dependence in the results for geometry optimiza-
tion, molecular ground state and Mossbauer parame-
ters. ' ' Therefore, we investigate, also in this paper, the
influence of different basis sets on our results. Three of
the basis sets applied here (Table I) are constructed by
splitting and extension of a basis set given by Huzinaga
et al. Moreover, standard STO-3G and STO-3G*
bases are used, and we note that the basis set III for iron
and neon (see Table I) is taken from Refs. 15 and 24.

RESULTS AND DISCUSSION
Free iron dihalides

METHOD AND BASIS SET

The all-electron calculations presented here are per-
formed with the GAUsSIAN86 quantum-chemical ab initio
program. ' The various molecular states of FeClz and
FeBr2 are constructed by applying the unrestricted
Hartree-Fock procedure' to a suitable guess wave func-
tion of required spin and orbital symmetry. The UHF
calculations at the experimental separations are supple-
mented with geometry optimization in linear conforma-
tion. In each calculation, the EFG and the electronic
charge density at the iron nucleus, p(0), are evaluated. In
order to estimate the contributions of electron correlation

In Table II we present the results of our calculations in
FeC12 and FeBrz for optimized geometries, relative ener-
gies of the various configurations considered, bond ener-
gies, and Mossbauer parameters, i.e., quadrupole splitting
hE& and relative isomer shift A6. The quadrupole split-
ting is obtained from the value for the main component,
q, of the EFG tensor, using the relation b,E& = —,'e qg and
taking for the nuclear quadrupole moment Q( Fe) the
value 0.15 b. " In case of the H state, where the main
component of the EFG is perpendicular to the molecular
axis, the values between parentheses in the table corre-
spond to the component of the EFG along the molecular
axis.

TABLE I. Definitions of the basis sets and contraction patterns of I—III derived from Huzinaga stan-
dard bases (Ref. 25).

Basis

I
II
III
IV
V

Fe

5333/521/5
5333/531'1 /5
532 111'/53 311/411
STO-3G for all atoms
STO-3G* for all atoms

Cl

533/53
533/53
5321/521

Br

4333/433/4
4333/433/4
4333/433/4

Ne

53/5
53/5
521/41

Ar

533/53
533/53
5321/521

'Primitive Gaussian, exp( pr ), with orbital exponentia—l factor p=0.25a„'.
P=0 10g

'Primitive Gaussian with p=0. 844 766 3ao ' is skipped from the Huzinaga basis.
P=O 14ao '. .
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TABLE II. UHF and MP4 results for free iron dihalides and free neutral iron, i.e., optimized (0) distances (R), relative total ener-
gies (E„~), bond energies {Eb„„d),quadrupole splittings (hE&), asymmetry parameters {q),and isomer shifts (A6) relative to free and
NCxMI Fe .

Molecule
and

eonfig. Basis
Type of

calc. R {A)
E„,i

(mhartree)
Eb~Ild

(hartree)

FeClz

AEg
(mm s ')

A6 (mm s ')'
Rel. free Rel. NGMI

Fe' Fe'

5y+
3Q

5g

UHF/0
UHF
UHF/0

UHF/0
UHF/0
UHF/0
MP4
UHF
MP4
MP4/0
UHF/0

MP4

UHF/0
MP4
UHF/0
UHF
MP4
UHF/0

2.237
2.160
2.255

2.242
2.267
2.264
2.264
2.160
2.160
2.261
2.272

2.272

2.260
2.260
2.244
2.160
2.244
2.255

0
3

12

14
191

0
0
6
5

0
11

13
8

0
4
0

17

0.12

0.19

0.22

+0.58
+0.05
+5.16

( —4.82)
—6.73

—10.2
+0.88
+0.83
+0.37
+0.33
+0.85
+5.29

( —4.83)
+5.29

(
—4.86)
—6.75
—6.72
+0.40
+0.01
+0.15
+4.80

( —4.54)

0.0
0.0
0.9

+1~ 10

+ 1.05

0.8 + 1.02

0.0
0.0
0.0
0.0
0.0
0.9

+ 1.03
+0.90
+ 1.20
+ 1.11
+ 1.11
+ 1.14

0.0 +0.95
0.0 + 1.04
0.0 + 1.18
0.0 + 1.06
0.0 + 1.10
0.0 +0.98
0.0 + 1.06
0.8 + 1.14

+ 1.50

+ 1.45

+ 1.35
+ 1.44
+1~ 58
+ 1.46
+ 1.50
+ 1.38
+ 1.46
+ 1.54

+ 1.42

+ 1.43
+ 1.30
+ 1.60
+ 1.51
+ 1.51
+ 1.54

Sy+
5g
'rr

5y+
5g
'rl

5y+

Expt.

IV

V

MP4
UHF/0
UHF/0
UHF/0

UHF/0
UHF/0
UHF/0

UHF/0

2.255
2.231
2.124
2.119

2.147
2.107
2.114

2.066
2. 160

20
17
0

—11

—189
0

17

0.31

0.29

0.15

—6.07
+2.71
+2.31

( —1.21)
—1.43
+0.73
+2.39

( —2.03)
—2.76
+0.63

0.0
0.0
0.1

0.0
0.0
0.7

0.0

+ 1.05
+0.85

+ 1.45
+ 1.25

+ 1.63

Using basis sets I—III the 6 is found as the ground
state; with STO-3G and STO-3'* (basis sets IV and V)
X+ is lowest in energy. Therefore, in view of the strong

evidence in favor of the 6 ground state discussed in the
Introduction, the STO-3G and STO-3G' basis sets seem
to be less appropriate for the description of the electronic
structure in the two dihalides. In addition, the bond en-
ergies, obtained with basis sets IV and V are about twice
the experimental values, while with basis sets I—III better
agreement is found with experiment. On the other hand,
the optimized distances obtained with the STO-3G and
STO-3G* basis sets of 0.05 A below the experimental dis-
tance are in better agreement with experiment than the
values found using I—III. The spin-triplet configuration
considered in FeC12 is 0.2 hartree above the 6 level. The
energy separations between the 6, H, and X+ levels,
obtained with the basis sets I—III, are about half the ex-
perimental values reported by DeKock et al.

In Table III we present ionization energies of FeC12,

calculated with basis set III at the optimized distance
2.244 A, from subtraction of the total UHF-state energies
of the ground state 5 and the configurations obtained
after removal of the electrons indicated. The arrows
and $ indicate one-electron spins, respectively, parallel
and antiparallel to the total spin. Furthermore, the ion-
ization potentials obtained from one-electron MO ener-
gies, e, calculated in the ground state 6 with basis set
III and from the transition-state energy eigenvalues
presented in Refs. 3 and 8 are given in the table. The en-
ergies of the molecular orbitals of mainly d~ character
are about —20 eV and lie about 7 eV in energy below the
12 highest occupied ligand p(m, o ) orbitals in the two
dihalides. The relaxation, occurring after electron remo-
val, lowers the ionization energies of the ligand p elec-
trons obtained from the total-energy subtractions, uni-
formly by 0.5 eV relative to the MO energies. The most
remarkable feature in Table III is the lowest ionization
energy found for the d&~ electron in the total-energy cal-
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TABLE II. (Continued).

Molecule
and

config. Basis
Type of

calc. R (A)
E„i

(mhartree)
Ebond

(hartree)

FeBrz

hEg
(mm s ')

A5 (rnrns ')'
Rel. free Rel. NGMI

Fe' Fe'

5g

5y+

Expt.

IV

UHF/0
UHF
UHF/0

UHF/0
UHF
UHF/0

UHF/0
UHF/0

UHF/0

2.412
2.310
2.423

2.425
2.310
2.426

2.253
2.244

2.278
2.31

0
—12

—189

0.10

0.17

0.28

0.13

+ 1.20
+0.62
+4.89

( —4.26)
+ 1.15
+0.67
+5.17

( —4.58)
+2.64
+2.37

( —1.28)
—1.39
+0.86

0.0
0.0
0.7

0.0
0.0
0.8

0.0
0.1

0.0

+ 1.08

+ 1.03

+ 1.16
+ 1.09
+ 1.12

+ 1.48

+ 1.43

+ 1.56
+ 1.49
+ 1.52

+ 1.56

I
II
III

UHF
UHF
UHF

Fe'
—3.75
—3.91
—3.34

0.0
0.0
0.0

'Eb,„d=E(FeX2)—E(Fe)—2E(X);X=Cl,Br. Experimental values are taken from Ref. 8.
Value in parentheses corresponds to EFG along z direction, see text.

'h6 derived from calculated Ap(0) using 55= —0.23 mm s ' ao bp{0).
Value obtained from combining experimental isomer shift of NGMI FeCl, (Br2) relative to e-Fe (Refs. 1 and 2) and experimental

isomer shift of NGMI Fe relative to a-Fe (Ref. 12).

TABLE III. Comparison of experimental one-electron ionization energies (eV) of FeC12 and orbital
energies obtained from transition-state calculations by Berkowitz et al. (Ref. 8) and Ellis et al. (Ref. 3)
and by subtraction of UHF ground- and ionized-configuration energies in the present work, using basis

O

set III and Fe—Cl distance 2.244 A. The arrows $ and $ indicate one-electron spins parallel and anti-
parallel to the total spin. e are, for the orbital symmetries indicated, the highest occupied one-electron
orbital energies in the '5 ground configuration.

Total-energy calculations
One-electron ionization energies (eV)

Ref. 8 Ref. 3 Expt. '

Fe 3d
character

Mainly

ligand

character

Fe 3d
character

6g 1 1 0(10 8)

mg~ 11.6
~„' 11.8
~g~ 11.9

12.0
oi 122
ol 123
o.g~ 13.0
o.gl 13 6

pe 15 8

15.1

12.1

12.3
12.4
12.4
12.8
12.9
13.4
14.0

19.3

o.g~ 10.8
~g~ 10.8
~„' 11.4

11.5
.
gl 11 8

o ~ 12.1

o. ~ 12.5
5g~ 13.0

m.g~ 13.5
og~ 13.8

mg~ 10.0
10.3

o~ 11~ 3

6g~ 11.7
o.g~ 11.9

10.45

11.26
11.91
12.12

12.53

13.67

'Berkowitz et al. (Ref. 8).
Value in brackets corresponds to energy difference of UHF energies obtained after geometry optimiza-

tion in ground and ionized configurations.



76 BOMINAAR, GUILLIN, SAWARYN, AND TRAUTWEIN 39

culations, in agreement with the transition-state energy
eigenvalues ' but in disagreement with the one-electron
ionization energy —e. The large difference between the
total-energy and the one-electron-energy results for the
3d& electrons indicate a considerable relaxation after ion-
ization. Our calculated ionization energy for the d&~ elec-
tron is about 0.5 eV above the experimental value, given
in Table III, while the results of Berkowitz et al. and
Ellis et al. are about 1 eV too low. We note that addi-
tional geometry optimizations in the ionized states reduce
the gap between the calculated and experimental ioniza-
tion energies. For the d& electron we thus find the ion-
ization energy 10.8 eV, in reasonable agreement with the
experimental value 10.45 eV.

The isomer shifts presented in Table II are relatively
insensitive with respect to molecular state, basis set, dis-
tances, and correlation effects. The experimental isomer
shifts of 1.63 and 1.56 mms ', for FeClz (Refs. 1 and 2)
and FeBrz (Ref. 2), respectively, relative to NGMI Fe
are around 1.5 times larger than the calculated values. In
the discussion below, we shall show that this discrepancy
can be partially attributed to the effect of the noble-gas
matrix on Fe .

The quadrupole splittings of 5 in Table II show for
each basis set a decrease when the atomic separations are
reduced. Similar qualitative behavior of the quadrupole
splitting with distance is found by Ellis et al. , but, in
contrast to their results, our values for AE& in the
ground state remain positive at the experimental
geometry. The values of the quadrupole splittings at the
optimized geometries for basis sets I—III are larger than
at the experimental distances, and it depends on the basis
set for which, of the two separations, the best result is ob-
tained. The basis-set dependence of the calculated quad-
rupole splittings indicates that the basis sets adopted here
are not "saturated" in the determination of the EFG.
The effect of electron correlation on AE& is small in mag-
nitude (0.25 mm s ' for basis set III), in agreement with
our earlier studies on iron carbonyls, ' but consider-
able on a relative scale (60% of b, E& at the optimized
geometry for b, with basis set III).

Concerning the effect of spin-orbit coupling on the
EFG in iron dihalides, we note that, in first-order pertur-
bation theory, the 5 term of ferrous iron, arising in the
axial ligand field of the two halide atoms, is split into five
doublets, with an equidistant term scheme of separation
equal to half the one-electron spin-orbit coupling con-
stant, without changing the EFG. The lowest level,
which is thermally almost uniquely occupied in NGMI
experiments, corresponds to a pure total-angular mornen-
tum J=4 state of ferrous iron, having no second- or
higher-order admixture with iron H and
configurations. Consequently, we do not expect any sub-
stantia1 change of the EFG in the ground state due to
spin-orbit coupling.

The small value of the quadrupole splitting in the
ground state of the two dihalides makes this quantity
more susceptible to contributions which are only of
minor importance in molecules with large AE& values.
For this reason, NGMI FeC12 and NGMI FeBr2 are less
appropriate for the determination of the nuclear quadru-

Noble-gas-matrix eA'ects

In Fig. 1 we plot the difference between the electron
density at the iron nucleus of NGMI Fe and free Fe,
b,p(0), obtained in UHF calculations with basis set III in
various iron —noble-gas clusters, as a function of the
iron —noble-gas atom distance. The charge density
reaches a maximum at a Fe -Ne(Ar) separation lying be-
tween the nearest-neighbor distance in the neon (argon)

0 0
lattice 3.2 A (3.8 A) and the extended x-ray-absorption
fine-structure (EXAFS) value for Fe -Ne (Ar) 2.45 A
(2.82 A) reported by Purdum et al. and Montano
et al. , respectively. We also find that, at a fixed iron-
neon distance, the value b,p(0) is an almost linear function
of the number of neighboring noble-gas atoms, indepen-
dent of the geometrical details of the clusters (Fig. 2).
Furthermore, the results presented in Figs. 1 and 2 are in-
dependent of the 6, H, and X+ configurations of the
iron atom, used in the calculations. The UHF calcula-
tions in the cluster with 12 neon atoms, at 3.2 A from Fe,

io 0 5-'
U

O

O

GQ

c3

0.5-

/
/

/

/

I

I

T
I

l

I

l

1

/

t'

) RM RA

FeAr (KXAFS )

FeNe (EXAFS j

Fe Ne3

Fe Ar

R (A)

FIG. 1. Dependence of Ap(0) on the internuclear distance be-
tween iron and noble-gas atoms. The quantity bp(0) represents
the difference between electron densities p,.i„s„„(0)and

p&„,„,„„„(0).R~, and R&„correspond to nearest-neighbor dis-
tances between noble-gas atoms in solid neon and argon, respec-
tively. EXAFS studies of Fe in neon yield an Fe-Ne distance
2.45 A (Ref. 32) and of Fe in argon two Fe-Ar distances, 2.82

0
and 3.72 A, respectively. "

pole moment, Q( Fe), from calculated EFG and experi-
mental AE& values. Such a procedure becomes more re-
liable when various compounds with large EFG of
different sign are considered. ' It seems that, up to the
present date, the physical data of various disciplines can-
not be interpreted on the basis of a common value of Q.
The small Q value, 0.082 b, given by Duff et al. is sup-
ported, for instance, by nuclear shell model calculations
on Fe in combination with the measured ratio
Q ( Fe)/Q ( Fe). On the other hand, if one adopts this
small Q value, it is impossible to explain the very large
AE& values, larger than 4 mm s ', found in pentacoordi-
nated iron(II) "picket fence" porphyrins, because the
EFG mainly originates in this case from one electron in a
nonbonding Fe 3d orbital.
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TABLE IV. Total Mulliken populations of s, p, and d shells
of iron in FeC1, and FeBr„calculated in the UHF ground state
'5, at optimized geometry for basis set I, II, and III, respective-
ly.

Basis
2 Oa

5 e ~

/

I
/

/

FeC12

FeBrz

I
II
III

II

6.4
6.4
6.4
6.5
6.5

12.0
12.5
12.4
12.0
12.6

6. 1

6. 1

6.3
6. 1

6.0

C

O
40
a

0.5

FeNe„

Fe Me&

Fe Nez

2t
Fe Nez

( 5~+

5 +

Fe-Ne = 2,8A)

Fe-Ne = 3.2A)

Fe - Ne = 2.8 A)
2+

Fe -Ne = 2.8P

representing the nearest-neighbor cluster of iron substi-
tuted at a site in solid neon, yields bp(0)=1.64ao . A
linear extrapolation of the bp(0) results, obtained for
small clusters, to larger clusters gives for Fe -Ne&2 (Fe-Ne
distance is 2.45 A) and Fe -Ar, 2 (Fe-Ar distance is 2.82 A
and 3.8 A) the values bp(0)=2. 13ao and
bp(0) =1.80ao and 1.60ao, respectively. Our extrapo-
lated ab initio Ap(0) value for Fe -Ar, 2 is in agreement
with the value 1.77ao of Braga et al. ' calculated by the
multiple-scattering Xa method in a Fe -Ar, 2 cluster (Fe-

0
Ar distance is 3.8 A). Consequently, NGMI Fe acquires
a negative isomer shift of approximately —0.4 mms
relative to free Fe . The addition of this matrix effect
leads to recalculated isomer shifts for FeC12 and FeBr2
relative to NGMI Fe, which considerably reduces the
gap between calculated and experimental isomer shifts
(Table II). Another interesting feature displayed in Fig. 2
is the decrease of the noble-gas-matrix effect on the elec-
tronic charge density at the iron nucleus in the series Fe
4s, Fe+ 4s', and Fe + 4s, proportional to the iron 4s-
orbital occupation, at fixed iron —noble-gas distance. The
importance of the 4s electrons in the description of the
matrix effect on hp(0} is in all probability related to the

1 3 4 // 12 8

FICi. 2. Dependence of Ap(0) for Fe, Fe+, and Fe + on the
number of noble-gas neighbors in clusters consisting of iron
equidistantly surrounded by noble-gas atoms. The value indi-
cated by an arrow is obtained for iron in a square-planar and in
a tetragonal environment of four neon atoms.

large radial extension of the iron 4s orbitals. Since the
iron 4s-orbital occupation of the two dihalides, given in
Table IV, is about 0.5 electrons only, the matrix effect on
these moleeu1es is expected to be significantly smaller
than on Fe .

In order to study the noble-gas effect on the Mossbauer
parameters in the 6 ground state of NGMI FeC12, a
number of UHF calculations in small FeClz . nNe clus-
ters, n =2, . . . , 6 are performed, the results of which are
summarized in Table V. The calculations for basis set I

0
are made at a fixed Fe—Cl distance of 2.25 A; for basis
sets II and III the optimized separations of the free FeC12
molecule (see Table II) are taken. Since n'o structural

TABLE V. Calculated quadrupole splitting (AE0) and isomer shift (A5) for NCzMI FeC1&', A6 is relative to free FeC12.

Basis Model structure of NGMI FeC1&'

(0,+2.45,0)
(0,0,+4.7)
free FeCl&

(0,+2.45,0)
free FeC12

(0,+2.45,0)
(0,0,+4.5)
(0,0,+4.694)
(0,0,+5.444}
(+2.45,0,0)(0,+2.45,0)
(+3.2,0,0)(0,+3.2,0)
(+2.26,0,2.244)(0,+2.26,2.244)
(+3.2,0,0)(0,+3.2,0)(0,0,+4.5)
free FeC1&

hE& (mm s ')

+0.66
+0.62
+0.67

—1.20( +0.67)
+0.88

—0.86( +0.24)
+0.26
+0.32
+0.39
+0.34
+0.38
+0.35
+0.23
+0.40

A5 (mm s ')'

+0.04
—0.02

0

+0.03
0

+0.03
—0.05
—0.03
—0.00
+0.06
+0.00
—0.03
—0.05

0

'Fe is at origin; coordinates of Cl are (0,0,+R), with R =2.25, 2.264, and 2.244 for basis I, II, and III, respectively; coordinates in
0

parentheses refer to Ne; all distances in A.
Value in parentheses corresponds to EFG along z direction; see text.

'A5 derived from calculated Ap(0) using 56= —0.23 mm s ' aohp(0).
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data are available for the positions of the noble-gas atoms
around NGMI FeClz, we consider various structures,
viz. , "linear" structures with Ne atoms along the molecu-
lar axis, "perpendicular" structures with the Ne atoms in
a plane through Fe or Cl perpendicular to the molecular
axis, and a combination of the two possibilities. The Ne-

0
Fe(C1) distance of 2.45 A is equal to the Fe-Ne distance
reported by Purdum et al. for NGMI Fe . The results
in Table V for the isomer shift of NGMI FeC12 relative to
free FeC12, A6, show that this quantity can be decom-
posed into contributions of the subclusters given in the
table. The noble-gas atoms seem, as in NGMI Fe, to
contribute additively to the noble-gas effect on the isomer
shift of NGMI FeC1, . The neon atoms around Fe and Cl
have an opposite effect on the isomer shift, which leads to
a partial cancellation of the noble-gas effect. As expect-
ed, the noble-gas influence decreases with distance. For
NGMI FeC12, with Fe substituting a site in solid Ne and
the molecular axis of FeC12 parallel to one of the crystal

0
axes, the four nearest Ne neighbors of Fe at 3.2 A in the
plane through iron perpendicular to the molecular axis
have a negligible effect on the Mossbauer parameters.
The two axial Ne atoms yield A6= —0.05 mm s ', and
constitute the main contribution to the value obtained in
the FeC12-Ne6 cluster. Combining these values with the
contributions of the four Ne neighbors around each of
the two Cl atoms in the planes perpendicular to the
molecular axis (i.e., two times —0.03 mm s ') leads to a
total A6 value of —0.11 mms '. The Cl-Ne distance
(2.26 A) occurring for the "substituted" FeClz is consid-
erably below the sum of the van der Waals radius of Ne
and the ionic radius of Cl, and is therefore probably
smaller than the separations in real clusters. Larger Ne-
Cl distances reduce the matrix effect A6= —0.11 mm s
We thus obtain for NGMI FeC12, in comparison with
NGMI Fe, only a small matrix effect on the isomer shift.
Two reasons for the reduction of the matrix effect on 6 in
NGMI FeC1, are {i) the small occupation number of the
iron 4s orbital in FeC1, and (ii) the different sign of the
various contributions to A6, dependent on the Ne posi-
tions around FeC1, . Concerning the results for AE&, we
remark that, due to the strong directionality of the per-
turbation on FeCI2 in the calculations with two nonaxial
Ne atoms, the main component of the EFG becomes per-
pendicular to the molecular axis. In the remaining con-
formations the main component is along the molecular
axis, as in the free molecule. In all cluster calculations
presented in Table V, the component of the EFG along
the molecular axis is reduced by the matrix effect.

CONCLUSIONS

(i) For the three modified Huzinaga basis sets, the UHF
ground configuration of FeC12 and FeBr2 is 'A. The sub-
sequent electron-correlation calculations at the MP41evel
in FeC1, leave 6 lowest in energy. The STO-3G and
STO-3G* basis sets are less appropriate for the descrip-
tion of the electronic structure in the two iron dihalides.

(ii) The one-electron ionization energies obtained by
subtraction of UHF ground- and ionized-configuration
energies are in better agreement with the experimental
values than those obtained from molecular-orbital ener-
gies. Additional geometry optimizations in the ionized
states further reduce the gap between the calculated and
experimental ionization energies.

(iii) The calculated isomer shifts of free FeC12 and
FeBrz relative to free Fe are about 0.5 mms ' smaller
than the values observed in NGMI experiments. The
noble-gas effects on Fe turn out to be non-negligible,
viz. , A5 =5(NGMI Fe )

—5(free Fe ) = —0.4 mm s
while those on FeClz are negligible. The calculated iso-
mer shifts of NGMI FeC12 and FeBr2 relative to NGMI
Fe are in reasonable agreement with the experimental
values. The effect of the noble-gas atoms on the isomer
shift in NGMI Fe is a nearly linear function of the 4s or-
bital occupation, and can be decomposed additively into
contributions calculated in subclusters. The same kind of
additivity is found for NGMI FeClz.

(iv) The experimental quadrupole splittings of the two
NGMI iron dihalides lie in the range of the values evalu-
ated in the 5 state. The calculations for FeC12 show a
similar Fe—Cl distance dependence of the quadrupole
splitting as reported in Ref. 3. However, in contrast with
Ref. 3, our value for the EFG remains positive at the ex-
perimental Fe-Cl separation. The calculated value of
AF& is affected by the choice of the basis set, contribu-
tions of electron correlation and the influence of the
noble-gas atoms. The latter three effects on AE& are
small in magnitude, but significant on a relative scale.
For the above mentioned reasons, it is difficult to make a
reliable theoretical prediction of the quadrupole splittings
in NGMI dihalides.
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