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Abstract 

The electronic properties of a series of iron-cobalt clusters, H,Fe,S(CO), (I), HFe,CoS(CO), (II), FeCo,S(CO), (III), and 
Fe,S,(CO& (V) have been studied by the Mossbatter effect at 78K. The electronic properties of these clusters and Co&CO),S (IV) 
have also been studied theoretically with Fenske-Hall molecular orbital calculations. The Miissbauer effect isomer shifts in clusters 
I-III and V are small and positive, ranging from 0.00 to 0.076 mm/s. The quadrupole splittings range from 0.563 to 1.109 mm/s. 
The s-electron density, measured by the Miissbauer effect, is similar for clusters with two iron-hydrogen groups or one 
iron-hydrogen group and one cobalt atom. The s-electron density is also similar for clusters with two iron-hydrogen groups or two 
cobalt atoms. The quadrupole splittings show a general increase with a decrease in the hydrogen content and an increase in the 
cobalt content. The cobalt carbonyl iigand charges and the cobalt charges are nearly constant. The sum of the iron and hydrogen 
charges increases as the iron carbonyl ligand charge decreases. The iron electronic configuration which begins with the 4s03ds4p0 
atomic configuration, becomes on average, 4s0.353d6ss4p0s3 with a range from 4s0.343d6sa4p0.74 . m I to 4s0.3’3d6s54p0s9 in V. The 
cobalt electronic configuration which begins with the 4s03d94p0 atomic configuration, becomes on average, 4s0.433d7.674p’.‘3 with a 
range from 4s0.413d7.704p’es in IV to 4s”.“3d7.664p’.17 in II. The isomer shift is well correlated with the sum of the iron 4s Mulliken 
population and the Clementi and Raimondi effective nuclear charge which they experience. The Mulliken charges and the 
coefficients of the molecular wave functions are used to calculate the quadrupole splittings in I-III and V. 

1. Introduction 

The importance of organometallic clusters as mod- 
els of metal surfaces during the processes of 
chemisorption and catalysis is well known 111. Metal- 
sulfur clusters are particularly important as models of 
the metal surface during the process of hydrodesulfur- 
ization [2-41 in which the sulfur in petroleum or coal is 
removed by hydrogenating the sulfur-containing com- 
pounds to produce hydrogen sulfide and desulfurized 
organic compounds [5-101. One catalyst used for hy- 
drodesulfurization is made of cobalt and molybdenum 
oxides on an alumina support. The rough metal sur- 
faces of the catalyst are often presulfurized, a process 
which both permits improved catalytic selectivity by 
preferentially blocking reactions that need multiple 
catalytic surface sites, and stabilizes the long term 
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activity of the catalyst [5-101. The presulfurized cata- 
lyst corresponds to Co,S,/MoS,. Thus, organometallic 
clusters can also serve as models of the sulfur poison- 
ing of catalysts [2-41. 

Some of the more fundamental interest in Co,- 
(CO),S and FeCo,(CO),S concerns differences in the 
effects of the unpaired electron on the structure of 
Co,(CO),S as compared with FeCo,(CO),S, which has 
no unpaired electron [ll-131. Stevenson et al. 1111 
found that, although the single bond covalent radii of 
cobalt and iron were similar, the average metal-metal 
bond lengths in FeCo,(CO),S were found to be 0.083 
A shorter than in Co,(Co),S. It has been suggested 
[11,12] that this decrease is a result of the unpaired 
electron in Co,(CO),S which occupies a molecular 
orbital that is antibonding with respect to the cobalt 
atomic orbitals, an occupancy which would yield a 
weaker and thus longer cobalt-cobalt bond. 

Previous Fenske-Hall molecular orbital calculations 
by Chesky and Hall [2,3] on H,Fe,S(CO), (I), HFe,- 
CoS(CO), (II), FeCo,S(CO), (III), and Co,S(CO), (IV) 
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were performed by using a fragment technique in which 
the clusters were formed from three metal tricarbonyl 
fragments, a capping sulfur atom, and the appropriate 
hydrogen atoms. The HOMO of a Co(CO), fragment, 
which has one unpaired electron, was composed pri- 
marily of cobalt 3d and 4p atomic orbitals. In contrast, 
the LUMO of a Co(CO), fragment was composed 
primarily of cobalt 4p and 4s atomic orbitals. The 
atomic orbitals making up the Fe(CO), fragment were 
similar but higher in energy than those of the Co(CO), 
fragment. The lower energy Co(CO), fragment orbitals 
consist of combinations of the carbon and oxygen 
atomic orbitals. “Despite” the fact that lower energy 
fragment orbitals may be delocalized over the entire 
cluster, they do not contribute to cluster formation” 
[31. Upon formation of Co,(CO),S, the higher energy 
Co(CO), fragment orbitals combined with the sulfur 3p 
atomic orbitals. The HOMO of Co,(CO),S had co- 
balt-cobalt antibonding character and the cobalt-co- 
balt bonding actually occurred at energies below the 
HOMO. The formation of FeCo,(CO),S from frag- 
ment orbitals was similar to the formation of Co,- 
(CO&S, but, in contrast, the HOMO of FeCo,(CO),S 
has metal-metal bonding character. In both clusters 
the sulfur 3p atomic orbital gained electron density, as 
revealed by the - 0.13 and - 0.17 charge of the sulfur 
atom in Co,(CO),S and FeCo,(CO),S, respectively. 
Upon formation of HFe,CoS(CO), and H,Fe,S(CO),, 
both the sulfur and hydrogen atoms also gain electron 
density. Hence, the charges on the sulfur and hydrogen 
atoms are -0.25 and -0.14, respectively, in HFe,Co- 
S(CO), and - 0.16 and - 0.14, respectively, in H,Fe,S- 
(CO),. 

The perturbation of the metal-sulfur framework by 
the nine carbonyl ligands was also considered by Chesky 
and Hall [3]. The bonding of the nine carbonyl ligands 
to the metal-sulfur framework resulted in a reduction 
in the metal-metal bonding. The carbonyl 27r orbitals 
were found to stabilize the metal-metal antibonding 
orbitals by accepting electron density. When comparing 
the results of the molecular orbital calculations of the 
iron-cobalt clusters, it was noted [3] that the HOMO- 
LUMO gap increased as the iron and hydrogen con- 
tent of the cluster increased. This occurred because the 
number of metal-hydrogen-metal molecular orbitals 
increased, whereas the number of high energy metal- 
metal bonding molecular orbitals decreased, thereby 
increasing the HOMO-LUMO gap. 

In this work the electronic properties of the iron- 
cobalt clusters, H,Fe,S(CO), (I), HFe,CoS(CO), (II), 
FeCo,S(CO), (III), and Fe&CO), (V> have been 
investigated by studying their Mossbauer effect hyper- 
fine parameters, and the results of Fenske-Hall molec- 
ular orbital calculations on these clusters and 
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Fig. 1. The structures and numbering schemes for the clusters. 

Co,(CO),S (IV>. The structures of the clusters are 
shown schematically in Fig. 1. The molecular orbital 
calculations aid in the interpretation of the Miissbauer 
spectra and are used to calculate both the effective 
nuclear charge experienced by the iron nucleus for 
comparison with the observed isomer shift, and the 
electric field gradient at the iron sites, for comparison 
with the observed quadrupole splitting. 

2. Experimental section 

The iron-cobalt clusters were prepared according to 
standard literature methods [14-161. The aqueous so- 
lutions and the organic solvents were degassed prior to 
use by bubbling nitrogen through them. The hexane 
used as a solvent in the preparation of FeCo,S(CO), 
(III) was also vacuum distilled under nitrogen to re- 
move the dissolved oxygen. The Fe,(CO),S, (V), re- 
quired to prepare FeCo,S(CO), (III), was prepared 
according to the method of Bogan et al. [17] except 
that the solution was acidified with 100 ml of 6 M HCl 
instead of 200 ml of 3 M HCI. 

The Miissbauer spectra were measured at 78 K on a 
conventional constant acceleration spectrometer which 
utilized a room temperature rhodium matrix cobalt-57 
source and was calibrated at room temperature with 
natural abundance a-iron foil. The spectra were fit to 
symmetric Lorentzian doublets with equal line widths 
by using standard least-squares computer minimization 
techniques. The error limit on the isomer shift is 
kO.005 mm/s, _t 0.01 mm/s on the quadrupole split- 
tings and the line widths, and at most + 1 percent for 
the relative areas. 

The molecular orbital calculations were performed 
by using the FENSKE-HALL method [1,18,19]. The atomic 
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basis functions used were those of Herman and Skill- 
man [20] as modified with the Xa to Slater basis 
program of Bursten and Fenske 121-241. All of the 
Fenske-Hall calculations used the same basis func- 
tions and no effort was made to investigate the influ- 
ence of changes in these functions on the calculated 
Miissbauer spectral parameters. The typical error limit 
for the absolute metal charges obtained from the 
Fenske-Hall molecular orbital calculations is esti- 
mated to be f0.06. The typical error limits for the 
absolute sulfur, hydrogen, and carbonyl ligand charges, 
and for the atomic orbital populations are estimated to 
be f0.15 or better. The relative error for a series of 
compounds is probably a factor of two or three smaller. 
The atomic positions required for the Fenske-Hall 
molecular orbital calculations of the iron-cobalt clus- 
ters were taken from the known X-ray structure of 
FeCo,(CO),S (III) [ll]. The hydrogens [3] in 
H,Fe,S(CO), (I) and HFe,CoS(CO), (II> were placed 
in the metal-sulfur-metal plane below the metal- 
metal-metal plane at an iron to hydrogen symmetric 
bridging bond length [25] of 1.879 A. 

The Mulliken charges and the molecular orbital 
wave functions, obtained from the Fenske-Hall molec- 
ular orbital calculations, were used to calculate [l] the 
electric field gradient at the metal site. The (re3>3d 
and (re3& expectation values for iron were calcu- 
lated from the 3d Mulliken orbital populations, whereas 
those for the other metal were held at the constant 
values of 32.0 for ( r-3>3d and 11.6 for ( r-3>~p [26-281. 

3. Results and discussion 

3.1. Miissbazm effect spectra 
The Mijssbauer effect spectra of the iron-cobalt 

clusters studied in this work are shown in Fig. 2, and 
the derived spectral hyperfine parameters are given in 
Table 1. Figure 1 shows that the structure of 
H,Fe,S(CO), (I) has two different types of iron sites, 
Fe(l) and the chemically equivalent Fe(2) and Fe(3) 
sites. As a result the Miissbauer spectrum of this 
cluster was fit with two symmetric quadrupole doublets 
with an area ratio of approximately one to two, with 
the small area doublet assigned to Fe(l). As shown in 
Fig. 1, both of the iron sites in HFe,CoS(CO), (II) and 
in Fe,S,(CO), (V) are chemically equivalent and the 
Mossbauer spectrum of these clusters were successfully 
fit with one symmetric quadrupole doublet as was the 
Mossbauer spectrum of FeCo,S(CO), (III). 

The Miissbauer effect spectra of H,Fe,S(CO), (I) 
and HFe,CoS(CO), (II) have been previously mea- 
sured by Marko, et al. [14,15,29*]. For some unknown 

* Reference number with an asterisk indicates a note in the list of 
references. 
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Fig. 2. The Miissbauer effect spectra of clusters I-III and V obtained 
at 78 K. 

TABLE 1. Miissbauer effect spectral parameters ’ 

Cluster Site 6 AE, r % Area 

H,Fe$XCO), (1) Fe(l) 0.000 0.563 0.27 37.7 
Fe(2,3) 0.032 1.046 0.27 62.3 

HFe#ZoS(CO), (Ii) Fe(1,2) 0.009 0.689 0.26 100.0 
FeCo,S(CO)s (III) Fe(l) 0.023 0.780 0.29 100.0 
FesSa( 0 Fe(1,2) 0.076 1.109 0.27 100.0 

a All data measured at 78 K and reported relative to room tempera- 
ture natural abundance a-iron foil. The values are measured in 
mm/s. 



180 ML. Buhl, G.J. Long / Orbitals study of sulfur containing organoiron-cobalt clusters 

TABLE 2. Fenske-Hall molecular orbital results 

Cluster Site Mulliken atomic Charge HOMO- Z,, a Z,, b 
orbital population Metal Avg CO S H LUMO 

3d 4s 4P Gap 

H,Fe,S(COl, (I) Fe(l) 6.80 0.34 0.74 0.13 0.04 - 0.21 - 0.09 3.86 3.17 4.71 
Fe(2) 6.80 0.36 0.83 0.01 0.03 3.13 4.70 
Fe(31 6.78 0.36 0.84 0.02 0.01 3.14 4.72 

HFe$oS(CO), (II) Fe(l) 6.77 0.36 0.80 0.06 0.01 -0.14 -0.10 3.49 3.16 4.73 
Fe(21 6.78 0.36 0.80 0.06 0.04 3.15 4.72 
co 7.66 0.44 1.17 - 0.27 0.08 3.28 4.95 

FeCo,S(COl, (III) Fe 6.74 0.39 0.87 0.00 -0.01 -0.08 - 2.75 3.16 4.75 
Co(l) 7.65 0.43 1.14 - 0.22 0.09 3.30 4.97 
Co(2) 7.67 0.43 1.12 - 0.22 0.10 3.29 4.95 

Co,S(CO1, (Iv) Co(l) 7.65 0.43 1.14 - 0.22 0.03 -0.05 - 1.95 3.30 4.97 
Cd21 7.70 0.41 1.08 -0.19 0.11 3.27 4.93 
Cd31 7.70 0.41 1.11 - 0.23 0.09 3.26 4.92 

Fe,S,(COl, 69 Fe(l) 6.85 0.31 0.89 - 0.04 0.00 0.01 - 4.77 3.07 4.66 
Fe(2) 6.87 0.30 0.86 - 0.04 0.02 0.00 - 3.06 4.64 

a Effective nuclear charge, experienced by the metal 4s electrons, calculated by using the method of Slater [38,391 and the Mulliken atomic 
populations. b Effective nuclear charge, experienced by the metal 4s electrons, calculated by using the method of Clementi and Raimondi 138) 
and the Mulliken atomic populations, 

reason, the hyperfine parameters we observe do not 
agree well with those reported [14,15] However, in 
general the trends in the two sets of parameters are 
similar. 

3.2. Fenske-Hall molecular orbital calculations 
In clusters I-III, as the iron and hydrogen atoms are 

replaced with a cobalt, the number of valence electrons 
remains constant at forty, whereas in cluster IV there 
are forty-one valence electrons. The differences and 
similarities in the electronic properties of these clusters 
may be better understood by an investigation of the 
atomic charges and the overlap populations obtained 
from the molecular orbital calculations. These differ- 
ences and similarities are also considered in terms of 
the iron and cobalt Allred-Rochow electronegativities, 
1.64 and 1.70, respectively [30]. The atomic charges of 
the clusters are given in Table 2. The average carbonyl 
ligand, carbon, and oxygen charges are shown in Fig. 3, 
and the sulfur and the average metal charges are 
shown in Fig. 4. 

The similar hydrogen charges in clusters I and II 
result from the similarities in the hydrogen coordina- 
tion environment. In contrast to anionic clusters [31], 
these neutral clusters show, as expected, little, if any, 
metal electron delocalization onto their virtually neu- 
tral carbonyl ligands. Carbonyl ligands act as Lewis 
bases by donating electron density to the cobalt and 
iron atoms. Cobalt is more electronegative than iron 
and will attract more electron density from the car- 

bony1 ligands than will iron. The average cobalt car- 
bony1 ligand charge (Fig. 3) is thus more positive than 
the average iron carbonyl ligand charge. Although the 
average cobalt carbonyl ligand charges in these clusters 
are constant, the average cobalt carbonyl carbon 

0.20 Q 

-0.15 
Fe3 Fe2Co F&o2 CO3 

I II III N 

Fig. 3. The average cobalt carbonyl ligand (01, the cobalt carbonyl 
carbon (01, the iron carbonyl ligand (ml, the iron carbonyl carbon 
(0 1, and the carbonyl oxygen (A ) charges. In this and other figures 
the iron-cobalt cluster is indicated at the bottom of the figure. 
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charges decrease slightly in going from clusters II to 
IV. This indicates that the donation of electron density 
to the cobalt atom decreases slightly as may be seen in 
the slight increase in the cobalt charge. 

The average iron carbonyl ligand charge shows a 
slight decrease in going from clusters I to III, which 
.indicates that the iron carbonyl carbon is donating 
more electron density to the iron atoms. However, the 
iron charge does not show the expected increase in 
going from clusters I to III. The electron density ac- 
cepted by the iron atoms in clusters I and II is delocal- 
ized onto the hydrogen atoms. If the hydrogen charge 
is added to the iron charge, the resulting charge, in- 
creases as the iron carbonyl carbon charge decreases. 

The other Lewis base in these clusters is the sulfide 
ligand. As shown in Fig. 4, the sulfide charge increases 
as the cobalt content in the clusters increases. The 
electronegativity of cobalt is greater than that of iron, 
and as the cobalt content in the clusters increases, the 
total cluster metal electronegativity increases, the sul- 
fide ligand donates more electron density to the met- 
als, and the sulfide charge increases. The correlation 
between the decreasing iron charge and the increasing 
sulfide charge, in going from cluster I to III, is mislead- 
ing. The 0.39 average metal-sulfide overlap population 
is considerably less than the 0.78 average metal-carbon 
overlap population because the metal-sulfide bond 
length is greater than the metal-carbon bond length. 
Further, the sulfide-metal overlap population is typi- 
cally fifteen percent of the total metal overlap popula- 
tion. Therefore the impact of the sulfide donated elec- 

tron density upon the metal charges is small compared 
with that of the carbonyl carbon. 

The metal coordination environment influences the 
metal charge. In cluster I, the chemically unique Fe(l) 
donates electron density to two hydrogen atoms, 
whereas the chemically equivalent Fe(2,3) each donate 
electron density to only one hydrogen atom. Hence the 
Fe(l) charge in cluster I is greater than that of Fe(2,3). 
As the cobalt content in the iron-cobalt clusters in- 
creases, the average iron charge decreases from 0.13 to 
0.00. In an iron-cobalt bond, more electron density is 
drawn toward the cobalt atom resulting in a more 
positive iron charge. 

Carbonyl ligands are thought to serve as models of 
chemisorbed carbon monoxide on a metal surface 
[32,33]. It is also proposed that the electronic proper- 
ties of a terminal carbonyl ligand are relatively un- 
changed from those in carbon monoxide [34]. A com- 
parison of the carbon monoxide and the carbonyl lig- 
and carbon and oxygen charges and overlap popula- 
tions is a test of this proposal. A carbon mDonoxide 
molecule, which has a bond length of 1.128 A, has a 
carbon charge of -0.095, and oxygen charge of 0.095, 
and an overlap population of 1.57. A carbon mo?oxide 
molecule which has a bond length of 1.16 A, the 
average carbon-oxygen distance of the carbonyl lig- 
ands in these clusters, was found to have a carbon 
charge of -0.068, an oxygen charge of 0.068, and an 
overlap population of 1.55. In these iron-cobalt clus- 
ters, the average carbonyl ligand carbon charge is 0.16, 
the average oxygen charge is -0.11, and the average 
carbon-owgen overlap population is 1.52. The nega- 
tive carbon monoxide carbon charge enables it to serve 
as a Lewis base. A more detailed look at the carbon- 
oxygen overlap populations of both carbon monoxide 
and the carbonyl ligand is presented in Table 3. The 
carbon monoxide and carbonyl ligand carbon 2s to 
oxygen 2s overlap populations are similar, as are those 

TABLE 3. A comparison of the CO and carbonyl ligand overlap 
populations 

Species CO bond Oxygen C, 2s C,2p C, total 

length, A orbital 

co 1.128 0,2s 0.21 0.18 0.39 
Q2P 0.03 1.15 1.18 
0, total 0.24 1.33 1.57 

co 1.16 a 072s 0.20 0.18 0.38 
0,2p 0.04 1.13 1.17 
0, total 0.24 1.31 1.55 

Carbonyl ligand a 1.16 0, 2s 0.16 0.23 0.39 
Q2P 0.25 0.88 1.13 
0, total 0.41 1.11 1.52 

a The average of the thirty-six terminal carbonyl ligands in clusters 
I-IV. 
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Fig. 5. The average of the iron Cm), and the cobalt (0) Mulliken 
atomic orbital populations. 

of carbon 2p to oxygen 2s. The carbonyl carbon 2p to 
metal overlap population is twice that of the carbonyl 
carbon 2s to metal overlap population. As the carbonyl 
carbon donates electron density to the metal, the car- 
bony1 carbon 2p to oxygen 2p overlap population de- 
creases as compared to that of carbon monoxide. The 
increase in the carbonyl carbon 2s to oxygen 2p overlap 
population, as compared to that of carbon monoxide, 
may be due to the delocalization of the metal electron 
density which the carbonyl carbon 2p orbital accepts 
because of metal a-back bonding. Overall the carbonyl 
ligand carbon-oxygen overlap population is similar to 
that of carbon monoxide, and thus their overall elec- 
tronic properties are similar. Also the small differences 
in the specific carbon-oxygen orbital overlap popula- 
tions make carbonyl ligands satisfactory models for 
chemisorbed carbon monoxide on a metal surface. 

Figure 5 shows the metal Mulliken atomic orbital 
populations of these clusters. The iron 4s and 3d 
populations are constant, as are the iron 4s and 3d to 
near-neighbor overlap populations. The greatest range 
in the atomic orbital populations occurs in the iron 4p 
atomic orbitals. In cluster I, the 0.52 Fe(l) 4p to 
near-neighbor overlap population is less than the 0.63 
Fe(2,3) 4p to near-neighbor overlap population, which 

leads to a lesser Fe(l) 4p orbital population. The iron 
4p to near-neighbor overlap population increases to 
0.76 in cluster III, which also leads to an increase in 
the iron orbital population. The cobalt 4s, 4p, and 3d 
populations are constant, as are the cobalt to near- 
neighbor overlap populations. A comparison of the 
orbital populations of the forty valence electron cluster 
III and the forty-one valence electron cluster IV, shows 
that the extra electron in cluster IV is localized pre- 
dominately in the CO(~) 3d orbital. This is the cobalt 
atom in cluster IV which replaced the iron atom in 
cluster III. This is seen in Fig. 5 as a slight increase in 
the cobalt 3d orbital population in going from cluster 
III to IV. 

Although the results given in Table 2 are noticeably 
different from the results obtained by Chesky and Hall 
[3,35 *I, most of the trends are the same. Chesky and 
Hall [3] found that the unique Fe(l) charge in I is more 
positive than that of the equivalent irons, Fe(2,3). In 
agreement with our results, they also found [3] that the 
iron charges in II and III were more positive than 
those of cobalt. We also find that the hydrogen charge 
in clusters I and II was constant and negative. Chesky 
and Hall [3] found that the sulfur charge was more 
positive than that of cobalt, whereas we find just the 
opposite [35]. Our calculations [l] reveal that the 
HOMO-LUMO gap increases almost linearly with the 
iron content of the cluster with a slope of 0.65 eV per 
iron, an intercept of 2.04 eV and a correlation coeffi- 
cient of 0.99. As mentioned above, Chesky and Hall [3] 
also saw this trend and attributed it to the decrease in 
the number of high energy metal-metal bonding 
molecular orbitals. 

3.3. Miissbauer effect komer shift 
The results of the Fenske-Hall molecular orbital 

calculations, given in Table 2, may be used to under- 
stand the variations in the Miissbauer effect isomer 
shifts. As the s-electron density at the iron nucleus 
decreases, the isomer shift increases. The s-electron 
density at the iron nucleus can be represented by the 
iron 4s Mulliken atomic population obtained from the 
molecular orbital calculations. Therefore it is expected 
that, as the iron 4s Mulliken atomic population in- 
creases, the isomer shift will decrease. However, the 4s 
Mulliken atomic population does not take into account 
the shielding effects from the 3d and the 4p electrons. 
In previous work [36,37], these shielding effects were 
considered in terms of the Slater effective nuclear 
charge experienced by the iron 4s electrons. As the 
effective nuclear charge increases, the 4s radial elec- 
tronic distribution contracts, the s-electron density at 
the iron nucleus increases, and the isomer shift de- 
creases. 
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A more accurate calculation of the effective nuclear 
charge experienced by the iron 4s electrons can be 
obtained by using the method of Clementi and Rai- 
mondi [38]. In this method, Clementi and Raimondi 
used self-consistent field wave functions to obtain the 
shielding experienced by an electron. Both the Slater 
and the Clementi and Raimondi effective nuclear 
charges, ZeE, experienced by the iron 4s electrons were 
calculated from the iron Mulliken atomic populations 
[38,39], and are given in Table 2. A better representa- 
tion of the s-electron density at the iron nucleus may 
be obtained by considering both the iron 4s Mulliken 
atomic population and the effective nuclear charge 
they experience. Figure 6, which includes clusters in 
this and related work [24,31,36,37,40,41], shows the 
correlation between the sum of the iron 4s population 
and the Clementi and Raimondi effective nuclear 
charge and the isomer shift. When all the data is 
considered, this plot has a slope of -0.88 mm/s per 
electron, an intercept of 4.47 mm/s, and a correlation 
of 0.86. 

Figure 6 shows that, for these iron-cobalt clusters, 
the Mossbauer effect isomer shift is more sensitive to 
the iron s-electron density at the nucleus, than is the 
iron 4s orbital population or the Clementi and Rai- 
mondi effective nuclear charge which they experience. 
Within the & 0.005 mm/s isomer shift accuracy, Fig. 6 
and Table 1 reveal there are two different s-electron 
environments at the iron nuclei in these iron-cobalt 
clusters. The isomer shifts of Fe(l) in I and of Fe(1,2) 
in II, O.OOOG> and 0. 009(5) mm/s, respectively, are 
similar. This indicates that the s-electron density at the 
iron nucleus is similar whether its near-neighbor envi- 
ronment is two iron-hydrogen groups, as for Fe(l) in I, 
or is one iron-hydrogen group and one cobalt atom, as 
for Fe(1,2) in II. Also the isomer shifts for Fe(2,3) in I 
and for Fe(l) in III, 0.0326) and 0.023(5) mm/s, 
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Fig. 6. The iron-57 isomer shift versus the sum of the iron 4s 
Mulliken atomic population and the Clementi and Raimondi effec- 
tive nuclear charge experienced by the iron 4s electrons for Fe(l) 
( n 1, and Fe(2,3) (O), in H,FesS(CO), (I), Fe(1,2) (01 in 
HFe,CoS(CO), (II), Fe(l) (A), in FeCo,S(CO), (III), and Fe&21 
(0) in Fe,S,(CO), (V). The smaller points represent values obtained 
for a variety of related clusters, see text for references. 

respectively, are similar. This indicates that the s-elec- 
tron density at the iron nucleus is similar whether its 
near-neighbor environment is two iron-hydrogen 
groups, as for Fe(2,3) in I, or is two cobalt atoms, as for 
Fe(l) in III. The effect of an iron-hydrogen group or a 
cobalt atom, which are isoelectronic, on the s-electron 
density at an iron nucleus is similar. In contrast, the 
coordination of the two bridging sulfur atoms in V both 
reduces the iron s-electron density and effective nu- 
clear charge, and increases the isomer shift. 

TABLE 4. A comparison of the observed and calculated quadrupole splittings a 

Cluster Site Obs. Calc. total Calc. valence Calc. lattice 

A& AEo V, 77 A& V, n (r-3>3,j % AE, V, 7 % 

H,Fe,S(CO,) (I) Fe(l) 0.563 - 1.51 -0.71 0.38 - 1.50 -0.71 0.38 31.1 99 - b.01 - 0.01 0.33 1 
F&2) 1.046 1.44 0.68 0.26 1.44 0.68 0.28 31.1 99 - 0.01 -0.01 0.93 1 
Fe(3) 1.046 1.44 0.63 0.76 1.44 0.63 0.77 31.2 99 0.01 0.01 0.76 1 

HFe,CoS(CO), (II) Fe(l) 0.689 0.86 0.37 0.82 0.85 0.37 0.83 31.2 99 - 0.02 -0.01 0.81 1 
Fe(2) 0.689 0.91 0.39 0.87 0.91 0.39 0.86 31.2 99 0.01 0.01 0.92 1 
Co- - -0.32 0.46 - -0.32 0.49 32.0 - - -0.01 0.41 - 

FeCo,S(CO), (III) Fe 0.780 0.65 0.28 0.90 0.65 0.28 0.86 31.3 99 - 0.02 -0.01 0.63 1 
cdl) - - -0.49 0.52 - -0.49 0.52 32.0 - - -0.01 0.44 - 
cd2) - - 0.36 0.99 - -0.36 0.99 32.0 - - -0.01 0.41 - 

Fe&CO), (V) Fe(l) 1.109 1.27 0.58 0.54 1.27 0.58 0.54 30.9 100 0.00 0.00 0.69 0 
Fe(2) 1.109 1.27 0.57 0.70 1.28 0.57 0.70 30.8 99 -0.01 0.00 0.48 1 

a The AEo values were obtained at 78 K and have units of mm/s. V, values have units of V/m2 and must be multiplied by 1022. 
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Fig. 7. The observed and calculated quadrupole interactions for 
Fe(l) (W), and Fe(2,3) (01, in H,Fe,S(CO), (I), Fe(1,2) (01 in 
HFe,CoS(CO), (II), Fe(l) (A) in FeCo,S(CO), (III), and Fe(1,2) 
(0) in Fe,S,(CO), 6’). The smaller points represent values obtained 
for a variety of related clusters, see text for references. The dashed 
line is the unit slope and not a fit to the data. 

3.4. Miissbauer effect quadrupole interaction 
The contributions to the electric field gradients, 

calculated from the molecular orbital wave function 
coefficients and the Mulliken atomic charges, are given 
in Table 4. In these clusters the valence contribution is 
the major contribution to the electric field gradient. 
The non-integral, nonequivalent iron 3d and 4p orbital 
populations, lead to the dominance of the valence over 
the lattice contribution to the electric field gradient. 

The experimental values of AE, are compared with 
the calculated values in Fig. 7 which also includes data 
for several series [24,31,36,37,40,411 of related organo- 
iron clusters. Because the Mossbauer effect only yields 
the magnitude of A E,, the sign of the calculated value 
of AEo was assigned to the experimental value of 
AE,. Figure 7 shows that the Fenske-Hall molecular 
orbital calculations are useful in predicting the electric 
field gradients in clusters. 

One explanation for the disagreement between the 
observed and the calculated values of AE, for Fe(l) in 
I is our neglect of the Sternheimer factors, y_ and R, 
which should be included in the calculated value of the 
electric field gradient. These factors take into consider- 
ation the polarization of the symmetric electronic core 
distribution by the non-spherical lattice and valence 
electronic distributions. Because the lattice contribu- 
tion is small, the Sternheimer antishielding factor, ymym, 
may be neglected. However, the Sternheimer shielding 

factor, R, could be substantial, especially when the 
calculated quadrupole interaction is large. Thus the 
inclusion of R would decrease the calculated values of 
AE, in clusters I and II. Another explanation is that 
the structure used for cluster I for the molecular or- 
bital and electric field gradient calculations is not its 
X-ray crystal structure but is the appropriately modi- 
fied structure of cluster III. It has been found that 
small differences in the structure of a cluster will 
change the molecular orbital wave function coefficients 
obtained from the molecular orbital calculation and in 
turn change the results of the electric field gradient 
calculation by as much as fifteen percent. 

The calculated values of A E, may be explained in 
terms of the structure chosen for these clusters. As 
mentioned above, the structures of clusters I and II are 
based upon cluster III. Hence, the metal, sulfur, and 
carbonyl ligand positions do not change in these iron- 
cobalt clusters. The Fe(l) site of cluster I has the 
largest calculated value of AE,, and therefore the 
least symmetry of these iron sites. This Fe(l) site also 
has the largest coordination number in these clusters. 
As the near-neighbor iron-hydrogen group is replaced 
by a cobalt atom, the coordination number of the iron 
site decreases, the symmetry of the iron site increases, 
and the calculated value of A EQ decreases. The ob- 
served values of AE, show the opposite effect of the 
replacement of an iron-hydrogen group by a cobalt 
atom. The Fe(l) site of cluster I was observed to have 
the most symmetric electronic environment, despite 
the high coordination number. This is an indication 
that the positions of the hydrogens in the structures of 
clusters I and II may be slightly wrong. The difference 
between the observed and the calculated AE, values 
of cluster III, the cluster for which the known X-ray 
structure was used, is the smallest for these iron-cobalt 
clusters. 

4. Conclusions 

This study has shown that both Mijssbauer spec- 
troscopy and the results of Fenske-Hall molecular 
orbital calculations may be used to gain a better under- 
standing of the electronic properties in these clusters. 
The cobalt carbonyl ligand charge is nearly constant, 
which leads to the nearly constant cobalt charge. The 
electron density donated to the iron atoms by the iron 
carbonyl ligands is partially delocalized onto the bridg- 
ing hydrogens. When the iron and hydrogen charges 
are added, the sum increases as the iron carbonyl 
ligand charge decreases. The sulfur charge becomes 
more positive as the more electronegative cobalt con- 
tent increases. The HOMO-LUMO gap increases as 
the iron content in these clusters increases. 
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The Mijssbauer effect is very sensitive to the changes 
in the electronic environment of an iron nucleus. The 
isomer shift is best represented by the sum of the iron 
4s Mulliken orbital population and the Clementi and 
Raimondi effective nuclear charge which they experi- 
ence. The isomer shifts indicate that there are two 
different s-electron densities at the iron nuclei in these 
clusters. The s-electron density at the nuclei of Fe(l) in 
cluster I and Fe(1,2) in cluster II are similar. Likewise 
that of Fe(2,3) in cluster I and Fe(l) in cluster III are 
similar. The effect on the s-electron density of the iron 
with a near-neighbor iron-hydrogen group or cobalt 
atom is similar. 
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