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Na;Fe(CN);L-nH,O (where L = NH,, ethylenediamine,
pyridine, etc.) in the solid state.?® In these cases, the endo-
thermic peak associated with the removal of L was immedi-
ately followed by a slight exothermic peak, associated with
a reorganization of primary products, i.e. Fe(CN);*, to Fe-
(CN)¢Na, and Fe(CN)¢Fe,; the stoichiometry was effectively
the same as in the aqueous system.

It is clear that a significant slow reduction of reactant
concentration should occur in aqueous solutions of Fe-
(CN)H,0*. On the other hand, it has been pointed out that
the measurement of rates of substitution of water in Fe-
(CN)sH,0* by various ligands presents serious difficulties
unless oxygen is excluded from the medium.! Even in this case,
however, kinetic complications still show up as slow absorbance
changes, which are claimed to arise from the dissociation of
dimers generated from Fe(CN)H,0°~.? We think that the
presence of dimers at the dilution level usually employed (10~*
M) should be insignificant, as suggested by available data on
the monomer—dimer equilibrium.’® As shown in this work,
Fe(CN)¢* is likely to be present in the system because of the
decomposition reaction, and this species may react with the
added Fe(CN)¢* scavenger through slow cyanide release.
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Currently, dinuclear transition-metal complexes are the
subject of numerous investigations. In particular, data from
ultraviolet photoelectron spectroscopy (UPS) and molecular
orbital (MO) calculations provide a foundation for under-
standing the electronic structure of these types of complexes.

Recent studies on Fe,(CO)4S, include the UPS measure-
ments and self-consistent field—Xa—scattered wave (SCF~
Xa-SW) of Andersen et al.2 and the He I/He II UPS and
minimal basis ab initio calculations of van Dam et al.> The
general empirical assignment of the photoelectron (PE) bands
made in both papers is essentially identical. However, the
theoretical description of the metal-metal bonding interaction
in the two studies is different. The ab initio calculation de-
scribes the Fe~Fe interaction in terms of a single “bent”

Table I. Calculated and Experimental Results for Fe,(CO),S,

Fe~le

a, Mulliken
_____I_EX___ orbital % le overlap
exptl caled level 3d % S population
Band 1
8.2 (sh) 8.14 15a, 57 3 0.131
8.5 (sh) 8.49 14a, 56 8 0.038
8.6 9.05 13a, 69 9 0.022
8.85 8a, 80 0 -0.070
9.2 (sh) 8.54 12b, 76 0 -0.073
9.16 11b, 75 2 -0.026
8.57 9b, 54 18 0.024
Band 2
10.2 10.16 7a, 15 62 -0.013
10.8 (sh) 10.87 8b, 40 49 0.040
Band 3
12.46 12a, 6 73 0.022
12.4 12.71 11a, 16 68 0.039
12.13 10b, 9 61 -0.015
@ sh = shoulder.
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Figure 1. UV PE spectra of Fe,(CO)¢S,: a, He I spectrum; b, He
11 spectrum.

a;-bonding (highest occupied) MO, in agreement with earlier
Fenske-Hall calculations on the same molecule.* In the
Xa—-SW scheme a “bent” Fe—Fe bond was also calculated as
the HOMO, but at about 2 ¢V more stable in energy a b,
orbital® is calculated to have a significant direct Fe-Fe =
component induced by the interaction with the bridging sulfur
ligand. In view of the disagreement between the two calculated
methods and the relatively poor agreement between the cal-
culated and experimental ionization potentials (IP’s), we have
carried out Hartree-Fock—Slater (HFS) calculations on
Fe,(CO)¢S, using a double-{ basis set. Numerous previous
studies employing the HFS method have shown it to give
excellent results in comparison to UPS measurements.® Our
intent is both to examine the nature of the Fe-Fe bonding and
to compare computed and experimental IP’s.

We present pertinent results in Table I. In computing the
IP’s we have employed the transition-state method for the same
four transition states calculated by Andersen et al. For the
other states we have employed an average of the calculated
eigenvalues resulting from the four transition-state calculations.
This procedure is justified since the eigenvalue shifts in each
of the transition-state calculations is constant to within a few
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Notes

Table II. Percent Character of 8b, Orbital from Difterent
Calculational Methods

Te 3d S I'e 3d S
Fenske-Hall® 38 48 HFSs¢ 40 49
ab initio® 16 80 Xo-SWa 53 25

@ Reference 4. © Reference 3. © This work. ¢ Reference 2.
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Figure 2. Energy-level diagram for the occupied = frontier orbitals
of Fe,(CO)¢S,. The numbers next to each orbital refer to the percent
d, character in that orbital.

tenths of 1 eV. Notice the excellent agreement between ex-
perimental and computed IP’s, which is typical for the HFS
method. The computed IP’s serve to confirm the assignment
of the PE spectrum in the earlier publications.

Also in Table I we present the calculated percent character
for each of the high-lying occupied valence MO’s. The Fe 4s
orbital contributes negligibly to these MO’s, and the 4p orbital
contribution varies between 0-7% so we have elected to report
the Fe 3d character only. The orbitals assigned to band 1 in
the PE spectrum are predominantly Fe 3d, those in band 2
(7a,, 8b,) are a fairly strong mixture of Fe 3d and S character,
and those in band 3 are predominantly S. The relative in-
tensity changes in the He I/He II spectra (Figure 1) can be
interpreted in terms of the Gelius model.” Upon going from
He I to He II, PE bands assigned to Fe 3d character should
increase in relative intensity whereas those assigned to S should
decrease extremely.®? Such is indeed the case in comparing
the calculational and the experimental results.

In general there is relatively good agreement between the
three sets of calculations regarding the percent character of
the orbitals. However, the 8b, orbital is calculated to have
quite different character as seen in Table I1.° This orbital
is predominantly S in the ab initio calculation, but a strong
mixture of Fe 3d/S in the other calculations. Close exami-
nation of the band shape change for band 2 upon going from
He I to He II does support the contention that there is con-
siderable metal character in the orbital ionized at about 10.8
eV (shoulder of band 2). Our orbital contour diagrams for
the 8b, orbital are essentially identical with those of Andersen
et al.;? this indicates that the differing percent character of
the 8b, orbital presented in Table II is probably a matter of
how the computational results are analyzed and not an es-
sential difference in the calculated wave function (Xa-SW
vs. HFS). The projected Xa—SW method of Bursten and
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Figure 3. Computed orbital contour diagrams of Fe,(CO)¢S,: a, 8a,
orbital; b, 8b, orbital. The contours are drawn in the xy plane where
the z axis represents the twofold axis. The values of the contours are
+0.2, £0.1, £0.05, £0.02, and the nodal contour.

Fenske'® may serve to clarify the nature of the bonding in the
case of Xa-SW calculations.

With this background we now come to the question of Fe—Fe
= bonding in Fe,(CO)¢S,. An orbital energy level diagram
for the orbitals involved in Fe-Fe « bonding is presented in
Figure 2. Also presented is the percent d, character (b,) and
d,« character (a,) for each orbital in the Fe,(CO), fragment
and Fe,(CO)¢S, molecule. The 7a, and 7b; MO’s of Fe,(CO);
belong to what is nominally referred to as the (t,,)®
“nonbonding” orbitals.!! The 7a, MO of Fe,(CO), correlates
strongly with 8a, of Fe,(CO)¢S,. Therefore, in the a, repre-
sentation (Fe—Fe =*) the 8a, MO of Fe,(CO),S, correlates
only with 7a, of Fe,(CO)¢ and a, of S,. However, in the b,
representation (Fe—Fe =) there is a strong mixing together of
7b; and 8b; of Fe,(CO)4 with b, of S, to form 8b; and 9b,
of Fe,(CO)4S,. Notice that the 77% d,, character of 7b, for
Fe,(CO)g is now “diluted” over 36% d, in 8b, of Fe,(CO),S,
and 31% d, in the 9b; MO. We agree with Andersen et al.
that the 8b;, MO does represent an Fe-Fe w-bonding orbital,
but it has been achieved at the expense of Fe~Fe 7 bonding
in the 9b, orbital. The = bonding of 8b, and 9b, are canceled
by the v* antibonding of 8a,. This analysis is borne out by
the orbital contour diagrams for the 8b, and 8a, MO’s (Figure
3).

In summary, our results indicate that the total analysis of
the Fe-Fe 7 bonding must take into account not only the
relevant Fe-S interaction orbitals (7a,, 8b,) but also the
corresponding orbitals (8a,, 9b,) from the (t,,)° “nonbonding”
set. Consequently, the Fe—Fe bond is best described in terms
of a single “bent” a;-bonding orbital, namely the HOMO
(15a)).
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