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The chemical-isomeric shift of iron in the compound Nay[Fe(CO),], in which iron is formally in a —2 oxidation state, is large

and negative.

due to decreased shielding of the 3s electrons in the iron atom as the d electrons delocalize by = bonding.

A negative shift is associated with an increased electron density in the nucleus and in this case is probably

The Mdssbauer

patterns for both Na[Fes(CO);H] and Fey(CO); show that in both compounds two of the iron atoms are equivalent while

the third is different.

The X-ray data and the Mssbauer data considered together indicate that both of these compounds

have similar nonsymmetrical, bridged triangular structures.

Mossbauer spectra have been reported for iron in a
variety of (formal) oxidation states.? It has been found
that the electron density in the nucleus, i\I/(O)P, is de-
pendent on both the degree of covalency of the bonding
and the formal oxidation state of the iron. Thus, in
ionic (high-spin) iron compounds, chemical isomeric
(CI) shifts,? 8, in the Méssbauer spectra become more
negative in the order Fe+? Fe*? Fet4 and Fett. (In
Fe¥, increasing negative values of § correspond to
increased values of %\I/(O)l?.) The increase in I\I'(O)‘2
with increasing positive oxidation state is due to a de-
crease in electronic shielding of (primarily) the 3s
electrons as 3d electrons are lost by ionization.*

Covalent (low-spin) compounds show the same
general behavior. Thus, ferricyanide ion shows a more
negative shift than does ferrocyanide, although the
shifts of both of these ions are more negative than
those found for ionic ferric compounds. The relatively
large negative shifts associated with covalent com-
pounds are thought to be due to extensive d electron
delocalization due to = bonding.25¢ An alternative
view"® which appears to maintain that the ¢ bond net-
work dominates the shifts observed in iron compounds,
presumably via forward donation of 4s electroms, is,
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we believe, inconsistent with Méssbauer data. This
question will be discussed further in a future report.

Compounds in the zero oxidation state show a range
of shifts which roughly bracket the values covered by
the covalent ferrous and ferric compounds.?® Although
the metal atom in these compounds has a 3d® electronic
configuration, .e., it has more 3d electrons than in fer-
rous and ferric complexes, the lack of formal charge
probably permits these electrons to delocalize to a
greater extent than in the charged species. They may
also undergo more extensive 4s hybridization. The
over-all effect is that ‘\I/(O)\? is roughly the same for
strongly covalent Fe?, Fet? and Fe™? complexes.

The question of what shift one would expect for iron
in a negative oxidation state has apparently not pre-
viously been answered. At first sight it might be ex-
pected that the shift should be more positive than for
the positively charged or neutral species since in the
[Fe(CO)4]? ion, for example, the electronic configura-
tion of iron is described as being 3d!%.1 On the other
hand, the (formal) negative charge on the metal will
allow the d electrons to strongly delocalize vi¢ & bond-
ing. Extensive delocalization has, in fact, been pro-
posed to account for the low CO stretch frequency in
this ion.!* 1t is conceivable that the negative charge
could actually permit sufficient 7 bonding so that the CI
shift might be more negative than in positively charged
species. There is also the possibility, of course, that
the negative charge might give rise to considerable 4s
character in the bonds which could drive the shift nega-
tive.

Experimental

Moésshauer spectra of NagFe(CO); and Na[Fe;(CO)yH] were
obtained with a spectrometer of conventional design. Motion of
the source (Co¥ diffused into platinum foil) relative to the sta-
tionary compound under investigation, which acted as the ab-
sorber, was produced and measured by the coupled-loudspeakers
technique. The intensity of v rays which passed through the
absorber was measured in a thin Nal crystal coupled to a single
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channel analyzer centered on the 14.4-kev. v ray of Fe¥, The
output of the single channel analyzer was used to gate a multi-
channel analyzer which analyzed the velocity-dependent signal
from the loudspeaker system.

The chemical isomer (CI) shifts, 8, are measured relative to
the midpoint of the spectrum of an absorber of natural iron foil
at 25°, Following convention, the sign of § is taken to be posi-
tive when the source is moved toward the absorber, and velocity
units are used. In addition to measurement of & the spectrum
can be analyzed for splitting of the excited state of Fe™ in the
electric quadrupole crystal field of the absorber lattice. The
magnitude of the splitting (AE) is conventionally measured in
velocity units also.

Results and Discussion

The Méssbauer data for Na,[Fe(CO),] at 25° are
given in Table I. The spectrum shows only a single
line which is consistent with tetrahedral symmetry
around the iron. The value of 8§ is one of the most
negative shifts so far reported for an iron compound.
Only nitroprusside ion, which contains the extremely
strongly = bonding NO* group, and Fe*® in the
[FeO.]~? ion seem to have shifts more negative than
the [Fe(CO);1~2 ion. It is interesting that both ex-
tremes of formal oxidation state yield shifts that are
quite negative while intermediate oxidation states have
shifts that are more positive. The explanation for the
negative shifts with extremes of oxidation number is the
same in both cases, however: loss of d electron density
and resultant increase of (3s) electron density at the
nucleus. In one case it is loss of d electrons by oxida-
tion while in the second it is loss by delocalization with
perhaps an assist from 4s hybridization.

TABLE I
M6ssBAUER DATA FOR SOME IRON CARBONYL COMPLEXES
8, mm,/sec, AE,

Compound (Fe = 0) mm,/sec. T, °K. Ref.
NayFe(CO), —0.251 ~0 298 This work
Na[Fes(CO)yH] I —0.08 ~0 298  This work

II ~0.10 1.32 298 This work
Fe;(CO e I ~+40.02¢ ~0 188 2

II ~+0.07¢ 1.05 188 2
Fey(CO)y I —0.043e? ~Qb 298 2

II —0.016e* ~0.94* 298 2

@ Value adjusted to an iron absorber shift of 0. On this veloc-
ity scale, sodium nitroprusside has a shift of —0.361 mm./sec. at
208°K. ? Linearly extrapolated value to T = 298°K. using
datainref. 2.

This duality in shift with oxidation state indicates
that one has to exercise considerable care in deducing
the relative sizes of isomeric and ground-state charge
radii from CI shifts.!? It is possible that one could
get the wrong sign by using compounds of different oxi-
dation states if the ligands differed greatly in their
covalency.

Some other ions which contain iron in a negative
oxidation state are [Fey(CO)s]—2, [Fe;(CO)y]—?, and,
possibly, depending upon its structure, [Fes(CO)yH] .
The first contains Fe~. The formal charge one assigns
to any individual iron atom in the other compounds
would depend on the structures of the complexes.

(12) D. A, Shirley, Rev. Mod. Phys., 836, 339 (1964).
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We have run Médssbauer spectra on two .separate
preparations of an ether-soluble, anionic, trinuclear
iron species with a Na/Fe ratio of 1:3 isolated from a
strongly basic, aged solution of iron pentaecarbonyl
which we believe to be Na[Fes(CO);yH]. The Méss-
bauer data are reported in Table I. The spectra of
both preparations were identical and are quite similar
to that reported?!%14 for Fe;(CO)y, in that they consist
of three lines of approximately equal intensity (which,
from arguments given in ref. 2, 11, and 12, establishes
the compound as a trinuclear species), although the
shifts are not the same and the quadrupole splitting is
rather larger than in Fe;(CO)y. The similarity in the
spectra indicates that the structures of both compounds
are nearly the same and that the ion is detived from the
neutral species by abstraction of a carbonyl group
without rearrangement of the basic structure.

The structures of the trinuclear iron species have been
a matter of speculation for a number of years. The
infrared spectrum of Fe3(CO);, has been said to be
consistent with both a triangular as well as several
linear structures.!’5® Dahl and Rundle” concluded
from X-ray studies that the molecule was triangular,
although they were not able to do a complete structure
determination due to disorder in the crystal. They
suggested that a symmetrical structure with zero, three,
or six bridging carbonyl groups was the most probable
structure, but they did not completely rule out an asym-
metrical structure. The general consensus of opinion
appeared finally to settle on a triangular structure.®

When Méssbauer measurements on this compound
became available,%1%14 this conclusion was challenged.
The data show that two iron atoms have equivalent
positions with rather large field gradients while the
third iron atom is in a different site with no, or only a
small, field gradient. This rules out any of the sym-
metrical triangular structures proposed by Dahl and
Rundle, since all three irons are equivalent in these
structures. A reasonable assumption to make on the
basis of the Mossbauer data for that compound alone
is that the molecule is linear. Fluck, ¢! al.,? and Kal-
vius, ef al.,'® have preferred a model in which the middle
iron atom is tetrahedrally bonded to four bridging
carbonyl groups leaving each of the terminal iron atoms
with bonds to two bridging and four terminal carbonyls
(Figure 1a). On the other hand, Herber, et al.,'* prefer
a structure which has the center iron atom octahedrally
bonded to six bridging carbonyl groups (Figure 1b).
Either structure would be consistent with the Mdss-
bauer data alone, although as Wertheim has pointed
out,’ the Mdssbauer data cannot prove what the struc-
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Figure 1.—Some proposed structures for Fey(CO)yz (4, b, ¢, e)
and Fey(CO); 2 (d). Structures a, b, and ¢ are patterned after
drawings found in ref. 19. Consideration of X-ray evidence
and Mossbauer data together leads to the conclusion that strue-
ture e is the correct one for Fes(CO);s.

tureis. One of the symmetrical structures proposed by
Dahl and Rundle is shown in Figure 1c for comparison.

The inconsistency in the structure deduced from
X-ray data and from Mossbauer data is quite puzzling.
Even though the structure was not completely solved
by X-ray analysis, there was little doubt that it was not
linear.” The X-ray data® for the [Fey(CO)u]~? ion
are again of a preliminary nature but they too indi-
cated a triangular structure. The proposed structure
(Figure 1d) had two carbonyl groups in the center
of the triangle, one above and one below the plane.
This is a symmetrical structure and would leave all
three iron atoms equivalent, which is inconsistent with
the Mosshauer data for our trinuclear complex. This
fact along with the Na/Fe ratio of 1:3 leads us to con-
clude we had the [Fe3(CO)H ]~ ion. 2!

The similarity of the Méssbauer spectra for Fes(CO)q»
and our triiron species indicates that they have a similar
structure and that the ion is derived from the neutral
compound by simple abstraction of a CO group and
replacement by a hydride ion. If this is the case, the
parent molecule cannot be linear since removing a CO
group from a linear structure would change the ge-
ometry around either one terminal iron atom or one ter-
minal and the middle iron atom. Yet the Mossbauer
data show that two iron atoms are still equivalent. The
only way this seems possible is for the molecule to be
triangular, but not any of the simple, symmetrical
structures suggested by Dahl and Rundle. A tri-
angular structure which is compable with both the
Mossbauer and X-ray data is shown in Figure le. The
two bridging carbonyl groups would probably be above
and below the plane of the molecule, although they
need not be in a plane which includes the ‘“‘terminal”
iron atoms.

(20) O, S, Mills, A. A. Hock, and G. Robinson, quoted in ref. 11.
(21) We are indebted to Professor L. F. Dahl for bringing to our atten-

tion the fact that under the preparative conditions which we used, either

anion may be formed.
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The bent structure around the middle iron atom neecd
not necessarily give rise to a field gradient at this atom.
This structure is somewhat similar to a c¢¢s complex in
which case the field gradient axis would be perpendicu-
lar to the plane of the molecule. In the present case,
the field gradient could be canceled by suitable bonds
from the middle iron atom to carbonyl groups above and
below the plane of the triangle, although they probably
would not be perpendicular to this plane. X-Ray data
on the [Fey(CO)yH 1™ ion,?? which came to our atten-
tion after our original formulation® of a structure for
Fe3(CO)1g, show that the structure of the anion is
triangular and that the “central’’ iron atom does have
four carbonyl groups arranged as suggested. The
similarity of the Mossbauer spectra for the two ‘‘ter-
minal” iron atoms dictates that both atoms have the
same geometry. This places the hydride ion in a
bridging position replacing the CO group which has
been lost. This is in agreement with conclusions de-
rived from X-ray studies.?? If the hydride ion were
instead on the ‘‘central” iron atom, the quadrupole
splitting of the two ‘‘terminal” irons would then be
expected to be virtually identical with that found for
these atoms in the neutral compound which is contrary
to experimental results.

Table T also gives the CI shifts and AL values for Fey-
(CO)ys at 188°K. and linearly extrapolated values for
298°K.? The shifts for the “‘central” iron atoms agree
quite closely in both compounds considering the limited
accuracy involved in the extrapolation. The peaks
corresponding to the ‘‘terminal”’ atoms, however,
have become relatively more negative in the anionic
compound. This can be rationalized if one allows
for a partial donation of iron ¢ d electrons toward the
hydrogen, completing, in a sense, the formal charge
assignment of —1 for the hydride ion. Both of these
points are a further indication that it is the terminal
iron atoms which have been affected by removal of a CO
group and that the ‘‘central’’ atom has essentially the
same geometry and electronic structure in both com-
pounds.

The Mdssbauer data presented offer strong evidence
that Fey(CO)y, and [Fey(CO)yH ]~ are closely related
structurally and that both have the same basic geome-
try, namely triangular. The only reasonable structure
which leaves one atom unequivalent, but unchanged,
and which permits both ‘‘terminal” atoms to be af-
fected equally by removal of a carbonyl group is that
shown in Figure le.
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