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Molecular Structure: The Curious Case of Iron Tetracarbonyl 
 
Much of the earliest organometallic chemistry concerned the synthesis and reactivity of homoleptic 
carbonyl compounds. Analysis of their electronic structure and geometry laid the foundation for 
theories of bonding in modern organotransition metal chemistry such as the effective atomic number 
(EAN) or 18-electron rule. One of the earliest and most intriguing examples of a metal carbonyl 
compound is iron tetracarbonyl, Fe(CO)4. The pyrophoric green compound was first prepared in 1907 
by Sir James Dewar (of the eponymous flask), although it was not until over two decades later that 
Walter Hieber, the “father of metal carbonyl chemistry,” demonstrated through molecular weight 
determination measurements that the compound was trimeric. As a result, iron tetracarbonyl is more 
commonly referred to as triiron dodecacarbonyl in line with its molecular formula of [Fe3(CO)12]. In 
this example, we will trace the history of the structural assignment of iron tetracarbonyl and consider 
how simple predictions from symmetry and group theory were used both correctly and incorrectly to 
arrive at the true solid-state structure (the molecule is fluxional in solution). 
 
Shortly after Hieber’s determination of the aggregation state of iron tetracarbonyl, several possible 
structures were put forward. Most of these structures featured both terminal CO ligands, and what 
were believed to be “ketone-like” bridging CO ligands. The structures are displayed below in an 
abbreviated format. 
 
Assign the correct point group symmetry to each structure. 
 

 
 

Although the technique of IR spectroscopy was not prevalent at the time these structures were first 
proposed, its later use factors heavily into the story of iron tetracarbonyl. 
 
Using the point symmetries from above, predict the number of IR-active CO stretches for each of the four structures. 
Consider bridging and terminal CO ligands separately. 
  

= Fe
= CO
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D3d 
D3d E 2C3 3C2 i 2S6 3σd 
ΓCO(t) 6 0 0 0 0 2 
ΓCO(b) 6 0 0 0 0 2 

 
ΓCO(t) = A1g + Eg + A2u + Eu 

IR-active: A2u + Eu (2 modes) 
 

ΓCO(b) = A1g + Eg + A2u + Eu 
IR-active: A2u + Eu (2 modes) 

__________________________________________________________________________________________ 
 

D2d 
D2d E 2S4 C2 2C2′ 2σd 
ΓCO(t) 8 0 0 0 4 
ΓCO(b) 4 0 0 0 2 

 
 

ΓCO(t) = 2A1 + 2B2 + 2E 
IR-active: 2B2 + 2E (4 modes) 

 
ΓCO(b) = A1 + B2 + E 

IR-active: B2 + E (2 modes) 
 

__________________________________________________________________________________________ 
 

C2h 
C2h E C2 i σh 
ΓCO(t) 10 0 0 2 
ΓCO(b) 2 0 0 2 

 
ΓCO(t) = 3Ag + 2Bg + 2Au + 3Bu 

IR-active: 2Au + 3Bu (5 modes) 
 

ΓCO(b) = Ag + Bu 
IR-active: Bu (1 modes) 

 
__________________________________________________________________________________________ 
 
D3h 

 
D3h E 2C3 3C2 σh 2S3 3σv 
ΓCO(t) 12 0 0 6 0 2 

 
ΓCO(t) = 2A1′ + A2′ + 3E′ + A2′′ + E′′ 

IR-active: 3E′ + A2′′ (4 modes) 
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This simple analysis of IR allowed CO stretches appears quite unequivocal. In no instance do any of 
these structures display the same number of terminal and bridging IR active CO stretches. 
Unfortunately, IR analyses of [Fe3(CO)12] were not performed until the 1950’s, and even then, the data 
was hotly disputed (not to mention of much lower resolution than what we obtain with modern 
spectrometers). The first data collected on solid iron tetracarbonyl displayed two strong bands at 2020 
and 2043 cm-1 assignable to terminal CO ligands, and one weak band at 1833 cm-1 assignable to 
bridging CO ligands (see below). Based on this preliminary data, the structure of [Fe3(CO)12] was 
assigned to that of the D2d isomer. 
 

 
Adapted with permission from Sheline, R. K. J. Am. Chem. Soc. 1951, 73, 1615-1618. Copyright 1951 American Chemical Society. 

 
Concurrent with the vibrational analysis of [Fe3(CO)12] during the 1950s, the technique of X-ray 
diffraction was being employed to determine the crystalline structure. Data collected around 1957 
could not be solved conclusively, but were consistent with a triangular arrangement of iron atoms 
(see below). In addition, the space symmetry of the crystal required an inversion center to be present 
in the molecule. The only triangular structure considered up until this point (D3h) possessed no 
inversion center. Nonetheless, the presence of the apparent symmetry was ascribed (correctly) to a 
disorder within the crystal and some consensus was reached regarding the D3h structure for 
[Fe3(CO)12]. This assignment was further strengthened by data confirming an identical structure type 
for the osmium analog, [Os3(CO)12]. 

 

 
Reprinted with permission from Wei, C. H.; Dahl, L. F. J. Am. Chem. Soc. 1969, 91, 1351-1361. Copyright 1969 American Chemical Society. 

 
But what about the lower energy peaks in the IR spectrum assigned to bridging CO ligands!?! The 
original IR data had been called into question shortly after the diffraction data was published by new 
IR work in 1957 that sought to assign the weak absorptions in the bridging CO region to overtones 
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Fig. 1.--The infrared spectra of iron enneacarbonyl and iron tetracarbonyl. 

73 

the krypton structure. Structure three would be 
paramagnetic unless the unusual antiparallel pairing 
of electron spins occurs rather than the more 
normal filling of the p orbitals one a t  a time. 
In iron enneacarbonyl, Fig. 4 (a) ,  the arrangement 
of the CO’s about the irons is very similar to that 
of the central iron in structure 3 of iron tetra- 
carbonyl. If antiparallel pairing occurs in the 
central iron atom of the iron tetracarbonyl molecule, 
a dsp2 hybridization with a different arrangement 
of CO’s should obtain. The choice between a 
hybridization scheme which will not give structure 
3 or one which gives paramagnetism in the face of 
observed diamagnetism leaves no alternative but 
to discard structure 3 in spite of its interesting 
structural analogy to iron enneacarbonyl. Ander- 
son7 has stated that the observed diamagnetism 
of iron tetracarbonyl violates structure 5 also be- 
cause the central iron atom has an effective atomic 
number of 30 which Anderson suggests would be 
paramagnetic. However, 011 closer scrutiny i t  
becomes obvious that an effective atomic number 
of 30 for the central iron atom will leave it dia- 
magnetic. Twelve electrons beyond the argon 
closed shell structure of 1s added in the normal 
way to the 3d, 4s and 4p orbitals fill up completely 
through the 4s orbital and leave the 4p orbitals 
completely empty giving a ‘S diamagnetic con- 
figuration for the iron. Therefore structure 6 
is not excluded by magnetic criteria. Brill3 has 
done a crystal analysis on iron tetracarbonyl. 
He finds that it crystallizes in a monoclinic pris- 
matic crystal in group Cih, The dimensions of the 
unit cell are a = 13.00 A., b = c = 11.41 A. Since 
Brill’s work was done without taking account of 
the diamagnetism, he suggests that either strtic- 
ture 3 or 5 would satisfy his data. However, he 

(7) J S Anderson, Qiin t t  R e v ,  1, 355 11947). 

favors structure 5 because the square pyramids 
would pack in such a way as to give 2 equal sides 
in the unit cell as observed. 

The infrared spectra of iron tetracarbonyl in 
Fig. 1 indicate the usual strong carbon monoxide 
type carbonyl bands a t  2020 and 2043 ern.-'. 
They also indicate that there is a ketone-like car- 
bonyl band a t  1833 cm.-’. This corresponds very 
closely to the bridge ketone carbonyl in iron 
enneacarbonyl a t  1828 ern.-'. In  the ultraviolet 
spectrum of iron tetracarbonyl there is a weak 
band a t  2835 A. with an extinction coefficient 
of approximately 400 which does not occur in the 
ultraviolet spectrum of Fe(CO)6. This is the pre- 
cise region in which one expects the forbidden 
non-bonding electron transition (n-m*> for ketone 
carbonyls. If one considers the fact that there 
are four ketone bridge carbonyls in structure 5, 
this would give an extinction coefficient of 100 
per carbonyl group. This is a very reasonable 
value for this forbidden transition and establishes 
i n  conjunction with the infrared data the strong 
probability that iron tetracarbonyl contains ketone 
like bridge carbonyls. Since this criterion elimi- 
nates structure 4 and structure 3 has been elimi- 
nated by a magnetic criterion, structure 5 seems to 
be the correct structure by default. It should be 
pointed out here that the fact that no higher 
inember of the series of iron carbonyls has been 
found suggests termination of the series by ring 
closure (structure 4). However, the number of 
additional factors which structure 5 appears to 
satisfy is significant. For example, the series 
of carbonyls have such different physical proper- 
ties. The correct structures for the carbonyls 
(I, 2 and 5) indicate a diversity of structure which 
might be expected to show a diversity of physical 
properties. In particular it seems strange that 
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Figure 2. The “Star of David” disordered arrangement of half- 
weighted iron atoms about the centrosymmetric points 0, 0, 0 and 

in the unit cell of Fe,(C0)12 corresponding to each of 
the two molecules per cell being randomly distributed in one of two 
orientations which are related by a crystallographic center of 
symmetry. 

Figure 3. [OlO] projections of the Fe3(C0)12 molecule in its two 
statistical orientations about a “crystal-averaged” center of sym- 
metry. The carbon and oxygen positions represent the average of 
the nearly identical positions of the corresponding half-weighted 
carbon and oxygen atoms for the two possible orientations. The 
different types of lines connecting the atoms in the two orientations 
are for comparison with Figure 4. 

degree of deformation of the Fe,(CO), fragment from 
planarity results in each of the bridged iron atoms having 
its sixth octahedral-like direction, taken as the vector 
perpendicular to its mean carbonyl carbon basal plane, 
nearly collinear with the internuclear iron-iron line con- 
necting the bridged iron atom with the Fe(CO), group; 
the normals of the mean basal planes are directed only 3.6” 
(i.e., the average value of 2.4 and 4.9”) off the iron-iron 
lines. 

The crystal disorder necessarily requires the iron atoms 
in each molecule to appear as two sets of chemically 
equivalent isosceles triangular arrays of iron half-atoms 
around an average crystallographic symmetry center and 
thus to form a “Star of David”; this six-pronged star 
arrangement about the centrosymmetric points 0, 0,O and 
I,, I/,, ‘1, in the unit cell viewed down the b axis is shown 

in Figure 2.57 These two centrosymmetrically related 
sets of iron half-atoms are not coplanar but are perpendic- 

1 

(57) The drawings shown in Figures 2-5 were prepared by means of 
the Johnson program: C .  K. Johnson, “A Fortran Thermal-Ellipsoid 
Plot Program for Crystal Structure Illustration,” ORNL-3794, Oak 
Ridge National Laboratory, 1965. 

ularly displaced in two parallel planes by 0.08 A from each 
other; since the centroids of the two isosceles iron triangles 
nearly coincide with the crystallographic center of sym- 
metry located midway between them, the 12 half-weighted 
carbonyl sites associated with one set of half-weighted iron 
sites overlap with the other 12 half-weighted carbonyl 
sites associated with the other set of half-weighted iron 
sites to such an extent that the two sets of carbonyl sites 
were not resolved. Hence, each of the six independent 
whole-weighted carbonyls in this structure represents the 
average of two nearly coincident, half-weighted carbonyl 
positions. It should be realized that the positions of the 
carbonyl atoms need to be nearly invariant to the dis- 
ordered crystal structure as they are responsible for the 
mode of molecular packing in the crystal. 

The [OlO] projections of the Fe3(C0),, molecule in its 
two statistical orientations around a crystallographic 
center of symmetry are shown in Figure 3. To distin- 
guish the molecular geometry in one orientation from that 
in the other, the lines connecting the atoms are solid in 
Figure 3a and open in Figure 3b. It is of particular 
interest that in the molecular orientation of Figure 3a, the 
two terminal carbonyl groups C,-0, and Cz-O,, co- 
ordinated to the nonbridged Fe, atom, are related by the 
center of inversion to the bridging carbonyls C,‘-0,’ and 
C2’-O,’, which are coordinated to the two bridged iron 
atoms, Fe, and Fe,. When the alternative set of iron 
atoms of Figure 3b is considered, the C,-O1 and C2-0, 
(terminal in Figure 3a) are bridging groups coordinated to 
Fe,’ and Fea’ while the centrosymmetrically related 
C,’-0,’ and C2’-02’ (bridging in Figure 3a) are terminal 
groups attached to the nonbridged Fe,’ atom. Thus, 
each apparent carbon atom represents the average site of 
two actual carbon atoms, one of which is bonded to the 
nonprimed and the other to the primed iron atoms. The 
resulting consequence for this crystal structure is that 
either of the two possible orientations of the iron frame- 
work together with the 12 whole carbonyls (of which only 
six are crystallographically independent in our calcula- 
tions) uniquely gives the identical molecular configuration. 

The effect of the actual separation of the carbonyl sites 
no doubt was incorporated to a considerable extent into 
the anisotropic temperature factors as indicated by the 
substantial lowering of the discrepancy factors to the final 
satisfactory values when the isotropic thermal model was 
replaced by the anisotropic one. The precision implied 
by this good agreement applies, however, to the averaged 
statistical structure, not to the individual molecular com- 
ponents. Thus, the molecular parameters must be con- 
sidered less certain than usual. 

An idea of the displacements of the individual half- 
weighted carbonyl positions from the sites of the averaged 
structure may be gained by an examination of Figure 4 
which illustrates the shapes of the atomic thermal ellip- 
soids obtained from the anisotropic refinement of the 
averaged disordered structure. For the sake of clarity 
only six terminal carbonyl groups, of which four are 
crystallographically independent, are shown. With the 
assumption of linear Fe-C-0 angles, Figure 4 suggests 
that much greater deviations of each of the two sites for 
the nearly superimposable half-weighted atoms from that 
for the whole-weighted averaged atom occur in general for 
the carbon atoms than for the oxygen atoms ; some of the 
individual deviations appear to be as great as 0.3 A. 
Hence, it is not surprising that all terminal Fe-C-0 angles 

Journal of the American Chemical Society 1 91:6 1 March 12, 1969 
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instead of fundamentals arising from bridging CO stretches. This newer work also identified an 
additional weak absorption in the terminal CO region at 1997 cm-1 and a second absorption in the 
bridging CO region near 1825 cm-1. That same year (1957) yet another IR study was published that 
looked at a single crystal of [Fe3(CO)12]. This data clearly demonstrated a polarization dependence for 
the unresolved bands in the bridging CO region arguing against the assignment of these bands as 
overtones. The band in the bridging CO region was found to show a substantial polarization with 
light normal to the trigonal rings (parallel to the crystallographic b axis in the figure shown above). 
 
Consider a new hypothetical structure containing a trigonal arrangement of atoms and three-bridging CO ligands 
(displayed below). What is the point group of this structure? Determine the number of IR-allowed CO stretches. Is the 
predicted polarization for the mode(s) due to the bridging CO ligands consistent with the experiment described above? 
 

 
 

D3h E 2C3 3C2 σh 2S3 3σv 
ΓCO(t) 9 0 1 3 0 3 
ΓCO(b) 3 0 1 3 0 1 

 
ΓCO(t) = 2A1′ + 2E′ + A2′′ + E′′ 

IR-active: 2E′ + A2′′ (3 modes) 
 

ΓCO(t) = A1′ + E′ 
IR-active: E′ (1 modes) 

 
The sole IR-active mode for the bridging CO ligands has E′ symmetry and therefore should not show 
polarization normal to the Fe3 plane (in the z-direction). The intensity of the E′ mode should actually 
decrease with z-polarized light since it would be predicted to show an x,y-polariztion. This result is 
inconsistent with that found in the study described above. Therefore the hypothetical D3h structure 
displayed above is likely incorrect. 

 
 
Thus, by the end of the 1950s, the solid-state structure of [Fe3(CO)12] was still very much a mystery. X-
ray diffraction data had established a trigonal arrangement of iron atoms, with conflicting reports 
arguing for and against the presence of bridging carbonyl ligands. Taken together, none of the 
available data was consistent with any of the structures proposed above (D3d, D2d, C2h or D3h). 
  

D3h
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Now enter the 1960’s and a new technique, that of Mössbauer spectroscopy. The Mössbauer effect 
was discovered in 1957 and consists of the resonant absorption of gamma rays by solids. This 
absorption results from high-energy transitions of nuclei within atoms (NOT spin transitions – they 
are of much lower energy). The usefulness of this technique is that for certain atoms such as 57Fe, 
detailed information about the environment of the nucleus in question (geometry, oxidation state, 
etc.) can be ascertained. Mössbauer spectroscopy was applied to [Fe3(CO)12] in 1963, and yielded the 
following spectrum: 
 

 
Reprinted with permission from Herber, R. H., et. al. Inorg. Chem. 1963, 2, 153-158. Copyright 1963 American Chemical Society. 

 
What the Mössbauer spectrum of solid [Fe3(CO)12] showed was that there were in fact two distinct iron 
sites in the molecule (one doublet and one singlet), comprising 3 iron atoms in a ratio of 2:1. This 
meant that the D3h structure could not be correct, as it should possess three equivalent iron atoms and 
therefore one distinct site. As of yet, no structure had been put forth that was consistent with the 
previously determined diffraction data, IR data, and also with the new Mössbauer data. It was not 
until shortly after the first reports of the Mössbauer spectrum of iron tetracarbonyl were published, 
that a graduate student, Nils Erickson, put forth the correct structure. Erickson was working with a 
related compound, [Fe3(CO)11H]−, and proposed the following structure to account for both iron 
tetracarbonyl, and the hydride derivative he was examining. 
 
What is the point group of this molecule? 
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Fig. 2.-Resonant absorption of the 14.4-kev. gamma ray of 
Fe67 in iron nonacarbonyl. (The sample contains some Fe3+ con- 
tamination which produces an absorption a t  0.05 cm. set.-'. The 
light lines indicate the resolution of the spectrum into its two 
components. ) 

perature source of Co5' diffused into metallic chromium. In the 
case of Fe( CO)j, the absorber assembly consisted of two 5-mil 
glass windows cemented with epoxy resin adhesive to  the two 
halves of the copper sample mount. A 10-mil lead spacer was 
placed on top of one of the glass windows, and the resultant 
circular volume was filled with liquid pentacarbonyl in an inert 
atmosphere and in subdued light. The other half of the absorber 
assembly was then placed on top, and the two halves were held 
together under moderate compression by four screws to form a 
leak-tight seal. The sample was stored in the dark in an inert 
(COS) atmosphere until it was finally mounted in the lom-tem- 
perature dewar. To avoid condensation of moisture on the 
windows, the dewar was partially evacuated before the sample 
was cooled to  78°K. Final evacuation took place when the 
sample had been cooled to liquid nitrogen temperature. No 
significant loss of the volatile carbonyl was noted in using this 
procedure. 

Iron nonacarbonyl was prepared using the method of Dewar 
and Jones,g in which dried ether is employed as the solvent. 
After being washed with 95% ethanol, the product wa5 stored 
over calcium chloride in subdued light until i t  was transferred 
to  the absorber assembly for measurement. 

Iron dodecacarbonyl was prepared by the method of Hieber,fo 
using ferrous sulfate to decompose the excess MnOz and ammo- 
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Fig. 3.-Resonant absorption of the 14.4-kev. gamma ray of Fe6' 
in iron dodecacarbonyl. 
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Fig. 4.-Resonant absorption of the 14.4-kev. gamma ray of 
(The lower half of the figure Fe67 in iron tetracarbonyl iodide. 

shows the data obtained after correction for iron dodecacarbonyl 
contamination in the absorber.) 

nium chloride to control the pH. The solid was recrystallized 
three times from acetone-water solvent. The carbon analysis 
agreed within O . Z l 7 ,  with the theoretical value for Fes( C0)m. 

Iron tetracarbonyl iodide was prepared by the method of 
Hieber and Bader" and stored under vacuum in the dark until it 
was transferred to the absorber assembly. 

Results and Discussion 

The resonant y-ray absorption spectra are shown in 
Fig. 1 to 4, and the pertinent parameters extracted from 
these spectra are summarized in Table I, 

Fe(CO)B.-The Mossbauer parameters for iron 
pentacarbonyl a t  78%. are in good agreement with the 
values reported by Epstein.12 The very small isomer 

(9) J. Dewar and H. 0. Jones, Pi,oc. R o y  Sac (London), A76, 573 (190.5) 
(10) W, Hieber, 2. anorg. ailgem. Chenz., 203, 16: (1932). 

(11) W. Hieher and G. Bader, Bey. ,  61B, 1717 (1928) 
(12) L. Epstein, J. Chem. Phys., 36, 2731 (1962). 

C2v
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As is clear from the diagram, the correct structure for iron tetracarbonyl contains two different iron 
sites. The first site has a single iron atom with 4 terminal CO ligands and no bridging CO ligands, and 
the other site comprises two iron atoms, each having 3 terminal CO ligands and 2 bridging CO 
ligands. This structure type was later confirmed by improved X-ray diffraction data that clearly 
resolved the crystallographic disorder and later determined that in the crystal there is a slight 
asymmetry of the bridging carbonyl ligands. Mystery solved. 
 
Let us now check and make sure that the true solid-state structure of iron tetracarbonyl is consistent 
with the obtained data (all of it!). Clearly, the structure is consistent with the Mössbauer data – two 
iron sites in a 2:1 ratio. Furthermore, the structure is also consistent with the early X-ray diffraction 
data. The iron atoms are arranged in a trigonal fashion, with a crystallographic disorder responsible 
for the observed inversion symmetry. What about the IR data? 
 
Determine the IR-active CO stretching modes for the correct structure of [Fe3(CO)12]. 
 

C2v E C2 σ(xz) σ(yz) 
ΓCO(t) 10 0 4 2 
ΓCO(b) 2 0 0 2 

 
ΓCO(t) = 4A1 + A2 + 3B1 + 2B2 

IR-active: 4A1 + 3B1 + 2B2 (7 modes) 
 

ΓCO(b) = A1 + B2 
IR-active: A1 + B2 (2 modes) 

 
Our analysis gives the following results: 7 IR active modes for the terminal CO ligands and 2 IR active 
modes for the bridging CO ligands. In the original IR data, all 7 modes for the terminal CO ligands 
were not resolvable, appearing as a broad band or as 2-3 sharper bands (see above). The 2 modes for 
the bridging CO ligands were observed in the early work as discussed above. 
 
Should the IR-active modes for the bridging CO ligands show a polarization dependence? 
 

Yes, since the bridging CO ligands are directed almost normal to the trigonal Fe3 plane, we expect a 
substantial polarization for the B2 mode with light perpendicular to the Fe3 plane (electric dipole 
vector transforms as B2 in C2v symmetry). The polarization of the terminal CO ligands will be masked 
by the multitude of absorptions all occurring within a relatively narrow frequency window. 

 
Subsequent work has identified all 9 CO stretching modes of the molecule using more advanced 
techniques and quantum chemical calculations. Thus, the message resulting from the case study of 
[Fe3(CO)12] is that one technique (even crystallography) may not be sufficient to correctly determine 
the structure of some molecules. Additional support obtained through complimentary analytical 
techniques is always a good idea!! 
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