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Photoelectron spectra of the title molecules are reported at 3.49 eV photon energy. Vibrational
structures are resolved in the spectra of FeC3

2 and FeC3H
2. The FeC4

2 spectrum is unusually broad,
indicating a large equilibrium geometry change from the anion to the neutral states. The FeC4H

2

spectrum exhibits a single strong feature. Theoretical studies using the density functional theory are
carried out to determine the structures and bonding of these clusters. All the molecules in the anion
ground states are found to be linear with the Fe atom bonded at one end. The Fe and C bonding
involves strong Fe 4s and Csp interactions as well as considerable Fe 3d and Cp interactions. The
n53 species can be best characterized by cumulenic types of bonding with FeC3H also having an
acetylenic isomer. Then54 species in the linear structures can be approximately described by
diacetylenic types of bonding. Mulliken charge analyses indicate that the extra charge in all the
anions enters mainly into the Fe 4s antibonding orbital, in agreement with the assignment that the
threshold detachment takes place from thes* orbital mainly between the Fe and C atoms. The
vibrational structure resolved in the FeC3

2 spectrum yields a Fe–C stretching frequency of 700~150!
cm21 for the first excited state of FeC3, in agreement with the Fe–C multiple bonding
character. ©1995 American Institute of Physics.
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I. INTRODUCTION

The first row transition metals exhibit a wide range
interactions with carbon. This is not only reflected in the
bulk carbide properties, but also in smaller systems. For
ample, early transition metals are found to easily for
met–cars,1 a series of apparently stable and pure meta
carbon molecules with a definitive stoichiometry~Ti8C12

1 is a
typical example!, while late transition metals have less te
dency to do so.2 Furthermore, very recently several late tra
sition metals have been found to be catalysts for single c
bon nanotube formation.3,4 Although the chemistry of the
transition metals can be qualitatively explained by the diffe
ence of thed orbitals across the periodic table, these nov
findings of the carbon chemistry with transition metals a
not well understood. To elucidate the detailed interactio
between the transition metals and carbon, we have initiate
study of the electronic structures of small transitions met
carbon clusters by anion photoelectron spectroscopy~PES!,
which can provide unique information about the chemic
bonding of these clusters.

Furthermore, small carbon and hydrocarbon fragme
are important intermediates for hydrocarbon dehydroge
tion on transition metal catalysts.5 Small clusters of these
fragments with transition metals may provide good mod
compounds to understand the complex catalytic reacti

a!To whom correspondences should be addressed.
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taking place on the catalyst surfaces. We have briefly re
ported our results on FeC2

2 and FeC2H
2, which are inter-

preted based on an acetylenic-type bonding with a CC tripl
bond.6 In a very interesting recent work,7 Bowerset al.have
measured the ion mobility of a series of FexCy

2 clusters and
have discussed the possible structural and bonding config
rations of this class of clusters. They have also performe
ab initio calculations on these clusters.8 For thex51 series,
they find that FeC4

2 has a single isomer, consistent with a
linear structure. Forx51 andy.4, they observe that more
than one isomer can be populated in the anion, consiste
with a linear and a ring type of structure. In this article, we
present the first photoelectron spectroscopic study on FeCn

2

and FeCnH
2 ~n53,4! from our recently built high resolution

magnetic-bottle time-of-flight photoelectron apparatus.9

Density functional theory~DFT! calculations are per-
formed for all the clusters. These calculations not only help
the interpretation of the experimental PES spectra, but als
provide key insights into the cluster structures and bonding
All the negative ions are found to be linear in the nonloca
corrected level in the DFT calculations. Three isomers with
close energies are found for FeC3H

2. Significant structural
change is indicated from the anion to the neutral from the
diffusiveness of the FeC4

2 spectrum. Vibrational structures
are observed for FeC3

2 and FeC3H
2. The large Fe–C vibra-

tional frequencies are in agreement with the formation o
multiple Fe–C bonds.
2701)/2701/7/$6.00 © 1995 American Institute of Physicst¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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II. EXPERIMENT

The FexCyHz
2 anions are generated by laser vaporizati

of an iron target with a He carrier gas containing 5% CH4.
The FexCy

2 clusters can also be produced by vaporizing
Fe/C target pressed from Fe/C powders. The photoelec
spectrometer used in this study9 is a newly modified version
of a magnetic-bottle time-of-flight~TOF! photoelectron
analyzer.10 Details of the apparatus will be publishe
elsewhere;9 only a brief description of the experimental pro
cedure is presented here. The second harmonic output fro
Q-switched Nd:YAG laser operated at 10 Hz is used for t
laser vaporization. The laser beam~10 mJ/pulse! is focused
to a 1 mmdiameter spot onto an iron target that is driven b
two computer-controlled stepping motors. The carrier g
containing 5% methane in He at 6.5 atm total pressure
delivered by two pulsed molecular beam valves~R. M. Jor-
dan, Co.! and is synchronized with the vaporization las
pulse. The plasma reactions of CH4 and Fe produce a variety
of cluster species which, together with the He carrier g
undergo a supersonic expansion and are skimmed twic
form a collimated beam. About 70 cm down stream from t
cluster nozzle, the negative cluster ions are extracted by
kV high voltage pulse into a 130 cm long flight tube for ma
analyses. The TOF mass spectrometer has a large extra
volume and a modified Wiley–McLaren extraction stac
with an added free-flight region between the two accelerat
stages.11 It has a mass resolution~M /DM ! of more than 300,
sufficient to resolve all the isotopic species in the mass ra
pertinent to the current study.9

A three-grid mass gate is used to select only the desi
clusters to enter the PES interaction zone. The mass-sele
cluster anion packet is decelerated by a new momentum
celeration procedure9 down to a very low velocity before
photodetachment in order to minimize the Doppler broade
ing on the photoelectron kinetic energy distribution. This
crucial to achieve high energy resolution with the magne
bottle-type photoelectron analyzer. The third harmonic o
second Q-switched Nd:YAG laser is used for the photod
tachment. The spectrometer is calibrated with the kno
spectrum of Cu2. The energy resolution~DE! in a TOF spec-
trometer is not constant with respect to the electron kine
energy~Ek); DE is proportional toEk3/2. An energy reso-
lution of 30 meV at 1 eV electron kinetic energy is achieve
in the current spectrometer with the new deceleration pro
dure, as measured from the photoelectron spectrum of Cu2 at
3.49 eV photon energy.

III. DENSITY FUNCTIONAL CALCULATIONS

Density-functional calculations are performed to dete
mine the equilibrium structure of these iron–carbon cluste
The cluster geometries are optimized within the local dens
approximation~LDA ! framework12 using the von Barth–
Hedin spin-polarized exchange-correlation potential.13 Non-
local corrections are included in the final evaluation of to
energy. Becke’s formulation of nonlocal exchange poten
is used.14

The Kohn–Sham equations for the electronic system
expanded in linear combination of atomic orbitals and solv
J. Chem. Phys., Vol. 102,Downloaded¬26¬Jun¬2007¬to¬130.20.226.164.¬Redistribution¬subjec
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variationally using three-dimensional integration
methods.14,15 The orbital functions used in the calculations
are numerical solutions of spherical atoms and ions. For iro
the basis set includes all the occupied atomic orbitals of th
Fe atom and the valence orbitals of an Fe21 ion, plus the
ionic 4p orbital as a polarization function. The basis sets fo
carbon and hydrogen are similarly constructed, except tha
d-type polarization function is used for carbon and the io
used for hydrogen is He1.31. This type of double numerical
basis15 has been used previously for clusters involving 3d
transition metals and carbon and has shown to yield ve
satisfactory results for these kinds of systems.16

The calculated total energy~presented as the relative en-
ergy between different structures for each cluster!, the popu-
lation on the Fe 3d/4s orbitals based on a Mulliken analysis,
and the bond lengths in each structure are listed in Table
Both the linear and two-dimensional structures are obtain
by minimizing the total energy using analytical gradien
methods, with no symmetry constraints on the displacemen
of the nuclei. The final structures show obvious symmetric
atomic arrangements. The point group symmetry associat
with each structure is indicated in the table.

Due to the existence of low-lying excited states, sma
amounts of different states have to be mixed in to help fa
cilitate the convergence of the self-consistent procedure f
solving the Kohn–Sham equations.17 The total energy thus
obtained might be slightly higher than that of the true groun
state. The uncertainty introduced this way is estimated to
in the order of 0.01 eV. In most cases, this is about one
two orders of magnitude smaller than the energy differenc
between different structures, as shown in Table I.

Small carbon clusters prefer linear atomic arrangemen
which are expected to be a good starting point for the FeCn

and FeCnH clusters considered presently. Additionally, ben
and ring-like structures are also possible candidates and ha
been carefully considered and examined. For the FeCn clus-
ters, the ring structure is formed by closing a linear chain o
iron and carbon atoms. For the FeCnH clusters, the ring
structure is obtained by attaching the H atom to one of th
carbon atoms on the FeCn ring. Different C sites for the H
attachment have been compared before the lowest ene
ring structure of an FeCnH cluster is determined.

In all the cases, the linear chain structure is found to b
the most stable at the nonlocal exchange corrected level
our calculations. At the LDA level, the two-dimensiona
structures tend to be in lower energy. The reversal of relativ
energy by including the nonlocal corrections indicates th
significance of more accurate evaluation of exchange~and
correlation! potential energy in this type of calculation. The
difference made by inclusion of the gradient corrections
possibly due to two factors:~1! the relatively large spatial
variations of electron density in the multiple bonding re
gions, the existence of which are typical to the iron–carbo
clusters considered here; and~2! the alignment ofd elec-
trons, which can lead to a local magnetic moment of nearly
mB at the Fe site when a linear chain structure is formed wi
the iron at one end, and in this case, a large local spat
change in spin density is expected. However, in the rin
structure, the Fe atom is bonded to more than one carb
No. 7, 15 February 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Density-functional calculations of FeCn , FeCn
2, FeCnH, and FeCnH

2 ~n53,4!.

DELDAa DENLa Q(3d/4s)b R ~Fe–C!c R ~C–C!d

FeC3 linear ~C`v! 0.77 0.00 6.76/0.85 1.665 1.304, 1.293
ring ~C2v! 0.00 0.21 1.753 1.359

1.752 1.359

FeC3
2 linear ~C`v! 0.42 0.00 6.91/1.43 1.622 1.336, 1.281

ring ~C1! 0.00 0.45 1.768 1.394
1.771 1.392

FeC3H linear ~C`v! 20.35 0.00 6.82/1.08 1.623 1.343, 1.234
ring (C1! 0.00 0.97 1.722 1.441

1.718 1.441

FeC3H
2 linear ~C`v! 0.74 0.00 6.92/1.60 1.633 1.338, 1.254

ring ~C2v! 0.00 20.04 1.726 1.445
1.726 1.445

FeC4 linear ~C`v! 0.28 0.00 6.69/0.79 1.722 1.274, 1.309, 1.291
ring ~C2v! 0.00 1.11 1.829 1.350, 1.333

1.829 1.333

FeC4
2 linear ~C`v! 0.20 0.00 6.70/1.40 1.741 1.267, 1.336, 1.275

ring ~C2v! 0.00 0.80 1.911 1.394, 1.300
1.910 1.300

FeC4H linear ~C`v! 20.06 0.00 6.71/0.94 1.755 1.250, 1.339, 1.226
ring ~C1! 0.00 1.07 1.772 1.412, 1.298

1.841 1.361

FeC4H
2 linear ~C`v! 20.32 0.00 6.73/1.63 1.714 1.267, 1.336, 1.242

ring ~C1! 0.00 1.30 1.724 1.422, 1.293
1.874 1.386

FeCH3 1.891

FeCH2 1.722

FeCH 1.579

aTotal energy difference between the two cluster structures in eV; LDA: local density approximation; NL:
nonlocal gradient corrected.
bMulliken charges on the Fe 3d and 4s orbitals for the linear structures.
cFe–C bond length in Å. There are two Fe–C bonds for the ring structures.
dC–C bond length in Å. For the linear structure, the first number is the C–C bond closest to the Fe atom and
in that order. For then54 ring structures, the number in the second row is the C–C bond further away from
the Fe atoms.
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atom and, therefore, the spin alignment at the iron site w
be reduced.18

The linear chain structures obtained here are consist
with the ion mobility experiments of Bowerset al.7 on
FeC4

2 , for which only one isomer is found. They conclude
that it has a linear chain structure, which is also supported
their ab initio calculations.8

As a comparison, we also perform calculations o
FeCH3, FeCH2, and FeCH, which have been studied prev
ously by various theoretical methods19–21 and are known to
form single, double, and triple Fe–C bonds, respectively. T
Fe–C bond lengths from the LDA calculations, shown i
Table I, are slightly shorter than those given in previous ca
culations. Nevertheless, the Fe–C bond lengths in FeCH3,
FeCH2, and FeCH can serve as references for the Fe–C bo
lengths in the FeCn and FeCnH species. By comparison, the
Fe–C bonds in all the FeCn and FeCnH clusters have some
multiple bonding character, including the strong Fe 3d inter-
actions with thep orbitals on the Cn and CnH fragments.
J. Chem. Phys., Vol. 102,oaded¬26¬Jun¬2007¬to¬130.20.226.164.¬Redistribution¬subjec
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Additionally, it can be seen that the Fe–C bonds are shor
in those withn53 than those withn54, indicating a stronger
Fe–C bond forn53. This is because forn54, the four C
atoms can form a diacetylenic type of bonding, reducing th
tendency for Fe–C multiple bonding. There is a certain de
gree of electron delocalization, smearing out the formal bon
orders. The bonds between Fe–C and C–C at the two ends
the chain have some ionic character. For example, in t
neutral chain of FeC4, the Mulliken charge at the Fe site is
10.3e and that at the C site in the opposite end is20.2e.
The same is true for the FeC3. For the neutral species, it can
be seen from the Mulliken charges~Table I! that the Fe atom
is mainly in a 3d74s1 configuration in the cluster bonding.
For the anion, the extra charges are mostly deposited on
Fe site~0.6e! entering mainly into the 4s orbitals. This will
be important for the interpretation of the PES spectra.

The FeC3H
2 has two other isomers that are very close i

energy besides the linear one depicted in Fig. 1: a ring stru
ture and a linear structure where the H atom is 20° off linea
No. 7, 15 February 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



w

.

y
In

st

-

.
e

-

e

e
b

2704 Fan, Lou, and Wang: FeCn
2 and FeCnH

2 (n53,4)
The latter isomer is much like a cumulenic FeC3H
2 in which

the terminal C atom issp2 hybridized.

IV. RESULTS AND DISCUSSION

The PES spectra of FeC3
2 and FeC4

2 are shown in Fig. 2;
their singly hydrogenated species are shown in Fig. 3. T
prominent bands, labeled X and A, are observed for the sp

FIG. 1. Structures and Mulliken charges of the FeCn , FeCnH, FeCn
2, and

FeCnH
2 ~n53,4! from the LDA calculations. The numbers is parenthes

are the Mulliken charges, the numbers between the atoms are the
lengths in Å.

FIG. 2. Photoelectron spectra of FeC3
2 and FeC4

2 at 3.49 eV photon energy.
The arrow in the FeC4

2 spectrum indicates the detachment threshold.
J. Chem. Phys., Vol. 102,Downloaded¬26¬Jun¬2007¬to¬130.20.226.164.¬Redistribution¬subjec
o
ec-

tra of FeC3
2 and FeC3H

2. Vibrational structures are resolved
for the A band in both spectra, as indicated in the figures
They both consist of one major vibrational progression. The
X band contains unresolved vibrational features. The ver
fine features in the spectra are due to the statistical noise.
the spectrum of FeC3H

2, less prominent features~a andb!
are also observed. As will be discussed later, these sugge
the presence of more than one isomer in the FeC3H

2 beam. A
single strong feature~X! is observed for the spectrum of
FeC4H

2 with a weak feature at about 2.8 eV binding energy.
The spectrum of FeC4

2 is surprisingly diffuse with less well-
defined features. This is dramatically different from the spec
tra of the other species. The electron affinities~EAs! are
determined from the first feature in the photoelectron spectra
Due to the broadness of its spectrum, only an estimate of th
photodetachment threshold is possible for FeC4 as indicated
by the arrow in Fig. 2. This threshold value can be consid

TABLE II. Spectroscopic constants and energies of FeCn and FeCnH ~n
53,4!, obtained from their anion photoelectron spectra.

FeC3 FeC3H FeC4H FeC4

Ia II b

EA ~eV!c 1.69~8! 1.58~6! 1.27~8! 1.67~6! 2.2~2!
(X) (X) (a) (X)

Excited stated 2.25~4! 2.48~5! 2.12~5! 2.82~7!
~eV! (A) (A) (b) (a)

nFe–C ~cm21! 700~150! 670~150! 880~150!

aThe cumulenic isomer.
bThe acetylenic isomer.
cThe electron affinity as determined from the threshold band maxima. Th
value for FeC4 as indicated by the arrow in Fig. 1 is the photodetachment
threshold, which can be taken as the upper bound of the adiabatic EA.
dIn term of the electron binding energy. The term value is obtained by
subtracting the EA from this number.

s
ond

FIG. 3. Photoelectron spectra of FeC3H
2 and FeC4H

2 at 3.49 eV photo
energy.
No. 7, 15 February 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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ered as the upper bound of the adiabatic EA. The other fe
tures at higher binding energies represent the excited sta
of the neutral species. The energies and spectroscopic c
stants obtained for the four clusters are listed in Table II.

Photodetachment takes place from the ground state of
anion to the ground state and the various excited states of
neutral at the same nuclear configuration as the anion. Wh
the neutral has similar equilibrium geometry as the anion,
rather sharp PES spectrum is expected as a result of
vertical transition. However, if the neutral has a differen
equilibrium geometry than the anion, broad spectrum wi
extensive vibrational excitations is expected due to th
Frank–Condon envelope. The excited states of the clust
are more difficult to obtain. Thus, the PES spectrum is us
ally interpreted based on the single-electron approximati
by using the molecular orbital argument. This is quite effe
tive and can account for the main PES features. We w
interpret the PES spectra of the FeCn

2 and FeCnH
2 species

based on bonding properties of these species obtained fr
the LDA calculations and simple molecular orbital conside
ations.

The structure and bonding of the FeCn and FeCnH clus-
ters as described by the above LDA calculations are qu
reasonable. In the case of FeC4

2 , the predicted structure is in
agreement with the ion mobility experiment.7 The linear
structures obtained for these small clusters all have a term
nal Fe–C bond. Such an atomic arrangement is also in
cordance with our chemical intuitions. The C–C bond
known to be much stronger than the Fe–C bond.19,20Thus, it
is not energetically favorable for Fe to insert into the C cha
since that will break the stronger C–C bonds and form th
weaker Fe–C bonds. The Fe atom has a 3d64s2 (5D! ground
state configuration with an excited state (5F, 3d74s1! 0.9 eV
higher in energy.22 The LDA calculations indicate that in all
the FeCn and FeCnH clusters the excited Fe atom is involved
in the chemical bonding. In a linear geometry, simple mo
lecular orbital considerations suggest that the C atom direc
bonded to the Fe atom must be in ansp hybridized state in
order to more effectively interact with the Fe 4s orbital. And
the Fe 3d orbitals can interact with the otherp orbitals on
the C atoms to form additional bonds. This bonding charac
is well depicted by the LDA calculations. In the following,
we will discuss each species separately.

A. FeC3
2

The C3 molecule has been well studied and is known t
be linear with the singlet ground state.23,24 It can be viewed
to have a cumulenic type of bonding with two lone pairs o
the terminal carbon atoms~:CvCvC:!. The excited Fe atom
will form a ~3d7-p1)s2s* 0 FeC3 with an excited C3, where
(3d7-p1! depicts a strongp interaction between the Cp
orbitals and the Fe 3d orbitals, s and s* are the 4s-sp
bonding and antibonding orbital, respectively. Hence, the a
ion FeC3

2 will have a~3d7-px
1)ssp

2 s2s* 1 configuration with
the extra electron entering thes* antibonding orbital. This is
in agreement with the Mulliken population analysis of th
LDA molecular orbitals for this cluster, showing that, like in
the other anionic clusters being considered, the extra elect
enters mainly into the Fe 4s orbital ~see Table I!.
J. Chem. Phys., Vol. 102, NDownloaded¬26¬Jun¬2007¬to¬130.20.226.164.¬Redistribution¬subject
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The two main features of the FeC3
2 spectrum exhibit

vibrational structures that are well resolved in the A band
This suggests that the electrons removed in both states a
either bonding or antibonding. We assign theX band to be
from the removal of the least-bounds* antibonding electron
and theA band to the removal of as bonding electron. The
vibrational frequency of 700~150! cm21 in theA band is in
fair agreement with the FevC stretching in FevCH2 ob-
served in a previous matrix study25 and is much higher than
that for a Fe–C single bond.6 This is also in agreement with
the LDA calculations that yield a Fe–C bond length indica
tive of a multiple Fe–C bond.

B. FeC3H
2

The complex appearance of the FeC3H
2 spectrum sug-

gests that there may be more than one isomer present in t
anion beam. Indeed, the LDA calculations predict tha
FeC3H

2 has at least three isomers that are close in energ
the linear one as shown in Fig. 1, a cumulenic isomer i
which the H atom is off linear by 20°~FevCvCvC–H!,
and a ringlike isomer. The two linear forms of FeC3H

2, with
different H off-line angles, are almost degenerate in energ
The two-dimensional ring structure is sightly lower in energy
by only 0.04 eV with nonlocal exchange corrections in-
cluded. The FeC3H

2 PES spectrum suggests that at leas
there can be two isomers; one associated with the two maj
bandsX andA; one associated with the two smaller features
a andb, as shown in Fig. 3. The ring isomer is quite unusua
and has a very different electronic structure from the linea
isomers. We assign the spectrum to be due to the first tw
isomers. The difference between the two is subtle. The line
one is more like an acetylenic type where the H atom i
bonded to ansp hybridized C atom and the Fe–C bond
length is close to a triple bond. In the cumulenic isomer, th
H atom is bonded to asp2 hybridized C atom and the Fe–C
bond is close to a double bond. The bond length and th
Mulliken charges are really quite similar in both isomers
They are only different by the positions of the H atom.

TheX andA bands are rather similar to that in the FeC3
2

spectrum. The vibrational frequency of 670~150! cm21, ob-
served in theA band, is also very close to that as observed i
the A band of the FeC3

2 spectrum. We assign these to the
cumulenic isomer whose bonding should be quite similar t
that in FeC3. And the two bands are due to the removal of a
4s-sp antibonding and bonding electron, respectively. The
assignment of theX band to the removal of thes* electron is
supported by the LDA calculations that indicate the extra
electron enters this antibonding orbital in the anion. The ob
served vibrational structure in the A band is consistent wit
removal of a bonding electron; the large vibrational fre-
quency is in accordance to a multiple Fe–C bond.

The b band exhibits a vibrational structure with a fre-
quency of 880~150! cm21. We assign thea andb bands to
the linear acetylenic isomer of FeC3H

2. The two features
result from the removal of the 4s-sp s* and s electrons,
respectively. The vibrational structure is due to the Fe–C
stretching. The rather high frequency displayed in theb band
o. 7, 15 February 1995¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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suggests that the Fe–C bond is stronger in this isomer,
excellent agreement with the fact that the Fe–C bond sho
have a triple bond character.

C. FeC4
2

The spectrum of FeC4
2 is very diffuse and is dramatically

different from the other spectra. This indicates that there is
large difference in equilibrium geometry between the neutr
states and the ground state of the anion. The FeC4

2 anion has
a linear structure, which is concluded from both the curre
LDA calculations and the ion mobility experiments an
ab initio calculations of Bowerset al.7,8 Therefore, the FeC4
neutral either has quite different bond lengths in a line
structure or has a different structure. The current LDA ca
culations indicate that FeC4 neutral is linear and that the
bond lengths do not change dramatically from that of th
anion. Thus, if FeC4 were to have a linear structure, then it
corresponding PES spectrum should not be so diffuse. Ne
ertheless, the LDA calculations do not predict a bent or rin
structure for this cluster.

The ion mobility experiments indicate the FeCn
2 for n.4

can have both linear and ring types of isomers. The ani
FeC4

2 does not have a ring isomer presumably due to t
strain energy of its relatively small size. However, prelim
naryab initio calculations by Bowerset al.8 suggest that for
the FeC4 neutral the ring structure is more stable than th
linear one by 9 kcal/mol and in FeC6 the ring structure is
more stable than the linear one by 25 kcal/mol. Since bo
experiment and theories have predicted that the FeC4

2 anion
is linear, we tentatively assign the spectrum to be due to
structural change in the neutral.

D. FeC4H
2

The FeC4H
2 spectrum shows only one strong band

nearly identical to that of FeC2H
2, which has been shown to

have an acetylenic structure~Fe–CwC–H! with a
3d7s2s* 1 configuration.6 Thes ands* are the bonding and
antibonding orbitals between the Fe 4s and Csp. The single
strong band is from the removal of thes* electron from the
anion. The LDA calculations indicate that FeC4H

2 is linear
with a similar diacetylenic structure. The electronic structu
of a diacetylenic FeC4H is expected to be quite similar to tha
of an acetylenic FeC2H; and the major bonding interaction is
between the Fe 4s and the Csp. A Mulliken analysis for the
LDA calculations of FeC4H

2 suggests that the extra charg
in the anion mainly enters thes* orbital. Therefore, we as-
sign the single strong band to be from the removal of th
4s-sp antibondings* electron from the FeC4H

2 anion. The
width of this band indicates some vibrational excitation o
the Fe–C stretching, which is partially resolved in th
FeC2H

2 case at a 532 nm detachment wavelength.6

The weak feature, labeleda in Fig. 3, is also very similar
to that as in the FeC2H

2 spectrum. There may also be a wea
feature unresolved in the high energy tail on theX band, as is
the case in FeC2H

2.6 These features are likely to be due to
the Fe 3d electrons, which are known to have low detach
ment cross sections.26 However, from the weakness of these
features, they can also be due to multielectron processes
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result of strong electron correlation effects.27 These pro-
cesses are not commonly observed, but they may take pla
in systems involving transition metals due to the strong ele
tron correlation effect of thed electrons.

We also obtained the spectrum of FeC4D
2, which is

identical to the spectrum of FeC4H
2. The small zero point

energy shift in the electron affinity cannot be distinguished i
our spectra.

V. SUMMARY

In summary, we have obtained the photoelectron spec
of FeCn

2 and FeCnH
2 for n53 and 4 for the first time. Vi-

brational structures are resolved for then53 species and are
very useful in elucidating the bonding of the molecules. Den
sity functional theory calculations are performed on all th
clusters. The anions are all found to be linear with the F
atom bonded to a C atom at one end. In the hydrogenate
species, the H atom prefers to be on the other end of t
chain. Several isomers are found for FeC3H

2, in agreement
with the PES spectrum that suggests the existence of is
mers. The spectrum is assigned to be due to a cumulenic a
an acetylenic isomer. FeC4H is found to have a diacetylene
type of structure. FeC3 can be best characterized to have
cumulenic type of bonding. The FeC4

2 spectrum shows very
broad features, suggesting a large geometry change from
anion to the neutral.

The bonding between the Fe atom and the carbon a
hydrocarbon fragments are highly interesting. Further studi
will be focused on larger Fe/C clusters to elucidate the
electronic and geometric structures. Met–car forms of Fe/
clusters have been observed,2 but they are much less preva-
lent than those for the early transition metals. Transitio
metal endohedral fullerenes are also known to be quite d
ficult to synthesize. This is likely to be due to the nature o
the interaction between the transition metals and the sm
carbon fragments. It would also be interesting to study th
small transition metal/carbon clusters across the period
table to elucidate the structural and bonding changes for t
different M/C clusters. The properties of these small cluste
should provide insight as to what forms of the larger cluste
can be expected, as well as the catalytic roles of the tran
tion metals in the carbon nanotube formation.
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