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Vibrationally resolved photoelectron spectroscopy of the first row
transition metal and C 3 clusters: MC 3

À
„MÄSc, V, Cr, Mn, Fe, Co, and Ni …
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and W. R. Wiley Environmental Molecular Sciences Laboratory, Pacific Northwest National
Laboratory, MS K8-88, Richland, Washington 99352
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We report photoelectron spectra of the MC3
2 clusters for M5Sc, V, Cr, Mn, Fe, Co, and Ni at two

photon energies, 355 and 266 nm. Vibrational structure is resolved for the ground and excited state
detachment transitions for all the clusters except for CoC3

2 and NiC3
2. Electron affinity~EA! and

vibrational frequencies for the MC3 clusters are obtained. Complicated low-lying excited state
features are observed for all the species. We find that the trend of the EA across the 3d series for
the MC3 clusters is similar to that of the MC2 species. The vibrational frequency is found to increase
from ScC3 to TiC3 and then decreases monotonically to the right of the 3d series. Preliminary
density functional theory calculations are performed on all the MC3 and MC3

2 clusters at several
initial geometries and spin multiplicities. We find that the ground states of all the MC3 and MC3

2

species haveC2v ring structures. The calculated M–C stretching frequency for all the MC3 species
is in good agreement with the experimental measurement, lending credence to the obtainedC2v
structure. ©2000 American Institute of Physics.@S0021-9606~00!00308-1#
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I. INTRODUCTION

The interaction of carbon with transition metals is im
portant in understanding a range of novel nanomaterials f
endohedral fullerenes for the rare earth elements,1 to met-
cars for the early transition metals,2 to the catalytic growth of
carbon nanotubes by the late transition metals.3 Our goal has
been to understand the chemical bonding and structure o
small transition metal–carbon clusters to help elucidate
formation mechanisms of these different nanomaterials.
major experimental technique has been size-selected a
photoelectron spectroscopy~PES!, which can yield elec-
tronic and vibrational information for the small transitio
metal–carbon clusters. One of our research strategies
study systematically small metal–carbon clusters across
3d series. The systematic information is useful, not only
uncover periodic trend, but also to provide experimen
spectroscopic data, which will be valuable to theoretical
vestigations.

For the metal–carbon clusters, we have focused con
erable effort on obtaining electronic structure information
met-cars and their growth mechanisms.4–7 We have also
studied a series of small titanium–carbon clusters, TiCx

2 (x
52 – 5).8 In a recent report,9 we presented a systematic in
vestigation of the transition metal–C2 clusters, MC2. We
found that both the periodic trend of the electron affin
~EA! and M–C vibrational frequency of the MC2 clusters are
similar to that of the corresponding diatomic metal oxid
We suggested that the M–C2 bonding is rather ionic and tha
the MC2 clusters can be viewed approximately as M21C2

22.
In the current work, we report our systematic investigation

a!Author to whom all correspondence should be addressed; electronic
ls.wang@pnl.gov
3600021-9606/2000/112(8)/3602/7/$17.00
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the MC3
2 clusters from M5Sc to Ni. We are interested in th

question of whether the same periodic trends exist in
MC3 clusters and how the cluster structures and bond
evolve from MC2 to MC3.

Among the MC3 clusters presented here, only FeC3 has
been studied previously.10,11 We reported a PES spectrum o
FeC3

2 at somewhat lower resolution and also did dens
functional theory ~DFT! calculations.10 Our calculations
within the local density approximation~LDA ! gave a linear
structure for both the anion and neutral. A more recent c
culation by Nash, Rao, and Jena gave aC2v ring structure for
FeC3 neutral.11 Other experimental studies of MC3 clusters
include PES studies of TiC3

2 by us8 and LaC3
2 by Suzuki

et al.12 We proposed aC2v ring structure for TiC3 based on
the similar EAs of all the TiCx series of clusters that we
studied. TheC2v structure of TiC3 has been confirmed by
recent DFT calculations by Sumathi and Hendrickx.13 Other
MC3 clusters studied theoretically involve YC3 and LaC3,
both of which have been concluded to haveC2v ring
structures.14–18

In the present paper, we report vibrationally resolv
PES spectra of MC3

2 for M5Sc, V, Cr, Mn, Fe, Co, and N
at 355 and 266 nm. We indeed find that the trends of EA a
M–C vibrational frequency across the 3d series for the MC3
clusters are similar to those of the MC2 series that we re-
ported previously. To understand the structural and bond
properties of the MC3 clusters, we further carried out pre
liminary DFT calculations for both the anions and neutra
We find that all of the MC3 clusters appear to have theC2v

ring structure. Our calculated M–C stretching frequency
the C2v MC3 clusters is in good agreement with the expe
mental measurements.
il:
2 © 2000 American Institute of Physics

P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 1. Photoelectron spectra of MC3
2 at 532 nm.
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II. EXPERIMENT

The experiments were performed using a magne
bottle PES apparatus with a laser vaporization cluster sou
Details of the experiments have been publish
elsewhere;19,20 only a brief description is given here. Th
MC3

2 anions were produced by laser vaporization of the
spective metal targets with a helium carrier gas contain
5% CH4. Metal–carbon mixed clusters were synthesiz
through plasma reactions between laser-ablated metal a
and CH4. Cluster species, entrained in the helium carrier g
underwent a supersonic expansion and formed a collima
beam with a 6-mm-diam skimmer. The anions were e
tracted perpendicularly from the cluster beam into a time-
flight ~TOF! mass spectrometer. The anions of interest w
mass selected and decelerated before crossing with a de
ment laser beam. Two photon energies~532 nm–2.331 eV;
355 nm–3.496 eV! from a Q-switched Nd:YAG laser were
used for the current experiments. The photoemitted electr
were collected by the magnetic bottle at nearly 100% e
ciency and analyzed in a 3.5-m-long TOF tube. Photoe
tron TOF spectra were collected at a 10 Hz repetition r
and converted to electron binding energies~BEs! calibrated
by the known spectrum of Rh2. VC3

2 and CrC3
2 were also

produced using the respective solid carbide targets wit
pure helium carrier gas. The same PES spectra were obta
as using pure metal targets and a CH4-containing He carrier
gas. The resolution of the magnetic-bottle electron analy

FIG. 2. Photoelectron spectra of MC3
2 at 355 nm, in comparison to those o

the MC2
2 species from Ref. 9.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Observed adiabatic~ADE! and vertical~VDE! binding energies, vibrational frequencies, and lo
lying electronic states for ScC3, VC3, CrC3, MnC3, FeC3, CoC3, and NiC3.

ADE ~eV!a VDE ~eV! DE ~eV!b,c Vib. freq. ~cm21!c

ScC3 X 1.64 ~0.02! 0 560 ~30!
A 2.06 ~0.02! 2.28~0.02! 0.42~0.02! 600 ~50!

VC3 X 1.47 ~0.02! 0 600 ~30!
A 1.79 ~0.02! 0.32~0.02! 450 ~50!
B 2.98 ~0.03! 1.51~0.03! 600 ~50!

CrC3 X 1.50 ~0.02! 0 560 ~60!
A 1.65 ~0.03! 0.15~0.02!
B 1.81 ~0.03! 0.31~0.02!
C 1.95 ~0.03! 0.45~0.02! 540 ~30!
D 2.46 ~0.03! 0.96~0.02!
E 2.82 ~0.04! 1.32~0.03! 500 ~50!
F ;3
G 3.24 ~0.04! 1.74~0.03!

MnC3 X 1.87 ~0.02! 1.99~0.02! 0 490 ~20!
FeC3 X 1.68 ~0.02! 1.74~0.02! 0 480 ~40!

A 2.27 ~0.02! 0.59~0.02! @350 ~50!#
B 2.36 ~0.02! 0.68~0.02! 500 ~30!

CoC3 X 1.55 ~0.06! 1.60~0.06! 0
A 1.75~0.05! ~0.15!
B 1.9~0.1! ~0.3!
C 2.63~0.06! ~1.03!

NiC3 X 1.39 ~0.05! 0 480 ~60!
A 1.8~0.1! ~0.4!

aThe ADE of the ground state feature (X) represents the adiabatic electron affinity.
bThe excitation energies relative to the ground state (X).
cRelative energies were measured more accurately.
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was aboutDE/E;2%, i.e.,;20 meV for 1 eV electrons
The further improvement of our magnetic-bottle appara
can be found in a recent publication.21

III. RESULTS AND DISCUSSION

The PES spectra at 532 nm are shown in Fig. 1 for
seven MC3

2 species~M5Sc, V, Cr, Mn, Fe, Co, and Ni!. The
355 nm spectra are shown in Fig. 2, where the spectra o
corresponding MC2

2 species are also shown for compariso
The observed detachment transitions are labeled with le
and the vertical lines represent resolved vibrational str
tures. The observed binding energies and vibrational
quencies are summarized in Table I for all the seven M3

species investigated currently.

A. ScC3
À

The 532 nm spectrum exhibits two vibrationally r
solved bands@Fig. 1~a!#. The ground state vibrational pro
gression (X) shows a spacing of 560~30! cm21. The 0–0
transition of theX band at 1.64 eV defines the adiabatic E
of ScC3. TheA band, with a vibrational spacing of 600~50!
cm21, was cut off due to the low photon energy. At 355 n
@Fig. 2~a!#, considerable hot band intensity was observed
the low BE side. The 355 nm spectrum was broad, with w
signals through the entire high BE side, probably due
closely spaced low-lying electronic states of ScC3.

It is interesting to note that our measured EA of 1.64~2!
eV for ScC3 is practically identical to our previously mea
sured EA of 1.65~3! eV for ScC2. The PES spectra of th
two species are also somewhat similar~Fig. 2!, except that
theX–A separation in ScC2 is smaller~0.29 eV! compared to
 2007 to 130.20.226.164. Redistribution subject to AI
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theX–A separation of 0.42 eV in ScC3 ~Table I!. In addition,
the ground state vibrational progression in the spectra
ScC3

2 is shorter compared to that in ScC2
2, suggesting that

the geometry changes between the anion and neutral in
C3 cluster is less than that in the C2 cluster. We also note tha
the vibrational frequency observed in ScC3 ~560 cm21,
Table I! is smaller than that in ScC2 ~670 cm21!.

B. VC3
À

Two well-resolved vibrational progressions were o
served in the 532 nm spectra of VC3

2 @Fig. 1~b!#. TheX band
gives a vibrational spacing of 600 cm21, whereas theA band
yields a smaller spacing of 450 cm21, as shown in Table I. A
hot band~HB! feature is also visible in the spectrum. Th
0–0 transition yields an adiabatic EA of 1.47 eV for VC3.
The 355 nm spectrum@Fig. 2~a!# showed three extra shar
peaks near 3 eV. We identified these features as a vibrati
progression (B) with a HB feature, as indicated. TheB band
gives a vibrational spacing of 600 cm21, identical to that of
the ground state. There are also weak features between 2
2.8 eV, which we could not identify definitively. The HB
features yielded a vibrational frequency of 420~50! cm21 for
the VC3

2 anion.
The EA of VC3 ~1.47 eV! is only slightly higher than

that of VC2 ~1.42 eV!. As seen in Fig. 2, there is conside
able similarity between the spectra of the two clusters, exc
that the vibrational progressions in the VC2

2 spectrum are all
longer than that in the VC3

2 spectrum. The latter subtle dif
ference suggests that there are less geometry change
tween the anion and neutral in the C3 cluster than that in the
C2 cluster, analogous to the corresponding Sc species. H
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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ever, in contrast to the Sc species, we observed that
ground state vibrational frequency of VC3 ~600 cm21! is ac-
tually slightly larger than that of VC2 ~550 cm21!.

C. CrC3
À

The spectra of CrC3
2 seemed to be much more comp

cated than those of VC3
2. The 532 nm spectrum@Fig. 1~c!

reveals several overlapping features. One vibrational p
gression (C) can be clearly recognized with a spacing of 5
cm21. Between the threshold and theC band, we tentatively
identified three overlapping states, but could not obtain
vibrational spacings, except for the ground state, for wh
we estimated a vibrational spacing of;560 cm21. The 0–0
transition yields an adiabatic EA of 1.50 eV for CrC3. In the
355 nm spectrum@Fig. 2~a!#, the relative intensities of thos
features observed in the 532 nm spectrum appeared t
changed significantly. In particular, the intensities of theX
andC band were apparently reduced, whereas that of thA
band was enhanced. Several more features were observ
the 355 nm spectrum at higher BE. A sharp feature (D) was
observed at 2.46 eV. A short vibrational progression (E)
with a spacing of;500 cm21 could be recognized at;2.8
eV. More overlapping features exist at even higher BEs~F
andG! in the 355 nm spectrum.

Our measured EA for CrC3 ~1.50 eV! is actually slightly
smaller than that for CrC2 ~1.63 eV!. There were also obvi-
ous similarities between the spectra of the two species~Fig.
2!. In particular, both species seemed to produce the m
complicated spectra in each series with many low-lying
cited states observed for the corresponding neutrals.

D. MnC3
À

The 532 nm spectrum of MnC32 @Fig. 1~d!# revealed
one broad vibrational progression with a spacing of 4
cm21. The 0–0 transition yielded an adiabatic EA of 1.87 e
for MnC3. The 355 nm spectra@Fig. 2~a!# gave almost con-
tinuous signals at the high BE side. But we could not iden
any feature definitively, probably suggesting a high dens
of low-lying states. A HB feature was clearly observed in t
532 nm spectrum, yielding a vibrational frequency of 3
~40! cm21 for the MnC3

2 anion.
The broad vibrational progression in the MnC3

2 spectrum
is very similar to that in the MnC2

2 spectrum, as shown in
Fig. 2. The EA of MnC3 ~1.87 eV! is smaller than that of
MnC2 ~2.12 eV! whereas they both have similar ground sta
vibrational frequencies, 490 cm21 for MnC3 and 520 cm21

for MnC2. The broad vibrational progression in the MnCx
2

spectra indicated that there are large geometry and bon
changes between the anion and neutral ground states in
species. The large difference between the vibrational
quencies of MnC3

2 and MnC3 is consistent with these
changes.

E. FeC3
À

The 532 nm spectrum FeC3
2 @Fig. 1~e!# revealed one

well-resolved ground state vibrational progression (X) with a
spacing of 480 cm21 and a sharp feature (A) at 2.27 eV. The
Downloaded 20 Jun 2007 to 130.20.226.164. Redistribution subject to AI
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0–0 transition of the ground state progression yielded
adiabatic EA of 1.68 eV for FeC3. There seemed to be an
other component just beyond the sharpA peak, which could
be the second component of a short vibrational progress
giving a vibrational spacing of;350 cm21 for the A band.
At 355 nm @Fig. 2~a!#, more features were observed at t
high BE side. Several sharp peaks (B) were revealed just
beyond the 532 nm photon energy. However, these new
tures did not belong to the vibrational progression start
from the A peak; rather they were identified as a new p
gression with a spacing of 500 cm21. More features exist
beyond 2.7 eV, but could not be clearly resolved. A H
feature was observed in the 532 nm spectrum, giving a
brational frequency of 330~40! cm21 for the FeC3

2 anion.
We previously obtained the 355 nm spectrum of FeC3

2 at
a lower instrumental resolution,10 where no vibrational struc-
tures were resolved for the ground state. The current vib
tionally resolved spectrum at 532 nm not only yielded t
ground state vibrational frequency, but also allowed the
of FeC3 to be more accurately measured. Due to the low
resolution, theA andB features were identified mistakenly a
a singly vibrational progression previously. The current d
clearly showed that theA feature does not belong to theB
progression. TheA–B separation was 90 meV~Table I!,
which is much larger than the average spacing of theB pro-
gression~500 cm21 or 62 meV!. TheA state probably repre
sents removal of a nonbonding electron, thus giving a v
short vibrational progression. The tentatively measured
brational frequency of theA state~;350 cm21! is similar to
that of the anion~;330 cm21!, providing indirect evidence
supporting the identification and assignment of theA state.

F. CoC3
À

The spectra of CoC3
2 are much more congested with n

vibrational structures resolved. The 532 nm spectrum@Fig.
1~f!# revealed two sharp features (X and A!, followed by a
broad band (B). The adiabatic EA was estimated from theX
feature as 1.55 eV. The 355 nm spectrum@Fig. 2~a!# showed
more broad features at higher BE. A broad featureC could
be recognized around 2.6 eV.

The onset of broad features and lack of resolved vib
tional features in the spectra of CoC3

2 are similar to that in
CoC2

2. The spectra of CoC3
2 and CoC2

2 also exhibit certain
similarity, as can be seen in Fig. 2.

G. NiC3
À

The 532 nm spectrum of NiC3
2 @Fig. 1~g!# revealed a

weak feature (X) and a broad feature (A). The weakX band
seemed to show a short vibrational progression with a sp
ing of ;480 cm21. The 0–0 transition of theX band yielded
an adiabatic EA of 1.39 eV for NiC3. The 355 nm spectrum
of NiC3

2, which is not shown, revealed only an addition
broad and continuous feature starting at;2.6 eV, suggesting
probably a very high density of low-lying states for the NiC3

cluster, similar to that in CoC3. In our previous investigation
of the MC2

2 species,9 NiC2
2 was omitted because of difficulty

in producing it in our laser vaporization source.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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H. Periodic trends of EAs and ground state vibrational
frequencies

The adiabatic EAs of the MC3 clusters are plotted in Fig
3 and compared to that of the corresponding MC2 clusters.
The EAs for the TiCx and the MC2 species are from ou
previous publications.8,9 We found that the periodic trend o
the EAs for the MC3 clusters across the 3d series is identical
to that of the MC2 species, with a minimum at VC3 and a
maximum at MnC3. We note that the EAs of the MC2 and
MC3 clusters are all smaller than that of the correspond
pure carbon clusters, C2 ~3.269 eV!22 and C3 ~1.995 eV!,23

respectively, while they are all higher than the EAs of t
pure metals.24 Thus we can infer that the extra electron in t
MCx

2 clusters is probably shared by the metal and car
fragments. The observed ground state vibrational prog
sions in the MC2 clusters all indicate that the extra electro
occupies an antibonding M–C orbital because the obse
vibrational frequency for the neutral MC2 are all higher than
that of the anions, as estimated from the hot band featu
We further suggested that the M–C2 bonding is quite ionic,
based on the similar trends in EA and vibrational frequen
between the MC2 and corresponding monoxide species. T
large EA of C2 certainly makes it reasonable to have so
degree of charge transfer from the metal to C2 in MC2. We
also observed a ground state vibrational progression fo
the MC3

2 clusters except for CoC3
2 and NiC3

2, suggesting
significant geometry changes between the anions and
trals in the MC3 species. Based on the hot band featu
observed, the vibrational frequencies estimated for the
ions are also smaller than that of the neutral MC3. Thus we
infer that the extra electron in MC3

2 is also likely to be oc-
cupying an antibonding M–C orbital, similar to that in MC2

2.
The similar PES spectra between the MC3

2 and MC2
2 species

as shown in Fig. 2 also suggest that there should be s
similarities between their structure and bonding. There
probably also some degree of charge transfer from the m
to C3 in MC3, but probably less than that in MC2, consider-
ing the smaller EA of C3 than that of C2.

Figure 4 shows the trend of the measured vibratio

FIG. 3. Electron affinities~EA! of the first row transition metal–C3 clusters,
compared to those of the dicarbides (MC2).
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frequencies for the ground state of the MC3 clusters across
the 3d series. Based on the previous discussion, the reso
vibration should be due to the M–C symmetric stretching
the MC3 clusters. Although we could see certain similarity
the overall trend between the MC3 and MC2 series, we also
found some subtle differences. In particular, we found t
the highest M–C frequency in the MC3 series occurs in TiC3
whereas in the MC2 series it occurs in ScC2. The M–C fre-
quency then decreases steadily from TiC3 to the right of the
3d series. The vibrational frequency trend in the MC3 series
suggests that the TiC3 cluster has the strongest metal–
bond strength, which then decreases to the right of thed
series. This observation agrees with the general trend of
interaction between carbon and the transition metals ac
the 3d series.

IV. PRELIMINARY THEORETICAL CALCULATIONS

As mentioned in Sec. I, the only 3d MC3 clusters that
have been studied theoretically are TiC3 and FeC3. We sug-
gested a ring structure for TiC3 in our previous study of the
TiCx clusters,8 which has been confirmed by DFT calcul
tions by Sumathi and Hendrickx.13 The structure of FeC3 is
uncertain: while our previous DFT calculation suggested
linear structure,10 the recent calculation by Nash, Rao, a
Jena suggested aC2v ring structure.11 In order to obtain sys-
tematic structural information, we carried out a prelimina
theoretical study on all the MC3 clusters investigated her
except CoC3 and NiC3. The current calculations indeed su
gest aC2v ring structure for all the MC3 species.

The calculations presented here were performed us
the GAUSSIAN 94 package.25 Energy calculations and geom
etry optimizations were carried out using the B3LYP dens
functional method,26 in which the Becke’s three-paramete
exchange functional27 and the Lee–Yang–Parr correla
tion functional28 were used. Vibrational frequencies of th
neutral clusters were calculated at the DFT level in or
to characterize the nature of the stationary points and c

FIG. 4. Ground state vibrational frequencies of the first row transit
metal–C3 clusters, compared to those of the dicarbides (MC2).
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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pare with the experimental results. The basis sets used
6-3111G(3d f) for the metals and carbon, as denoted in
GAUSSIAN 94package.

For each species, we calculated both the anion and
tral with several spin multiplicities and three initial stru
tures:~1! a C2v ring structure;~2! a linear MCCC structure
and ~3! a C2v structure in which the metal is bonded to tw
carbons of a triangular C3. In all cases, we found that theC2v
ring structure is a true minimum through frequency calcu
tions and has the lowest energy among the three structu
Figure 5 shows a schematic structure for thisC2v species and
Table II lists the spin multiplicities and the structural para
eters for these clusters. For both ScC3

2 and VC3
2, we found a

nearly degenerate state with different spin multiplicities. T
calculated M–C symmetric stretching frequency for ea
species is also listed in Table II and compared to the exp
mental measurements. The parameters for TiC3 are also
listed in Table II for comparison. The theoretical adiaba
electron affinity for each species, obtained from the to
energy difference between the anion and neutral, is a
listed in Table II.

FIG. 5. Schematic structure of the MC3 clusters. See detailed structur
parameters from the theoretical calculations for the different cluster
Table II.
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Several observations can be made from the data
sented in Table II. First, the calculated vibrational frequen
in all cases seems to agree well with the experimental m
surements. Second, the M–Cl bond length is longer in
anions than in the neutrals, consistent with our observati
that a vibrational progression in the ground state was
served in all PES spectra and that the extra electron in
anions occupies an antibonding M–C orbital. Third, t
magnitudes of changes in the M–Cl bond length between
anions and neutrals are consistent with the Franck–Con
envelope observed in each case. For example, the lar
change occurs in the MnC3/MnC3

2 pair, consistent with the
fact that the MnC3

2 spectra exhibited the broadest Franck
Condon envelope. Fourth, the theoretical electron affinity
also in reasonable agreement with the experimental meas
ment~Table I!, considering the theoretical method used. A
though it is known that the DFT method used gives po
energetics, the trend of the calculated EA is consistent w
the experimental observation.

While we cannot claim if the DFT method used here
adequate for these complicated systems, the agreement
tween the experiment and theory do lend some credenc
the C2v ring structure for the MC3 clusters. TheC2v struc-
ture and the spin multiplicity for FeC3 in fact agree with
those obtained previously by Nash, Rao, and Jena.11 TheC2v
ring structure for ScC3 is also reasonable since the isoele
tronic YC3 and LaC3 clusters are known to have the sam
structure from previous theoretical studies.14–18

The trend of the EA shown in Fig. 3 is interesting. It
instructive to speculate on its origin since the EA is related
the electronic structure and bonding of the MC3 clusters.
From the previous discussion, we know that the extra e
tron in the MC3

2 anions all occupies a slightly antibondin
orbital, which should be primarily of 3d character. One

in
ated

TABLE II. Calculated structural parameters for the ground stateC2v MC3 and MC3

2 clusters~see Fig. 5!, spin
multiplicity (S), and M–C stretching vibrational frequency and electron affinities. The full set of calcul
vibrational frequencies in cm21 for each cluster are as follows: ScC3: a15594, 701, 1729;b15649; b2

5404, 1457. VC3: a15600, 835, 1307;b15576; b25440, 1542. CrC3: a15556, 810, 1314;b15501; b2

5440, 1487. MnC3: a15498, 723, 1285;b15471; b25395, 1467. FeC3: a15469, 727, 1306;b15448; b2

5437, 1496.

S M–C1 ~Å! M–C2 ~Å! C1– C2~Å!

nM–C (cm21)

Theo. Expt. EA~eV!e

ScC3 2 2.027 2.108 1.322 594 560~30! 1.99
ScC3

2 3a 2.105 2.128 1.322
TiC3 1b 1.878b 1.962b 1.346b 686b 650~30!c

VC3 2 1.834 1.930 1.328 600 600~30! 1.40
VC3

2 3d 1.909 1.993 1.330
CrC3 3 1.834 1.938 1.334 556 560~60! 1.26
CrC3

2 4 1.905 1.982 1.346
MnC3 4 1.887 1.957 1.334 498 490~20! 1.57
MnC3

2 5 1.992 2.032 1.339
FeC3 3 1.829 1.927 1.334 469 480~40! 1.44
FeC3

2 4 1.921 2.002 1.340

aA singlet state is only 0.022 eV higher with the same structural parameters.
bFrom Ref. 13.
cFrom Ref. 8.
dA singlet state is only 0.04 eV higher with V–C151.886 Å, V–C251.966 Å, and C1– C251.331 Å.
eElectron affinity is obtained from the total energy difference between the anion and neutral.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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would expect a decrease of EA from left to right across
3d series in the MC3 clusters due to the electron–electro
repulsion and the antibonding nature of thed orbitals. How-
ever, a maximum is observed at MnC3, which is probably
caused by a large contribution of exchange interactions
to the high spin multiplicity in MnC3

2.
Finally, we suggest that further and more accurate th

retical calculations on these MC3 clusters would be desirabl
to confirm the current observations and preliminary conc
sions. In particular, a detailed and systematic investiga
including CoC3 and NiC3 would be interesting. The broa
and unresolved PES spectra for these two species seem
show abrupt changes, in comparison to the spectra of
earlier MC3

2 species, which all showed at least a vibr
tionally resolved ground state. We speculate that perhaps
could be due to a significant structural or bonding change
the latter. The trend of the M–C vibrational frequency a
M–C bond length as shown in Table II both suggest that
M–C bond weakens along the 3d series from left to right.
Thus, a structural change at some point might be expe
when the bending of the C3 can no longer be compensated
the additional M–C bonding in theC2v ring structure. The
trend of the EA is also interesting: while the Ni atom has
highest EA among the 3d metals,24 NiC3 has the lowest EA
among the MC3 clusters, suggesting that the extra electron
mostly localized on a Ni-based orbital, rather than a Ni–
based orbital. In any case, further theoretical studies of
MC3 clusters would be very desirable to completely elu
date the structural and chemical bonding evolution across
3d series. Such information would be valuable in providi
ultimately a molecular level understanding of the differe
nanomaterials formed between carbon and the 3d transition
metals across the 3d series.

V. CONCLUSIONS

We presented vibrationally resolved photoelectron sp
tra of MC3

2 for M5Sc, V, Cr, Mn, Fe, Co, and Ni. Electro
affinities, low-lying electronic states, and vibrational fr
quencies for the neutral MC3 clusters are obtained. The tren
of the electron affinities and the electronic structure for
MC3 species are found to be similar to the MC2 species. The
ground state vibrational frequencies of the MC3 clusters de-
creases from TiC3 to the right of the 3d series. Preliminary
density functional theory calculations were performed
both the anions and neutrals of the transition metal C3 clus-
ters, except the Co and Ni clusters, and suggested aC2v ring
structure for all the MC3 species. The calculated M–C fre
quencies are in good agreement with the experimental m
surements. The geometry changes between theC2v anions
and neutrals are also consistent with the observation of
ground state vibrational progressions in the cluster pho
electron spectra.
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