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Cobalt—benzene cluster anions: Mass spectrometry and negative ion
photoelectron spectroscopy
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(Cobalt),(benzene), cluster anions, 1{,m) were generated by laser vaporization and studied by
both mass spectrometry and anion photoelectron spectroscopy. Our assignment of the photoelectron
spectrum of th€1,2) cluster anion suggests that it possesses a sandwich structure with the cobalt
atom located between two parallel benzene rings, that the ground state of this anion is a singlet, and
that the ground state of its corresponding neutral is a doublet. The photoelectron spectra of
cobalt-rich cluster anions of the form (1) are interpreted as cobalt metal cluster anions which have
been solvent-stabilized by their interaction with, in each case, a single benzene molecule. The
photoelectron spectra of the benzene-rich cluster ani8), (2,2), and (3,3), are tentatively
interpreted as suggesting extended sandwich structures for these anion complex2802 ©
American Institute of Physics[DOI: 10.1063/1.1477924

I. INTRODUCTION metal clusters coated by benzene moleculésThe diverse
structures of cobalt-benzene clusters make them attractive

The interaction of metals with organic molecules is of candidates for further study. Benzene-coated clusters can

fundamental interest to chemical and materials sciencefunction as model systems for understanding the interactions

Compounds consisting of single metal atoms and multiplebetween small metal clusters and substrate€obalt-

organic molecules are prevalent in classical organometallibenzene sandwich complexes, on the other hand, are impor-

and coordination chemistry, and more recently, the interactant as basic models af-7 bonding interactions as well as

tion of small metal clusters with organic molecules has bebeing potential precursors of extended metal—aromatic

come an important topic in bioinorganic chemistry. In addi-polymers'*

tion, the interaction of transition metal clusters with organic ~ Here, we report the application of negative ion photo-

substrates may soon become a significant issue in nanelectron spectroscopy and mass spectrometry to cobalt—

science. In this paper we focus on complexes of cobalt atomisenzene anionic clusters. Clusters contaimngpbalt atoms

and clusters with benzene as an example of a model systeand m benzene molecules are abbreviated asmj.

for investigating such interactions. Cobaltbenzeng (n=2-5) clusters are referred to as cobalt-
Transition metal sandwich compounds, in which a metakich clusters, whereas clusters for whitiz n are referred to

atom lies between two parallel or nearly parallel carbocyclicas benzene-rich.

ring systems, have been of interest to chemists for some

time. Ferrocentand dibenzene chromidfimare classic ex- || EXPERIMENT

amples, and the number and diversity of these compounds o )
has grown dramatically with the recent application of gas  Negative ion photoelectron spectroscopy is conducted by

phase synthetic strategi®€3 An overview of recent work Crossing a mass-selected beam of anions with a fixed-
on organometallic compounds in the gas phase, including fféduency photon source and energy analyzing the resultant
review of work performed on transition metal—benzene clusPhotodetached electrons. This technique is governed by the
ters, has been provided by Nakajima and KXy@hese in-  €nergy-conserving relationshipy=EKE—EBE, wherehv
vestigators have explored photofragmentation procedd@s, IS the photon energy, EKE is the _me_asured electron kinetic
binding energied® structures, electron affinitid& 6 and ~ €nergy, and EBE is the electron binding energy.

ionization energies for various transition metal—aromatic The d8etai_ls of our apparatus have been described
molecular complexes. elsewheré?® Briefly, both mass spectra and anion photoelec-

In the case of cobalt/benzene clusters, their ionizatiodon (Photodetachmenspectra were collected on an appara-
energies and mass spectral intensities have been explained#f consisting of a laser vaporization source, a linear time-
terms of two basic structural types. {tbenzene), (m=n of-flight mass spectrometer for mass analysis and selection,
+1 andn=1-3) clusters are described as multiple-decketa”d a magnetic bottle photoelectron spectrometer for elec-

sandwiches, whereas ({benzene) (n=4) form n atom  {ron energy analysis. _ .
The ion source consisted of an aluminum laser vaporiza-
tion block with a rotating, translating cobalt rég6SPI Com-

dpermanent address: Heinrich-Heine Universitaet Duesseldorf, Universis : o
taetstrasse 26.43.02, 40225 Duesseldorf, Germany. pany, purity 3N3 inside, a laser beam entrance port, and a

YAuthor to whom correspondence should be addressed; electronic maidas expansion eXi_t nozzle. A pulsed gas Va[@neral_
kitbowen@jhunix.hcf.jhu.edu Valve, lota One series)3vas mounted on the outside of this
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FIG. 1. Mass spectra of the Qidenzene), cluster anions recorded under 060 05 10 15 20 25 30
conditions with(a) relatively high benzene partial pressure &birelatively Electron Binding Energy (eV)

low benzene partial pressure. The cluster anions are identified by the sym-
bols (n,m), which are abbreviations for number of cobalt atoms and numbe

'FIG. 2. (a) Photoelectron spectra of the Canion recorded at a photode-
of benzene molecules.

tachment wavelength of 532 nioupper tracg and 355 nm(lower trace.
Term symbols for the neutrélermina) states are indicated above or next to
the main featuregb) Photoelectron spectrum of tli&,2) cluster recorded at
block. Typically, helium gas at 4 bar was expanded overphotodetachment wavelengths of 532 fmpper tracgand 355 nm(lower
benzene in synchronization with laser ablation pulses in orlrace. Arr_qws indicate the assigned spectroscopic origins and thus the elec-
. . tron affinities.
der to generate the cobalt/benzene cluster anions of interest.
The benzene was maintained at room temperature to achieve
cobalt-rich conditions and at 60 °C to provide benzene-rich  We also note that thél,1) cluster is not observed under
conditions. The cobalt rod was ablated with the second harmny of the conditions employed in our experiment. The)
monic (532 nm of a Nd:YAG laser. Both secontb32 nm  neutral cluster has been observed previously, and we take its
and third (355 nm) harmonics of a second Nd:YAG laser absence in the anion mass spectra to be a strong indication
were used to photodetach the cluster anions of interest. Phehat the electron affinity of this cluster is nonpositive. Calcu-
toelectron spectra were calibrated against the atomic lines @htions by Rao and co-workérsfound the electron affinity
copper and cobalt. of the (1,1) cobalt/benzene cluster to be very near zero.

B. Photoelectron spectra of the  (1,2) cobalt /benzene

ll. RESULTS AND DISCUSSION cluster anion

The photoelectron spectra of the Catomic anion and
the (1,2) cluster anion are compared in Fig. 2. Spectra were
The mass spectra of the (Rr,, clusters are shown in taken at both 5322.33 eV} and 355(3.49 eV} nm. The
Figs. Xa and Xb). The spectrum given in Fig.(4) is re-  photoelectron spectrum df.,2), taken with a photodetach-
corded under benzene-rich conditions. This spectrum coment wavelength of 355 nm, exhibits transitions centered at
tains prominent peaks for th&,2), (2,2), (2,3), (3,3), (3,4), 0.70, 1.45, and 2.20 eV. The photoelectron spectrum of Co
(4,3, and (4,4 clusters. Each G®z,, cluster exhibits a exhibits five clear transitions, these occurring at 0.69, 0.78,
single peak followed by a small shoulder resulting from thel.09, 1.50, and 1.59 eV. A sixth feature at 1.18 eV is ob-
cumulative effect of the natural abundance ¢f (1.1%. No  served as a shoulder in our photoelectron spectrum. Otr Co
impurities are observed. The spectrum roughly represents thepectrum is in agreement with that measured previously by
alternating addition of cobalt atoms and benzene moleculesineberger and coworkerS.The electronic transitions of the
to the(1,2) cluster. This pattern of addition is consistent with Co~ anion can be arranged into three groups, describing
the formation of extended sandwich clusters. transitions from théF ground state of the anion to tkéF

The mass spectrum shown in Figbllis recorded under (0.69 and 0.78 e\ b*F (1.09 and 1.18 e)/ anda’F (1.50
cobalt-rich conditions. It exhibits prominent peaks for theand 1.59 eV states of the neutral atom. The splitting ob-
(2,2, (3,1, (3,2, and(4,1) clusters. Peaks of thel,2) and  served in each of these transitions is due to spin-orbit cou-
(2,2 clusters are also in evidence, but no clusters with pling. The®F ground state of the cobalt anion corresponds to
—n>1 are observed. This ion intensity profile is consistenta (3d® 4s?) electronic configuration. Tha*F ground state
with the sequential addition of cobalt atoms to tBel) and  of the neutral atom corresponds to ad{3s?) electronic
(1,2) clusters. This addition process is consistent with theconfiguration, while theéo*F and a®F excited states of the
formation of cobalt cluster anions solvated by one and twaeutral correspond to €8 4s?). In accordance with Hund’s
benzene molecules, respectively. first rule, theb*F state is lower in energy thaa’F.

A. Mass spectra
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TABLE I. Spectral assignment of th&,2) cobalt/benzene anion photoelec- o BELAE I o B e B e
tron spectrum. (@)

Peak locationeV) Assignment 2,1)

0.70 (Heyy)*(4say)?(3de;g)*(3day,)°

— (3deyg)(4sayg)A(3deyy)(3dayy)°
1.45 (Heyy)*(4say)*(3de;g)*(3day,)°

— (3deyg)*(4sayy) (3deyy)*(3dayy)°
2.20 (Heyg)*(4say)%(3de;g)*(3day,)°

— (3deyg)*(4sayg)?(3deyy)*(3dayy)° -

LI L L D L L L L L L N UL L LR

(b)

The first transition observed in the photoelectron spec- (3.1)
trum of the(1,2) cluster is centered at 0.70 eV and is com-
parable in electron binding energy to the peaks of Re
—a’F transitions(0.69 eV, 0.78 eYin the Co spectrum. A
second broad feature is centered at 1.45 eV. The maximum of
this feature(in the 532 nm spectrupis nearly equidistant in
energy between théF —b*F and*F—a?F transitions ob-
served in the pure Coanion. A third feature is evident in the
355 nm spectrum ofl,2). Its center is located at an electron
binding energy of 2.20 eV.

The general appearance of tli2) spectrum can be
understood in terms of the molecular orbitals and spin mul- | g
tiplicities of the neutral cluster and its anion. Here, we as- l /‘“ “"\”WW‘W
sume the(1,2) cluster to form a sandwich compound in ’
which the cobalt atom lies between two parallel and eclipsed
benzene rings. This results inDg, symmetry. Though there USRI B R B B B
have been no experimental determinations of the molecular (@)
point group for cobalbenzeng,, dibenzene chromium has I
been shown through x-ray studies to exhidif, symmetry (5,1
in the crystalline staté? The degeneracy of the fived3or-
bitals of cobalt is broken in B, field, thedxy anddx?-y?
orbitals forming are, set, thedxzanddyz orbitals forming
aneyq set, and thel qu orbital forming ana,4 orbital. The4s L
orbital of cobalt is also assigned ag,. By assuming the
3day, orbital to be higher in energy than thed&,, and AARARRARRANSRERAARERARE R
3de;, orbitals, one obtains an electronic configuration for "
the(lg,Z) cluster that is consistent with both the photoelectron Electron Binding energy [eV]
spectra presented here and spin multiplicities calculated foriG. 3. Photoelectron spectra & (2,2), (b) (3,1), (c) (4,1, and(d) (5,)
both the anion and neutrél,2) sandwich compound by Rao cluster anions each recorded at a wavelength of 3553149 e\). Arrows
and co-workeré! The valence electronic configurations as- indicate the assigned spectroscopic origins and thus the electron affinities.
signed to the ground states of the anions and neutral of the

4 2 4 0
(é’j) Cll‘fs‘t‘er a“;" 3(: e29)3 (;'dsalg)o(Bdelg) (?’.dallg) T?]nd of 1 and as a neutral, possesses a ground state spin multiplic-
(3d€5)"(4s2y4) (, €ig) ,( : ,a_lg) , _fespectively. ese ity of 2. In the case of the ground state neutral, this implies a
correspond to spin multiplicities of 1 and 2, respectwely.Spin magnetic moment of &g . This is a reduction in mag-

The configurations of the first and second excited states cﬁetic moment relative to atomic cobalt, which possesses a
the neutral are (6e29)4(4sa19)1(3delg)4(3da19)0 and magnetic moment of g, and it is a measure of the influ-
(3dezg) (4sayg)*(3deyg)*(3dayg)®, respectively. In Table oo ot the two benzene molecules in this complex on the
. Fhe observed peak's' in the spectrum are cqrrelatgd W'thwagnetic properties of the cobalt atom. This assignment of
anion-to-neutral trans_ltlons involving these_ c_onf|gurat|ons. magnetic moment has also been corroborated by theory, and
We have determined the electron affiniiZA) of the it further demonstrates the feasibility of obtaining magnetic

(r11’2)| cluster tqdbe ?io TV by assungg the ?”gm to lie on moment information from electronic structure via anion pho-
the low EBE side of the lowest EBE feature of t espectrummelectron Spectroscoﬁ§f.23’24

This is slightly less than the literature value for the EA of Co
(0.66 eV and is contrary to the theoretical prediction for the
EA of the (1,2) cluster’>?? This photoelectron spectrum has
been interpreted in terms of a molecular orbital picture and i
consistent with the1,2) cluster being a sandwich complex The photoelectron spectra of tk2,1), (3,2, (4,1), and
which, as an anion, possesses a ground state spin multiplicit$,1) clusters are shown in Figs(8—3(d). For all spectra

(©

Photoelectron Intensity

(4,1)

iy

"

C. Photoelectron spectra of the cobalt-rich clusters
én,l); n=2-5
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TABLE II. Electron affinities and electronic transitions of gbenzene)  known?’?8 In these complexes transition metal atoms may
clusters. act as both electron donors and acceptors tosttend 7*
Cluster size fn,n)  Electron affinity(eV)®® Electronic transitiongeV)? orbitals of _benzene- Thus we believe structussand(b) to
be more likely than the side-bonded arrangem@nt Fur-

gg 1% i'gg’ %Z' 2.25,3.05 thermore, a structure which contains separated cobalt atoms
@) 185 200 seems unlikely, since there is no indication of transitions of
(5, 1.50 1.90 atomic cobalt in the photoelectron spectrum.
1,2 0.50 0.70, 1.45, 2.20 In order to determine the solvent-induced stabilization of
22 1.00 1.11,1.50, 1.79 the (3,1), (4,1), and (5,1) clusters, we compare them with
2.3 0.68 0.95, 1.30, 1.75, 2.45 :

the photoelectron spectra of the L£ganions recorded by
(3,3 1.10 1.20, 1.60, 1.80, 2.18
@3 1.20 299 Kondow and coworker® The photoelectron spectrum of the
(3,9 1.05 (3,1 cluster contains two transitions centered at 1.83 and

~al Py it 50,100 oV 1.98 eV, whereas the spectrum of the purg Contains one
alues given nave an uncertainty . ev. i . .
PElectronic transitions are the electron binding energies of the centers o?harp transition centered at. 1'_6 eVv. The twpltran3|t|ons m_the
peaks observed in each spectrum. spectrum of th€3,1) cluster indicate an additional electronic
state in the neutral cluster resulting from the interaction of
the cobalt trimer with benzene. The electron affinity of the

shown, a photodetachment wavelength of 355(Bm9 eVj (3,1 cluster is 1.70 eV, which is 0.32 eV higher in energy
was used. Spectra obtained with 532 (@83 e\j and 355 than that of the Cp(1.38 eV cluster.

nm have been compared in the region bete@.2 eV, and no The photoelectron spectra of t,1) and(5,1) clusters
differences with respect to electronic transitions were ob&r€ Very similar to the corresponding spectra of purg Co
served. This indicates that electronic features within this re2nd C@. The electron affinity of thé4,1) cluster is deter-
gion are not the result of resonances excited by the 355 nfftined from our data to be 1.85 eV which is about 0.20 eV

light. Electron affinities and the centers of prominent peakglgher in energy than the EA of the Coluster(1.65 eV).
are given in Table II. The electron affinity of theé5,1) cluster is determined from

We interpret the photoelectron spectra of thel),_,_s  ©ur data to be 1.50 eV. Though the EA value ofsConot
clusters through a comparison to the relevant photoelectrof*Plicitly stated by Kondow and co-workers, it is indicated
spectra of the Cp clusters® The (n,1),_,_s spectra re- draphically to be~1.4 eV. -
semble the spectra of Caclusters, except for being shifted From the photoelectron spectra of pure,Gdusters and
to higher electron binding energies. A shift to higher electror(M+1) cobalt/benzene cluster anions, it can be concluded that
binding energies with respect to the pure cobalt clusters i§ Single benzene molecule acts to stabilizendl) cluster
interpreted as a solvent-induced stabilization. In other words2nion relative to its corresponding Canion. However, the

the solvent benzene molecule acts to stabilize the anion ¢folvent stabilization energies are not uniform among small
the naked cobalt cluster. cobalt clusters, having values of 0.20, 0.32, 0.20, and 0.10

The spectrum of the2,1) cluster contains four transi- €V for the(2,1), (3,1), (4,1), and(5,)) clusters, respectively.
tions centered at 1.43, 1.79, 2.25, and 3.05 eV, respectivel% .
The electron affinity of thé2,1) cluster was determined from D- Photoelectron spectra of benzene-rich clusters
our spectrum to be 1.31 eV. From the photoelectron spectrurﬁ"'m) (n>1,m>1)
of Leopold and Lineberger, the EA of ¢das been deter- The photoelectron spectra of tk2&2), (2,3, (3,3, (3,4,
mined to be 1.11 e¥f Thus the anion of2,1) is stabilized and (4,3 clusters, recorded with a photodetachment wave-
with respect to the Cpanion by about 0.2 eV. The photo- length of 355 nm(3.49 eV}, are shown in Fig. 4. Spectra
electron spectrum of the Goanion exhibits electronic tran- taken at 532 nn2.33 eV} show no differences with respect
sitions centered at 1.18 and 1.74 eV. The transitions centered the observed electronic transitions, indicating that transi-
at 1.43 and 1.79 eV in ouf2,1) cluster spectrum can be tions occurring below-2.2 eV are not the result of resonant
correlated to the transitions centered at 1.18 and 1.74 eV iphenomena. Table Il presents the electron affinities of these
the Cg anion spectrum. Interestingly, a significant increaseclusters as well as the spectral positions of their observed
in electron binding energy is observed only for the lowestelectronic bands. It is interesting to note that, for clusters of

EBE peak. constant cobalt content, electron affinities tend to decrease
No direct structural information is obtained from the with the successive addition of benzene molecules.
photoelectron spectra of then,l) clusters. However, Qualitatively, these spectra bear little resemblance to

through a comparison to theoretical and experimental inveshose of the ,1) cluster anions discussed in the previous
tigations on both pure Co clusters and transition metalsection. Consider the following observations about the pro-
benzene clusters, we can consider plausible structures. In tliées of the benzene-rich cluster anion spectra. The spectra of
case of the(2,1) cluster, three idealized structures come to(2,2), (2,3), and(3,3) are all highly structured, and multiple
mind. The axis of the Cp anion may lie(a) parallel or(b) features are evident in each of these spectra in the region
perpendicular to the plane of the atomic ring,(orthe Cq below 2 eV binding energy. The spectra(@f2) and(3,3) are
anion may interact with benzene from the side. Transitiorparticularly similar in shape, with both spectra indicating
metal/benzene complexes, where the transition metal formswltiple transitions in the region below 1.7 eV. TI2,2)

very stable bonds to ther-cloud of benzene are well spectrum has peaks centered at 1.11 and 1.50 eV and the
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L B L LR B B can be rationalized in terms of their anions being extended
(a sandwich complexes. We propose that &) cluster anion
A is a double decker sandwich of the configuratipis|. In
@2 o \W’LLW‘M | W this case, both cobalt atoms reside in chemical environments
/ \\« J W"’W “me similar to the one occupied by cobalt in tfi#,2) cluster
l {r J ~ anion. The increase in electron binding energy(&y8) rela-
S tive to (1,2) may be attributed to the delocalization of elec-
trons along the axis of the cluster. lonization energies for
multiple decker Tj(benzene),,, V,(benzene),,, and
() ‘ Cr,(benzene), ; clusters have been explained in this vfay.
2,3 w Wi We suggest that th€,2) and (3,3 cluster anions may
A fM il exist as cobalt-capped sandwiches, having the configura-
l / VWMW“ tions, |*| and|e|*|*, respectively. This is supported by the
! appearance of the most prominent cobalt atomic-like features
o in the spectra of2,2) and (3,3) cobalt/benzene cluster an-
LA DL RURLE L B I BRI I ions. In any case, it is clear that they are not benzene-coated
© cobalt cluster anions, given the close similarity between the
(2,2 and(3,3) spectra and the dramatic differences between
the spectra for pure Goand Cq. Next, recalling that the
multiplicity of the ground state of thel,2) cluster anion was
J // assigned as a singlet, it is interesting to consider the multi-
o~ plicity of the ground states of th€,2) and (3,3 cluster
S anions. The two features in the Cepectrum, which occur
at similar electron binding energies to the low EBE peaks in
@ the (2,2 and (3,3 spectra, terminate on neutral states of
MJ\WW differing multiplicities. If the lower EBE peaks at issue in the
(3,4) W “ (2,2 and(3,3) spectra also access neutral states of different
l MW o multiplicities, then selection rules dictate that the ground
MM“ state, cluster anions @2,2) and(3,3) must have multiplici-
L
LA LD AL AL BN BN AL B RLALLEL AL

LI L L L L L N L L L L L

/“ﬁ“ )
(33) 7 W”W‘W‘M’l’w »1
,/ﬂ%\\/w,jw

Photoelectron Intensity

ties of two or higher.
The(3,4) and(4,3) photoelectron spectra lack significant
structure. Their spectral onsets are both in the vicinity of that
; of the (3,3) spectrum, and the energy range over which elec-
(4,3) ,.«'Wv‘WW”\f\ NMM trons are detached is similar for the spectra of K8tH) and
F T (3,3, with the profil | imilari
o 3, profile of(4,_3).showmg some similarity t.o
P that of (3,3). Still, without distinct spectral features to guide
- us, it is difficult to speculate further about the structure of
T T T T these two. We only note that benzene-coated clusters become
00 05 10 15 20 25 30 more prevalent as these kinds of clusters become more

Electron Binding Energy [eV] complex:*
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