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Photoelectron spectroscopy of nickel-benzene cluster anions
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(Nickel),(benzene), cluster anions were studied by both mass spectrometry and anion
photoelectron spectroscopy. Only KBz),, species for whicm=m were observed in the mass
spectra. No single-nickel NiBz), species were seen. Adiabatic electron affinities, vertical
detachment energies, and second transition energies were determinegrfp=(2,1), (2,2), (3,1),
and(3,2). For the most part, calculations on {Bz),,, species by B. K. Rao and P. Jefda Chem.
Phys.117, 5234(2002] were found to be consistent with our results. The synergy between their
calculations and our experiment provided enhanced confidence in the theoretically implied magnetic
moments of several nickel-benzene complexes. The magnetic moments of small nickel clusters were
seen to be extremely sensitive to immediate molecular environmental effect200® American
Institute of Physics.[DOI: 10.1063/1.1839864

I. INTRODUCTION co-workers® have investigated neutral and cationic nickel-
benzene clusters. Theory has considered nethr#,

Chemists have studied metal-benzene bonding in coreationic!®?122252%nd anionié??°>?’charge states of nickel-
densed phases and on surfaces for many yedis.the gas  benzene clusters. Both experimérand theor§’ agreed that
phase, metal-benzene complexes have also received substaickel-benzene clusters are best described as nickel cluster
tial attention. Armentrout and co-workérs studied cores caged by benzene molecules. The calculations on
M*-Bz (M=Ti-Cu, Ag; Bz=benzeng via collision- nickel-benzene cluster anions are of particular relevance to
induced dissociation experiments. Duncan and co-wotKers the present work. Here, we report our mass spectrometric
conducted photodissociation studies Mf*—Bz (M=Fe, and photoelectron spectroscopic study of nickel-benzene
Mg, Ag, and Bj and infrared absorption spectroscopy oncluster anions, Ni{Bz),,, focusing, with the aid of calcula-
V*Bz. Bowers and co-worketsinvestigated vanadium/ tions by Rao and Jerfa,on the implied magnetic properties
benzene cation clusters using ion mobility spectrometryof neutral nickel-benzene complexes.

Freiser and co-worketsused Fourier transform-ion cyclo-
tron resonancéT-ICR) to study the dissociation of MiBz
and Cr Bz. Nakajima, Kaya, and co-workéfs*®performed
mass spectrometric and photoionization studiesMbABz Negative ion photoelectron spectroscopy is conducted by
clusters and their cationd(= Sc—Cu) as well as photoelec- crossing a mass-selected beam of anions with a fixed fre-
tron studies of vanadium-arene anion complexes. Eberhardfuency photon source and energy analyzing the resultant
and co-worker¥ carried out photoelectron studies of photodetached electrons. This technique is governed by the
M,Bz~ (M=Pt,Pd,Pb) cluster anions. Our grdeipt’ con-  energy-conserving relationship = EKE+EBE, wherehy
ducted photoelectron spectroscopy studiesvigi{Bz),,, (M is the photon energy, EKE is the measured electron kinetic
=Co,Fe,Ti) and on Ggpyridine),, cluster anions. Broyer energy, and EBE is the electron binding energy. The details
and co-worker® measured the electric dipole moment of of our apparatus have been described elsewiieBeiefly,
MBz, (M=Sc, Ti, V, Co, Ni, Nb, Ta, and Zrcomplexes. both mass spectra and anion photoelectfphotodetach-

In addition, several theoretical calculations have beemmen) spectra were collected on an apparatus consisting of a
conducted. Binding energies and geometries of transitiotaser vaporization source, a linear time-of-flight mass spec-
metal cation-benzene complexes have been calculated lisometer for mass analysis and selection, and a magnetic
Bauschlicher, Partridge, and Langhtif,by Koch and bottle photoelectron spectrometer for electron energy analy-
co-workers®® by Chaquin etal,?’ and by Rao and sis.(The instrumental resolution is35 meV at 1 eV EKB.
co-workers?? Geometric structures of neutral transition The third harmonic(355 nm, 3.493 eV of a Nd:YAG
metal-benzene complexes were investigated by FroudakisYAG—yttrium aluminum garnetlaser was used to photo-
Andriotis, and Menorf? Rao and co-worker® and detach the cluster anions of interest. Photoelectron spectra
Yabushita and co-workefé,while Pandey and co-workeérs  were calibrated against the atomic lines of Cu-.
explored the magnetic moments for such systems. Anions of Nickel-benzene cluster anions were generated in a laser
transition metal-benzene complexes have been studied extevaporization source. A rotating, translating nickel rgd4
sively by Rao, Pandey, Jena, and co-workér8:?’ inch diameter, ESPI CompanyN3purity) was utilized as

By contrast, there have been fewer experimental andargetin the laser vaporization source. It was ablated with the
theoretical studies of nickel-benzene complexes. Experimersecond harmonid532 nm, 2.33 eV of another pulsed
tal studies by Nakajima and Ka¥fa? and by Broyer and Nd:YAG laser using=10 mJ of power per pulse. Helium gas
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at ~4 atm, seeded with benzene vapor, was expanded Due to nickel’s five naturally occurring isotopes, the
through a pulsed valve into the source, thus generating anghass spectrum of nickel-benzene cluster anions is relatively
cooling the resultant nickel-benzene cluster anions. complex. Because our apparatus has unit mass resolution up
to about 500, however, this does not present a serious prob-
lem. This allows us to distinguish all of the mass peaks be-
Ill. RESULTS longing to nickel-benzene cluster anions up to sizes as large
as Ny(Bz); . The combination of unit mass resolution and
careful attention to the isotopic peak-height ratios in a given

A typical mass spectrum of nickel-benzene cluster anspecies profile insured that we avoided cluster anions which
ions, Nj,Bz,,, is presented in Fig. 1. It is dominated by the had lost hydrogen atoms due to dissociative attachment of
following species; NiBz™, Ni,Bz,, NigBz~, NizBz,,  electrons to the benzene moiety, vigNi,(Bz,—H,)] . We
NisBz; , Ni,Bz, , Ni,Bz; , NiyBz, , and N5Bz; . The spe-  always recorded photoelectron spectra of a given cluster spe-
cies, NpBz, and NiBz; always exhibited the highest inten- cies by selecting the mass peak having the least possibility of
sities, suggesting enhanced stabilities for these particuldtydrogen-loss contamination. We estimate that contamina-
species. Even more interesting, it was always true that tion from [Ni,(Bz,—H,)]  “impurities” was kept well be-
=m among these species. For example, neither NiBz low 5% in all cases studied.

Ni,Bz; , nor NiBz, were observed. In fact, no single-
nickel species were observed, and this even included NiBz
wheren=m.

It is interesting to compare the mass spectra qfBiXi, The photoelectron spectrum of the four,(\Bz),, cluster
cluster anions with the mass spectra of,Bn, cluster an- anions studied here are presented in Fig. 2. Each of these
ions. Unlike Nj,Bz,, species, which strictly adhere to the spectra depict transitions from the electronic ground state of
relationship,n=m, in their mass spectra, Bz, species that particular cluster anion to the electronic ground state and
with m>n are routinely observed under certain sourceenergetically accessible, excited states of its corresponding
conditions!®> The m>n pattern is consistent with an ex- neutral cluster. The peaks are broadened by the vibrational/
tended sandwich structure. The fact thatB¥,, species do rotational manifold associated with each electronic state. The
not exhibit such a pattern suggests that they do not have lawest EBE peak in each spectrum corresponds to the tran-
sandwich structure and is consistent with the structure praosition from the ground electronic state of that cluster anion to
posed by both Kay& and Rad’ in which a nickel cluster the ground electronic state of its corresponding neutral clus-
core is caged by benzene molecules. ter. The EBE of the peak maximum is the vertical detach-

A. Mass spectra

B. Photoelectron spectra
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00 05 1.0 15 20 25 3.0 0.0 05 10 15 2.0 25 3.0 the next higher EBE transition occurs at an EBE of 1.35 eV.
AR AR The spectrum of NBz, exhibits two broad peaks, both at

Ni, Bz’ Ni, Bz relatively high EBE values. The peak maximum for the low-
l est EBE feature occurs at 2.3 eV, and again, this is the VDE.

The EA, value is difficult to discern but is probably around
| 1.8 eV. The maximum of the next higher EBE peak occurs at

an EBE of 2.9 eV. The spectrum of }iz, exhibits three
maxima, corresponding to at least three electronic transi-
tions. The lowest EBE peak is much lower in intensity than
the others. Its maxima occurs around 0.8 eV, i.e., the VDE.
We did not assign a value for EAnN this case. The maxi-
mum of the next higher EBE peak occurs at an EBE of 1.7
eV. Table | summarizes VDE, EA and second transition
energy values for the cluster systems studied here.

While the evidence is strong that nickel-benzene clusters
have structures in which nickel cluster cores are caged by
benzene molecules, a cluster ion-molecule solvation bonding
model is clearly overly simplistic. Chemical, rather than
physical, interactions dominate the bonding in these caged,
Electron Binding Energy (eV) cluster core structures. The failure of a nickel cluster anion-
benzene moleculs) solvation model becomes evident when
one compares the photoelectron spectra and electron affinity
value£®® of Ni, (0.926 eV} and N (1.44 eV} with the
spectra and our measured FAnd VDE values for nickel-
ment energy, VDE, i.e., the energy corresponding to maxibenzene clusters and their anions in Table | and Fig. 2.
mum Franck—Condon overlap. If there is no vibrational
excitation present in the cluster ani@mot bandy the EBE  |v. DISCUSSION
of the onset of electron intensity corresponds to the adiabati
electron affinity EA of the neutral cluster. However, since
the cluster anions have internal energy corresponding to a We now compare our measured VDE, EAand second
significant temperature, the EBE that designates thg EAtransition energy values with those calculated by Rao and
value is typically interpreted as lying between the signal onJen&’ These theorists found NiBz); to have a signifi-
set and the peak maximurf\\e estimate the temperature of cantly negative adiabatic electron affinity value. Since we
these cluster anions to be200 °C) When the structure of did not observe this species in our mass spectra, their predic-
the anion and its neutral are very similar, this peak is narrowion is consistent with our result. The arrows on the spectrum
(a Franck—Condon factor of almost gné&Jnder such cir-  of Ni,(Bz); in Fig. 2 mark the theoretically predicted EBEs
cumstances, EAwould be approximately equal to VDE. for the first (the VDE) and the second transition energies.

The photoelectron spectrum of J8iz™ in Fig. 2 exhibits ~ While the agreement between theory and experiment in this
at least six electronic transitions. The maximum of the lowestase is not strong, it is significant, given the spacing between
EBE peak occurs at 1.20 eV, which is the VDE. The EA the predicted and measured transitions and the spectral en-
value that we extracted from this peak is 1.0 eV. The maxiergy range over which they both occur. In our judgement,
mum of the next higher EBE transition occurs at an EBE oftheory and experiment are somewhat consistent in this case.
1.55 eV. The photoelectron spectrum of;Blz™ displays at The arrows on the N{Bz),; spectrum in Fig. 2 again mark
least five electronic transitions. The maximum of the lowestthe theoretical predictions for the two lowest EBE transi-
EBE peak occurs at 1.00 eV, i.e., the VDE. The BAlue tions. The agreement between theory and experiment in this
that we extracted from this peak is 0.9 eV. The maximum ofcase is very good, i.e., theory and experiment are consistent

Photoelectron Intensity

FIG. 2. The photoelectron spectra of ,Bz~, Ni,Bz, , Ni;Bz~, and
NizBz, all recorded with 3.49 eV photons.

X. Comparisons with theoretical predictions

TABLE I. Comparison between experimental and calculated transition enéngie¥).

Adiabatic electron affinity Vertical detachment energy Second transition energy .
Consistency between
Cluster Theony} Experimerit Theony} Experimerit Theon? Experimerit theory and experiment
N|1(Bz)1 _035 YeS
Ni»(Bz), 0.48 1.0:0.1 0.72 1.26:0.05 1.38 1.580.05 Somewhat
Ni3(Bz), 0.78 0.9:0.1 0.81 1.06:0.05 1.30 1.3%0.05 Yes
Ni;(Bz), —0.39 Yes
Ni,(Bz), 0.17 1.8:0.2 0.44 2.3+0.1 1.92 2.9+0.1 No
Ni3(Bz), 0.40 0.61 0.8+0.1 1.95 1.7+0.15 Yes

aReference 27.
5This work.
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for Niz(Bz); . Rao and Jerda found Ni(Bz), to have a Wwe focus on nickel/lbenzene complexes, where the benzene
strongly negative EAvalue. Again, since we did not observe molecules primitively mimic an organic surface.
this species, their prediction is consistent with our experi-  The theoretical calculations on nickel/benzene cluster
mental observations. A comparison of the first two theoreti-anions by Rao and Jeffaprovided geometric structures for
cally predicted transitions for B{Bz), with our experimen- both anions and neutrals, anion-to-neutpiotodetachment
tally measured ones shows strong disagreertsm# Fig. 2. transition energies, and spin multiplicities for each electronic
The first transition energy predicted by theory is far away instate involved in these transitions. In effect, theory provides
energy from any experimentally recorded photoelectron siga predicted bar code of photodetachment transition energies,
nal, even though the predicted EBE of the second transitioAnd when experiment finds a match between their EBEs, it
is in the vicinity of a major peak in the spectrum. Theory andbecomes likely that the calculation has been correct in its
experiment are inconsistent for J{Bz), . One reason for predictions about the electronic properties, including the spin
performing these experiments is to provide benchmarks fomultiplicities. Knowing the spin multiplicity of a particular
theory, so that it can continue to develop. Higher level theo€lectronic state is important, because the value of its multi-
retical calculations are underway by Jesial.to explore the  plicity implies the value of its spin magnetic mome(Ad-
source of the observed inconsistency. Comparison of thditional constraints on a match are that the spin multiplicity
theoretically predicted transitionsee arrowsin the spec- must change by-1, and only by+1, during a photodetach-
trum of Niz(Bz), with those measured in this work shows ment transition, and that all transitions begin from the same
generally good agreement. Theory and experiment are corstate, i.e., the cluster anion’s ground state.
sistent in this case. Table | not only summarizes VDE4EA The spin magnetic moment is equal to the spin multiplic-
and second transition energy values, it also tabulates the coty minus one, (B5+1)—1 or 2S, in units of Bohr magne-
sistency or lack thereof between theory and experiment fotons, ug, i.e., each unpaired electron is worth one Bohr
the cluster systems studied here. Of the sixBj, cluster —magneton of spin magnetic moment. Since the orbital mag-
anions systems compared, the overall consistency is goodgtic moment is a small paft-15%) of the total magnetic
with four of them being highly consistent, with one of them moment in clusters, one has a working link between(dse
showing itself to be somewhat consistent, but with only ondimated total magnetic moment per atom in clusters and
failing to show credible consistency. their electronic multiplicities. Naturally, in considering the
possibility of technological applications, it is most interest-
ing to focus on the magnetic moment of the ground state of
B. Magnetic moments from the synergy a given neutral cluster, since that is the one that would most
of experiment and theory likely be utilized in a practical situation. Thus, with the mul-
The substantial agreement between experiment anplicity of the neutral cluster’s ground state known, the spin
theory in the cases studied here makes it possible to drafid@gnetic moment per atom in that cluster is implied, and this
inferences about the magnetic moments of specific clustefalue is also an estimate of the total magnetic moment per
species. First, let us consider an example of why one migh&tom in that cluster.
like to know this information. The clusters of several transi-  Let us now consider the three nickel/benzene cluster an-
tion metals are known to exhibit higher magnetic momentdons for which we found reasonable experimental/theoretical
per atom than the same metal in its bufkacroscopipstate.  matches between their two lowest-lying electronic transi-
The enhancement of magnetic moment with decreasing agions. Matching the two lowest-lying transitions is enough to
gregate size first becomes significant in the size regime benake it likely that the calculation has predicted the correct
low about 500 atoms per cluster. As cluster size is reducethultiplicities. In the case of N(Bz), , Rao and Jerfa pre-
further, this enhancement continues to grow, resulting in indicted the anion to be a doublet, the neutral ground state to
creases in the magnetic moment per atom of 30%—60% ovéie a singlet, and the neutral’s first excited state to be a triplet.
that for the same metal in bulk. These phenomena have bedris implies that the magnetic moment of the neutral ground
guantitatively demonstrated through the magnetic deflectiostate is quenched, i.e., zero. Since the magnetic moment of
(Stern-Gerlachexperiments of de Heéf,Bloomfield3? and  bare Nj is 2 ug,® it appears that the role of benzene in
Knickelbeir?® and through the theoretical work of Khanna, Ni,(Bz), was to pair the two previously unpaired electrons
Jena, and other¥. Based on these observations, one carof Ni,. The case of N(Bz); is also interesting. There,
imagine that small clusters of some transition metals mayhese same theorists predict the anion to be a doublet, the
have potential for playing important roles in information neutral ground state to be a triplet, and the neutral’s first
storage and processing. For this aspect of subnanotechnologycited state to be a singlet. This implies that the magnetic
to advance, however, these clusters will likely have to bemoment of the neutral ground state igg or 2/3ug per
supported on appropriate substrates as quantum dots. Durimickel atom. Since the magnetic moment of barg iNialso
the course of developing such technology, several importar g ,° the net effect of benzene in NBz), was to leave
questions would need to be addressed, among them, “Howhe magnetic moment unchanged. The third system for which
will the interaction between transition metal clusters andtheory and experiment found a match of the first two transi-
their host substrate affect the magnetic moments of the clugions is Ni(Bz), . There, Rao and Jeffapredicted the anion
ters?” The use of transition metal/molecular complexes a$o be a doublet, the neutral ground state to be a singlet, and
model systems together with the synergy between theory artthie neutrals’s first excited state to be a triplet. This, of course,
experiment can contribute to answering this question. Herémplies that the magnetic moment of the neutral ground state
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is quenched. Thus, while neutral ground statg(Biz),, with ®P. Weis, P. R. Kemper, and M. T. Bowers, J. Phys. Cheni04 8207
one benzene molecule, has a magnetic momenjgf, heu- 9(01937)Lin Q. Chen, H. Chen, and B. S. Freiser, J. Phys. Cheri0Z
tral ground state N(Bz),, with one additional benzene mol- 662:;)(1957)" T ’ - P TS

ecule, has lost its magnetic moment altogether. Magneticallyot, kurikawa, H. Takeda, M. Hirano, K. Judai, T. Arita, S. Nagao, A.
nickel trimer interacting with one benzene is very different Nakajima, and K. Kaya, Organometalli¢8, 1430(1999.

from nickel trimer interacting with two benzene molecules.*'T. Yasuike, A. Nakajima, S. Yabushita, and K. Kaya, J. Phys. Chem. A
Thus, even a seemingly small change in the immediate moﬁiojﬁ];f:'?rﬁlaggr?d K. Kaya, J. Phys. Chem.184, 176 (2000

'eCF"ar enVir(_)nmem C_an_cause_a signi_fi_cgnt Cha”ge in mag3K: JudaiJ, M. Hiran(-), HY kaWam);té, S. Yabuéhita, A. Nai(ajima, and K.
netic properties. In principle, this sensitivity to environmen- aya chem. Phys. Let270, 23 (1997).

tal effects could be used to design cluster-assemble#tG. Luttgens, N. Pontius, C. Friedrich, R. Klingeler, P. S. Bechthold, M.
magnetic materials with tailored properties. In summary, by Neeb, and W. Eberhardt, J. Chem. Phys4, 8414 (2002.

combining the results of anion photoelectron experiments - Gerhards, O. C. Thomas, J. M. Nilles, W.-J. Zheng, and K. H. Bowen,
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