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Abstract

The 488 nm negative ion photoelectron spectrum of, Mbtained at an instrumental resolution-e meV, displays a clear
vibrational progression in a mode with a frequency of 28A5 cmi *in neutral Nl and 165+ 20 cmi *in Nbg . The normall
mode displacement of 0.4 0.1 U2 A indicates a very small geometry change upon electron detachment. The electron affinity
of Nbg is 1.513+ 0.008 eV. These results are discussed in light of previous negative ion photoelectron spectroscopic anc
density functional studies of Nkand Nk . (Int J Mass Spectrom 195/196 (2000) 653-666) © 2000 Elsevier Science B.V.
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1. Introduction resolved spectra have been reported for the homo-
nuclear trimers of Sc [14], Zr [15], Hf [15], V [16],
Our understanding of bare and partially ligated Nb [17], Cr [18], Mn [19], Ni [20], Pd [21], Pt [21],
transition metal clusters has made enormous progressCu [22], Ag [23], and Au [24], several mixed coinage
during the past decade [1-10]. A battery of spectro- metal trimers [25], and the metal-ligand clusters;8b
scopic techniques [1-3,6,7,9,10], including resonant [26], Nb;N, [27], NbsC, [28], Y4C, [29] and their
two-photon ionization, laser-induced fluorescence, cations. In contrast, there are only rare examples of
resonance Raman, electron spin resonance, and photransition metal clusters with more than three metal
toelectron [11-13] spectroscopies, has yielded a atoms that have been vibrationally characterized in
wealth of data concerning the electronic structures mass selected experiments. These include the early
and bonding of these complex systems. For the transition metal tetramer J§30], and several coinage
smallest clusters containing just three metal atoms, a metal clusters (e.g. GuU[31], Ags [32], Au, [33], Aug
broad database of vibrational frequency measure- [33,34], and Ay [34]). Data of this type, when
ments is also available [10,14-29]. Vibrationally combined with theoretical studies that are increas-
ingly able to accurately predict vibrational frequen-
— cies for metal clusters and partially ligated complexes
’;Corresponding a_uthqr. E—m_ail: dleopold@chem.umn.edu_ . [5], would help to identify the structures of these
Present address: Joint Institute for Laboratory Astrophysics; . -
University of Colorado, Boulder, CO 80309-0440. larger clusters while also providing benchmarks for
Dedicated to the memory of Professor Bob Squires. evaluating computational methods.
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We report here a vibrationally resolved negative
ion photoelectron spectrum of jbFor the monova
lent alkali and coinage metals, eight-atom clusters
have shown exceptional stabilities, which have been
successfully interpreted using electronic shell models
[3,35]. Although NB is an early transition metal
cluster of pentavalent atoms (Nb haSx(4d)*(5s)*
ground state) [36], it too exhibits an anomalous
stability in several respects. Flow tube studies have
shown that the reactivity of neutral Nwwith D, and
N, is dramatically lower than that of niobium clusters
of similar size, with the exception of Npand Nhg,
which are also relatively unreactive [37—40]. Studies
of positively [41-43] and negatively [42] charged
niobium cluster ions have yielded analogous results.
Since a critical step in the dissociative chemisorption
of D, and N, is thought to involve charge transfer
from the metal to weaken the diatomic bond, the
increased ionization potentials measured [44—46] for
Nbg, Nb,,, and Nh4 have led some to conclude that
this property largely explains their low reactivities

[40,44]. Others have emphasized the independence of
the reactivity pattern on the charge state of the cluster
and have concluded that its geometrical structure must

play an important role [8,43].
Nbg provides a particularly challenging subject for
theorists, due to its opesishell atomic configuration

and the plethora of possible structural isomers. There

are 257 nonisomorphic convex polyhedra with eight

vertices, which have been completely catalogued by

Britton and Dunitz [47]. Nevertheless, this cluster has
recently been studied using density functional theory
(DFT) by two groups [48-52]. Fournier and co-
workers [51,52] employed the local spin density
approximation (LSDA) and predicted the Ntanion

to have a doublet ground state with g, ,Micapped
distorted octahedral structure. Three additional iso-
mers, with G, D34 and G,, symmetries, were caleu
lated to lie 1.05-1.64 eV above the ground state.
Singlet states of neutral Nbas well as doublet states
of Nbg and N, were calculated by Grdoeck et al.
using the LSDA and BLYP (Becke’s exchange func-
tional with the correlation functional of Lee, Yang,
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was predicted in the earlier [51,52] study [50]. Four
isomers were found to lie within 1 eV of the ground
state, including the Cstructure also identified by
Fournier and co-workers [51,52], and additiong|,P
D,q, and G, structures [50]. For Ny four of the five
structures (all but the [3) were predicted to have
very similar electron affinities and energy spacings
between the highest occupied and lowest unoccupied
molecular orbitals (HOMO-LUMO gaps), as well as
nonbonding LUMOs [50]. The apparent insensitivity
of these electronic properties to the detailed molecular
geometry emphasizes the need for vibrational and
other data that may provide a more structure-sensitive
probe.

Ultraviolet photoelectron spectra of the niobium
cluster anions Np-Nb,, have been reported by
Kietzmann et al. [52,53]. They measured a vertical
electron detachment energy of slightly under 1.5 eV
for Nbg (and NBp), 0.2 eV lower than the values
measured for Np, Nbg, and Nig; [53]. This even-
odd alternation, which was reported for clusters up to
Nb,- [53], is analogous to those observed for the
alkali [54] and coinage metal [55] clusters. As for
these monovalent metals, the opposite oscillation
(even > odd) is observed in the niobium cluster
ionization potentials [44—46]. These patterns are
signatures of nondegenerate frontier orbitals with
singlet and doublet ground states, respectively, for
neutral and ionic clusters containing even numbers of
metal atoms, with the opposite assignments for the
odd numbered clusters, in agreement with the DFT
[48-52] results. The first excited state of \kported
in the photoelectron study lies 0.7 eV above the
ground state, providing a measure of its HOMO-
LUMO gap [52,53]. Relatively large gaps were mea-
sured for N, Nb;,, and Nz as compared with the
other even clusters, a result interpreted as evidence for
the dominance of electronic structure in determining
the low reactivities of these three clusters with hydro-
gen [53]. As in previous studies of niobium clusters
[39,42,43,45,56], structural isomers were in evidence.
The NI state observed in the 3.49 eV spectrum was

and Parr) methods [50]. All three charge states were assigned as the calculated,Qloublet ground state,

found to have the same,Cground state structure that

and changes in peak shapes with anion source condi-
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tions were attributed to the additional presence of the by scanning the electromagnet while detecting the

C, isomer [52]. anions at a Faraday cup that terminates the anion
In other experimental studies, bond energies were beam line in the spectroscopy chamber.
measured by Armentrout and co-workers for Nb In the present study, cluster anions were prepared

Nbj, cations dissociating to form }, + M prod- from a niobium cathode (ESPI, Ashland, OR, 99.9%)
ucts [57]. Values of 592 kJ/mol for Nband (when positioned 40 in. from the 2-mm-diameter nosecone
combined with ionization potential measurements sampling aperture. The cathode was held-at3 kV
[45]) of 610 kJ/mol for NR were obtained [57]. with respect to the grounded, 2-in.-diameter flow
Photodissociation studies of van der Waals complexes tube. With a flow rate of 6.5 SLPM (standard liters per
of Nb, clusters 6 = 5-20) yielded size-selective  minute) He and 0.6 SLPM Ar, a Roots pump with an
spectra with structureless absorptions increasing to- effective pumping speed of 220 L/s maintained a flow
ward the ultraviolet [58,59]. tube pressure of 0.5 Torr and a bulk flow velocity of
The higher resolution photoelectron spectrum of about 100 m/s. Af and other cations bombard the
Nbg reported here provides new vibrational data. cathode creating niobium atoms and clusters, which
These results can potentially help to identify the can form anions (and undetected cations) through
observed cluster structure, and also provide a sensi-further interactions with the plasma, and grow to
tive test of theoretical predictions for this computa- larger clusters by ion-neutral reactions during their
tionally challenging early transition metal octamer.  ~10 ms residence time in the flow tube. Impurities in
the buffer gasses were reduced by passing the He
(industrial grade) through a coiled column of liquid
2. Experimental methods nitrogen cooled molecular sieves and the Ar (ultra-
high purity zero grade) through an oxygen-removing
The negative ion photoelectron spectrometer used inert gas purifier (Oxyclear). The absolute electron
in our laboratory [60] employs a flowing afterglow kinetic energy scale was calibrated against the elec-
ion-molecule reactor [61]. A dc cathode discharge tron affinity of atomic oxygen [64]. The energy scale
source produces metal clusters [62], which are cooled compression factory, which typically has a small
by 10°~1C collisions with the He and Ar buffer value of =0.3% in our instrument, was checked
gasses and other species in the flow tube. The sampledagainst the atomic splittings [36] in the Nbspee
anions are focussed and accelerated 1200 V by a trum.
series of electrostatic lenses, and mass selected by a
90° sector electromagnet. The mass selected anions
are then decelerated to 20 V, and focussed at the 3. Results
intersection of the anion beam with the focussed beam
of an argon ion laser. The laser is operated as a 3.1. Mass spectrum
four-mirror folded cavity resonator that encloses the
spectroscopy chamber to provide a circulating power  Fig. 1 shows a mass spectrum of the anions
of ~100 W (at 488 nm) at the laser-ion crossing. The produced by the niobium cathode discharge source,
laser is tilted at the “magic angle” [63] to produce a with the last 30 in. of the flow tube cooled with liquid
polarization yielding signal intensities proportional to nitrogen to enhance cluster formation. Niobium has
average photodetachment cross sections. A small (3 °)one naturally occurring isotop&b). The spectrum
solid angle of the photodetached electrons is energy-is dominated by bare Nb clusters maximizing at
analyzed by a 6-in. radius electrostatic hemispherical Nb, and Niy (~40 pA), with 2 pA (1X 10’ ions/s)
analyzer operated at a pass energy of 1.5 eV, yielding of Nbg. Niobium cluster monoxide anions, N©™
a resolution of~5 meV, and detected by a position (n = 4-9), are thedominant “impurities” for the
sensitive array detector. Mass spectra are generatedarger clusters, whereas for the smaller clusters car-
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Fig. 1. Mass spectrum of anions produced by the niobium cathode discharge source in the fully cooled flow tube. Unlabelled peaks are main
niobium carbides and oxides.

bides as well as oxides are prevalent. For example, theelectron kinetic energy (eKE, bottom axis) and of the
main anions detected containing two Nb atoms are electron binding energy (top axis), where the latter is

Nb,C,, n = 2—4. Thespectrum is similar to the one
reported in the previous flowing afterglow study of
niobium cluster anions by Mwakapumba and Ervin

defined simply as the photon energy (2.540 eV) minus
the measured eKE. No photoelectrons were observed
above the noise level in the higher eKE region not

[65]. Although we detected no Nbor Nb, under shown in the figure. The photoelectron spectrum does
these conditions, the addition of even trace amounts not closely resemble those we obtained for any of the
(e.g. 0.3 cri¥min) of benzene to the flow tube produced smaller NK_- anions [68], consistent with its assign
several picoamps of these anions [66], presumably duement to NIz rather than to a possible fragment anion
to fragmentation from larger reaction products [65,67]. produced from the mass-selected anion beam in a

To obtain the photoelectron spectra reported here, thetwo-photon process.

mass analyzer was set to pass onlyz;Ndmions into

The structured region of the spectrum, expanded in

the spectroscopy chamber. The photoelectron spectrarig. 3, displays a clear vibrational progression in a

of the other Nij (n = 1-9) anions have also been
studied and will be reported elsewhere [68].

3.2. Photoelectron spectrum

Fig. 2 displays the photoelectron spectrum of
mass-selected Nbrecorded using the 488.0 nm line

mode with a frequency of 18& 15 cm ! in neutral

Nbg. Transitions to vibrational levels up to= 3 are

observed with successively decreasing intensities. A
spectrum obtained at 514 nm displayed the same peak
spacings and relative intensities, consistent with a
direct photodetachment process (rather than a par-
tially resonant process as we have observed in the

of the argon ion laser, and plotted as a function of the spectra of other transition metal anions, such as Cr
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Fig. 2. 488.0 nm (2.540 eV) photoelectron spectrum of Nivepared in the fully liquid nitrogen cooled flow tube.

[69]). Spectra obtained with the mass analyzer ad-

justed to more than halfway down the left or right
slopes of the Np mass peak did not differ signifi
cantly, demonstrating the lack of contributions from
possible unresolved impurities such as hydrides.
These are likely contaminants in niobium cluster
studies, and we did occasionally observe;Nb and
Nb;H5 under similar source conditions [68].

In the 488 nm (2.540 eV) spectrum, the origin peak
appears at an eKE of 1.027 0.004 eV (peak center)
with a full width at half maximum intensity (FWHM)
of 9 meV, as given by Gaussian fits. The former value
corresponds to an adiabatic electron affinity of
1.513* 0.008 eV for NR, assuming that the eb
served states of Nband Nk are indeed their ground

Vanion = O transition from the observed peak center
due to unresolved vibrational sequence bands, as is
further discussed below. The electron affinity mea-
sured here is consistent with the result-el.5 eV
obtained in the UV photoelectron study [52,53].

The weak shoulder on the right of the origin band
is assigned as the,c e = 0 < Vanion = 1 hot band.
As shown in the inset to the figure, the relative
intensity of this feature is enhanced in the spectrum of
warmer anions prepared by removing the liquid nitro-
gen coolant from the 18 in. long section of the flow
tube nearest the nosecone. The positions of the shoul-
ders in both spectra indicate a frequency of 2620
cm ! for the active mode in the anion. The “cold”
spectrum also exhibits a weak peak about 330 tto

electronic states. The larger experimental uncertainty the right of the origin. While the position of this

of 8 meV quoted for this value exceeds the 4 meV
uncertainty estimated for the Ocalibration to take
into account possible shifts of the trug, 4= 0 <

feature is consistent with its assignment as the-@
hot band, its intensity is greater than expected, as
discussed in the next section.
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Fig. 3. Expansion of the vibrationally resolved region of Fig. 2. The inset shows the spectrum of warmanilibs prepared without liquid
nitrogen cooling of the downstream section of the flow tube.

A large reduction of~30% in the anion beam substantially exceed the5 meV instrumental reso-
current, as measured by a large Faraday cup terminat-lution. It is likely that this additional broadening is
ing the anion beam line 3 in. past the laser beam due mainly to unresolved vibrational sequence bands;
crossing, was noted when the laser was operating atbroadening due to rotational structure is expected to
its usual intracavity power of~100 W. Since un- be relatively insignificant. Fournier et al. [51] have
doubtedly some of the anions reaching the Faraday predicted the 18 vibrational modes of Nlo have
cup did not traverse the tightly focussed laser beam, frequencies of 107-320 cm. Sequence Av = 0)
these results suggest that a very large fraction of the transitions can occur from excited levels of all of
anions that did so were photodetached (or photodis- these modes. Even at the low temperature of 150 K
sociated with fragment anions scattering out of the estimated from the Franck-Condon simulation de-
detected region). As expected for a direct photode- scribed in the following section, this high density of
tachment process, scans of the origin band region states gives a harmonic vibrational partition function
obtained with the laser power reduced sufficiently to of 20, implying that only 5% of the Nb anions
decrease the detected anion current by only 10% populate the zero point vibrational level. If vibrational
displayed the same peak widths (and height relative to frequencies differ in the neutral and anionic clusters,
the 1< 0 peak) as were observed at the higher laser sequence transitions from excited vibrational levels
power. will be displaced from the corresponding zero point

The =9 meV peak widths observed in Fig. 3 transitions, producing thermal broadening. Many of
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the vibrational modes are indeed predicted [51] to factor that may contribute to a greater relative inten-
have higher frequencies in neutral Nthan in Nk . sity of the high eBE peak in the UV spectrum may be
This direction of change would generate sequence a greater extent ofl character in the orbitals from
bands on the left of then < 0 transitions, also  which the electrons are detached in the transitions in
shifting the observed origin band to a higher binding that region, versus a greater extensafr sp character
energy than the true adiabatic electron affinity (hence for the 1.5 eV transition [12,70]. In 2.540 eV photo-
the increased error bar quoted above for this value). electron spectra of the first and second series transi-
The spectrum of the warmer anions shown in the inset tion metal atoms, the cross sections fbrelectron
to Fig. 3 exhibits broader peaks, as expected. At the detachments are much lower than thosesfefectron
temperature of 270 K estimated from this spectrum, detachments [71].
the vibrational partition function increases to 1800,
corresponding to only 0.05% of the Ntanions in the
zero point level. 4. Data analysis

The higher electron binding energy (eBE) region
of the spectrum shown in Fig. 2 displays an elevated 4.1. Franck-Condon fit
baseline to the left of the structured 1.5 eV (eBE)
transition, then a gradually increasing intensity start- Fig. 4 shows one-dimensional harmonic Franck-
ing at~1.9 eV, with a levelling off near 2.3 eV. The Condon fits (sticks and dashed lines) to the observed
sensitivity of our instrument degrades rapidly at spectra (solid lines), with labelsv /(. iyai < Vanion
higher binding energies<0.2 eV eKE). The full indicating the main contribution to each peak. The fits
spectrum of the anions prepared in the warmer flow were generated using the program PESCAL [72], for
tube (not shown) displays the same features with the frequencies of 180 cm' for Nbg and 165 cm* for
same relative intensities, consistent with their assign- Nbg, and a normal mode displacement of 0.41 &fu
ment to the same anion state that gives rise to the A. The fit to the spectrum of the colder ions assumes
structured transition. These features are also observeda vibrational temperature of 150 K, while that for the
in the UV spectra reported by Kietzmann et al., but warmer ions, shown in the inset, assumes 270 K.
our spectrum does not show the valley near 2.15 eV These temperatures were determined from the relative
that appears in the 3.49 eV spectrum [52]. In addition, intensities of the origin and the©- 1 hot bands. The
the high eBE region of our spectrum appears much simulations of the 150 and 270 K spectra employed
less intense, relative to the 1.5 eV region, than in the Lorentzian lineshapes with widths (FWHM) of 10 and
UV spectra [52,53]. For example, in our spectra 15 meV, respectively. The displacement is reported
obtained at both anion temperatures, the integratedwith a generous error bar as 0:40.1 amd’? A to
intensity of the broad feature in the 2.15-2.35 eV encompass results obtained with different fitting pa-
region is 1.6 times greater than that of the structured rameters. (This value refers to the magnitude of the
transition (1.45-1.65 eV). In contrast, the ratio ob- normal mode displacement; a harmonic Franck-Con-
served in the 3.49 eV spectrum [52] appears to-fie don analysis cannot determine its sign.)
The (eKE}? dependence of photodetachment cross  The good agreement between the observed and
sections [11] accounts for a reduction of about a factor simulated spectra supports the assignment of these
of 1.5 in this ratio in our 2.540 eV spectrum, and our peaks as a vibrational progression in a single elec-
instrumental sensitivity is typically reduced by30% tronic transition. Even the increased broadening of
at 2.34 eV (0.20 eV eKE). These considerations the peaks labelled ¥~ 0, 2 < 0, and 3« 0 is
reduce the apparent discrepancy between the relativepartially reproduced by the increased intensities cal-
intensities in the two spectra to about a factor of 2. culated for the sequence transitiong{ ;= M + n
Resonances of the laser with metastable anion states< v, = M) in the active mode that appear to the
can also affect observed intensity ratios. An additional left (becausev,cuirai > Vanion Of the n < 0 transi
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Fig. 4. One-dimensional harmonic Franck-Condon fits (dashed lines and sticks) of the spectra in Fig. 3, showing a progression in a mode wif

a frequency of 180 cm* in Nbg and 165 cm® in Nbg and a normal

(FWHM, Lorentzian) of 150 K, 10 meV (main spectrum) and 270 K,

main contribution to each peak.

tions. However, the intensity of the weak peak as-
signed as the 8- 2 hot band is underestimated in the
“cold” simulated spectrum; its intensity relative to the
origin is better fit by a temperature ef400 K. This
(unresolved) region of the 270 K spectrum appears
with about the expected intensity. The anomalous
intensity of this feature in the former spectrum may
reflect less complete vibrational equilibration of the
anions prepared in the colder flow tube, as we have
also observed in the spectrum of VMi68]. Or, this
weak feature may only coincidentally appear at the
position expected for the - 2 hot band, and may
actually arise from an excited electronic state or
isomer of NIy .

While satisfactory, this fit to the spectrum is
certainly not unique. For example, there may be

mode displacement of 0.41 &hA. Temperatures and linewidths
15 meV (inset) were used. AssignMepts € Vanion indicate the

additional active modes with smaller displacements
producing weaker features hidden beneath the main
peaks, or the apparent single progression may actually
consist of overlapping, individually unresolved pro-
gressions.

4.2. Approximate normal mode analyses

In view of the small displacement of 0# 0.1
amu’? A measured for the observed mode, and the
absence of more extensive vibrational activity, it is
likely that the observed states of Ntand Nk have
the same symmetry, and therefore that the active
mode is totally symmetric. With this assumption, two
different approaches employing FG matrix methods
[73] were used to attempt to translate this normal
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assumed the 17 bond lengths3 A) reported by
Fournier et al. [51], and set(1-1") = r(2-2') =
3.15 A. Toestimate the force constants, we used the
“bond-connectivity” force field proposed by Ozin and
Mclntosh [74]. In this model, the internal coordinates
of a metal cluster are defined as bond stretches
involving nearest-neighbor atoms. The primary
stretching force constantf() associated with each
bond is then estimated to be &/timesf, for the
metal dimer, whera is the total number of bonds to
the 2 bonded atoms in the cluster and the numerator
givesa = 2 for the dimer. The 4.95 mdyn/A Nb
force constant [75] then gives values ranging from
0.99 to 1.24 mdyn/A for the 17 Ntbonds. The 1-1
Fig. 5. Calculated g, ground state structure of Ntand N and 2-2 stretches were also defined as internal
[50-52], a bicapped distorted octahedron with four inequivalent ] o ) ]
atoms. Equilibrium lengths (A) for the 17 bonds3 A) reported in coordinates (giving one redundant coordinate), ith
Ref. 51 for NIy are 2.44 (2-3x 2 bonds), 2.46 (1-« 2), 2.47 varied from 0.59 mdyn/A (half the 1.17 mdyn/A value

(1-2X 4), 2.56 (3-4x 4), 2.57 (4—4), and 2.83 (1-3< 4), - -
giving an average bond length of 2.58 A. By comparison,*thg in Ag,) [76] to 0.30 mdyn/A. Interaction force cen

ground state of Nphas a short bond length of 2.0778 A [75], and stants () were varied from 0 as initially assumed to
the nearest neighbor distance in bulk niobium is 2.86 A [86]. Nb 5% or to 10% of the averagde value for bond pairs

atomic radial expectation values are 1.134 A for tiieahd 2.144 sharing a common atom (in view of arguments in the

A for the 5s orbitals [87]. . . .
literature that metal clusters will have positive inter-
action constants [77] as is also the case fog Ni7]),

mode displacement into bond length differences be- or to the values recommended by Ozin and Mclntosh

tween NIy and Nk, [74] based upon results [78] for [BH,,]* . Calcula
We first assumed the highest possible (nonplanar) tions were also done referencing thevalues to Nj
geometric symmetry, a cubic,Gtructure which will [17], givingf, = (4/a)1.95mdyn/A, or assuming the

have only one totally symmetric vibrational mode, the equilibrium bond lengths obtained in the BLYP cal-
breathing mode. In this case, the magnitude of the L culations [50,79] by Ghaebeck et al.

matrix element that converts the measured normal  With these seven sets of assumed bond lengths and
mode displacemenf\Q) into a displacementinterms force constants, we used the vibrational analysis
of this A, symmetry coordinate AS = L AQ) is programs written by Mcintosh and Peterson [80] to
simply (2/m)¥2 = 0.147 (the square root of the calculate the vibrational frequencies, the L matrix,

corresponding G matrix element), wheme= 92.9 and other vibrational properties. Although the overall

amu for Nb. The measuretiQ value of 0.4 am#? A frequency range naturally varied with the different

then corresponds to a value of 0.06 A #8. The force constants assumed, the nature of thenddes

change in an individual Nb—Nb bond lengthr, is in the 150—200 cm? range, which provide the most

thenAS/\V12, or 0.02 A. likely assignments for the active mode in the spectrum
In a second approach, we assumed thg Ki- (180 + 15 cm * Nbg, 165+ 20 cm * Nbg), were

capped octahedral geometry shown in Fig. 5, which is relatively invariant. The symmetric breathing mode
calculated [50-52] to be the lowest energy structure consistently appeared as the highest frequency mode
for Nbg and Nk, Since this cluster has seven totally (at 249-357 cm?), whereas those in the 150—-200
symmetric (A) vibrational modes, the corresponding cm™* range involved the contraction of some bonds
L matrix elements now also depend on the equilib- while others expanded. Thus, assigning the active
rium bond lengths and vibrational force constants. We mode as one of these implies that some bonds i Nb
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contract and others expand on electron detachment. Before discussing the possible structures of;Nb
For each of the seven sets of assumed parameters, andnd NIy observed in this experiment, we note that
for the one or two A modes found in each case to fall these are not necessarily their lowest energy struc-
within the 150-200 cm® range, the corresponding tures. The geometry of the neutral cluster observed in
symmetrized L matrix elements indicated that the the photoelectron spectrum cannot differ radically
observed 0.4 ani{f A normal mode displacement from that of the anion in view of Franck-Condon
corresponds to an average value of 0.005—0.008 A for overlap requirements. In addition, it is possible that
the magnitudes of the 17 bond length differences the NI structure prepared in our flowing afterglow
between NB and NR. A narrow range of 0.015— reactor, where larger clusters can grow from smaller
0.022 A was also obtained for the largest individual ones by ion-neutral reactions, may be kinetically
bond length change (which appeared along equatorial rather than thermodynamically controlled. Niobium-
bonds). carbon clusters provide a dramatic example of this
These results are in surprisingly good agreement phenomenon, as they exhibit different growth patterns
with the NIy and Nk bond lengths calculated by under various experimental conditions in gas phase
Gronbeck et al. [50,79]. Their BLYP results also plasma reactions, yielding either metallo-carbohe-
show some of the bonds in jlio contract and others  drene (“met-car”) cage structures or cubic structures
to expand on electron detachment, with an average [81].
value of 0.007 A for the magnitudes of the bond The surprisingly simple vibrational structure in the
length differences, and a largest change of 0.024 A (a photoelectron spectrum is most easily understood if
contraction of the 4—'4equatorial bond). the observed Np and Nk clusters have highly
symmetric structures, and therefore relatively few
totally symmetric vibrational modes. For example, if
5. Discussion both clusters were to have cubic geometries, only
progressions in the single totally symmetric (breath-
The photoelectron spectrum of Nbobtained at ing) mode would be allowed. The analogous argu-
488 nm (2.540 eV) and with an instrumental resolu- ment was employed by Smalley and co-workers to
tion of ~5 meV, displays a vibrational progression in deduce a planar § structure for Ay, whose higher
a mode whose frequency is 18015 cm * in the resolution autodetachment spectrum also displays a
neutral cluster and 165 20 cm *in the anion. Thus,  single vibrational progression [34]. There are, indeed,
according to the Franck-Condon principle, the dis- a rapidly growing number of ligated transition metal
placement in equilibrium geometries between these cluster complexes known to incorporate a cubig M
states of N and Nk occurs mainly along this core [82,83]. An early example was JCO)(w,-
normal coordinate. The lack of more extensive vibra- PCiHs)s, Whose short Ni—-Ni distances of2.6 A are
tional activity suggests that these states have the samendicative of Ni—-Ni bonding [84]. About 20 analogous
symmetry and therefore that the active mode is totally compounds have now been structurally characterized
symmetric. The small normal mode displacement of [82]. The bare Cycluster has been predicted by DFT
0.4+ 0.1 amd? A, obtained from the Franck-Cen  calculations to have a flattened cubic structure
don analysis described in Sec. 4.1, indicates that the[12,85]. Bulk niobium has a body-centered cubic
Nb—Nb bond lengths change very little upon electron structure [86].
detachment. The approximate FG matrix analyses However, the LSDA DFT study of Np by
described in Sec. 4.2 suggest bond length differencesFournier et al. did investigate a cubic structure, as
under 0.03 A. The similarity between the spectrum well as other highly symmetric structures such as the
reported here and the previously reported UV spectra D,4 square antiprism and the, Tetracapped tetrahe
[52,53] indicates that the same state of gNlwas dron [51]. These trial structures were found not to
observed in both experiments. lead to plausible isomers, as they had a very high
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energy, possessed imaginary frequencies (were notcapped triangular antiprismatic state of Niwas

local minima), or relaxed to a lower symmetry upon
optimization [51]. Grmbeck et al. found the j
tetracapped tetrahedron to be a high energgy.b eV)
local minimum for Nl [50]. As noted above, it is
possible that the isomer of l§yband Nl observed
here differs from the thermodynamically most stable

calculated by Fournier et al. at 1.21 eV, with an
electron binding energy of 1.71 eV, similar to the 1.55
eV value obtained for the £ isomer [51,52]. How
ever, the higher electron binding energies calculated
for this state were considered to give a relatively poor
match to the UV photoelectron spectrum [52]. A

structures, and may conceivably be one of the highly doublet D, state with a significantly different struc

symmetric isomers predicted at relatively high en-
ergy.

In contrast, the ground states of Nland Nk, are
predicted to have only £ symmetry [50-52]. The

electron detachment energy calculated for this struc-

ture in the LSDA (1.55 eV) [51] and BLYP (1.19 eV)
[50] studies, as well as its predicted higher electron

binding energies [52], are in reasonable agreement

with the photoelectron spectra, and Kietzmann et al.

ture was calculated in the BLYP studies by @Gbeck
et al. to lie only 0.24 eV above the llground state
[50]. The electron detachment energy of NfL.16
eV) and the HOMO-LUMO gap of Nb(0.96 eV)
calculated for this isomer were close to those obtained
for the G,, ground state (1.19, 0.79 eV respectively)
[50].

On the other hand, two low energy isomers of;Nb
and Nl identified in the DFT studies can be excluded

concluded that their 3.49 eV spectrum is due almost as likely candidates for the observed structure. A C

purely to this isomer [52]. This £ structure, shown

in Fig. 5, would have seven totally symmetric,jA
vibrational modes. Although it may seem unlikely
that this fairly low symmetry structure would give rise
to the simple vibrational structure observed here, it is
possible. As noted in Sec. 4.1, the9 meV =70
cm 1) widths in our spectrum result in overlapping
peaks in the 180 cm' progression, which may
obscure the weaker activities of additional vibrational
modes. In addition, not only symmetry considerations

isomer was calculated to lie 1.05 eV above thg C
ground state of Np in the LSDA [51,52] and 0.76 eV

in the BLYP [50] studies. The electron detachment
energy obtained in the LSDA (1.63 eV) [51] and
BLYP (1.29 eV) [50] calculations is in each case
close to that of the &, structure (1.55 and 1.19 eV,
respectively). The higher electron binding energies
predicted for the two isomers are also similar [52], as
are the calculated HOMO-LUMO gaps in neutralNb
(0.79 eV G,, 0.63 eV Q) [50]. Accordingly, Kietz

but also Franck-Condon factors constrain the number mann et al. assigned their 4.0 eV photoelectron
of vibrational modes active in a photoelectron spec- spectrum to a combination of the,Cand C isomers
trum. Indeed, the approximate FG matrix analysis [52]. However, the single vibrational progression
described in Sec. 4.2 gave excellent agreement with observed in the present study does not appear com-
the average (0.007 A) and largest (0.024 A) magni- patible with a G structure, as all 18 vibrational modes
tudes of the equilibrium bond length differences of this asymmetrical cluster would be allowed to be

between NB and Nh, calculated by Ginbeck et al.

[50,79] for this structure. However, our approximate
vibrational analysis is not capable of deducing more
specific bond length differences for comparison with

active in the spectrum.

A higher symmetry B, (trigonal dodecahedral)
structure was identified by Gnbeck et al. as another
low energy isomer, lying only 0.30 eV above thg,C

the theoretical results. It is possible that the predicted ground state of Np in their BLYP calculations [50].

changes in the Nb and Nk bond lengths would

(This structure was not concluded by Fournier et al. to

correspond to displacements along several normalbe a plausible isomer, although it was considered
coordinates, leading to a more congested spectrum[51].) A D,4 Nbg cluster would have only four totally

than is actually observed.
Another possibility for the observed isomer is a
higher symmetry B, structure. A quartet B bi-

symmetric vibrational modes, and four symmetrically
inequivalent bonds (as it is related to thg,Gtructure
shown in Fig. 5, but has equal lengths for bond pairs



664 T.P. Marcy, D.G. Leopold/International Journal of Mass Spectrometry 195/196 (2000) 653—666

2-2 and 4-4, 1-4 and 2-3, 1-2 and 3-4). In Fleischer for their assistance with these experiments.
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