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Negative ion photoelectron spectra of Cu,” (n = 1-10) are reported for the 0-2.4 eV region at
an instrumental resolution of 10 meV. The cluster anions were prepared in a flowing afterglow
ion source incorporating a cold cathode dc discharge. This very simple source provides a
convenient, general method to prepare continuous beams of near-thermal metal cluster ions at
intensities (up to 10~ A) sufficient for spectroscopic or chemical studies. Photoelectron
spectra of the copper cluster anions yield measurements for vertical electron binding energies
and adiabatic electron affinities as a function of cluster size. The overall trend observed is well
described by the classical spherical drop electrostatic model. In addition, quantum effects are

apparent in the higher electron affinities generally observed for clusters containing odd
numbers of atoms. Excited electronic states in the photoelectron spectra show that the
transition energy in the neutral molecule decreases rapidly with cluster size. Vibrational
structure resolved in the Cu, spectrum yields measurements for the vibrational frequency
(210 4 15 cm ™), bond length (2.345 + 0.010 A), dissociation energy (1.57 + 0.06 V), and

vibrational temperature (450 4 50 K) of the anion.

I. INTRODUCTION

The past decade has witnessed a virtual explosion of
interest in the spectroscopic, structural, and chemical prop-
erties of small metal particles.’> A major goal of this work
has been to characterize the evolution from the molecular to
the bulk metallic state, and ultimately to forge a link between
the now disparate conceptual frameworks of molecular
quantum chemistry and surface science. Thus, much effort
has been directed toward examining the dependence of well-
defined electronic structure properties on the number of
atoms comprising a cluster. On the theoretical front, there is
now a large body of work concerning metal cluster electron
affinities®!! and ionization potentials®>* and their ap-
proach toward the bulk work function with increasing clus-
ter size. In addition, numerous calculations have investigat-
ed the energy gap between the highest occupied and lowest
unoccupied molecular orbitals as a function of cluster size
and the development of bulk electronic band struc-
ture,5%18:21-23.25-29 defining features of the metallic state.

In contrast, relatively few experimental data are avail-
able to test these models of the size dependence of metal
cluster electronic structure. This scarcity is due in large part
to the difficulty of extracting information concerning parti-
cles of definite size from samples containing cluster distribu-
tions. Until quite recently, the only particle-specific data
available for an electronic property as a function of metal
cluster size were ionization potential measurements for alka-
1i clusters.>*-3* Just within the past four years, dramatic im-
provements in metal cluster generation and laser mass spec-
trometric techniques have enabled the extension of such
measurements to transition metal clusters. Ionization poten-

) Present address: Department of Chemistry, University of Minnesota,
Minneapolis, MN 55455.

J. Chem. Phys. 86 (4), 15 February 1987

0021-9606/87/041715-12$02.10

tials have now been obtained from photoionization thresh-
old experiments for Nb,>* Fe, Ni,*® and Cu*’ clusters of up
to about 25 atoms.

Experimental data for electron affinities and other
aspects of metal cluster electronic structure have been
scarcer yet. Smalley and co-workers*® have investigated la-
ser fluence dependences of relative cross sections for photo-
detachment from Cu, (7<n<30) anions to obtain esti-
mates of upper and lower bounds for the neutral cluster
electron affinities. A recent investigation of autoionizing in-
ner-shell transitions in mercury clusters by Brechignac et
al.*® provides the only direct experimental measurement of
the development of electronic band structure in metal clus-
ters of definite size. To our knowledge, no other gas phase
spectroscopic data have been reported for bare transition
metal clusters containing more than three atoms.

Laser photoelectron spectroscopy of negative ions*’ po-
tentially provides a very powerful technique for investigat-
ing the electronic structures of size-selected metal clusters.
The measurement of photoelectron kinetic energies yields
information concerning Franck—-Condon factors for elec-
tron attachment, enabling the precise determination of adia-
batic electron affinities. In addition, the experiment provides
a direct probe of the low-lying excited electronic states of the
neutral cluster. Photoelectron spectra have thus far been re-
ported for Fe; ,*! Co;,*! and Re; .**> However, extension of
these studies to larger metal clusters has been impeded by the
lack of a general, continuous source for the production of
metal cluster anions at the low temperatures required for
detailed spectroscopic characterization.

In this paper, we describe a simple method for produc-
ing continuous beams of transition metal cluster anions near
room temperature. This technique employs a cold cathode
dcdischarge in a flowing afterglow*? ion source, enabling the
convenient preparation of mass-selected cluster anion beams
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at intensities (107'2-107"" A) adequate for spectroscopic
analysis.

We have used this source to measure the negative ion
photoelectron spectra of Cu,;, n = 1-10. These systems
have been chosen as our initial targets in view of the relative
theoretical tractability of clusters of closed d-shell, “alkali-
like” Cu atoms. As a result of numerous experimental**°
and theoretical®'>!6!8:22:27.50-54 gt djes, Cu, is now un-
doubtedly the best understood polyatomic transition metal
molecule. Although a large body of theoretical work has also
been devoted to copper clusters containing more than three
atoms, '6(2)-18:22,23.26.27.29.55 414 some matrix data are avail-
able,**® no gas phase spectroscopic studies have been re-
ported to date. The present investigation provides new infor-
mation concerning the adiabatic electron affinities and
vertical detachment energies of small copper clusters, and
the cluster size dependence of the energy gap between the
ground and the lowest photoelectron-allowed excited elec-
tronic states in these model systems.

Il. EXPERIMENTAL METHOD

A complete description of the negative ion photoelec-
tron spectrometer has previously appeared.’’® Briefly, an-
ions are prepared in a flowing afterglow ion source, gently
extracted into the low pressure region of the apparatus, and
mass selected. The beam of selected anions is then deceler-
ated and crossed by the intracavity beam of a cw argon ion
laser tipped at the “magic angle” yielding photodetachment
signal intensities proportional to average photodetachment
cross sections.’® A small fraction of the photodetached elec-
trons are energy analyzed at a resolution of ~ 10 meV (80
cm™') by a hemispherical electrostatic monochromator,
and detected by a two-dimensional position sensitive detec-
tor. In the present study, the absolute electron kinetic energy
scale was calibrated against the known electron affinities of
W (0.815 4 0.002 eV®°) and O.%' Spectra were also correct-
ed for an energy scale compression factor®® of 1.6%, deter-
mined from atomic fine structure splittings® in the W~ pho-
toelectron spectrum.

Copper cluster anions were prepared in a flowing after-
glow ion source identical to the one previously described®’
except for the substitution of a cold cathode dc discharge for
the former ionizer. In the discharge source, metal atoms and
clusters are sputtered from the cathode by bombardment
with Ar* or other cations. Further interactions with the
dense plasma yield metal anions (and undetected cations),
which can form larger clusters by ion-molecule reactions
during their 1072 s residence time in the flow tube. The very
simple design employed in the present experiment is illus-
trated in Fig. 1. The cathode consists of a 1 in. long tube of
1/4in. 0.d. OFHC copper positioned on the axis of the 1.8 in.
i.d. flow tube. Mechanical support and electrical contact are
provided by a 1/8 in. diam OFHC copper wire passing
through the cathode. The wire is insulated with alumina tub-
ing secured to the vacuum flange by a 1/4 in. O-ring fitting
and epoxied at the end to form a vacuum seal. The stainless
steel flow tube serves as the (anisotropic) anode, and the fast
(~60 STP cm®s™"') gas flow provides directionality. To
minimize heating, the external portions of the 30-50 cm long
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FIG. 1. Cross-sectional scale drawing of the flowing afterglow ion source
equipped with a cold cathode dc discharge for the production of metal clus-
ter ions. A tube and/or wire of the material to be sputtered is negatively
biased at 4-5 KV with respect to the grounded stainless steel flow tube. The
discharge typically draws 30 mA and is operated with a 6:1 He:Ar mixture
at 0.4 Torr. The fast (~60 STP cm®s™') gas flow directs the sputtered
material down the 30-50 cm long flow tube, where collisions afford further
cluster growth and relaxation of internal degrees of freedom. The window is
used for viewing the discharge during operation. Ion lensing following the 1
mm diam sampling aperture remains as described in Ref. 57.

-5Kv

flow tube and cathode assembly are wrapped with water-
cooling coils.

Gas composition, pressure, and discharge voltages used
in these experiments were adjusted to optimize copper clus-
ter anion yields. The cathode was negatively biased at 4-5
KV with respect to the grounded flow tube, producing a
discharge current of about 30 mA in a mixture of 10%-20%
Ar in He at 0.4 Torr. Bare copper cluster production was
found to be very sensitive to oxygen impurities. To minimize
contamination, the helium was purified by passage through
a coiled column of liquid nitrogen cooled molecular sieves
and UHP Ar was used. In addition, the OFHC copper cath-
ode was electrochemically cleaned prior to use.

Operation of the discharge source was, in general, re-
markably convenient. Once favorable operating conditions
were established, the source routinely ran for days at a time
with minimal adjustment. Examination of the used cathode
showed uniform sputtering of its outer surface and of the
supporting wire. In the case of copper, a loss of 1 g of cathode
material was measured following about 20 h of use.

lil. RESULTS
A. Metal cluster anion production

Figure 2 displays a typical mass spectrum of copper
clusters prepared in the cold cathode discharge ion source.
Anion abundances increase with increasing cluster size,
from 1 pA for Cu™ to 10 pA (6 X 107 ions/s) for Cus . Inten-
sities of higher clusters display a reproducible maximum at
Cu; . Anions of more than ten atoms are doubtless produced
but are difficult to detect due to the reduced resolution of our
Wien velocity filter at higher masses. Between Cu,”  and
Cuy, our mass spectrum also displays the odd > even inten-
sity alternation observed in previous mass spectrometric
studies of Cu,;,*® Ag,~,%*% Cu,*,>%% and Ag, .9

Successful operation of the metal cluster anion source
was not limited to copper, a particularly efficient target®® for
Ar™ sputtering. In fact, use of a nickel electrode yielded
larger ion beam intensities than were observed for copper
under identical flow tube conditions. A nickel discharge at
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FIG. 2. Mass spectrum of Cu,~ anions prepared in a cold cathode dc dis-

charge source. The cathode was an OFHC copper tube (1 in. long, 1/4 in.
0.d.) positioned 50 cm from the sampling aperture. Unlabelled peaks to the
right of Cu,~ are copper oxides; those at low mass are F~ and Cl~ impuri-

ties.

— 4 KV and 30 mA in a 30 cm long flow tube at 0.4 Torr
(7:1 He:Ar at a total flow rate of ~60 STP cm®s™!) pro-
duced detectable cluster anions up to Ni;;, with a maximum
of 50 pA at Ni, . The mass spectrum of Ni,~ did not show
the odd/even intensity alternation observed for copper.
Rather, a smoothly varying distribution of ion intensities
was observed with the notable exception of a near total ab-
sence of Ni; .

Tungsten, one of the most difficult materials to sput-
ter,® also gave abundant products. Use of a tungsten wire as
the cathode under discharge conditions similar to those de-
scribed above routinely produced W™ in intensities ade-
quate for calibration purposes. The major molecular prod-
uct anions were WO; (30 pA) and W,0; (10 pA),
probably arising from tungsten oxide cathode impurities.
Use of a platinum electrode yielded Pt,” and Pt, O, signals
of up to 30 pA for n = 1-3, an artificial limit imposed by the
high-mass cutoff of our mass analyzer. Thus, the cold cath-
ode discharge flowing afterglow source provides a general
yet remarkably simple method to produce continuous beams
of metal cluster anions with intensities on the order of pi-
coamps.

Heteronuclear anions were readily prepared by the ad-
dition of reactant gases to the He/Ar buffer. For example,
PtN—, Ni(CO), , and CuF~ were synthesized by addition
of N,, CO, or fluorocarbon gases. Replacement of Ar with
O, gave nearly complete conversion of the bare copper clus-
ters to copper oxides. These examples illustrate the potential
use of this source for the synthesis of partially ligated species,
and for chemical studies of metal cluster anions.

Vibrational temperatures of anions prepared in this
source can be estimated from hot band intensities in the pho-
toelectron spectra. For example, a temperature of 500 + 50
K was determined for the CuF~ 480 & 20 cm ™' vibration.
The spectrum of Cu;, discussed in the following section,
gave essentially the same result (450 4+ 50 K) for the 210
cm ™! vibration. Since rotational relaxation is, in general,
more efficient than vibrational relaxation in a flowing after-
glow source,*”°®%7 as in a supersonic expansion,®® an upper
limit of 500 K can be deduced for the rotational temperature.
A more likely value of ~300 K is given by the temperature

usually observed for our flowing afterglow when an electron
gun,>”% or a microwave discharge*"™ is used as the ion
source.

Electronic state population distributions are not expect-
ed to attain thermal equilibrium by collisional relaxation in
the afterglow, and thus an electronic temperature cannot be
estimated. However, we note that the photoelectron spectra
of the copper cluster anions discussed in the next section
showed possible evidence for significant electronic excita-
tion only in the case of Cu; . Even in this case, the possible
electronic hot band was more than two orders of magnitude
weaker than the ground state transition. Thus, it appears
that the copper cluster anions sampled from the flow tube
are virtually entirely in their ground electronic states.

B. Photoelectron spectra of copper cluster anions
1. General observations

Figure 3 shows the negative ion photoelectron spectra of
Cu,;, n = 1-10. The data were obtained at excitation ener-
gies of 2.540 (488 nm) or 2.707 eV (458 nm); the five times
more intense 488 nm Ar™ laser line was used to collect all
data in the 0-2.2 eV region. For convenient comparison of
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FIG. 3. Photoelectron spectra of Cu,~ obtained at 488 (2.540 ¢V) or 458
nm (2.707 eV) at an instrumental resolution of ~ 10 meV. Fullscale photo-
electron counts range from 3000 (Cuy ) to 20 (Cug™ ). Vibrational structure
is resolved for Cu;  only. Arrows indicate positions of adiabatic electron
affinities determined as described in the text; for Cu; and Cug arrows
show minimum values. Transitions to excited electronic states of the neutral
Cu,, Cuy, Cu,, and Cu,, clusters are also observed. The weak band shown
on an expanded scale in the Cu;” spectrum is evidently due to an excited
electronic state of the anion. Scans over the entire 0-2.4 eV range for Cu,,
(not shown) revealed no additional features.
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spectra taken at different wavelengths, the data are plotted
as a function of electron binding energy, equal to the photon
energy minus the kinetic energy of the detached electron.
Thus, of two photodetachment transitions from a given an-
ion level, the one terminating at a lower energy state of the
neutral molecule appears to the right. The vertical axis rep-
resents full scale photoelectron counts. These vary consider-
ably for different spectra, as is evident from their diverse
levels of statistical noise, and range from 3000 for
Cuj to 20 for Cuy . These differences are due to factors
such as anion abundance and laser intensity, rather than to
large differences in the intrinsic photodetachment cross sec-
tions.

It is apparent from the figure that the ten systems stud-
ied here all photodetach in the 0-2.4 eV (0-19 000 cm™')
region accessible in this experiment.”' The positions of the
intensity maxima of the lowest energy bands determine the
vertical electron binding energies of the anions, except in the
case of Cu, , whose very weak, low energy feature is almost
certainly an electronic hot band (see below). These vertical
binding energies correspond to transitions from the ground
electronic state of the anion to the identical (unrelaxed) ge-
ometry in the neutral molecule ground electronic state, and
are listed in the first column of Table I. Arrows indicate
adiabatic electron affinities, which correspond to the transi-
tion to the equilibrium geometry of the neutral molecule.
The method used to obtain these values is described below.

These results display two important trends. First, there
is an overall increase in electron binding energies with clus-
ter size, from 0.9 eV for Cu, to 2.0 eV for Cuy,. Superim-
posed on this gradual climb is a rapid alternation between
the electron binding energies of consecutive odd and even
clusters, with those containing odd numbers of atoms having
higher energies. The equal electron binding energies of

TABLE I. Cu, photoelectron results.

Cus and Cug provide the sole exception to this pattern.
Figure 3 shows that this odd/even alternation persists to the
decamer, and recent threshold photodetachment experi-
ments*® trace it to at least Cu;.

Several of the photoelectron spectra exhibit additional
features. The Cu; spectrum is the only one in which vibra-
tional structure is resolved at our 10 meV (80 cm ') instru-
mental resolution. The analysis of this spectrum, discussed
in Sec. III B 2 a, yields the anion bond length and vibration-
al frequency, and also provides a means to estimate the adia-
batic electron affinities of the larger clusters despite the dif-
fuseness of their bands. In addition, electronic structure is
resolved cleanly in the spectra of Cu;” and Cug , and at least
partially in the Cu;” and Cu; spectra, yielding excited elec-
tronic state energies for the neutral clusters. A comparison
among band intervals in these four spectra indicates that the
energy of the lowest observed excited state of the neutral
molecule decreases with respect to its ground state as the
cluster grows. This convergence of energy levels is quite rap-
id: excited state energies decrease from 0.8 eV for Cu, to
~0.1 eV for Cu,,. The Cu, 4 state energy of 2.5 eV is also
consistent with this trend. Energies of photoelectron-al-
lowed excited electronic states, or corresponding lower lim-
its based on the absence of observed transitions, are listed in
the last column of Table I.

Isomers or excited electronic states of the anions can
often be identified in photoelectron spectra by the presence
of peaks with substantially reduced relative intensities. Such
features were observed in the present study only in the case
of Cu;, whose spectrum is discussed further in Sec.
IIT B 2 b. As noted below, the diffuseness of the polyatomic
spectra can easily be accounted for simply on the basis of
vibrational congestion. Thus, while it appears reasonable
that the larger cluster anions should support bound excited

Vertical Adiabatic Cu,, excited state
detachment electron Bandwidth® (eV above
energy (eV)* affinity (eV)® (HWHM, meV) ground state)
Cu 1.235 + 0.005 4 [1.389, 3.7869]
Cu, 0.89 + 0.01 0.842 + 0.010 80 [2.534¢)
Cu, 2.35—-2.55 2,30 —2.50
Cu, 1.45 +0.02 1.40 +0.05 80 0.80 + 0.02
Cug, 1.97 +0.02 1.92 +0.05 90 > 0.60°
Cu, 1.97 + 0.02 1.92 +0.05 90 0.31 4 0.02
Cu, 2.15+0.02 2.10 +0.05 100 >0.20
Cu, 1.58 4+ 0.02 1.53 +0.05 90 > 1.00f
Cu, 2.35 —2.65 2.30 —2.60 e
Cu,yq 2.04 +0.02 1.99 +0.05 80 0.14 +0.03

# Vertical electron binding energies correspond to intensity maxima of the lowest energy band systems in the

photoelectron spectra.

® Adiabatic electron affinities (" = 0<=v"0) are estimated to be 0.05 eV lower than the corresponding vertical
binding energies, based on the similarity of band contours to that of the vibrationally resolved Cu;” spectrum.
¢ Bandwidths (half-widths at half-maxima) were determined from least-squares fits of Gaussian line shapes to
the right and central portions of the observed bands. Widths of individual vibronic transitions in the Cu;

spectrum are 8 meV (HWHM).

9 Energies of the excited 2Ds,,(3d °4s%) and 2P$,, (3d '°4p) atomic states, respectively (Ref. 62).

©The Cu, 4 state at 20 433 cm ™" (Ref. 75) falls outside our spectral region.

fNo excited states of Cus or Cug are observed.
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electronic states or isomers, there is no evidence for signifi-
cant population of such species in the present experiment.

Bandwidths in the photoelectron spectra of the molecu-
lar anions, listed in Table I, are surprisingly constant. In all
cases in which the width of the transition to the neutral mole-
cule ground state can be measured, including Cu,", its value
falls within the narrow range of 80-100 meV (half-width at
half-maximum). Widths of excited state transitions in the
Cu, and Cu, spectra are similar (70 and 90 meV, respec-
tively). Since the ground electronic states of the neutral clus-
ters studied here are expected to be bound with respect to
dissociation by ~1 eV or more,'®18:2227.29.55 excitation at
488 nm (2.540eV) cannot, in general, access the dissociative
part of the neutral cluster potential surface. Thus the ob-
served bandwidths (which would correspond to lifetimes of
~ 10713 8) cannot be due to dissociation. Rather, they must
reflect Franck—Condon profiles for the photodetachment
transitions. The loss of resolved structure for clusters larger
than the dimer is not surprising in view of the increased
number of low-frequency vibrational modes in the polyato-
mic systems. At the measured ion vibrational temperature of
500 K, sequence bands associated with these additional low-
frequency modes could quickly “fill in” the photoelectron
spectrum even if only one extended vibrational progression
occurred, as in Cu, .

This similarity among bandwidths suggests that there is
a constant offset throughout the copper cluster series
between the intensity maximum and the band origin
(v' = 0<v" = 0), whose position determines the adiabatic
electron affinity of the neutral molecule. This offset is deter-
mined to be 0.05 eV for Cu; from the vibrational analysis in
Sec. III B 2 a. Subtraction of this quantity from the mea-
sured vertical electron binding energies of the larger anions
yields the adiabatic electron affinities listed in Table I. We
estimate error bars of + 50 meV for these values, to allow
for uncertainties in identifying band centers and for the
small variations among bandwidths. As is clear from the
arrows in Fig. 3, these adiabatic electron affinities lie quite
close to the peak centers. Measurements of electron affinities
for Cu; and Cug", whose spectra in this energy region in-
clude only a portion of the ground state transitions, are dis-
cussed separately in Secs. IIB2band III B2 c.

Relative photodetachment cross sections were mea-
sured by normalizing total photoelectron count rates over
the 0-2.4 eV (electron binding energy) region to the ion
beam intensity, laser power and ion transit time through the

laser beam ( ocy/m ). Measurements were obtained for each
ion from two separate experiments and results agreed to
within 50%. Excluding Cu; and Cug, whose bands are
only partially observable, cross sections for photodetach-
ment at 458 nm are the same to within experimental error
(~50%) for all of the copper anions studied. In addition,
absolute cross sections were determined by comparison to
O~ (6X107® cm?)™ to be ~2x 1077 ecm? for the Cu,
(n = 1-2, 4-8, and 10) anions.

The possibility for competition between dissociation
and electron detachment is an interesting aspect of negative
ion cluster photophysics. Although fragmentation products
are not observed mass spectrometrically, the present experi-

ment provides two possible probes of photodissociation. The
first is through the measurement of photodetachment cross
sections. The results described above show that these values
are relatively constant for the Cu,, anions (n = 1-2, 4-8,
and 10). For those copper cluster anions containing seven or
more atoms it is known?® that the principal visible light pho-
toabsorption process is electron photodetachment, and that
photofragmentation of the cluster anion is unimportant.
Therefore, the constant cross sections obtained here indicate
that photofragmentation is unimportant for the smaller clus-
ters as well. The second possible probe of photofragmenta-
tion involves the spectroscopic detection of electron detach-
ment from anionic photofragments via a sequential
two-photon process, as is known to occur in O; .”> Most
recently, we have observed the Ni~ photoelectron spec-
trum,” in addition to the more intense trimer ion signal,
from a mass-selected Ni; ion beam. This result indicates
that sequential photodissociation (Ni;” = Ni~ + Ni,) and
photodetachment (Ni~ =>Ni + ¢~ ) had occurred during
the brief ( ~20 ns) transit time of the ion through the laser
beam. Among the Cu,; spectra, only that of Cug exhibited a
feature that could possibly be assigned to a smaller cluster
(Cu, ). However, this possibility was discounted by laser
intensity dependence measurements, which showed a linear
(rather than quadratic) power dependence for the Cug
peak.

Since the mass resolution of our Wien filter is not suffi-
cient to completely separate Cu,;” from Cu,, O~ for the larger
clusters (see Fig. 2), photoelectron spectra were obtained at
various points along each mass peak to confirm that the
spectra reported here do in fact originate from the bare clus-
ters. Signals due to Cu,O~, CusO~, and CuzsO~ were ob-
served in scans at the high mass sides of the corresponding
Cu, peaks, and electron binding energies of 2.0 eV or less
were measured for these anions. However, in no case was the
Cu, O~ spectrum identical to any of the features in the cor-
responding Cu,; spectrum. Additional photoelectron scans
over the entire 0-2.4 eV region, not all shown in Fig. 3, were
carried out for each ion but disclosed no additional features.

2. Specific clusters

a. Cu; . The spectrum of Cu;" is unique among those
reported here in displaying vibrational structure. An ex-
panded portion of the experimental spectrum is shown by
the solid line in Fig. 4. The strongest features in this spec-
trum correspond to a progression in the 265 cm™! vibra-
tion’” of the neutral molecule, and “hot bands” due to transi-
tions from excited levels of a ~210 cm ™' anion vibration are
observed in the low energy region. The change in peak spac-
ings from 210 to 265 cm ™! at the ~0.84 eV peak initially
identifies it as the v’ = 0<=v” = 0 transition.

This origin band assignment is confirmed by a Franck-
Condon analysis whose results are shown in Fig. 4. Using the
known vibrational frequency and anharmonicity in the neu-
tral molecule, it was not possible to fit the observed photo-
electron spectrum if any other peak were assigned as the
origin. Best fits were obtained for an origin band position,
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FIG. 4. Expanded 488 nm (2.540 eV) spectrum of Cu; and Franck—Con-
don simulation (dashed contour) for 7 = 2.345 A, @, =210 cm ™", and
T = 450 K. Sticks show transitions from v” = 0 (solid), »" = 1 (long-short
dash), and v” = 24 in the anion. Labels (v’ <=v") indicate the major vi-
bronic contribution to each peak.

and thus an adiabatic electron affinity, of 0.842 eV. Consi-
deration of energy scale calibration factors and rotational
contributions suggests an error bar of 0.010 eV for this value.
Assuming the anion anharmonicity equal to its value in the
neutral molecule, this analysis also yields an anion frequency
of 210 4+ 15 cm ™", a temperature of 450 4~ 50 K, and a bond
length difference of 0.125 + 0.010 A with respect to the neu-
tral molecule. This reduced ion vibrational frequency, as
well as simple molecular orbital arguments, would suggest
that the addition of the extra electron lengthens the bond.
Thus, the neutral molecule bond length of 2.2197 A7 im-
plies a value of 2.345 4+ 0.010 A for the anion.

Calculated Franck-Condon factors are illustrated in
Fig. 4 by solid sticks for transitions out of the anion zero
point level, and by long-short and short—short dashed sticks
for v” = 1 and v” > 1 hot bands, respectively. About equal
intensities are calculated at 450 K for the 0<1 and the ori-
gin transitions, and anion levels up to v” = 3 make signifi-
cant contributions. The dashed simulated spectrum was gen-
erated by replacing each Franck-Condon factor stick with
an 18 meV FWHM Lorentzian line shape, and shows excel-
lent agreement with the observed spectrum up to v’ = 3. The
intensity maximum of an integrated version of the experi-
mental spectrum would occur about midway between the
1< 0and 2 <=0 transitions, or about 400 cm ! (50 meV) to
the left of the true origin. The calculated Franck—Condon
factors show that the position of this intensity maximum is
not highly temperature dependent; for example, it would not
be substantially shifted even for a 0 K anion.

The dissociation energy of Cu;” can be determined from
the adiabatic electron affinities of Cu and Cu, and the neu-
tral molecule bond strength (1.96 4 0.06 V)’ using the
relation  Dy(Cu; ) = Dy(Cu,) + EA(Cu,) — EA(Cu).
The resulting value of D,(Cu; ) is 1.57 + 0.06 eV, ~20%
smaller than in the neutral molecule. A reduced anion bond

strength is qualitatively consistent with its reduced vibra-
tional frequency, as well as with molecular orbital argu-
ments which place the extra electron in a primarily 4so”
antibonding orbital. However, despite its formal bond order
of only one-half, the anion bond strength considerably ex-
ceeds half the neutral molecule value.

Thus the bond strength of Cu; is greater than would be
expected on the basis of simple molecular orbital arguments.
This phenomenon is not unique to Cu, , but appears gener-
ally characteristic of metal dimer ions of either polarity. For
example, comparison of the measured electron affinities*' of
Fe, and Co, to the corresponding atomic values indicates
that the anion bond strengths exceed those of the neutral
dimers by 0.75 and 0.45 eV, respectively. The calculated
bond strengths of the alkali dimer anions are comparable to
the neutral molecule values, despite a formal decrease in
bond order from one to one-half on electron attachment.””~%°
The positive metal dimer ions exhibit a similar behavior. For
example, the relative ionization potentials of Cu,*” and Cu®?
imply a Cu;" bond strength that is ~90% of the Cu, value,
despite a 50% loss in bond order on ionization. The dissocia-
tion energies of the (so)' alkali dimer cations are actually
higher than those of the (so)? neutral molecules; for exam-
ple, the K;* bond strength®! exceeds that of K, by 50%. The
measured ionization potential of Fe,** also indicates a much
(1.6 eV) stronger bond in the cation. In this case, however,
the increase may be due in part to a savings in atomic promo-
tion energy,* an effect not relevant to the s' alkali and coin-
age metal systems.

These increased ion bond strengths over the values ex-
pected on the basis of bond orders alone can be accounted
for, in part, by simple electrostatic considerations. The larg-
er dimer will provide a greater stabilization of the positive or
negative charge than will the atom, an effect which will in-
crease the dissociation energy of the molecular ion. This type
of effect is discussed further in Sec. IV A 1.

b. Cu; . The Cu; spectrum is the only one in which we
detect a peak substantially weaker than the main feature.
This peak, shown at a 25 times magnification in Fig. 3, is
more than two orders of magnitude weaker than the higher
energy feature. The photodetachment cross section for this
weak feature, relative to those of the other copper cluster
anions studied here, is also reduced by about a factor of 100.
Thus, it is highly unlikely that this feature arises from the
ground electronic state of Cu; .

Two possible assignments for this peak are to a transi-
tion from an electronically excited anion, or from an impuri-
ty. Since a similar feature is observed in the spectrum of Ni;
~ 15 amu lower, such an impurity would have to be an
M, — or M; — containing species. As is evident from the
mass spectrum in Fig. 2, the most likely such contaminants
are metal oxides. To test this possibility, we deliberately pre-
pared copper oxides by replacing the Ar sputtering gas with
O,. Scans at the approximate mass of Cu;~ (mainly Cu,0;, )
showed no photodetachment; therefore, we conclude that
the weak feature cannot be due to a copper oxide. It is also
unlikely to be due to a copper cluster containing any other
foreign species, since analogous features were not observed
in the spectra of the other cluster anions.
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Thus the best assignment for the weak band in the Cu;
spectrum is to an electronically excited state of the anion. We
attempted to test this hypothesis by varying the flow tube
length to affect the electronic temperature, but no change in
relative photoelectron intensities was observed for a twofold
change in tube length. This result is inconclusive, however,
since the same experiments produced no change in the rela-
tive intensities of the Cu; vibrational hot bands, whose as-
signments are secure.

With this assignment for the weak feature, the electron
binding energy of Cu; must be given by the relatively in-
tense rising slope observed at high binding energy. No pla-
teau is observed up to our cutoff at 2.35 eV; thus the vertical
electron binding energy must be at least that high. An upper
bound can be obtained by considering the normalized photo-
electron count rate, whose value for Cu;” was about half the
average value for the other Cu,” anions (n = 1-2, 4-8, 10).
If we assume that the photodetachment cross section of Cu;
is not anomalous, then this count rate indicates that the most
likely value of the vertical binding energy is ~2.4 eV. A
conservative upper limit of 2.55 eV can be obtained by aug-
menting our 2.35 ¢V cutoff by about two bandwidths.

An estimate for the adiabatic electron affinity of Cu, of
2.30-2.50 eV is given by the 50 meV offset between adiabatic
and vertical values assumed for the larger clusters. Since this
offset is based on bandwidth similarities, the adiabatic value
is necessarily less certain in the case of Cu, (and Cu,) than
for systems whose photoelectron spectra display complete
peaks. Nevertheless, the measured decrease in the intensity
of the Cuj feature to 50% of its maximum value in 80 meV,
a half-width typical for the copper cluster series, provides
strong support for the present extrapolation.

On the other hand, calculations of the equilibrium geo-
metries of the related systems Li; * and Ag; © suggest that
the Cu; anion may be linear. Furthermore, calculations of
the neutral Cu, potential surface predict the linear structure
tobe ~0.2-0.3 eV less stable than the Jahn—Teller distorted
triangular equilibrium geometry."**>>* Thus in the extreme
case of a linear-to-bent photodetachment transition, the
adiabatic electron affinity (for the ion and neutral equilibri-
um geometries) may be as much as 0.3 eV lower than the
vertical electron binding energy (between linear structures).
This much larger offset would imply that the electron affin-
ity of Cu; could be as low as 2.0 eV. Even with these consid-
erations, however, it is clear that the Cu; molecule has a very
high electron affinity relative to both Cu, (0.842 eV) and
Cu, (1.40eV). This behavior mirrors its unusually low ioni-
zation potential®’ for formation of the (equilateral triangu-
lar) Cu;" ion.

The dissociation energy of Cu; into Cu~ and Cu, can
be estimated from the relation Dy(Cu; ) = Dy(Cu;) +
EA(Cu;) — EA(Cu). The adiabatic electron affinities
(EA) in Table I and the known dissociation energy of Cu,
(Dy[Cu,~Cu] = 1.08 + 0.19 eV)>*? then imply an energy
of 2.2540.30 eV for this process. Similarly, the
Cu; = Cu 4 Cu; dissociation energy is determined to be
2.64 4 0.30eV. Thus the trimer bond is much stronger in the
negative ion than in the neutral molecule, although the extra
electron is expected to go into a nonbonding orbital in analo-

gy with the Li;” * case. Removal of a nonbonding electron to
form the positive ion also increases the bond strength. The
ionization potentials of Cu,%? Cu,,*” and Cu,*’ imply disso-
ciation energies of 3.0 + 0.4 eV for Cu;t =Cu™ + Cu, and
3.2 4+ 04 eV for Cu;”" = Cu," + Cu. As noted in the pre-
vious section, the increased ion bond strengths are due in
part to the greater stability of an electron or hole when delo-
calized over a larger cluster.

Finally, the energy of the excited electronic state of Cu;
detected in these experiments can be determined with the
assumption that the hot band transition accesses the ground
electronic state of the neutral molecule. If this is true, then
the hot band position ( ~ 1.5 eV) implies an energy of ~0.9
eV for the Cu; excited state.

¢. Cug . The spectrum of Cug™ also exhibits only a rising
edge, and in this case the integrated intensity is about one-
fifth that observed for the other clusters. Assuming that the
electron detachment cross section and bandwidth of Cug
are typical for this series, we estimate a vertical electron
binding energy between 2.35 and 2.65 eV and an adiabatic
electron affinity between 2.30 and 2.60 eV. The latter result
is consistent with the value of 2.21-2.33 eV previously re-
ported for the electron affinity of Cu, by Smalley and co-
workers.3®

V. DISCUSSION
A. Electron affinity vs cluster size

Experimental results now available for the copper clus-
ter series enable some general conclusions to be drawn re-
garding trends in electron affinities as a function of cluster
size. Adiabatic electron affinities obtained in the present
work for Cu,—Cu,, are illustrated by the solid rectangles in
Fig. 5. The heights of these symbols indicate uncertainties in

§ PRESENT WORK

Cup ELECTRON AFFINITY (eV)
3
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NUMBER OF Cu ATOMS, n

FIG. 5. Experimental electron affinities for Cu,, compared with predictions
of the classical spherical drop model. Data for n = 1-10 (rectangles) are
from the present work; those for n = 7-18 (bars) are from Ref. 38. Symbol
sizes denote error bars except for Cu and Cu,, for which results are more
precise than shown. Lines show electron affinities predicted by
EA = WF — 5/8(¢%*/R), where WF is the work function of polycrystalline
copper (4.65 + 0.05 eV, Ref. 83) and R is the radius of an n-atom sphere.
The dashed line shows results for R = n'/3r, where r, = 1.41 A, half the
average distance between atoms in Ehe bulk. The solid line is for
R =n'r, + Ar, where Ar = a, (0.53 A).
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the present measurements, except for Cu and Cu, for which
results are more precise than indicated. Electron affinities
recently reported by Smalley and co-workers,*® from laser
fluence dependence measurements of photoelectron signal
intensities, are also shown in the figure. Although these
authors were careful to emphasize that their results should
be interpreted cautiously as rough estimates rather than as
rigorous measurements,*® we find them to be in reasonable
agreement with adiabatic electron affinities determined
from the photoelectron spectra. Additional laser fluence de-
pendence measurements yielded upper bounds of 2.97 eV for
the electron affinities of all clusters up to n = 30 except for
Cuj; .8

These data exhibit two general trends. First, there is an
overall increase in electron affinities with increasing cluster
size. However, for clusters up to » = 30, these values are still
substantially lower than the work function of polycrystalline
copper (4.65 + 0.05 eV®?). Second, there is a clear alterna-
tion between odd and even cluster sizes, with clusters con-
taining odd numbers of copper atoms having higher electron
affinities. This oscillation is particularly pronounced at Cu,
and Cug. These trends are discussed further below.

1. Approach to bulk work function: Electrostatic mode/

Even for a perfectly conducting cluster with a Fermi
energy equal to the bulk value, electrostatic considerations
show that the electron affinity (EA) will be substantially
lower than the work function of the planar metal. If the clus-
ter is modeled as a perfectly conducting sphere with radius
R, then correction for the different image charge interaction
than in the planar case leads'-*° to the prediction

2
EA=WF_ > < (1)

8 R
where WF is the work function of the semi-infinite solid. For
the ionization potential (IP), on the other hand, the attrac-
tion between the detached electron and the positive charge
remaining on the sphere (which may be taken to reside at its

center) gives rise to an additive ¢*/R term'"*°

3 e

IP = WF + s R (2)
Thus as the cluster size increases, the electron affinity is ex-
pected to increase toward the bulk work function, while the
ionization potential decreases (more rapidly) toward the
same value. This model would predict that electron affinities
for n-atom copper clusters with perfectly metallic electronic
properties would still differ from the bulk work function by 1
eVatn =260,and by 0.1 eV atn =2x10"

This classical “spherical drop” model has been found by
Schumacher and co-workers to give remarkably good agree-
ment with observed alkali metal cluster ionization poten-
tials.>! The copper cluster series provides the first test of this
model in predicting electron affinities. Application of this
model to small copper clusters is physically reasonable in
that these molecules are expected ' '%2223:2%55 4 have com-
pact structures rather than open-chain geometries.

To apply this model to the copper cluster anions it is first
necessary to evaluate R, the effective sphere radius. As a first

approximation one can take R = n'/%r,, where 7, is half the

average distance between copper atoms in the solid. This
distance, as determined from the density of bulk copper
(8.93 g/cm?), is 1.41 A. The dashed line in Fig. 5 shows the
results of Eq. (1) for this choice of R. Although the calcula-
tion yields the correct general behavior, results are almost
uniformly too low. The surface tension correction used by
Schumacher and co-workers®! would reduce the value of R
and decrease the calculated electron affinities still further.

A more careful consideration indicates, however, that
this choice of sphere radius may not be the most physically
reasonable one for small neutral metal clusters. In setting R
to n'/3r,, we assume an atomic radius equal to exactly half
the average internuclear distance, allowing for no orbital
overlap among bonded atoms. Since the orbitals clearly do
overlap, one expects the effective sphere for electron density
to be shifted outward from the sphere with radius n'/3r,.
This conclusion is supported by metal surface charge density
calculations by Lang and Kohn based on the jellium mod-
el.”* For parameters appropriate to copper, results show that
the electron density at the surface is a considerable fraction
(~40%) of the interior density.”*

Rather, a more appropriate form for the effective sphere
radius would appear to be R = n'/3r, + Ar.34 The additive
constant Ar is analogous to the term added to each end of the
chain in free electron molecular orbital models of conjugated
polyenes.®® Considering again pairs of bonded copper atoms,
one can roughly estimate Ar to be in the range 1-2a,, where
a, is the Bohr radius—large enough for substantial orbital
overlap but less than r,, . This range is also reasonable in light
of the surface density calculations mentioned above, which
find that the electron density as a function of distance from
the jellium surface is about halved for each increment of a,,
reaching < 10% of the bulk density at 2 go.*

Results of the electrostatic electron affinity calculation
[Eq. (1)] for R = n'"?r, + a, are shown by the solid line in
Fig. 5. As before, the work function (4.65 eV) and half the
average internuclear separation (1.41 ;\) are set equal to
their bulk values. The calculated electron affinities are now
in excellent agreement with the experimental data. The ef-
fect of the Ar term is greatest for small clusters and decreases
for increasing n. Calculations for Ar = 2 a, produce 2 high-
er, flatter curve that somewhat overestimates the electron
affinities.

Thus, we conclude that the average trends observed in
the electron affinities of small copper clusters are consistent
with the simple electrostatic picture described above if an
additive constant (in this case, @,) is incorporated in the
usual expression for the effective sphere radius. It is also
interesting to note that this model predicts the electron affin-
ities of Fe,,*! Co,,*' and Re,* to within 0.3 eV of their ex-
perimental values. Clearly, the effective sphere for electrons
in a positively charged metal cluster will be considerably
more contracted than in a neutral cluster. Thus, the Arterm
should be much less important (or even of opposite sign) for
ionization potentials than for electron affinities, consistent
with results for the alkali cluster ionization potentials.*' For
large n, the expressions for R used here and by Schumacher
and co-workers®' converge to the same value.
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2. Odd/even alternations and spectral line shapes

Odd > even electron affinity alternations in the copper
cluster series were recently identified by Smalley and co-
workers for n = 7-17°® and are found to characterize the
smaller clusters as well. The opposite pattern (even > odd)
has been observed experimentally for the ionization poten-
tials of Cu, (n=1-7),"" Na, (n=2-5)>% and K,
(n = 2-5).%¢ In all of these cases, the difference between val-
ues for consecutive cluster sizes is most dramatic for the
trimer. The electron affinity of Cu, is at least 1.0 eV greater
than the values for Cu, or Cu,; analogously, the Cu, ioniza-
tion potential is 2.1 + 0.2 eV lower than that of Cu, and
1.4 + 1.0eV lower than that of Cu,.*” Among metal clusters,
this type of pattern has been observed or predict-
ed*®10-12:13.16 only for the “one-electron” alkali and coinage
metals. Ionization potentials of open d-shell transition metal
clusters such as Nb, ,>* Fe,,** and Ni, *® do not alternate.

Alternations in photoionization profiles have also been
reported for neutral K,** and Cu, *” clusters. Brechignac
and Cahuzac have recently found that photoionization effi-
ciency curves for K, (n = 3-8) near threshold have linear
profiles for odd n and quasiexponential profiles for even n.>?
From these single-photon results, it was inferred that
Franck-Condon factors increase with vibrational quantum
number in the even clusters due to a larger geometry change
on electron detachment. For the copper clusters as well,
Smalley and co-workers have deduced alternating shapes of
photoionization curves from observed even/odd alterna-
tions in cation abundances at energies above the ionization
potentials of clusters of either parity.>” These results suggest
that the higher ionization potentials of alkali and copper
clusters containing even numbers of atoms are due to their
more strongly bonding highest occupied molecular orbitals
(HOMO).>?

In contrast to these results, the photoelectron spectra of
negatively charged copper clusters display no alternations in
peak shapes, although the alternations in electron affinities
are more pronounced and extended than those in the alkali
ionization potentials. For example, although the photoioni-
zation efficiency curves of K and Kg show clear differ-
ences,® we find the peak shapes of Cu;” and Cu; to be iden-
tical. This result implies similar Franck—Condon factors for
photodetachment transitions from the odd and even copper
cluster anions, and suggests that the orbitals associated with
the extra electrons in the anions vary less in their bonding
character than do the HOMQO’s of the neutral clusters. This
inference is consistent with the considerably greater diffuse-
ness of the anion HOMO. For example, extended basis set CI
calculations on Li;" by Dixon, Gole, and Jordan®’ show that
the anionic 250, orbital mixes substantially with diffuse s
and p functions and is twice as “large” as the 250, orbital, as
measured by the ratio of their {(#*) values. Although no cal-
culations have been published for Cu; , it is reasonable to
expect that in this system the extra electron will enter a spa-
tially extended 7so, orbital comprised of diffuse s, p, and d
functions®’ and exhibiting an only mildly antibonding char-
acter. In view of these considerations, the observed electron
affinity alternations may be due simply to screening ef-
fects.*'? Since electrons in the same orbital are screened by

each other less effectively than by the other closed shell elec-
trons, anions with doubly occupied HOMO’s (odd n) will be
more stable.

Odd/even alternations in electron affinities and ioniza-
tion potentials have often been inferred from intensity varia-
tions observed®>5*#*88 in mass spectra. Thus it is interesting
to note that while our Cu,” mass spectrum (Fig. 2) does
exhibit some intensity alternations, the intensities generally
show a very poor correlation with measured electron affini-
ties. For example, Cu, has one of the highest electron affini-
ties in this series, yet the Cu; mass peak is relatively weak.
In addition, the electron affinities of Cus and Cug are about
the same, although the abundances of the corresponding an-
ions differ by almost an order of magnitude. Other factors
such as differing chemical reactivities of the various cluster
anions must play an important role in determining their de-
tected abundances.

B. Excited electronic states in neutral Cu,,

Excited electronic state energies observed in the present
experiment for the neutral Cu,, (n = 4, 6,7, and 10) clusters
provide some insight into the HOMO-LUMO (lowest unoc-
cupied molecular orbital) energy gap as a function of cluster
size. Figure 6 illustrates the results listed in Table I. Data for
n =35, 7, and 8 are given as lower limits based on the partial
observation (n = 7) or absence (n = 5, 8) of excited state
transitions in the spectra. The 4 state of Cu,,”> which falls
outside our spectral region, is also included. The atomic en-
ergy shown is for the lowest transition out of the 4s shell
(d'%s'=d '%p"), in analogy with the excited state assign-
ments discussed below. As is evident from the figure, the
energies of these lowest energy (except for Cu) “photoelec-
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FIG. 6. Energy of the lowest observed excited electronic state in the neutral
cluster (with respect to its ground state) vs the number of Cu atoms. Ar-
rows represent lower limits based on the presence (solid square) or absence
(lines) of excited state transitions in the photoelectron spectra. The energy
of the lowest atomic 4s transition (%S, ,,=>2PY,, ) is from Ref. 62; the Cu, 4
state energy is from Ref. 75. The 1.25 eV calculated energy for the lowest
Cu, excited state (Ref. 52, not shown) is also consistent with this trend.
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tron-allowed” excited states decrease rapidly with n. The
Cug, cluster provides the one clear exception to this general
trend.

To identify the types of electronic transitions observed,
it is useful to begin with the relatively well-studied ' case of
Cu,. The assignment of the 4 state has been a matter of some
controversy, but it is probably? 'S 3% Excited state as-
signments have been given in at least five theoretical studies
employing ab initio,”"** Xa®*°* and extended Hiickel?’
methods, and these unanimously agree that the lowest 'S "
state arises from the 4s0, = 4s0,, transition. Since the “ex-
tra” electron in Cu;, also goes into the 4sg,, orbital (in anal-
ogy with Li; discussed above), it is clear that detachment
from the (4so,)? (4s0;,) anion could produce either the
(4s0,)? X state or the (4s0,) (4so,) A state in an allowed
photodetachment process.

Assuming nondegenerate orbitals, this assignment
scheme can be extended to the other even-numbered clus-
ters. Consistent with this picture, ab initio calculations for
small neutral copper clusters agree that the highest occupied
orbitals are mainly 4s-like.'®#?%2352.92 Thys, the first excited
state observed in the photoelectron spectrum should be asso-
ciated with the HOMO = LUMO transition in the neutral
cluster.

For odd clusters with nondegenerate orbitals, it might
be expected that the HOMO = LUMO transition would not
necessarily be accessible in the present experiment, since the
LUMO in the neutral molecule may also be unoccupied in
the anion. However, in view of the diffuseness expected for
the anion orbital, such a transition would probably be ob-
servable due to orbital mixing effects. Such effects account
for the strength of the Cs~ (1S) = Cs(?P) + e~ photoelec-
tron transition, for example.” Unfortunately, the allowed
nature of such a transition is somewhat moot since the high-
er electron affinities of the odd copper clusters cause their
lowest excited states to fall partially or completely outside
our spectral region. Among the odd-» clusters, the highest
quality excited state calculations®” have been done for Cu,.
These SCF/CI results find the lowest excited state to result
from the transition from the nonbonding, doubly degenerate
4se' HOMO to a mixed valence-Rydberg type orbital. This
optically forbidden °4 ; state is predicted to occur at 1.25
eV—falling exactly on the curve in Fig. 6!

Thus, the excited state energies shown in Fig. 6 probably
correspond to the lowest energy transitions involving molec-
ular orbitals of primarily 4s atomic parentage. The observed
trend is consistent with the expectation that the transition
energy will decrease with increasing cluster size, although
the result for Cuy indicates that this behavior need not be
monotonic. The extremely rapid decrease in excited state
energies with cluster size observed here ( « 1/#'®) may be
due primarily®® to deviations from spherical symmetry'2 or
other effects specific to these very small clusters. This high-
order n-dependence cannot necessarily be extrapolated to
larger particles.

The high energy (> 1.0 €V) of the lowest Cug excited
state suggests that its ground electronic state may have a
special stability. Consistent with this notion, the electron
affinity of Cuy is conspicuously low (see Figs. 3 and 5).

These observations are especially intriguing in view of mass
spectrometric reports of intensity discontinuities at clusters
containing eight alkali®'"** or coinage metal®*** atoms. This
“magic number’” has been attributed by several investigators
to the electronic stability of a closed-shell s*p°® jellium sys-
tem.'>%*#* However, the lack of an abrupt change in alkali
cluster ionization potentials at n = 8 was interpreted by
Schumacher and co-workers*! as a strong argument against
this model. In the neutral copper clusters, on the other hand,
the present results for both electron affinities and electronic
transition energies indicate a discontinuity in electronic
properties at Cug.

V. SUMMARY

The laser photoelectron spectra of Cu,” (7= 1-10)
have been obtained at 458 and 488 nm excitation at an instru-
mental resolution of 10 meV. The anions were prepared in a
flowing afterglow source equipped with a cold cathode dc
discharge. A wide range of metal clusters can be synthesized
by this method simply by varying the cathode material. Vi-
brational temperatures of anions extracted from the flowing
afterglow source are estimated to be 500 K based on hot
band intensities in the vibrationally resolved photoelectron
spectraof Cu, and CuF . This value also provides an upper
limit for the rotational temperature. This very simple device
is thus a general and convenient source of continuous, near-
thermal beams of metal cluster anions at intensities of up to
10" A (10%ions/s), sufficient for spectroscopic or chemi-
cal studies. Although positive ions were not monitored in
these experiments, previous reports of abundant atomic met-
al cation production in flowing afterglow cold cathode dc
discharges**‘® suggest that metal cluster cations could also
readily be prepared by this method.

Electron affinities of the copper series increase with
cluster size from 0.842 + 0.010 eV for Cu, to 1.99 + 0.05 eV
for Cu,,. The overall trend in these values, and those mea-
sured by Smalley and co-workers*® for larger copper clus-
ters, has been compared with the predictions of a simple
electrostatic model for the size dependence of the electron
affinity of a perfectly conducting sphere. Good agreement is
obtained if the effective sphere radius is taken to be
n'®r, + a,, where n is the number of copper atoms and r, is
half the average bulk internuclear separation (1.41 A). The
additive constant allows for the extension of electron density
beyond the positive core radius in the neutral metal cluster
produced on electron detachment.

An odd > even alternation in electron affinities with the
number of atoms in the cluster (see also Ref. 38) is superim-
posed on the overall increase with cluster size. The only clear
exceptions to this pattern up to Cu,q are the equal electron
affinities of Cus and Cu,. In contrast, the overall shapes of
the photoelectron bands, which reflect Franck—Condon fac-
tors for the photodetachment process, are virtually identical
in all of the cases we can measure (n = 2, 4-8, 10). In addi-
tion, the photodetachment cross sections of these anions at
488 nm are the same to within about a factor of 2
(~2x107"7 cm?) and display no even/odd alternations.
Assuming nondegenerate orbitals, the observed alternations
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in electron affinities are consistent with the greater stability
of closed shell anions (odd atom clusters) due to screening
effects.

Excited electronic states of the neutral clusters are ob-
served in the photoelectron spectra of
Cu, , Cug, Cu;, and Cuj,. These states probably corre-
spond to excitations out of molecular orbitals in the neutral
clusters of primarily 4s atomic parentage. The energies of
these excited states decrease rapidly with cluster size, from
0.80 4 0.02 ¢V for Cu,t00.14 + 0.03 eV for Cu,,. The ener-
gies of the A4 state of Cu, (2.534 ¢V) and the lowest excited
state calculated>? for Cu, (1.25 eV) are also consistent with
this trend.

Additional information was obtained concerning sever-
al of the species investigated. For Cu, ", vibrational structure
in the photoelectron spectrum yields an anion bond length of
2.345 + 0.010 A and a vibrational frequency of 210 + 15
cm™'. The Cu; = Cu~ + Cu dissociation energy is deter-
mined to be 1.57 + 0.06 eV, somewhat reduced from the
1.96 4+ 0.06 eV value’® in the neutral molecule, but larger
than might be expected based on a formal reduction in bond
order from one to one-half on electron attachment. The Cu;”
=Cu~ + Cu, dissociation energy is 2.25 + 0.30 eV, con-
siderably higher than the neutral molecule value®®*? of
1.08 + 0.19eV. These increased bond strengths over the val-
ues expected on the basis of bond orders alone, which have
also been observed in other positive and negative metal clus-
ter ions, must be due at least in part to the greater stability of
the extra charge when delocalized over a larger cluster. The
Cu; spectrum also displays a weak transition from an elec-
tronically excited state of the anion at ~0.9 eV. For Cug,
results for both electron affinities and electronic transition
energies suggest that the ground state may have a special
stability.
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