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Mixed metal clusters of sodium with copper, silver, and gold were produced by supersonic expansions at
well-defined thermodynamic conditions. Differences in the behavior toward binary alloying, cluster formation,
and relative thermodynamic stabilities are discussed within a structureless, delocalized, electronic shell model
and using molecular orbital arguments and the different strengths of the relativistic effects of the coinage
metals. Free-energy changes3) of selected exchange reactions are determined, showing the substitution
of gold atoms to be thermodynamically the most favored. This is due to the prefercelybridization in

gold atoms, leading to a stronger metaietal interaction. The measured ionization potentials reveal a distinct
shell closing at the octamer for all three heterosystems. The drop of the ionization potential going from the
octamer to the nonamer is most pronounced for the sodgilver heteroclusters and is almost as large as for
pure sodium clusters.

1. Introduction band. To maintain a common Fermi level, electrons have to
flow between the surface and the bulk of the bimetallic system.
This in turn changes the character of the metaktal bond at
the surface with respect to the biIR.

The question arises as to whether these concepts of bimetallic
bonds in solids and surfaces and their influence on their structure
are also valid for clusters. In heteroclusters, the term alloy may
become ambiguous. Do we consider a heterometallic dimer or

cluster consisting of a central atom and a finite metal ligand

phere as an alloy? How do we define migration or miscibility
in a cluster of the size of a couple of atoms, and what do we
understand by ordered and disordered heteroclusters? To what
extent is the geometrical structure or the electronic structure
relevant to heterocluster stabilities? Despite these questions,
clusters are particularly important in that they are the link

Alloys and particularly binary alloys have received special
attention in recent years due to their unique physical and
chemical properties. Advances in metallurgy have resulted in
a whole variety of different alloys with almost customized
properties, ranging from metallic to semiconducting otiés.
Today these materials are indispensable in fields such as
electrochemistry, catalysis, microelectronics, magnetooptics, and
structural material science. In all these cases, an understandin
of the heteronuclear metaimetal bond is crucial in order to
design and master new bimetallic materials. In the age of
nanotechnology, heterometallic materials with sizes beginning
at only a couple of atoms are becoming relevant and an
understanding of the development of the heterometallic bond
going from such small assemblies to selfstate alloys is of . .
fundamental interest. However, a coherent description of thesebetweer? atomic su_rfa(?e and bulk propertles. Small cluster.s.are

surfacelike, and with increasing size, we observe a transition

bimetallic bonds in systems as diverse as solids, surface alloys,f tacelike to bulklike clust Th derati
and heteroclusters is far from complete. rom surfacelike to bulklike clusters. ese considerations

In solids, the strength of the bimetallic bond determines the underscore the need to learn more about the metetal bond

. in these small particles. In previous work, it was shown that
structure of the alloy. Alloys showing an ordered structure can X i
L . small sodium heteroclusters with one atom of Cd/Zn/Hg are
be treated with simple models, as the translational symmetry i
. R van der Waals molecules, whereas the same heteroclusters with
of the Bravais lattice in these systems allows them to be

X : . more than six atoms are metal-bonded clustérsSuch a
described with the ansatz of Bloch. In disordered alloys, the L. .
) - transition could not be found for Li/Na or Na/K heteroclusters,
consequences are more drastic, as the assignment of the atoms

11,12 i
to sites is random and Bloch’s theorem breaks down. Typical owever. Experiments on very small CsAu clusters suggest

: that the ionic character is already developed in this small size
phenomena of disordered alloys such as the unusual temperature 13 ;
range!® In another set of experiments, the measurements of

dependence of the resistance are explained by treating the aIIOXonization potentials suggested that many bimetallic clusters

by an impurity mode?~7 The characterization of the bimetallic . g -
. ; - ~behave like almost perfect jellium clustéfsl” e.g., structureless
bonding at surfaces is even more complex. Besides alloying, _ ~.. . .
entities with more or less spherical shapes.

surface enrichment of a certain element may be observed if its Thi Ki . ) fth i ¢ etal
meta-metal bond is weak. If one of the elements has a larger IS WOork'is a cpntlnuatlpn 0 t ese stu €S 0 r.“e"" ta .
radius, it may also segregate into the bulk due to strain energy coordination chemistry and investigates the interaction of sodium
In both cases, the term surface alloy becomes obsolete.WIth the _noble_ meta_ls copper, silver, and gold, which have an
ns' configuration with a2S;, ground state. In contrast to

However, the consequences of surface alloying or adlayer X ) -
formation are important, since the reduction in the atomic previous experiments, these heteroclusters were formed in a two-
coordination at the surface produces a narrowing of the valenceChamber oven und_er well-defined thermodynamic conditions.
The cluster formation of these three types of systems was
§ 8th International Symposium on Small Particles and Inorganic Clusters investigated, gnd the results are dlSCUS§€:d ysmg molecular orbital
ISSPIC 8Book of AbstractsLindelof, P. E., Ed.; University of Copenhagen, ~and geometrical arguments and relativistic effects, as well as

Denmark, July 36, 1996. jellium calculations. Due to the observation of binomial cluster
» B-mail: Ulrich.Heiz@ipe.unil.ch. Fax:++ 41 21 692 36 35. distributions, enrichment factors of the heteroatom in the cluster
Universitede Lausanne. . .
# University of Bern. could be determined. From these enrichment factors, the free
€ Abstract published ilAdvance ACS Abstract#yugust 15, 1996. energies of some selected elementary steps during cluster
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M q molybdenum. The larger one (1) is heated with a thermocoax
@ heater (3). It is protected against radiation losses with three
—= layers of tantalum foil (5) and surrounded by a water-cooled
L \/\/\ stainless steel cylinder (6). Typically this part can be heated
up to 1220 K. The temperature is measured with a Ni/CrNi
thermocouple (7). A second smaller cartridge (19) is heated
with three tungsten wires (17), each of 0.7-mm diameter and
450-mm length. The cartridge is surrounded by a polished
spherical thermal mirror (16) made of molybdenum with an
infrared reflectivity of more than 80%. The whole mirror is
shielded with five tantalum foils (5). Temperatures up to 1800
K at a heating power of 2.6 kW can be obtained as measured
with a Pt/Pt-Rh thermocouple (14). This small, high-temper-
ature cartridge has a conical nozzle (12) with a diameter of 0.5

Figure 1. Two-chamber oven: large cartridge made of molybdenum mm. The wo cartridges are linked with a thin-walled tube (18)

(1), stainless steel cartridge holder (2), thermocoax heater (Philips ZEZ to minimize h'eat transfer. One end of this tube is welded to
I 20) (3), cylindrical thermocoax holder (4), tantalum shielding (5), the large cartridge, whereas to the other end small, exchangeable
water-cooled stainless steel cylinder (6), Ni#@{i thermocouple (7, cartridges for the high melting point metals can be screwed on.
8), graphite gasket (9), molybdenum plate (10), ceramic insulator (11), The two cartridges are insulated by a ceramic disk (11) in order

conical nozzle (12), graphite ring (13), Pt#Rh thermocouple (14),  to maintain a difference in temperature of 1000 K for at least
graphite cone (15), thermal mirror made of molybdenum (16), tungsten

heating wires of diameter 0.7 mm and length 450 mm (17), connecting . .

piece (18), high-temperature cartridge made of molybdenum (19). 2.2. Cluster Generation. For each coexpansion, the large
cartridge was filled with 20 g of sodium and the high-

formation were then calculated and compared with solid-state temperature cartridge with about 2 g of copper, 4 g of silver, or

and dimer results. For selected heteroclusters, photoionizationé 9 of gold, respectively (all materials in p.a. purity). Before

efficiency curves were measured, and from these, vertical USe, the oxide layer of the sodium was removed mechanically

ionization potentials were extracted. and the metal subsequently cleaned in hexane. Prior to use,
the copper rods were cleaned in nitric acid and distilled water.
2. Experimental Details The oxide layer of silver was removed by annealing. Gold

needed no pretreatment.

The experimental methods used for this work were the .
- i Before heating the cluster source, the oven vacuum chamber
generation of mixed metal clusters, the measurement of het- 6 :
I was pumped to Xk 107° Torr and the detection chamber to 5
erocluster abundances with ionization mass spectrometry, and 7 : . : :
x 1077 Torr. During the heating procedure, it was important

the determination of ionization potentials by measuring the to keep the small cartridge hotter than the large one to prevent
photoionization efficiency (PIE) curves. The experiments were >P 9 9 P
clogging of the nozzle.

carried out in a supersonic molecular beam apparatus which is : . n )
described in detail elsewhet®. Briefly, it consists of two The final temperature o_f the sodl_um-contamlng cartridge was
differentially pumped vacuum chambers. The heteroclusters 1100 K for all coexpansions. This corresponds to a sodium
were generated in the first chamber by nonseeded expansion®ressure of 453 Torr. For the flrst. set of experiments, the final
from a newly designed two-chamber oven, which is described temperatures of the small cartridge were 1650 K for the
below. This chamber was pumped with a 3000 L/s diffusion CO€xpansion with copper, 1400 K for the one with silver, and
pump. The analysis chamber was pumped with a turbo 1800 K for gold. These temperatures correspond_to a vapor
molecular pump (500 L/s) and equipped with a quadrupole massPressure of 0.05 Torr. In the seconq set of experiments, the
spectrometer (Extrel C50). This mass filter was mounted Na/Cu and_Na/Ag systems were studied at a temperature of the
perpendicularly to the molecular beam and has an upper massmall cartridge of 1800 K.
limit of 4000 amu. The mass-filtered ion current was amplified ~ For each heterosystem, the relative sodium cotent in the
by a dynode/channeltron combination. Several viewports on cluster beam was measured as a function of time, evaluating
the analysis chamber served as entrances for the ionizing photonghe mass spectra taken every 10 min during the coexpansion. It
supplied by an excimer pumped dye laser or an arc lamp. Theturned out that 10 min after the first ion signal was detected, a
radiation of the 1-kW Xe arc lamp, which has an unstructured Stable molecular beam, e.g., a molecular beam with a constant
emission spectrum below 380 nm, was dispersed through asodium mole fraction and constant beam intensity, could be
0.25-m monochromator (PTI; 1200 lines/mm, grating blazed at maintained for 80 min. This also defined the time frame of
300 nm). The photon flux was measured with a EMI 9783 B the experiments.
photomultiplier whose spectral response had been calibrated. 2.3. Neutral Cluster Abundances. The central problem in
2.1. Two-Chamber Oven. A new cluster source was built  the interpretation of photoionization mass spectra is how to get
for the generation of heteroclusters of alkali metals with alkaline- neutral cluster abundances from the measured ion currents. The
earth or transition metals. The basic idea was to design adegree of the conversion of neutral clusters into ion current
supersonic nozzle two-chamber oven with the possibility of depends on (a) the detection efficiency of the experimental setup,
heating two different metals independently. In this way, the (b) the relative ionization cross sections of the different clusters,
cluster formation of different heterosystems and cluster stabilities and (c) the possible fragmentation processes during ionization.
can be compared directly, as the partial pressures of the twoln order to diminish instrument-specific factors, the settings of
metals can be set to well-defined values during the whole the mass spectrometer and the position of the Xe arc lamp were
experiment. This results in constant and equal thermodynamicalways optimized to maximize the ion current for the largest
conditions during the supersonic expansion. detectable cluster in the beam. In this way, we compensate for
This new heterocluster source is shown in Figure 1. Basically the decreased detection efficiency in the higher mass rénge,
it consists of two separately heatable cartridges made of as it was shown that in our experimental setup, mass discrimina-
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Figure 2. Representative photoionization mass spectrum for a Na/Au
expansion, cluster beam ionized at 300 nm. Heterocluster distributions
with one to five gold atoms are separately labeled. Outstanding are
the predominance of NAu, and the closed shells at the 10-atom cluster
(NagAu, NasAuy) and the 18-atom cluster (N#Auz). Similar closed
shells cannot be observed for heteroclusters with more than two gold
atoms.
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tion effects vary monotonically with cluster size.Therefore,

we equate relative ion currents with actual ion abundances. The
most critical point is the conversion efficiency of the neutral
clusters to their ions. This is mainly influenced by the different I | I
ionization cross sections of the individual clusters. To obtain L L1 '
the neutral cluster abundances, the photoionization mass spectra 200 250 300 350 400
recorded with monochromator slits of 5 mm (16.5-nm fwhm Mass [amu]

(full width at half-maximum)) were corrected using relative  gig e 3. Neutral cluster abundances of two different Na/Ag expan-
differential ionization cross sections obtained from photoion- sjons. The expansion temperatures were (a) 1100/1400 K and (b) 1100/
ization efficiency (PIE) curve¥) These were measured with 1800 K. These data are extracted from photoionization mass spectra
both 5-mm and 2-mm slits (6.6-nm fwhm). Five-millimeter- with an ionizing wavelength of 300 nm. Note the sharp abundance
slit PIE measurements provided rough data for this correction, maxima at the eight-atom clusters Mg and NaAg. in b are indicative

and from the 2-mm-slit measurements, ionization thresholds °f @ thermodynamically controlled expansion.

were extracted. Fragmentatl(_)n of th(_e heterqclqste_rs oceurs if5e much less distinct and were observed foeANe, Nays-
enough excess energy is provided during the ionization Process,a;. NassAus, and Na,Aus for the triheteroclusters, NAug,
leading to direct fragmentation or fragmentation by intermo- NasoAus, NassAus, NagAus NasAus and NasAu, for the
lecular vibrational energy redistribution. It has been shown that tetraheteroclusters, and finally NAUs, NawsAus, NawgAus, Nz

t_he energy threshold for signifi_cant fragmentation within the Aus, and NasAus for the pentaheteroclusters. For the mono-,
time scale of the experiment I!es roughly 0.5 eV above the di-, and triheteroclusters where the photoionization efficiency
appearance potenti&?! From this, we conclude that our mass - res were measured, the resulting correction of the mass

spectra taken at 300 nm are also free from fragmentation.  ghactra did not result in a significant change of the sharp relative
Due to these considerations we are confident that the neutralmaxima_ Therefore, the corrected mass spectra are not pre-

cluster abundances shown are not influenced by different con g

ionization cross sections and fragmentation processes and are |, Figures 3 and 4, the neutral cluster abundances obtained

free from instrumental artifacts. from the photoionization mass spectra of the systems Na/Ag
and Na/Cu after normalization with the relative ionization cross

Cluster Abundances

3. Results sections are displayed. In these spectra, the expreksign/
3.1. lonization Mass Spectra and Photoionization Ef- Ipieg;) gives the corrected spectrum for every clusterith I
ficiency (PIE) Curves of Mixed Heteroclusters. Figure 2 being the measured intensity ahdhe wavelength median of

shows a typical photoionization mass spectrum obtained by the windowi. The mass spectra used to extragdy, ) were
irradiation with a Xe lamp through a 5-mm monochromator slit recorded at 300 nm.

at 300 nm for a coexpansion of gaseous sodium and gold. The The Na/Ag system demonstrates a fairly good cluster forma-
temperatures of the sodium and the gold cartridges were 1100tion with the detection of heteroclusters with up to three silver
and 1800 K, respectively. The most striking feature is the atoms. The corresponding neutral cluster abundances are shown
predominance of the NAu, species. Its intensity is-12 orders in Figure 3a. A distinct relative abundance maximum for-Na
of magnitude greater than those of the other heteroclusters. TheAg and a broad cluster distribution around the relative maximum
sodium/gold coexpansion also shows a good heteroclusterat NasAg, is observed for the mono- and diheteroclusters,
formation. Clusters with up to five gold atoms were detected. respectively. This broad cluster distribution is typical for
Sharp relative maxima in cluster stabilities were observed for expansion conditions which are not yet fully thermodynamically
NagAu, NagoAu (not marked in Figure 2), NAu,, and Nag controlled. In fact, at a higher small-cartridge temperature (1800
Au,. For the tri-, tetra-, and pentaheteroclusters, relative maximaK), and thus higher internal cluster temperatures, a distinct
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. . Na, NaCu, NaAg, and NaAu clusters. Details concerning the
Figure 4. Neutral cluster abundances of two different Na/Cu expan- easurements are given in the text. The extracted ionization potentials
sions. The expansion temperatures were (a) 1100/1650 K and (b) 1100/3,¢ symmarized in Table 1.

1800 K. These data are extracted from photoionization mass spectra )
with an ionizing wavelength of 300 nm. Note the sharp abundance Structureless model. The pronounced cluster formation of the

maxima at the eight-atom clusters #a and NaCu, in b. Na/Au system is explained with the use of molecular orbital
arguments and the strong relativistic effects. For the coinage
metals, differences in the relativistic effects are especially
pronounced, as manifested, e.g., in the different colors of these
metals. More specific information about the bonding in these
! ) different heteroclusters is obtained by using the quasiequilibrium
relative maxima at N@Ags, NaiAgs, and NazAgs, although — yhe 1y 1o estimate free energies of selected elementary steps in
these are much less pronounced. the cluster formation process. In the second part of this section,

The cluster formation for.the Na/Cu system is the poorest of yhe jonization potentials of the heteroclusters are tabulated and
all three heterosystems, with cluster ion signals smaller by a jisc\,ssed

factor of 20. The mono- and dicopper heteroclusters exhibita gt pefore we start with the main discussion, the influence
broad cluster dlstrlbuupn arou_nd the relat|ve_ maxima of-Na of the expansion conditions on the neutral cluster distributions
Cu and NaCup, respectwgly (Figure 4a). At higher expansion  paq o pe addressed. For the comparison of the different
temperatures, sharp maxima for#%a and NgCup are observed 1 1erqciusterings of sodium with copper, silver, and gold, the
(Figure 4b). Heteroclusters with a higher copper content were peterociusters were generated at identical partial pressures. The
not .detected. o - resulting heterocluster distributions are used to get information
Figures 5 apd 6 show the photoionization efficiency (PIE) gpqt the binary alloying (Figures 2, 3a, and 4a). But using
curves normaﬂzed f(?r the photon flux of the heteroclqster)s{Na the same partial pressures for all coexpansions, the thermal
and NaY> (x = 6-9; Y: Cu, Ag, Au). As a comparison, the 5 mation histories are necessarily unique for each heterosystem,

PIE cuLves of the Ipure Sdogiun;l crl1usters are also inclddétie as the nozzle temperatures for the three expansions differ. This
monochromator slit used for all these measurements was 2 MMy, 5y i tym, lead to different internal temperatures, resulting

which corresponds to 6.6-nm fwhm. The pseudo-Watanabe, yinetically controlled expansions for colder clusters and

ionization potentiaf$ from these PIE curves are summarized yhermodynamically controlled expansions for hotter clusters.
in Table 1. Such effects were studied extensively for the system Na/Ag.
The results showed that kinetically controlled expansions show
exponential cluster size distributions and thermodynamically

In the first part of this section, the results of the cluster controlled expansions sharp multimodal cluster size distributions.
abundance spectroscopy are discussed using a modified jelliumt turned out that at the above-mentioned conditions, the
model to compare the generated jellium numbers with the expansions for Na/Cu and Na/Ag are not yet fully thermody-
observed cluster stabilities. An interpretation of the different namically controlled. This can be seen by the rather broad
clustering of the three systems is found to be beyond this cluster distributions of the disilver heteroclusters (Figure 3a)

relative maximum for NgAg, occurs (Figure 3b). The same
experiment also showed higher shell closings foiddg and
NaysAg2 (not shown in Figure 3). The triheteroclusters revealed
a corrected abundance maximum atsAigs and uncorrected

4. Discussion
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function of the total number of valence electrons. These energy
differences were calculated within the modified jellium model. Note

' 275 ' 345 that all three systems show the first three shell closings at 8, 10, and

20 valence electrons.
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Figure 6. Intensity-normalized photoionization efficiency curves for 4.1. Metal Cluster Abundance Spectroscopy4.1.1. Rela-
Na,, NaCuw, NaAg,, and NaAu, clusters. Details concerning the tiye Stabilities The observation of multimodal cluster distribu-
measurements are given in the text. The extracted ionization potentialstions of sodium and their interpretation is cluster hist&ry?
are summarized in Table 1. Mass spectroscopic results on the coinage metals copper, silver,

—

275

TABLE 1: Pseudo-Watanabe lonization Potentials for Na and gold are in accord with the shell structure observed for pure
and NaY (Y = Cu, Cus, Ag, Ad,, Au, Au, Heteroclusters, sodium clusterd® Furthermore, in photoelectron spectra of the
with Errors in Parentheses) coinage metal ions, the electron affinities and the onset of the
X Naws NaCu NaAg NaAu d bar!d have been studied as a functi.on.of the clustgr ion si_ze,
3 4.24(02) 4.59(02) showmg that the trends of electron affinities are conS|ster!t with
2 3.99(03) 4.16(03) an ellipsoidal shell modéf. 28 Recent quantum chemical
5 4.23(03) 4.00(03) 4.29(03) calculations showed that the-d hybridization in these cluster
6 4.03(03) 4.05(03) 3.98(04) 4.01(02) is important but that the upper states are mostly s-like; therefore,
7 4.22(03) 4.12(03) 4.13(02) 4.13(02) pure coinage metal clusters reveal jellium featdfés.
g g:gggggg g:giggig g:gigggg g;ggg% Multimodal distributions for heteroclusters were first observed
for K/Mg and K/Zn heterocluster2:31 Among other interpreta-
X N2 NaCup NaAg. NaAu, tions, several approaches, including a structureless spherical
4 4.23(03) 4.14(03) jellium model with a modified Wood Saxon potential, were
5 4.03(03) 3.99(03) used to explain the enhanced stability of the 10-electron systems
? g:éégggg g:ggggig g:éggggg g:%gggig (KgMg_ and KgZn). With the assumptipn th_at the_ he_terqatom
8 3.84(03) 3.79(03) 3.77(03) 3.80(04) occupies the center of the clustée? its higher ionization
9 4.04(04) 3.91(04) 3.49(05) 3.44(03) potential causes a central dip in the jellium potential #&ll.
N Nars NaCle NaAgs NaAUs This stabilizes the electronic states with low a_ngular_ momentum
and consequently may lead to a 1d/2s level inversion for these
g g:éégggg g:égggi; 3.66(04) two systems3 The same effects were observed for the Na/
7 3.84(03) 3.78(05) Z_n,Cd,ng and Na/Ba,El_J,Sr,C_Za,Yb,_Mg systems. C(_)pper,
8 4.04(04) 3.55(04) 3.77(03) silver, and gold also having higher ionization potentials than
9 3.85(03) 3.58(04) sodium reveal the same level inversion. The corresponding

results of our calculations are shown in Figure 7. All three
and of the mono- and dicopper heteroclusters (Figure 4a). In systems show the “Aufbau” principle, (2p)(2sA(1d)%2p)-
order to compare the cluster size distributions and relative cluster(1f)*..., with the corresponding spherical shell closings for 2,8,-
stabilities of the three heterosystems and to test the validity of 10,20,26,40,..., valence electron systems and the 1s, 1p, 2s, 1d,
the jellium model, we therefore carried out additional experi- ..., levels.
ments for these two systems at higher oven temperatures. The In the measured mass range, the Na/Cu and Na/Ag systems
resulting neutral cluster distributions show sharp shell closings show agreement with this Aufbau principle, in which the eight
(Figures 2, 3b, and 4b) and are therefore used for the purposesalence electron clusters (Bzu, NaCu,, Na;Ag, NasAgy) are
stated above. more stable than the decamers. The 2s/1d level inversion,
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leading to the 20-electron closed-shell systems, is confirmed TABLE 2: Free Enthalpies (AG) for the Substitution
by the pronounced intensities of NAg, Na;sAgs, and Nar- Reaction of NgY (Y = Cu, Ag, Au) Clusters®

Ags. The Na/Au system behaves differently. The first shell P°m, AG,
closing at the decamer reveals this 2s/1d inversion. The next M T, K Torr a y eV (700/820 K)
stability maximum was found for the 18 valence electron system cy 1650 0.05 0.18 1633 —0.45/0.52
(NageAup). Within the jellium model, this can only be Ag 1400 0.05 0.11 998 —0.42/0.49
interpreted if there is no such inversion. For even bigger AU ~ 1800 ~ 0.05 023 2087  —0.46/0.54

heteroclusters with three, four, and five heteroatoms, the mass 2 The temperaturg; of the large cartridge was 1100 I\, = 453.54

spectral intensity maxima cannot be interpreted by the jellium Torr). The mole fractioroe of the heterometals Cu, Ag, and Au was
model. obtained from the binomial distribution analyses of the corresponding

M tral abund t that the ielli behavi mass spectra. The agreement between measurements and binomial
ass spectral abundances suggest that the jeliium benaviolyiqyinytion determined in this way is generally good. The most

is most pronounced for the Na/Ag system. This is alSo common observed deviations are for pure sodium clusters which are
supported by the largest drop of the ionization potentials for underrepresented in the actual measurements. For the internal tem-
mixed Na/Ag clusters going from the octamer to the nonamer peratures of the cluster, the limits of 700 and 820 K were measured.
(Table 1). In fact, NgAgy clusters are more weakly bonded |

(see below) than the correspondingNay clusters; this should |+YXN,9n_X 0 n a(l— o) 1)

be reflected in a smoother average intramolecular potential and, xi(n—x)

therefore, in a better condition for the validity of the jellium
model. Furthermore, the electronegativity difference is lower
in mixed sodium silver clusters than in mixed sodium gold
clusters. Using the Pauling scale, they are 1.0 for sodium and n

The probability . corresponds to the mole fraction of the
heteroatom Y in the cluster and is calculated as

silver and 1.5 for sodium and gold. This suggests a lower )—(|[Nan_XYX]
polarization, which means less directionalities of the metal metal =on
bonds and, therefore, a better fulfillment of the jellium require- o(n) = - @)
ments. The reduced shell effect observed forAg can be INa, Y]
—X X

explained reasonably by invoking the higher electronegativity
differences and the d-electron participation in gold, which lead
to a slightly more directional bond and therefore to a deteriora- Let us assume that the value @fis equal to the mole fraction
tion of the jellium model. This deterioration of the jellium of the heteroatom Y during the cluster formation process,
model caused by more directionality in the bond is well-known, determined by the corresponding vapor pressures in the two
for example, in Al and Pb clustef&36 oven chambers. In this case, the observation of a binomial
4.1.2. Binary Alloying of Clusters. A comparison of the distribution means that the cluster formation process which
three heterosystems shows the most pronounced heteroclusterintpvolves multiple sequential aggregation/collisional and (or)
for Na/Au coexpansions. This can be explained by the increasedeévaporative cooling cyclés*is purely statistical. This is only
tendency of go]d to form mu|t|p|e d bondS, since 8%— 2D pOSSible if there are no differences in blndlng energies in the
excitation energy in Au is smaller (1.13 eV) compared to 1.38 heteroclusters. In the case whereis larger than the initial
eV in Cu and 3.74 eV in A’ In addition, within group 11, mole fraction of the heteroatom Y, the cluster formation process
the ratio of the orbital radiilf1)dlf0 decreases with ~ favors the incorporation of an atom Y into the heterocluster.
increasing mass. This is due to the relativistic contraction of The degree of this enhancementwhich is calculated by eq 3
the 6 orbital of gold together with the expansion of thd 5  With p°x as the partial pressures of the two metals in the
orbitals? This in turn makes the d orbitals more accessible CO€xpansion, is a function of the system thermodynamics
for bonding with ligand atoms and leads to a better overlap (€4 4):
with the 3 orbitals of the neighboring sodium atoms in the

X=

cluster. This results in more stable heteroclusters but also in y(n) = on(on) ()
more directional bonds. In the gold dimer, these effects shorten Ps
the bond length by 0.3 A, strengthen the bond by 0.38%V, P°A + P°g
and increase the vibrational frequency by 5&%.
These observed differences of the chemistry of the coinage AG = —RTIn(y) (4)

metals reacting with sodium suggest that there are subtle .
g 99 If the internal temperatures of the clusters are known, free-

differences in the metalmetal binding energies of the hetero- h b timated for diff tel ¢ ¢
clusters. But how can one obtain information about binding energy changes can be estimated for ditterent elementary steps
n the clustering process.

energies from molecular beam experiments? These differenced Enrichment factors for the three heterosystems and free
in the binding energies should be visible in the free energies of . hd yste .
energiesAG for reactions I, II, and 11l are summarized in Table

substitution reactions where one sodium atom is replaced by a : - ;
. . N 2. The internal temperatures which are used for the calculation
heteroatom. In an earlier wofR it was shown that quasiequi-

librium theory can be applied to molecular beam experiments Na,Cu+ Cu—= Na,Cu, + Na (I)
in order to calculate free-energy changes for reactions such as
NaAg + Ag = Na,Ag, + Na (Il
Na, Y, +Y = Na, 1)Yy1+ Na (Y=_Cu, Ag, Au) %0 T g™ a0, )
NaAu + Au = Na,Au, + Na (III)
The starting point of this ansatz is the observation of binomial
mixed cluster distributions, where the relative ion abundances of the free-energy changes of these representative reactions were
for a specific ¥\Na,—x" (Y = Cu, Ag, Au) among am atomic estimated from the thermal tail of the corresponding PIE cdfves
series are given by and assuming an evaporative cooling of 406*KFor NaAg
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and NaAg,, internal temperatures of about 300 and 420 K, cluster Ng@Au,, then the relative weak drop of the IP at the

respectively, were obtained. After adding the evaporative decamer suggests that its enhanced thermodynamic stability is

cooling, they are used as lower and upper temperature limits. not purely due to an electronic stabilization. Due to the largest
From this analysis, the following conclusions can be made: difference in electronegativities of sodium and gold, the charge

1. The differences in the binding energies of the heterodimers transfer may lead to a slight structure-dependent Coulomb
CuNa? AgNa26 and AuN4’ and homodimers GuAg,, and contribution to its stability.
Au,*® (—0.21,—-0.26, and—0.14 eV, respectively) are smaller
than the measured free energies of reactierifl.| The relative
values are significantly different. In the dimer case, the In a first approach, one expects a similar cluster formation
substitution of a sodium atom by a silver atom is thermody- of copper, silver, and gold with sodium due to their common
namically most favored. In the nine-atom clusters, it is just 2Si2ground state. In this work, quite a different heteroclustering
the opposite. Assuming that the two heteroatoms are adjacentwas observed for the three systems. The heterocluster formation
in the cluster, the most significant difference between the two for the Na/Au system is the most pronounced, showing
cases is the presence of a solvation of the dimer in the clusterheteroclusters with up to five heteroatoms. For the Na/Cu
case. We thus may argue that the observed deviations of thesystem, the measured heterocluster intensities are smaller by a
free energies are due to a different interaction of the three dimersfactor of 20, and only heteroclusters with one or two copper
with the sodium ligand sphere. This indicates that the interac- atoms are observed. The pronounced heterocluster formation
tion of Ag, with the sodium ligand sphere is the weakest. In 0f gold and sodium can be explained by the availability of gold
fact, a similar trend was observed for the reactivity of the three 5d orbitals for the metaimetal interaction due to the relativistic
coinage metal dimers with ammonia where the binding energy contraction of the 6s orbitals of gold and the smalkSst= 2D
of ammonia with Ag (14 kcal/mot?) is smaller by a factor of excitation energy. This trend of an enhanced interaction of gold
2 than it is for Cy (>25 kcal/mot?l) and Aw (>30 kcall with sodium is also reflected in the phase diagrams of the solids
mol~1).49 These differences are interpreted as the consequencedf these alloys. These show three different phases with the
of the enhanced destabilization of ttielectrons in gold, which ~ compositions of NaAu, N#u, and NaAy for the Na/Au
results in a stronger interaction with the ligar@s. system, one intermetallic phase with the stoichiometric com-

2. The reciprocal ratio of th& = 2D excitation energy for position of NaAg for the Na/Ag system, and no miscibility for
Cu (1.38 eV):Ag (3.74 eV):Au (1.13 eV 1:0.38:1.22 shows (e Na/Cu systerf. . _
the same trend as the ratio of the enrichment face¢@):y- For Na/Au expansions, distinct cluster intensity maxima are
(Ag):y(Au) = 1:0.61:1.28. This is another indication that the OPServed for monoheteroclusters with 10 ¢Na) and 20 (Nag
stability of the heteroclusters is partly controlled by the ease of AY) atoms. Diheteroclusters reveal enhanced stabilities for the
the s-d hybridization and that the large enrichment of gold is 0 (N&Auz) and 18 (NasAuy) atom clusters. Tri-, tetra-, and

due to the enhanced interaction of the d orbitals with the s PeNtagold heteroclusters reveal no cluster distributions which
orbitals of sodium can be explained by the jellium model. In contrast, neutral

3. The differences of the binding energies of bulk sodium cluster distributions of the heterosystem Na/Ag show closed
with Cu, Ag, and Au (Cu-Na, 2.377 eV: Ag-Na, 1.837 ev:  Snels forthe 8 (Neg, NawAg,, NasAgs) and 20 (NaoAg, Nave
Au—Na’ 2 397 eV) are 45 tim'esilar or tﬁang;he r,ne.asurAG, Ag2, Nag7Ags) atom clusters in the entire measured mass range.

i . ge . . For the Na/Cu system, closed shells at the eight-atom clusters
values for the three reactions. This is not surprising since the

. . " (N&;Cu, NaCuw,) are observed.
band structure is not yet developed in such small entities. For all three systems, a distinct drop of the ionization

4.2. lonization Potentials. Table 1 shows the pseudo- stentials was measured between the octamer and the nonamer.
Watanabe IP valués$ extracted from the PIE curves of the Tpig drop is most marked for the Na/Ag system (up to 0.61
different heteroclusters. This table is incomplete since certain eV), whereas it is only around 0.37 eV for the Na/Au system.
clusters could not be detected or the intensity was too low to Tpe Na/Ag system shows the most pronounced similarities to
perform accurate measurements. Besides the well-known odd re sodium clusters regarding relative cluster stabilities and
even effect® a distinct drop of the vertical ionization potential  the drop of the ionization potential at the second shell closing.
is observed in all cases going from the eight-valence-electron pifferences in free energiesAG) of the exchange of a
cluster to the nonamer. This is consistent with the second shellpgteroatom with sodium for the speciesgMgX = Cu, Ag,
closing predicted by jellium calculations. For the disilver and Au) assuming a cluster temperature of 700 K a45,—0.42,
digold heteroclusters, the (26)p)f(2sf shell closing is mod-  and —0.46 eV for gold, silver, and copper, respectively.
erately present. This jellium behavior of the ionization poten- Rejative differences in dimer values are interpreted as differ-
tials was also observed by Kaya et al. for larger Na/Au ences in the sodium solvation of the heterodimers. It is
heteroclusters. The IP’s of the A&y clusters (= 6—13;m suggested that this solvation energy is smallest fos. Ag
= 0—10) were measured using a doubled dye l&sein this
work, a discontinuous drop of the IP was observed when one  Acknowledgment. This research was performed at the
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