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ABSTRACT 

We investigate gas-phase reactions of free AgnCe+ and AgnSm+ clusters with oxygen 

molecules to explore s−d, s−f, and d–f electron interactions in the finite size regime; a Ce 

atom has a 5d electron as well as a 4f electron, whereas a Sm atom has six 4f electrons 

without 5d electrons.  In the reaction of AgnCe+ (n = 3–20), the Ce atom located on the 

cluster surface provides an active site except for n = 15 and 16, as inferred from the 

composition of reaction products with oxygen bound to the Ce atom as well as from their 

relatively high reactivity.  The extremely low reactivity for n = 15 and 16 is due to 

encapsulation of the Ce atom by Ag atoms.  The minimum reactivity observed at n = 16 

suggests that a closed electronic shell with 18 valence electrons is formed with a 

delocalized Ce 5d electron, while the localized Ce 4f electron does not contribute to the 

shell closure.  As for AgnSm+ (n = 1–18), encapsulation of the Sm atom was observed for 

n ≥ 15.  The lower reactivity at n = 17 than at n = 16 and 18 implies that an 18-valence-

electron shell closure is formed with s electrons from Ag and Sm atoms; Sm 4f electrons 

are not involved in the shell closure as in the case of AgnCe+.  The present results suggest 

that the 4f electrons tend to localize on the lanthanoid atom, whereas the 5d electron 

delocalizes to contribute to the electron shell closure.   
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1. INTRODUCTION  

Electronic properties of dilute magnetic alloys are characterized by interaction 

between itinerant s electrons from a host metal and d electrons from a magnetic impurity 

atom, as is known as the Kondo effect.1  The magnitude of s–d interaction depends on the 

combination of impurity and host metal atoms; the magnetic moment vanishes if the s–d 

interaction is strong.2,3  As for magnetic alloys containing a lanthanoid element as an 

impurity, the heavy-fermion state4 emerges as a result of competition between the Kondo 

effect, which reduces the magnetic moment by hybridization of conduction electrons with 

f electrons, and the Ruderman–Kittel–Kasuya–Yosida (RKKY) interaction,5–7 which 

encourages magnetic ordering.  Heavy-fermion systems that exhibit a low-temperature 

resistivity rise, e.g., SmB6,8 Ce3Bi4Pt3,9 and CeOs2Al10,10 are known as Kondo insulators.   

When the size of the alloy is reduced to nanoscale, s–d, s–f, and d–f interactions 

are not trivial because itinerant electrons occupy discrete energy levels instead of the band 

structure in a bulk metal.  As for s–d interaction, a variety of doped metal clusters, 

especially, group 11 metal clusters doped with a d-block transition-metal atom, have been 

investigated both by experiment and by theory.  Theoretical studies revealed that group 

11 metal clusters with an icosahedral geometry enclosing a group 6 dopant, e.g., Au12W,11 

Ag12Mo,12,13 Ag12W,12 and Cu12Cr,14 form a closed-electronic shell with 18 electrons 

including delocalized d electrons from the dopant: for example, 12 Au 6s1 and W 5d4 6s2 

for Au12W.11  These species exhibit notable features in their properties, e.g., a high 

binding energy and a large HOMO–LUMO gap.  By further theoretical studies on 3d-

transition-metal doped Ag and Cu clusters, Ag15Sc,15 Ag14Ti,16 Cu14V+,17 Ag14V+,17,18 

Ag9Co,19,20 and Ag10Co+,20 were found to be 18-electron stable species with large 

HOMO–LUMO gaps.   
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The first experimental report of such doped clusters was on free 3d-transition-

metal-doped Au cluster cations, AuNM+ (M = Sc–Ni), where abundance of the cluster 

cations was measured after photofragmentation to identify stable sizes N.21,22  Formation 

of an 18-electron closed shell was manifested by prominent abundance of Au16Sc+ and 

Au15Ti+, which consist of delocalized 4s and 3d electrons of Sc 3d1 4s2 and Ti 3d2 4s2, 

Au 6s1 from each Au atom, and minus one for the positive charge, whereas only 4s 

electrons were found to delocalize for other dopants (Cr, Mn, Fe, Co, and Ni).  The 

experiment was extended to Ag clusters doped with a 3d transition-metal atom, 

AgNM+,23,24 and Cu clusters doped with a Sc atom, CuNSc+,25,26 where Ag16Sc+, Ag15Ti+, 

Ag14V+, Ag11Fe+, Ag10Co+, Ag9Ni+, and Cu16Sc+ were identified as stable clusters, 

suggesting 18-electron shell closures with delocalized 3d electrons.  It was revealed 

indeed for Ag10Co+ by DFT calculation that 1S-, 1P-, and 1D-like superatomic orbitals 

are occupied by Ag 5s and delocalized Co 4s and 3d electrons, resulting in a singlet state 

with completely unpolarized spins, and, therefore, that the magnetic moment on the 

dopant Co is quenched.23  In addition to these photofragmentation studies, X-ray 

magnetic circular dichroism (XMCD) spectroscopy has been carried out, where the local 

magnetic moment on the dopant Cr atom in AuNCr+ (N = 2–7) is reported to correlate 

with the energy gap of the host Au cluster, showing a finite-size effect in s–d interaction.27   

In this context, we have reported systematic measurements of reactivity of the 

doped clusters against O2; oxygen etching is frequently employed to examine stability of 

clusters.28–30  By performing multiple-collision reaction experiments, not only the 

reactivity but also successive elementary reaction processes can be revealed.31–41  We 

have found that the doped anionic clusters, Ag14Sc−, Ag13Ti−, and Ag12V−, as well as 

cationic clusters, Ag16Sc+, Ag15Ti+, Ag14V+, Ag11Fe+, Ag10Co+, and Ag9Ni+, exhibit a 
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reactivity minimum in the size-dependent measurement of reaction rate coefficients along 

with reaction kinetics;42–45 the low reactivity suggests that these clusters are stable due to 

the 18-electron shell closure including delocalized 3d electrons of the dopant atom.  In 

contrast, Ag9Fe−, Ag8Co−, and Ag7Ni−, possessing an exohedral dopant geometry, were 

highly reactive even with 18 valence electrons, which suggests that an endohedral 

geometry plays a key role in 3d delocalization.45   

In contrast to the numerous studies on s–d interactions, s–f and d–f interactions 

have not been reported in nanoscale doped clusters.  Behavior of 4f electrons in 

lanthanoids cannot be predicted from the studies of s–d interaction because they are 

highly screened by 5s and 5p electrons.  In the present study, we investigate reaction of 

cerium- and samarium-doped silver cluster cations, AgnCe+ and AgnSm+, with O2 

molecules to examine their size-dependent reactivity and thus to clarify whether 5d and 

4f electrons participate in the electronic-shell closure formed by 18 electrons; Ce ([Xe] 

4f1 5d1 6s2) with a 5d electron as well as a 4f electron and Sm ([Xe] 4f6 6s2) without a 5d 

electron were selected as dopants.   

 

2. METHODS 

The experimental apparatus and procedures have been described in detail elsewhere.43  

Briefly, AgnCe+ (n = 3–20) and AgnSm+ (n = 1–18) were produced by a magnetron-

sputtering cluster-ion source,46 where two metal-target plates were cosputtered by placing 

a cerium plate (Kojundo Chemical Laboratory, 99.9%) or a samarium plate (Kojundo 

Chemical Laboratory, 99.9%) under a silver plate (Toshima Manufacturing, 99.99%) 

with two 8-mm holes.  The size and the number of the holes were adjusted to produce 

relatively large clusters efficiently.  The produced cluster cations were size-selected by a 
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quadrupole mass filter (MAX-4000, Extrel CMS) after thermalization by collisions with 

a He gas cooled by liquid N2.  The size-selected reactant cluster cations guided by home-

made radio-frequency (rf) octopole ion guides and quadrupole deflectors were loaded into 

a 30-cm-long linear quadrupole ion trap for 50–200 ms at a translational energy of ~10 

eV in the laboratory frame.  The ion trap was placed in a reaction gas cell, which was 

filled with a reactant O2 gas and a buffer He gas at room temperature.  The partial pressure 

of the He gas was adjusted at 0.3 Pa, whereas that of O2, PO2, was controlled in the range 

from 5  ´ 10−5 to 3  ´ 10−2 Pa depending on the magnitude of reactivity so that the reaction 

rate constant came into the time window of the measurement.  A residual gas analyzer 

(RGA100, Stanford Research Systems) was used to measure the pressures outside the 

reaction cell, which were converted to the pressures inside the cell as reported 

previously31 by referring to the reaction cross sections known for CoN+ against O2.47  

Reactant cluster cations admitted into the ion trap were stored for a variable time, t, for 

reaction.  Ions produced through the reaction were extracted from the ion trap, and were 

analyzed by a reflectron time-of-flight (TOF) mass spectrometer improved by our own 

techniques.48,49  The TOF signals from a micro-channel-plate (MCP) detector (F4655-14, 

Hamamatsu Photonics) were acquired by an oscilloscope (HDO4054, Teledyne LeCroy, 

500 MHz) through a preamplifier (SR445A, Stanford Research Systems).  The yields of 

ions of the reactant and products were recorded as a function of storage time t to analyze 

reaction kinetics.  

 

3. RESULTS 

3.1 Reaction products.  3.1.1. AgnCe+.  Figure 1 shows time-of-flight mass 

spectra of product ions upon reaction of AgnCe+ with O2 molecules for n = 3–20.  The 
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major reaction products for n ≤ 12 are Agn'+ with odd n' (n' < n).  For example, as shown 

in Fig. 1h, Ag9+ is produced from Ag10Ce+, which would be associated with a release of 

neutral AgCeO2.  In addition to Agn'+, Agn"CeO2+ (n" < n) is observed for n ≤ 7.  For 

example, Ag3CeO2+ as well as Ag3+ and Ag5+ are observed as the major products for n = 

7 as shown in Fig. 1e.  As for n ≥ 13, except for n = 15 and 16 with extremely low 

reactivity, production of Agn+ is the major reaction channel, which is associated with a 

release of neutral CeO2.  It should be noted that O2 seems to be always bound to the Ce 

atom after reaction except for n = 15 and 16.   

 

Figure 1.  Time-of-flight mass spectra of ions produced from the reaction of AgnCe+ with 

O2 for n = 3–20 in panels a–r, respectively.  The storage time, t, and the partial pressure 

of O2, PO2, are given in each panel. 
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3.1.2. AgnSm+.  The time-of-flight mass spectra of product ions for AgnSm+ are 

shown in Fig. 2 for n = 1–18.  The major reaction products for 4 ≤ n ≤ 13 are Agn'SmOm+ 

with even n' (n' < n).  For example, Ag4SmO2–4+ and Ag6SmO2–4+ are the major reaction 

products for n = 8 as shown in Fig. 2h.  For n = 2 and 3, AgSmOm+ is the major reaction 

product.  In addition to these products, Ag+ is observed for n = 1 and 2, and Ag3+ is 

observed for n = 5 and 6.  As for n ≥ 14, formation of O adducts without dissociation, 

AgnSmOm+, is the major reaction channel, e.g., Ag16SmO4+ for n = 16 as shown in Fig. 

2p, although the reactivity is very low.   

 

Figure 2.  Time-of-flight mass spectra of ions produced from the reaction of AgnSm+ 

with O2 for n = 1–18 in panels a–r, respectively.  The storage time, t, and the partial 

pressure of O2, PO2, are given in each panel. 
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3.2 Reactivity evaluated by an extinction rate of the reactant.  Time-dependent 

measurements were performed to evaluate the depletion rate constant of the reactants, 

AgnCe+ and AgnSm+, which was divided by oxygen concentration to obtain a reaction 

rate coefficient in the same way as reported for 3d-transition-metal-doped clusters.43  The 

reaction rate coefficients thus obtained for AgnCe+ and AgnSm+ are shown in Fig. 3a and 

3b, respectively, along with those of undoped Agn+.  These rate coefficients are relative 

to that of Ag8+, (6 ± 2) × 10−15 cm3 s−1,39,43 so that they can be compared with those of 

Agn+/− and AgnM+/− (M = Sc–Ni) reacting with O2 and NO reported previously.39,41,43–45  

Note that the absolute values of reaction rate coefficients suffer from a systematic error 

as high as 30% mainly due to uncertainty in the O2 pressure in the ion trap measured in a 

manner described in Section 2; the relative values displayed in Fig. 3 show the size 

dependence clearly, which are subject only to a statistical error of about 5%.   

The reaction rate coefficient of AgnCe+ was more than 4 orders of magnitude 

higher than that of Agn+ for n ≤ 13; the presence of a Ce atom strongly enhances the 

reactivity.  It gradually decreases with the size, and then dramatically decrease from n = 

14 to 15 as shown in Fig. 3a.  It reaches a reactivity minimum at n = 16, and turns to 

increase for n ≥ 17.  The reactivity for n ≥ 17 is larger than those of Agn+.  As for AgnSm+ 

in Fig. 3b, the reactivity for n ≤ 13 was more than 4 orders of magnitude higher than that 

of Agn+, and it exhibits a decreasing trend with the size as in the case of AgnCe+.  It also 

dramatically decreases from n = 14 to 15.  Fig. 3b shows that the reactivity of AgnSm+ 

for n = 15–18 is comparable with those of Agn+, which is in contrast to the case of AgnCe+.   
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Figure 3.  Size dependence of reaction rate coefficients of (a) AgnCe+ and (b) AgnSm+ 

toward O2 along with undoped Agn+ in gray.  The values are relative to that of Ag8+, which 

is reported to be (6 ± 2) × 10−15 cm3 s−1;39,43 statistical uncertainties in the relative values 

were so small that error bars are not discernible in the data points.  The value <10−1 

indicates that no product was observed with the present sensitivity of ion detection.   

 

4. DISCUSSION 

4.1 Electronic and geometric structures of AgnCe+.  As described in Section 3, 

reaction rate coefficients of AgnCe+ for n ≤ 14 are much higher than that of Agn+, which 

are very close to that reported previously for Ce+.50  In this size range, the major reaction 

products is Agn'+ and Agn"CeO2+ for n ≤ 7, and Agn'+ for 8 ≤ n ≤ 13, where n' and n" are 



 

11 

odd numbers smaller than n.  These ions are produced via an intermediate ion−molecule 

complex, AgnCeO2+, which is not discernible in the mass spectra.  Dissociation of Ag 

atoms from the intermediate complex forms Agn"CeO2+, while dissociation of CeO2 along 

with Ag atom(s) produces Agn'+.  The formation of neutral CeO2 is attributed to its high 

ionization potential.  The Ce atom located on the cluster surface provides an active site 

as inferred from the fact that the reactant oxygen is always bound to the Ce atom in the 

reaction products.  In the reaction of Ce+ with O2, promotion of one electron from the 

ground-state valence configuration of Ce+, 4f15d26s0, to 4f15d16s1 was reported to be a 

key process of the reaction; two unpaired electrons, 5d16s1, are donated to the oxygen to 

make Ce+−O bonding,50 where the 4f electron does not participate in the reaction.  Since 

the ionization potential of Ce is smaller than those of Ag and Ag clusters,51 the positive 

charge of AgnCe+ would be localized on the Ce atom to form Ce+ essentially; it is 

speculated that the 5d electron of Ce+ in AgnCe+ is involved in the present reaction.   

The gradual decrease in the rate coefficient with the size, as discernible in Fig. 3a, 

is probably due to that the active Ce site is gradually surrounded by Ag atoms, which 

leads to a sudden drop from n = 14 to 15.  The low reactivity for n = 15 can be attributed 

to a fully encapsulated geometry of Ce, which reduces the adsorption energy of O2 to the 

cluster because the reaction site changes from the Ce to a Ag atom.  The lower adsorption 

energy would lead to lower reactivity and less fragmentation; in addition, the larger 

cluster would have a reduced rate of fragmentation due to its higher heat capacity.38,52  A 

similar drop in reactivity upon encapsulation has been reported not only for doped Ag 

clusters42,43,45 but also for doped Si and Cu clusters.53−55  The reactivity drop for 3d-

transition-metal-doped silver cluster cations, AgnM+, occurred at n ≥ 14, 12, 11, 10, 11, 

11, 8, and 9 for M = Sc, Ti, V, Cr, Mn, Fe, Co, and Ni, respectively, as reported 
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previously.43  The results imply that the encapsulation of Ce requires more Ag atoms than 

that for a 3d-transtion-metal atom due to the large atomic radius of Ce.   

The encapsulation of the dopant atom is also manifested in the reaction products.  

Oxygen is always bound to the Ce atom in the reaction products for n ≤ 14, suggesting 

that the Ce atom located on the cluster surface provides an active site.  The large 

adsorption energy of O2 on the Ce site induces dissociation of CeO2 and Ag atom(s).  On 

the other hand, the only reaction channel observed for n = 15 and 16 was formation of a 

trace amount of O adducts free from dissociation, which suggests that oxygen is bound 

very weakly to Ag atoms that completely encapsulate the Ce atom.   

It is interesting that, although the Ce atom is once fully encapsulated at n = 15 and 

16, it is again exposed on the cluster surface for n ≥ 17.  The major reaction product for 

n = 17−20 is Agn+, which is associated with a release of CeO2 without dissociation of Ag 

atoms.  The dissociation of CeO2 suggests that the Ce atom is not fully encapsulated by 

Ag atoms and provides an active site.  The size n = 17 is a notable size, where both Ag17+ 

and Ag17CeO2+ are observed as reaction products.  Figure 4 shows temporal evolution of 

ion signals of the reactant and products as a function of storage time, t, for Ag17Ce+.  The 

ion signal is defined as a fraction of each ion in the entire ions observed.  Note that product 

ions were observed already at t = 0, which were produced during ion loading to the ion 

trap.  The reactant Ag17Ce+ decreases exponentially with t in the initial stage, which 

almost levels off after 0.5 s.  Accordingly, an oxygen adduct, Ag17CeO2+, is formed as a 

product ion, which is slowly followed by formation of Ag17+.  The result suggests that 

Ag17+ is produced via Ag17CeO2+, while Ag17Ce+ and Ag17CeO2+ reach almost 

equilibrium.  
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Figure 4. Reaction kinetics of Ag17Ce+ interacting with O2 under PO2 = 2 × 10−2 Pa: 

Ag17Ce+ (closed circles), Ag17CeO2+ (closed squares), and Ag17+ (closed triangles).  The 

ion signals are normalized so that the total signal of the entire ions is unity at each storage 

time.  Fitting curves are superimposed by solid lines.  

 

The present reactions take place in a pseudo-first-order process because the partial 

pressures of O2 and He gases in the reaction cell were kept constant much higher than the 

corresponding density of the reactant ions, Ag17Ce+.  For analysis of reaction pathways, 

the kinetics data were fitted to rate equations by a program coded by referring to the 

DETMECH software56 in the same way as we reported for the reaction of Agn+ with NO.39  

The solid lines in Fig. 4 show data fitting to the following rate equations based on the 

reaction pathway shown in Scheme 1, which best reproduced the experimental data:  

d[Ag17Ce+]/dt = −k1[Ag17Ce+] + k2[Ag17CeO2+]  (1) 

d[Ag17CeO2+]/dt = k1[Ag17Ce+] – (k2 + k3)[Ag17CeO2+] (2) 

d[Ag17+]/dt = k3[Ag17CeO2+]     (3) 
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The pseudo-first-order rate constants of each step of the elementary reactions, k1, k2, and 

k3 were obtained to be 3.77, 9.94, and 0.08 s−1, respectively, at PO2 = 2  ´ 10−2 Pa.  Note 

that the rate constant of O2 dissociation from Ag17CeO2+, k2, is much larger than k3.  This 

is probably because an adsorption energy of O2 on Ag17Ce+ is very low due to an almost 

encapsulated geometry of Ce.  

 

 

Scheme 1.  Reaction pathways of Ag17Ce+ exposed to O2 molecules.  The parameters, k1, 

k2, and k3, denote reaction rate constants of each step.  

 

The analysis of reaction kinetics was also performed for n = 14 and 18 in the same 

way to show the specificity of n = 17.  The reaction kinetics of n = 14 and 18 are shown 

in Figs. S1 and S2, respectively, of the Supporting Information.  In each figure, solid 

curves show the best fit to pseudo-first-order rate equations based on the reaction 

pathways shown below the figure.  The pseudo-first-order rate constants of each step of 

the reactions are given above each arrow in the unit of s−1.  For n = 14, the reactant, 

Ag14Ce+, decreases exponentially with the storage time and disappears almost completely 

within 0.5 s; Ag14+ is produced accordingly, which is followed by slow formation of Ag13+.  

As for n = 18, the reactant, Ag18Ce+, also shows an exponential decay, which is 

accompanied by formation of Ag18+ as a final product ion within 8 s.  In both cases, an 

intermediate complex, AgnCeO2+, is not observed, which should be short-lived due to 

rapid fragmentation via a release of CeO2.  This behavior is in striking contrast to the case 

of n = 17, where Ag17Ce+ and Ag17CeO2+ reach almost equilibrium.  Furthermore, 
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reaction kinetics of n = 3 is presented in Fig. S3 of the Supporting Information as a 

representative of small sizes, which is rather complicated.  Ag2CeO+ was found to be an 

intermediate for AgCeO2+, CeO+, and CeO2+, while pure silver cluster cations, Ag+, Ag2+, 

and Ag3+, are produced concomitantly with Ag2CeO+ from the reactant, Ag3Ce+.   

For the endohedral clusters, n = 15 and 16, the minimum reactivity was observed 

at n = 16 rather than at n = 15.  The result suggests that a closed electronic shell with 18 

valence electrons is formed by 16 Ag 5s and 3 Ce 5d and 6s electrons minus one for the 

positive charge, not including Ce 4f.  The 4f electron is not involved in the shell closure, 

whereas the 5d electron delocalizes to contribute to the shell closure.  This might be due 

to the highly localized nature of 4f electrons screened by the 5s and 5p orbitals.  The 4f 

electron localized on the encapsulated Ce atom would not participate in the reaction.  

4.2 Electronic and geometric structures of AgnSm+.  As in the case of AgnCe+, 

reaction rate coefficients of AgnSm+ with n ≤ 13 are much higher than those of Agn+, and 

are rather in the same order of magnitude as reported previously for Sm+.50  The result 

implies that the Sm atom located on the cluster surface provides an active site.  Note that, 

in contrast to the significant odd−even alternation observed for Agn+ at small sizes, it is 

not clear for AgnSm+, which also supports that the Sm atom provides a reaction site.  Since 

the ionization potential of Sm is smaller than that of Ag and Ag clusters,51 the positive 

charge of AgnSm+ would be localized on the Sm atom to form Sm+ essentially.  In the 

reaction of Sm+ with O2, promotion of one electron from the ground-state valence 

configuration of Sm+, 4f65d06s1, to 4f55d16s1 has been reported to be a key process for 

the reaction; two unpaired electrons, 5d16s1, are donated to the oxygen to form a Sm+−O 

bond.50  In contrast to the case of Ce+, where the 4f electron is not involved in the reaction, 

a 4f electron of Sm+ participates in the reaction via its promotion to 5d. 
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The reactivity dramatically decreases from n = 14 to 15; at the same time, the 

reaction products changed from fragmented Agn'SmOm+ with even n' to AgnSmOm+ free 

from dissociation of Ag atoms.  The result suggests a change in the reaction site from the 

Sm atom to a Ag atom at n = 15; the former gives high reactivity due to a 5d electron 

promoted from 4f.  The oxygen is bound weakly to Ag atoms that encapsulate the Sm 

atom for n ≥ 15.  The lower reactivity at n = 17 than at n = 16 and 18 is consistent with 

the highly localized nature of 4f electrons as discussed for AgnCe+; a closed electronic 

shell with 18 valence electrons is formed by 17 Ag 5s and one 6s from the ground-state 

Sm+ without six 4f electrons.   

 

5. CONCLUSIONS 

Gas-phase reactions of free AgnCe+ and AgnSm+ clusters with oxygen molecules were 

studied to investigate s−d, s−f, and d−f interactions in the finite size regime.  In the 

reaction of AgnCe+, the Ce atom located on the cluster surface provides an active site 

except for n = 15 and 16, as inferred from the relatively high reactivity and the fact that 

oxygen was bound to the Ce atom as revealed by the analysis of reaction products.  The 

minimum reactivity observed at n = 16 rather than at n = 15 suggests that a closed 

electronic shell with 18 valence electrons is formed by Ag 5s, Ce 6s, and Ce 5d electrons, 

not including Ce 4f; the 4f electron is not involved in the shell closure, whereas the 5d 

electron delocalizes to contribute to the shell closure.  The localized 4f electron of the 

encapsulated Ce atom does not participate in the reaction, hence the minimum reactivity 

at n = 16.  As for AgnSm+, encapsulation of the Sm atom was observed at n = 15.  The 

lower reactivity at n = 17 than at n = 16 and 18 implies that a closed electronic shell with 

18 valence electrons is formed by 17 Ag 5s and one 6s from Sm+ without six 4f electrons.  
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The present results suggest a tendency for the 4f electrons to localize on a lanthanoid 

atom; the 5d electrons, in contrast, delocalize to contribute to the 18-electron shell closure.   
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