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The equilibrium geometries, relative stabilities, and electronic properties of MnAgm(M=Na, Li; n + m ≤ 7) as

well as pure Agn, Nan, Lin (n ≤ 7) clusters are systematically investigated by means of the density functional theory.

The optimized geometries reveal that for 2 ≤ n ≤ 7, there are significant similarities in geometry among pure Agn,

Nan, and Lin clusters, and the transitions from planar to three-dimensional configurations occur at n = 7, 7, and 6,

respectively. In contrast, the first three-dimensional (3D) structures are observed at n+m = 5 for both NanAgm and

LinAgm clusters. When n + m ≥ 5, a striking feature is that the trigonal bipyramid becomes the main subunit of

LinAgm. Furthermore, dramatic odd–even alternative behaviours are obtained in the fragmentation energies, second-

order difference energies, highest occupied and lowest unoccupied molecular orbital energy gaps, and chemical hardness

for both pure and doped clusters. The analytic results exhibit that clusters with an even electronic configuration (2, 4,

6) possess the weakest chemical reactivity and more enhanced stability.
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1. Introduction

As a bridge between molecular and condensed

matter physics, clusters usually show particular and

interesting properties which are different from their

extended bulk and atomic states. Among small-

size clusters, bimetallic and pure clusters have been

most extensively investigated, owing to the motivation

of designing novel nanofunctional materials, which

are applied in fields such as optics, catalysis, and

nanotechnology.[1−8] Furthermore, in the bimetallic

and pure cluster science, “s-simple” alkali-metal be-

comes a hot research object.[9−16] Interestingly, it is

worth noting that the electronic shell model is suit-

able for the small-size clusters of noble metals, for the

noble metal atoms have a similar electronic configu-

ration of nd10 (n + 1)s1 to that of alkali-metal.[17,18]

During the last decades, coinage-alkali metal clusters

have attracted much attention,[19−23] as the addition

of heteroatoms to clusters can dramatically affect the

equilibrium geometries and physical–chemical proper-

ties of the host nanoparticles.

Recently, two electronic systems: NaAg and LiAg,

have been observed with resonant photoionization

spectroscopy and pulsed supersonic molecular beam

by laser vaporization, and their bond lengths, vi-

brational frequencies and dissociation energies are

obtained.[24,25] Meanwhile, by combining valence-

bond photoemission and Ag (MVV) Auger spectra

on lithium silver alloys, Rodriguez and Hrbek[26] re-

ported that the Ag–Li bond is mainly metallic with a

small degree of ionic character. Subsequently, with the

density functional theory (DFT), Wannere et al.[27]

demonstrated that for the doubly bridged square pla-

nar (D4h) Ag4Li2 cluster, the delocalization of d and

to some extent s orbitals play a main role in its clus-

ter bonding. Also the nonscalar relativistic effects are

found to be a dominant effect on the excited state

of CsAg by theoretical investigation.[28] Later on, Lin

et al.[29] applied the DFT to the study of structures

of Ag4Li
− and Ag4Na− clusters and concluded that

the pyramidal isomers have the lowest-energy struc-

tures. In addition, systematic calculations based on
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BPW91/LANL2DZ method showed prominent peaks

at NaAg, Na7Ag, and Na9Ag within the NanAg series,

indicating that electronic shell closures determine the

stability of these clusters.[30]

Up to now, many studies have been devoted to

coinage-alkali metal clusters, however, to the best

of our knowledge, few systematic investigations on

mixed Na–Ag and Li–Ag bimetallic clusters have been

performed. In the present work, we calculate equi-

librium geometries, atomic average binding energies,

fragmentation energies, second-order difference of en-

ergies, HOMO–LUMO (highest occupied molecular

orbital–lowest unoccupied molecular orbital) energy

gaps and chemical hardness, for MnAgm (M=Na, Li;

n+m ≤ 7) clusters and pure frameworks. It is hoped

that our studies can supply a vivid image of MnAgm
clusters.

The rest of the present paper is organized as

follows. In Section 2, the computational method is

briefly outlined. In Section 3, the results are presented

and discussed. Finally, the conclusions are drawn from

the present study in Section 4.

2. Computational method

In this paper, we conduct geometry optimizations,

together with the frequency analysis of the MnAgm
(M=Na, Li; n +m ≤ 7) at the level of Becke’s 1988

exchange functional with Perdew’s gradient-corrected

correlation functional method (BP86).[31,32] As the

calculations concerning full electrons are rather time-

consuming due to the heavy Ag atom, it is neces-

sary to introduce the effective core potential including

the relativistic effect (RECP) to describe the inner-

core electrons. Under this approximation, the basis

set denoted with GENECP is the combination of the

LanL2DZ[33−35] for Ag and 6-311G* for Na/Li. All

calculations are performed using the GAUSSIAN 03

program package.[36]

In order to check the validity of the computational

method, we make a test by employing different ba-

sis sets and density functions for the small Na–Ag

and Li–Ag clusters. The results are shown in Ta-

ble 1. As seen in Table 1, it is easy to find that

the results based on the BP86 density function and

LanL2DZ basis set are well consistent with the ex-

perimental data.[24,25] This result indicates that the

computational method we have chosen is suited to de-

scribe the small-size MnAgm (M=Na, Li; n+m ≤ 7)

clusters. To determine the lowest-energy structure,

lots of possible initial structures at various spin mul-

tiplicities have been extensively explored in geometry

optimizations. Meanwhile, vibration frequency calcu-

lations have been carried out to provide zero-point

energy (ZPE) and guarantee that the optimized struc-

ture corresponds to a local minimum of energy.

Table 1. Ground-state properties of NaAg and LiAg based on different sets and density functions, 1 Å=0.1 nm.

Basis set Density function
NaAg LiAg

r/Å ω/cm−1 De/eV r/Å ω/cm−1 De/eV

SDD

B3LYP 2.68 206.93 1.52 2.38 370.50 1.81

B3PW91 2.69 205.88 1.39 2.40 368.95 1.67

PW91PW91 2.67 210.00 1.69 2.37 376.46 1.96

B3P86 2.67 210.73 1.53 2.37 376.56 1.83

BP86 2.67 209.81 1.65 2.37 377.23 1.96

BPW91 2.69 207.20 1.51 2.38 373.20 1.79

LanL2DZ

B3LYP 2.67 207.39 1.52 2.38 370.11 1.80

B3PW91 2.68 206.37 1.38 2.40 366.57 1.65

PW91PW91 2.68 210.95 1.67 2.40 378.47 1.94

B3P86 2.67 210.54 1.53 2.38 375.56 1.82

BP86 2.67 210.59 1.62 2.37 378.57 1.91

BPW91 2.68 208.56 1.48 2.38 373.44 1.77

Experiment – 210.00[24] = 1.59[24] 2.41±0.02[25] 389.00[25] 1.89±0.004[25]

3. Results and discussion

3.1. Equilibrium geometry

To compare the effects of doped impurity atoms

on the bare clusters, we first performed some geomet-

ric optimizations for bare Agn, Nan, and Lin (n = 2–

7) clusters using the identical theoretical method and

basis set. The lowest-energy structures at each cluster

size are respectively presented in Figs. 1 and 2. One

can find that except for n = 6, the lowest-energy struc-
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tures of pure Agn, Nan, and Lin clusters have similar

configurations, with their sizes being identical. It is

worth pointing out that the calculated ground-state

configurations and growing patterns of Agn clusters

are exactly consistent with those in Ref. [37].

3.1.1. Geometries and growth pattern be-

haviours of NanAgm

During the period of studying MnAgm (M=Na,

Li; n+m ≤ 7) clusters, a large number of possible ini-

tial structures have been obtained, but here only the

most stable isomers are selected from among those iso-

mers for each size as shown in Figs. 1 and 2, and the

corresponding electronic states and geometric symme-

tries are also listed there. We can easily find that

the geometries of the ground-state pure and bimetal-

lic MnAgm isomers are all singlet for isomers with

even-numbered atoms while doublet for clusters with

odd-numbered ones.

Analysing NaAgm (m = 1–6) clusters in Fig. 1,

the most stable NaAgm isomers can be obtained by

replacing one Ag atom in pure silver clusters, and the

silver frameworks are almost unchanged in the pres-

ence of the Na atom (except NaAg2). In the case of

the ground-state C2v NaAg2 cluster, the cluster forms

an acute triangle structure with a bending angle of

59.58◦ between Ag–Na–Ag, while Ag3 structure has a

bending angle of 143.57◦, and the Ag–Na bond length

of NaAg2 (2.81 Å, 1 Å=0.1 nm) is slightly longer than

the Ag–Ag bond length (2.65 Å) of Ag3.
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Fig. 1. (colour online) Optimized ground-state structures of the NanAgm (n+m ≤ 7) clusters and the lowest-energy

structures of pure silver clusters Agn (n = 2–7) and sodium clusters Nan (n = 2–7), which are on both sides (with the

asterisk denoting three-dimensional structures).

In the cases of Na2Ag and Na2Ag2 in the Na2Agm

(m ≤ 5) series, the most stable isomers are gener-

ated by replacing two Ag atoms of Ag3 and Ag4 clus-

ters with Na atoms, respectively and these two opti-

mized structures have the geometric symmetries: C2v

and D2h respectively. While the following Na2Agm

(3 ≤ m ≤ 5) clusters tend to add one Ag to Na2Agm−1

(3 ≤ m ≤ 5), an early 2D→3D structural transition

occurs at Na2Ag3. Regarding Na3Agm (1 ≤ m ≤ 4)

clusters, the growth pattern of the substituting be-

haviour above remains. That is to say, substituting

one, three, and four Ag atoms for Na in pure Na4,

Na6, Na7 clusters, respectively, we obtain the ground-

state structures of Na3Ag, Na3Ag3, Na3Ag4. With re-
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gard to the 3D trigonal bipyramid Na3Ag2 cluster, it

can be obtained by replacing one Ag atom of Na2Ag3.

Furthermore, an interesting 2D-to-3D conversion phe-

nomenon appears in the bimetallic Na3Agm clusters.

Replacing Na atom in pure Nan (5 ≤ n ≤ 7) clus-

ters by one, two, three Ag atoms, respectively, the

most stable isomers of the Na4Agm (1 ≤ m ≤ 3)

clusters are yielded. Besides, the lowest-energy struc-

tures of Na4Agm clusters appear to keep similar ge-

ometries and growth behaviours to those of pure Nan

(5 ≤ n ≤ 7) clusters. In this way, the 3D pen-

tagon bipyramid isomers Na5Ag2 and Na6Ag are also

substituted-Na7 structures.

Looking through all the optimized structures of

NanAgm (n+m ≤ 7), we can reach the conclusion that

for the lowest-energy isomers of NanAgm, an Ag atom

in Nan−1Agm+1 cluster is substituted by an Na atom

and an Ag cap atom is added onto NamAgm−1 cluster,

thus yielding the dominant growing patterns. In ad-

dition, the frameworks of the lowest-energy NanAgm

clusters are found to be mostly similar to those of pure

sodium and silver clusters.

3.1.2. Geometries and growth pattern behav-

iors of LinAgm (n + m ≤ 7)

The lowest-energy structures of LinAgm (n+m ≤
7) are obtained and presented in Fig. 2.
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Fig. 2. (colour online) The optimized ground-state structures of the LinAgm (n + m ≤ 7) clusters, and the lowest-

energy structures of pure silver clusters Agn (n = 2–7) and lithium clusters Lin, which are on both sides (with asterisk

denoting 3D structures).

From Fig. 2, the structures of LiAgm (m ≤ 6)

clusters generally keep the same frameworks as the

corresponding silver clusters, and their features are

similar to the optimized configurations of NaAgm clus-

ters. In the case of small LiAgm clusters, the biatomic

D∞h LiAg cluster with electronic state 1Σg is the most

stable isomer, whose Li–Ag bond length (2.37 Å) is

slightly shorter than the Na–Ag bond length (2.67 Å);

and the ground-state structure LiAg2 (2B2) with C2v

symmetry forms an acute isosceles triangle with two

identical Li–Ag bonds (2.51 Å) and one Ag–Ag bond

(2.78 Å). Concerning Li2Agm (1 ≤ m ≤ 5) clus-

ters shown in Fig. 2, an early structural transition

from 2D to 3D also appears at m = 3. The geome-

tries of Li2Agm are obtained with Ag-substituted-into

LiAgm+1 and Ag-capped Li2Agm−1 structures, which
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are similar to the construction forms of Na-doped sys-

tems. Specifically, the 2D ground-state Li2Ag and

Li2Ag2 isomers are generated with one Ag atom sub-

stituted into the optimized geometry of LiAg2 and an-

other Ag atom substituted into the optimized geome-

try of LiAg3. As for the most stable Li2Ag cluster, the

optimized Li–Ag and Li–Li bond lengths are 2.57 Å

and 2.70 Å, respectively, and the angle of Li–Ag–Li is

63.47◦, which are all smaller than those of the Na2Ag

cluster. Furthermore, similar calculation results are

also found in Li2Ag2. As for Li3Agm (1 ≤ m ≤ 4)

clusters, we can find an obviously structural conver-

sion from 2D to 3D since m = 2. With one Li atom

of Li4 replaced by Ag, a 2D ground-state Li3Ag (C2v)

cluster is produced, and the 3D triangle bipyramid

Li3Ag2 (C2v) is yielded by substituting Li for one Ag

atom in the Li2Ag3 cluster. In the light of the opti-

mized Li3Ag2, the following 3D lowest-energy Li3Ag3

(D3h) and Li3Ag4 (Cs) clusters are obtained by cap-

ping one atom and two Ag atoms on the surface of

Li3Ag2, respectively and the most stable Li4Agm and

Li5Agm systems yielded by replacing one atom and

two Ag atoms in Li3Agm clusters respectively. With

one Ag atom substituting one of the different positions

of the ground-state structure of the Li7 cluster, the 3D

pentagon bipyramid isomer Li6Ag is obtained. More-

over, from the above description for Li3Agm, Li4Agm,

and Li5Agm systems it follows that the extra Ag atom

tends to form the maximum number of Li–Ag bonds.

This distinctive phenomenon may be related to the

atomic average binding energy Eb (LiAg) > Eb (Ag2)

which is shown in Fig. 3. Namely, for the larger Li–Ag

clusters, the maximum Li–Ag bonds and compact 3D

geometries are formed due to the stronger interaction

between Li and Ag.

In a similar way to the building progress of

NanAgm clusters, we can perceive clearly from Fig. 2

that the primary growth patterns are due to replacing

an Ag atom in Lin−1Agm+1 and Ag-capped LinAgm−1

clusters. In addition, for the most stable isomers of

larger binary Li–Ag clusters, the optimized 3D geo-

metric forms are distinct from their corresponding 2D

bare Agn or Lin clusters, that is, the triangular bipyra-

mid form is found to be the main subunit.

3.2. Size dependence of relative stability

In order to obtain the detailed information about

the relative stabilities and different-sized physical

properties of clusters, we perform some calculations

of the atomic average binding energy Eb, fragmenta-

tion energy ∆1E, and second-order difference of en-

ergy ∆2E. For pure Nn (N=Ag, Na, Li, n ≤ 7)

andMnAgm clusters, the corresponding Eb, ∆1E, and

∆2E are defined as follows:

Eb = [(nE(N)− E(Nn)]/n,

∆1E = E(Nn−1) + E(N)− E(Nn),

∆2E = E(Nn−1) + E(Nn+1)− 2E(Nn), (1)

and

Eb = [nE(M) +mE(Ag)− E(MnAgm)]/(n+m),

∆1E = E(MnAgm−1) + E(Ag)− E(MnAgm),

∆2E = E(MnAgm−1) + E(MnAgm+1)

− 2E(MnAgm), (2)

where E(N), E(Nn), E(Nn−1), E(Nn+1),

E(M), E(Ag), E(MnAgm), E(MnAgm−1), and

E(MnAgm+1) denote the total energies of the most

stable isomers for N , Nn, Nn−1, Nn+1, M , Ag,

MnAgm, MnAgm−1, MnAgm+1 clusters, respectively.

The calculated values of Eb, ∆1E, and ∆2E of the

most stable Agn, Nan, Lin, and MnAgm clusters

with respect to cluster size are respectively plotted in

Figs. 3, 4, and 5. Meanwhile, with the total number

n arising from 2 to 7, the average binding energies of

bare Agn, Nan, and Lin clusters each have an increas-

ing tendency. Besides, the data exhibit a sequence as

Eb (Agn) > Eb (Lin) > Eb (Nan) for identical clus-

ter size n, which hints that Agn clusters have higher

stability than Lin and Nan clusters. It is worth point-

ing out that this result is in good agreement with

the available experimental results of dissociation en-

ergies De(Ag2) > De (Li2) > De (Na2).
[24,25] Further,

similar to the mutative pattern of pure Agn, Nan,

and Lin clusters, the binding energies of bimetallic

MnAgm clusters each have an overall rising tendency

as Ag atom m increases, indicating that adding the

Ag atoms enhances the stabilities of the Nan and Lin

frameworks for each series of NanAgm and LinAgm

(n+m ≤ 7) clusters.
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Fig. 3. (colour online) Size dependences of the atomic

average binding energy Eb for the most stable Agn, Nan,

Lin, and MnAgm (M=Na, Li; n+m ≤ 7) clusters.
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tation energy ∆1E for the most stable Agn, Nan, Lin, and

MnAgm (M=Na, Li; n+m ≤ 7) clusters.

In cluster physics, the fragmentation energy ∆1E

is viewed as a significant parameter to reflect the rel-

ative stability of the cluster. The size-dependent frag-

mentation energies of pure Agn, Nan, and Lin (n ≤ 7)

as well as MnAgm (M=Na, Li; n + m ≤ 7) clusters

are investigated and described in Fig. 4. For pure

clusters, one can note that the fragmentation energies

each exhibit a pronounced odd–even alternative be-

haviour as a function of cluster size n. The study also

shows a visible sequence as ∆1E (Agn) > ∆1E (Lin)

> ∆1E (Nan). Meanwhile, a similar odd–even oscil-

lation phenomenon occurs to those of MnAgm clus-

ters, and the peaks are located at MAg1,3,5, M2Ag2,4,

M3Ag1,3, M4Ag2 respectively. All in all, according to

the above analyses, we can clearly conclude that for

the ground-state pure Agn, Nan, Lin, and MnAgm,

the clusters with even-numbered total atoms exhibit

a higher stability than the others.
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order difference of energy ∆2E for the most stable Agn,

Nan, Lin, and MnAgm (M=Na, Li; n+m ≤ 7) clusters.

The second-order difference of energy ∆2E of the

clusters is also taken into account to further explore
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their relative stabilities at various sizes. The calcu-

lated results are shown in Fig. 5. For pure and doped

clusters, the curves of ∆2E also each present a sim-

ilar oscillatory behaviour along with the cluster size.

Moreover, the ∆2E values of Ag2,6 are found to be

larger than those of Na2,6 and Li2,6, and the ∆2E of

Ag3,5 appear to be lower than any of M3,5 (M=Na,

Li) clusters, while Ag4 has a middle ∆2E value.

3.3.HOMO LUMO energy gaps

The energy gap between the highest occupied

molecular orbital (HOMO) and the lowest unoccu-

pied molecular orbital (LUMO) is considered to be

another powerful parameter that reflects the abil-

ity of electrons to jump from the occupied orbital

to the unoccupied orbital. Explicitly, clusters with

the larger HOMO–LUMO gaps are less reactive and

possess relatively higher stability. The corresponding

HOMO–LUMO energy gaps for pure Agn, Nan, Lin,

andMnAgm (M=Na, Li) clusters are plotted in Fig. 6.
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Fig. 6. (colour online) Size dependences of the HOMO–

LUMO energy gaps for the most stable Agn, Nan, Lin,

and MnAgm (M=Na, Li; n+m ≤ 7) clusters.

It can be seen that their HOMO–LUMO gaps each

have an oscillating phenomenon just like their corre-

sponding fragmentation energies and the second-order

difference of energies. This indicates that pure Ag2,4,6,

Na2,4,6, Li2,4,6, and MAg1,3,5, M2Ag2,4, M3Ag1,3,

M4Ag2 (M=Na, Li) clusters each with even-numbered

total atoms have larger HOMO–LUMO gaps and

weaker chemical activity than their neighbouring clus-

ters. Since the Ag atom possesses an s valence elec-

tron outside its closed d shell, which is similar to s-

only electron of alkali metal, it can be concluded that

the cluster with higher stability is dominated by even-

numbered valence electrons due to their closed-shell

electronic configuration.

3.4. Electronic properties

It is known that ionization potential and elec-

tron affinity have proved to be important properties to

study the changes in electronic structures of the clus-

ters with different sizes. Assuming that the ground-

state geometries of the charged clusters are the same

as those of the neutral clusters, the calculated quan-

tities are known as the vertical ionization potential

(VIP) and vertical electron affinity (VEA), which are

defined as the following formulas:

VIP = E(cation at optimized neutral geometry)

−E(optimized neutral),

VEA = E(optimized neutral)

−E(anion at optimized neutral geometry). (3)

Besides, chemical hardness (η) is established as an

electronic quantity which is used to characterize

the relative stabilities of molecules and aggregates

through the principle of maximum hardness proposed

by Pearson.[38] Based on the above calculations, the

corresponding chemical hardness is also calculated,

which is defined as

η = (VIP−VEA). (4)

The calculated values of chemical hardness with re-

spect to the cluster size for the pure and bimetallic

clusters are plotted in Fig. 7. As can be seen in Fig. 7,

the curves of pure and MnAgm clusters both show

typical oscillating behaviours as cluster size increases,

indicating that the clusters Ag2,4,6, Na2,4,6, Li2,4,6,

and MAg1,3,5, M2Ag2,4, M3Ag3, M4Ag2 (M=Na, Li)

with higher hardness values are more stable than their

neighbouring clusters. Further, the maximum peaks

are located at Ag2, Na6, Li6, and MAg, M2Ag2,
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M3Ag3, M4Ag2 (M=Na, Li), respectively. In other

words, clusters with 2, 4, and 6 electrons have partic-

ular higher chemical stabilities than their neighbour-

ing clusters. This feature is in good accordance with

the above results of fragmentation energies, second-

order difference of energies, HOMO–LUMO energy

gaps, and vertical ionization potential.
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Fig. 7. (colour online) Size dependences of the chemi-

cal hardnesses for the most stable Agn, Nan, Lin, and

MnAgm (M=Na, Li; n+m ≤ 7) clusters.

4. Conclusions

By using the first-principle density functional the-

ory at BP86/GENECP (LanL2DZ for the Ag atom

and 6-311G* for the Na/Li atom) level, the geometric

structures, relative stabilities, and electronic proper-

ties of mixed MnAgm (M=Na, Li; 2 ≤ n + m ≤ 7)

clusters as well as pure Agn, Nan, Lin (n ≤ 7) systems

are systematically studied in this work. The conclu-

sions drawn from the present study are summarized

as follows.

(i) A large number of initial configurations are

optimized to obtain the most stable clusters for Agn,

Nan, Lin, and MnAgm clusters. The optimized re-

sults reveal that all the lowest-energy isomers of pure

and bimetal MnAgm clusters prefer to have the lowest

spin multiplicity. Moreover, Agn, Nan (n ≤ 7) clus-

ters tend to be 2D structures until n = 7, while earlier

transitions from 2D to 3D arise at Li6 for Lin clusters.

In contrast, the first 3D structures are observed early

at n +m = 5 for both NanAgm and LinAgm cluters.

In the case of MnAgm clusters, the dominant growth

patterns are one M -substituted Mn−1Agm+1 and Ag-

capped MnAgm−1 structures.

(ii) The relative stabilities of the investigated clus-

ters are studied in terms of the atomic average binding

energies, the fragmentation energies, the second-order

difference energies, and the HOMO–LUMO energy

gaps. The most stable Agn, Nan, Lin, and MnAgm

clusters exhibit a similar odd–even alternation phe-

nomenon along with the cluster size. According to

our analysis, we should point out that in different se-

ries, the clusters with closed electronic shells includ-

ing Ag2,4,6, Na2,4,6, Li2,4,6, and MAg1,3,5, M2Ag2,4,

M3Ag3, M4Ag2 (M=Na, Li) have higher stabilities

than their neighbouring ones.

(iii) Based on the analysis of chemical hardness,

a visible oscillatory behaviour is observed as cluster

size increases. In particular, the clusters Ag2, Na6,

Li6, and MAg, M2Ag2, M3Ag3, M4Ag2 (M=Na, Li)

have the maximum peaks among corresponding series,

indicating that the clusters with even-numbered (2, 4,

6) closed electronic shells have obvious chemical sta-

bilities.
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