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A set of silver-doped lead Zintl anions, Ag@Pbn
− (n = 5–12), have been studied using photoelectron

velocity-map imaging spectroscopy and quantum chemical calculation. The structures of Ag@Pbn
−

(n = 7–9, 11) built upon a square pyramid base, hitherto not considered, were assigned. Overall
agreement between the experimental and calculated photoelectron spectra as well as vertical
detachment energies allows for structural evolution to be established. The silver atom prefers to
stay outside in the n ≤ 6 clusters and intends to be encapsulated by the lead atoms in n > 6. A
stable endohedral cage with bicapped square antiprism structure is formed at n = 10, the endohedral
structure of which persists for the larger clusters. Especially, these Ag@Pbn

− anions have been
found to undergo a transition between square pyramid and pentagonal pyramid molecular structures
at n = 11. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4745000]

I. INTRODUCTION

The rich chemistry of Zintl anion (the family of multi-
ply charged polyatomic anions formed by the heavier post-
transition elements) has aroused great current interest due
to its molecular beauty subsisted in shapes and its poten-
tial as building blocks for cluster-assembled thermoelectric
materials.1–4 A large number of “ligand-free” Group 14 Zintl
clusters have been prepared via the synthesis in the liquid
phase or the laser vaporization in the gas phase, of which
geometric and electronic structures have been explored ex-
perimentally and theoretically.5–18 In particular, the identifi-
cations of highly symmetric cage structures of the fascinating
Pb10

2−, Sn12
2−, and Pb12

2− clusters10–13 intrigue and invite in-
vestigation of the metal-doped Zintl clusters10–12, 19–45 in the
knowledge of whether a doped atom is endohedral or exo-
hedral. Most of this work has involved the heavy Group 14
element species with the magic cluster size number of 10 and
12.10–12, 26–45 The Co@Ge10

3− and Fe@Ge10
3− clusters30, 31

feature an encapsulated pentagonal prismatic structure (D5h),
whereas the isoelectronic Ni@Pb10

2− cluster28, 29 prefers the
encapsulated bicapped square antiprism structure (D4d). Gas
phase experiments show that the stannaspherene (Sn12

2−)
and plumbaspherene (Pb12

2−) cages can trap the main-group
and transition metals or the f-block elements except of
potassium.10–12 The Ba and Sr atoms are theoretically pre-
dicted to cap the Pb10 or Pb12 cage from the outside.43

Recent investigations have shown that, with an aid of
quantum chemical calculation, photoelectron spectroscopy
(PES) is very powerful in investigating the spectrum, struc-
ture, and bonding of the complex in the gas phase.10–12, 36, 46

Photoelectron spectra of halogen-doped tin and lead cluster
anions have been measured,7 but no structural information
is available. Several small doped Zintl anions, such as

a)Authors to whom correspondence should be addressed. Electronic
addresses: zctang@dicp.ac.cn and ljiang@dicp.ac.cn.

Ag@Pbn
− (n = 1–4),23 (NanSn4)−/(NanSn4) (n = 0–4),

and (NaSnm)−/(NaSnm) (m = 4–7),24 have been primarily
studied using the combined method of PES and theoretical
calculation. Recent study on the Cu@Sin− (n = 4–18)
clusters47 indicates that Cu@Si12

− is the smallest fully
endohedral cluster, in which the copper atom is encapsulated
in a distorted hexagonal prism cage, different from the
M@Sn12

− cluster anions.35 Here, we report a study on the
structural evolution of the Ag@Pbn

− (n = 5–12) Zintl anions
using photoelectron velocity-map imaging spectroscopy and
quantum chemical calculation.

II. METHODS

A. Experimental

The experiments were carried out on the instrument
including a laser ablation source, a time-of-flight mass spec-
trometer, and a collinear velocity-map photoelectron imaging
analyzer. The details of this instrument have been described
in Ref. 48 and a brief description was given below. The
Ag@Pbn

− (n = 5–12) cluster anions were generated by laser
vaporization of lead-silver alloy (Pb:Ag = 10:1 molar ratio)
with high pressure helium carrier gas. The cluster anions of
interest were interacted with a laser beam of 355 nm from a
Nd:YAG laser for the photodetachment. The photoelectrons
were recorded by a charge-coupled device camera. Each
image was accumulated with 50 000–100 000 laser shots at
10 Hz repetition rate. The final raw image stood for the projec-
tion of the photoelectron density in the 3D laboratory frame
onto the 2D imaging detector. The original 3D distribution
was reconstructed using the Basis Set Expansion (BASEX)
inverse Abel transform method, and the photoelectron spec-
trum was acquired by integrating the central slice of the 3D
distribution.49 The electron binding energy was calculated
using Eb = hν − eKE, where hν was the photo energy and
eKE denoted the kinetic energies of the photoelectrons. The
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photoelectron imaging spectrum of Au− at 355 nm was used
to calibrate the imaging analyzer. Energy resolution of our
analyzer was better than 40 meV at electron kinetic energy of
1 eV.

B. Computational

The TURBOMOLE 6.2 program50 was used for all cal-
culations. The BHLYP method was employed together with
a triple-zeta valence basis set (def2-TZVP). Effective core
potentials mdf-TZVP and mwb-TZVPext were applied to the
lead and silver atoms, respectively. Initial cluster geometries
were taken from the literature. If the simulated vertical
detachment energies and spectra of these clusters did not
match our experimental spectrum, additional geometries were
created upon chemical intuition. Structure optimizations used
tight convergence criteria. Structures were optimized until
Cartesian gradients were smaller than 1 × 10−5 hartree/bohr
and the energy change was smaller than 1 × 10−6 hartree.
The self-consistent filed convergence criterion was 1
× 10−7 hartree for the energy and 1 × 10−7 a.u. for the
root mean square of the density. The spin-orbit coupling
effect is not included. Vibrational frequency calculations
were accomplished to verify the nature of the species on
the potential energy surfaces. RI-MP2/aug-cc-pVTZ-PP
single point calculations on the BHLYP/TZVP structures
were carried out to determine relative energies. The stick
spectra of calculated vertical detachment energies were con-
voluted using a Gaussian line shape function with a width of
0.1 eV.

III. RESULTS AND DISCUSSION

The photoelectron velocity-map images and correspond-
ing photoelectron spectra of Ag@Pbn

− (n = 5–12) at 355 nm
(3.50 eV) are shown in Fig. 1. In each image, the outmost
ring stands for the fastest kinetic energy of photoelectron,
indicating the lowest electron binding energy in the photo-
electron spectrum. The bands in each photoelectron spectrum
represent the electron binding energies of photodetachment
transitions from the ground state of the anionic cluster to
the ground or excited states of corresponding neutral cluster.
Optimized structures of Ag@Pbn

− (n = 5–12) are depicted
in Fig. 2. Table I lists the comparison of the experimen-
tal vertical detachment energies (VDEs) of Ag@Pbn

− (n
= 5–12) to the calculated values of three low-lying isomers.
Comparison of experimental photoelectron spectrum for each
individual cluster up to n = 12 to the simulated spectra of
three low-lying isomers is given in Figs. 3–10.

As shown in Fig. 1, the photoelectron image of
Ag@Pb5

− exhibits four obvious rings, resulting in four major
bands in the photoelectron spectrum. In general, the spectra
of Ag@Pbn

− become more compacted with the increase of
cluster size. The spectra and structural assignment will be
analyzed for each individual cluster based on the comparison
of experimental spectrum to simulated spectra of several
low-lying isomers, followed by a discussion of structural
evolution.

FIG. 1. Photoelectron velocity-map images (left column) and experimental
photoelectron spectra (right column) of the Ag@Pbn

− (n = 5−12) clusters at
355 nm (3.50 eV). Each photoelectron velocity-image consists of raw image
(left part) and the reconstructed image (right part) after inverse Abel transfor-
mation. The double arrow indicates the direction of the laser polarization.

A. Ag@Pb5
−

In the lowest-lying structure of Ag@Pb5
− (5A), the

silver atom is adsorbed on a bipyramid of Pb5
− (Fig. 2),

which is similar to the favorable structures of Na@Sn5
0/−,24

Cu@Si5−,47 and Ag@Si5.51 The VDE of 5A is calculated to
be 2.45 eV, which is in accord with the experimental value
of 2.49 eV (Table I). A planar structure (5B) is predicted
to be 2.37 eV higher in energy than 5A. 5C has one silver
atom adsorbed on top of a square pyramid of Pb5, which is
3.95 eV higher in energy than 5A. The calculated VDE values
and simulated spectra of 5B and 5C are quite different from
the experiments (Table I and Fig. 3), and these two isomers
can be excluded from the assignment. It is noted that in the
simulated spectrum of 5A, two bands at 2.5 eV are too close
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FIG. 2. Optimized structures of three low-lying isomers (nA, nB, and nC)
for Ag@Pbn

− (n = 5−12). Relative energies are given in eV. The Ag and Pb
atoms are shown in red and light blue, respectively.

to be well resolved in the experiment and the intensity of
band at 2.7 eV is overestimated, implying that the spin-orbit
coupling shows a remarkable influence for the small lead
clusters rather than for the large clusters (vide infra).

B. Ag@Pb6
−

The calculations for Ag@Pb6
− predict three isomers

(6A, 6B, and 6C in Fig. 2) of similar energy. 6A is a pen-

TABLE I. Comparison of experimental vertical detachment energies of
Ag@Pbn

− (n = 5−12) to the calculated values of three low-lying isomers
(nA, nB, and nC) shown in Fig. 2 (in eV).

Calc.

N Expt.a nA nB nC

5 2.49(4) 2.45 2.12 1.92
6 2.23(5) 1.99 2.13 2.41
7 2.47(4) 2.52 2.06 2.47
8 2.79(3) 2.68 2.90 2.49
9 3.01(2) 2.87 2.78 2.74

10 2.95(2) 2.79 2.43 3.20
11 2.85(3) 3.07 2.84 2.59
12 3.18(1) 3.15 3.06 3.10

aNumbers in parentheses are experimental uncertainties in the last digit.

FIG. 3. Comparison of experimental photoelectron spectrum (bottom row)
of Ag@Pb5

− to the simulated spectra of the isomers 5A–5C (upper rows).

FIG. 4. Comparison of experimental photoelectron spectrum (bottom row)
of Ag@Pb6

− to the simulated spectra of the isomers 6A–6C (upper rows).
The best agreement is obtained when assuming a 5:5:1 mixture of 6A, 6B,
and 6C (trace labeled Mix (A, B, C)).



064318-4 Tang et al. J. Chem. Phys. 137, 064318 (2012)

FIG. 5. Comparison of experimental photoelectron spectrum (bottom row)
of Ag@Pb7

− to the simulated spectra of the isomers 7A–7C (upper rows).

tagonal bipyramid structure in which the silver atom is a part
of the pentagonal ring. The structure of 6B could be gener-
ated by breaking one Ag–Pb bond from 6A. In 6C, the sil-
ver atom stays outside the Pb6

2− octahedral cage. While these
isomers are hard to be energetically distinguished from the
BHLYP/def2-TZVP calculations (Table SI),52 RI-MP2/aug-
cc-pVTZ-PP single point calculation yields a slight prefer-
ence for 6A over 6B by 0.02 eV and 6C by 0.21 eV, respec-
tively. The calculated VDE values of these three isomers are
all close to the experimental data (Table I). Furthermore, the
simulated spectra of 6A and 6B (Fig. 4) are rather similar and
most of the bands have been observed in the experimental
spectrum. The presence of 6C cannot be ruled out in that the
band at 2.41 eV (highest trace in Fig. 4) might account for
the broad band at 2.45 eV in the experimental spectrum. A
5:5:1 mixture of 6A, 6B, and 6C (trace labeled Mix (A, B, C)
in Fig. 4) yields the best agreement. Then, the coexistence of
these three isomers is likely here implying a structural change
for the upcoming larger cluster.

C. Ag@Pb7
−

The lowest-lying structure for Ag@Pb7
− (7A) is built by

adding one lead atom to the edge of the most stable isomer
of Ag@Pb6

− (6A) (Fig. 2), which has not been considered in
the previous studies. 7B is an edge-capped pentagonal bipyra-
mid structure with the attachment of one silver atom outside,
which is similar to the most stable structures of Na@Sn7

−

and Ag@Si7.24, 51 7B is only 0.16 eV higher in energy than
7A. 7C is a C5v structure in which the silver atom sits on the
top of pentagonal bipyramid, lying 0.75 eV higher in energy

FIG. 6. Comparison of experimental photoelectron spectrum (bottom row)
of Ag@Pb8

− to the simulated spectra of the isomers 8A–8C (upper rows).
The best agreement is obtained when assuming a 1:1 mixture of 8A and 8B
(trace labeled Mix (A and B)).

than 7A. 7B can be ruled out by the large deviation between
the calculated (2.06 eV) and experimental (2.47 eV) VDE val-
ues (Table I). The band positions and overall pattern of sim-
ulated spectrum of 7A show an obvious preference of struc-
tural assignment over 7C (Fig. 5). Previous study shows that
Cu@Si7− prefers the 7C structure.47

D. Ag@Pb8
−

A new structure built by adding another lead atom onto
7A is predicted to be the most stable isomer for Ag@Pb8

−

(8A) (Fig. 2). The VDE of 8A is calculated to be 2.68 eV,
which is consistent with the experiment (2.79 eV) (Table I and
Fig. 6). The monocapped square antiprism structure of 8B lies
only 0.50 eV higher in energy than 8A. Another isomer (8C)
of similar energy could be formed by a Pb2Ag trigonal sub-
unit glued onto the bottom of pentagonal pyramid. As com-
pared to the experimental VDE value, the deviation for 8C
(0.3 eV) is larger than that of 8A and 8B (0.1 eV), respectively
(Table I). Since two main bands in the simulated spectrum of
8B are also present in the experimental spectrum, 8B cannot
be excluded. Good agreement is obtained by a 1:1 mixture of
8A and 8B (trace labeled Mix(A and B) in Fig. 6).
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FIG. 7. Comparison of experimental photoelectron spectrum (bottom row)
of Ag@Pb9

− to the simulated spectra of the isomers 9A–9C (upper rows).

E. Ag@Pb9
−

The most stable structure of Ag@Pb9
−, 9A, is built upon

8A by filling one lead atom onto the open site or could be
viewed as a precursor of the bicapped square antiprism cage
by subtracting one cornered lead atom (Fig. 2). The calculated

FIG. 8. Comparison of experimental photoelectron spectrum (bottom row)
of Ag@Pb10

− to the simulated spectra of the isomers 10A–10C (upper rows).

FIG. 9. Comparison of experimental photoelectron spectrum (bottom row)
of Ag@Pb11

− to the simulated spectra of the isomers 11A–11C (upper rows).

VDE value and spectrum nicely reproduce the experiments
(Fig. 7). The monocapped square antiprism structure with one
wrapped silver atom in one plane (9B) and one edge-capped
silver (9C) lies 1.32 and 1.76 eV higher in energy above 9A,
respectively. 9B and 9C could be ruled out by the mismatch
of the calculated VDE values and simulated spectra with the
experimental ones (Table I and Fig. 7).

F. Ag@Pb10
−

The most stable isomer of Ag@Pb10
−, 10A, possesses

an endohedral bicapped square antiprism structure. The in-
tensity of the band at 2.90 eV in the simulated spectrum
is weakened in the experiment (Fig. 8), implying a highly
stable structure. 10B and 10C is built upon the bicapped
square antiprism structure by edge-capping and top-bonding
one silver atom, respectively. The spectra of these two iso-
mers 10B (+3.15 eV) and 10C (+3.74 eV) should lie too
high in energy to be probed in the experiment (Table I). This
suggests the overwhelming stability of 10A as the global
minimum structure of Ag@Pb10

−, which is similar to the
Ni@Pb10

2− cluster28, 29 but different from the Co@Ge10
3−

and Fe@Ge10
3− clusters.30, 31

G. Ag@Pb11
−

The most stable isomer of Ag@Pb11
−, 11A, has an en-

dohedral cage structure bearing the square and pentagonal
pyramids simultaneously (Fig. 2). 11B is a bicapped pentag-
onal prismatic structure in which the silver atom is a part of
the cape, lying 2.79 eV higher in energy than 11A. 11C is
a monocapped pentagonal prismatic structure in which the
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FIG. 10. Comparison of experimental photoelectron spectrum (bottom row)
of Ag@Pb12

− to the simulated spectra of the isomers 12A–12C (upper rows).

silver atom is edge-caped outside, which is 3.35 eV higher
in energy than 11A. The calculated VDE value and simulated
spectrum of 11A are consistent with the experiment (Table I
and Fig. 9). Two energetically higher lying isomers 11B and
11C can be ruled out by their mismatch with the experimental
spectrum.

H. Ag@Pb12
−

The Ag-encapsulated bicapped pentagonal prismatic
cage (12A) is predicted to be much more stable than the exo-
hedral structures (12B and 12C) (Fig. 2), which is in concert
with the dominant abundance of this “magic-number” Zintl
anion in the doped cluster distribution (Fig. S1).52 Excellent
agreement is obtained for the comparison of the experimen-
tal VDE value and photoelectron spectrum to the simulated
ones of 12A (Table I and Fig. 10), confirming the endohedral
cage as the global minimum structure of Ag@Pb12

−, which is
similar to the Sn12

2−/Pb12
2− cases.10–12

In summary, present calculations reproduce the overall
patterns and main feature of the experimental spectra. For the
larger clusters, a weak tail is observed at lower binding ener-
gies. Considering that the global minimum energy structures
of the corresponding neutral structures are similar to their an-
ionic clusters, the weak tail may attribute to other low-lying
isomers. The preferred structures for Ag@Pbn

− (n = 5–12)
are the isomers of nA (Fig. 2). It can be found that the lead
atoms let the silver atom stay outside in the n ≤ 6 clusters
and intends to encapsulate the silver atom in n > 6, complet-
ing its encapsulation at n = 10 and forming a stable bicapped
square antiprism cage. The endohedral structure persists for

the larger clusters. Interestingly, silver-doped lead Zintl an-
ions have been found to undergo a transition between square
pyramid and pentagonal pyramid molecular structures at n
= 11. In contrast, the endohedral structure for Cu@Sin− is
formed at n = 12,47 in which the copper atom is encapsulated
in a distorted hexagonal prism cage. The difference in the di-
ameter of the cage may be responsible for such different struc-
tural pattern, and the related systematical exploration would
benefit the rational design cluster-assembled materials with
continuously tunable physical and/or chemical properties.

IV. CONCLUSIONS

Photoelectron velocity-map imaging spectroscopy com-
bined with quantum chemical calculation has been employed
to study the structural evolution of a set of silver-doped lead
Zintl anions, Ag@Pbn

− (n = 5–12). Present DFT calcula-
tions reproduce the experimental photoelectron spectra and
the overall patterns for the clusters studied here. The pre-
dicted VDE values are in 0.01–0.22 eV agreement with the
experiments. The structures of Ag@Pbn

− (n = 7–9, 11) built
upon a square pyramid base, hitherto not considered, were as-
signed. The silver atom shows the preference of staying out-
side in the n ≤ 6 clusters and intends to be encapsulated by the
lead atoms in n > 6. A stable endohedral cage with bicapped
square antiprism structure is formed at n = 10, the endohe-
dral structure of which persists for the larger clusters. The
Ag@Pbn

− anions undergo a transition between square pyra-
mid and pentagonal pyramid molecular structures at n = 11.
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527 (2008).

43C. Rajesh and C. Majumder, J. Chem. Phys. 128, 024308 (2008).
44T. B. Tai, H. M. T. Nguyen, and M. T. Nguyen, Chem. Phys. Lett. 502, 187

(2011).
45T. B. Tai and M. T. Nguyen, J. Phys. Chem. A 115, 9993 (2011).
46T. Waters, X.-B. Wang, and L.-S. Wang, Coord. Chem. Rev. 251, 474

(2007).
47H. G. Xu, M. M. Wu, Z. G. Zhang, J. Yuan, Q. Sun, and W. Zheng, J. Chem.

Phys. 136, 104308 (2012).
48X. Wu, Z. B. Qin, H. Xie, R. Cong, X. H. Wu, and Z. C. Tang, Chin. J.

Chem. Phys. 23, 373 (2010).
49V. Dribinski, A. Ossadtchi, V. A. Mandelshtam, and H. Reisler, Rev. Sci.

Instrum. 73, 2634 (2002).
50TURBOMOLE v6.2 2010, a development of University of Karlsruhe and

Forschungszentrum Karlsruhe GmbH, 1989-2007, TURBOMOLE GmbH,
since 2007; also see http://www.turbomole.com.

51F. C. Chuang, Y. Y. Hsieh, C. C. Hsu, and M. A. Albao, J. Chem. Phys.
127, 144313 (2007).

52See supplementary material at http://dx.doi.org/10.1063/1.4745000 for
mass spectrum of the Agm@Pbn

− clusters and relative energies of three
low-lying isomers at RI-MP2/aug-cc-pVTZ-PP and BHLYP/def2-TZVP
levels.

http://dx.doi.org/10.1063/1.3518040
http://dx.doi.org/10.1021/ja065764e
http://dx.doi.org/10.1021/ja0728674
http://dx.doi.org/10.1002/rcm.1063
http://dx.doi.org/10.1002/rcm.1063
http://dx.doi.org/10.1063/1.2966005
http://dx.doi.org/10.1039/b812460d
http://dx.doi.org/10.1039/b812460d
http://dx.doi.org/10.1063/1.3597604
http://dx.doi.org/10.1103/PhysRevA.75.013201
http://dx.doi.org/10.1002/ange.200353287
http://dx.doi.org/10.1002/ange.200353287
http://dx.doi.org/10.1002/anie.200353287
http://dx.doi.org/10.1002/anie.200353287
http://dx.doi.org/10.1039/b412082e
http://dx.doi.org/10.1021/ja061842m
http://dx.doi.org/10.1002/anie.200805511
http://dx.doi.org/10.1021/ja900055j
http://dx.doi.org/10.1021/ja900055j
http://dx.doi.org/10.1103/PhysRevLett.92.163401
http://dx.doi.org/10.1021/ja062868g
http://dx.doi.org/10.1016/j.ijms.2005.12.056
http://dx.doi.org/10.1002/anie.200603226
http://dx.doi.org/10.1002/anie.200603226
http://dx.doi.org/10.1073/pnas.1105052108
http://dx.doi.org/10.1016/S0009-2614(02)00736-4
http://dx.doi.org/10.1063/1.2189224
http://dx.doi.org/10.1016/j.cplett.2006.08.117
http://dx.doi.org/10.1002/anie.200604198
http://dx.doi.org/10.1016/j.cplett.2008.07.095
http://dx.doi.org/10.1021/jp8066074
http://dx.doi.org/10.1063/1.2814166
http://dx.doi.org/10.1016/j.cplett.2010.12.021
http://dx.doi.org/10.1021/jp111324n
http://dx.doi.org/10.1016/j.ccr.2006.04.010
http://dx.doi.org/10.1063/1.3692685
http://dx.doi.org/10.1063/1.3692685
http://dx.doi.org/10.1088/1674-0068/23/04/373-380
http://dx.doi.org/10.1088/1674-0068/23/04/373-380
http://dx.doi.org/10.1063/1.1482156
http://dx.doi.org/10.1063/1.1482156
http://www.turbomole.com
http://dx.doi.org/10.1063/1.2775447
http://dx.doi.org/10.1063/1.4745000

