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Size dependent stabilities, fragmentation pathways and dissociation energies

of a series of gas phase cationic doped gold clusters, AunX
+ (3 r n r 20;

X = Y, Er and Nb), and pure Aun
+ clusters were investigated in

photofragmentation experiments. Size dependent stability patterns were

obtained and the branching between monomer and dimer evaporation was

studied. For bare gold, the competing neutral monomer and dimer

evaporation channels were found to be in agreement with earlier studies.

For doped clusters, monomer evaporation is the most likely fragmentation

channel with the exception of Au18Y
+ and Au20Y

+ for which gold dimer

evaporation is also observed. Relations between the evaporative activation

energies and both the experimental abundances and the fragment yield were

derived based on unimolecular rate constants. The dissociation energies

from this analysis show an odd–even staggering and enhanced stabilities for

certain cluster sizes, in agreement with simple electronic shell model

predictions.

1. Introduction

Gold nanoclusters have attracted a lot of attention in recent years in particular due
to the potential applications as catalytic particles.1 The electronic properties and size
dependent stability of gold clusters have been characterized by photoelectron
spectroscopy, photoionization spectroscopy, photofragmentation, and collision-
induced dissociation studies.2–8 Quantum confinement of the gold valence 6s
electrons produces stability patterns that to a first approximation can be described
in terms of an electronic shell structure.4,9 Closed electron shells appear if the
number of delocalized electrons correspond to the so-called magic numbers: 2, 8, 18,
20, 34, 58, 92. These magic sizes were observed in different experimental studies.
Since the demonstration with ion mobility measurements that charged gold

clusters are planar up to surprisingly large sizes,10,11 also the geometric structures
of gold clusters attracted a lot of attention.12–14 A number of unexpected geometries
have recently been discovered, such as tetrahedral Au20,

15,16 fullerene-like Au26,
17
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Au32,
18 and Au50,

19 and hollow Aun (n = 16–18) cages.20 Even golden nanotubes
have been predicted.21

Not only bare gold clusters, but also their transition metal doped22–31 and carbon
(or carbon cluster)32 doped counterparts have been actively studied. A single
transition metal atom can strongly interact with a small gold cluster and, for certain
cluster sizes and number of valence electrons, have a strong influence on the
electronic shell structure and/or the cluster geometry. Combined photofragmenta-
tion mass spectrometry and density functional theory studies on Aun clusters doped
with open 3d shell atoms (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, and Zn), have shown that
the planar structure can be stabilized by a dopant atom and that in particular six-
electron species are more stable.22–26 It was also predicted that a central transition
metal atom stabilizes a golden cage structure if the number of valence electrons
satisfies the 18-electron rule.27,28 This explains the high abundance obtained in mass
spectra for Au16Sc

+, Au16Y
+, Au15Ti

+ (ref. 7 and 22) as well as the unique stability
of the icosahedral Au12W.29–31

The strength of the interaction between a dopant atom and the host cluster is
determined by the size of the cluster (geometric stabilization) and the number of
dopant valence electrons (electronic shell closure). The combined effect of these
parameters is reflected in the total binding energy and the differential binding energy
(dissociation energy). The clusters are intrinsically stable and some excess energy,
provided by, e.g., photoexcitation, is needed to induce fragmentation. After photo-
excitation the internal energy is statistically distributed over the vibrational modes of
the system within a time scale shorter than the experimentally relevant time scales in
mass spectrometric studies. The result is that the cluster does not instantaneously
dissociate, even if the excitation energy is above the dissociation threshold. The
delayed fragmentation in these so-called unimolecular decomposition processes is
characterized by several parameters intrinsic to the clusters, and by the fact that the
clusters are evaporating freely in an evaporative ensemble.33,34 By applying statis-
tical models, which predict the unimolecular dissociation rate assuming energy
partitioning over the various modes, the recorded fragmentation yields after a well
defined time can be converted into dissociation energies.
The delayed fragmentation yield has been measured for a multitude of mono-

metallic clusters composed of monovalent atoms: Lin
+ (n = 4–42),35 Nan

+ (n = 5–
40),33 Kn

+ (n= 5–200),36 Cun
+ (n= 2–17),37 Cun

� (n= 2–8),38 Agn
+ (n= 3–21),39

Agn
� (n = 2–11),40 Aun

+ (n = 3–23),2,41–43 and Aun
� (n = 2–15).44 These studies

showed that for small and for odd-sized clusters, monomer and dimer decay are
competing channels, while all even-numbered ionic clusters evaporate a neutral
monomer. In contrast to the extensive amount of accumulated information on decay
pathways of pure clusters, there is little information available on the influence of the
composition on the decay pathways of mixed clusters. We are only aware of two
recent studies on some size selected AgnCom

+ and SinCr clusters.
45,46

In this work we study the dissociation pathways and size dependent stability of
cationic AunX

+ (X = Y, Er and Nb, n = 5–20) clusters. Statistical models are used
to determine the monomer and dimer dissociation energies from both the recorded
abundances and the fraction of mass selected clusters that undergo delayed
fragmentation in the time window of the experiment. The dopant elements Y, Er,
and Nb have been chosen to extend our earlier work, using 3d dopant atoms,22–24

towards 4d transition metal atoms (Y, Nb) and lanthanide (Er) dopants.

2. Experimental

The clusters are produced in a dual-target dual-laser vaporization source, which is
extensively described elsewhere.47 Two independent pulsed Nd:YAG lasers vaporize
the surface of two translating rectangular plate targets. Helium gas is introduced into
the source by a pulsed supersonic valve. Subsequently, the mixture of atoms, clusters
and inert gas expands into the vacuum, resulting in a cold molecular cluster beam.
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The source parameters are optimized to achieve gold clusters containing only one or
a few dopant atoms. After passage through a skimmer, the cluster beam enters the
extraction region of a reflectron time-of-flight (RTOF) mass spectrometer.
To study neutral species, charged particles are deflected out of the beam and the

remaining neutral beam is irradiated with laser light stemming from an ArF excimer
laser (l = 193 nm). Depending on the laser fluence, roughly two regimes can be
differentiated. In the low fluence regime (o0.5 mJpp cm�2) multiphoton absorption
is unlikely and clusters will be excited or ionized by absorption of one photon only.
In the high fluence regime (45 mJpp cm�2) the clusters are heated by multiphoton
absorption. Cooling occurs through fast sequential evaporation of atoms and larger
fragments. The resulting photofragments reveal a size distribution with higher
abundances for clusters with enhanced stability. Following acceleration in the
extraction zone, the clusters are mass separated in the field free drift region of the
RTOF mass spectrometer. During the drift period, metastable parent cluster ions
can undergo further evaporation (metastable or delayed fragmentation) with parent
and fragment particles proceeding at the center-of-mass velocity.33 In the reflectron
the clusters are decelerated, turned around, and reaccelerated resulting in spatial and
temporal separation of fragments with different masses.
A mass gate, located in between the extraction zone and the reflectron, allows for

mass selection and offers the possibility to determine the evaporation channels of size
selected clusters. The pulsed mass gate consists of a plane of parallel wire segments,
formed by two electrically isolated sets of wires, similar to the device developed by
Vlasak et al.48 If the two wire sets are held at the potential of the field free region, the
ion beam, travelling orthogonal to the plane of wire segments, is unaffected (gate
open). Applying opposite voltages of equal magnitude (250 V) on the set of wires
results in an electrical field perpendicular to the ion velocity and deflection of the
ions (gate closed). By holding the gate closed until an ion packet of interest is about
to reach the selector and then pulse the opening of the gate for the duration of the
passage time, mass selective ion transmission is obtained. The resolution of the mass
selection is determined by the planarity of the parallel wire system, the rise and fall
times of the pulsed field, and the position of the mass gate, which should be located
in the time focus of the two-field extraction zone. Pulsed voltage switches (Behlke
HTS 21-03) with a short rise and fall time of 15 ns are used and a mass selection
resolution of m/Dm = 60 at m = 1000 amu was obtained. The timing is controlled
by precise delay generators (DG 535, Stanford Research Systems). For each cluster
size the time delay is optimized and the gate is typically opened for 600 ns.

3. Stability patterns and fragmentation channels

The recorded mass spectra for photofragmented Aun
+ and AunX

+ (X=Y, Er, Nb;
n = 1–30) are shown in Fig. 1. The dotted lines mark the pure Aun

+ clusters, peaks
corresponding to singly doped AunX

+ species are connected by a solid line.
Metastable fragmentation pathways of AunX

+ for n = 9–14 (X = Au, Er, Nb)
and n = 11–14, 18, 20 (X = Y) are shown in Fig. 2. The evaporation channels over
an extended size range (n = 3–20) can be found in the ESI.w From the recorded
metastable fragmentation, relative monomer and dimer evaporation yields are
deduced (see Fig. 3).

A. Aun
+

The photofragmentation spectrum for Aun
+ (Fig. 1a) exhibits a distinct stability

pattern with intensity steps at n = 3, 9, 19 and 21, corresponding to 2, 8, 18 and 20
delocalized valence s electrons. These are the so-called magic numbers for simple
metal clusters and are related to the completion of electron shells for delocalized
valence electrons enclosed in a potential well, as described extensively in the
literature.4,9,22 In addition to clear drops in abundance after the magic sizes a clear
odd–even staggering is visible.
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The delayed fragmentation pathways of mass selected Aun
+ clusters (left column

of Fig. 2) show a prominent peak, corresponding to the selected cluster (mother
signal), and less intense peaks with a shorter flight time corresponding to metastable
fragmentation (daughter peaks). The daughter clusters are created in the field free
drift region and are separated in the reflectron when the electric field in the reflectron
is detuned from the value which is optimal for mass spectrometric resolution. The
fragmentation channels are indicated by labeled arrows. The preferred fragmenta-
tion channel is found to be size dependent.
The metastable fraction of monomer and dimer evaporation is shown as a

function of the cluster size in Fig. 3a. For each mother cluster size n, the plotted
values equal the integrated areas of respectively the monomer (’) and dimer (K)
daughter peaks, divided by the total integrated area of the mother and daughter
peaks.
For the smallest species (n= 3–5, 7) no delayed fragmentation is recorded. This is

due to the combined results of three effects. First, the metastable fractions generally
increase with cluster size. Secondly, the recoil energy upon dissociation is larger for
small clusters, resulting in a poorer mass resolution, which makes the peaks more
difficult to distinguish from the background. And thirdly, the beam path of daughter

Fig. 1 Mass abundance spectra of photofragmented (a) Aun
+, (b) AunY

+, (c) AunEr
+, and

(d) AunNb+ for n= 1–30. The grid lines mark the bare Aun
+ clusters. Small peaks at the right

side of the bare cluster peaks (mainly visible in panel (a)) correspond to metastable fragments
stemming from one size up. Peaks corresponding to AunX

+ (X=Y, Er, and Nb) are connected
by a solid line. Species after which there is a clear drop in abundance are labeled.
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clusters deviates from the mother beam path after the reflectron. This deviation is
larger for smaller clusters resulting in a loss of signal on the detector.
Aun

+ (n Z 6) clusters decay by neutral monomer dissociation with the exception
of Au9

+, Au11
+, and Au13

+, for which the main recorded dissociation channel is the
evaporation of a gold dimer. For Au15

+, dimer evaporation is observed but not as
the main dissociation channel. Not only the preferred dissociation channel but also
the dissociation probability strongly depends on the cluster size. The relative
probability for monomer decay is higher for Aun

+ with n even compared to their
neighbors. Dimer evaporation however is more likely to occur for Aun

+ with n odd.
These results agree with photodissociation and collision induced dissociation
experiments on size-selected Aun

+ (n = 2–27) clusters in a Penning trap by
Schweikhard et al.,41–43 with the exception that we do not observe delayed
fragmentation of the smallest clusters due to the above mentioned effects.

B. AunY
+

The photofragmentation spectrum for AunY
+ (Fig. 1b) exhibits strong finite size

effects in agreement with an earlier study on yttrium doped gold clusters where the

Fig. 2 Metastable fragmentation of AunX
+ for n = 9–14 (X = Au, Er, Nb) and n = 11–14,

18, 20 (X = Y). Because of the limited resolution of the mass selector for erbium doped gold
clusters not only AunEr

+ was selected, but groups of Aun+1
+, AunEr

+, Aun�1Er2
+ were

transmitted. The dissociation channels (from parent to daughter) are indicated by arrows.
Arrows labeled with * and 1 correspond to neutral monomer and dimer evaporation,
respectively. The bottom curves in the right column give the signal recorded as reference
without any Nb in the clusters.
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observed stability patterns, shell closures and odd–even effects were thoroughly
discussed.7 Prominent intensity steps can be observed at n = 6, 16 and 32 (32 not
shown in the figure). Odd–even intensity alternations are present up to n E 25.
The evaporation channels recorded for metastable AunY

+ (n= 11–14, 18, 20) are
shown in the second column of Fig. 2. From the labeled dissociation pathways it can
be seen that the fragmentation channels, as for pure gold, are size dependent. The
metastable fractions for monomer and dimer decay, deduced from the recorded
delayed fragmentation spectra, are shown in Fig. 3b. The average is taken over three
independent measurements, yielding reproducible ratios of the daughter-to-mother
peak intensities. Error bars are statistically determined and correspond to the
standard deviation of the average throughout. As for pure gold clusters, no delayed
fragmentation is recorded for the smallest species (n o 7). AunY

+ (n Z 7) clusters
decay by monomer evaporation. For Au18Y

+ and Au20Y
+ also dimer loss is

observed. Note also the odd–even alternations in relative decay probabilities: for
odd n AunY

+ species a larger monomer metastable decay fraction is recorded than
for their even n neighbours. Pronounced maxima in relative fragmentation prob-
ability appear at Au17Y

+ and Au19Y
+ for monomer loss and at Au18Y

+ for dimer
evaporation.

C. AunEr
+

The photofragmentation spectrum for AunEr
+ clusters (Fig. 1c) shows intensity

steps at n = 6 and 16 in addition to an odd–even staggering. The measured
dissociation pathways for AunEr

+ (n = 9–14) are shown in the third column of
Fig. 2. The small mass difference between pure gold clusters and erbium doped
species prohibited mass selection of AunEr

+ solely. Therefore, mass ranges corre-
sponding to Aun+1

+, AunEr
+, and Aun�1Er2

+ were selected for n = 3–20 (see
ESIw), the bare gold being the heaviest. As a consequence, besides fragments
stemming from AunEr

+, also delayed fragments of bare Aun+1
+ are present. To

guide the eye only the delayed fragments of AunEr
+ are indicated (labeled arrows).

Dimer evaporation is not observed for any of the AunEr
+ clusters investigated. The

Fig. 3 Metastable decay fraction of neutral gold monomer and dimer evaporation pathways
for (a) Aun

+, (b) AunY
+, (c) AunEr

+, and (d) AunNb+.
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intensities of Aun�1Er2
+ and their delayed fragments are too low to be able to

analyze these species quantitatively. Therefore, these dissociation channels are not
indicated and metastable fractions are only deduced for singly doped AunEr

+ (see
Fig. 3c). Three independent measurements are averaged. Again odd–even alterna-
tions in the metastable fractions can be observed. As for AunY

+, neutral monomer
loss is more likely for AunEr

+ containing an odd number of gold atoms and the
metastable fraction increases with cluster size.

D. AunNb
+

The stability pattern of niobium doped gold clusters (Fig. 1d) shows a pronounced
step in intensity at Au14Nb+. In contrast to the findings for AunY

+ and AunEr
+, no

odd–even staggering in the intensity as a function of cluster size is seen for AunNb+.
The recorded dissociation pathways for AunNb+ (n = 9–14) are shown in the right
column of Fig. 2. The delayed fragmentation of AunNb+ with n 4 14 could not be
monitored, because the cluster intensities were too small. In addition, a perfect mass
selection was not always possible and a limited fraction of other species also passed
the mass selector. Therefore, a reference signal of pure gold clusters (laser that
vaporizes niobium switched off) in the cluster beam was recorded (bottom curves).
For all investigated sizes, the only observed delayed fragmentation channel is the
gold monomer evaporation, marked with arrows on Fig. 2. The metastable fractions
plotted in Fig. 3d were deduced by averaging three independent measurements. In
contrast to Aun

+, AunY
+, and AunEr

+, no pronounced odd–even staggering or no
clear maxima in the metastable fraction as a function of size could be identified.

4. Data analysis

A. Monomer and dimer evaporation rates

In order to establish a relation between mass spectra shaped by evaporation and
dissociation energies, an expression for the evaporation rate is needed. Evaporative
rate constants are functions primarily of the excitation energy, the evaporative
activation energy, and a frequency factor. The main assumption used here is that the
decays are activated processes on the experimental time scales of several tens of
nanoseconds to hundreds of microseconds. Rate constants are generally given by:49

kn;DnðEÞ ¼ �$n;Dn
rn�DnðE �Dn;DnÞ

rnðEÞ
ð1Þ

where rn and rn�Dn are the mother and daughter level densities, respectively, Dn= 1,
2 for monomer and dimer decay, E is the excitation energy of the cluster, and Dn,Dn

the dissociation energy for the channel specified, i.e., the energy required to create
the daughter cluster from the mother cluster, or the difference in ground state
energies of the two:

Dn,Dn=Egs(n � Dn)+Egs(Dn) � Egs(n) (2)

The subscript gs refers to ground state properties. The energy of the free monomer is
used as the zero of energy; Egs(1) = 0. It is assumed throughout that the dissociation
energies equal the evaporative activation energies as is the case if there is no
activation energy for the reverse reaction. This is expected to hold for most if not
all metal clusters. The frequency factor, �$n;Dn, depends on the cluster size and the
decay channel as indicated by the subscript. It varies with the surface area, i.e., with
n2/3, and slowly with energy (see ref. 49 for details). These variations are much slower
than the variation of the ratio of the level densities, which, for large sizes, develops
into a proper Boltzmann factor. The averaging of the frequency factor in eqn (1)
refers to setting these slow variations to a constant.
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Although the frequency factor is fairly insensitive to the cluster size, it does
depend on whether the decay channel is monomer or dimer evaporation. Using eqn
(2) a Born–Haber cycle relates two consecutive monomer evaporations to the dimer
decay:

Dn,2 � Egs(2)=Dn,1+ Dn�1,1 (3)

with �Egs(2) = D2,1 = 2.306 eV the binding energy of the gold dimer.50

We will use the level densities of the high energy limit of harmonic oscillators:

rnðEÞ ¼
ðE þ E0;nÞ3n�7

ð3n� 7Þ!ð�h$DÞ3n�6
ð4Þ

where the Debye frequency of gold, $D = 165 K kB/�h, is used as a common
vibrational frequency. E0,n is the sum of the zero point energies of the oscillators, i.e.,
with our use of the Debye frequency E0,n = 1/2Si�h$i E 7.2 � 10�3(3n � 6) eV.
Incorporation of (4) into (1) gives for the monomer dissociation rate:

kn;1ðEÞ � �$1
E �Dn;1 þ E0;n�1

E þ E0;n

� �3n�7
ð5Þ

with

�$01 ¼ �$1
ð3n� 8Þ�h$D

E �Dn;1 þ E0;n�1

� �3
ð6Þ

In ref. 42 a numerical value of �$01 ¼ 3:6� 1016 s�1 was derived by setting the last
factor in eqn (6) equal to the cube of �h$D/0.1 eV. The factor 0.1 eV is a typical
daughter temperature. This was shown to be consistent with the experimental
values.42

The main difference between the monomer and dimer evaporation frequency
factors is related to the internal (particularly the rotational) degrees of freedom of
the dimer. The rotational constant of Au2 is B = B0 = 0.02636 cm�1 = 3.3 �
10�6 eV.50 The vibrational quantum energy is �h$v = 190.9 cm�1 = 0.02367 eV.
In addition, one has a factor of 2 from the (reduced) mass of the channel, a factor of
1/2 from the symmetry number of the dimer, and a factor of 1/2 from the loss of
the electronic degeneracy of the atom. Finally, applying a similar procedure as in
eqn (6), one gets the dimer rate constant:

kn;2ðEÞ ¼ �$ 02
E �Dn;2 þ E0;n�2

E þ E0;n

� �3n�7
ð7Þ

with

�$02 ¼ �$01
1

2

0:1 eV

B

0:1 eV

�h$v

�h$D

0:1 eV

� �3

¼ 186 � �$01 ð8Þ

This result is obtained by treating the vibrational and rotational degrees of freedom
of the dimer as a perturbation, which permits integrating out the energy partitions
and expressing the results in terms of canonical partition functions and the daughter
microcanonical temperature.

B. Evaporative ensembles

The dependence of evaporative processes on binding energies endows ensembles
with information on binding energies. When only one decay channel is present, the
analysis is relatively simple but on the other hand only relative values can be found.
The analysis can then be based either on the abundances, In, or on the amount of
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clusters of a certain size that decays in the first field free region of the
RTOF mass spectrometer, i.e., the metastable decay fraction, pn. When both
monomer and dimer evaporation occur, experimental branching ratios together
with the energy constraint from the Born–Haber cycle allow one to extract absolute
values.
To use the theoretical results of the evaporative ensemble each cluster must have

undergone at least one evaporation. Furthermore it is required that the energy
distribution right after the laser excitation is smooth on the scale set by the
dissociation energies.34 One contributing cause to a broad energy distribution is
the Gaussian laser beam profile that gives rise to a broad range of the number of
absorbed photons.
When just a single decay channel is active, for simplicity assumed here to be the

monomer decay, we can find the highest energy present in the evaporating ensemble
at any given time t as:

1

t
¼ knðEmax;nÞ ð9Þ

which is solved for the energy to give

Emax;n ¼ �E0;n þ
Dn þ E0;n � E0;n�1

1� ð �$01tÞ
�1=ð3n�7Þ ð10Þ

If t is chosen as the time when the mass selection occurs during the initial
acceleration in the time-of-flight, t1, one can find the abundances to be proportional
to the difference between the highest and lowest energy of size n:51

In / Emax;n � Emin;n ¼ Emax;n � ðEmax;nþ1 �Dnþ1Þ

¼ D0nþ1 þD0n
1

1� ð �$01tÞ
�1=ð3n�7Þ �D0nþ1

1

1� ð �$01tÞ
�1=ð3n�4Þ ð11Þ

where the definition D0n � Dn + E0,n � E0,n�1 E Dn + 0.02 eV was used. The
identification of the lowest energy of cluster size n with the highest energy of size n+
1 minus the evaporative activation energy only hinges on the assumption that only
the dissociation energy is removed in the process. In other words, that the kinetic
energy release is small and there is no reverse activation barrier for the process. The
constant of proportionality in eqn (11) is a size dependent but smooth function of n,
which contains instrumental parameters like detection efficiency and depends
on the kinetics of the cluster formation, etc. It can be determined with a
primitive application of the method known in nuclear physics as the Strutinsky
procedure.52 The smooth n dependence can be mocked up in a smoothed
abundance function, which is then divided out. The procedure leaves an abundance
distribution varying around unity, which is used to solve for the dissociation energies
numerically. These values are defined only up to a scale factor with smooth size
dependence.
It is also possible to calculate the amount of metastable fragmentation. It is given

by the amount of decay occurring between the time of initial size selection relative to
the time of the laser pulse, t1, and the time of entry into the reflectron, t2. With the
same constant of proportionality as in eqn (11) it is:

pn p Emax,n(t1) � Emax,n(t2) (12)

The ratio of the metastable fraction to the cluster abundances is therefore:

Pn ¼
pn

In
¼ En;maxðt1Þ � En;maxðt2Þ

En;max � ðEnþ1;max �Dnþ1Þ
ð13Þ

As in eqn (11) one may use the rate constants derived above directly in these
formulae. It is more transparent to use the rate constant formulated in terms of an
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Arrhenius expression. This implies an approximation of the rate constant as:

knðEÞ ¼ �$ exp � D0n
kBT �D0n=2Cv

� �
ð14Þ

where kBT = (E + E0,n)/(3n � 7) and Cv = 3n � 7. The negative term in the
denominator of the argument of the exponential is the so-called finite heat bath
correction. Both expressions for the rate constants have been used in the analysis
described below with practically identical results and we give equations for the
Arrhenius expression only. With the above rate constant, the abundances become:

In /
D0n þD0nþ1

2
�
3D0nþ1
Gðt1Þ

þ 3n� 7

Gðt1Þ
ðD0n �D0nþ1Þ ð15Þ

where G is the Gspann parameter defined as GðtÞ ¼ lnð �$1tÞ. The amount of
metastable decay becomes:

pn / D0nð3n� 7Þ 1

Gðt1Þ
� 1

Gðt2Þ

� �
¼ D0nð3n� 7Þ lnðt2=t1Þ

ðGðt1ÞGðt2ÞÞ
ð16Þ

Combining eqn (15) and (16) gives:

D0nþ1
D0n
¼ ð3n� 7Þ lnðt2=t1Þ

Gðt1ÞGðt2Þ
� Pn

1

2
þ 3n� 7

Gðt1Þ

� �� �
� Pn

1

2
� 3n� 4

Gðt1Þ

� �� ��1
ð17Þ

In this analysis we have disregarded the possibility of radiative cooling. Radiative
cooling would manifest itself as a reduced amount of metastable fragmentation, as
observed, e.g., for fullerenes in similar experiments.53 Because the amount of
metastable fragmentation was found experimentally to be of the magnitude ex-
pected, we conclude that no appreciable radiative cooling was present on the
experimental time scales.

C. Dimer dissociation

The presence of competing decay channels complicates the determination of
dissociation energies within the evaporative ensemble. The reason is that the
branching between the two channels in general depends on the excitation energy.
Therefore, the energy density is not constant across the distribution spanned by a
single mass. This effect rules out a rigorous use of the concept of ‘‘highest and lowest
possible excitation energy’’ used above for monomer decay.
On the other hand, there is an advantage with a competing dimer decay channel,

viz. the possibility to introduce an absolute energy scale with the help of the Born–
Haber cycle. The highest temperature is now determined as:

1

t
¼ kn;1 þ kn;2 � kn;1ð1þ BnÞ ð18Þ

where Bn is the experimentally determined branching ratio pn,2/pn,1. The approximate
nature of the last identity is due to the fact that the branching ratio is energy
dependent and the observed ratio is therefore a ratio of energy- (or time-) integrated
values. However, the correction is small as is best seen if one evaluates the equation
below at the two extreme times t1 and t2. We will therefore proceed with the
identification of the highest temperature with the same relation as above but using a
frequency factor modified by the factor 1 + Bn. The associated Gspann parameter is
denoted GBðtÞ ¼ ln½ �$1tð1þ BnÞ�.
Calculating the experimentally observed branching ratio as the ratio of the two

rate constants and solving for the ratio of dissociation energies, one gets:
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D0n;2
D0n;1

¼ GBðt1Þ�1 þ ð2CvÞ�1

ðGBðt1Þ � lnðBn �$1= �$2ÞÞ�1 þ ð2CvÞ�1
ð19Þ

5. Dissociation energies

Eqn (11) and (15) are applied to extract dissociation energies from the experimental
data, the result of which is shown in Fig. 4. Relative abundances I0n = In/~In are used
to correct for purely experimental intensity variations as described above. Hereto a
simple fitting function was applied: ~In = Ae�Bn. Estimated values of t1 and t2 were
based on electrostatic simulations of the setup (using Simion 3D)54 and the detection
times of the clusters. The reference dissociation energy of the largest investigated size
was set toD21 = 1. The dependence on this initial value is weak. The two expressions
of the decay constant kn, eqn (5) and (14), yield, via eqn (11) and (15), similar
dissociation energies for all but the smallest sizes. As in the measured abundance
spectra, clear steps in the extracted dissociation energies can be seen at specific sizes
and an odd–even staggering is present for AunX

+ (X = Au, Y, Er).
The ratios of two consecutive dissociation energies, as given by eqn (17), are given

in Fig. 5 for Aun
+, AunY

+, AunEr
+, and AunNb+ and are compared with the ratios

of the dissociation energies obtained with eqn (11) and (15). For a range of Aun
+

clusters and the high mass range of AunY
+ the admixture of dimer decay prevents

an analysis in terms of one or both of these methods. The method based on the
abundance spectra can be used for all measured AunEr

+ and AunNb+ clusters, for
AunY

+ (n = 3–15) and for Aun
+ (n = 16–20). The metastable fraction can likewise

be used for all measured AunEr
+ and AunNb+ clusters, for AunY

+ (n = 3–15, 17),
and for Aun

+ (n = 6, 8, 10, 12, 14–19).
Generally, the values obtained with the two methods agree well. There are some

features which should be commented on. We note that the uncertainties in the
numbers extracted from the abundance spectra are smaller than those involving the

Fig. 4 Relative dissociation energies for (a) Aun
+, (b) AunY

+, (c) AunEr
+, and (d) AunNb+,

obtained using eqn (11) (black squares) and eqn (15) (gray dots). Sizes marked with an asterisk
are uncertain because of the competing dimer decay channel (see text for details).
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metastable decay fraction. This is a purely statistical effect due to the small decay
fractions. On the other hand there is some amount of arbitrariness involved in the
use of the smoothing procedure for the abundances, which is expected to be small
but which is difficult to quantify. The general agreement does indicate that the
assumptions underlying the analysis are sound, i.e., statistical decays, smooth energy
distributions, and heat capacities are consistent with high temperature harmonic
oscillator values.
Eqn (19) provides a straightforward way of calculating the fraction of dimer to

monomer dissociation energies from the experimental branching ratios. Clear dimer
peaks are recorded for Aun

+ (n=9, 11, 13, and 15) and AunY
+ (n=18, 20) and the

according results are presented in Table 1. The ratios for Aun
+ are in good

agreement with the model-free results presented in ref. 42, which for these cluster
sizes are derived and have the relatively high uncertainties of about 10%. It should
be noted that the agreement is obtained without any tuning of parameters from data
of two distinctly different types of experiments. It should also be noted that a correct
treatment of the dimer evaporation rate constant is essential for the agreement. If the

Fig. 5 Ratios of successive dissociation energies, D0n+1/D
0
n, for (a) Aun

+, (b) AunY
+, (c)

AunEr
+, and (d) AunNb+, obtained using eqn (11) (black squares), (15) (gray dots), and (17)

(light gray triangles). Sizes marked with an * are uncertain because of the competing dimer
decay channel (see text for details).

Table 1 Ratio of dimer to monomer dissociation energies, D0n,2/D
0
n,1, obtained with eqn (19)

using the experimental branching ratios for Aun
+ (n = 9, 11, 13, 15) and AunY

+ (n = 18, 20).

For Aun
+ also a comparison with model-free values obtained in ref. 42 is given. The * at n=11

indicates an upper limit based on a monomer branching ratio of 5%. For a branching ratio of

1% the ratio is 1.01

N Dn,2/Dn,1 (Aun
+) Dn,2/Dn,1 (Aun

+) (ref. 42) n D0n,2/D
0
n,1 (AunY

+)

9 1.10 1.08 18 1.14

11 1.05* 1.14 20 1.19

13 1.13 1.22

15 1.18 1.22
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monomer and dimer frequency factors were set equal, as in ref. 33, the ratio would
be in error by almost 20%.
The determination of the dimer/monomer dissociation energy allows an absolute

determination of the energy for a few cases. The agreement between the present
results for pure gold clusters and those presented in ref. 42, shown in Table 1, does
not require more comments. For Au18Y

+ we use the relation:

D0n;1 ¼ D02;1 1þ
D0n�1;1
D0n;1

�
D0n;2
D0n;1

 !�1
ð20Þ

which is derived from the Born–Haber cycle, to find absolute dissociation
energies. The values are D018,1 = 3.25 eV, D018,2 = 3.73 eV, and D017,1 = 2.78
eV. As expected the monomer dissociation energy for n = 18 is higher than the one
for n = 17.

6. Discussion

The mother abundances (Fig. 1), the preferred decay channel (Fig. 2), the metastable
fractions (Fig. 3), and the calculated dissociation energies (Fig. 4) of the bare and
doped gold clusters show a consistent picture that can be interpreted on the basis of
an underlying electronic shell structure.
For bare gold clusters (Au = [Xe] 4f14 5d10 6s1) pronounced steps in abundance

and dissociation energies are found at n = 9 and to a smaller extent at n = 19, 21.
These observations can be related to a shell structure and magic numbers 8, 18, and
20 that arise from the delocalization of the atomic valence 6s electrons. The
electronic structure of the bare gold clusters is also reflected in the metastable
fractions for monomer and dimer decay. The tendency of small Aun

+ (n o 16)
clusters to decay towards odd-sized clusters, Aun�1

+, by monomer evaporation if n
is even and to Aun�2

+ by dimer evaporation if n is odd, can be related to the higher
stability of odd-sized gold cluster ions due to their even number of delocalized
valence s electrons. Moreover Au10

+ and Au20
+ give a local maximum in the

monomer metastable fractions, since they decay to the closed shell Au9
+ and Au19

+

clusters, respectively.
For AunY

+ pronounced maxima in dissociation energies are obtained at Au6Y
+

and especially Au16Y
+ in addition to odd–even alternations. Assuming that each

gold atom delocalizes its 6s valence electron, as for pure gold clusters, these cluster
sizes correspond to 8 and 18 itinerant electrons, provided that the three yttrium
(Y = [Kr] 4d1 5s2) valence electrons can be considered itinerant. Also the observa-
tion that odd n AunY

+ species give a larger monomer decay fraction can be
explained as an electronic odd–even effect. The dimer decay that is only recorded
for Au18Y

+ and Au20Y
+ leads to the formation of the closed shell Au16Y

+ and
Au18Y

+ systems. The special stability of Au16Y
+ might not only be due to the

electronic closed shell (18 electrons) stabilization, but might also be related to a
compact and symmetric geometry, similar to the doped golden fullerenes that have
been recently predicted for Au16Cu

� and Au17Cu
�.28

The intensity and dissociation energy (less pronounced) drops after Au6Er
+ and

Au16Er
+ in the patterns of AunEr

+ clusters can be linked to the magic numbers 8
and 18 assuming that the erbium atom (Er = [Xe] 4f125d0 6s2) delocalizes three
valence electrons. The trivalent character of erbium is not surprising, since erbium
chemistry is dominated by the trivalent erbium ion Er3+ (Er = [Xe] 4f115d0 6s0). The
observation of a larger monomer metastable fraction for AunEr

+ clusters having an
odd number of gold atoms and a maximal metastable fraction for Au17Er

+, can be
related to the energetic preference for an even amount of itinerant electrons and the
decay to the closed shell Au16Er

+ system, respectively.
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The abundance pattern of AunNb+ is rather smooth and the dissociation energies
provide less evidence for an electronic shell structure. No pronounced odd–even
staggering is observed neither in the abundance spectra nor in the monomer
metastable fractions. Nevertheless, the prominent peak at Au14Nb+ can be
explained in terms of an electronic shell closing. In case the niobium atom (Nb =
[Kr] 4d4 5s1) delocalizes both its 4d and its 5s electrons, Au14Nb+ has in total 18
delocalized electrons.
The appearance of the magic number 18 in the doped gold clusters, at the expense

of the magic number 20, which is also present for bare gold, was noted earlier.7,22

The electronic shell structure in a simple mean field potential with a flat bottom has
20 electrons as a prominent shell closing. However, if the mean field potential has a
wine bottle shape, the 2s state is shifted up relative to the 1d level and the magic
number 18 becomes more pronounced.55 The formation of a wine bottle
shaped potential can be induced by a centrally located electronegative dopant atom.
However, the 18 versus 20 competition in gold and doped gold clusters might also
have a geometrical origin. It was predicted that the neutral Au20 has a tetrahedral
geometry and a large HOMO–LUMO gap, representing its electronically closed
shell structure.15,16 The isoelectronic Au21

+ might be composed of tetrahedral
neutral Au20 with an adatom on a facet. Since Au21

+ is not more pronounced in
the fragmentation spectra than Au19

+, its stability is probably not as exceptional as
the neutral Au20, confirming that geometric structure does indeed play an important
role in determining the cluster stability. Upon doping the clusters with a transition
metal, any evidence for the magic number 20 disappears. This might indicate that a
tetrahedral geometry (according to the magic number 20) is not stable for the doped
clusters, whereas a more spherical caged structure with 18 itinerant electrons (as for
Au16Cu

�)28 is.
The dependence of the odd–even effect on the dopant also deserves comment.

The preference for dimer versus monomer decay in bare gold clusters is controlled
by odd–even effects. Clusters with an even number of itinerant electrons are
more stable than the ones with an odd number of delocalized electrons. If this
stability variation is sufficiently strong, the preferred decay from an even electron
numbered cluster will be the dimer decay. This is consistent with the observed
correlation between the presence of dimer decay and the strength of the odd–even
alternations in the abundances, which are strong for bare gold for which a number of
dimer decay channels are observed, less strong for yttrium for which only
two sizes evaporate dimers, again somewhat smaller for erbium doped clusters,
and finally almost absent for the niobium doped species, the latter two having
no observable dimer decay. In the simple mean field picture of shell structure, the
odd–even effect is due to structural deviations from spherical symmetry:
breaking the symmetry removes the angular momentum degeneracy of levels, leaving
just the spin degeneracy of each level. A priori, there is no obvious reason why the
amplitude of the odd–even effect should be reduced by introducing a dopant atom.
Possibly the reason can be found in the specific character of the transition
metal (or lanthanide) dopant atom. The valence d electrons are hybridized with
the valence s electrons. Since the d electrons have a more localized character,
itinerant electron counting is not straightforward. Moreover, the d electron
behaviour can be size-dependent, this way reducing the odd or even electron
character.22

The electronic behaviour of niobium and also of yttrium is very similar to that
observed for light 3d transition metal dopant atoms (Sc, Ti, V) in gold clusters. A
photofragmentation mass spectrometry study revealed that these dopant atoms
contribute both their 4s and 3d electrons to the cloud of itinerant electrons because
of the large spatial extent of the corresponding orbitals.22,23 Since the 4d orbitals of
yttrium and niobium are expected to be even larger than the scandium and titanium
3d orbitals, it is not surprising that they show up as delocalized electrons in the
present experiments.
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7. Conclusion

The dissociation pathways and size-dependent stability of cationic AunX
+ (X = Y,

Er, and Nb, n = 3–20) clusters produced in a laser vaporization source have been
investigated. Photofragmentation experiments were performed with a reflectron
time-of-flight mass spectrometer incorporating a wire-type mass gate. Statistical
models based on unimolecular decay rates are presented and applied to determine
dissociation energies from both the recorded abundances and the fraction of mass
selected clusters that undergo delayed fragmentation in the time window of the
experiment. Gold monomer evaporation turns out to be the most likely fragmenta-
tion channel for doped AunX

+, with the exception of Au18Y
+ and Au20Y

+ for
which gold dimer evaporation is a competing channel. The extracted dissociation
energies show an odd–even staggering and enhanced stabilities for certain cluster
sizes, in agreement with simple electronic shell model predictions.
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