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Isotope-resolved photodissociation pathways of lead-doped bismuth clusters from tandem
multi-reflection time-of-flight mass spectrometry
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The photofragmentation behavior of the lead-doped bismuth cluster 209Bi7
208Pb+ is investigated by use of

multi-reflection time-of-flight mass spectrometry (MR-ToF MS), which serves both as precursor selector on
a scale of single atomic mass units as well as high-resolution fragment analyzer. This is an implementation
of a tandem MR-ToF study, where two instances of high-resolution mass spectrometry are used, namely for
pre-selection and post-excitation analysis, in quick succession within a single device to determine complex
dissociation patterns. The full information of the fragmentation pathways is obtained, including branching ratios
describing the retention of the charge on the pure or compound cluster. The results are compared to the behavior
of the analogous pure bismuth cluster 209Bi+8 and interpreted within the framework of well-established cluster
stability rules.
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I. INTRODUCTION

The properties of atomic clusters [1,2], systems located
between the single atom and bulk matter, vary with their
number of atoms and valence electrons. For monoatomic
species, these values are inherently coupled unless different
charge states are addressed. Binary systems, i.e., with atoms
of two different elements, offer more freedom, as the number
of atoms of the second species becomes an additional tuning
parameter. Alkali-metal clusters doped with other alkali [3,4]
or metal species [3,5–7] were already studied in the 1980s
and 1990s. Since then, research of bimetallic clusters has been
expanded significantly [8–11], with topics of interest being as
diverse as, e.g., the fine-tuning of catalytic processes [12–15]
and even biomedical markers [16].

Many interaction-based studies call for two instances of
mass-spectrometric analysis, commonly referred to as tandem
mass spectrometry, MS/MS or MS2 [17]: once prior to the
interaction to select the precursor and again afterward to
resolve and analyze the reaction products. Bimetallic sys-
tems are experimentally particularly challenging, as the mass
resolving power needed for compound-cluster investigations
often surpasses that required for single-element species by
orders of magnitude. To increase the resolving power of time-
of-flight (ToF) devices [18], the principle of multi-reflection
(MR) has been introduced [19] akin to the concept of elec-
trostatic ion beam traps (EIBTs) consisting of two opposing
ion mirrors [20,21]. In nuclear physics, MR-ToF devices have
recently been applied for fast mass separation or ion selection
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[22,23] as well as precision mass measurements [24]. On the
molecular level, they are appreciated for their capability as
ion traps with a virtually unrestricted mass range, operated
either in “non-bunching mode,” where injected ion beams fill
the entire trap volume [25,26], or with capacitive pickup de-
tection (Fourier transform MR-ToF) for high-resolution mass
spectrometry [27–30].

Here, we introduce the dual use of high-resolution multi-
reflection time-of-flight mass separation and spectrometry in
the same measurement cycle of a single device. This method
constitutes a substantial extension of a recently reported ap-
proach to MR-ToF- or EIBT-based photofragmentation stud-
ies [31], which is briefly reviewed as the present method is
based upon it.

II. EXPERIMENTAL SETUP

Metal clusters are produced via laser ablation [32–35],
accelerated to 2 keV, and captured between two electrostatic
ion mirrors with an in-trap lift electrode [36] (see Fig. 1 for
experimental setup). In previous work [31], precursor bismuth
cluster ions are selected on a scale of single atomic mass units
employing the MR-ToF device’s high resolving power. This
is necessary in order to remove all other “contaminants,” in
particular those where a bismuth atom (mass number A =
209) is replaced by a lead atom (A = 204, 206, 207, 208) due
to impurities of the ablation target (see Fig. 10 in [37]). After
400 revolution periods (some tens of milliseconds depending
on cluster size), the isobar-selected precursor is irradiated by a
laser pulse. The pulse timing is synchronized such that the ion
bunch is located at its turnaround point in the trap’s entry-side
mirror potential, implying a kinetic energy of (close to) zero
at the time of laser interaction. Fragment ions thus have the
same energy as the precursor regardless of mass and can be
studied with the same post-trap detector configuration.

The investigations reported in Ref. [31] are limited to
clusters consisting only of 209Bi atoms, as bismuth has just
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FIG. 1. Overview of the experimental setup, with ion path indicated in red, source and interaction laser beams in green.

this one naturally occurring isotope. Thus, the challenge of
the fragment analysis never rises beyond that of cluster sizes
Bin, where n denotes the number of atoms in the molecule.
For small clusters, the required mass resolving power of
the second MS stage is consequently only on the order of
R = m/�m � 20, which is easily accessible with linear ToF
MS [18]: The ions were released by switching off the exit-
side mirror potential simultaneously to the excitation-laser
pulse to record their “single-path” flight times to the detector.
The overall experimental cycle can be described as MR-ToF
MS/ToF MS. The high resolving power of the MR-ToF oper-
ation is needed in the first stage to suppress contaminant ions
in the form of low-abundance compound clusters Bin−mPbm

(m < n) or, in the general case, molecular isotopes (“isotopo-
logues”) [38] and ensure unambiguous results. For the second
step of product ion analysis, the low resolving power of linear
ToF MS is fully sufficient.

For the present study of lead-doped bismuth clusters, the
laser-ablation target is purposely changed to an alloy contain-
ing 25 at% Pb and 75 at% Bi to enhance their production
rate and select them for photoexcitation. Fragmentation of
a compound cluster is inherently more complex and can be
understood as the loss of a neutral (compound) cluster from
the selected n-atomic precursor, i.e.,

Bin−mPb+
m → Bin−m−xPb+

m−y + BixPby, (1)

where x, y ∈ {0, 1, 2, . . . } and x � n − m, y � m. Note that
it is impossible to investigate such behaviors in the previous
MR-ToF MS/ToF MS–style measurement [31], as the mass
resolving power needed to distinguish the charged product
species quickly rises to R > 1000 with increasing n.

While there are other approaches of tandem mass spec-
trometry, they offer no viable alternative for cases like the
present. Quadrupole mass filters (QMFs), in particular “triple
quad” setups [39], have been used to investigate metal clus-
ters [40,41]. In addition, they have also been employed for
precursor selection prior to, e.g., (reflectron-)ToF MS [42,43].
However, limitations imposed by QMF devices include a low
mass resolving power on the order of a few hundred and a typ-
ical maximum m/q ratio below 10 000 u/e. Fourier-transform
ion-cyclotron resonance (FT-ICR) mass spectrometers are
another option for (among others) cluster studies [44–46],

as they offer excellent resolving powers reaching up to sev-
eral millions [47,48]. However, ICR measurements are based
on high magnetic fields provided by superconducting mag-
nets, which can complicate optical access to the interaction
region. In addition, the magnetic fields lead to m/q re-
strictions [47,49], typically on the order of a few thousand
atomic mass units over elementary charges, and a limited
sensitivity. Several tens or hundreds of ions are needed per
experimental cycle unless the ions have exceedingly high
charge states or the detection is restricted to only very narrow
bandwidths.

MR-ToF devices, in contrast, perform single-ion counting
with negligible background, allowing measurements even for
species with very low count rates (in the present study, only
one Bi+5 event is observed in about 3000 cycles; see Fig. 4
below) that are inaccessible to ICR spectrometers. At the same
time, MR-ToF resolving powers can be pushed to several
100 000 [50].

Here, we report the introduction of an advanced measure-
ment scheme: After the high-resolution MR-ToF precursor
selection and subsequent cluster-laser interaction, the ions
are stored further for high-resolution mass analysis. For a
demonstration of the (MR-ToF MS)2 scheme, 209Bi7

208Pb+

with mass number A = 1671 is selected as precursor to char-
acterize the change in its fragmentation behavior with respect
to the pure octamer, 209Bi+8 with A = 1672. The first MS stage
accordingly calls for a separation resolving power R � 2000,
which is easily surpassed with the present value of R ≈ 10 000
at 400 revolution periods [38].

III. RESULTS AND DISCUSSION

Figure 2 shows fragmentation spectra for both species of
interest measured without additional post-excitation storage.
While the pure cluster (a) has already been discussed in detail
[31], the resolving power is not sufficient for the compound
(b): Namely, the unresolved fragment species with mass dif-
ference �m = 1 u, marked in violet, yellow, and orange, pre-
vent comprehensive evaluation of the dissociation pathways.
While the relative change in fragment abundances between the
precursor species is obvious (see also values listed in Table I),
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FIG. 2. Single-path time-of-flight spectra of Bi+8 (a) and Bi7Pb+

(b) after photoexcitation at λ = 532 nm as introduced in Ref. [31].
Note that the resolving power is not sufficient to distinguish the Bi
cluster fragments from the Bi-Pb compounds in the bottom spectrum
(marked violet, yellow, and orange).

the branching ratios

B = IBiPb

IBiPb + IBi
(2)

for lead-containing fragments, where IBiPb and IBi are the
intensities of the compound and pure cluster ion species,
respectively, are not accessible from the single-path spectrum.

In order to determine these ratios, the experimental cycle
is changed to the (MR-ToF MS)2 mode by delaying the
ions’ ejection after the photoexcitation for several tens to
hundreds of additional revolution periods. All fragments are
retained and lap each other according to their mass-to-charge
ratio. The pure and compound species for the same fragment
sizes separate at sufficiently high (post-excitation) revolution
numbers, as illustrated in Fig. 3 for the n = 5 species.

A single measurement has been performed with an addi-
tional post-excitation storage time corresponding to 162, 145,
and 132 revolutions of the n = 4, 5, and 6 fragment species,
respectively (Fig. 4). This storage time has been chosen such
that all species of interest that appear in the spectrum are
sufficiently resolved and do not overlap. The present mass
resolving power in this second MS stage is R ≈ 10 000 and
thus sufficient to distinguish all fragment species. This allows
the determination of the branching ratios B defined in Eq.
(2). A separate measurement was performed for the low-

TABLE I. Relative fragment abundances in Fig. 2. The value for
fragment cluster sizes n includes the compound clusters Bin−1Pb+ in
the case of the Bi7Pb+ precursor. The abundances of n � 3 fragment
ions are negligible.

n = 4 n = 5 n = 6 n = 7

Bi+8 0.63(3) 0.16(2) 0.06(1) 0.12(2)
Bi7Pb+ 0.31(3) 0.23(3) 0.42(3) 0.04(1)

FIG. 3. Color-intensity N-versus-ToF plot [51,52] showing the
separation of cluster species for n = 5 fragments over several tens
of post-excitation revolution periods.

abundance n = 7 fragment at 84 post-excitation revolution
periods. All values are listed in Table II and illustrated in
Fig. 5.

For a purely statistical fragmentation process, i.e., with
identical probabilities for all possible pathways, simple atom
counting yields a branching ratio

Bstat = nfrag

nfrag + (nprec − nfrag)
= nfrag

nprec
(3)

for lead-containing ions, where nfrag and nprec are the sizes of
the fragment and precursor cluster ions, respectively. Since
IBiPb ∼ nfrag and IBi ∼ (nprec − nfrag), the above equation fol-
lows directly from (2). Comparing the experimental results
(Table II) to Bstat, it is readily apparent that both the n = 4 and
n = 6 fragment species exhibit a ratio skewed toward higher
values, that is, toward more compound clusters than naively
expected. Analogously, the n = 5 and 7 species show lower
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FIG. 4. Multi-reflection time-of-flight spectrum with
15 679.4 μs of additional storage time after the photoexcitation of
Bi7Pb+. Signals with identical label colors are resolved species of
the respective mixtures in Fig. 2.
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TABLE II. Measured branching ratios B for fragment clusters
resulting from the photoexcitation of Bi7Pb+ and expected ratios Bstat

for a purely statistical dissociation behavior.

n = 4 n = 5 n = 6 n = 7

B 0.94(1) 0.44(3) 0.95(1) 0.46(6)
Bstat 0.500 0.625 0.750 0.875

values, correlating to a preference of the pure cluster retaining
the charge.

Closed geometrical structures [53] or electronic shells [54]
are known to yield clusters associated with “magic numbers,”
most prominently found by Knight et al. in sodium-cluster
abundance spectra [55]. More importantly for the present
case, a set of electron counting rules (“Wade’s rules” [56])
is known to lead to increased stability if the number of a
cluster’s valence p electrons equals 2n + 2 (closo-), 2n + 4
(nido-), or 2n + 6 (arachno-species). Bi and Pb supply 3 and
2 of these “skeletal electrons” per atom due to their s2 p2 and
s2 p3 configuration, respectively. Recently, density functional
calculations have found that stable Bi-Pb compound clusters
are expected to follow these rules to a very high degree [57].

The deviation of the measured branching ratios B from
their element-abundance-based values Bstat can be understood
qualitatively in the framework of these studies. For the ex-
ample of the n = 4 fragments, the possible pathways with
respect to the retention of the charge result in Bi3Pb+ + Bi4

or Bi3Pb + Bi+4 . Note that the charged compound cluster
Bi3Pb+ has 10 valence p electrons (2n + 2) and the neutral
bismuth tetramer 14 (2n + 4). Both fragments are expected to
show increased stability within the context of Wade’s rules.
In fact, neutral Bi4 (and Bi2 to a lesser extend) is known to
be exceptionally stable from previous fragmentation studies
[31,58–61], neutral-cluster vapors [62–64], and density func-
tional calculations [65–68]. In contrast, the alternative path-
way leads to two fragments with odd electron numbers, which
are expected to be less stable. Thus, the high abundance of
the charged compound cluster arises from favorable product
configurations.

n = 7

n = 6

n = 5

n = 4

Bi8
+  Bin

+ + Bi8-n Bi7Pb+  Bin
+ + Bi7-nPb

 Bin-1Pb+ + Bi8-n

0.6 0.4 0.2 0 0 0.2 0.4 0.6
relative fragment abundance

FIG. 5. Fragment abundances from photoexcitation of the pure
(left) and compound (right) precursor species. For each fragment size
n, i.e., total number of atoms in the fragment cluster, the pure species’
abundance is given in darker, the compound’s in lighter color. The
black-and-white bars on the right indicate the purely statistical ratios
according to Bstat (see text).

Since the difference in the number of valence electrons
between Bi and Pb is one, the above trend holds for all cluster
sizes n: One cluster species (pure or compound) will exhibit
an even number of electrons while the other shows an odd
number. The stable species alternates with n. Thus, the n = 6
fragment branching ratio behaves analogously to that of n = 4
while the pathway with the charge being retained on the pure
cluster is favored for n = 5 and 7. In the latter cases, this leads
to lower branching ratios than calculated from pure statistics,
in agreement with Table II.

Thus, the B values are fully explained by the fragmentation
behavior resulting from the substituted lead atom (Figs. 2
and 5). For the pure bismuth cluster, it is largely defined by
the high stability of the neutral tetramer: Bi+8 → Bi+4 + Bi4

has 63(3)% fragment abundance. Following this pathway,
the decays leading to stable configurations of the charged
fragments n = 5 [16(2)%] and n = 7 [12(2)%] are preferred.
The dissociation leading to the charged n = 6 fragment with
its odd number of valence electrons is least frequent [6(1)%].

In contrast, due to the loss of a valence electron from the
substitution, the compound cluster’s most abundant pathways
are the break-off of a neutral bismuth dimer and tetramer,

Bi7Pb+ → Bi+7 + Pb 2(1)%

→ Bi6Pb+ + Bi 2(1)%

→ Bi+6 + BiPb 2(1)%

→ Bi5Pb+ + Bi2 40(3)%

→ Bi+5 + Bi2Pb 13(2)%

→ Bi4Pb+ + Bi3 10(1)%

→ Bi+4 + Bi3Pb 2(1)%

→ Bi3Pb+ + Bi4 29(3)%, (4)

as either leads to stable configurations for both the neutral
and charged fragment. The clusters with increased stability
are indicated in bold in the reaction equation (4), where the
relative abundances of the corresponding fragment ions have
been included. Compared to the pure cluster (see values in
Table I), the loss of Bi4 is 34% less abundant while the loss of
Bi2 is more abundant by the same amount. This likely results
from the very high stability of the Bi5Pb+ ion: Across the
investigated (n, m) space for Bin−mPbm, Seifried et al. have
found only two clusters with a single lead atom fulfilling all
imposed stability criteria (see Fig. 6 in Ref. [57]), Bi5Pb+
and the present precursor Bi7Pb+. The present measurement
thus agrees with their findings based on density functional
calculations. The next dominant fragmentation pathways of
the compound cluster in terms of abundance are those yielding
charged n = 5 fragments, where both competing channels are
about equally populated [10(1)% and 13(2)%]. All remaining
pathways are negligible in terms of their abundances.

In particular, the abundance of the n = 7 products de-
creases significantly compared to the analog photofragmen-
tation of the pure Bi precursor, even though the more highly
abundant Bi+8 → Bi+7 + Bi pathway leads to an unfavor-
able odd-numbered neutral bismuth atom. However, by this
neutral-atom emission Bi+8 turns into an even-numbered and
thus more stable species. In contrast, Bi7Pb+ has been pro-
posed to have a very high stability itself [57]. Thus, for this
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stable compound cluster, neutral-atom break-off is found to
be less favorable than the competing decay channels by the
present investigations.

IV. CONCLUSIONS

In summary, the present studies have unveiled stability
changes resulting from doping atomic bismuth clusters with

a lead atom. The measurements were possible only due to the
introduction of an advanced experimental technique, namely
tandem multi-reflection time-of-flight mass spectrometry
(MR-ToF MS)2, which combines high-resolution precursor
selection and high-resolution fragment analysis in a single
device with very high sensitivity. This development opens
the door to the study of reactions that have so far been
inaccessible.
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