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Abstract. Cationic and anionic clusters of the group-14 elements carbon, silicon, germanium, tin, and
lead are produced by high-vacuum laser ablation and studied with a multi-reflection time-of-flight mass
spectrometer. In-trap photodissociation is performed for cluster species in the size range n = 2-10. The
clusters’ production rates as well as their dissociation pathways are used to probe the nonmetal-metal
transition throughout the group. Carbon clusters show neutral-trimer break-off, while those of the other
elements evaporate neutral monomers and, in some cases, form specific charged fragment sizes.

1 Introduction

An element’s chemical and physical behavior can be
reasonably inferred from its location in the periodic
table. Not coincidentally, elements are grouped accord-
ing to their valence electrons—the actors behind a num-
ber of fundamental properties. Comparing same-group
elements will then reveal more complex trends arising
from, for example, changes in the atomic radius.
Group 14 (IV) of the periodic table is notable for
incorporating nonmetals (carbon), metalloids (silicon
and germanium), and metals (tin and lead) [1]. While
carbon forms strong, directional bonds, the bonding
becomes weaker and less localized for the heavier ele-
ments and leads to metallization in the bulk.
Monoatomic clusters X,,—aggregates formed of n
atoms of the same element X—allow the study of such
trends with respect to their size: Growing from sin-
gle atoms toward the bulk, atomic clusters probe the
onset of properties associated with covalent or metallic
bonding. Ion mobility measurements show, for example,
that gas-phase lead clusters adopt the compact, near-
spherical structures expected for metals [2], while car-
bon clusters exhibit more open geometries such as rings
or chains [3]. Clusters of silicon, germanium, and—
unexpectedly—tin only rearrange to spherical morphol-
ogy above certain threshold sizes [4-6]. In other words,
an element’s bulk metallicity does not always translate
to its small clusters in this region of the periodic table.
Naturally, the group has been the focus of much the-
oretical and experimental work; however, photodissoci-
ation has not yet been investigated for all species. Car-
bon cluster cations and anions have been extensively
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studied [7-12] as have the cations of silicon [13-15]. Sil-
icon and germanium cluster anions have been studied
for n > 9 [16] and germanium cations for n > 10 [14].
For tin, photodissociation has only been performed with
cluster anions starting from n = 9 [17], and for lead,
investigations start from n = 6 for cations and n = 9 for
anions [18]. Although fragmentation was also observed
in photoionization studies, no precursor-resolved disso-
ciation spectra were obtained [19,20].

Here, the production rates, photodissociation path-
ways, and (in the case of anions) electron detachment
of group-14 clusters from n = 2 to 10 are systemat-
ically investigated. Comparing elements, cluster sizes,
and charge signs allows inferring the types of inter-
atomic bonds and, thus, highlights the changing behav-
ior throughout the group. The present results are gained
from a single experimental setup under identical condi-
tions, allowing direct comparisons.

A multi-reflection time-of-flight (MR-ToF) mass spec-
trometer, also known as an electrostatic ion beam trap
(EIBT) [21,22], is used for both precursor selection and
fragment analysis. The device is capable of storing ions
for extended periods of time by capturing them between
two electrostatic mirrors. Long flight times and continu-
ous temporal refocusing of the ion bunch by the reflect-
ing potentials lead to mass resolving powers beyond 10°
[23].

2 Experimental setup and procedure

The present setup (Fig. 1) consists of a high-vacuum
laser-ablation source for cluster production (A = 532 nm,
10ns pulse width, 2mm diameter on target), and
a multi-reflection time-of-flight analyzer. The pulse
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Fig. 1 Experimental setup for in-trap photoexcitation. Ions are produced by laser ablation from a target, excited by a
second laser during storage, and detected after release from the trap

energy of the ablation laser is adjusted based on the tar-
get material (see Sect. 3). The target plates are biased
to £2KkV to extract ions of either polarity and guide
them in-between the electrostatic mirrors. The ions are
either allowed to traverse the analyzer toward a chan-
neltron ion detector for recording a conventional, lin-
ear time-of-flight spectrum (“single-path spectrum”),
or their kinetic energy is reduced by an in-trap lift for
capture [24].

Trapped ions revolve between the mirror potentials
with distinct periods governed by their mass-to-charge
ratios. The analyzer is equipped with in-trap deflec-
tor electrodes located between the mirrors and in-trap
lift (see Fig. 1) for the application of radially deflecting
electric fields during ion storage [25]. Synchronizing the
switching of the deflector potentials to the revolution
period of an ion species of interest allows the selection
of specific mass numbers from a set of isotopologues,
i.e., molecules with different isotopic compositions. The
resolving and selection of Snj isotopologues is exempli-
fied in [25].

To probe the fragmentation of mass-selected clus-
ters with the setup, an in-trap photodissociation tech-
nique has been developed [26]. Briefly, the molecular
ion species of interest is captured and separated from
contaminants in the MR-ToF analyzer over a few hun-
dred revolutions. This is shown for a Sn;' precursor
and a storage duration of 500 periods in Fig. 2a, b. A
pulsed excitation laser (A = 532nm, 6ns pulse width,
~ 3mm diameter at point of interaction, 1mJ pulse
energy) is timed to excite the ions at their turn-around
point in the entry-side ion mirror. Dissociation hap-
pening on short timescales (7 < 1ws), i.e., with the
kinetic energy of the precursor close to zero, leads to
the fragments leaving the mirror with identical total
energies as the precursor. In the present study, all frag-
ments are released toward the detector without further
(multi-)reflection by switching off the exit-side mirror
potential, yielding a time-of-flight product spectrum as
shown in Fig. 2c.

The residual gas pressure in the MR-ToF analyzer is
approximately 1 x 1072 hPa. No collision-induced disso-
ciation is observed for the present conditions, and nei-
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Fig. 2 ToF spectra after 500 Sn5+ revolutions to illustrate
measurement scheme: a transversal ejection and photoexci-
tation disabled. b Transversal ejection enabled. ¢ Transver-
sal ejection and photoexcitation enabled

ther is unimolecular decay without prior photoexcita-
tion.

3 Cluster production rates

The relative rates of the clusters’ production by laser
ablation give hints concerning their stability. This is
investigated by recording single-path spectra for car-
bon, silicon, germanium, tin, and lead targets of 99.9%
purity or above. Figure3 gives an overview for all
cationic and anionic cluster ions. For these measure-
ments, the ablation-laser pulse energy (Table 1) and
duration of data collection are adjusted between the
species as the overall production yield varies. Figure4



Eur. Phys. J. D (2023) 77:27

Page 3 of 10 27

cluster size n

1234 6 810

234 6 810

P o |
i |
EEENEY
EERY
P

REE -

1234 6810
I
LEETTHTT n |

]
104 !
i
|

1234 6810

1234 6810

-
[RERE an
i
i
[NRRRN

[RERE +
R
i
il
i

N +
Gen
ERRAY
A

[ - |
S|l
LTI
Ll
[NERN

11

i T
EERIIRCH
R i
g
|
|
|

—_
o
N

intensity / arb. units

—_
o
N

—_
o

i
i S
o T
il il

Pb’

=S 0

[N n

ALLIL

—_
o
o

0 10 20 30 40 O 10 20 30 40 50 60 O 20

40 60

0 20 40 60 80 100120 O 40 80 120 160

single-path flight time / pys

Fig. 3 Single-path time-of-flight spectra of group-14 cluster cations and anions produced by laser ablation of solid targets.

Cluster sizes are marked by vertical lines

Table 1 Ablation-laser pulse energy in millijoule for group-
14 cation and anion single-path spectra shown in Fig. 3

C Si Ge Sn Pb
Cations 1.7 2.7 2.7 1.7 1.4
Anions 3.0 5.4 4.6 1.6 1.7

shows the detection rates per laser pulse extracted
from the data. Note that systematic variations of the
ablation-laser pulse energy are beyond the scope of the
present study. While the general size range of produced
clusters is typically only weakly affected by the pulse
energy, the fact that spectra are recorded under dif-
ferent conditions has to be kept in mind when making
quantitative comparisons.

As is known for laser ablation without aggregation
gas, the observed cluster sizes are small since conden-
sation via three-body collision is rare in the plume
of vaporized material [27]. Thus, an overarching trend
of (generally) decreasing abundance with cluster size
is found. Beyond this phenomenon, however, fluctua-
tions between neighboring sizes can reveal species with
increased or decreased stability.

A notable exception, however, is the case of carbon-
cluster cations C;}' which are produced from glassy car-
bon in the present study (Sigradur G, HTW
Hochtemperatur-Werkstoffe GmbH): In addition to
the small carbon clusters reported here, we recently
observed large fullerenes with sizes up to n ~ 800
formed by coalescent growth from the laser-ablation
source [28]. Such findings are in line with previous stud-
ies [29] and are linked to the specific structure of glassy
carbon and, indeed, the nature of the carbon fullerenes
themselves. This is, however, a very exceptional case,
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Fig. 4 Detected ion counts per ablation-laser pulse
extracted from the spectra shown in Fig. 3. Note that no
counts are observed for the C;, Sig, and Si;, species and
only a single count is for Sig and Cj, in these spectra

as discussed already in Ref. [28]. Thus, this feature will
not be considered further in the present work.

The cationic cluster spectra for Siz , Gej, Snz , and
Pb (top row of Fig. 3 and top of Fig. 4) follow
near-exponential abundance decreases with their clus-
ter sizes—implying monomer aggregation [30]—with
the largest observed size being n ~ 10. Carbon cations
C;", while following the same decrease in general, show
reduced abundance of the small sizes n = 1-4. Possibly,
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Fig. 5 Color-coded fragment abundances as a function of fragment size (y-axis) for group-14 cluster cations and anions
after photoexcitation. Data are extracted from fragmentation spectra akin to Fig. 2c and normalized to the sum of all
fragments for each precursor cluster. Each column adds up to one. Species for which no measurement could be performed
due to low production are marked in blue. Empty columns indicate no fragments are observed

this is due to the coalescence mentioned above which
may de-populate smaller species in favor of larger ones.

Similarly, the anion spectra of Si, and the higher-
period elements also resemble one another (bottom row
of Fig. 3 and bottom of Fig. 4): The highest abun-
dance is found at or around n = 3, and production
strongly decreases after n = 5. The decrease in inten-
sity becomes less prominent from Si; to Pb,, . For Sn_,
Pb,,, and, to some extent, Ge,,, a second increase from
n = 8 to n = 10 is found. The carbon spectrum is,
again, markedly different: The production is dominated
by a strong preference of the even-sized clusters over the
odd-sized ones, and the atomic anion is not observed at
all.

Signals not belonging to the combs of cluster sizes in
Fig. 3 result from contaminants present in/on the tar-
gets or in the vacuum system. Signals can typically be
matched to Nat or KT atoms or (compound) clusters
for cationic and O~ or Cl~ for anionic species.

4 Cluster dissociation

It is known that even small metal clusters exhibit
broad photoabsorption resonances through collective
electronic excitations [31-33]. The absorbed energy can
thermalize to the ro-vibrational system from where it is
available for dissociation. In the present study, photoex-
citation is always performed with photons of 2.33eV
(532nm) and pulses of 1mJ, leading to fragmentation
of all of the probed cations except C; below n = 6. For
the anionic species, electron detachment is dominant;
however, some fragmentation is observed as well.
Figure 5 gives an overview of the dataset: Precur-
sors between n = 2 and 10 are selected (horizontal
axis), and the relative abundances of fragment sizes
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are color-coded. A horizontal trend of darker colors in
the map shows preference for a specific fragment being
formed across multiple precursors (e.g., Sig‘ ). A diago-
nal trend signals the loss of identical neutral fragments
from different precursors (e.g., Cs, forming Cffg). Mul-
tiple darker squares in a single column indicate different
fragment sizes being formed with similar abundances
from a single precursor (e.g., Sn; and Sng from Sng ).
Electron-detachment rates are obtained from the dif-
ference in total signal between fragment and reference
spectra.

The amount of loss of neutral fragments as a function
of cluster size is further illustrated for cations (Fig. 6)
and anions (Fig. 7), respectively. For each precursor of
size n, the relative abundances for the (n — 1) through
(n — 4) charged species are plotted, correlating to the
loss of 1, 2, 3, or 4 neutral atoms. Whether these losses
occur sequentially or by break-off of larger pieces cannot
be determined directly from the present data but will
be further discussed below.

4.1 Neutral C3 break-off

The loss of neutral Cg fragments from small carbon-
cluster cations and anions is well documented [7-12]
and found to be the dominant decay channel for n > 6
in the present study as well (Fig. 5 and blue lines in
Figs. 6, 7). While the anion decay pathways show no
branching, i.e., (virtually) 100% of the fragments are
found in the (n — 3) signal, the cations show (n — 2)
abundances of up to ~ 10%. Isomer-resolved dissocia-
tion studies have shown high amounts of C3 loss to be
indicative of a linear cluster geometry, while larger por-
tions of Cy loss point to a cyclic geometry [34,35]. Thus,
it may be possible that cyclic isomers are more readily
produced for the cationic species in the present study.
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Fig. 6 Relative abundances of (n—1) to (n —4) fragments
with respect to all observed fragments for cation precursors
up to n = 10. Data are only plotted from n = 6 onward for
carbon due to lack of fragmentation below

In any case, the fragmentation patterns demonstrate
the covalent bonding of carbon molecules and show—
as expected—no indication of metallic behavior.

4.2 Evaporation of neutral monomers

In contrast to those with covalent bonds, clusters with
predominantly metallic bonding are more likely to evap-
orate single neutral atoms. This is most prominently
known for alkali and coinage metals [36,37] which are
exemplary metal clusters due to their strongly de-
localized s electrons. Note that the s! configuration of
those elements specifically also leads to neutral-dimer
break-off from small odd-sized mono-cations to satisfy
electron pairing [37,38].

In the present study, monomer loss is found as a
dominant channel for many precursors of Sit, Ge™,
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Fig. 7 Relative abundances of (n —1) to (n —4) fragments
for anion precursors up to n = 10. Data are only plotted
from n = 6, 3, and 5 onward for carbon, tin, and lead,
respectively, due to lack of fragmentation below. No frag-
mentation has been observed for any silicon or germanium
cluster anions

Sn*, and Pb*. A metal-type bond can, however, not
directly be concluded at these small cluster sizes. It is
known that larger clusters of silicon and germanium
will adopt different dissociation patterns [14], as can
already be seen for n > 9 in Figs. 5 and 6. Tin [17] and
lead [18] clusters of intermediate sizes will lose larger
neutral fragments in competition with monomers.
Nonetheless, it is noteworthy that the small lead
cations observed in the present study—which, to our
knowledge, have mnot been previously probed by
photoexcitation—show a much stronger preference for
sequential loss of multiple atoms compared to tin and
the other elements. More product cluster sizes are
observed in higher abundance in Fig. 5, and in Fig. 6,
the green (n — 1) line is actually reduced in favor of
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the (n —2) and (n — 3) lines. This highlights the merit
of comparing data recorded under identical experimen-
tal conditions for multiple elements and supports the
narrative that the covalent bonding in lead clusters is
yet weaker than for tin and, by extension, the group’s
lighter elements.

4.3 Formation of specific fragments
Sig and Geg

Silicon cations of size n = 9 and 10 are found to predom-
inantly lose larger neutral fragments to form Sig (Fig. 5
and spikes in yellow and orange (n—3) and (n—4) lines
in Fig. 6). This is in agreement with previous studies
for 532-nm photodissociation [13] and collision-induced
dissociation [39] as well as ab initio calculations [40].
For 355-nm photodissociation, monomer evaporation
has been found as the dominant channel for n =9 [15].

Similarities between silicon and germanium clusters
have been noted before [14,41,42]. In the present study,
larger germanium cations show the same preference as
silicon to form charged fragments with size n = 6. In
fact, the dissociation patterns of the two elements are
remarkably similar—and markedly different from those
of the nonmetal carbon and the metals tin and lead.
In other words, while the metalloids of group 14 might
not adopt the compact structures of the metal clusters,
they are more closed than the linear chains or rings of
carbon.

Sn, and Pby

Similarly to the above considerations, anionic tin and
lead precursors of size n = 9—but not 10—form
charged n = 7 fragments (spikes in purple and green
(n—2) lines in Fig. 7). Both observations are explained
by an increased stability of the tin and lead heptamers
and decamers due to favorable geometries [43-48].

Remarkably, while the cation Pbg shows the same
preference to form the charged n = 7 fragment as
a competing dissociation channel to the sequential
monomer loss (spike in green (n — 2) line in Fig. 6),
Sng does not. More generally speaking, the dissocia-
tion maps in Fig. 5 resemble each other for the anionic
tin and lead clusters but not the cationic ones.

Note that there are indications for enhanced hep-
tamer and decamer stability also in the Sn,, and Pb,,
single-path spectra (Fig. 3): Abundance drops occur
after n = 7 and n = 10 in both cases. Interestingly, a
similar effect is visible for the Ge,, and, possibly, the Si,,
spectrum. While no photofragments have been observed
for silicon and germanium cluster anions in the present
study due to dominant electron detachment for n < 6
(see Sect. 4.5) and lack of production for n > 6, their
dissociation pathways may well show similarities to tin
and lead.
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4.4 Formation of the monomer cation

It is noticeable in Fig. 5 that clusters of Si,", Ge;', Sn'f,
and Pb; with n < 6 show some preference to form their
respective charged monomer species. This is also exem-
plified in the dissociation spectrum of Sn7 in Fig. 2c.
To our knowledge, this trend has not been previously
reported for these species, whereas it is known from
dissociation patterns of, for example, aluminum clus-
ters [49-51]. In that case, it is linked to the fact that
small Al clusters have—opposed to most other metal-
lic clusters—larger ionization potentials than the atom.
This is true for some but not all species in question here
[52-54].

However, it can also be argued that sequential
monomer evaporation of small cationic clusters has
to inevitably terminate with the atomic ion. While it
cannot be ruled out that (part of) the phenomenon
may have to be accredited to this, variations of the
excitation-laser pulse energy £, are performed for pre-
cursors GeF, Snj, and Pb; for more clarity. Figure8
illustrates the results for Ged’; the two other cases show
similar behavior.

Firstly, the (n — 1) fragment, GeJ, follows a linear
dependence with the pulse energy. This supports the
assumption that neutral-monomer loss is the lowest
dissociation channel as it is attained by single-photon
absorption. The Ge; and Gej curves are best described
by cubic functions, implying three-photon absorption
and, thus, higher threshold energies for the dissociation
processes. The Gel+ dependence is only fully character-
ized by superposition of a linear and higher-order term
(see dashed lines in Fig. 8 for the individual compo-
nents).

While the exponent of the second term cannot be
unambiguously concluded due to the limited number of
data points, the use of a cubic function reproduces the
measurement well. Note that the binding energy per
atom is on the order of 2-3eV for small germanium
clusters [55], so two-photon absorption might be more
likely. In any case, it is reasonable to propose that the
Gej fragment is produced through multiple pathways:
The linear component should result from monomer loss
of Ged with the monomer retaining the charge, i.e.,

Ges — Gey + Gef .

The higher-order component could result from one or
more of the subsequent reactions

Gej — Ges + Gef,
Gei — Gey + Gef
Geg — Gey + Ge

after an initial loss of neutral mono- and/or di- or
trimers. This in turn implies that at least two reac-
tions exhibit a degeneracy with respect to which species
retains the charge.
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Fig. 8 Fragment abundances from photoexcitation of Ge;{
as a function of excitation-laser pulse energy. Polynomials
are fitted to the data (solid lines) as indicated by the labels.
The dashed lines show the linear and cubic components of
the Ge] trend

Note that the scaling factors A; and As (see Fig. 8)
for the cubic functions describing the Gei and Gej
abundances are virtually identical, which, however,
does not allow further conclusions due to the number
of possible reaction pathways. Also, note that clusters
produced with the present laser-ablation source are not
thermalized to room temperature due to the absence of
aggregation gas [56]. This suggests broad distributions
of the clusters’ ro-vibrational energies even prior to the
excitation and, thus, matches the findings of degenerate
dissociation channels.

4.5 Overall reactivity and electron detachment

In addition to the size-resolved fragment spectra above,
information can be obtained from the overall dissocia-
tion or, in case of anions, electron-detachment yields
(Fig. 9). For the cations, in general, more fragmenta-
tion is observed going from carbon to lead, which may
be linked to the trend of the clusters’ bonds becoming
less covalent.

A striking feature is the strong oscillation of fragmen-
tation abundance between Snj and Sng, which corre-
lates well with the trend in calculated fragmentation
energies [45]. The same oscillations can be seen for sil-
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Fig. 9 Relative abundance of all photofragments and miss-
ing signal due to electron detachment in the case of anions.
All data are normalized to the precursor abundance before
photoexcitation. No measurements were performed for C;
as well as Si;, and Ge, for n = 7-10 due to insufficient
production rates

icon and germanium cations, the calculated energies
of which also show staggering [57]. The fragmentation
energies of lead cations vary less and are also much
lower in general [48].

For the anionic clusters, electron detachment is
generally prevalent over dissociation. This effect is
strongest for silicon and germanium: No fragmentation
is observed at all for n < 6, and production is too low
for photoexcitation above. Possibly, this follows from
electron detachment already being very likely for the
larger clusters in the hot plume during laser ablation.
Interestingly, while the measured electron affinities of
Si, and Ge,, are below the photon energy in this size
range [58], those of Sn,, and Pb,, are comparable, if
not lower [59]. This is taken as another confirmation of
the more metallic character of the lead and tin clusters:
The collective resonances known to exist for the elec-
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tron gas of metal clusters [31-33] might allow photons
to be absorbed and their energy to be thermalized to
the ro-vibrational system without electron detachment.

A notable feature in the trend of anionic cluster frag-
mentation is the strong spike observed for Sng . This can
be linked, again, to the favorable geometry of the n = 7
cluster. The ground-state structure of the octamer is
closely related to that of the heptamer; consequently,
its fragmentation energy is significantly reduced [44].
Interestingly, although the preference for dimer break-
off from Pbg implies the same stability of the n = 7
lead cluster, no increased fragmentation abundance is
observed for Pbg .

Both the detachment and fragmentation abundances
spike for Cy for which no obvious reason could be
found. While this may be a similar effect as the one
observed for tin and lead, i.e., forming preferable frag-
ment configurations, the detachment and dissociation
channels would result in different product clusters.

5 Summary and conclusion

The photodissociation pathways of group-14 cluster
cations and anions with sizes n < 10 are analyzed.
The study completes earlier photoexcitation investiga-
tions across the group and also highlights the useful-
ness of data taken for multiple elements under compa-
rable experimental conditions. Thus, the results offer
a comparison that hints to the elements’ preferences
for covalent or metallic bonding in the corresponding
small-sized atomic clusters.

Carbon stands alone as the group’s only true non-
metal. The remaining four elements’ clusters all show
some similarities, with none acting like true metals
or nonmetals in all criteria. The silicon and germa-
nium results are very comparable, as are those, to
a lesser extend, of tin and lead. While lead cations
Pb show dissociation most akin to that expected
for metal clusters—sequential evaporation of neutral
monomers—Sit and Ge! also show a preference to
form n = 6 charged fragments. Tin and lead anions
Sn, and Pb, form n = 7 charged fragments, analo-
gously, while only electron detachment is found for Si;;
and Ge,, . Tin cationic clusters are somewhat particular
in the sense that their dissociation channels match nei-
ther those of the lead nor the silicon/germanium cations
fully. This confirms tin as the most inconsistent element
with respect to the metal-nonmetal crossing among the
already fickle group 14.
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