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Collision-induced dissociation and high-resolution cyclic ion mobility mass spectrometry, along with
quantum chemical calculations and trajectory simulations, were used to compare the structures of
isolated [MAU,4(C=CR)151>~, M = Ni, Pd, or Pt, and their associated fragment ions. The three different
alkynyl ligand-stabilized (C=CR, R = 3,5-(CF3),CgH3), transition metal-doped, gold cluster dianions
showed mutually resolvable collision cross sections (CCS), which were ordered consistently with their
molecular structures from X-ray crystallography. All three [MAuU,4(C=CR)g]?>~ species fragment by
sequential diyne loss to form IMAU4(C=CR)15_,I?>", with n up to 12. The resultant fragment isomer
distributions are significantly n- and M-dependent, and hint at a process involving concerted elimination
of adjacent ligands. In particular [NiAu,4(C=CR);s]>~ also fragments to generate alkyne-oligomers, an

inference supported by the parallel observation of precursor dianion isomerization as collision energy is

rsc.li/pccp increased.

1. Introduction

Doped elemental clusters often form cage-like structures
enclosing atomic or molecular dopants. Endohedrally doped
fullerene carbon cages were among the first examples. Analo-
gous centrally doped clusters are known for many other
elements."™ For example, naked (i.e. ligand-free) gold clusters
caging different transition metal atoms have been extensively
studied in rarified molecular beam experiments and by quan-
tum chemical calculations.” It has also become possible to
stabilize such transition metal doped gold clusters using a shell
of organic ligands.®” In contrast to bare gold clusters, the
“coating” with a finite number of ligands provides sufficient
protection of the cluster cores to prevent them from coalescing.
Consequently air-stable, ligand-stabilized, gold clusters cen-
trally doped with transition metal atoms can be made in bulk

“ Institute of Physical Chemistry, Karlsruhe Institute of Technology, Fritz-Haber-Weg
2, Karlsruhe 76131, Germany. E-mail: manfred. kappes@kit.edu

? Department of Chemistry, Graduate School of Science, The University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

¢ Institute of Nanotechnology, Karlsruhe Institute of Technology, Hermann-von-
Helmholtz-Platz 1, Eggenstein-Leopoldshafen 76344, Germany

9 Institute of Quantum Materials and Technologies, Karlsruhe Institute of
Technology, Hermann-von-Helmholtz-Platz 1, Eggenstein-Leopoldshafen 76344,
Germany

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3cp06192b

8408 | Phys. Chem. Chem. Phys., 2024, 26, 8408-8418

quantities and studied at a level of detail going much beyond
molecular beam experiments.

The recently established ‘“MAu,,L,3 series” (M = Ni, Pd and
Pt) is a prototypical example of single-atom doped gold clusters
stabilized by ligands L, such as thiolates (SR) and alkynyls
(C=CR)."" The geometric structure of MAu,,Ls clusters
including the location of dopant M was determined by X-ray
crystallography. The three [MAu,,(C= CR)s]>~ dianions (M =
Ni, Pd, Pt; R = 3,5-(CF3),CsH3) share a common molecular
structure as exemplified in Scheme 1 for M = Ni. The central
heteroatom M (green) is surrounded by an icosahedral shell of
12 gold atoms (yellow). This icosahedron is protected by six
staples each comprising discrete Au,(C= CR); units (bronze Au
atoms) which can be thought of as holding the core together
against isomerization. There are small systematic changes in
M-Au bond lengths as the dopant is varied - reflecting to first
order the different sizes of the central heterometal atoms.

The different [MAu24(CECR)18]Z’ species, which from here
on we will generally refer to as MAu,,, also share a common
electronic structure as inferred from DFT (density functional
theory) calculations of the isolated dianions and from various
experimental results. According to an interpretation based on
the spherical jellium model of simple metal clusters,**2° the
isolated ground state species correspond to 8-electron supera-
toms with eight s'-electrons delocalized over the icosahedral
core (counting rule: 24 (Au) + 0 (M) — 18 (L) + 2 (dianion) = 8, i.e.
18> + 1P°). Interestingly, in this counting of delocalized
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Scheme 1 [NiAu,4(C=CR)ygl®>" structure as determined by X-ray crystallography (R = 3,5-(CF3),CeH3 (3,5-bis(trifluoromethyl)phenyl)).*? The icosahe-
dral NiAug, cluster core with central heteroatom is surrounded by six Aux(C= CR)s staples one of which is highlighted. Each staple comprises three
(C=CR) ligands labelled A, B and C. Color coding: Au (yellow (icosahedral shell) and bronze (staples)), C (blue), H (pink), F (lime green) and Ni (green).
[PdAUL4(C = CR)1g]?~ and [PtAu»4(C = CR);g]°~ have the same molecular structure with slightly different bond lengths.

electrons, the group 10 metal atom at the center does not
contribute to the number of delocalized valence electrons. In
a cross section through the center of the positive jellium
background this can be rationalized by raising the potential
of the central region relative to the perimeter (two-step jellium
model).>"** This destabilizes the 18 shell relative to 1P and 1D
shells, but not enough to change the 15> + 1P° filling order.

The establishment of a synthesis route to ligand stabilized
MAu,, clusters has been significantly aided by electrospray
ionization (ESI) mass spectrometry. [MAU,,(C=CR);5]*~ dia-
nions are the primary gold-containing species observed in the
ESI mass spectra of a solution of [MAu,4(C= CR);g](PPhy),. It is
interesting to consider whether these isolated dianions have
the same molecular structures as the MAu,, clusters making up
the single crystals. Perhaps there are structure changes upon
solvation and electrospraying? Clusters in the crystalline
solid may undergo structural relaxation due to interactions
with solvent molecules, counterions and also other proximal
clusters — which are missing under isolated conditions. On the
other hand, highly charged ions can unravel dynamically in gas
phase relative to their solution forms (in which localized excess
charges are better shielded from each other by the surrounding
dielectric medium).>®

This journal is © the Owner Societies 2024

Here we use ultrahigh resolution cyclic ion mobility spectro-
metry combined with mass spectrometry (cIMS-MS) to compare
the solid-state structures with the gas phase collision cross
sections (CCS) of precursor MAu,, dianions, M = Ni, Pd and Pt -
the so far most highly resolved CCS measurements of ligand
stabilized coinage metal clusters. In combination with DFT
modelling and trajectory method simulations of the experi-
mental CCS values we find that the ‘“size” of the isolated
dianions closely follows the M-Au bond length trend observed
by X-ray crystallography in solid state.

Isolation of molecular ions in gas phase also offers the
possibility to controllably excite them by collisions with an
inert gas without accessing dissipative processes involving
neighboring molecules (e.g. cluster-cluster reactions) as would
occur upon thermal treatment in condensed phase environ-
ments. In this study, we have used this capability also to
compare the structural stability of MAu,, towards isomeriza-
tion and fragmentation as internal excitation levels are incre-
mentally raised. Specifically, we have performed energy
dependent CID (collision induced dissociation) measurements
and have determined CCS values for precursor dianions and
the resulting fragments using cIMS-MS. While, sequential
diyne (RC=C-C=CR) loss is the dominant common
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fragmentation channel for all M, we find Es, values (50%
survival yield) and fragment CCS values to be M dependent.
For M = Ni, collisional excitation also accesses significant
ligand oligomer loss.

Below we describe our results and provide first order struc-
tural rationalizations based on DFT and semiempirical calcula-
tions (of the electronic ground states) as well as ion trajectory
simulations of the corresponding orientationally averaged col-
lision cross sections.

2. Methods

2.1 Synthesis

Cluster samples were synthesized at U. Tokyo as described in
detail in SI. [PdAu,y(C=CR);s]*” and [PtAu,4(C=CR)ys]*~
were synthesized by hydride-mediated transformation of pre-
synthesized [PdAug(PPh;)s]”* and [PtAug(PPhy)s]*","" %%
respectively. In brief, [PdAu,,(C=CR);5]>~ was obtained by
the reaction of Au-C = CR polymer complexes and [PdHAug(PPh;)g]"
generated by the reaction between [PdAug(PPh)s]”" and NaBH,."'
The synthetic procedure for [PtAu,,(C=CR)ys]"~ was the same
except for the use of [PtAug(PPhy)s*" instead of [PdAug(PPhy)s]".
[NiAu,,(C=CR);s]*~ was synthesized by the reaction of Au-C=CR
polymer complexes and crude [NiHAug(PPhy)s]"."> The samples of
[MAU,4(C=CR)ys]”” (M = Ni, Pd and Pt) were obtained as PPh,"
salts in a pure form by reprecipitation procedure. The samples were
characterized by mass spectrometry and UV-vis spectroscopy.

2.2 ESI-MS and cyclic IMS-MS.

Materials were dissolved in MeOH/acetonitrile (1:2) at typical
concentrations of 0.1 mg mL ' and electrosprayed into a
Waters Select Series Cyclic IMS ion mobility mass spectrometer
at KIT for further study. Gold containing charged species were
only observed in the negative ion mode. By far the most
dominant anions observed by high resolution mass spectro-
metry under standard analytical electrospray conditions were
[MAu,4(C=CR);s]>", M = Ni, Pd and Pt. In the following, we
focus on these precursor ions and their anionic fragments as
generated by collisional activation.

The Waters Select Series Cyclic IMS ion mobility mass
spectrometer can be run in several different standard modes.
The setup and working principle of this apparatus which allows
for CID, ultrahigh resolution cyclic ion mobility spectrometry
cIMS and iterative CID-IMS (cIMS") measurements each com-
bined with high resolution mass spectrometry have been
extensively described.?® Further details in particular of compo-
nents and procedures relevant for this study are given in ESL ¥
Here we used the instrument for: (i) solution analytics by
measuring high resolution ESI mass spectra under soft ioniza-
tion conditions (achievable mass resolution, m/Am of
>100 000) while bypassing the cyclic ion mobility separation
device (cIM), (ii) collisional activation and fragment mass
analysis as a function of collision energy (also bypassing the
cIM), (iii) cIMS of mass-range selected precursor dianions to
yield arrival time distributions (ATD’s) upon one or more cIM
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cycles and (iv) collisional activation coupled with cIMS and m/z
measurements as described. The collisional activation is per-
formed in the ion trap located behind the quadrupole mass
filter, the collision gas is nitrogen at a pressure of 2.6 x 102
mbar, i.e. multiple collision conditions.

Cyclic-IMS is one of several commercially available instru-
mental variants coupling ion mobility spectrometry with high
resolution mass spectrometry. In its simplest form IMS mea-
sures the drift time of an ion pulled by a static electric field
through a finite length drift cell filled with an inert collision
gas. This drift time is inversely proportional to the ions’
mobility which can be converted to a collision cross section
using the Mason-Schamp equation®® (see ESIf). Such (orienta-
tionally averaged) CCS values provide first order structural
information for the molecular ion of interest. State-of-the-art
IMS instrumental platforms seek to achieve high sensitivities
combined with highest mass and ion mobility resolutions.
Some of us have previously used and extensively described
trapped ion mobility spectrometry (tims) which offers CCS
resolutions (CCS/ACCS) of up to ca. 200 as implemented in a
Bruker timsTOFMS. In the present study we make use of a
Waters Cyclic IMS which is a comparatively new addition to the
arsenal of commercialized IMS methods and can provide
significantly higher CCS resolution. cIMS uses travelling wave
(TWIMS) excitation to push the ions to be analysed through a
cyclic drift cell filled with molecular nitrogen. This allows to
extend separation lengths relative to a linear TWIMS cell simply
by cycling the ions multiple times. Concretely, in the Waters
Cyclic IMS system ions are pulsed into the ca. 1 m length cIM
device, undergo a selected number of cycles which can range up
to more than 50 and are then pulse extracted from the drift tube
for mass analysis to yield ATD’s as a function of mass-to-charge
ratio. The ATD’s are then converted to calibrated collision cross
sections using a procedure described in detail in ESI.{ Accord-
ing to the IMS nomenclature convention they are denoted as
"CCSy; values. According to ref. 29 cIMS can achieve "'CCSy,
resolutions of more than 750 as ultimately limited by self-
diffusion and collisional broadening of the ion packets injected
into the cIM. We will separately report on " CCSy, calibration
and dependence of resolution on TWIMS parameters in a
future publication - including a comparison to “™CCSy,
values for a variety of substance classes and molecular ion
charge states.>”

For measurements of the high m/z monoanionic fragments
generated upon CID of [NiAu,,(C=CR)5]*~ we used a Bruker
compact ESI-MS optimized for high m/z detection (at U. Tokyo).

2.3 Theory

Experimental ®'CCSy, values were compared to predictions,
the°CCSyy, from trajectory method simulations using the IMoS
1.09 package®*”* (see ESIt for further details). These simula-
tions were based on model structures obtained from DFT
calculations performed with TURBOMOLE 7.4** using the PBE
functional®>3® with def2-SVP basis sets®® and accounting for
dispersion interactions at the DFT-D3 bj level.*>*' To prevent
SCF (self-consistent-field) convergence problems we used Fermi
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smearing as implemented in TURBOMOLE. For calculating
partial charges of some model structures we also used semi-
empirical extended tight binding calculations, i.e. the GFN 1
x¥TB-method.*>** For the three [MAu,,(C=CR);5]*~ precursor
dianions, starting structures were taken as corresponding to
the published X-ray crystal based DFT structure 0a** of
[PdAu,4(C=CR);5]>~ (i.e. with central heteroatom surrounded
by 12 gold atoms oriented in an icosahedral shell) and further
geometry optimized with DFT without symmetry constraints.
For [PtAu,4(C=CR);4]>~ and [NiAu,,(C=CR);5]*~ we swapped
the central metal atom. The resulting relaxed structures share
basically the same geometry as the X-ray structures, except for a
small overall contraction (3-4% for [NiAuy(C=CR)s]*",
[PdAu,,(C=CR);5]>~ and [PtAu,,(C=CR);5]*"). The contrac-
tion mainly occurs in the ligand shell reflecting minor changes
in the ligand orientations and slightly shorter Au-C bonds
upon geometry optimization. The root mean square deviation
between the [MAu,4(C=CR)4]>~ X-ray structures’'* and our
DFT optimized structures of isolated [MAu,,(C=CR);s]>" is
0.92 A (M =Ni), 0.81 A (M = Pd) and 0.86 A (M = Pt), respectively,
as determined with Jmol*® and RMSD.*® Comparing only the
MAu,, metal cores a deviation of 0.19 A is determined for
PdAu,, and PtAu,, and 0.20 A for NiAu,,, showing that most of
the changes occur in the ligand shell and not in the metal core.
To compare to experiment, relaxed DFT structures were trans-
lated into the corresponding theoocsy, values via trajectory
calculations (see ESIT).

Selected fragments [MAu,4(C = CR),5_,|>~ were investigated
by iteratively removing ligands from the corresponding
[MAu,4(C=CR);5s]*~ DFT structure in a variety of different
ways designed to simulate either statistical or non-statistical
fragmentation behavior as described in detail below (and in
ESIt). The '*°CCSy, of the resulting unrelaxed structures were
then calculated with IMoS by using partial charges obtained
from GFN 1 xTB calculations (see ESIt). Structures were visua-
lized with VMD*” and Jmol.*®

3. Results and discussion

3.1 Separating [MAu,4(C=CR),s]>" precursor ions according
to their ion mobility

Assuming that the known crystal structures are essentially
retained in gas phase we expected the three MAu,, precursor
dianions to have very close lying “'CCSy,, close to the instru-
mental resolution of our cIM. To minimize small perturbations
due to temperature and pressure fluctuations in the cIM, we
therefore explored their relative size using a mixture - ie.
essentially with an internal reference. For this all three dia-
nions were softly injected into the cIM device together and then
separated from each other in up to 50 cycles, pulse extracted
from the cIM and subsequently mass analyzed (much as in a
recirculating HPLC analysis with specific optical detection).*®
Fig. 1 shows a partial mass spectrum of the mixture used -
containing [MAu,4(C=CR);5]*~ with M = Ni, Pd and Pt in the
relative ratios 2.7:1.3: 1. Fig. 2 shows arrival time distributions
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Fig. 1 Electrospray ionization mass spectrum obtained for the mixture of
[MAU4(C=CR)1g]°>~, M = Ni, Pd and Pt, which was used to obtain their
orientally averaged collision cross sections in molecular nitrogen, " CCSys,
as shown in Fig. 2 and Table 1. See ESIf for comparison of resolved
experimental isotope distributions to simulations for natural isotope
abundances.

obtained for this mixture at different numbers of separation
cycles ranging from 1-50 as indicated (left — integrating over
the full mass range from m/z = 4520-4600, i.e. encompassing
all three precursor dianions; and right mass- and therefore M-
selective arrival times for the case of a 50 cycle separation).
With increasing numbers of cycles in Fig. 2 (left), three peaks
begin to separate corresponding to the three different
[MAu,4(C=CR);5]*~ species contained in the mixture (as con-
firmed by relative ion intensities and concurrent m/z analysis).
Note that 50 cycles correspond to an overall drift length of
50 m. The dianions arrive at the extraction point (equivalent
to a column elution in chromatography) in the sequence Ni <
Pd < Pt. Thus, the size trend seen in solid state is also retained
in gas phase.

Note, that the 50 cycle separation shown in Fig. 2 corre-
sponds to a CCS resolution of about 300. Even higher CCS
resolutions could be obtained by cycling further. Achievable
resolution is however ultimately limited by the finite cIM ring
circumference of ~1 m: eventually the lower CCS (and thus
faster) ions begin to catch up to the higher CCS (and thus
slower) ions. Note also, that under our conditions MAu,, ion
intensity decays roughly by 3.7% per pass of the cIM device.

Based on multiple such 50 cycle measurements (on MAu,,
mixtures probed under similar conditions on different days and
calibrated against 50 cycle separations of Agilent Tunemix
monoanions some of which also lie in the same m/z range)
we determined absolute ™CCSy, values of 721.5, 723.3 and
724.9 A” for NiAu,,, PdAu,, and PtAu,, with an error of & 0.8 A?
whereas the difference between peaks can be measured with
higher precision and is 1.80 4+ 0.1 A? between NiAu,, and
PdAu,, and 1.63 £+ 0.1 A? between PdAu,, and PtAu,,. To
analyze the data, Gaussian functions were fitted to the mass-
resolved ATD’s. The corresponding maxima were then con-
verted to calibrated "'CCSy;, values. Error bars reflect statistical

Phys. Chem. Chem. Phys., 2024, 26, 8408-8418 | 8411
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Fig. 2 Cyclic-IMS separations obtained for a mixture of [MAU,4(C = CR)15]?~, M = Ni, Pd and Pt (see Fig. 1). Left: Arrival time distributions (ATD's) for all
[MAU,4(C=CR);g]>~ ions together obtained by integrating over the m/z = 4520-4600 range - as a function of the number of separation cycles from 1-
50. Right — M-specific arrival time distributions for 50 separation cycles, i.e. recorded for the m/z range corresponding to the isotopologues of a specific
[MAU,4(C=CR);5]>~ and normalized to the respective ATD maxima. The ATD's can be converted to orientationally averaged collision cross sections,
"WCCSy» of the three different gas phase dianions, see text. Note that the order of elution, Ni < Pd < Pt, is consistent with the size trend in condensed

phase.

Table 1 Comparison of "WCCSy; for isolated [MAu4(C = CR)1g]®>~ with calculated "°CCSy;, values (see text and Fig. S1, ESI)

theogg,/A2 DFT

theopog /A2 DFT

WCCSy,/A? structure/DFT charges structure/GFN1 xTB charges Deviation®/%
[PtAu,,(C=CR);5]*~ 724.9 + 0.8 730.5 + 0.4 724.0 £+ 0.3 0.7, —0.13
[PdAu,4(C=CR)g]*~ 723.3 £ 0.8 730.4 + 0.3 723.4 + 0.4 1.0, 0.02
[NiAu,,(C=CR),4]*~ 721.5 £+ 0.8 728.3 £+ 0.4 721.0 + 0.3 0.9, —0.07

“ Deviation between column 1 and 2 and column 1 and 3, respectively.

fluctuations in the positions of the maxima of the Gaussians
from one cIM injection to the next.

Table 1 compares experimental and theoretical CCS values
(calculated starting from the X-ray based DFT structure of
[PdAu,4(C=CR);5]*~ - see above) for the gas phase precursor
dianions. With '®°CCSy, values of 730.5 A> (M = Pt), 730.4 A?
(M = Pd) and 728.3 A* (M = Ni), the experimental “'CCSy, values
are reproduced to within 1%. The standard error (i.e. the
statistical uncertainty) of ™°°CCS was determined to +0.3 A?
from at least 10 different trajectory simulation runs (each with
ca. 3 million trajectories with varying starting orientation, see
ESIT). Additionally, in order to address sources of systematic
error, we list P°CCSy, of the DFT structures but using Mulli-
ken partial charges from GFN1 xTB as we used this method for
calculating "*°CCS of the fragment isomers (see below). When
using Mulliken charges from xTB, the "*°CCS values agree even
better with the experimental data (presumably due to error
compensation as Mulliken results in unphysically negative
partial charges for the central metal atom). The decreasing
theoccsy, from Pt to Ni is well correlated with (the DFT
computed) decreasing distances from the central atom M
to the icosahedral Au atoms of 2.81 A (Pt-Au;c,) and 2.76 A
(Ni-Auio). The theoc sy, of the Pt and Pd containing cluster are
very similar as are the distances of 2.81 A (Pt-Au,) and 2.80 A

8412 | Phys. Chem. Chem. Phys., 2024, 26, 8408-8418

(Pd-Au;.). In general, agreement of theory and experiment to
within 1% is surprisingly good for molecules of this size and
complexity. In previous tims studies of related molecules in this
size range we have typically achieved agreement to within
2%.%9°° This is a strong indicator, that in the MAu,, dianions,
transfer into gas phase does not significantly change the bond
connectivity or relative bond orientations.

3.2 Collision induced dissociation

The authors of ref. 10 inferred from their CID MS measurements
and DFT calculations, that collisionally excited [PtAu,4(C= CR),s]*~
and [PdAu,(C=CR);s"~ (R = 3,5{(CF;),C¢H3) can sequentially
eliminate neutral 1,3-diynes (RC=C-C=CR), ie. concerted loss
of two C=CR units at a time, to generate [MAU,,(C=CR);5_,I*",
with even n = 2-12, reaction (1).

[MAU,,(C=CR);s]* * - [MAu,,(C=CR);(]>” + RC=
C-C=CR — [MAuy,(C=CR),;;]*” + RC=C-C=CR—...

1)

In a minor additional fragmentation channel, one HC=CR
molecule may sometimes also be lost - to generate
[MAU,,(C=CR')(C=CR),;_,J*", (R = 3,5-(CF;),Ce¢H,) with
overall odd numbered n = 1-11. Remarkably, dianions were
found to be the dominant fragment charge state (only

This journal is © the Owner Societies 2024
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comparatively small amounts of monoanions were additionally
detected) and these always retained an intact MAu,, metal
cluster moiety - i.e. the cleaved/reacted ligands did not signifi-
cantly carry away any excess charge or metal atoms.

In the present study, we have confirmed the [PtAu,,-
(C=CR)y5]>" and [PdAu,4(C=CR),5]” measurements of ref.
10 and have now also probed the corresponding CID phenom-
enology of [NiAu,,(C=CR);5]*" (see Fig. S3 and S4, ESIt). At
intermediate to high collision energies, we find fragments
analogous to those observed for M = Pt and Pd, ie
[NiAu,4(C=CR)15_,]>~ and [MAu,(C=CR')(C=CR);;_,]*".
There is however one interesting difference. Significant ligand
oligomer monoanion formation is also seen (for odd n = 5-9:
(C=CR), ; for even n = 4-10: (C=CR),,  plus some [[C=CR), £+
H]™) - already at low collision energies. While trace amounts of
(C=CR),, can also be seen upon collisional excitation of PtAu,,
and PdAu,, (upon closer inspection), for NiAu,, the polymer
intensity is at least two orders of magnitude larger and extends
to a remarkably high n > 10. Note, that CID measurements on a
Bruker compact ESI-MS platform optimized for the detection of
high m/z species indicate that the complementary monoanionic
molecular fragments comprise [NiAu,,(C=CR);s_,]| , reaction
(2) (see Fig. S5, ESIT).

[MAU,4(C=CR)15]" * — [MAU,4(C=CR);5_,] + (C=CR),”
(2)

This special behavior of NiAu,, is also documented in Fig. S3
and S4 (ESIt), which show typical fragmentation mass spectra
for all three precursor dianions at different collision energies.
In particular NiAu,, shows strong (C=CR),,” signals. In terms
of RC=C-C=CR and HC=CR’ loss, NiAu,, behaves qualita-
tively the same as PdAu,, and PtAu,,. However, the relative
intensity of the minor HC=CR loss channel is higher for Ni
than for Pd and Pt.

Fig. S6 (top) (ESIT) shows breakdown curves and fragment
yields (on a logarithmic intensity scale) for all [MAu,,(C=
CR)1s_n]>" as well as [MAu,4(C=CR’)(C=CR),,_,>~ versus
collision energy (strictly speaking the applied collision voltage).

1
1

Pd

© Normalized Intensity +
© Normalized Intensity =~

View Article Online
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Fig. S6 (bottom) (ESIT) shows the corresponding ligand oligo-
mer monoanion yields in the case of NiAu,,. Es5, values (50%
survival yield) are 68, 77 and 84 V for the breakdown curves of
NiAu,,, PdAu,, and PtAu,,, respectively, i.e. M = Ni is the most
labile of the three [MAu,,(C=CR),5]*~ species studied. Inter-
estingly, the [MAu,4(C=CR)ys_,|> fragment yields for n = 2
and 4 (and also n = 6 for Pd and Ni) show roughly the same
dependence on increasing collision energy. Only after n = 6 is
the collision energy required for further fragmentation
observed to clearly increase (roughly linearly) with n. Perhaps
some elimination of small neutral oligomers (n = 4) also occurs
in the early fragmentation stages.

3.3 Structures of collisionally excited precursor and fragment
ions

Additional cIMS measurements were carried out to further
investigate the collisionally activated reactions described
above, concentrating in particular on the reaction (1) cascade
to form [MAu,4(C = CR);5_,]>~ which is the primary dissocia-
tion process under typical experimental conditions.

3.3.1 Coexisting isomers of vibrationally excited precursor
ions, [MAu,,(C=CR),5]*> *. Fig. 3 compares arrival time dis-
tributions for all three MAu,, precursor dianions previously
subjected to different levels of collisional excitation as achieved
by injecting the ions into the ion trap upstream from the cIM at
variable collision voltages from 60 to 100 V. As seen in the
breakdown curves discussed previously, this energy range is
associated with the onset of extensive fragmentation leading to
a drop of precursor dianion intensity by several orders of
magnitude. Nevertheless, the dynamic range of the machine
is high enough to resolve a collision energy dependent change
in the ATD’s of the residual, vibrationally excited NiAu,,.
Whereas the measurements for M = Pd and Pt show only one,
symmetric, feature throughout the injection voltage range
probed, the ATD for M = Ni develops an initially weak but then
clearly visible shoulder extending to longer arrival times. This
feature, indicating the presence of at least one additional
significantly larger structural isomer at the m/z being probed,

—70V 1 Pt n —90V

—80V —100V
— 90V —110V
—100V —120V

)

© Normalized Intensity

680 700 720 740 760 780 800
CCS [A?)

Fig. 3 Single cycle ion mobility separations for [MAU,4(C = CR);g]*>~

680 700 720 740 760 780 800
CCS [A?]

T T 1 T T T T 1

680 700 720 740 760 780 800
CCS [A2)

obtained for various levels of prior collisional excitation as indicated. Note the

growth in relative intensity of a second resolvable isomer (or of several additional overlapping isomers) for M = Ni as internal excitation is increased and
fragmentation sets in in parallel. By contrast M = Pt and Pd show no corresponding effect.
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becomes dominant as the collision energy is raised further -
see Fig. 3. This special behavior of NiAu,, is likely related to its
enhanced lability towards ligand oligomer anion loss as already
mentioned in Section 3.2. We are exploring this further and will
report in detail in a future study.>’

It is interesting to note ref. 52 in this context. The authors of
the latter study observed collision induced isomerization of
[Au,s5(2-PET),5]", PET = phenylethyl thiolate, to form an isomer
with a ca. 28% larger CCS than the initial gas phase structure.
This was interpreted in terms of a concerted rearrangement of
the entire cluster, which has an icosahedral core/shell + staple
topology analogous to that of [MAu,,(C=CR)s]*". Ab initio
molecular dynamics (AIMD) simulations suggested that colli-
sion induced rearrangement of [Au,5(2-PET)5]* begins with a
correlated rotation of the triangular faces of the icosahedral
shell about the central gold atom. As the staples remain
attached to the same gold atoms in this internally rotating
shell, their constituent PET ligands - much like sails - are
torqued and ‘“unfurled” resulting in an isomer with a signifi-
cantly larger CCS. In contrast to the case of [Au,5(2-PET) 5]*, we
interpret our observation of isomerization at high collisional
excitation of [NiAu,4(C=CR);s]> as due to reactions which
change bond connectivity in the ligands. This seems plausible
as extensive loss of neutral diynes and ligand polymer anions
(both involving Au-bond breaking) occurs in parallel.

3.3.2 [MAuy(C=CR);5_,]°" fragments

3.3.2.1 Single cycle separations. We performed single cycle
separations to obtain a phenomenological overview of
the structural changes associated with increasing fragmenta-

View Article Online
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[MAu,4(C=CR')(C=CR);_,]""). The corresponding ATD’s,
plotted on a “CCSy, scale, are presented in Fig. 4.

At the comparatively low resolution accessible by a single
separation cycle, the collision cross sections decrease essen-
tially monotonically with the number of ligands lost. Note
again, that odd numbered n indicates the additional loss of
one HC = CR unit. Fig. 5 plots this trend (**CCSy, against 7, the
number of ligands lost) for M = Pt. The experimental data for
the other two M's show a similar monotonic CCS dropoff with n
(see Fig. S8, ESIT).

Remarkably (and in contrast to the isomerization of the
[NiAu,4(C=CR)ys_,]>~ precursor dianion discussed above),
ATD,,.x values of specific [MAu,4(C=CR);5_,]>~ fragments
do not change significantly with collision energy — apart from
the fact that higher collision energies are required for on
average more extensive fragmentation. This suggests that an
evaporative ensemble is being probed to first order.>® Never-
theless, ATD halfwidths are already visibly n and M dependent.
In particular, the even numbered fragments appear on average
to have significantly narrower ATD’s than the odd numbered
ones. Additionally, some ATD’s show a reproducible (fine)
structure, suggesting that the fragmentation cascade can form
multiple coexisting isomers.

We attempted to model the global trend shown in Fig. 5 by
sequentially removing the requisite numbers of ligands from
the molecular structure (see also Fig. S9, ESIt). For this we used
the converged DFT (m4 grid, PBE, def2-SVP, Disp3bj) structure
of [PdAu,,(C=CR);5]”~ as a starting point and generated the
correspondingly defected structures by removing ligand pairs

tion degree, n = 1-12 (for all [MAuy(C=CR)y5_,]*", resp. (always ligand type A and B in Scheme 1) in an otherwise
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Fig. 4 Overview of single cycle arrival time distributions (ATD's) converted to a WCCSy» scale for [MAu24(CECR)w,n]2’ precursor and fragment ions as
a function of the number of neutral ligands lost (normalized to the most intense feature in the respective measurements). Note, that even numbered

fragments correspond to one or multiple losses of neutral 1,3-diynes (RC

=C-C=CR), R = 3,5-(CF3),CgHs3, i.e. pairs of ligands. By contrast, the odd

numbered fragments correspond to (multiple) diyne loss plus loss of nominally one HC=CR. In the case of odd numbered fragments, it is not clear at
which stage in the fragmentation sequence HC=CR is lost. Note the strong n- and M-dependencies of the arrival time distribution shapes even after

only one separation cycle.
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Fig. 5 Left: "WCCSy; against n, the number of ligands lost to form [PtAu,4(C = CR);s_,]>~ by collision induced dissociation of [PtAu,4(C= CR)5]*>". Also
shown are the predictions, theoC S, ,, of an atomistic model based on statistically distributed ligand loss “defects” (see text for details). Right: Schematic
representations of these defected model structures for n = 0 to n = 14 (front and back views). The red positions refer to the terminal C-atoms of each
remaining (C=CR) ligand - neglecting the rest of the ligand in the representation. Blue positions refer to missing ligand sites (again terminal C-atom
positions). Shown is the result of a “statistical” fragmentation cascade corresponding to sequential loss of pairs of adjacent ligands without further spatial

correlation of the affected staples.

random sequence in the case of even n and one additional
arbitrarily chosen type A ligand in case of odd n. With these
unrelaxed ‘“defected” structures we then performed single
point calculations at the GFN1 xTB level to generate Mulliken
partial charges necessary for the trajectory method simulations
of the collision cross sections. We used Pd as GFN1 xTB shows
convergency problems with Pt in some cases. Considering that
theoCCSy, of [PdAuy,(C=CR);s]>~ and [PtAu,,(C=CR)s]*~
agree within the error of the trajectory calculation and no
geometry optimization of the fragment is performed, this
approach seems reasonable. Fig. 5 shows the resulting
theoc oSy, predictions and schematics of the defect structures
for n = 0-14. Apparently, the assumption of statistical ligand
pair loss without further structural relaxation describes the
global experimental observation - after one separation cycle -
already surprisingly well.

3.3.2.2 Multiple separation cycles. Additional cycles of
separation can be used to explore the fragment isomer space
in more detail. For example, one might question whether
alkyne/diyne loss is in fact always sequential, completely sta-
tistical or whether sequential eliminations are to some degree
spatially correlated. Generally, the numbers, relative intensities
and "CCSy; values of the isomers resolvable by a given number
of separation cycles depend strongly on M and n. Selected
measurements are shown in Fig. S7 (ESIt). Fig. 6 shows an
extreme example for the n = 10 fragment of PtAu,, ie.
[PtAu,4(C =CR)g]*". After six separation cycles, four fragment
isomers can be (partially) resolved, superposed on a broad
shoulder to shorter arrival times. From smallest to largest,

This journal is © the Owner Societies 2024

these isomers differ in ™'CCSy, by ca. 3%. They are formed
roughly in the intensity ratio 5:3:2:1.

To put this observation into perspective it is important to
remember that there are initially six Au,(C=CR); “‘staples”
(each with an Au, unit and three C=CR ligands). After loss of
10 ligands and assuming no structural relaxation occurs, multi-
ple [PtAu,,(C=CR)g]*~ isomer types can result which are
distinguishable by the partitioning of their 8 remaining ligands
over the cluster “surface” (in principle Au, units can host 3, 2, 1
or 0 remaining ligands subject to the restriction that there are
only 8 ligands left overall). Table S2 (ESIt) lists examples of the
seven possible isomer types ordered according to number of
ligands left on each of the six staples. Obviously, there are a
large number of different combinatorial possibilities for each
isomer type depending on whether ligand loss is completely
random or somehow spatially correlated (the Au,(C=CR);
staples themselves are initially indistinguishable due to mole-
cular symmetry). Many of these combinatorial possibilities will
have distinguishable patches of ligand-free surface regions and
corresponding CCS values. It goes beyond the scope of this
study to consider all combinatorial possibilities but it is never-
theless of interest to compare the experimentally resolved CCS
spread to the predictions for several different isomers resulting
from various assumed fragmentation sequences - ranging from
fully correlated in space (i.e. a sequence of A + B or B + C ligand
losses (see Scheme 1) to form diynes progressing from staple to
adjacent staple) to purely statistical (10 of 18 monomers are
randomly removed regardless of which staple/position they
originate from).

For this, we calculated ™°°CCSy, for nine possible
[PtAu,,(C=CR)g]* isomers generated by removing either
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Fig. 6 Example of resolved isomers formed upon CID of [PtAu,4(C =CR)gl°~ for the n = 10 fragment, i.e. [PtAu,4(C=CR)g]?~ after six cIM separation
cycles. The vertical lines refer to "®°CCSy, values calculated for possible isomers as listed in Table $2 (ESIT). The red bars highlight largest, smallest and
two intermediate sized structural models for which we show the structure. The corresponding defect structures are shown from the front and back side

(see the caption of Fig. 5 for details on the schematic representation). Other defect model structures are shown in Fig. S10 (ESI¥).

three, two, one or zero C=CR ligands from the staples -
otherwise with the same method as already described above.
Fig. 6 presents the M°CCSy, values of the nine calculated
isomers (see also Table S2 and Fig. S10 which shows schematics
of the corresponding structures, ESIt). The smallest "*°CCSy,
is found for isomer 9 (496.5 A%) in which the ligands have been
removed from one side of the cluster only in a non-statistical
pattern. The largest isomer (isomer 1, 606.6 A%) is obtained
when 2 of the staples stay complete, one ligand is removed
from a third staple and all ligands are removed from the
remaining three staples. Doing the same, but with a spatially
more correlated loss sequence, results in a theoccsy, of
551.3 A% i.e. 9% smaller (isomer 8). Interestingly, the experi-
mental [PdAu,,(C=CR)g]>~ isomer spread lies well between
the limits of isomer 1 and isomer 9. Overall, it seems that the
best agreement with the experiment is obtained when radical
formation is minimized. In particular isomer 4 (five adjacent
pairs of ligands are lost; 553.4 A%) and isomer 7 (4 adjacent
pairs and 2 singles are lost; 555.8 A%) have ™°°CCSy, which are
very close to the most intense isomer found in the experiment.

To summarize: we can rule out extensive fragmentation
to form highly anisotropic [PtAu,,(C=CR)g]’~ structures.
Furthermore, the observed isomer spread is inconsistent with
random monomer loss and instead points to mainly diyne
evolution by way of loss of pairs of adjacent ligands on a given
staple. However, it remains unclear whether in the fragmenta-
tion sequence the next diyne loss is spatially correlated to the
previous one. Further insight, also into relative isomer inten-
sities and into the behavior at intermediate fragment sizes,

8416 | Phys. Chem. Chem. Phys., 2024, 26, 8408-8418

requires much more extensive modelling which will be the
subject of a future study.

Summary and conclusions

Collision induced dissociation, high resolution cyclic ion mobi-
lity mass spectrometry and trajectory simulations based on
quantum chemical calculations were used to compare the
structures of isolated [MAu,4(C=CR);s]>~ (M = Ni, Pd and
Pt) and of the associated fragment ions. The resolution of cIMS
is high enough to allow differentiation of the three different
transition metal doped precursor dianions on the basis of
purely their collision cross sections. The size trend observed
for the gas phase dianions is consistent with X-ray crystal-
lography which shows that in the ionic solid (held together by
PPh," countercations), the [MAu,,(C = CR);5]>~ molecules have
a common geometry but slightly M-dependent M-Au bond
distances.

All three [MAu,,(C=CR);s]*" dianions fragment to
[MAu,4(C=CR)5s_,]*>~ species - with even numbered 7 losses
strongly favored. This and the dependence of fragmentation
degree on collision energy argues for primarily sequential diyne
loss. Up to 12 ligands, i.e. formally 6 RC=C-C=CR diyne
moieties can be eliminated in this fashion. Cyclic IMS measure-
ments show that the resulting [MAu,4(C=CR);5_,]>~ isomer
distributions are strongly n- and M-dependent. Preliminary
analysis is consistent with an underlying process involving
elimination from staples of pairs of neighbouring ligands.

This journal is © the Owner Societies 2024
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Future MD simulations will be required to help establish
whether sequential ligand/diyne eliminations continue in a
spatially correlated fashion.

[NiAu,4(C=CR);s]*" also fragments significantly by loss
of ligand oligomers, (C=CR),,” with n ranging up to 10. In
parallel, it can undergo measurable isomerization to generate
isobaric species with significantly larger collision cross sections
(a process not observed for M = Pd and Pt). We will report
further details in a future publication.
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