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ABSTRACT: Atomically precise clusters such as [Pt;,(CO),,(PPh;),]**
(x = 1,2) (PPh; is triphenylphosphine) are known as precursors for
making oxidation catalysts. However, the changes occurring to the
cluster upon thermal activation during the formation of the active
catalyst are poorly understood. We have used a combination of hybrid
mass spectrometry and surface science to map the therma
decomposition of [Pt;;(CO);,(PPh;)s] (NQ),. High-resolution mass
and ion mobility spectrometry together with DFT-based modeling were
used to probe the sequence of fragmentation reactions and fragment
structures generated upon collisional excitation of
[Pt;,(CO);,(PPh;)s]**. This was compared with thermal desorption

spectroscopy of [Pt;,(CO);,(PPh;);] (NO;), dropcast onto an inert graphite surface. In both cases, a characteristic sequence
of CO and benzene desorption steps is observed followed at higher excitation energy by H, loss. This behavior is indicative of
Pt-catalyzed C—H activation of phenyl groups during partial stripping of the ligand shell while the Pt ,Pg cluster core is
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1. INTRODUCTION

Industrial catalysts based on noble metal nanoparticles (NP)
supported on metal oxides have significant societal impact, e.g.
in control of pollutants emitted upon combustion of
hydrocarbons.” T hese catalyst systems have typically been
optimized to function over long time scales at elevated
temperatures—oftentimes also subject to periodically repeated
regeneration procedures when their activity begins to degrade.”
Much if not all of the associated preparation, activation,
operation and regeneration is based more on empiricism at the
mesoscale rather than on detailed mechanistic insight at an
atomic level. While this approach has worked out well in the
past—in the case of automotive emission catalysis for over S0
years—recent global developments require improved catalyst
efficiencies an d si gnificant red uction in the amo unt of raw
materials and/or energy consumption required to make and
run the catalysts.

A promising approach in this regard is to generate a catalyst
by thermal activation of preformed, atomically precise, ligand
stabilized metal clusters.” " Such rigorously monodispersed

species typically comprising less than 100 metal atoms
optimize the number of their surface versus bulk atoms thus
potentially saving on overall metal loading—given sufficient
turnover frequencies per exposed catalytically active metal
atom. Negishi et al. have recently described a simple synthesis
procedure for a new cluster [Pt;,(CO);,(PPh;)s]*, x = 1 and
2 (with CI™ and SbF4~ counterions)’ which when deposited
onto y -alumina can be calcined to generate a highly active
“Pt,,” based CO oxidation catalyst.'’ In fact, when coated onto
a cordierite honeycomb substrate (as used in automotive
catalysis), “Pt,” is reported to have an activity which is better
than that of a standard Pt NP catalyst prepared by the
impregnation method on the same support - even after aging


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christian+Schmitt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/toc/ancac3/19/3?ref=pdf
https://pubs.acs.org/toc/ancac3/19/3?ref=pdf

A [Pt17(CO)1o(PPhs)gl*

2600 2800
m/z

B [Pt17(CO)15(PPh3)]**

Calculated

Experimental

...lll“ I“lln“..

2870 2875 2880

3000

m/z

Figure 1. (A) Typical positive ion ESI mass spectrum obtained for a solution of [Pt,,(CO),(PPh;);](NO;), (x = 1,2), together with a
schematic molecular structure of the primary ion [Pt;,(CO),,(PPh;)s]** (gray: Pt atoms, orange: P atoms, blue and red: C and O of CO,
green: C of C¢H; moieties of PPh;, H atoms not shown for clarity). (B) Comparison of experimental and calculated isotopologue

distribution of [Pt;,(CO),,(PPh;)s]*.

under operating conditions.'’ This was established in a near
atmospheric pressure flow reactor study using a gas mixture
consisting of 1% CO, 0.5% O,, and 98.5% N, which was
circulated over the [Pt;,(CO),(PPh;)g]™ (x = 1, 2) coated
substrate (0.15 wt % Pt) at a space velocity of 50,000 L h™*
while ramping up the temperature to 400 °C at a rate of 20 °C
min~"."" The authors also presented HAADF-STEM images of
the deposited cluster sample after calcination to 500 °C.
Interestingly, the STEM images after calcination showed a
narrow size distribution of Pt containing particles (1.07 + 0.24
nm) with sizes similar to that of the initially deposited
[Pt;,(CO),,(PPhy)g** on y- ALO; (0.94 + 0.16 nm)."
Furthermore, a comparison of the individually resolved
particles before and after calcination showed that the size
and ellipsoidal shape of their central noble metal cluster core
does not significantly change.

In other words, “Pt;,” (supported on y- Al,0,) appears quite
robust to thermal sintering and other degradation processes
associated with exposure to O, at elevated temperatures.
Additionally, it is an active CO oxidation catalyst which can be
easily generated from a well-defined [Pt;;(CO);,(PPh,)s]**
molecular precursor. This makes it a promising “Pt-efficient”
catalyst system for understanding reaction mechanisms and
further optimizing both active sites and interactions with
supports - with atomic precision.

We have recently also become interested in this system and
have contributed to a continuous flow, scaled-up synthesis
procedure for [Pt,;(CO);,(PPh;)s](NO,), (x = 1,2)."" A first
step toward uncovering the “Pt;” active site(s) is to study just
the thermal decomposition of the [Pt;;(CO),,(PPhy)s]™
precursor itself under simplified conditions of little or no
support interaction in vacuum. The observed dissociation
reactions and structural information concerning the major
fragments can provide some of the information necessary to
understand and model calcination and reactivity of species
ensuing upon activation when deposited on a “real world”
metal oxide support.

In this study, we present and compare results for: (i)
collision induced dissociation of [Pt;;(CO),,(PPh;),]** cluster

cations in inert N, collision gas - specifically probing the mass,
composition and ion mobilities of the fragment ions (and
corresponding neutrals) generated - and (ii) thermal
decomposition and desorption of neutral species from
[Pt;;(CO);,(PPhy)s](NO;), drop cast onto an inert HOPG
substrate and heated under vacuum. Interestingly, we observe
the same sequence of fragmentation steps in both experiments.
Together with quantum chemical calculations this allows
insight into fragment structures and energetics relevant to the
transformation of [Pt;;(CO),(PPh;)s](NOs;), into an active
catalyst for CO oxidation.

2. EXPERIMENTAL RESULTS

2.1. Characterization of the Atomically Precise Cluster. A
typical ESI mass spectrum of the purified [Pt;;(CO),,(PPh;)s]-
(NOy), cluster dissolved in 1:1 methanol/toluene is presented in
Figure 1A. This shows a peak at m/z 2875 corresponding to the
molecular ion [Pt;,(CO),,(PPh;)s]** (isotopologue distribution in
Figure 1B). The cluster predominantly sprays as a dication under our
experimental conditions. A smaller fraction of ~10% was present as a
monocation [Pt;;(CO),(PPhy)]* at m/z 5750 (Figure S1). The
DFT-optimized structure of the dication cluster (based on the
coordinates from the [Pt;;,(CO);,(PPh;)s][(SbFq),] crystal struc-
ture’) is presented in the inset of Figure 1A. The overall ellipsoidal
structure of [Pt;;(CO),,(PPh;)s]** constituting a Pt;; icosahedral
core, is further capped by four Pt atoms. These capping Pt atoms are
present as two Pt,(4,-CO)(PPh;), units above and below the
icosahedral core, respectively. Apart from the two terminal x2-CO
associated with the caps, two more p2-CO are present in the
equatorial region. The cluster is further symmetrically covered by 8
#,-CO and 4 PPh; ligands. We also synthesized the cluster using
perdeuterated PPh; and the formation of the isotopically labeled
cluster, [Pt;;(CO),,(PPh;-d15);](NO;), was confirmed by ESI MS
which showed the molecular ion peak at m/z 2935, corresponding to
[Pt;,(CO),,(PPh;- d15)g]** (Figure S2).

2.2. Gas-Phase Measurements. [Pt;,(CO),,(PPh,),]** cations
were transferred into the gas-phase by electrospray ionization and
subjected to collision induced fragmentation. The resulting fragment
structures were characterized by ion mobility spectrometry. This was
done using a Waters Select Series Cyclic Ion Mobility Mass
Spectrometer (Cyclic IMS-MS).">"* ESI conditions were chosen
such that transfer of cations from solution occurred essentially
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Figure 2. (A) CID mass spectrum of [Pt;,(CO),,(PPh;);]** at a nominal collision voltage of 30 V. Clusters dominantly fragment by losing m
CO and n benzene molecules to form dicationic fragments labeled as (m,n). The inset shows the collision-voltage resolved intensities of (1—
5,0) and (3—6,1). The solid lines show Gaussian fits to the experimental data points. (B) 2D plot of fragmentation voltages at which each
(m,n) fragment dication signal maximizes. The circle size is proportional to normalized ion intensity of each species. Note that at low
collision voltages, some CO evolves first before benzene elimination also sets in.

without fragmentation. In similar cases of comparatively large ligand-
stabilized metal clusters, we and others have shown that the structures
of “parent” ions transferred to gas phase are very similar to those of
the corresponding ion in solution or crystal.'*™'® Note that
[Pt;;(CO);,(PPh;)s]* was the predominant cation obtained by ESI
(Figure S1) and we focus on it below.

2.2.1. Collision Induced Dissociation (CID) and Fragment Mass
Spectra. 2.2.1.1. Fragmentation Channels and Regimes. To probe
CID in N,, electrosprayed [Pt;,(CO),,(PPh;)s]** ions were m/z-
selected in a quadrupole mass filter and transferred into the collision
region (trap) of the Cyclic IMS-MS instrument (details of the
instrument are described in previous reportslz’13). Fragment mass
spectra were recorded as a function of fragmentation voltages which
were systematically varied from 0 to 120 V (Figure 2, Figures S3—S8).

Fragmentation after collisional excitation occurred primarily by
sequential loss of small neutral molecules (while the 2+ charge is
retained in the larger Pt-containing fragment). Overall, three different
fragmentation regimes can be distinguished. At very low collision
energies near the fragmentation threshold primarily CO loss is
observed (Figure 2A). This is followed at intermediate collision
energies by concurrent loss of both CO and benzene moieties (Figure
2B). At highest collisional energies we additionally observe some H,
H, and C¢Hj evolution in parallel to CO and benzene (Figure 3).
Importantly, over the full collision energy range there is no
measurable loss of neutral or small cationic Pt containing moieties
and also no charge loss fragmentation pathways leading to the
formation of monocationic species (see Figure S3). Furthermore, and
in contrast to the case of other PPh; protected noble metal clusters in
the literature'”'® we saw no significant desorption of PPh, ligands or
of any other P containing neutral or cationic moieties (as also checked
by comparing to CID of the fully deuterated analogue
[Pt;,(CO),(PPh;-d15)5]** (see discussion in SI and Figures S9—
S11). We conclude, that collisional excitation leads to partial stripping
of the ligand shell while a central dicationic unit comprising all 17 Pt
and 8 P atoms is retained. Next, we describe these results in more
detail.

2.2.1.2. Collision Energy Dependencies. A CID spectrum at 30 V
is presented in Figure 2A. Assignment of the product ions by analysis
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Figure 3. CID mass spectra of [Pt;,(CO);,(PPh;)]** at collision
voltages from 70 to 120 V (high collision energy regime). Shown
in (A) are the calculated isotopologue distributions for (12,10—
17) species (i.e., corresponding to concurrent loss of only CO and
benzene). The dotted vertical lines indicate their respective
maxima. These are compared in (B—E) to the fragment mass
spectra at the collision voltages as indicated. Note slight shifts of
fragment mass spectra relative to the dotted lines which indicate
additional minor fragmentation channels (as discussed in the text
and shown in more detail in the SI).

of their m/z values and isotopic patterns shows loss of CO and
benzene. The peaks are labeled as (m,n), where m and n denotes the
number of lost CO and benzene molecules, respectively. The peak
(0,0) corresponds to the precursor ion [Pt;;(CO),,(PPh;)s]* at m/z
2875. At 30 V, fragment ions corresponding to species (1—5,0) and
(3—5,1) were observed (Figure 2A).

Fragment mass spectra obtained by further increasing the collision
voltage up to 120 V (Figure S3—S8) can be best fit by still assuming
that only CO and benzene loss continue to be the dominant
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Figure 4. Arrival time distributions recorded after 10 separation passes using cyclic ion mobility spectrometry (cIMS): (A) (0,0), (B) (1,0),
(C) (2,0), and (D) (3,0) ions. The ™WCCSy, values of the isomers of these species are indicated. These are mean values based on three
different measurements. The standard error of the mean is within +0.3 A% E) Plot of experimental "WCCSy, values (blue dots; lines are
meant to guide the eye) obtained from (lower resolution) single pass measurements for the full range of (m,n) fragment ions as a function of
their m/z values. Error bars are not shown here for clarity of presentation (see the SI for details).

dissociation channels. Data fitting and peak assignment procedures
are discussed in the Supporting Information and shown in Figure S12.
This fitting allows to construct a 2D plot of the fragmentation voltages
(Figure 2B) at which each fragment species (m,n) maximizes in terms
of ion signal. The respective fragmentation voltages, corresponding to
maximum abundance of the (m,n) species, were obtained from
Gaussian fits as shown in the inset of Figure 2A for species (1-5, 0)
and (3—6, 1). Fragmentation voltage resolved curves of the other
(m,n) product ions are presented in Figures S13. For instance (1,0)
maximizes at 31 V (Figure 2A) which corresponds to the blue data
point at m = 1 and n = 0 in Figure 2B. The size of the circles in Figure
2B is proportional to the normalized ion intensity of each species.
Here, the ion intensities of each fragmentation spectrum were
normalized to the intensity of the sum of all ions including the (0,0)
parent ion, (parent ion is not shown in Figure 2B). For example, at 30
V fragmentation voltage (Figure 2A) the most intense fragment is
(1,0) with contribution of ~12% to the total ion intensity and ~70%
comes from the intact parent ion, i.e. (0,0). Note that Figure 2B only
shows fragments down to (12,12), i.e. corresponding to 12 CO and
12 benzene losses. The observation that increasing fragmentation
degree requires higher collision energy implies primarily sequential
rather than concerted loss.

2.2.1.3. Loss of Benzene via Autocatalytic C—H Activation?
Figure 2B shows that up to 5 CO can initially be lost from the
precursor ion without any benzene loss occurring. By contrast, the
products showing 1 benzene loss are associated with at least 3 (no
(L,1) and only traces of (2,1) are seen) and up to 6 CO losses.
Together this indicates that a few undercoordinated Pt sites have to
be generated before any significant benzene loss can occur. We
speculate that these “free Pt atoms” enable autocatalytic C—H
activation of phenyl groups associated with Pt—C bond formation, H
atom transfer to another proximal P—C¢H; moiety (or perhaps C4H;
transfer to proximal Pt—H to form benzene coordinated with Pt) and
then elimination of benzene. As a corollary, for a given cluster to
continue to evolve benzene in this way more free Pt atom ensembles
have to be generated by further CO loss (the generated sites are
progressively “poisoned” by Pt—C bond formation). This also explains
why all 12 CO’s can be stripped off at higher collision energies but no
product ions (6—12, 0) are observed.

2.2.1.4. Molecular Hydrogen Evolution via Autocatalytic
Dehydrogenation? For higher collision energies fragmentation
channels other than CO and benzene begin to also become relevant

as indicated by shifts and broadening of the isotopologue distributions
corresponding to fragment maxima (12,n) with n > 10. Figure 3
documents small but resolvable shifts in the m/z values of the
isotopologue distributions relative to the theoretical (12,10—17) m/z
values: (i) shifts to higher m/z can be traced back to additional H
atoms that arise from loss of phenyl (—C4H;) radicals (or possibly
biphenyl molecules) rather than benzene and (ii) shifts to lower m/z
correspond to loss of H (presumably as H,) from the remaining
phenyl rings associated with the P atoms attached to the nanocluster
core. Such dehydrogenation was predominantly observed in case of
species (12, 12—15). Expanded views of the respective peaks of (12,
12—17) at varying fragmentation voltages of 70—120 V are presented
in the Supporting Information (Figure S14—15). This shows loss of
up to 12 H (presumably as 6 H,) from (12,12) and 4 H (presumably
as 2 H,) from (12,15) species. The dehydrogenation behavior was
also confirmed by measurements on the deuterated analogue of the
cluster ie., [Pt;;(CO),(PPhy-d15),]** (Figure S11). Thermally
activated catalytic dehydrogenation of benzene associated with
(multiple) Pt—C formation is a known process on Pt single crystal
surfaces."”*® 1t is plausible that an analogous process occurs on
isolated Pt;; nanoclusters.

2.2.2. Characterization of Fragments by lon Mobility Spectrom-
etry (IMS). IMS has been extensively used to study collision cross
sections (CCS) of ligand stabilized coinage metal cluster ions and
their fragments in gas-phase.'”'**"** Recently, IMS is also gainin%
importance in exploring structures of other inorganic molecules.”>™
Generally, experimental CCS values in molecular nitrogen are
compared to DFT derived structural models whose theoretical
collision cross sections are determined by trajectory method (TM)
simulations for structure assignment. This is the approach we have
followed below.

2.2.2.1. CCS),, of Fragments Formed at Low Collision Energies.
The first steps of the gas-phase dissociation involve the desorption of
CO. [Pt;;(CO),(PPhy),]** (Figure 1A) comprises both on- top and
bridging CO ligands, 4, and p,-CO, respectively. Desorption of CO
can occur from several symmetrically nonequivalent sites of both
types - in principle giving rise to multiple resolvable isomeric
fragments (assuming that specific “CO vacancy” isomers are not
interconverting by surface diffusion of ligands on a time scale faster
than that of the CCS determination by IMS). To examine this, we
performed traveling wave (TW) cyclic IMS (cIMS) studies on the
precursor (0,0) and the respective (m,0) fragments, for m = 1-3,
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generated at 35 V. As described in more detail in the methods section
the instrument comprises a cyclic ion mobility drift cell.'> Higher ion
mobility resolutions can be achieved by increasing the number of
passes (cycles) through the cIMS at the expense of reduced ion signal.
For this system, 10 passes proved to be an optimum of these
counteracting effects.

The species (0—3,0) were each subjected to 10 pass measurements
in cIMS. Their respective mobilograms are presented in Figure 4A-D.
While the precursor (0,0) showed only one peak (Figure 4A), the
fragment ions formed by CO desorption, ie, (1,0), (2,0) and (3,0)
showed multiple peaks corresponding to multiple isomers. The
experimental CCS ("WCCSy,) of the ions were calculated from their
recorded drift times (see details in method section) and their mean
values (and standard error of the mean) were calculated based on
three measurements on different days (see Figure $16). The species
(0,0) showed ™CCSy, of 587.7 + 0.3 A% For (1,0), two isomers
with ™CCSy, of 585.6 + 0.3 A* and 583.0 + 0.2 A* are partially
resolved (Figure 4B). For (2,0), a larger number of isomers,
respectively groups of isomers, can be discerned with ™CCSy, of
585.5 + 0.2, 580.1 + 0.2, and 574.9 + 0.3 A* (Figure 4C). For (2,0),
the feature around 585.5 + 0.2 A? is broader than the other peaks
suggesting the presence of additional isomers within the envelope.
Similarly, for (3,0), isomer groups with TWCCSy, of 580.4 + 0.3,
576.6 + 0.2 and 573.0 + 0.3 A were observed (Figure 4D). Note
that, the relative differences in TWCCSy, between the successive
isomer groups of a particular species are within 1% and cannot be
resolved in a single pass measurement (Figure S17). Therefore,
multipass measurements were required which show clearly that the
initial stages of CO desorption during the activation of
[Pt;,(CO),(PPh;)]** involves multiple isomers at each step.

2.2.2.2. "WCCS,,, of Fragments Formed at Intermediate and High
Collision Energies. We also determined "™WCCSy;, for the complete
series of (m,n) fragments (formed over the full collision voltage range
studied). To limit measurement time this was done in lower
resolution single pass mode rather than by multipass measurements.
For the parent ion, i.e. (0,0), for single pass measurement, "YCCSy, is
590.0 + 0.5 A% Note that the value slightly differs compared to that
determined from the 10 passes measurement as discussed above
(587.7 + 0.3 A?) as the relative time the ions spend outside the cycle
is much larger in a single pass measurement and the calibrant and
analyte ions do not necessarily spend the same time outside the cycle.
This effect becomes negligible with increasing number of cycles. The
resulting single pass "WCCSy;, values for the fragment ions (measured
on the same day) are listed in Table S1 and plotted as a function of
their m/z values in Figure 4E. This shows a linear decrease of
TWCCSy, with m/z until (12,10) as associated with desorption of CO
and benzene. Beyond this, VCCSy, of the fragments continues to
decrease linearly but with a steeper slope. As already loss of phenyl
(—Cg¢Hs) groups and dehydrogenation start to compete with further
benzene loss from (12,10)/(12,11)/(12,12) onward thus complicat-
ing the analysis. For determining ™VCCSy, of (12,10—16) species,
mobilograms were therefore selectively extracted from the m/z
distributions only for (deconvoluted) isotopologue distributions
corresponding to benzene loss. Contributions of dehydrogenation
or phenyl loss channels were correspondingly excluded. The relative
trend in changes in ™VCCSy;, for the full cascade of (m,n) fragment
ions as a function of their m/z values was similar when measured on
different days, as shown in Figure S18.

2.3. Thermal Desorption Spectroscopy (TDS). For TDS, as-
prepared samples of [Pt;;(CO);,(PPh;)3](NO;), clusters (~0.5 mg)
supported on HOPG (~1 cm?) were inserted into a dedicated UHV
apparatus (Depo-0) evacuated to a background pressure below 107~°
mbar and heated with a rate of 1.0—1.2 K s™' — see also methods
section. Upon heating, desorption of CO, benzene (C4Hy) and at
higher temperatures H, was observed in TDS (Figure SA).
Subsequent cooling and reheating the sample lead to no measurable
further desorption indicating that complete desorption occurred in
the first heating cycle of the TDS experiment. The desorbed products
were identified by a quadrupole mass spectrometer with an electron-
impact ionization source. H,* (m/z 2), CO* (m/z 28) and CiHs" (m/

A
—CO
a
T T )
400 600 800
b CeHs
T T ]
400 600 800
H2
C/X_‘\Dz
T
T T 1
400 600 800

T (K)

Figure 5. (A) Thermal desorption spectra (m/z-resolved) recorded
in the m/z channels indicated for solid [Pt;,(CO);,(PPh;),]-
(NO;), (respectively the deuterated analogue) dropcast onto ca. 1
cm?® of freshly cleaved and vacuum annealed HOPG. (B) STEM
images of [Pt;;(CO),(PPh;);](NO;), clusters dropcasted on
freshly cleaved HOPG. (C) STEM images of the particles
recovered after the TDS experiments, i.e., after heating the
clusters to 800 K.

z 78) were the major species detected. Desorption of P containing
species was negligible as checked on PH* (m/z 32), PH," (m/z 33),
PH;" (m/z 34) and PPh;* (m/z 226) mass channels (Figure S19).
Moreover, no NO, desorption from the counterions, as measured on
the NO," mass (m/z 46) was observed (Figure S19). To clearly
distinguish from background signals, desorption of benzene and H,
was confirmed by performing TDS on the isotopically substituted
perdeuterated cluster, [Pt;;(CO),(PPh;-d15)g](NOs;),, which showed
desorption of C4Dy (detected as C¢Dg*, m/z 84) (Figure SAb) and D,
(detected as D,*, m/z 4) (Figure SAc), respectively. The threshold
desorption temperature for CO was ~315 + 20 K (based on
linearized rising flank of the CO desorption signal; Figure SAa), which
was only marginally lower than that of benzene (~330 + 20 K; Figure
SAb). Correspondingly, the desorption of CO and benzene occurred
almost simultaneously, reaching maxima at around 400—450 K. The
desorption of H,/D, was observed predominantly at significantly
higher temperatures, with maxima at around $80—620 K (Figure
SAc), which is above the temperature required for complete
desorption of CO and benzene from the dropcast clusters (at the
heating rate and coverages used). For reference, clean HOPG was
exposed to air after vacuum annealing and then reinserted for TDS:
no measurable desorption was observed in any of the mass channels
of interest (Figure S20A). An analogous - negative - reference
measurement was performed with just dropcast solvent (Figure
S20B).

The changes to the cluster deposits upon heating was investigated
by scanning transmission electron microscopy (STEM). STEM
images of the particles supported on HOPG before and after the
TDS experiments are shown in Figure SB and C, respectively. The
dropcast clusters assembled as films over the HOPG surface and the
average size of the initially dispersed clusters was ~1.2 nm (Figure
S21A) which is consistent with previous reports.'! Heating the
clusters on HOPG resulted in sintering of the clusters which resulted
in an increase in the size of the particles to a mean size of ~1.8 nm
(Figure S21B) as observed in STEM. We remind the reader in this
context, that the STEM images of [Pt,,(CO),,(PPh;);]Cl, deposited
on y- Al,O; by Negishi et al. showed retention of roughly the same
average size and ellipsoidal shape of their central noble metal cluster
core before and after calcination to 500 °C. Less sintering on y- Al,O5
may reflect stronger metal—support interactions.”*>” However, higher
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Figure 6. DFT-optimized candidate structures for (1,0) (A—E) and (2,0) (F—J) isomers together with their relative energies and calculated
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cluster loadings and different heating conditions were used in our
TDS experiments.

3. MODELING AND DISCUSSION OF EXPERIMENTAL
RESULTS

Heating [Pt;,(CO),(PPh;)5](NO;),/HOPG leads to desorption of
the same neutral molecules (CO, benzene and H,) and in the same
energetic ordering as for collisional excitation of isolated
[Pt;,(CO),(PPhy)s]**. T hisat firsts ight s urprising observation
implies that NO;~ counterions, on-surface sintering processes and
other types of cluster—cluster reactions which would be expected to
change the desorption phenomenology relative to isolated clusters do
not contribute strongly to the desorption signals.”® As a corollary, the
processes going on in gas-phase following collisional excitation of
individual [Pt;;(CO);,(PPh;)s]** must clearly also be relevant to
thermal decomposition of at least the topmost layers of microcrystal-
line [Pt,,(CO),,(PPhy)s](NO;), on HOPG.

We therefore next return to and now more explicitly formulate the
identified g as-phase u nimolecular d issociation r eactions. W e have
observed three different collisional excitation energy regimes: (a) low
collision voltages lead only to loss of CO, reaction 1, (b) intermediate
collision voltages are associated with essentially concurrent benzene
and (further) CO loss, reaction 2 and (c) high collision voltages lead
also to the evolution of H,.

[Pt17(CO)12(PPh3)8]2+ - = [Ptl7(CO)IZ—XPSCIMHIZO)]2+

+xCO(x=1-3) (1)

- —

2
[Pt;;(CO)1y— BCrasHing) I
2
= [Pt;;(CO)1y_yy BClas—s,Hizos,)] T+ yCO + 2C4H,
()
Note that we have written the reaction equations with partial sum
formulas rather than discrete numbers of PPh, moieties to emphasize

the initially unknown structural evolution along the fragmentation
cascade.

3.1. Isomeric Structures of (1,0) and (2,0). To characterize the
CO desorption pathway, we calculated possible isomeric structures for
(1,0) and (2,0) by removing one or two CO ligands from the (0,0)
precursor structure followed by full geometry optimization at the
DFT level of theory (see Methods). Corresponding theoretical
collision cross sections were then determined with the trajectory
method ("™CCSy,) as implemented in IMoS 1.09. Using the DFT-
optimized structure of the parent dication (0,0) (structure in Figure
1A) which is based on the known crystal structure, we obtained
™CCSy, of 593.3 A% in good agreement with ™WCCSy, of 587.7 A*
(from high resolution 10 pass cIMS study). As small errors arise due
to systematic limitations of both theory and experiment, to assign
structures for isomers of (m,0) (m = 1—2) fragments which shows
marginal CCS differences (Figure 4A-C) we use a scaling factor by
using the precursor ion with its known structure as reference and
adjusting its ™CCSy, value from IMoS with a scaling factor to
perfectly match the experimental ™CCSy,. The scaling factor is
587.7/593.3 = 0.9906 which we also apply to ™CCSy, values
determined for (1,0) and (2,0) fragment ions. Hence, we obtain a
scaled ™CCSy, of 587.7 A* for (0,0). The precursor (0,0) shows
several different types of u; (“on-top”) and u, (“bridging”) CO
binding depending upon local symmetry and chemical environment.
CO desorption could in principle occur from any of these
nonequivalent sites (indicated in Figure S22). We therefore
considered S such isomeric candidate structures for (1,0) species, as
shown in Figure 6A-E. Among the calculated structures, (1,0) isol,
corresponding to loss of a 4;-CO, was the lowest energy isomer and
has ™CCSy, (scaled) of 584.3 A2, The structure (1,0) iso3 with loss
of a ,-CO from the apex position, showed ™CCSy, (scaled) of
583.4 A% The other isomeric structures i.e. (1,0) is02, iso4 and isoS
showed larger ™CCSy, (scaled) in the range 587.7 to 588.9 A%
Comparison of ™CCSy, (scaled) to that of "YCCSy, values suggests
that (1,0) isol,3 contributes to the smaller isomer ii (TWCCSy, of
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are determined from single pass cIMS study.

583.0 A%) and (1,0) is02,4,5 contribute to the larger isomer i
("™WCCSy, of 585.6 A?). The standard error in the values of ™MCCSy,
for calculated structures of (1,0) isomers are in the range of +0.4 A’
(see details in Table S2) and hence the structures of the two different
isomers can clearly be distinguished and assigned through comparison
between experiment and theory.

For fragment (2,0) we only calculated a few plausible structures
due to the large number of possible isomers. The structures are shown
in Figure 6F-J. We found three isomers for (2,0) (isol, iso2 and iso3)
within an energy window of 0.08 eV exhibiting ™CCSy, (scaled) of
582.3, 583.7 and 583.7 A% respectively. The structure (2,0) iso4 has
slightly larger ™CCSy, (scaled) of 588.5 A? and (2,0) isoS shows the
smallest ™MCCSy, (scaled) of 580.5 A% The structures (2,0) isol,5
can be assigned to the experimentally observed isomer (ii) with
TWCCSy, of 580.1 A% The other calculated isomer (2,0) structures,
i.e. is02—4, contribute to the broad range of isomers with an average
T™WCCSy, of 585.5 A (i) observed in experiment. Among the
structures studied, we did not find agreement for the smallest
experimentally observed isomer of (2,0) with "VCCSy, of 574.9 A%
However, as mentioned above, a greater number of isomeric
structures of (2,0) are possible and a 2-fold CO vacancy isomer
better describing the experiment may have been missed. Also,
structures with C—H activation or with stronger interaction between
CgHj units (but no corresponding further fragmentation loss) are
already possible. These could be studied in greater detail in future.

3.2. Structural Changes During the Full Cascade of Both CO
and Benzene Desorptions. Structural models for the intermediate
voltage regime, i.e. (mn) fragments with m > 2 and n > 0 were first
generated using GENI1-xTB* - a semiempirical extended tight
binding method which is comparatively inexpensive computationally
(versus DFT). xTB has recently been applied to Pt nanoparticles in
the size range between Pt;; — Ptss; and for Pt carbonyl clusters.**?!
The structural agreement (based on RMSD values) between the DFT
structure of the intact [Pt;;,(CO),,(PPh;)g]** cluster, (0,0), with
GFEN1-xTB was found to be better compared to GFN2-xTB*
shown in Figure S23. For this reason, we used the GFN1-xTB method
for all semiempirical calculations and we fixed the positions of the Pt
atoms and only relaxed the ligand layer as required (see details in SI).

Two different GEN1-xTB based approaches were used to generate
structural models to compare with experiment. First, (m,n) fragment

TWCCSy, values shown here

structures were generated by simply removing m CO units and n
phenyl rings (C¢H;) plus n additional H atoms (from neighboring
phenyl rings of [Pt;;(CO),(PPh;)s]**) (Figure S$24). For the
resulting defect/vacancy structures, we then conducted single point
calculations with GEN1-xTB to determine their "MCCSy,. Note that
we have recently been able to describe fragment structures of alkynyl
stabilized gold clusters with a similar approach.” In a second, more
sophisticated approach which is described in more detail in SI and
Figure S25, we were inspired by Koessler et al,, who studied [AuPt,
(PPh;);]" ions in the gas-phase via CID and found that upon
excitation these complexes lose benzene.”® The authors performed
DEFT calculations to calculate the corresponding transition states and
found C—H bond activation (of the ortho-H atoms in the phenyl
rings) to be responsible for the loss of benzene. This occurs as the last
step in a multistep reaction also involving H-transfer, phenyl group
exchange and Pt—C bond formation.*® The structures calculated by us
(still using xTB) with the second approach accounting for CO loss,
benzene loss and the successive formation of Pt—C bonds at each
fragmentation step are shown in Figure S26 together with their
T™CCSy, values. Comparison of the ™CCSy, obtained by the above
two methods with TWCCSy, values is presented in Figure S27. The
better agreement suggests that the second more sophisticated
approach involving relaxation of the ligand shell, accompanied by
benzene loss and Pt—C bond formation provides a much better
description of the experimental fragment structures.

A selection of well-fitting xTB derived fragment structures (second
approach) was then subjected to a full DFT-based geometry
optimization (now also including the Pt atoms). The structures
resulting for (0,0), (4,0), (41), (63), (9,5), (12,8), (12,12) and
(12,16) are shown in Figure 7 together with their ™CCSy, values
and compared to their respective ""CCSy,. First, the Pt;, core does
not appear to rearrange significantly for fragments (4,0) (Figure 7B),
(4,1) (Figure 7C) and (6,3) (Figure 7D) showing RMSD values of
0.17, 0.28 and 0.29 A, respectively, with respect to the Pt;, core of
precursor (0,0) (Figure S28). Progressive loss of benzene and
concomitant Pt—C bond formation then begins to induce changes in
the Pt framework leading to somewhat more spherical metal cores and
increasingly more compact overall cluster topologies (Figure S28). In
structure (12,8) (Figure 7F) all of the eight PPh; units have lost one
phenyl ring (after H-transfer as benzenes) and eight Pt—C bonds have
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been formed to Pt atoms that were previously bound to y;—CO units.
As a consequence, each of the four lateral P(C¢H,), units are bound
to at least two Pt atoms via direct or bridging Pt—C bonds. For
comparison Figure S29 also shows an alternative structure in which
eight P(C4H;)(C4H,) units are present, each binding to at least one
Pt atom with their C4H, moieties.

Starting from (12,12), where all surface Pt (which were formerly
bound to CO) become saturated (or “poisoned”) by Pt—C bonds,
further removal of C4Hg can involve the formation of CsH; moieties
each attached to the cluster core via two Pt—C bonds (in ortho and
meta position to the P atom). This change in bonding configuration is
likely responsible for the increased slope in TWCCSy;, versus mass loss
that sets in at ~ (12,10) in Figure 4E (the C, rings move significantly
closer to the Pt;; core). A possible structure of (12,16), optimized by
DFT is shown in Figure 7H. T he comparison of T ¥CSy, to

T™CCSy, for the seclected DFT-optimized fra% ents showed
reasonable agreement (see Figure S307and Table S Snthus enabling

us to identify the onset of enhanced Pt—C bond formation as a
plausible new pathway for further fragmentation. Please note that we
did not make strict assignments for the smaller fragment structures, as
this is not possible due to the large number of possible isomers.
Instead, we illustrate that the general size dependency of the CCS
values between experiment and theory is largely consistent.

4. CONCLUSIONS

Our gas phase studies show that increasing collisional
excitation of [Pt;;(CO),,(PPh,)s]*" first c auses 1 oss o f 3—5

CO molecules freeing up a corresponding number of Pt sites.
Further excitation also leads to benzene loss. T his likely
involves activation of a C—H bond associated with one of the
PPh, ligands (most likely catalyzed by Pt sites freed up by the
initial CO desorption), Pt—C bond formation, transfer of the
released H atom to another P-bound phenyl group and
benzene release. As the excitation energy is raised further,
benzene loss continues until all CO’s are removed and all
uncovered Pt sites are correspondingly functionalized
(poisoned) by carbon. Interestingly, the Pt;; core (decorated
with 8 P atoms) seems to be robustly retained over more than
24 fragmentation steps (of CO and benzene loss) — as
indicated both by IMS measurements and calculations.

We observe qualitatively the same T -dependent desorption
behavior for [Pt;;(CO);,(PPh;)s](NO;), when deposited
onto HOPG: only CO, benzene and H, are evolved upon
heating. CO and benzene desorption signals show roughly the
same T -dependence. Consistent with the CID measurements,
the threshold desorption temperature for CO was marginally
lower than that of benzene. Higher surface temperatures lead
to more CO and benzene loss. Heating even further leads to
H, evolution again in common with gas-phase (when CO and
benzene desorption decreases).

For sufficient si gnal,al I TD S me asurements (of
[Pt;,(CO);,(PPh;),](NO;), /HOPG) reported here had to
be carried out on multilayer films. As already pointed out, TDS
is expected to be particularly sensitive to decomposition in the
topmost layers of this material. In particular, diffusion of any
benzene formed further down in the filmt oi tssurface
becomes increasingly unlikely the longer the diffusion path is.
Instead, cation/counteranion reactions and/or interlinking of
clusters (e.g, via C—H activation of the phenyl groups of
adjacent clusters) should become relatively more important in
the more coordinated subsurface environment. As a result, an
inhomogeneous material consisting of Pt,,Pg-derived sintered
particles embedded in an amorphous carbon matrix can be
envisaged to form upon heating to 800 K as supported by our
STEM images

To sort out active sites for oxidation catalysis (see
introduction), it would clearly also be interesting to study
the activation of supported clusters in a reactant atmosphere.
Further experiments along these lines will be explored in
future.

5. METHODS

5.1. Cluster Preparation. [Pt;,(CO),,(PPh;);](NO;), clusters
were synthesized and purified following a reported procedure with
slight modifications.”"" A more detailed synthetic method description
is presented in the Supporting Information. Moreover, using the same
synthetic procedure, we synthesized an isotopically labeled cluster
with deuterated PPh; (PPh;-d15).

5.2. Thermal Desorption Spectroscopy (TDS; Depo-0).
[Pt;,(CO);,(PPh;)s](NO;), solutions (in 1:1 methanol/toluene) of
known concentration were drop cast onto ~1 cm*> HOPG supports,
dried under ambient conditions and then inserted into a custom P-
and T- variable, UHV compatible reactor, Depo-0, for m/z-resolved
TDS. Measurements were typically performed on ca. 0.5 mg of
deposited material (see SI for further details on sample preparation
for TDS). Depo-0 comprises: (i) a differentially pumped quadrupole
mass spectrometer (QMS) equipped with an electron impact ion
source and with a nominal mass resolution below 0.5 m/z and (ii) a
reaction chamber with a base pressure <5 X 107 mbar in which
samples can be heated from 250—1000 K. The sample temperature
was determined using a thermocouple sensor inserted into the sample
holder and is subject to an error of ca. + 20 K (relative desorption
temperatures determined for different species during the same heating
ramp are more accurate). Figure S31 shows a schematic of the Depo-0
setup. For this, samples held ca. 1 mm from the entrance to the QMS
chamber were first evacuated to below 107 mbar and then heated
from room temperature at typical heating rates of 1.0—1.2 K s™! while
iteratively recording the ion signal at different preset m/z values.

5.3. High Resolution Electrospray lonization Mass Spec-
trometry (ESI MS), Collision Induced Dissociation (CID), and
lon Mobility Spectrometry (IMS). ESI MS, CID and IMS
measurements were performed using a commercially available
instrument, Waters Select Series Cyclic IMS'* with an electrospray
source. This instrument enabled us to measure (i) mass spectra, (ii)
CID spectra of m/z-selected ions and (iii) traveling wave (TW) IMS
separation in N, buffer gas to determine ion mobilities and the
corresponding experimental collision cross sections ("WCCSy,). The
instrument has been extensively described elsewhere.'” Note that the
wide natural isotopologue distribution corresponding to 17 Pt atoms
requires high mass resolution to properly analyze the fragment
distributions (the Cyclic IMS-MS has sufficient nominal mass
resolution >100,000 (fwhm)).

Electrospray conditions were as follows: ca. 1 mM solution of
[Pt,,(CO);,(PPh;)g](NO;), in a 1:1 mixture of toluene and
methanol solvent, capillary voltage: 3 kV; source temperature: 100
°C, desolvation temperature: 200 °C, desolvation gas flow: 800 L/h.
For CID measurements, the ions of interest were first m/z-selected
using the quadrupole mass filter and fragmentation was performed in
the “trap” chamber by increasing the collision voltage in the range of
2—120 V. For performing IMS studies, ions are injected into a roughly
circular 1 m traveling wave drift cell filled with N, and analyzed by
pulsing them out into a dual reflectron time-of-flight mass
spectrometer after a set number of measurement cycles. The higher
the number of passes/cycles the better the CCS resolution until the
ion packet of interest begins to catch up with itself. Resolutions
(CCS/ACCS) of greater than 700 have been reported for single
isomer/conformer ions cycled 100 times.'> To determine the
mobilities of the fragmented ions, CID experiments of the parent
ion at varied collision voltages (2—120 V) was first performed in the
“trap” chamber to observe the desired fragments. The resulting
fragment ions were then injected into the cyclic IMS drift cell where
they were subsequently separated. Note that only a certain range of
fragments can be formed at a particular collision voltage, so the
applied collision voltages were varied to obtain the arrival time



distributions of the complete series of fragments as discussed. The
following traveling wave (TW) parameters were used for the IMS
measurements: cyclic TW velocity: 375 m/s, array TW velocity: 375
m/s, TW static height: 18 V, TW ramp start height: 15 V, TW ramp
end height: 35 V, TW ramping rate: 2.5 V/ms. Cyclic IMS (cIMS)
procedures followed in this study (regarding calibration using Agilent
tuning mix, calculation of VCCSy;, from recorded arrival times, etc.)
correspond closely to those used by us in a recent study of transition
metal doped, ligand stabilized gold clusters.'” For single pass
measurement, the data was processed by determining the drift
times from Gaussian fits of the extracted arrival time distributions
(corresponding to specific masses of the fragment) which was
subsequently converted to TWCCSy, following the calibration
method. Details on the calibration procedure is provided in the
Supporting Information and calibration curves are presented in Figure
S32.

5.4. Scanning Transmission Electron Microscopy (STEM).
STEM measurements were performed using a Themis Z transmission
electron microscope (TEM) (Thermofisher Scientific), operated at
300 kV. The particles supported on HOPG were transferred to
amorphous carbon-coated holey Cu grids for the TEM analysis by
scraping out the top layers of HOPG directly with the TEM grid.
Note that a relatively high concentration of clusters (0.5 mg over 1
cm? HOPG) was used, so the clusters were assembled as films (and
not isolated) as observed in STEM. For particle size analysis, around
200 particles in each case was analyzed from different areas of the
HOPG surface.

5.5. Computational Methods. 5.5.1. DFT Calculations.
Structures of the precursor ion [Pt;;(CO);,(PPh;)]** and its
fragments were initially calculated with the semiempirical extended
tight binding method GFN1-xT B*** and some structures were
refined with DFT in TURBOMOLE 7.4°° using the PBE functional®®
with def2-SVP basis sets®” and accounting for dispersion interactions
at the DFT-D3 bj level.>®?? The crystal structure of
[Pt;;(CO),,(PPh;)g]** (without the counteranions) was used as
starting structure.” T o prevent SCF (self-consistent-field) conver-
gence problems we used Fermi smearing as implemented in
TURBOMOLE.

5.5.2. Trajectory Calculations. T he calculation of TMCCSy, were
performed with IMoS 1.09 using the trajectory method (TM) in N,
gas.* Atomic coordinates and NBO partial charges obtained from the
DFT calculations were used as the input for the trajectory calculations
to obtain TMCCSy,. T he trajectory calculations were carried out at
300 K and the ion-induced quadrupole potential was not considered
for the trajectory simulations.

For the precursor ion and close-lying larger fragments, i.e., when
only CO is lost, we simulated 3 X 107 trajectories to reduce the
statistical error, for all other smaller fragments (including also benzene
loss) we used 3 X 10° trajectories. For 3 X 107 trajectories the
statistical error in T NoCSy, is around +0.06% and for 3 X 10°
trajectories it is around +0.17%. Details on statistical error calculation
for the trajectory methods is discussed in the Supporting Information
(Table S2).
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