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Infrared multiple-photon dissociation spectroscopy has been applied to study Pt,(N,O)* (n = 1-8) clusters
which represent entrance-channel complexes on the reactive potential energy surface for nitrous oxide
decomposition on platinum. Comparison of spectra recorded in the spectral region 950 cm~?t to
2400 cm™! with those simulated for energetically low-lying structures from density functional theory
shows a clear preference for molecular binding via the terminal N atom, though evidence of O-binding
is observed for some cluster sizes. Enhanced reactivity of Pt,* n > 6 clusters towards N,O is reflected
in the calculated reactive potential energy surfaces and, uniquely in the size range studied, Ptg(N,O)*

Received 23rd May 2020,
Accepted 27th July 2020

DOI: 10.1039/d0cp02800b proved impossible to form in significant number density even with cryogenic cooling of the cluster

source. Infrared-driven N,O decomposition, resulting in the formation of cluster oxides, Pt,O%, is
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|. Introduction

Nitrous oxide (N,O) is a significant atmospheric pollutant both
as a greenhouse gas (GHG) and for the role it plays in ozone
depletion.” As a result of its relatively high global warming
potential (GWP) coefficient N,O is considered to be the third
principal long-lived GHG after CO, and CH,”> and one of the
most potent waste gases resulting from human activity that has a
significant impact on both the future ozone layer and climate.? N,O
discharge is not covered by the Montreal Protocol* but, given its
harmful environmental impact, there is considerable interest in
using heterogeneous catalysis to reduce anthropogenic emissions.’

The platinum group metals (Ru, Rh, Pd, Os, Ir & Pt) are well-
known heterogeneous catalysts. Platinum metal itself shows
versatile catalytic abilities and is frequently used in industrial
as well as everyday applications. For example, the production of
nitric acid for fertilizers involves ammonia oxidation using a
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observed following vibrational excitation of several Pt,(N,O)* complexes.

platinum catalyst.® However, platinum is probably best known
for its role, along with palladium and rhodium, in promoting
exhaust gas reactions in the automobile catalytic converter
(design first developed by R. C. Stempel et al.”). Highly inert
(noble even) in its bulk form, most catalytic applications of
platinum make use of it in highly divided, often nanoscale
form. In addition to maximizing surface area, this introduces
defects into the metal which are not present in extended single
crystal surfaces and it is these defect sites which often provide
the sites for interesting chemistry.®°

Transition metal clusters serve as tractable model systems
for the study of heterogeneous nanocatalysts at the molecular
level.'® In the gas phase, the fundamental interactions involved
in reactive chemistry can be studied in the absence of complex
interactions present in real catalysts, such as the influence
of substrates, solvation, and aggregation effects, which are
challenging to analyse and often obscure the fundamental
interactions of interest."' The subject of this study, isolated
Pt,(N,O)" clusters, represent model entrance-channel complexes
for the initial chemisorption step in the metal-catalysed decom-
position of N,O.

Reflecting the catalytic properties of platinum, the reactions
of platinum clusters, Pt,”%~, have received considerable atten-
tion previously. A variety of experimental techniques, including
flow reactor, molecular beam-gas cell studies, and Fourier-
transform ion-cyclotron resonance (FT-ICR) mass spectrometry,
have been employed to study the reactions of Pt,””~ with small
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molecules. These include dehydrogenation of small hydro-
carbons,'*™*® as well as H,, CO,, N,O etc.'®* Pt," exhibits
particularly low reactivity, also supported by a theoretical
investigation,® and a photofragmentation study of bare Pt,"
clusters by Janssens™ suggests the reason lies in the anomalously
large HOMO-LUMO gap for tetrahedral Pt,". Interestingly, Pt,~
activates carbon dioxide’® and dehydrogenates methane very
efficiently, perhaps because of its own planar structure.'®>¢

Of particular relevance here are the single collision studies
of Pt,"~ reactions with N,O in which the cationic clusters
exhibit dramatic size-dependent rate constants changing by
several orders of magnitude upon the addition of a single metal
atom.>” In this small cluster regime, every atom counts. In all
cases the reaction proceeds exclusively via an O atom transfer
generating sequential cluster oxides, Pt,0,,". Additional colli-
sions are required to stabilize the molecular adsorption of N,O.

Several studies have established catalytic abilities and even
full cycles using platinum clusters. Water formation was
observed in the catalytic oxidation of H, on Pt, for n = 7-30 by
Andersson and Rosén’® and Shi and Ervin?’ found small Pt,~
(n = 3-6) cluster anions to be effective catalysts for CO oxidation
under thermal conditions. A full catalytic cycle of CO oxidation/
N,O reduction for Pt," (n = 6-8) was reported by Beyer, Bondybey,
and coworkers.”®

N,O represents an interesting adsorbate for infrared studies,
with the possibility of both N- or O-binding reflected in the
degree of activation. This is very clearly observed in infrared
action spectroscopy of N,O binding at single metal centers, for
example, M*(N,0), (M = Cu, Ag, Au,* Co, Rh, Ir,*" and Li, AI*")
by Cunningham et al. These studies have revealed interesting
binding motifs and structural isomers as well as the important
role played by low-lying electronically excited states.

We have previously studied N,O adsorption on small gas-phase
Rh,," clusters (Rh,(N,O)", n = 4-8)**** using the same methods to
those employed in this work. Interesting IR-induced reactivity was
observed in which excitation of infrared active modes results in
N,O decomposition and cluster oxide formation. Rhs" proved
special in this regard with a single co-adsorbed oxygen atom
changing the chemistry observed from N,O loss on Rh;(N,0)" to
Rh;0," formation from Rh5(ON,O)".** These results, along with
those from related blackbody infrared®” and collisional excitation
studies® were explained in terms of relative reaction barriers and
dissociation thresholds demonstrating how spectral characteriza-
tion of entrance-channel complexes yields important information
on the full reactive potential energy surface.

Here we report the first experimental investigation of cationic
platinum clusters with adsorbed nitrous oxide, Pt,(N,0)" (n = 1-8),
using infrared multiple-photon dissociation spectroscopy. Cluster
structures, along with relative cluster reactivities, are revealed with
the help of complementary quantum chemical calculations.

ll. Experimental methods

The infrared multiple-photon dissociation (IR-MPD) spectra pre-
sented in this report were recorded at the Fritz Haber Institute
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(FHI) in Berlin making use of the FHI free electron laser (FEL)*’
facility. The experimental setup has been described in detail
previously*®*?° and only essential details are described here.
Briefly, a rotating natural Pt target is ablated by a Nd:YAG laser
(532 nm, 10 Hz). Ablated atoms cool and cluster by colliding
with helium within a reaction channel, to which nitrous oxide
is added by an additional late-mixing pulsed valve, downstream
of the ablation point. The resulting gas mix, now entrained with
a range of pure and decorated clusters, expands into the
vacuum forming a molecular beam which is then skimmed
before entering the extraction region of a reflectron time-of-
flight (ToF) mass spectrometer used to detect the presence of
cationic species. In an attempt to suppress direct oxidation
and maximize the generation of molecularly bound Pt,(N,0)"
clusters, the cluster source was cooled with liquid nitrogen.
To record infrared multiple-photon dissociation (IR-MPD) spec-
tra, the cluster beam is subjected to alternate pulses of output of
the FHI FEL, operating for these purposes in the 950-2400 cm™"
range and corresponding parent ion depletion and fragment(s)
channel enhancement are recorded as a function of wavenumber.
In this way the spectra yield information on the infrared active
modes of the parent cluster as well as dissociation branching
ratios, which can be compared with the results of DFT simulations.

[ll. Computational methods

Energetically low-lying structures and relevant transition states
connecting them have been calculated at the def2TZVP*/
TPSSh*™** level, using the Gaussian 16 software package.*’
This functional reproduces the transition metal-ligand bond
dissociation energies** and showed similar energetic ordering
of the Pt,0,CO" cluster geometries®® to using the TPSS*?
functional that has previously proved to generate reliable IR-
MPD experimental results.*®*” The GD3-B]J dispersion term*®
was introduced to account for weak intramolecular interactions
and a quasirelativistic Wood-Boring effective core potential
(WB-ECP)*® was used to freeze 60 inner electrons and introduce
relativistic corrections for Pt atoms. As starting structures, the
coordinates of bare Pt," clusters for n = 3-5 were taken from
earlier work by Harding et al.*’ To provide a better match with
experimental data, computed harmonic vibrational frequencies
were scaled by a factor of 0.955, determined by calculating the
vibrational frequency of the asymmetric free N,O band.>® All
energies reported here include zero point energies. Potential
energy profiles were generated by identifying plausible transition
states between two minima and performing Intrinsic Reaction
Coordinate (IRC)>"*? calculations in order to verify the correct path.

IV. Results and discussion
A. Time-of-flight spectra and analysis

Fig. 1(a) shows part of the time-of-flight spectrum for the species
produced following ablation of a natural platinum target in the
presence of helium with low pressure nitrous oxide introduced
downstream via the late mixing valve. We have repeated the
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experiment at a range of N,O pressures and these results are
representative. A range of Pt,O," and Pt,(N,O),," clusters are
observed. We have previously reported an IR-MPD study
of platinum oxide clusters.® Analysis of the time-of-flight
spectrum is complicated by the fact that platinum has six
stable isotopes, leading to a wide range of masses for the same
chemical species. Nevertheless, deconvolution is possible and
is illustrated in Fig. 1(b) for the Pt;'X species produced. Pt,0,"
(x =1, 2, 3) and Pt,(N,0),," (m = 1, 2, 3) dominate the mass
spectrum but a trace of Pt;C" and Pt;CO" is also observed - the
carbon assumed to originate from polishing the target rod.

Quantitative analysis of the mass spectrum, including
deconvolution for the isotopes of platinum, leads to the
normalized product abundances shown in Fig. 2(a) which
yield important information on the relative reactivity of differ-
ent Pt," cluster sizes towards N,O. Reactivity pathways can be
visualized as:

(encounter complex formation) Pt," + N,O — [Pt,N,O'* (1)
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Fig.1 (a) Time-of-flight mass spectrum; (b) (lower) experimental and
(upper) simulated time-of-flight mass spectrum of Pts* clusters — both
produced by laser ablation of a natural platinum rod in helium to which
nitrous oxide is added downstream. The cluster source was cooled to
—140 °C with liquid N,. The principal species produced are simple cluster
oxides, PtzO,", and Ptz(N,O),,* with traces of PtzC* and PtzCO™*.
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Fig. 2 (a) Histogram with normalised ion abundances (to a unity within
each n; Pt,™ not shown) for reaction products generated in the cluster
source by the reaction of Pt,* (n = 3—8) with N,O. The uncertainties shown
reflect the fitting of overlapping isotope patterns for different species (see
inset Fig. 1(b)); (b) fractional oxide production as a measure of Pt,* + N,O
reactivity. A step change in reactivity occurs between n = 5 and 6.

In the absence of additional collisions or radiative cooling,
this complex must either dissociate or react, in all probability
forming the simple cluster oxide for which evidence is observed
in the mass spectrum:

(direct dissociation) [Pt,N,O']* — Pt," + N,O (2)
(oxidation) [Pt,N,O'* - Pt,0" + N, (3)

The multiple-collision conditions of the cluster source
reaction channel permit stabilisation of the initial complex,
trapping it in an entrance-channel minimum of the reactive

potential energy surface:
(N,O adsorption)  [Pt,N,O']* + M — Pt,(N,0)' + M (4)

By measuring the charged products we are blind to process
(2) but the relative branching ratios for the oxidation reaction

This journal is © the Owner Societies 2020
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(3) and molecular adsorption (4) can be quantified as a function
of cluster size.

For the n = 3 cluster under these approximately thermal,
multiple collision conditions, the branching ratios for pro-
cesses (3) and (4) are similar. For n = 4, 5 clusters, however,
minimal cluster oxide formation is observed, with Pt,N,O"
being the dominant product. For n > 6 the situation changes
markedly and oxide production dominates. Indeed, for n = 6
itself, negligible Pt;N,O" is observed. This change in reactivity
is highlighted in Fig. 2(b) which shows the Pt,0" signal as a
fraction of total primary products [Pt,0']/{[Pt,O'] + [Pt,N,O"]}
as a function of cluster size. The reactions reported here occur
under very different conditions to the single collision experi-
ments performed by Balteanu et al.>* in which only the direct
oxidation process (3) was observed due to the lack of stabilizing
collisions required for process (4). Nevertheless, the same step
increase in reactivity between n = 5 and 6 is observed.

In an attempt to better understand the reactivity data, IRC
profiles for cluster sizes n = 4-6 were calculated, as shown in
Fig. 3. In each case, the two minima towards the left hand side
represent O- and N-bound entrance-channel complexes of the
respective Pt,(N,O)" species and TS1 - a transition state for N,O
rotation connecting the two. These entrance channels are
separated from the product channel by a potential barrier
TS2, which involves significant N,O rearrangement, ultimately
leading to the production of Pt,0" cluster and molecular
nitrogen. In all cases the overall reaction is calculated to be
exothermic by more than 1 eV.

The difference in reactivity between Pt," and Pt," (reported
by Balteanu et al.>> as more than three orders of magnitude) is
readily attributed to the fact that whilst the former has a real
barrier on the ground state surface, in the latter the barrier is
submerged. Calculations also show no reactive barrier for
either of the two energetically low-lying electronic states of
the n = 5 cluster and thus it is harder to explain the apparent
lack of reactivity of this cluster. We note, however, that
Balteanu et al. found Pt;" to have intermediate reactivity (a factor
ca. 44 less than for n = 6). Caution should be applied when
interpreting barrier heights from DFT calculations and we have
not performed an exhaustive study with different functionals.
The answer may lie in the apparent need for greater fluxionality
of the Pt;" cluster during the reaction pathway than the prism/
tetrahedral structures of Pt," and Pt,", respectively.

B. IR-MPD spectra

Fig. 4 shows the IR-MPD spectra recorded in depletion for
Pt,(N,O)" (n = 1-8) in the region 950-2400 cm ' covering the
nitrous oxide N—N and N=0O0 stretches. In Fig. 4 these bands in
the free N,O molecules are indicated with dashed lines at around
2224 cm ™' (N=N stretch) and 1285 cm ' (N=O stretch),
respectively. As discussed above, negligible Pts(N,O)" is pro-
duced and hence no spectrum could be recorded of this species.

The spectra of each species n > 3 exhibit clear features
slightly blue-shifted from the free N,O band positions. The
presence of these bands, close to those of free nitrous oxide,
clearly indicates molecularly-bound N,O on the metal cluster.
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Fig. 3 Intrinsic reaction coordinate for (a) Pt4*, (b) Pts™, and (c) Pts™ + N,O
entrance channels. Blue boxes highlight the predominant species
observed in the mass spectrum for each n. The barrier to N,O dissociation
on Pt," cluster is pronounced for n = 4 and submerged for n = 6. This is
reflected in the observed reactivity (see Fig. 2); Pt4* is the least reactive
favouring N,O adsorption whereas Ptg* does not form any adsorption
products and mainly produces oxides. Only the lowest electronic states
are shown. For n = 4, geometries of both doublet and quartet are virtually
indistinguishable; for n = 5, they are not — higher in energy sextet
structures are given in the ESIL.{

The blue-shift of both bands indicates preferential N-binding
on n > 3 clusters (supported by computational results below)
and reflects the dominance of c-donation from the nitrous
oxide to the cationic Pt," cluster over n-back bonding. For the
smallest species, n = 1-2, the observed vibrational bands are
considerably broader and there is evidence of components both
blue- and red-shifted with respect to the free N,O stretches.
Red-shifted bands, especially around the N—O stretch, are
strong evidence for the presence of O-bound clusters, which
have been seen before in similar, higher-resolution infrared

Phys. Chem. Chem. Phys., 2020, 22,18606-18613 | 18609
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Fig. 4 IR-MPD spectra of Pt,(N,O)* (n = 1-8) clusters recorded in

depletion of the parent cluster ion. The dashed lines at 1285 cm™* and

2224 cm™tindicate the wavenumbers of the N=0O and N=N stretches of
free N»O, respectively.>®

studies of M*(N,0),, (M = Co, Rh, Ir, Cu, Ag, Au, Li and Al).>*7!
The smallest clusters, with fewer degrees of freedom, are less
efficiently annealed into lower energy (N-bound) structures,
allowing the trapping of energetically higher-lying isomers,
including O-bound structures.

The Ptg(N,O)" cluster is intriguing amongst the larger clusters
studied in that its spectrum exhibits both blue- and red-shifted
bands in both spectral regions, possibly reflecting a mix of N- and
O-bound structures. The O-bound structure has an N—O stretch
band, which is red-shifted by >100 cm ", compared with the
corresponding free N,O band, indicating marked molecular
activation.

A clear trend is observed in the frequency of the N-bound
N=O stretching band with cluster size. This band moves
smoothly from 1390 = 5 cm™ " on 7 =1 to 1315 £ 5 em " by
n = 8 (shown in Fig. 4 with a red arrow). The same trend is
observed in the calculated band positions which move from
1421 cm ™" for Pt(N,0)" to 1287 cm ™' for Pt5(N,0O)". The broader
nature of the band in the N=N stretch region makes it harder
to discern any such trend in this region.

Fig. 5 compares the experimental spectra of Pt;(N,O)" and
Pt,(N,0)" with those predicted for energetically low-lying calcu-
lated structures. The lowest energy calculated structures are
inserted (i.e., dissociative N,O adsorption), but given the low
binding energy of N, and the overall exothermicity of the
dissociation, it is unlikely that such Pt,O(N,)" structures would
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Fig. 5 Comparison of experimental and simulated IR-MPD spectra for a
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All molecularly-bound isomers within 1 eV of the lowest energy structure
are presented. Blue spectra represent N-bound isomers and red spectra —
O-bound variants. The dashed lines at 1285 cm™ and 2224 cm™* repre-
sent the fundamental bands in free N,O.%°

remain bound. The IR-MPD spectra clearly indicate the presence of
molecularly-bound structures suggesting a kinetic barrier to dis-
sociation. For this reason we choose the lowest-energy molecularly-
bound structure as our zero of energy. Low-lying doublet
and quartet electronic states are found for both clusters but the
N-bound isomers lie lower in energy than corresponding O-bound
isomers by approximately 0.5 eV in each case, supporting the
assignments of the IR-MPD spectra made above. All structures are
bound at single atom rather than bridging sites and the agreement
between the simulated spectra and those observed experimentally
is so good that there is no need to invoke the presence of any other
structures in the beam.

In any infrared action spectrum the depletion of a parent ion
signal must be matched by an enhancement in the signal for
some daughter species. By tracking parent ion depletions and
absolute signal enhancements in different daughter channels

This journal is © the Owner Societies 2020
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simultaneously, it is possible to determine the branching ratios
for the two most likely possibilities:

(N,O loss) Pt,(N,0)" + hv — Pt," + N,0,

(5)
and

(infrared driven dissociation) Pt,(N,O)" + hv — Pt, 0" + N,.

(6)

Such an analysis is shown in Fig. 6 for Pt,(N,0)" (n=3-5, 7, 8)
in the region of the N—O stretching mode (with very similar
behaviour observed in the N=N stretch). A quantitative compar-
ison of product channel enhancements versus parent ion deple-
tion is a real challenge due to multiple species with similar
spectra yielding the same fragmentation products. This affects
net lineshapes and relative enhancements/depletion signal size
in each channel. Nevertheless some clear pictures do emerge. In
terms of reactivity, the smaller cluster sizes, n = 3-5 behave
qualitatively differently to the n = 7, 8 clusters. For Pt,(N,0)"
(n = 3-5), excitation of the N—O stretch leads almost exclusively
to N,O loss (process (5)), consistent with the idea that, from the
entrance-channel minimum, the Pt,," + N,O dissociation thresh-
old is reached before the transition state leading to nitrous oxide
decomposition. By contrast, for Pt,(N,O)" (n = 7, 8), comparable
enhancements in both the Pt," and Pt,0" daughter channels
(processes (5) and (6)) imply that the reactive transition state lies
below or at a comparable energy to the dissociation threshold.
These observations are in good agreement with the reactivity
data extracted from the time-of-flight spectra even down to the
small Pt;0" production following excitation of Pt;(N,0)".
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Fig. 6 (black) IR-MPD spectra of Pt,(N,O)* clusters in the N,O (N—0O)
stretch region. Red and blue spectra show the simultaneous enhance-
ments observed in the Pt,O* and Pt," mass channels representing IR
driven reactive (N, loss) and desorptive (N,O loss) processes.
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Observation of efficient generation of the Pt,0" daughter is a
signal of infrared-induced chemistry on the surface of the
cluster, a process which we have documented in several pre-
vious studies of other systems including Rh,(N,0)***?3
Rh,,0(N,0)",**** Pt,0,(C0O)*,*> and, recently, Au,(OCS)".>* In
several previous studies®>*® we have also demonstrated that the
products observed following infrared excitation mirror those of
collisional activation implying that we essentially ‘“heat” the
entrance-channel complexes until dissociation/reactive channels
open. Previous studies have not revealed any mode-selective
character to the chemistry induced and the current system is
no exception. However, the ability to selectively increase the
internal energy of a known cluster with spectral knowledge of its
structure represents a unique feature in the exploration of these
catalytically-relevant reactive potential energy surfaces.

V. Summary and conclusions

A combined experimental (IR-MPD) and computational study of
nitrous oxide reacting with and binding to platinum cluster
cations, Pt," (n = 3-8), has revealed key features on the potential
energy surface of the Pt," + N,O — Pt,0" + N, reaction. The
laser ablation/molecular beam conditions employed in this
study are shown, in most cases, to lead to the efficient for-
mation of entrance-channel complexes on the reactive surface,
the structures of which can be probed by multiple-photon
dissociation action spectroscopy. One notable exception is the
Pts" cluster, which reacts completely to generate the oxide with
no evidence of Ptg(N,0)" observed.

The observed reactivity can be well-understood in terms of
potential energy surfaces calculated at the DFT level. Similarly,
the simulated vibrational spectra for calculated low-energy
entrance-channel complexes match well with the action spectra
recorded. For several cluster sizes, clear evidence for infrared-driven
cluster chemistry is observed in the loss of N, following infrared
excitation of the N=O stretching mode of the parent Pt,(N,O)".
These results, too, are in quantitative agreement with calculated
reactive barrier heights compared to N,O binding energies.
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