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Stability of small cationic platinum clusters  

Piero Ferrari,a Klavs Hansenb,c, Peter Lievensa, and Ewald Janssens*a 

The relative stability of small cationic platinum clusters is investigated by photofragmentation experiments. Mass spectra 

show a smooth intensity distribution except for a local intensity minimum at Pt5
+, revealing an enhanced stability of the 

platinum tetramer Pt4
+. The possibility that radiative cooling competes with statistical fragmentation after photoexcitation 

is examined and it is shown that clusters in the N=3-8 size range do not radiate on the time scale of the experiment. In 

absence of radiative cooling, the mass spectra of photofragmented clusters can be well explained by dissociation energies 

computed using density functional theory. The large calculated HOMO-LUMO gap for Pt4
+ (~1.2 eV) is attributed to its high 

symmetric structure and provides an explanation for the surprisingly low reactivity of this cluster in different gas-phase 

reactions.

Introduction 

The size-dependent thermodynamic stability of small clusters in 

molecular beams has a long dated history, starting from the 

discovery of magic sizes in small sodium clusters [1]. Similar to 

sodium, coinage metal clusters (Cu, Ag, Au) are known for 

presenting strongly size-dependent stabilities, a behaviour 

explained by the delocalization of their valence s electron, 

which form electronic shells that if closed, give stability to the 

system [2, 3, 4]. Delocalization here is understood as an electron 

density that covers the entire cluster volume, with a nodal 

character resembling that of the electron shells of atoms, but 

with a different level sequence given the different nature of the 

confining potential, which is closer to nuclear structure. In 

transition metal (TM) clusters, however, d-electrons are 

essential in the valence electronic structure, complicating the 

picture of itinerant electrons. Delocalization of the valence s-

electrons can take place, but orbitals derived from these 

electrons are usually located deep in the density of states [5]. 

Instead, the frontier orbitals of TM clusters are mainly 

determined by d-d and s-d interactions [6]. Therefore, their 

stability patterns are very different from those of single valence 

element clusters. 

 The stability of some TM clusters, such as CoN
+ [7] and NbN

+  

[8] for example, have been investigated mass spectrometrically, 

using collision-induced dissociation. The stability patterns were 

characterized by the dissociation energy of the TMN
+ → TMN-1

+ 

+ TM channel. Important to note is that, because the electronic 

structure of these clusters is strongly determined by d-type 

states, the simplified counting rules of delocalized electrons 

does not hold [9]. Thus, understanding of their stabilities 

requires a detailed investigation of each specific cluster size, 

combining experiments with theoretical calculations. In this 

work, we centre our attention on the stability of small platinum 

clusters.  

 Here, the stability pattern of PtN
+ (N=3-8) is investigated by 

a combination of photofragmentation experiments and density 

functional theory (DFT) calculations. In photofragmentation 

experiments, a high fluence laser beam excites a cluster 

distribution and the fragmentation products are analysed by 

mass spectrometry. Each observed cluster in the fragmentation 

chain is the product of a larger precursor size and their observed 

relative intensities contain information about dissociation 

energies (𝐷𝑁), thus providing information on size-to-size 

stability patterns. Fragmentation experiments, with or without 

photo-excitation, have previously been applied successfully to 

elucidate the stabilities of different cluster species [10, 11, 12]. 

In addition, a combination of photofragmentation experiments 

and DFT calculations have been used to analyse the size-to-size 

stability of different elemental clusters [13, 14, 15].  

Photofragmentation experiments 

Pure Pt clusters are produced by pulsed (10 Hz) laser ablation, 

following the procedure described in detail in Ref. [16]. Briefly, 

a pulse of He gas (7 bar) cools a plume of Pt material, produced 

by the ablation of a pure platinum target with the frequency 

doubled pulse of a Nd:YAG laser (λ=532 nm), and the mixture is 

expanded into vacuum. The average size of the resulting cluster 

distribution can be tuned by changing the production 

conditions, such as He gas pressure, laser energy and relative 

timing of helium release and laser pulse. The abundances of 

cationic clusters as initially produced in the source vary in a 

smooth way with the cluster size and show a maximal intensity 
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around N=10. For the photofragmentation experiments, the 

initial cationic clusters are electrostatically deflected from the 

cluster beam. The remaining neutral clusters are exposed to a 

focused pulse from an excimer F2 laser (λ=157 nm), which after 

a multi-photon absorption process leaves them with a broad 

energy distribution [17]. This induces fast ionization and 

fragmentation at the extraction stage of the mass 

spectrometer. The resulting cluster mass spectrum is recorded 

in a reflectron time-of-flight mass spectrometer. A detailed 

description of the experimental setup used here can be found 

in Ref. [18].  

A typical example of a platinum cluster size distribution after 

ionization and photo-fragmentation is shown in Fig. 1. The 

spectrum shows a relatively smooth distribution without any 

strong size-to-size stability variations except for a pronounced 

minimum at Pt5
+. The inset in Fig. 1 quantifies the size-to-size 

abundances by the quantity 𝑙𝑛(𝐼𝑁 𝐼𝑁+1⁄ ), with 𝐼𝑁  the integrated 

ion intensity corresponding to the cluster PtN
+. This quantity has 

its maximum and minimum at Pt4
+ and Pt5

+, respectively, 

whereas above N=6 it becomes smooth by the exception of a 

minor drop at N=12.   

In between each PtN
+ peak in the mass spectrum in Fig. 1, 

additional peaks of lower intensity can be distinguished. These 

peaks correspond to metastable fragmentation, which by 

definition is the delayed fragmentation that occurs in free flight 

between the extraction and the reflectron stages of the mass 

spectrometer. Metastable fragments can be distinguished in a 

mass spectrum because of their slightly different time-of-flight 

with respect to a prompt fragment, formed in the extraction 

stage of the mass spectrometer. The flight time of the 

metastable fragments allows identification of the mass of the 

clusters produced in the metastable decay [19]. An example is 

the Pt8
+ → Pt7

+ + Pt fragmentation channel, which is indicated 

by red arrows in Fig. 1. Neutral monomer loss is the only 

fragmentation channel seen for the clusters in this study. 

 In the absence of a competing decay channels and under 

excitation conditions leading to broad distributions of energy, 

clusters have a fragmentation decay rate of  1/𝑡 [20]. The 

detected metastable fractions MN (defined as the intensity in 

mass spectra of a metastable fragment normalized by the 

intensity of metastable plus prompt clusters) are therefore 

proportional to the integral of 1/𝑡 between the times 𝑡1 and 𝑡2, 

representing the moments the clusters leave the extraction and 

enter the reflection stage of the mass spectrometer, 

respectively. Thus, 

 

𝑀𝑁 = ∫ 𝐴𝑁

1

𝑡
𝑑𝑡

𝑡2

𝑡1

= 𝐴𝑁𝑙𝑛 (
𝑡2

𝑡1
),                    (1) 

 

with 𝐴𝑁  a proportionality constant. The presence of radiative 

cooling, which competes with evaporative cooling, quenches 

the power law decay and thus is recognizable by a faster decay 

than 1/𝑡. Radiative cooling has been shown to be significant in 

carbon based clusters [21, 22, 23, 24], in SiN+ [19] and BN
+ [25], 

as well as in different kinds of metal clusters: NbN
+ [26], CuN

+ 

[27] and AuN
+ [28]. In order to study the time dependence of the 

decay, and thus discriminate if radiative cooling is present on 

the time scale of the experiment, a small time delay ∆𝑡 is 

applied between laser excitation and pulsed extraction. By this, 

flight times are modified to 𝑡1,2 = 𝑡1,2
(0) + ∆𝑡 and a plot of MN 

Fig. 3. Density functional theory calculated minimum-energy 

structures of PtN
+ (N=3-8) clusters, reoptimized based on the minimum 

energy structures as determined in Refs. [30, 31, 32].    

Fig. 1. Mass spectrum of photofragmented PtN
+ clusters. The blue 

continuous line connects the peaks for an easy visualization of the size-

to-size intensities. Red arrows indicate, as an example, the Pt8
+ → Pt7

+ + 

Pt fragmentation channel. The inset presents the size-dependent 

logarithm of the ratio in abundances. IN is calculated as the peak area 

corresponding to the integrated isotopomeric distribution of PtN
+.     

Fig. 2. Metastable fractions (MN) versus delayed time (Δt) of extraction, 

corresponding to clusters Pt3
+ and Pt8

+. Eq. (1), assuming a power law 

decay, is fitted to the data.  
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versus ∆𝑡 allows characterization of the decay. As an example, 

the metastable fractions versus ∆𝑡 are presented in Fig. 2 for 

Pt3
+ and Pt8

+. In both cases, the experimental data is fitted by 

Eq. (1), using calculated times-of-flight 𝑡1,2
(0) as input. The 

satisfactory fittings applying Eq. (1) demonstrate the absence of 

radiation as a competitive cooling channel for these clusters on 

the μs time scale of the experiment. This holds for all N≤8 

clusters of this study.  

 

Theoretical calculations  

Density functional theory (DFT) calculations on PtN
+ in the N=3-

8 size range were performed with the ORCA 4.0.1 software 

package [29]. The ground state structures of Pt3
+, Pt4

+ and Pt5
+ 

have been determined earlier by a combination of far-infrared 

multiple photon dissociation spectroscopy and DFT calculations 

[30]. For PtN
+ with N>5 no direct structural information is 

available and we rely on previous DFT calculations and more 

indirect structural characterizations. For Pt6
+ and Pt7

+ the 

ground state structures found in Ref. [31] were used. In that 

work the stretching frequency of adsorbed CO molecules were 

measured by IR spectroscopy and compared with DFT 

calculations, finding very good agreement. For N=8, the global 

minimum obtained computationally in Ref. [32] was adopted. 

All structures were locally re-optimized using the TPSS 

exchange-correlation functional and Def2-TZVP basis set, as 

successfully applied in Ref. [31]. 18 electrons were treated 

explicitly, whereas the other electrons were described by the 

Stuttgart–Dresden pseudopotentials. In order to check that 

structural optimization converged to true minima, vibrational 

frequencies were computed for all cluster sizes. 

The lowest-energy structures of PtN
+ (N=3-8) clusters are 

presented in Fig. 3. Their size-dependent stability is analysed i) 

by the second order energy difference (∆2𝐸), comparing the 

total energy difference between 2×PtN
+ and PtN-1

+ plus PtN+1
+, 

and ii) by the dissociation energy for neutral monomer 

evaporation (𝐷𝑁). Only the neutral monomer evaporation 

process is considered as dissociation channel, as seen in the 

experiment. The computed quantities, ∆2𝐸 and 𝐷𝑁, are 

presented in panels (a) and (b) of Fig. 4, respectively. 

By comparing the total energy of PtN
+ with neighbouring 

sizes, second order energy differences are a good quantity for 

analysing relative stabilities [15]. Even though there is no solid 

framework to directly relate the computed ∆2𝐸 values to the 

intensities in mass spectra, both quantities are usually 

compared, since they reflect the relative stability of a cluster 

with respect to its neighbours. Here we see a clear correlation 

between both, in particular for the predicted higher stability of 

Pt4
+ compared to Pt5

+. Also in agreement with the experiment, 

∆2𝐸 shows no significant size-to-size stability variations above 

N=5. Considering the calculated dissociation energies, first we 

note that, just like in ∆2𝐸, a pronounced minimum in 𝐷𝑁  is seen 

at Pt5
+, suggesting the relatively stable character of Pt4

+. 

Another quantity obtained from the DFT calculations is the 

HOMO-LUMO gap. More stable clusters are expected to possess 

larger HOMO-LUMO gaps, explaining the lower reactivity of 

these species [33, 34, 35]. Computed HOMO-LUMO gaps, in the 

N=3-8 size range, are presented in Fig. 4c. The largest calculated 

value is for Pt4
+, being approximately 1.1 eV, whereas all other 

clusters have much smaller gaps between 0.26 and 0.63 eV.  

Discussion 

In the absence of radiative cooling, intensities in mass spectra 

can be linked directly with the computed dissociation energies. 

This is done through Eq. (2), which relates 𝐼𝑁  (intensity of the 

prompt fragments) and 𝐷𝑁  (extracted from DFT) [36]: 

 

 𝐼𝑁 ∝
𝐷𝑁

′+𝐷𝑁+1
′

2
+

𝑠𝑁

𝐺𝑁(𝑡1,𝑁)
(𝐷𝑁

′ − 𝐷𝑁+1
′) (1 +

𝐺𝑁(𝑡𝑁)2

12𝑠𝑁
2 ) . (2) 

 

In this expression, 𝐷𝑁
′ is the dissociation energy plus the 

difference between the caloric curve offsets for reactant and 

product clusters, which can be estimated as 3/2 times the 

Debye frequency of platinum (ℏ𝜔 = 0.0194 eV). 𝑠𝑁  is the 

average of the (microcanonical) heat capacities of reactant and 

product clusters, which can be set to 3𝑁 − 7. 𝐺𝑁 = ln (𝜔𝑁𝑡1,𝑁) 

is the GSpann parameter, with 𝜔𝑁  a frequency factor. This 

factor can be calculated by detailed balance theory or from 

experimental values of platinum vapour pressures [19, 26]. 

Here we have adopted the second option, using vapour 

pressure data from Ref. [37]. By doing so, a frequency factor 

Fig. 4. Computed energetic quantities of PtN
+ (N = 3-8) for the structures 

shown in Fig. 2: (a) second order differences in energy, ∆2𝐸, (b) 

dissociation energies of monomer evaporation, 𝐷𝑁, and (c) HOMO-

LUMO gaps.     
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𝜔𝑁 = 1.508 ∙ 1014𝑁2/3 is calculated. Fig. 5 shows a comparison 

of the experimental intensity ratios 𝐼𝑁/𝐼𝑁+1, as extracted from 

the mass spectrum in Fig. 1, and the calculated ones using Eq. 

(2). The size-to-size intensity ratio variations are well 

reproduced by theory, indicating that relative stabilities can 

indeed be inferred from mass spectra. Therefore, the 

photofragmentation experiments reveal the absence of strong 

size-to-size variations in the stability of the platinum clusters, 

with the exception of the drop at N=5.  

The absence of size-dependent stability patterns can be 

understood by analysing the electronic structure of the clusters, 

which is done  with density of state (DOS) plots. Three examples 

are presented in Fig. 6, for the clusters Pt3
+ (top), Pt4

+ (middle) 

and Pt5
+ (bottom). The total DOS, in black, is projected onto 

states with s- and d-contribution, shown in red and blue, 

respectively. For the three clusters, the occupied orbitals near 

the HOMO state are mainly of d-character, whereas occupied 

orbitals of larger s-contribution are lower in energy. For the 

three sizes, one occupied state with the electron density 

delocalized over the entire cluster and a nodal character 

resembling the atomic-like 1S orbital is present [2]. Unoccupied 

states of delocalized character are present as well. They have 

symmetries corresponding to the atomic-like 1P orbitals: two 

for the planar Pt3
+ cluster and three for the three-dimensional 

Pt4
+ and Pt5

+ species. Since the three clusters have the 1S orbital 

occupied and the 1P shell empty, there are no MOs of 

delocalized character near the HOMO state. This observation 

holds for all the calculated clusters.  

For the particular case of Pt4
+, the relatively higher stability 

and much larger HOMO-LUMO gap cannot be attributed simply 

to the filling of electronic shells, as discussed. Comparison of the 

three DOS plots shown in Fig. 6 reveals a difference between 

these sizes. In Pt4
+, the states composing the DOS have a high 

degeneracy, due to the high symmetry. All bond lengths in the 

pyramidal cluster are 2.567 Å. This is particularly clear in the 

HOMO and LUMO of Pt4
+, both composed of three almost 

degenerate levels, creating a large HOMO-LUMO gap. Similarly, 

the 1Px,y,z atomic-like orbitals are degenerate. In Pt3
+ and Pt5

+, 

however, the degeneracy is reduced, since the clusters are less 

symmetric. In Pt3
+, there are two shorter bonds of 2.457 Å and 

a longer one of 2.542 Å, whereas in Pt5
+ the bond length 

between the Pt atoms in the central triangle and the top Pt 

atom is 2.611 Å, while that between the atoms in the xy plane 

is 2.595 Å. Therefore, the HOMO-LUMO gaps of Pt3
+ and Pt5

+ are 

much smaller than that of Pt4
+. This explains the enhanced 

stability of Pt4
+ as due to an interplay between the electronic 

structure and the geometry. In this respect, it would be 

instructive to compare other charge states for N=4, however, 

the neutral and the anion adopt very different ground state 

structures [32]. 

Another interesting observation is the absence of radiative 

cooling on the time scale of the experiment. In the same 

experimental setup and under similar experimental conditions, 

high photon emission rates were measured for other clusters of 

similar sizes. For example, high and size-dependent radiative 

rates were measured for small AuN
+ (N=6-20) clusters, with 

closed-shell species radiating most strongly [28]. Likewise, high 

rates were measured for BN
+ (N=5-20) [25] and NbN

+ (N=8-22) 

[26] clusters, although with a less pronounced size-dependency. 

Similar experiments have also measured the radiative rates of 

small SiN+ (N=5-13), however those have lower values. At this 

Fig. 5. Comparison of cluster intensity ratios 𝐼𝑁/𝐼𝑁+1 obtained mass 

spectrometrically and based on the computed dissociation energies via 

Eq. (2).  

Fig. 6. Density of states (DOS) of Pt3
+ (top), Pt4

+ (middle) and Pt5
+ 

(bottom). The total DOS (black) is projected onto s- and d-contributions 

(red line and blue shading, respectively). The HOMO and LUMO orbitals 

are labelled by H and L, respectively. At the top of each DOS plot, the 

MOs of electron density delocalized over the entire cluster are shown. 

Based on their nodal character, these states are labelled in terms of the 

eigenstates of the particle confined in a potential well. 
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point is not possible to conclude on the definitive reason for the 

absence of radiative cooling for the platinum clusters, however 

it worth commenting on certain aspects of it. Important is to 

stress that the performed experiments are only sensitive to 

radiation taking place on microsecond time scales. Therefore, 

we cannot exclude the presence of vibrational cooling, which is 

known to occur at the milliseconds scale [38, 39, 40]. Fast 

radiative cooling is attributed to the process of recurrent 

fluorescence [21, 22], which proceed at a rate determined by 

three factors: the dissociation energy and size (or heat 

capacity), essentially determining the effective temperature of 

the clusters at the moment of photon emission, and the energy 

of the electronic excited state involved in the photon emission 

[17]. Recurrent fluorescence requires electronic excited states 

of sufficiently low energy, thus a possibility to explain the 

absence of fast photon emission in PtN
+ is the absence of such 

states. A detailed study of the excited states of PtN
+ goes beyond 

the scope of this study. We mention though that in order to 

explain the very high and size-dependent photon emission rates 

of AuN
+ a connection between the pairing of itinerant electrons 

and low-lying electronic excited states was proposed [28]. For 

platinum clusters, there are no delocalized MOs near the HOMO 

state, which in the suggested picture could explain why the 

platinum clusters do not have low-lying electronic excited states 

and therefore, fast radiative cooling is absent.  

Finally, a comment can be made about previously measured 

reactivities of cationic platinum clusters. Due to their 

importance in catalysis, the reactivity of platinum clusters have 

been the focus of several studies [41, 42, 43, 44, 31, 45]. The 

reactivity of the small cationic species show a pronounced 

minimum for Pt4
+, particularly in the reaction with methanol. 

For example, reaction rates for PtN
+ + CH4 → PtNCH2

+ + H2 have 

been determined experimentally, giving efficiencies (ratio of 

the measured rate to the theoretical upper limit calculated for 

ion-molecule reactions with capture theory) near 1 for N≤8, 

except for N=4, which has an efficiency  as low as 0.02 [43]. This 

experimental observation has triggered theoretical work to 

rationalize the low reactivity of the cationic platinum tetramer, 

focusing mainly on the reaction pathways [46, 47]. An 

alternative explanation for the low reactivity of Pt4
+ is the 

intrinsic thermodynamic stability of this cluster, as shown in the 

current work. Stable clusters generally have a large HOMO-

LUMO gap, as is the case for Pt4
+, thus having a low tendency to 

form chemical bonds with small molecules [48]. This 

explanation has been  invoked in the past to rationalize the low 

reactivity of certain cluster sizes, such as the low reactivity of 

Ag15
+ [34] and Aln+ (n = 7, 13, and 23) [35] towards O2, and the 

reactivity of sodium clusters [33, 49]. 

Conclusions 

In this work, the stability of small positively charged platinum 

clusters was investigated by combining photofragmentation 

experiments and density functional theory calculations. The 

mass spectra of photofragmented clusters revealed a smooth 

distribution in the size range N=3-20, with the exception of an 

intensity drop at N=5, suggesting the absence of size-dependent 

stability patterns for the clusters, except for an enhanced 

relative stability of Pt4
+. This is confirmed by energetic 

quantities calculated for PtN
+ in the N=3-8 size range. A clear 

maximum in the second order energy difference is obtained at 

N=4, and a minimum in the monomer dissociation energy for 

N=5. The possibility that radiative cooling competes with 

fragmentation as a cooling mechanism was also investigated, 

and it was shown that radiation is absent for all clusters within 

the time scale of experiment. Furthermore, using the computed 

dissociation energies, mass spectra abundances were modelled, 

showing very good agreement with the experimental values. 

The enhanced stability of Pt4
+ can be used to explain the 

previously observed surprisingly low reactivity of this cluster 

size in the gas-phase. 
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