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Abstract 

The decomposition of nitric oxide on small charged rhodium clusters Rhn
+/- (6<n<30) has been 

investigated by Fourier transform ion cyclotron resonance mass spectrometry. For both cationic and 

anionic naked clusters, the rates of reaction with NO increase smoothly with cluster size in the range 

studied without the dramatic size-dependent fluctuations often associated with the reactions of 

transition metal clusters. The cationic clusters react significantly faster than the anions and both 

exhibit rate constants exceeding collision rates calculated by average dipole orientation theory. Both 

the approximate magnitude and the trends in reactivity are modeled well by the surface charge 

capture model recently proposed by Kummerlöwe and Beyer. All clusters studied here exhibit 

pseudo first order kinetics with no evidence of bi-exponential kinetics often interpreted as evidence 

for multiple isomeric structures. Experiments involving prolonged exposure to NO have revealed 

interesting size-dependent trends in the mechanism and efficiency of NO decomposition: For most 

small clusters (n < 17), once two NO molecules are co-adsorbed on a cluster, N2 is evolved 

generating the corresponding dioxide cluster. By analogy with experiments on extended surfaces, 

this observation is interpreted in terms of the dissociative adsorption of NO in the early stages of 

reaction generating N atoms which are mobile on the surface of the cluster. For clusters n < 13 this 

chemistry, which occurs independently of the cluster charge, repeats until a size-dependent, limiting 

oxygen coverage is achieved. Following this, NO is observed to adsorb on the oxide cluster without 

further N2 evolution. For n=14-16 no single end-point is observed and reaction products are based 

on a small range of oxide structures. By contrast, no evidence for N2 production is observed for 

clusters n = 13 and n > 16 for which simple sequential NO adsorption dominates the chemistry. 

Interestingly, there is no evidence for the production of N2O or NO2 on any of the clusters studied. A 

simple general mechanism is proposed which accounts for all observations. The detailed 
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decomposition mechanisms for each cluster exhibit size- (and, by implication, structure-) dependent 

features with Rh13
+/- particularly anomalous by comparison with neighboring clusters. 

 

 

 

1. Introduction 

At the heart of many heterogeneous catalytic processes lie highly dispersed transition metals. In 

this form they not only present increased surface area but also maximize the number of surface 

defect sites which are believed to be crucial in providing the active sites for interesting chemistry.1 

Over the past two decades intense effort has been directed towards the study of small metal clusters 

in the belief that these clusters, in addition to exhibiting fascinating properties of their own, 

represent tractable model systems for practical catalysts.2,3 In this spirit we present here a detailed 

experimental study of an industrially and environmentally important system, the decomposition of 

nitric oxide on rhodium clusters.  

Rhodium is an important heterogeneous catalyst, employed both in hydrogenation and 

dehydrogenation reactions relating to alcohols4 as well as in the reduction of harmful gases.5  The 

catalytic reduction of NOX by platinum and rhodium plays a key role in the chemistry of the 

automobile three-way catalytic converter. As a result of its practical importance the reduction of 

nitric oxide at transition metal surfaces has been widely investigated due to its importance in 

industrial pollution control processes6-10 and has been the subject of a recent review by Brown and 

King.11  

The remarkable activity of rhodium surfaces for adsorption and reduction of NO has received 

particular attention from the surface science community.1,6-8,12-29 The relatively small NO bond 

energy leads to a greater degree of dissociation for surface adsorbed nitric oxide than is commonly 
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seen for other adsorbates such as CO. Spectroscopic studies have shown that the degree of NO 

dissociation depends critically on surface temperature and coverage as well as the exact crystal 

face.15,16,22-28,30-36  At low temperatures (T < 170 K) NO adsorbs molecularly on all Rh surfaces.  

When present at low coverages, NO dissociates completely upon heating resulting in the desorption 

of the dissociation products N2 (450 K < T < 700 K) and O2 (at much higher temperatures).15,17,25  

NO dissociation requires an empty nearest neighbour site and so at higher surface coverage 

dissociation is impeded.  At temperatures < 800 K, oxygen atoms produced in NO decomposition 

typically remain on the surface or diffuse into the bulk.23,37  As a result oxygen on the surface can 

readily poison catalytic activity by hindering further NO adsorption and/or dissociation. 

  Small quantities of N2O and NO2 have been detected desorbing from rhodium surfaces during 

NO reduction,12 especially at higher coverages and higher temperatures. This is particularly 

important from an environmental perspective as N2O is a potent greenhouse gas and therefore its 

production is undesirable. The problem is exacerbated in oxygen rich environments in which 

desorption of N2O becomes increasingly dominant over N2 production and practical catalysts 

become unable to cleanly reduce NO.12 

Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry has been used to study the 

reactions of many metal clusters. Due to the presence of only a single naturally occurring isotope, 

103Rh, rhodium, together with vanadium, cobalt and niobium, has been something of a favorite 

transition metal for study by mass spectrometry. Among the reactions of rhodium clusters studied by 

FT-ICR are those with CO, N3CH2CN, benzene and small alkanes.38-41  These studies have 

discovered interesting size-dependent trends in the reaction rates and mechanisms.  For example, in 

the reactions of cationic rhodium clusters with benzene, Berg et al. observed dissociative 

chemisorption accompanied by total or partial dehydrogenation in competition with nondissociative 

adsorption for n ≤ 18.  For larger clusters, n > 18, only the molecular adsorption was observed.40 
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The nature of the adsorption of CO on small rhodium clusters has been studied by Fielicke et al. in 

exquisite infrared – multiple photon dissociation (IR-MPD) experiments in which a free electron 

laser is used to excite the internal CO stretch in RhnCO+/0/- clusters. The experiments are coupled 

with DFT calculations to probe the binding of the CO.42  FT-ICR studies have demonstrated the 

adsorption of a CO molecule for n ≥ 2 for the cationic clusters and n ≥ 4 for the anions, with little 

difference between the reactivities of anions and cations.38  All anionic and large cationic rhodium 

clusters react with azidoacetonitrile by adding [C2,N2] in consecutive steps whereas small cationic 

clusters behave differently, with the unimolecular decomposition of the azide determining the 

reactivity.39 A recent FT-ICR study of C-H activation of alkanes on rhodium cationic clusters 

demonstrated large size dependent variations in reaction efficiency. These rates proceed close to the 

theoretical collision rates for a large number of clusters with distinct minima observed for particular 

sizes.41 In a separate study, the dehydrogenation of ethane by Rhn
+ clusters also demonstrated strong 

size dependence.43   

In other FT-ICR studies, argon complexes of rhodium clusters, RhnArm
+, undergo ligand exchange 

reactions with methane, in which up to three argon atoms are replaced.44  The solvated dimer and 

trimer cations dehydrogenate methane with an efficiency dependent on the number of argon atoms.  

Koszinowski et al. also found dehydrogenation of methane by the rhodium dimer with the 

subsequent carbene product reacting with ammonia to form Rh2C+(NH3).45  Whereas cluster size has 

a significant effect on cluster reactivity, in most cases for a given cluster size both anionic and 

cationic clusters tend to exhibit a similar reactivity.3,46,47 

The rates of reaction of charged clusters with small molecules are usually calculated by the 

average dipole orientation theory48 (ADO) which considers the classical trajectory of a linear dipole 

in the field of a point charge and reduces to the Langevin rate in the limit of negligible dipole 

moment. However, the rates of reaction for charged metal clusters often significantly exceed those 
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calculated by ADO theory.39,49 In an attempt to address this issue, Kummerlöwe and Beyer have 

recently presented two models for calculating collision rates of ionic clusters with neutral molecules.  

Both models treat the cluster and the neutral reaction partner as hard spheres and the charge is 

treated as a point charge.  The attraction between the point charge and the neutral molecule is 

described with the interaction potential from ADO theory.  In the Surface Charge Capture (SCC) 

model the charge is free to migrate to the surface of the cluster, drawn there by the attractive 

interation with the neutral molecule.  The SCC model leads to substantially increased collision rates 

compared with Langevin or ADO capture rates.  However, even the increased rates obtained with 

these models are exceeded by the measured reaction rates of some reactions, e.g., Rhn
+/- with CO.49 

Here we present the results of FT-ICR studies of the reactivity of charged rhodium clusters, Rhn
+/-, 

n = 7 - 30, with NO. We have previously published a study of Rh6
+ with NO which was unique in 

exhibiting evidence for two different structural isomers.50  In this paper we concentrate on the trends 

in reactivity and mechanism with cluster size. 

 

2. Experimental methods 

All experiments were performed on a Bruker FT-ICR mass spectrometer equipped with a 3 T 

superconducting magnet and an external laser ablation cluster source. The source is fitted with an 

additional pumping stage to allow the operation of a pulsed molecular beam while maintaining a low 

pressure in the ICR cell region.  The cluster source is a slightly modified version of the laser ablation 

cluster source developed in Munich, the details of which have been published elsewhere.51  In 

essence it is also similar to the source developed independently by Alford et al.46 

Briefly, charged rhodium clusters, Rhn
+/-, n = 7 - 30, are produced by the pulsed laser vaporization 

(typically 3 mJ, 532 nm, 8 ns pulse) of a rotating rhodium disc (12 mm diam., 0.25 mm thick, 

Aldrich).  The resulting metal-containing plasma is entrained in a ca. 30 µs pulse of helium carrier 
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gas (BOC, 99.997%, 30 bar backing pressure) delivered via a homebuilt piezoelectric valve 

operating in synchronization with the laser at 10 Hz. To facilitate clustering, the beam travels 

through a channel (50 mm long, 2 mm diameter) before expanding into the source chamber. The 

pressure in this chamber is maintained at a pressure of 10-7 mbar, rising to almost 10-4 mbar during 

pulsing.  The resulting cluster ion beam passes through a 0.5 mm diameter skimmer into a series of 

differentially pumped chambers containing ion transfer optics which focus the charged clusters into 

the ICR infinity cell, maintained at a base pressure of ca. 2 x 10-10 mbar, where they are trapped 

axially by a 1.5 V trapping potential applied to the ends of the cell. For the experiments performed 

here, the major advantage of FT-ICR, in addition to its high resolution, is the extended time for 

which the ions can be trapped within the ICR cell which permits the sequential adsorption of 

multiple reactant molecules.  

The efficiency of the cluster ion formation and the size distribution of the clusters generated 

(typically 10-15 rhodium atoms broad) can be crudely controlled by varying the experimental 

conditions such as the laser fluence,  the stagnation pressure of the carrier gas and, in particular, the 

relative timing of the valve and the firing of the ablation laser.  The optimal conditions for 

generating anionic and cationic clusters were found to be essentially identical and switching from 

storing one to the other is simply a matter of reversing the polarity of potentials applied to the ion 

transfer optics. In this way rhodium clusters, Rhn
+/-, n = 6 – 30 can be generated and trapped with 

high efficiency. In order to increase the signal to noise ratio, however, clusters from up to 20 laser 

pulses are typically accumulated in the ICR cell prior to reaction.  

To study the reactions of clusters stored within the ICR cell, nitric oxide (Argo International, 

99.5%) was admitted via a leak valve to maintain cell pressures in the region 10-9 – 10-8 mbar as 

measured on the ion gauge nearest the ICR cell. It is notoriously difficult in such experiments to 

determine the exact pressure in the ICR cell as the ion gauge is located a considerable distance (ca. 
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0.8 m) from the cell itself, inconveniently close to both the leak valve input and to the main 

turbomolecular pump evacuating the cell. As a result there is likely to be some consistent 

discrepancy between the gauge reading and the actual cell pressure. In an attempt to calibrate our 

cell pressure we have adopted the methodology described by Laskin et al.:52 Calibration studies were 

performed in situ using the well-characterised charge transfer reaction Ar + N2
+ , 

 

Ar + N2
+(v=1) → Ar+ + N2, 

 

 utilising the instrument’s internal electron impact ionization source and a pulse of N2 gas. The rate 

constant for this reaction, 4 x 10-10 cm3 s-1, is well known from selective ion flow measurements.53 

Comparison of the observed rates with the above value yields an effective geometry factor for our 

instrument (4.28 ± 0.87) by which the measured pressures can be corrected. The pressure corrections 

also took account of the well known differing gauge sensitivities to different gases. All pressures 

quoted below have been corrected in the above manner. Nevertheless, in common with other studies 

of this type we estimate the net uncertainty in our absolute rate constants is approximately ±50%.49 

The relative reaction rates for different cluster sizes and charges, however, are very much better 

determined than this. 

The kinetics of the Rhn
+/- + NO reaction are determined by analysis of the mass spectra obtained 

after variable reaction times.  The raw mass spectra are baseline corrected and all peaks arising from 

a given cluster are integrated and intensity normalised within a given parent cluster, reaction product 

manifold. In order to determine as precisely as possible relative rates of reaction of different clusters, 

most experiments were performed without isolation. Due to the extensive chemistry observed it was 

necessary to repeat experiments for isolated clusters and indeed isolated intermediate products in 

order to determine with confidence the mechanisms of reaction of individual cluster sizes.  In such 
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experiments correlated frequency sweeps were used to remove all other ions from the cell. Careful 

checks were made to ensure that the kinetics were identical with and without isolation. Similar 

isolation experiments were performed to ensure that cluster fragmentation is insignificant as a 

channel in any of the experiments performed. 

For these studies no attempt was made to thermalise the clusters prior to reaction with nitric oxide 

and no kinetic evidence for multiple isomers was observed (all pseudo-first order kinetic plots 

showed good approximation to linearity). This contrasts markedly with the results of reactive studies 

of Rhn
+ clusters with N2O performed in our group.54 

The ion molecule reactions we observe can best be described as near-thermal. The trapping of the 

cluster ions within the ICR cell by 1.5 V trapping potentials sets an upper limit on their initial 

translational energy. For a Rhn
+/- + NO collision, this gives rise to a centre of mass collision energy 

in the range of 60 meV for n = 7 to 14 meV for n = 30.  The internal energy of the clusters is 

unknown but is assumed to be small (i.e., the clusters are effectively cooled) given the nature of the 

expansion conditions. On extended rhodium surfaces the NO adsorption energy is typically ca. -2.2 

eV19 suggesting molecular adsorption of NO to the metal cluster will cause substantial heating due to 

the limited number of vibrational degrees of freedom.  Dissociative adsorption results in more 

heating due to the O and N atom binding energies (ca. 4.8 eV each on Rh(100)19). As a result, 

subsequent reactions must compete with other processes such as radiative cooling. We observe such 

effects indirectly in differing branching ratios for various reactions at different pressures. 
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3. Results and Discussion 

3.1. Overview of the decomposition mechanism 

By way of illustration of the raw data obtained, Figure 1 shows time evolution of the mass spectra 

of Rh11
+ clusters exposed to 8.6 x 10-9 mbar nitric oxide. The reaction of this particular cluster 

demonstrates the key features representative of most sizes studied and thus it is illustrative to discuss 

the mechanism in detail.   

Insert Fig. 1 near here 

 

The first step in the reaction is the addition of a single NO molecule to the naked cluster generating 

[Rh11NO]+.  After 2 seconds at this pressure, the following products can be unambiguously assigned: 

[Rh11NO]+, [Rh11O2]+, [Rh11(NO)2]+ and [Rh11O2NO]+. It is important to note that all species are 

identified on the basis of their mass alone- i.e., no direct information is obtained as to the nature of 

the adsorption (molecular vs dissociative).  We adopt the convention of square brackets to indicate 

this; the molecular formula as written within is merely for convenience within the context of the 

mechanism presented below.  It is, however, possible to infer the likely nature of the adsorption by 

consideration of the other reaction products and a plausible reaction mechanism.  We interpret the 

observation of the [Rh11O2]+ product as resulting from the rapid decomposition of the [Rh11(NO)2]+ 

species liberating N2. This suggests that in the early stages of the reaction the NO is dissociatively 

adsorbed and that the nitrogen atoms have sufficient mobility across the surface of the cluster to 

rapidly find each other. Except at low temperatures (T < 160 K on Rh(001) and T < 250 K on 

Rh(111)), NO dissociatively adsorbs on all common rhodium surfaces with N2 being desorbed at 

substantially lower temperatures than O2.11 Several density functional theory studies also support 

this picture.20,23,37 Although the initial internal energy (or “temperature”) of the clusters in the 

present study is unknown, as discussed above the exoergicity of adsorption of even a single NO 
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molecule is likely to result in substantial vibrational heating of the cluster. On the smallest clusters 

(n < 9), the decomposition / desorption reaction proceeds sufficiently quickly that the [Rhn(NO)2]+ 

intermediate is not observed on the timescale of the FT-ICR experiment.55 This is consistent with the 

fact that the two NO molecules adsorbing will have proportionately larger “heating” effect on a 

smaller cluster than on a larger cluster with more vibrational degrees of freedom within which to 

accommodate the energy. It is reasonable to assume that the formation and subsequent desorption of 

N2 requires some mobility on the part of nitrogen atoms. The fact that the [Rhn(NO)2]+ intermediate 

is observed for the larger clusters (n ≥ 9), (see, for example the clear [Rh11(NO)2]+ product in 

reactions of Rh11
+, Figure 1) suggests either that in some cases at least one of the NO molecules fails 

to dissociate upon adsorption or that the cluster cools sufficiently quickly (e.g., radiatively) for the 

combinative desorption of N2 to be no longer possible. We attempted to observed the [Rh11(NO)2]+ 

→ [Rh11O2]+ + N2 decomposition directly by mass-selecting the [Rh11(NO)2]+ intermediate product 

but such efforts were unsuccessful implying that both the decomposition and the radiative cooling 

are considerably faster than the FT-ICR timescale. 

Following formation of the dioxide cluster, the next product to appear, [Rh11O2NO]+, clearly arises 

from the adsorption of a further NO molecule and the whole decomposition process repeats such that 

after 5 seconds a range of [Rh11Oy(NO)x]+ products are observed in the mass spectrum. There is clear 

evidence for decomposition, marked by the apparent loss of N2, whenever at least two NO molecules 

are co-adsorbed. This decomposition results in the sequential formation of the dioxide, tetroxide and 

hexaoxide clusters. Figure 2 shows a close up of the mass spectra recorded after 5 seconds together 

with a cartoon of the principal decomposition pathways. 

 

Insert Fig 2 near here 
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Upon the formation of [Rh11O6]+, N2 loss apparently ceases and further reactions are characterized 

by the sequential adsorption of NO until the cluster reaches a saturation point beyond which no 

further reaction occurs. For Rh11
+/- at this pressure the largest product observed is [Rh11O6(NO)11]+.   

By using careful product isolation experiments we have derived the following simple mechanism 

which is consistent with all observations for the reaction with the Rh11
+ cluster: 

 

Rh11
+  ⎯⎯ →⎯+NO  [Rh11NO]+     ⎯⎯ →⎯+NO  [Rh11(NO)2]+      

[Rh11(NO)2]+     ⎯⎯ →⎯  [Rh11O2]+  +  N2 

[Rh11(NO)2]+ ⎯⎯ →⎯+NO  [Rh11(NO)3]+  

[Rh11(NO)3]+     ⎯⎯ →⎯  [Rh11O2NO]+  +  N2 

[Rh11O2]+ ⎯⎯ →⎯+NO  [Rh11O2NO]+  ⎯⎯ →⎯+NO  [Rh11O2(NO)2]+ 

[Rh11O2(NO)2]+  ⎯⎯ →⎯  [Rh11O4]+ + N2
   

[Rh11O4]+  ⎯⎯ →⎯+NO  [Rh11O4NO]+  ⎯⎯ →⎯+NO  [Rh11O4(NO)2]+  

[Rh11O4(NO)2]+  ⎯⎯ →⎯  [Rh11O6]+ + N2 

[Rh11O6]+  ⎯⎯ →⎯+NO   [Rh11O6(NO)]+   ⎯⎯ →⎯+NO ... ⎯⎯ →⎯+NO   [Rh11O6(NO)11]+   

 

This mechanism is generalized for all clusters below but at this point it is worth re-emphasising 

that we have observed no qualitative difference in the reactions of the anions compared to the 

cations. They appear to follow the same mechanism albeit exhibiting slightly different rates (see 

below) and as far as we can ascertain the largest products observed at any given pressure are the 

same. This is consistent with some previous work on other metal clusters: The reactions of niobium 

clusters with deuterium and the reactions of niobium and rhodium clusters with benzene, studied by 
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Berg et al. showed little charge dependence as did the infra-red studies of CO on rhodium clusters 

by Fielicke et al..2,38,42,56,57 

 

 

3.2 Step 1: Reactivity of the naked cluster ions 

Figure 3 shows a semi-logarithmic plot of the decay of the bare Rh11
+ and Rh11

- cluster population 

as a function of reaction time. The good fits to straight lines confirm the pseudo first order nature of 

the reaction which in turn reflects the excess of NO present. All cluster sizes studied here react with 

a single exponential decay such as the one given for n = 11 in Figure 3. Deviation from single 

exponential decay, especially bi-exponential decay, has previously been interpreted in terms of the 

presence of multiple isomers (or indeed different cluster spin-states) with different reactivities.50 

However, in order to observe a noticeably bi-exponential decay there must i) be a significant 

difference in the reactivity of the different forms and ii) a significant population of each. It is 

possible that in the reactions with the radical NO, electronic factors govern the reactivity and that the 

geometrical structure plays a minor role. Reactivity studies of rhodium clusters with closed-shell 

N2O exhibit non-linear pseudo first order plots for a number of clusters within this size range.54 

 

Insert Fig.3 near here 

 

The pseudo first order rate constants derived from the slopes of the first order kinetic plots can be 

used to determine the absolute rate constants. These are shown as a function of cluster size for both 

anionic and cationic clusters in Figure 4. Also shown are the calculated rate constants calculated 

based on geometrical hard sphere cross-sections and classical ADO theory, as well as the hard 
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sphere averaged dipole orientation (HSA) and surface charge capture (SCC) models recently 

introduced by Kummerlöwe and Beyer.49  

Several conclusions can be drawn from the observed rate constants collated in Figure 4. Firstly, 

the variation in the reaction rate with cluster size is rather smooth. There is no evidence of the 

dramatic size-dependent fluctuations which characterize the reactions of many transition metal 

clusters with small molecules.44,47,51,58 This too may reflect a dominance of electronic effects in 

determining the reaction rate for this charge + radical system and the relatively small role played by 

geometrical structure which changes dramatically from size to size. The variation in reaction rate 

constant with cluster size is more gentle in the present case (~50% increase from n = 7 to n = 30 for 

cations, ~30% for anions) than in the reactions with CO (>400% and ~80%, respectively).  Reactions 

of rhodium clusters with benzene and azidoacetonitrile demonstrate small fluctuations in relative 

rates with cluster size39,40  whilst dramatic size fluctuations have been seen in reactions with 

alkanes.41 Secondly, the cationic clusters react typically ca. 25% faster than do the corresponding 

anions for all sizes studied. In previous studies of Rhn
+/- with CO the same was true of the very 

largest clusters studied (n>20).42  In the current experiments, anion and cation clusters are produced 

under identical source conditions, the only difference being the polarity of the potentials applied to 

the ion transfer optics and cell trapping potentials. Hence, the simplest assumption is that the internal 

energy distributions of the cations and anions are similar. However anions have an additional 

cooling channel available - the loss of an electron - which, if significant, would preferentially deplete 

the internally excited clusters formed leading to a colder remaining distribution being trapped in the 

ICR cell.  

Finally, the measured rate constants are large - approximately a factor of 3-4 greater than those 

calculated by classical ADO theory. The observed rates are predicted much more reliably by the 

surface charge capture model introduced by Kummerlöwe and Beyer49 which treats the cluster as a 
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perfectly conducting sphere and permits the charge to migrate to the surface under the influence of 

the neutral molecule. This model yields significantly larger calculated cross-sections than previous 

models resulting in rate constants consistent with the values measured here given the uncertainty in 

the experimental values discussed in Section 2 above. 

 

Insert Fig 4 near here  

 

3.3. Overall reaction mechanism 

The reaction of rhodium clusters with NO can be well described by the overall mechanism given 

in Figure 5. The differences between reactions on the various clusters arise from differing branching 

ratios for N2 evolution versus further NO adsorption following the formation of [RhnOy(NO)2]+/- (y= 

0, 2, 4, 6, etc.) intermediates. These branching ratios are shown schematically in the Figure 5 a-e. 

Table 1 summarises the net effect of all these branching ratios by showing the fraction of final 

products observed which belong to each oxide family. Hence on the timescale of the experiments 

performed here, Rh7
+/- clusters evolve N2 with 100% efficiency at the [Rh7(NO)2]+/- and 

[Rh7O2(NO)2]+/- intermediates. However, no such N2 loss is observed at the [Rh7O4(NO)2]+/- stage 

and only simple NO adsorption is observed from this point onwards. 

 

Insert Fig 5 near here 

 

The largest oxide formed varies with the cluster size.  Cluster sizes n = 7, 8 and 9 (as with n = 6),50 

react to produce tetroxide based final products while n = 10 – 12 form predominantly 

[RhnO6(NO)x]+/- products. Oxides as large as RhnO10
+/- have been observed for Rh15

+/- and these 

become noticeably more prevalent at higher pressures. The interpretation of these findings is 
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challenging for there are almost certainly many competing size and structural effects at play. For 

instance, in order for an NO molecule to adsorb dissociatively there must be a pair of empty adjacent 

binding sites. The loss of N2 following decomposition of a pair of adsorbed NO molecules provides 

an additional mechanism for substantial cooling of the product cluster. As a result, the O atoms 

which remain on the surface are likely to occupy high coordination sites on the cluster. If sufficiently 

many O atoms are thus bound then there will be no pairs of adjacent binding sites left to facilitate the 

dissociation of an incoming NO molecule which may, as a result adsorb molecularly. Of course, the 

conclusive signature of dissociative adsorption in these experiments is the loss of N2 which requires 

the dissociation of at least two NO molecules. By this argument it is possible that the n = 7 cluster 

(whose structure is probably based on the D5h pentagonal dipyramid with ten identical 3-atom 

sites)59-63 “runs out” of enough free adjacent sites either at the Rh7O4 or Rh7O4NO stage as the only 

products seen thereafter correspond to successive NO adsorption with no accompanying N2 

desorption.  Although we have no conclusive evidence that these final NO molecules adsorb 

molecularly, such an interpretation is consistent with surface studies which have shown that once the 

surface is saturated, e.g., with oxygen adatoms, further NO molecules proceed to adsorb molecularly 

due to the lack of vacant sites required for dissociation.23,25,27  In an attempt to determine the nature 

of the adsorption in reaction products we are currently undertaking FT-ICR collision induced 

dissociation experiments. 

 

Insert Table 1 near here 

 

Other factors are clearly also at play. The relative heating effect of nitric oxide adsorption, be it 

molecularly or dissociatively, is necessarily larger for smaller clusters than it is for larger ones due 

to the restricted number of vibrational degrees of freedom. This is likely to have a profound effect on 
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the mobility of adsorbed atoms on the cluster surface as well as on the structure of the cluster itself 

which may rearrange. The rate of radiative cooling of the clusters is also size-dependent. This was 

observed indirectly in the current study in that the degree of oxidation of a given cluster has some 

weak pressure dependence.  For example, at most pressures used in these studies, Rh12
+/- favors the 

formation of Rh12O6
+/- as the main oxide formed. At higher pressures, however, typically > 3 x 10-7 

mbar, Rh12O8 products are clearly present. At the higher pressure, the clusters have less time to cool 

between collisions with NO (which, at pressures of 5 x 10-7mbar, a given cluster experiences at a 

rate of ca. 20 s-1), leading to higher cluster internal energies and thus more mobile surface atoms. As 

a result there is a greater likelihood of the two nitrogen atoms meeting and desorbing from the 

cluster surface. 

A similar argument accounts for the fact that the larger clusters (n > 16) exhibit demonstrably 

different reactivity to smaller ones. For these clusters (and indeed Rh13
+/- which is discussed 

separately below) no N2 desorption is observed. The energy arising from the adsorption of NO on a 

large cluster is accommodated in a correspondingly large number of internal degrees of freedom, 

resulting in only a small rise in the effective cluster “temperature”. By contrast, when adsorption is 

on a smaller cluster the same energy is dissipated into many fewer vibrational modes which i) makes 

it more likely that the barrier to dissociation will be overcome and ii) that the resulting atomic 

fragments will be mobile on the surface. A similar change in reactivity for larger Rhn
+/- clusters with 

benzene was interpreted by Berg et al. in terms of chemisorption of benzene with subsequent 

dehydrogenation on the smaller clusters, but only physisorption on cluster sizes above n= 18.40 

We have fit the kinetics of each cluster to the general mechanism shown in Figure 5 assuming 

pseudo first order rate behavior for each step.  By way of example Figure 6 shows the global kinetic 

fit for the reactions of the Rh11
+ cluster, with the final few NO absorption steps omitted for clarity. 
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Notwithstanding the simplicity of the mechanism, given the number of steps involved the fits are 

satisfying and suggest that the major features of the reaction are captured.   

 

Insert Fig 6 near here 

 

One of the major results of this study is the fact that there was no evidence for the production of 

by products such as N2O or NO2.  Desorption of either of these molecules would lead to product 

peaks in the mass spectrum corresponding to species with an odd number of adsorbed atoms.  No 

such species were observed in any of these experiments.  This remarkable ability of rhodium clusters 

to reduce cleanly NO at what represent significant coverages, contrasts markedly with the reactions 

observed on extended surfaces where N2O is a common by-product.7,12 

At the pressures used in these studies most clusters appear to reach an “end-point” in their reaction 

with nitric oxide, i.e., a product is generated which appears to be saturated and which undergoes no 

further observable reaction. These species are given in Table 1 for the cations but once again the 

anions yield remarkably similar results. There is a smooth increase in the total number of adsorbed 

species with cluster size with the exception of the anomalous behavior at n = 13. The weak pressure 

dependence of the largest oxide formed is, of course, reflected in the largest products observed. For 

n = 15, for example, the largest product observed at 8.6 x 10-9 mbar NO is Rh15O6(NO)15
+/-, whereas 

at 3.4 x 10-8 mbar, products based on the Rh15O8
+/- and Rh15O10

+/- oxides can be seen. Nevertheless, 

where possible, it is tempting to try to infer some structural information on the clusters from their 

respective end-points. By comparison with the results from extended surfaces we assume that any 

atomic adsorbates occupy high coordination sites whilst molecularly adsorbed NO molecules are 

likely to prefer single atom sites.20,29 Interestingly for n = 7, 8, 9, 10, 12, the largest products 

observed have n+1 nitric oxide molecules adsorbed. Calculations of likely cluster structures indicate 
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that these clusters have only surface atoms.61-65 If each surface atom indeed provides a suitable 

adsorption site for one NO molecule, the one extra NO molecule must either occupy a higher 

coordination site or is dissociatively adsorbed on the cluster. Either way the high coordination sites 

are not fully occupied. For example, assuming the pentagonal bipyramid structure for Rh7, only six 

of the ten equivalent three-atom sites would be occupied – four by the O atoms resulting from the 

NO decomposition / N2 loss, plus a dissociatively adsorbed NO molecule. This picture of NO 

molecules adsorbed at top sites is lent futher weight by the fact that the largest product observed for 

Rh13
+ has 12 NO molecules adsorbed – one for each surface atom, see below. Of course this picture 

assumes that the structural motif of the cluster survives the reactions intact and that adsorbates 

remain effectively on the surface of the cluster without perturbing it significantly. The validity of 

this assumption remains to be tested by computation of the likely structures of the reaction products 

and this is under way in our group. 

It is impossible in the current experiments to determine whether or not exchange reactions are 

taking place. It is conceivable that molecularly adsorbed molecules could exchange with gas-phase 

molecules resulting in no change in the product mass. We plan to undertake experiments with pulsed 

isotopically labeled reactants to determine the efficacy of such processes. 

 

3.4. The anomalous Rh13
+/- 

The reaction of the Rh13
+/- clusters is markedly different from adjacent cluster sizes as 

demonstrated in Figure 5. Further illustration of this difference is provided by Figure 7 which shows 

the time evolution of mass spectra of Rh13
+ clusters reacting with NO at 8.6 x 10-9 mbar which 

should be contrasted with the data for Rh11
+ shown in Figure 1. At this pressure, Rh13

+ does not react 

to produce oxides but simply adsorbs NO molecules without obvious signs of decomposition (i.e., 

loss of N2) until a maximum of 12 NO molecules are adsorbed. No larger products are observed at 
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even longer reaction times, the distribution of products remaining essentially the same as shown in 

the bottom spectrum of Figure 7. At higher pressures of NO some evidence of N2 desorption is 

apparent but even at the highest pressures used in this study (>5 x 10-7 mbar) simple NO adsorption 

is still the dominant process. By contrast n = 14, 15, 16 clusters exhibit very similar reactions to the 

smaller clusters, evolving N2 in the same way as Rh11
+/-, and so the discrepancy at n = 13 does not 

arise simply as a consequence of the number of available vibrational modes. Instead, its origin is 

likely to lie in the structure of the Rh13 cluster. Most calculations have found that the n = 13 cluster 

size is the first structure to support a non-surface atom,60-65  and it seems likely that the unusual 

behavior of Rh13
+/- is somehow linked to the unusual stability of its icosahedral structure. The 

absence of N2 loss could indicate either that NO does not dissociate on Rh13
+/- under these conditions 

or that there is a significantly higher barrier to the migration of the resulting nitrogen atoms. The fact 

that the largest product observed is Rh13(NO)12
+ fits neatly with the idea that there are 12 surface 

atoms to each of which a single NO molecule can be adsorbed. It would be interesting to try to 

observe a nitrosyl stretch on RhnNO clusters in general to see if there is a move from dissociative to 

molecular adsorption with increasing cluster size. Such experiments would be similar to those 

recently performed by Fielicke et al. on AunNO+ clusters in which interesting alternations with 

cluster size were observed for the nitrosyl stretching frequencies.  Effects such as these merely 

reinforce the need for combined spectroscopic and theoretical studies to provide insight into the 

structures and the reactivity of transition metal clusters.55 

 

Insert Fig 7 near here 
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4. Summary and Conclusions  

The decomposition of nitric oxide on small charged rhodium clusters has been studied by Fourier 

transform ion cyclotron resonance mass spectrometry. The observations are consistent with a size-

dependent mechanism common to both cationic and anionic clusters. All clusters studied exhibit 

simple pseudo first order kinetics with the cations reacting significantly faster than the anions. The 

trend in the rate of reaction with cluster size, as well as the overall magnitude of the reactive rate 

constants is reasonably well modeled by the surface charge capture model proposed by Beyer.  

The smaller clusters studied, n = 7 – 16, mostly undergo dissociative adsorption of NO in the early 

stages of reaction resulting in N2 desorption and the formation of even-oxides. For n < 13 this 

process continues until a critical (size-dependent) oxide cluster is produced after which further NO 

molecules adsorb without further N2 loss. n = 14-16 react to form products based on a small range of 

oxides whilst larger rhodium clusters (and the anomalous n = 13) simply adsorb nitric oxide without 

apparent N2 desorption until saturated. A simple multi-stage mechanism has been proposed which 

accounts for all the major findings of these studies. No evidence was observed for the generation of 

either N2O or NO2 on any clusters studied despite the fact that these molecules are significant by 

products of the same reaction on extended surfaces.  
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FIGURE CAPTIONS  
 

Figure 1. Time evolution of the mass spectra of Rh11
+ clusters exposed to ca. 8.6 x 10-9 mbar NO. 

The kinetics can be fit well assuming a mechanism involving the dissociative adsorption of two NO 

molecules on the bare cluster followed by subsequent desorption of molecular nitrogen generating 

[Rh11O2]+. This process repeats generating the higher order even oxides [Rh11O4]+ and [Rh11O6]+ 

after which no further N2 is desorbed and NO is assumed to adsorb molecularly. 

 

Figure 2. Detailed view of the FT-ICR mass spectra of Rh11
+ clusters exposed to 8.6 x 10-9 mbar NO 

for 5 seconds. The arrows indicate the key early steps in the mechanism responsible for the 

decomposition of chemisorbed NO. 

 

Figure 3. 1st order kinetic data for the reaction of Rh11
+/- clusters with nitric oxide (8.6 x 10-9 mbar).  

Symbols denote actual data (filled squares Rh11
-, open squares Rh11

+) and the lines indicate fits to 

single exponential decays from which pseudo first order rate constants can be extracted.  The 

observation that the cation reacts slightly more quickly than the anion is common to all cluster sizes 

studied.  

 

Figure 4. Absolute rate constants for the reaction Rhn
+/- + NO as a function of cluster size.  Open 

squares represents the cationic clusters, filled squares the anions. Also shown are the calculated rate 

constants assuming a hard sphere geometrical cross-section (dashed line), classical average dipole 

orientation theory (dotted line), the hard-sphere average dipole orientation model (dot-dashed line) 

and the surface charge capture model (solid line). See text for details. 
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Figure 5. A general reaction mechanism for all sizes investigated.  For the specific illustrative 

cluster sizes shown in a) to e), the size of the arrows represents the relative branching ratio for 

desorption of N2 (vertical) versus sequential NO adsorption.  The reaction mechanism is essentially 

identical for the anionic and cationic versions of the same cluster size. 

 

Figure 6. Example global kinetic fit to the mechanism shown in Figure 5 for the reactions of nitric 

oxide on Rh11
+ where (x,y) refers to species [Rh11Oy(NO)x]+. The final steps, involving sequential 

NO adsorption, are omitted for clarity. 

 

Figure 7. Time evolution of the mass spectra of Rh13
+ clusters exposed to 8.6 ×10-9 mbar nitric 

oxide. Unlike the smaller and adjacent clusters there is no evidence of N2 evolution resulting in 

oxide clusters.  
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TABLES.  

Table 1.  Summary of the branching ratios for the reaction of the cationic clusters studied at a nitric 

oxide pressure of 8.6 x 10-9 mbar. The numbers represent the fraction of final products built upon 

each oxide cluster.  See text for details. 



 

28

 

 

1100 1200 1300 1400

5432

1 [Rh11O2(NO)x]
+

40

5

10

2

R
el

at
iv

e 
io

n 
si

gn
al

m/z

0

[Rh11(NO)x]
+

0

[Rh11O4(NO)x]
+

[Rh11O6(NO)x]
+

(x0.5)

21

10

10

3

2

0
t/s

 
Figure 1 



 

29

 

+NO +NO

+NO

+NO

+NO

-N2 -N2

1140 1160 1180 1200 1220

Io
n 

Si
gn

al

m/z

Rh+
11

+NO +NO

+NO

+NO

+NO

-N2 -N2

1140 1160 1180 1200 1220

Io
n 

Si
gn

al

m/z

Rh+
11

 
Figure 2 



 

30

 

0 5 10 15
0.01

0.1

1

R
el

at
iv

e 
Ab

un
da

nc
e

Time / s
 

 
Figure 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

31

 

0 5 10 15 20 25 30
0

5

10

15

20

25

k ab
s /

 1
0-1

0  c
m

3  s
-1

Cluster Size, n
 

 
Figure 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

32

 
 
Figure 5 
(double column figure)



 

33

 
 

0 10 20
0.01

0.1

1

0 10 20 30 0 20 40 60

R
el

at
iv

e 
[R

h 11
O

y(N
O

) x]+  s
ig

na
l          (x,y)

(0,0)
(1,0)
(2,0)
(3,0)

Time / s

(0,2)
(1,2)
(2,2)

(0,6)
(1,6)
(2,6)

(0,4)
(1,4)

 
 
Figure 6 
 



 

34

1300 1400 1500 1600 1700

t/s
12111098765432

200

100

20

4

[Rh13(NO)x]
+

[Rh13]
+

R
el

at
iv

e 
Io

n 
In

te
ns

ity

m/z

0

1

 
 
Figure 7 



 

35

Table 1 
 

RhnOy(NO)x
+

 Cluster 
size, n 

y = 0 2 4 6 8 

Largest product 
observed 

7 - - 1 - - Rh7O4(NO)8 
8 - - 1 - - Rh8O4(NO)9 
9 - 0.12 0.86 0.02 - Rh9O4(NO)10 
10 - - - 1 - Rh10O6(NO)11 
11 - - - 1 - Rh11O6(NO)11 
12 - 0.04 0.12 0.84 - Rh12O6(NO)13 
13 1 - - - - Rh13 (NO)12 
14 - 0.43 0.57 - - Rh14O4(NO)8 
15 0.08 0.21 0.35 0.36 - Rh15O6(NO)15 
16 0.02 0.11 0.16 0.19 0.52 Rh16O8(NO)17 

17-30 1 - - - - Rhn(NO)x 
 
 
 
 
 
 
 


