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A B S T R A C T   

Metal clusters supported on carbonaceous substrates are of interest in catalysis, hydrogen storage, and other 
fields. In this paper, the structures and the infrared spectra of C60Rhn

+ (n = 1–6) fullerene-metal complexes are 
studied by a combination of mass-selective infrared spectroscopy and theoretical calculations. It is found that 
clustering of Rh on the surface of the fullerene is preferred over surface wetting. For Rh4

+ and Rh6
+, the structures 

of the adsorbed clusters are different from those of the free clusters. There is electron transfer from the metal 
cluster to the fullerene in neutral C60Rhn, and in cationic C60Rhn

+ the electron deficit is shared by the metal 
cluster and the fullerene. Adsorption of Rhn clusters leads to degeneracy lifting of the most intense C60 features in 
the infrared spectra that were measured in the 300–850 cm− 1 range. Agreement is obtained, in general, between 
the experimental infrared spectra of D2-tagged C60Rhn

+ and the calculated spectra for untagged C60Rhn
+, except in 

the 600–750 cm− 1 region, where features mainly arise from the presence of D2-messenger molecules adsorbed on 
the Rhn clusters.   

1. Introduction 

Metal nanomaterials have been widely investigated in the past de-
cades, both for fundamental research and for their potential application 
as catalysts in the chemical industry. Depending on the size of the 
metallic nanostructures, i.e., single atoms, few-atom clusters, or nano-
particles, they can exhibit different functionality in heterogeneous 
catalysis. The particle size, chemical composition, shape, and metal- 
support interaction are known to have significant influence on the 
properties of metal catalysts [1,2]. 

Supported metal catalysts are broadly employed in industry [3,4]. In 
many cases the support has the double function of stabilizing the 
adsorbed metal particles and of modifying their electronic structure and 
morphology through metal-support interactions [5,6]. The concept of 
strong metal-support interaction (SMSI) was introduced by Tauser et al. 
[7] to explain the observation that the adsorption of H2 and CO on 
TiO2–supported group 8 metals is dramatically suppressed after 
high-temperature reduction in H2. The SMSI effect can significantly alter 
the catalytic properties [8] and can induce charge transfer and mass 

transport between supports and metal particles [9–12]. Based on this 
concept, new catalysts with high activity have been developed [13–16]. 
Consequently, an improved understanding of the SMSI effect will impact 
innovations in catalyst development. In heterogeneous catalysis by 
supported metal nanostructures, intensive efforts have been dedicated to 
improve the performance by tuning the size of the metal particles. In 
fact, size, together with the nanoparticle structure, are critical in-
gredients in determining the reactivity and the efficiency of supported 
metal catalysts [17], through the specificity of active sites. Carbon 
materials are a class of very adaptable supports for heterogeneous 
catalysis, and they can easily be modified to generate a large surface 
area. A variety of carbon materials can be used as supports, such as 
activated carbons, nanotubes, graphene and graphene oxides [18,19]. 

Fullerene-metal complexes have attracted broad attention due to 
their potential applications in catalysis, superconductivity, hydrogen 
storage, and single-molecule electronics [20]. Previous studies have 
found that alkaline and alkaline earth metals tend to decorate or ‘wet’ 
the fullerene surface [21], whereas transition metals such as Co [22] 
prefer clustering on the surface. To better uncover the properties of these 
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materials, understanding about both the organization of the metal atoms 
on the support and their interaction is required. 

In the current work we focus on rhodium, which is a widely used 
catalyst material. It is, for instance, an efficient catalyst for oxidation of 
ammonia in the production of nitric acid [23]. Catalysts based on sup-
ported rhodium are among the most active for direct nitrogen oxide 
(NOx) decomposition. The selective removal of NOx under lean-burn 
conditions is one of the most important aims in environmental catal-
ysis research [24]. However, the catalysts suffer from rapid deactivation 
because of the saturation of metal active centers by adsorption of oxygen 
[25]. 

The aim of this work is to gain insight into the interaction and 
structural characteristics of rhodium adsorbed on carbon substrates, 
more specifically the C60 fullerene. Because both the geometric and 
electronic structures affect the catalytic activity, we have also studied 
the electronic charge transfer between cluster and support. Fullerene- 
metal complexes are ideal test benches to check these characteristics 
in a well-controlled environment. For example, Hou et al. have recently 
shown that a single vanadium atom supported on C60 can efficiently 
catalyze the water splitting process to produce H2 upon infrared (IR) 
excitation, demonstrating the importance of carbonaceous supports in 
single atom catalysts [26,27]. IR spectroscopy is a powerful tool to 
determine structural characteristics of clusters and nanoparticles. The IR 
spectra of free Rhn

+ clusters have been investigated using the far-IR 
multiple photon dissociation (IRMPD) spectroscopy of argon-tagged 
clusters [28]. Here, the same technique is used to measure the IR 
spectra of C60Rhn

+ complexes tagged with molecular deuterium. How-
ever, because D2-tagging only provides an indirect way to measure the 
IR spectrum, it is important to perform a comparison between the 
experimental results and theoretical calculations on both D2-tagged and 
untagged complexes, to check whether the IR spectra of D2-tagged 
complexes reliably represent the IR spectra of the untagged ones. 

2. Experimental methodology 

The fullerene-rhodium complexes were synthesized in vacuum by a 
dual target dual laser source, which has been described in detail previ-
ously [22,29]. Briefly, a bulk rhodium target and a fullerene target, 
formed by cold-pressing C60 powder at a pressure of ~3 kbar, were 
vaporized by laser beams from two independent pulsed 532 nm Nd:YAG 
lasers, both operated at 10 Hz repetition rates, and carried by a pulse of 
helium gas (6 bar backing pressure). The vaporized C60 molecules and 
rhodium plasma collide with each other in the He gas, triggering the 
formation and cooling of C60Rhn

+ complexes. After formation, the gas 
mixture expanded into vacuum through a conical nozzle, forming a 
cluster beam, that is collimated by a 2 mm diameter skimmer and a 2 
mm slit aperture, before entering a perpendicularly oriented reflectron 
time-of-flight (TOF) mass spectrometer. The experiments were per-
formed with the cluster source at room temperature. 

IR multiple photon dissociation (IRMPD) experiments were per-
formed by overlapping the shaped cluster beam with the IR light of the 
Free Electron Laser for Intra-Cavity Experiments, FELICE [30]. The 
spectral range covered was 300–850 cm− 1. IR light was provided at a 
repetition rate of 5 Hz, or half the experimental repetition rate. This 
allowed to record successive mass spectra with and without IR laser 
interaction. IR excitation in resonance with a vibrational mode heats up 
the clusters by multiple photon absorption and intra-molecular vibra-
tional redistribution (IVR). When the internal energy of the cluster is 
high enough, dissociation takes place on the time scale of the experi-
ment, which can be sensitively probed by mass spectrometry. 

Due to the high stability of C60Rhn
+ (calculated binding energies 

between C60 and Rhn
+ are large; for example, 3.57 eV for C60Rh1

+, cor-
responding to approximately 48 photons at 600 cm− 1), the dissociation 
efficiency induced by the IR photon absorption is too low to obtain high 
quality IR spectra. Only the two IR absorption bands of highest IR 
oscillator strengths show up and even those have only a low signal-to- 

noise (S/N) ratio (Fig. S1). Therefore, the messenger tagging tech-
nique was utilized, employing D2 as tagging molecule. This technique 
has been well established in the past decades to obtain the vibrational 
spectra of molecular species via photodissociation [26,31,32]. D2-tag-
ged C60Rhn

+ complexes are synthesized by seeding about 0.5% of D2 into 
the He carrier gas. D2 readily desorbs from the complexes upon IR 
irradiation (the binding energy per D2 molecule is about 0.8 eV, corre-
sponding to approximately 10 photons at 600 cm− 1). 

The free electron laser was scanned in wavenumber steps of 5 cm− 1. 
Out coupled light was used to reconstruct the intracavity laser power 
and to calibrate the wavelength using a grating spectrometer. A typical 
pulse energy is 1000 mJ at 400 cm− 1, while the spectral width of the 
laser amounts to ~0.6% of the central wavenumber with a typical un-
certainty in wavenumber of ~0.2%. 

In the current experiments, the lowest-energy fragmentation channel 
is the desorption of weakly-bound D2 from C60Rhn

+(D2)m (typical bind-
ing energy around 0.85 eV). Upon irradiation with IR light, the in-
tensities of C60Rhn

+(D2)m decrease, while those of C60Rhn
+ increase, 

pointing to D2 desorption from the complexes. Since complexes tagged 
with multiple D2 molecules exist in the molecular beam, care must be 
taken to analyze the intensity changes of both the bare and D2-tagged 
C60Rhn

+. That is because not only can C60Rhn
+(D2)m be photo fragmented 

by the IR laser, but it can simultaneously also be formed through IR- 
induced fragmentation of C60Rhn

+(D2)m+1. Such processes could 
appear in the spectrum of C60Rhn

+(D2)m either as an unphysical, negative 
IRMPD yield, or lead to (partial) screening of the bands of C60Rhn

+(D2)m. 
To account for this and to reduce noise originating from cluster 

synthesis fluctuations, we first calculate the branching ratio Bk of the 
mass spectrometric intensities I of the C60Rhn

+(D2)m with at least k D2 
molecules: 

Bk =
∑mmax

m=k
I
[
C60Rh+

n (D2)m

]
/

∑mmax

m=0
I
[
C60Rh+

n (D2)m

]
. (1) 

Here mmax is the maximum number of attached D2 molecules 
observed in the mass spectra for a specific n; k is chosen as the smallest 
number for which the cluster only shows D2 loss under IR exposure and 
no ingrowth due to depletion of complexes with more D2 molecules. This 
number varies with n: k = 1 for n = 1–3, k = 2 for n = 4, and k = 4 for n 
= 5, 6. Under the assumption of constant D2 adsorption probabilities, the 
branching ratio eliminates shot-to-shot fluctuations in the particle syn-
thesis, and changes in Bk reflect the loss of the kth D2 molecule. The 
experiments allow to obtain IR spectra by comparing branching ratios 
without (Bk,0) and with (Bk(ν)) irradiation at frequency ν. 

The IRMPD yield Y(ν) is then obtained as the negative natural log-
arithmic depletion ratio corrected by the laser pulse energy E(ν) to ac-
count for variation of the laser power:  

Y(ν) = –ln[Bk(ν)/Bk,0] / E(ν).                                                            (2) 

Note that IRMPD yields can generally deviate from linear IR ab-
sorption cross sections σ(ν) due to the multiple photon excitation 
process. 

3. Computational methodology 

Electronic and structural properties of C60Rhn
+ complexes with and 

without adsorbed deuterium were determined using ab initio Density 
Functional Theory (DFT), implemented in the Quantum-ESPRESSO suite 
of electronic structure codes, version 6.4.1 [33]. The 
Perdew-Burke-Ernzerhof generalized gradient approximation 
(GGA-PBE) was chosen for the exchange-correlation functional [34,35]. 
The electron-ion core interactions were modeled by the projected 
augmented wave method (PAW) [36,37]. The number of electrons 
treated explicitly is 17 for Rh (4s24p64d85s1), four for C (2s22p2), and 
one for H. The PAW pseudopotentials are available on the 
Quantum-ESPRESSO website [38]. A cutoff energy of 40 Ry was selected 
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for the plane waves used to expand the Kohn-Sham electronic orbitals, 
and 350 Ry for the charge density. The studied systems were modeled in 
a cubic supercell of 17 × 17 × 17 Å3, which has been checked to be large 
enough to assure no interaction among periodic images. The Γ point for 
the Brillouin zone integration was employed in the calculations. To ac-
count for dispersion corrections to the energy density functionals, which 
improve the description of the interaction between molecular hydrogen 
and C60Rhn

+, the Grimme-D3 method was used [39]. 
As the positive charge of the fullerene complexes gives rise to an 

electrostatic interaction between cells, the Makov-Payne correction was 
taken into account [40]. This correction is applied to calculate the total 
energy of an isolated charged system (a molecule or a cluster) modeled 
in a three-dimensional supercell with periodic boundary conditions. The 
method also provides an estimate of the vacuum level, so that eigen-
values can be properly aligned. The IR spectra in the harmonic 
approximation were obtained using the PHonon package, a part of 
Quantum-ESPRESSO [41]. 

The computational method has been evaluated by comparing our 
results for the adsorption of a Rh atom on C60 with previous studies of 
the adsorption of Rh on other carbon materials that were performed at 
the same level of theory. For instance, the interaction of Rh with carbon 
nanotubes has been investigated by Luna et al. [42], and with graphene 
by Ambrusi et al. [43] and Manade et al. [44], using the PAW method 
and the PBE exchange-correlation functional. Their calculated binding 
energies are 1.96 eV [43] and 2.01 eV [44] for Rh on pristine graphene, 
and 2.67 eV for Rh on (8,0) single-wall carbon nanotubes [42]. Our 
calculations obtained a binding energy of 2.50 eV for a Rh atom on C60 
and a Rh–C bond distance of 2.045 Å, both close to those reported by 
Luna et al. for Rh on the (8,0) nanotube. The higher binding energies on 
nanotubes and fullerenes compared to graphene, are likely due to the 
different curvature of the carbon surface. 

4. Experimental results 

Fig. 1 presents mass spectra of C60Rhn
+(D2)m without (black) and 

with (red) far-IR excitation at 520 cm− 1. It can be seen that C60Rhn
+(D2)m 

complexes with n = 0–6 are formed. For all sizes n, D2 adducts are 
formed, with the average number of D2 adducts growing with n. Inter-
estingly, the observed mass distributions are not smooth, with certain 
stoichiometries formed preferentially, such as C60Rh1

+(D2)2 or 
C60Rh3

+(D2)4. Overall, with increasing number of Rh atoms in C60Rhn
+, 

multiple D2 molecule tagged complexes become dominant. 
Fig. 2 presents the measured IRMPD spectra of C60Rhn

+ (n = 1–6) 
clusters. The two most intense features in all spectra appear around 520 
and 570 cm− 1. These are likely due to characteristic vibrational modes 
for neutral C60, as previous experiments have detected C60 modes at 527 
and 570 cm− 1 [45], or at 527 and 577 cm− 1 [46]. Their frequencies are 
indicated with dashed vertical lines in Fig. 2. The spectra also show less 

Fig. 1. Mass spectra showing the mass distributions of C60Rhn
+(D2)m without (black) and with (red) far-IR laser excitation at 520 cm− 1. The blue and magenta 

numbers correspond to n and m, respectively. (A colour version of this figure can be viewed online.) 

Fig. 2. IRMPD spectra of D2-tagged C60Rhn
+(n = 1–6). The vertical dashed lines 

indicate the gas-phase vibrational frequency positions of neutral C60 [45]. 
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intense modes at lower frequencies, around 420 cm− 1, and broader 
bands in the range 600–750 cm− 1. The observation of bands in these 
spectral regions suggests that they most likely are C60 cage motions that 
become IR active (and are perturbed) by the adsorbed Rhn

+ clusters 
and/or the tagged D2 molecules. No Rh–Rh vibrational modes are ex-
pected in the 300–850 cm− 1 spectral range since they have much lower 
frequencies [47]. A contribution of modes involving Rh–D2 vibrations 
can be expected around 700–900 cm− 1 based on previous studies of H2 
adsorption on AlnRh+ (n = 1–12) clusters [48,49]. An analysis of the 
spectra and their comparison with theoretical calculations will be pre-
sented in the following sections. 

5. Computational results and analysis 

5.1. C60Rhn
+ complexes 

Rhn adsorption on C60 fullerene was studied computationally by 
sequentially adding Rh atoms. The lowest energy configuration (ground 
state, GS) and the first low-lying isomer, shown in Fig. 3 for each C60Rhn

+

complex, were found by optimizing a large number of possible initial 
structures allowing for variations of spin magnetic moments. We have 
considered different possibilities of a Rh atom (n = 1) interacting with 
the fullerene, namely, Rh adsorbed on top of a C atom, on a bridge site 
(interacting with a C––C double bond, or with a C–C single bond), and 
centered above a pentagon or a hexagon. For larger values of n, the Rh 
atoms are added in such a way that they interact with the surface of the 
fullerene: a) respecting the Rh–Rh bond distances; b) in the vicinity of 
the pre-adsorbed Rh atoms; c) in positions that are compatible with 
those obtained for smaller n. 

Each structure in Fig. 3 is accompanied by the energy relative to the 
GS and the spin magnetic moment. In the GS configurations, the first 

four Rh atoms are adsorbed on the fullerene in direct contact with the 
carbon atoms, forming a triangle for n = 3, and a square parallel to a 
fullerene hexagon for n = 4. For all the studied sizes, up to n = 6, the Rhn 
cluster is centered above a carbon hexagon (in the case of a single Rh 
atom, the atom is on a bridging site shared by two hexagons). Among the 
initial configurations explored, adsorption of the Rhn clusters on carbon 
pentagons was also studied. This was found to be less favorable than 
adsorption on hexagons, presumably due to the smaller area of the 
pentagon. 

The Rh clusters on the fullerene become three-dimensional struc-
tures from n = 5 onward; Rh5 and Rh6 form pyramids with the respective 
square and pentagonal bases in contact with the fullerene. The energy 
differences of the first low-lying isomers with respect to the ground state 
(values are given in Fig. 3) vary substantially with n. For the first low- 
lying isomers, the number of Rh atoms in contact with the fullerene is 
at maximum three. For n = 4–6, the isomeric Rhn

+ structures are a tet-
rahedron, a tetrahedron with one capped face and an octahedron, 
respectively. 

In principle, the C60Rhn complexes can form in two ways: by adding 
Rh atoms sequentially, and also by attaching the rhodium cluster to the 
fullerene. To gain insight into these two processes, two kinds of binding 
energies were calculated: The first one is the binding energy corre-
sponding to the addition of a Rh atom (called here the nth atom) to the 
pre-formed C60Rhn-1

+ complex, calculated by subtracting the total en-
ergies of the final product from the reactants: 

Eadded  atom
binding

(
nth  Rh  atom

)
=  E[(C60Rhn− 1)

+
] +E[Rh] − E[(C60Rhn)

+
]. (3) 

A positive sign indicates that the final product, C60Rhn
+, is more 

stable than the reactants. This can be also viewed as the energy required 
to remove a single Rh atom from C60Rhn

+. The second is the binding 
energy corresponding to the process of attaching a preformed Rhn

+

Fig. 3. Calculated ground state (GS, left), and first low-lying isomer (ISOM, right) structures of C60Rhn
+ (n = 1–6). Each panel contains a side view and a top view of 

the complex as well as an inset with the structure of the isolated Rhn
+ cluster. Brown and grey spheres represent Rh and C atoms, respectively. Isomer energies above 

the ground state are indicated, as well as the spin magnetic moments μ (in units of μB). (A colour version of this figure can be viewed online.) 
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cluster on neutral C60, calculated analogously: 

Ecluster
binding

(
Rh+

n

)
=E[C60] + E

[
Rh+

n

]
− E[(C60Rhn)

+
] (4) 

In this equation, E[Rhn
+] is the total energy of the free Rhn

+ cluster in 
its ground state. The calculated values of Eadded  atom

binding (nth  Rh  atom) and 
Ecluster

binding(Rh+

n ) are given in Table 1. The atomic binding energies corre-
spond to the energy gained upon addition of a single atom to C60Rhn-1

+ . 
They reveal the role of the Rh–Rh interactions in the growth of the 
adsorbed metal cluster. Table 1 also includes the binding energies 
associated to the addition of a single Rh atom to form free Rhn

+ clusters. 
These energies vary with n, as expected for small clusters, and have a 
maximum at n = 4, making Rh4

+ a very stable (tetrahedral) cluster. The 
differences between the atomic binding energies in free Rhn

+ and C60Rhn
+

show the ‘substrate’ effect of C60. For n = 2 and 3, they are larger in the 
supported clusters due to the Rh–C60 interaction. The energy gain in the 
formation of C60Rh4

+ by this reaction is lower than that for free Rh4
+

(3.98 eV vs 5.13 eV), because the structure of the supported Rh4
+ is a 

square rather than a tetrahedron. A structural change also occurs for 
Rh6

+, and the atomic binding energy in the supported clusters for n = 6 is 
lower than that of the free ones. 

The energies for attaching intact (pre-formed) Rhn
+ clusters to C60 

reflect the interaction strength between the metal cluster and the 
fullerene and are dominated by the Rh–C interactions. The optimal 
cluster-fullerene matching occurs for Rh3

+, with the three Rh atoms 
occupying bridge positions above C–C bonds, and the cluster-fullerene 
binding energy is the largest. For Rh4

+‒Rh6
+, the cluster-fullerene 

matching is not optimal and the adsorption binding energy decreases 
in spite of the larger number of Rh atoms in direct contact with the 
fullerene (although the structural change also plays a role for Rh4

+ and 
Rh6

+). 
The possibility of decoration of the fullerene with Rh atoms was also 

investigated, and the structures can be found in Supplementary Fig. S2. 
For this purpose, the configuration of two Rh atoms adsorbed on 
opposite sides of the fullerene, and three well-separated Rh atoms were 
considered, but those structures were found energetically much less 
favorable, 1.48 and 2.50 eV higher in energy, respectively, than the 
ground state structures given in Fig. 3. Also, structures with adsorbed 
Rh2 and Rh3 and with two adsorbed Rh3 clusters in well separated lo-
cations of C60 were studied, but these alternative structures were also 
found much less stable (1.57 and 1.67 eV higher in energy) than the 
ground state structures of adsorbed Rh5 and Rh6, respectively. We 
conclude that Rh atoms prefer to aggregate in one metal cluster, instead 
of wetting the fullerene. 

It has been noticed above that the interaction of the Rh clusters with 
the fullerene induces significant structural changes in Rh4

+ and Rh6
+ with 

respect to the configurations of the corresponding isolated clusters, but 
not for other cluster sizes (structures of isolated Rhn

+ are shown as insets 
in Fig. 3). The isolated Rh4

+ and Rh6
+ have tetrahedral and octahedral 

structures, respectively. On the surface of the fullerene, Rhn
+ clusters 

tend to maximize the number of Rh atoms in direct contact with C atoms. 
This is a significant difference with respect to cobalt cluster adsorption 
[22,50], in which case the calculations predicted a maximum of three Co 
atoms in direct contact with the fullerene. In the Rh case, up to five 

atoms are in direct contact with the fullerene surface. This difference 
arises from a delicate balance between the strength of the metal-carbon 
and metal-metal interactions. In both cases (Rh and Co), the metal-metal 
interaction is stronger than the metal-fullerene interaction. This is 
confirmed by the results of the calculations discussed above, indicating 
that formation of Rh clusters on the fullerene surface is more favorable 
compared to wetting the surface, and the same occurs for Co on the 
fullerene [22,50]. However, the relative strength of the two interactions 
(metal-metal and metal-fullerene) is different for Rh–fullerene and 
Co–fullerene. We have estimated the relative strengths by first calcu-
lating the binding energies of a neutral Rh atom added to Rh5

+ and to C60
+ , 

with Eb(Rh–Rh5
+) = 4.26 eV, and Eb(Rh–C60

+ ) = 3.04 eV, and then the 
binding energy difference ΔEb(Rh) = Eb(Rh–Rh5

+) - Eb(Rh–C60
+ ) = 1.22 

eV. The corresponding binding energies for Co are Eb(Co–Co5
+) = 5.36 

eV, Eb(Co–C60
+ ) = 2.52 eV, and the binding energy difference ΔEb(Co) =

Eb(Co–Co5
+) - Eb(Co–C60

+ ) = 2.84 eV. Comparison of ΔEb(Rh) and 
ΔEb(Co) reveals that the strengths of the metal-metal and 
metal-fullerene interactions are more similar for Rh, than for Co, making 
it energetically more favorable for a larger number of Rh atoms to be in 
direct contact with the fullerene surface. Regarding wetting versus 
cluster formation, the numerical values of the binding energies between 
a Rh atom and C60

+ (3.0 eV) or Rh5
+ (4.26) might be used to illustrate the 

difference between Rh–C and Rh–Rh bond energies. These values 
explain the preference of cluster formation over wetting. However, as 
discussed above, the Rh clusters manage to adapt their geometrical 
structure to maximize the Rh–C bonding while maintaining the cluster 
compact, taking profit in this way of both Rh–Rh and Rh–C interactions. 

The electronic charge transfer between metal clusters and the 
fullerene was studied by calculating the Bader atomic charges [51–53], 
shown in Table 2. The Bader charges reveal that the fullerene is nega-
tively charged in neutral C60Rhn, in line with the fact that C60 is a good 
electron acceptor with an electron affinity of about 2.7 eV [54]. On the 
other hand, and more relevant for the present discussion, the electron 
deficit in C60Rhn

+ is shared by the metal cluster and the fullerene; but as 
the Rhn size increases the positive charge becomes increasingly localized 
on the metal cluster, in such a way that in C60Rh4

+, C60Rh5
+ and C60Rh6

+

the C60 fragment is close to neutral. Charge densities plotted in Fig. S3 
are consistent with the Bader charges. 

5.2. Infrared spectra and comparison with experiment 

Neutral C60 with its icosahedral symmetry has only four IR-active 
modes of T1u symmetry experimentally found at 527.1, 570.3, 1169.1, 
and 1406.9 cm− 1 [45]. These four modes are relatively well reproduced 
by our DFT calculations all exhibiting a slight overestimation that can be 
attributed to the harmonic approximation (Supplementary Fig. S4). The 
radical cation C60

+ is Jahn-Teller active, distorting the icosahedral sym-
metry to D5d. The reduction of symmetry makes several previously 
symmetry-forbidden IR transitions allowed, resulting in a less sparse IR 
spectra in comparison to that of the neutral (Fig. S4). Adsorption of Rhn

+, 
regardless of where the resulting charge is localized, has a similar, but 
more pronounced symmetry breaking effect. For C60Rhn

+ (n = 1–3) some 
symmetry is retained, with C2v (n = 1), Cs (n = 2) and C3v (n = 3) 
respectively. For n = 4–6, the mismatch between the Rhn bond distances 

Table 1 
Binding energies (in eV) of the last added Rh atom in Rhn

+ and C60Rhn
+, and 

binding energy of the cationic Rhn
+ cluster on the fullerene.   

n  
Ebinding (eV)  

Rhn-1
+ –Rh C60Rhn-1

+ –Rh C60–Rhn
+

1  3.04 3.57 
2 3.56 4.25 4.27 
3 3.60 4.34 5.00 
4 5.13 3.98 3.85 
5 4.39 4.33 3.58 
6 4.26 4.03 3.35  

Table 2 
Total electronic charges (in units of e) for Rhn and C60 fragments in C60Rhn and 
C60Rhn

+. A plus (minus) sign means that the fragment is positively (negatively) 
charged.   

Rhn in C60Rhn C60 in C60Rhn Rhn in C60Rhn
+ C60 in C60Rhn

+

n = 1 +0.23 - 0.23 +0.45 +0.55 
n = 2 +0.33 - 0.33 +0.62 +0.38 
n = 3 +0.45 - 0.45 +0.78 +0.22 
n = 4 +0.50 - 0.50 +0.88 +0.12 
n = 5 +0.57 - 0.57 +0.96 +0.04 
n = 6 +0.56 - 0.56 +0.98 +0.02  
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and those in C60 leads to complete loss of symmetry, lifting all symmetry 
restrictions for IR activity. As a consequence, the calculated spectra for 
ground state structure and the first isomers of C60Rhn

+, n = 1–6 (shown in 
Fig. 4 together with that of C60), show a wealth of IR active modes. 
Nevertheless, in the spectral region probed experimentally, the spectra 
still show dominant bands in the 500–600 cm− 1 spectra range, origi-
nated from the triply degenerate T1u modes of neutral C60. Apart from 
these, new features appear in both the lower and higher frequency 
ranges. The differences between the IR spectra of the ground state 
structure and the first isomer of the C60Rhn

+ clusters are small, but more 
noticeable in C60Rh4

+, C60Rh5
+, and C60Rh6

+, as compared to C60Rh+, 
C60Rh2

+, and C60Rh3
+. The biggest differences are observed for C60Rh6

+, 
and this is confirmed by calculating the vibrational density of states of 
C60Rh4

+, C60Rh5
+, and C60Rh6

+, which are presented in Fig. S5 in the 
Supplementary Information. 

The calculated IR spectra of untagged C60Rhn
+ (ground state and first 

low-lying isomer structures) and the measured spectra of C60Rh1
+D2, 

C60Rh2
+D2, C60Rh3

+D2, C60Rh4
+(D2)2, C60Rh5

+(D2)4, and C60Rh6
+(D2)4 are 

overlaid in Fig. S6 of the Supplementary Information. The main features 
in the experimental spectra of the deuterated clusters are reasonably 
well reproduced by the calculations for the GS structure of the untagged 
C60Rhn

+ clusters, except in the region between 600 and 800 cm− 1. Fea-
tures of the experimental IR spectra in this frequency region appear to 
involve motions of the adsorbed deuterium molecules. 

To inquire into the effect of the adsorbed deuterium, Fig. S7 shows 
the comparison between the calculated IR spectra of untagged C60Rhn

+

and deuterated C60Rh1
+D2, C60Rh2

+D2, C60Rh3
+D2, C60Rh4

+(D2)2, 
C60Rh5

+(D2)4, and C60Rh6
+(D2)4. The lowest energy structures of the D2- 

tagged complexes, shown in Fig. S8 of the Supplementary Information, 
reveal that adsorption of D2 molecules does not strongly alter the 
structure of the underlying complexes. However, the deuteration leads 
to the appearance of very pronounced extra bands in the IR spectra, 
predominantly in the region between 600 and 750 cm− 1. This indicates 
in the current cases that D2 may be regarded as a weakly bound 
messenger, because it mainly perturbs the vibrational spectra in the 
region between 600 and 750 cm− 1, and to a much lesser extent in other 
regions. The analysis of the atomic motions in the vibrational modes in 
this frequency region confirms the involvement of the D2 molecules. 
Two specific examples are shown in Fig. S9 of the Supplementary In-
formation. Outside the 600–750 cm− 1 range, the only effect of D2 
adsorption is seen for C60Rh2

+, where the addition of one D2 molecule 
leads to the amplification of a weak band around 510 cm− 1. 

The activation barriers for the dissociation of molecular hydrogen on 
neutral and charged C60Con complexes vary with the size n of the metal 
cluster, but are in general small [22,50]. One may then ask if some of the 
D2 molecules adsorbed on C60Rhn

+ are dissociated and this could be re-
flected in the IR spectra. The lowest energy structures of the C60Rhn

+

complexes with dissociated deuterium, are shown in Fig. S10 in the 
Supplementary Information. A comparison of the calculated IR spectra 
of complexes with dissociated and molecular deuterium, plotted in 
Fig. S11 of the Supplementary Information answers this question. The 
features introduced in the IR spectra by the dissociation of D2 do not 
have a correspondence in the measured spectra. In particular, the 
measured features in the region 600-750 cm− 1 are missing, indicating 
that these are due to the presence of molecular deuterium. Moreover, the 
calculated spectrum of C60Rh1

+ with dissociated D2 exhibits an intense 
peak at 460 cm− 1 which does not correspond to any experimental 
feature of the deuterated complex. This suggests that the complexes with 
dissociated deuterium are not present in the experiment. 

Excluding the 600–800 cm− 1 spectral region, it thus appears that the 
tagging with D2 should allow for the faithful probing of the IR spectra of 
the C60Rhn

+ complexes. The studied frequency range, however, appears 
not diagnostic for a detailed comparison between different Rhn

+ isomers 
since the Rh–Rh vibrations are expected at lower frequencies (below 
350 cm− 1) [28]. 

Fig. 5 shows a comparison between the experimental IR spectra of 
the deuterated complexes C60Rh1

+D2, C60Rh2
+D2, C60Rh3

+D2, 
C60Rh4

+(D2)2, C60Rh5
+(D2)4, and C60Rh6

+(D2)4 and the corresponding 
calculated spectra of those complexes with the adsorbed deuterium in 
molecular form. The main features and relative intensities of the bands 
in the region of frequencies corresponding to vibrations not involving 
D2, are well reproduced by the calculations. Specifically, bands below 
500 cm− 1, having been activated by the symmetry breaking due to the 
Rhn adsorption, are predicted surprisingly accurately, as visible in the 
insets in Fig. 5. Less favorable is the comparison between experiment 
and calculations in the 600–750 cm− 1 region. The calculated bands are 
much more intense and sharper than the observed band structure (for a 
better global presentation of the IR spectra, the calculated intensities for 
frequencies higher than 600 cm− 1 have been divided by 2). This 
mismatch is striking, even considering that the calculated intensities are 
linear absorption cross-sections, while the experiment requires absorp-
tion of multiple photons. What is at the root of this mismatch is unclear. 

Fig. 4. Calculated IR spectra of C60 and C60Rhn
+. In each case, two spectra of 

C60Rhn
+ are compared. These correspond to the ground state (GS) and the first 

low-lying isomer structures (ISOM). (A colour version of this figure can be 
viewed online.) 
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We first note that in earlier IR spectroscopic experiments of metal 
clusters complexed with H2, the bands assigned to H2 wagging motion 
around the metal cluster were significantly shifted from the theoretical 
predictions [55,56]. One may thus doubt how accurate predictions for 
wagging motions could be in the first place. In the current calculations, 
no mode could be clearly identified as a pure D2 wagging mode, as the 
normal modes calculated in this range all contain motions of the D2 
molecule combined with motions of the carbon atoms. One may further 
speculate that the exact orientation of the D2 molecules (with both D 
atoms bound to the same Rh atom, see Fig. S8) could affect the precise 
frequency of wagging-like modes. We did not carry out extensive cal-
culations on rotational isomers of the D2 tag, but it could be expected 
that the D2 orientation is quite flexible, leading to a potential dilution of 
the oscillator strength over a broader frequency range. 

In contrast to the D2 moieties, an analysis of the vibrational modes 
reveals that the Rh atoms do not contribute significantly to the vibra-
tions in the frequency range presented in Fig. 5. Rh atoms are much 
heavier than the C and D atoms, and they mainly participate in 

vibrational modes at lower wavenumbers. Calculated vibration modes 
involving Rh motion are found at frequencies from 26 to 300 cm− 1. 
Between 675 cm− 1 and 850 cm− 1 no participation of Rh in the vibra-
tional modes is detected. However, a small contribution of the Rh atoms 
is found in the region from 350 to 674 cm− 1. That contribution only 
represents around a 5% of the total normalized phonon displacements: 
minimum and maximum values are 4.1% for C60Rh1

+D2 and 6.1% for 
C60Rh3

+D2, respectively. 

6. Conclusions 

The structures and the vibrational IR spectra of C60Rhn
+ complexes 

formed by Rhn clusters (n = 1–6) adsorbed on the surface of the C60 
fullerene have been investigated by a combination of experimental IR 
spectroscopy using the D2-messenger technique and DFT calculations. 
The calculations predict that formation of Rh clusters on the surface of 
C60 is energetically preferred compared to wetting of the surface. In 
contrast to the free clusters, where Rh4

+ is a tetrahedron, these are only 
three-dimensional for Rh5 and Rh6. The interaction with the C60 surface 
changes the geometric structure of Rh4

+ and Rh6
+ with respect to the 

configurations of the corresponding isolated clusters. The adsorption 
position of the Rh clusters is on top of carbon hexagon. The Rhn clusters 
transfer electronic charge to the fullerene in the neutral C60Rhn com-
plexes, but in the cationic C60Rhn

+ complexes the electron deficit is 
shared by both the fullerene and the metal. 

IR multiple photon dissociation spectra of C60Rhn
+ (n = 1–6) were 

measured with D2-tagged complexes in the 300–850 cm− 1 wavelength 
range. In this region, C60 has two IR-active modes at 527 and 570 cm− 1. 
The adsorption of Rhn lifts the degeneracy of some vibration modes in 
the C60 IR spectrum. There is, in general, good agreement between the 
experimental C60Rhn

+(D2)m IRMPD spectra and the calculated spectra for 
untagged C60Rhn

+, except in the region between 600 and 750 cm− 1, 
where experimentally observed features are much broader and at 
different frequencies than in the calculated IR spectra. Comparison with 
experiment and with calculations for tagged and untagged C60Rhn

+

clusters reveals that the features in the 600–750 cm− 1 range, and to a 
lesser extent some features in other wavenumber ranges, are due to the 
presence of the D2-messenger adsorbed on the Rh cluster. 
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[49] M. Jia, J. Vanbuel, P. Ferrari, W. Schöllkopf, A. Fielicke, M.T. Nguyen, E. Janssens, 
Hydrogen adsorption and dissociation on AlnRh2

+ (n = 1 to 9) clusters: steric and 

coordination effects, J. Phys. Chem. C 124 (2020) 7624–7633, https://doi.org/ 
10.1021/acs.jpcc.8b04332. 

[50] E. German, J.A. Alonso, E. Janssens, M.J. López, C60Con complexes as hydrogen 
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