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Abstract:

 13-atom platinum nanoclusters have been synthesized quantitatively in the pores of the zeolites NaY and KL. They reveal highly interesting magnetic properties like high-spin states, a blocking temperature, and super-diamagnetism, depending heavily on the loading of chemisorbed hydrogen. Additionally, EPR active states are observed. All of these magnetic properties are understood best if one considers the near-spherical clusters as analogs of transition metal atoms with low-spin and high-spin states, and with delocalized molecular orbitals which have a structure similar to that of atomic orbitals. These clusters are, therefore, called superatoms, and it is their analogy with normal atoms which is in the focus of the present work, but further phenomena, like the observation of a magnetic blocking temperature and the possibility of superconductivity, are discussed.
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1. Introduction

Platinum is not among the elements which exhibit long-range ferromagnetic order in the bulk. However, it is well known that ferromagnetism is greatly affected when the dimensionality of the material is reduced to thin films or monoatomic chains [1], and in nanoparticles, elements which are typically diamagnetic in the bulk, like Au, Pd, and Pt, develop an increasingly higher magnetic moment with decreasing size [2,3] and show high-spin states in well-defined clusters [4,5]. Less well known, although predicted [6] but observed experimentally for the first time only recently [7], is the fact that the diamagnetic moment per atom increases dramatically in small clusters. An understanding of these size-dependencies is of considerable interest for fundamental reasons.

Here we focus on the magnetic properties of Pt nanoclusters which can be prepared quantitatively in the pores of zeolites in a size of 13 ± 2 atoms, as derived from Electron Paramagnetic Resonance (EPR) [8,9] and Extended X-ray Absorption Fine Structure (EXAFS) experiments [10,11]. Rather than limited by the free diameter of the pores, the cluster size is given by the special stability of the geometrically-closed shell with one atom in the center that is surrounded by 12 atoms in the first shell, which corresponds to the maximum coordination number of close packed spheres. A small fraction of the clusters (≈0.03% of the total Pt in the sample) is EPR-active after hydrogen adsorption, showing hyperfine splitting due to 12 equivalent Pt nuclei. The EPR signal disappears on hydrogen desorption. 15%–20% of the Pt occurs in a high-spin state with a magnetic moment of 3.7 ± 0.4 µB per cluster, depending somewhat on hydrogen coverage, the rest is diamagnetic [10,11]. Based on EPR and EXAFS experiments the structure is compatible with close to icosahedral symmetry, perhaps slightly distorted, owing to the open-shell nature of the cluster, but more recent quantum chemical calculations predict the buckled biplanar isomer to be more stable by as much as 1.5 eV [12], and this structure may still be compatible with the EXAFS data but not with EPR. Hydrogen can be adsorbed and desorbed reversibly, but on reaction with CO the cluster disintegrates irreversibly to Pt2(CO)5 complexes [13].

Particularly fruitful for an understanding of the observed phenomena is the description of these near-spherical clusters as superatoms, a concept analogous to atoms with discrete energy states, with atomic orbitals of a given symmetry, which can be populated to give high-spin or low-spin states. The existence of designer magnetic superatoms, such as alkali atom coated V and Sc atoms with several unpaired electrons, have been addressed previously from a theoretical point of view [14,15,16]. The focus of the present work is on the superatom nature of 13-atom Pt clusters, with chemisorbed hydrogen, based on previously-reported experimental results. This reveals a number of new aspects of magnetism which have so far not been dealt with in detail.



2. The Concept of Superatoms

Chemists have devised various concepts to describe properties of different classes of matter, such as atoms, molecules, transition metal complexes, salts or metals. These concepts represent specific languages with more or less fixed terminologies which facilitate communication throughout the community of chemists. The terminologies permit properties of each of these classes of matter to be explained with minimum effort. For example, for molecules, we use the concept of electron pairs which are represented by short dashes located between or on atoms depending on whether they describe bonding or localized non-bonding electron pairs. Flipping these dashes is a convenient way to describe chemical reactions, and every chemist understands immediately what is meant. Metals and semiconductors are described by the concept of band structures which represent a high density of delocalized molecular orbital states which extend over the entire specimen and accommodate the valence electrons; alternatively they are partly filled or nearly empty and host the conduction electrons. For transition metal complexes we have the concept of crystal field theory, which is suitable for the description of spectroscopic or magnetic properties and bonding geometry.

Clusters are small specimens with a countable and defined number of member atoms or molecules. The question is which of the concepts is suitable to describe the properties of a cluster consisting of atoms of an element which in the bulk is a metal. The density of states in a band scales approximately with the number of member atoms, so it is more than 22 orders of magnitude lower for a 13-atom cluster than for a macroscopic lump of metal consisting of one mol of atoms. How many atoms are needed to make a metal? In recent times, the phenomenon of a size-induced non-metal-to-metal transition has received considerable attention [17]. The answer depends on the element and on the temperature. Sodium, for example, has a quite continuous spectrum of optical transitions already with eight atoms [18], while for mercury one needs on the order of 400 atoms to close the s-p band gap [19].

There are basically two ways to describe these clusters. A first approach that is based on the jellium model does not explicitly take account of the atomic cores and replaces them, phenomenologically, with a square well or a parabolic potential which confines the valence electrons to the cluster volume [20]. While this picture is obviously only approximate it is relatively simple to be solved mathematically, and the solutions for the energy eigenvalues and wavefunctions are straightforward to interpret. An alternative description treats the cluster as a molecule, which makes it accessible to standard quantum chemical procedures. The atomic valence orbitals combine to give molecular orbitals which extend over the entire cluster. A consequence of the non-Coulomb potential is that the orbital angular momentum ℓ is no longer restricted to values ℓ < n. This allows for orbitals of e.g., 1p, 1d, 1f character, in addition to 1s of the hydrogen-like wavefunctions. It has the effect that, compared with conventional atoms, a smaller fraction of cluster valence electrons has s-character.

The term superatom was coined by Watanabe and Inoshita [21] to describe the electron distribution in core-shell semiconductor nanostructures. The concept was further pioneered in chemistry by Castleman to describe entities which exhibit pronounced stability [22]. A striking example is the Al13− cluster anion which has 40 valence electrons and forms a closed p-shell of strictly icosahedral symmetry, while the neutral Al13 cluster is an open-shell system with a structure which is slightly Jahn-Teller distorted [23,24]. The Al13− ion forms a halogen-like molecular ion with an iodine atom. It has an Al13–I bond energy of 2.46 eV, and the remarkable finding is that, as a consequence of a quantum size effect, the negative charge remains on the aluminum cluster. A second example is the composite superion AlPb12+, where 12 lead atoms are placed in a perfectly icosahedral shell around a core Al atom. The 50 valence electrons occupy molecular orbitals which are delocalized over the cluster and remind very much of conventional hydrogen-like atomic orbitals [25].

The concept assumes that a superatom mimics an element in the periodic table in that its properties are best understood by analogy to those of a conventional atom. Superatoms have the ability to act as relatively stable building blocks of larger assemblies that can form bonds to normal atoms or to other superatoms [22]. Furthermore, if each atom contributes one valence electron to the superatom orbitals, a periodic table of superatoms can be drawn in which the atomic number is directly the number of member atoms. This has been exemplified for NaN clusters [1], and it has been shown that electron affinities of AuN clusters show similar progressions as the ones which are well-known from the conventional periodic table of elements [26]. Without focusing on magnetism, the concept of superatoms has been applied to the understanding of ligand-protected and ligand-free gold clusters [27,28], and for thiol-ligated Au25 clusters reversible redox-induced switching between a non-magnetic and a paramagnetic modification was revealed by means of EPR spectroscopy [29].

Due to its near-spherical symmetry, the superatom character is also analogous to the well-known incompletely-filled d-electron systems, as illustrated in Figure 1 for the example of a Pt3+ ion, which is a d7 system. The free ion has five degenerate d orbitals which host the seven electrons with maximum multiplicity, according to Hund’s rules. For three unpaired electrons this results in a quartet high-spin state (Figure 1a). The situation is basically the same in an assumed weak octahedral crystal or ligand field where the environment-induced energy splitting Δ is small compared with the spin pairing energy (Figure 1b). When Δ increases and exceeds the spin pairing energy (typically 1 eV in transition metal ions, [30]) this leads to a low-spin doublet state, as displayed in Figure 1c.

Figure 1. d-Orbital electron configuration of a d7 system (e.g., Pt3+) as a free ion (a) and in an assumed octahedral ligand field with small (b) and large splitting value Δ (c) leading to high-spin and low-spin character.
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In heavy atoms, like Pt, the spin-orbit coupling is much more important than the crystal field splitting. For the 5d96s1 triplet ground state the spin-orbit splitting between the d5/2 and the d3/2 states amounts to 5/2 ξ, where ξ is the spin-orbit coupling constant that was reported to amount to 1.0 eV [31].

For the superatom the situation is quite analogous to that of the transition metal ion. In the simple jellium model, the 5d96s1 valence electrons of atomic Pt occupy superatom states with s, p, d, f, g, and h character, corresponding to cluster molecular orbitals with angular momenta ℓ = 0, 1, 2, 3, 4, and 5 [32,33]. More adequate DFT calculations for an icosahedral Pt13 cluster yield the energy levels shown in Figure 2 (left) [34]. This high symmetry will pertain only to closed-shell systems with no net spin or orbital moment and in the absence of distortions due to external influence. Open-shell systems undergo spin-orbit coupling with ξ ≈ 0.60 eV in the d-shell, somewhat less than in the atom [34]. It affects the energies of Pt cluster orbitals by up to 2.5 eV while the effect of Jahn-Teller distortions is smaller by two orders of magnitude [34]. Furthermore, the impact by the environment in the zeolite pores, such as the charge balancing protons and alkali ions, influences the energy levels and may break any residual symmetry and disturb significantly the clear shell structure of the symmetric species [32]. This leads to a varying energetic structure with a density of 6–8 states per 1 eV around the Fermi energy of Pt13 clusters [33,34]. The maximum possible multiplicity is, thus, limited only by the number of states near the Fermi level which are available within an energy increment that corresponds to the spin pairing interaction which was reported to be on the order of 0.3 eV or less [9]. It is plausible that the spin pairing energy is less compared with that of the transition metal ions due to the larger spatial extension of the cluster orbitals. It should also be reminded in this context that the spin pairing energy is a Coulomb repulsion rather than a magnetic interaction term—electrons with parallel spins populate orthogonal orbitals which allows them to avoid each other better than paired spins can in the same orbital.

Figure 2. Calculated valence orbital energy levels of Pt13 superatom clusters in icosahedral structure (left) [34], and schematic presentation in the presence of broken symmetry (center). The ionization potential of the free H atom is −13.6 eV; cluster chemisorbed H (right) will therefore have significant hydride character.
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Unlike the surfaces of bulk Pt crystallites which can bind a single H atom per surface Pt, the Pt13 clusters can bind up to 38 ± 2 hydrogen atoms [35], i.e., 3 H atoms per Pt, mostly by over-edge bonding of H to two Pt atoms, as confirmed by FTIR spectroscopy [36]. The bond ionicity depends critically on the ionization potential of the two bonding partners, 13.6 eV for H and 9.0 eV for atomic Pt, leading to clear hydridic bonds. By comparison, the ionization potential of the Pt13 cluster is only 5.5–6.0 eV (Figure 2, [34]), which leads to even more pronounced hydridic character of the Pt–H fragments. The Fermi level of the system is nearly independent of the amount of chemisorbed hydrogen [33]. Electronic structure calculations reveal a clear shell structure that confirms the superatom character of Pt13, as well as of the H-covered clusters [33].

Metal clusters are intermediate between individual atoms and bulk metals, which is seen best by the ionization potentials and the electron affinities. For the bulk metal, the two values coincide at 5.3 eV and are called work function, while the atomic electron affinity is tabulated at 2.1 eV. Ionization potential and electron affinity represent the ability to donate or accept electrons, which is of utmost importance not only in redox reactions but also in bond formation. The above numbers demonstrate that these essential parameters vary with the size of the specimen by an amount that is much larger than the thermal energy at chemically relevant temperatures (≈25 meV at 300 K). From a chemical point of view this is the most important origin of nanosize effects [26].



3. Results and Discussion


3.1. The EPR Spectrum of Pt13Hm Clusters

The Pt13 clusters have been prepared and investigated in detail as a function of hydrogen or deuterium coverage in the pores of NaY and of KL zeolite. A fraction < 1% of the clusters is EPR active and displays a highly symmetric multiplet, which is shown in Figure 3 for the deuterated case because of the higher resolution. The spectrum can be simulated based on 12 equivalent Pt nuclei which lead to the regular multiplet structure with an isotropic Pt hyperfine coupling constant of 68.1 G (227 MHz at the given g value) [37]. These simulations take into account the statistical distribution of the Pt nuclear spins in the cluster, i.e., 195Pt (I = ½, natural abundance 33.8%) and all other Pt isotopes with I = 0. Since we have clusters with even, and others with odd, numbers of nuclear spin-½ the spectrum represent a superposition of sub-spectra with a line in the center and others with a gap in the center. The deuterium coupling is much smaller, contained in the line width and therefore not resolved by this method.

Figure 3. Experimental (black line) and simulated (red) EPR spectra of Pt13Dx clusters at unspecified partial deuterium coverage.
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Experimental spectrum and simulation are barely distinguishable in Figure 3. The equivalence of 12 Pt atoms is direct evidence for the high symmetry of the clusters. So where is atom 13? It is in the cluster center where only s-type superatom orbitals have significant spin density, but all higher orbitals have a node in the center, as in simple atoms. Furthermore, we remind of the fact mentioned above that superatoms have a higher fraction of non-s-type orbitals since the orbital quantum number ℓ is not restricted to values < n. The absence of a splitting by the 13th atom is therefore direct evidence of this superatom character of the cluster orbitals.

While the Pt hyperfine parameters are isotropic within error, the g tensor of the unpaired electron shows a slight axial distortion (g|| = 2.3795, g⊥= 2.3615 [37]). The significant deviation of g from the free electron value (ge = 2.0023) is a consequence of spin-orbit coupling, and the g anisotropy reflects the symmetry of the orbital containing the unpaired electron. All but the s-type orbitals are anisotropic, with spin density concentrated either more along a polar axis (a prolate symmetry, as e.g., in pz) or alternatively near the equatorial plane (oblate, as in p±). Owing to the energetic proximity of different orbitals and the Jahn-Teller dynamics it is likely that the observed g value represents a Boltzmann-averaged value. It is also clear that a change of hydrogen chemisorption coverage changes the population of the pseudoatom orbitals and, thus, the observed g value. Instructive representations of pseudoatom molecular orbitals based on density functional calculations of closed-shell AlPb12+ clusters which remind of familiar atomic orbitals were reported by Neukermans et al. [25].

The hydrogen hyperfine coupling can be resolved using hyperfine sublevel correlation experiments (HYSCORE), an electron-nuclear double resonance technique [37]. After initial hydrogen reduction of the Pt13 clusters the spectra reveal a single type of hydrogen with approximately axial hyperfine parameters AisoH = 12.4 MHz (A⊥H = 10.3 MHz, A||H = 16.6 MHz). After complete hydrogen desorption and full readsorption to Pt13H38 two different types of hydrogen atoms are observed, both of axial hyperfine symmetry, with AisoH1 = 13.3 MHz (A⊥H1 = 11.7 MHz, A||H1 = 16.6 MHz) and AisoH2 = 6.6 MHz (A⊥H2 = 4.7 MHz, A||H2 = 10.3 MHz). The different types of H reflect the fact that a coverage of >30 H per cluster cannot be realized with a single type of binding site of H, but it may be complicated by a structural transition between near icosahedral and cuboctahedral symmetry [37]. It also reveals the presence of a structural history dependence which is not fully understood, but encountered clearly again in the magnetization measurements reported below.

The above numbers for the isotropic hyperfine coupling of hydrogen can be used for a rough estimate of the spin density distribution. The value for a free H atom is 1420 MHz. Based on an average value of ~10 MHz per H the total hydrogen shell can account for on the order of 380 MHz, or less than 30% of one unpaired electron. By comparison with the tabulated isotropic hyperfine coupling of 34,410 MHz for a free Pt atom [38] the isotropic value found for the Pt13 cluster corresponds to a total Pt s orbital unpaired electron population of only 7.9%, suggesting that more than 60% of the unpaired electrons must occupy Pt p and d orbitals.



3.2. High-Spin Cluster States

The magnetic parameters of samples can be obtained from measurements of the magnetization M using a Superconducting Quantum Interference Device (SQUID) or X-ray Magnetic Circular Dichroism (XMCD). Measurements as a function of the applied magnetic field H at low temperature yields a Langevin-type curve:
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(1)




where µ is the magnetic moment of the cluster which represents a fraction f of all Pt atoms in the sample, kB is the Boltzmann constant, T the temperature, and χ0 a temperature-independent susceptibility. The curves show no hysteresis, revealing a super-paramagnetic state. Two representative measurements are shown in Figure 4 and compared with analogous measurements for Pt nanoparticles of different size. The average spin state of the particles is obtained from the curvature, and the total magnetization of the sample which, at known loading, gives the average magnetic moment per atom [11]. At low magnetic field, in the linear range, the spin state of the particle is also obtained from the temperature dependence. The saturation magnetization at high fields provides the fraction f of Pt that contributes to magnetization. It is seen that the saturation magnetization decreases with increasing size but, on top of this, the fraction f of magnetic Pt13 and Pt13Hm clusters is <1.


The SQUID measurements provide integral-type information, so the magnetization of the zeolite support has to be subtracted. This is particularly important when magnetic impurities are present, such as traces of iron in zeolites. XMCD is performed near the absorption edge of a chosen element (here Pt); it is, therefore, selective and does not suffer the disadvantage of SQUID measurements.

The results of both kinds of measurements are displayed in Table 1 and compared with the results for bulk Pt. The samples for the SQUID and XMCD methods were of the same type but not identical, which may introduce some additional uncertainty in the results. It is nevertheless clear from the high values of µ that the clusters are high-spin states, and if the entire magnetic moment is due to unpaired electrons with 1 µB each this is equivalent to 4–6 electrons, or a spin state S = 2–3 [11]. By reference to the superatom character illustrated in Figure 2 it is straightforward to understand how such large numbers of unpaired electrons can exist in these systems. As with the EPR active cluster where the spin density on the central atom was found to be below the experimental detection limit it is thought that also in the high-spin clusters the spin resides preferentially on the surface atoms. This is a general trend in low-dimensional systems [1], and it is in line also with the fact that the magnetic moment per atom decreases with increasing size of Pt nanoparticles [2].


Table 1. Magnetization parameters µ for high-spin platinum clusters in NaY a, their fractions f, and the average atomic spin and orbital magnetic moments mS and mL.



	
Property

	
SQUID Measurements, 1.8 K

	
XMCD Measurements, 7 K




	
Pt13

	
Pt13Hm

	
Pt13

	
Pt13Hm

	
Pt Foil






	
µ/µB per Pt13

	
5.9(1)

	
5.6(1)

	
3.7(4)

	
3.0(4)

	
-




	
5.8(6) b

	
8.4(6) b




	
f/%

	
14(1)

	
10(1)

	
14(10)

	
20(10)

	
-




	
103mL/µB

	
-

	
-

	
5.49(9)

	
6.39(7)

	
2.1




	
103mS/µB

	
-

	
-

	
17.1(6)

	
21.8(6)

	
0.38




	
mL/mS

	
-

	
-

	
0.32(2)

	
0.29(2)

	
0.38






a From magnetic field dependent measurements, T = 7 K, reference [11]; b From temperature dependent measurements at 1.8–120 K, H = 0.2 T, reference [10].






The unique feature of XMCD is that it can distinguish between the spin and atomic orbital magnetic moment, in particular the ratio mL/mS is well defined, better than the absolute values of the individual moments which represent an average over all Pt atoms in the sample. It is significant that the ratio is lower for the clusters than in bulk Pt, but it is the largest value that has ever been observed for any Pt compound [39]. Relativistic calculations have confirmed these high values for the magnetic clusters and predicted them to be, by and large, independent of structural details [39].

Based on Figure 2 one expects that the cluster magnetic moment will oscillate as a function of hydrogen coverage. This is indeed the case and was reported, but the amplitudes of the oscillations were not as pronounced as expected, and the magnetization was, to some extent, history-dependent and changed over months [37]. Obviously, some slow structural dynamics, perhaps involving different environments (protons, or intrinsic exchangeable alkali cations, which balance the negative charge of the Al containing framework) operates. Furthermore, it is likely that there is always a distribution of clusters with different hydrogen coverages so that the oscillations are smeared out.



Figure 4. Langevin-type magnetization functions from SQUID measurements of Pt13Hm clusters [10] and Pt nanoparticles in PVP polymer [2]. The magnetic moment per cluster is obtained from the curvature, the total magnetization from the plateau saturation value. The magnetization per mol of Pt atoms increases with decreasing particle size and depends on surface coverage with hydrogen. Because of the small fraction f of high-spin Pt13Hm clusters the plateau value for the blue and red curves appear low by a factor 5–7.
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3.3. EPR Observation of a Blocking Temperature

Figure 5 shows a high-resolution transmission electron microscope image (HR-TEM, left) and the temperature dependence of the integrated intensity of the EPR multiplet of a Pt13Dx sample in Pt/KL zeolite with no further specified intermediate deuterium coverage (right). Interestingly, the magnetization curves following cooling in zero field (ZFC) and in the EPR field (FC at ca. 2900 G) split below Tb = 14 K. The observation of a splitting or blocking temperature is typical for single-domain superparamagnetic nanoparticles which undergo a transition to a blocked state where the Néel relaxation time of magnetization τN becomes slow compared to the time scale τm of a particular method of measurement. Below Tb the magnetization is frozen and depends on the magnetic field during cooling. The Néel relaxation is activated because of the nanoparticles magnetic anisotropy and given by the relation [40]:

Figure 5. HRTEM image of 5.3 wt. % Pt/KL zeolite ((left), the size bar is 5 nm) and magnetization derived from the intensity of the multiplet of EPR-active Pt13Dx after gentle deuterium desorption (right). EPR measurements are on increasing temperature following zero-field cooling (ZFC) and field cooling (FC) to 4.5 K.
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(2)




where τ0 is the Arrhenius pre-exponential factor, typically 10−9–10−10 s (the X-band EPR frequency in the present experiment corresponds to 10−10 s), K is the magnetic anisotropy constant, V the nanoparticle volume, and KV the Arrhenius activation barrier between two easy directions of a single superspin magnetization. At the blocking temperature, T = Tb, τN is set equal to τm, and Equation (2) becomes:
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(3)




For typical laboratory experiments, ln(τm/τ0) is on the order of 25 [41]. For the observed blocking temperature, Tb = 14 K, we obtain an activation barrier KV of 0.30 eV, which coincides with the reported spin pairing interaction [9] and is on the same order as the average splitting of energy levels with 6–8 states per eV near the Fermi energy given above. For a cluster radius of ca. 0.5 nm we obtain K ≈ 0.6 eV nm−3 (1 × 109 erg·cm−3) which is even larger than the value of 1 × 108 erg·cm−3 reported for nanometer size granular Co20Ag80 and Co25Ag75 (indices are percent composition) and two orders of magnitude larger than for bulk fcc cobalt (4 × 106 erg·cm−3) [40], but it was pointed out that, for such small particles, the anisotropy energy is more a surface than a volume property [41].



It appears that it is straightforward to explain the temperature-dependence of the magnetization in Figure 5 based on what is known about classical superparamagnetic nanoparticles with a single macroscopic superspin. However, it has to be pointed out that the magnetizations observed here are not derived from SQUID measurements; rather they are based on EPR experiments which relate to transitions of single electron spins with an admixed orbital component. They occur at the energy of X-band microwave irradiation at 9.5 GHz which corresponds to only 0.04 meV at a magnetic field of 0.29 T, less by a factor of ca. 3.5–7 than the average level splitting or spin pairing energy. These excitations are within the corresponding sublevels of Figure 1b,c and are not across the gap described by Δ, and the corresponding spin states are not frozen below Tb but show biexponential relaxation behavior with time constants on the order of 1.5 and 14 µs [42] and not ≈1 s at T = Tb as expected based on Equation (3).

It is not easy to find a consistent interpretation of the low temperature splitting of a ZFC and a FC branch of the EPR magnetization. To our knowledge, this splitting does not occur for individual (non-composite) paramagnetic ions. At a Pt loading of 5.3 wt. % in KL zeolite, the concentration of monodisperse clusters is diluted, with only one Pt13 per 17 unit cells (total of 42 nm3), so although a certain clustering is observed in Figure 5 (left) it is not expected that there is a significant fraction at a distance at which they interact magnetically. Spin-½ states should, thus, display pure Curie behavior without any blocking temperature or magnetic ordering, so the spectra must represent high-spin states. Furthermore, the EPR spectrum of a particular sample changes as a function of temperature only in amplitude, but not in its nature, not even in line width, and the magnetic anisotropy inferred from the spectrum is very small. Spin-orbit coupling is expected to be quenched only in much higher fields. We are left to suggest that the state frozen under ZFC conditions is mainly a low-spin state, while under FC there is a higher fraction of high-spin states, and the derived value of KV is equal to Δ in the superatom.

It should be noted that the SQUID measurements which were conducted for defined hydrogen coverages, all after ZFC, exhibit a maximum of magnetization similar to the one displayed in Figure 5 (right), but with Tb varying slightly in the range 6–14 K. Only at the highest coverage of Pt13H38 of the otherwise identical sample there was no maximum but still not clean Curie behavior below 8 K [37], corroborating also that the decrease towards the lowest temperatures is not due to antiferromagnetic interaction between the different clusters. Probably, this highest coverage had a large fraction of spin-½ clusters.



3.4. Diamagnetic Clusters

Approximately 15% of the clusters were found to be of high-spin, and <1% spin-½. This leaves a fraction of ca. 85% for diamagnetic clusters. The question is why we have different types of clusters which are essentially all composed of 13 atoms, and all roughly of the same structure. The answer is, of course, that there are differences. First of all, the nominal hydrogen coverage is likely an average value, except for the highest loading (38 H per cluster), and the completely H-desorbed state. Secondly, even nominally-identical clusters are found in different environments in the zeolite pore since a varying number of remaining alkali ions from the partial exchange with Pt salt will be found in the same pore as the cluster. Some of them may have been replaced by protons and, furthermore, it cannot be excluded that some of the water produced during PtO reduction by hydrogen has remained in the polar environment under the relatively mild treatment conditions. Thus, there is a variety of environments which act like ligands on transition metal ions and further perturb the symmetry of the systems.



3.5. Super-Diamagnetism

As expected, based on the Curie law, the paramagnetism of the high-spin clusters dampens out quickly with increasing temperature. Surprisingly, at 300 K, a negative magnetization is observed that is proportional with the applied magnetic field (Figure 6) [7]. The slope of the magnetization is the diamagnetic susceptibility, χD. Normally, this property can be calculated from atomic increments as it is only slightly dependent on the chemical nature; for example, the ionic charge. It is conventionally explained by induced ring currents on the atoms (Figure 7), and all types of clusters, including the paramagnetic ones, contribute. Here, however, depending on the hydrogen coverage, χD is larger by a factor 36–50 than the expected tabulated value of ca. −12 cm3·mol−1 [7]. This enhancement is spectacular and reveals a superatom effect that has been predicted for sodium clusters [6] but experimentally observed so far only for the Pt13 clusters [7].

Figure 6. SQUID results of magnetization at 300 K of Pt13H18 (red) and Pt13H38 (black) supported in specifically synthesized iron-free KL zeolite after correction for the magnetization of the empty zeolite (symbols and full lines) compared with calculated curves (broken lines and numbers in parentheses). The numbers relate to one mol of Pt atoms with χD in units of cm3·mol−1.
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Figure 7. Induced ring currents i and induced magnetic moment µ antiparallel to the external magnetic field Bext on individual atoms (left) and on the hydrogen covered superatom ((right), with the blue-shaded area representing the hydrogen shell). The magnitude of µ is proportional to the area of the ring and to the number of electrons involved in the ring current.
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The behavior can be simulated based on the classical formula (here in S.I. units) for a cluster consisting of N atoms
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(4)




where e is the electron charge, me the electron mass, µ0 the vacuum permeability, V the atomic volume and [image: there is no content] is the mean square distance of the i-th electron from the center [43]. Most remarkably, the Pt valence electrons are insufficient to explain the magnitude of χD. Adding the electrons of the shell of overlapping hydride ions yields a contribution of similar magnitude and improves the results considerably although they are still low by 10%–15% [7]. It is nevertheless remarkable that the ratio between the calculated and the experimental χD values is roughly the same for the two samples. It is expected that proper quantum mechanical evaluation of the mean square radius using the wave function of the system would improve the result further.
This is another compelling example that a cluster with electrons which are delocalized over the cluster orbitals behaves like an atom and should be regarded as a superatom.



3.6. Potential Superconductivity

There are earlier reports of superconductivity in compacted Pt powders of 2 µm grain size with a transition temperature Tc of 1.38 mK [44] and of 100–300 nm grain size with Tc = 20 mK [45]. The results point to higher transition temperatures and critical fields for decreasing particle size. The giant diamagnetism reported in the above Figure 6 for the Pt13 clusters was discussed previously as a possible indication of superconductivity [7], however, diamagnetism is not a sufficient argument for superconductivity. Interestingly, the granular structure of the sample does not prevent superconductivity. Theoretical work predicts even a strengthening of pair correlation in nanoclusters and a large enhancement of Tc with potential for room-temperature superconductivity [46,47]. In the present samples with a Pt loading of 6 wt. % the clusters are too far apart for the necessary coupling, but there should be no difficulty synthesizing samples with significantly higher loadings.

Renewed interest in platinum hydride systems comes from the recent discovery of superconductivity with a transition temperature of 203 K in hydrogen sulfide under high pressure [48], which led to considering further hydride systems as possible superconductors. Ambiguous experimental data obtained with SiH4 were suggested to be actually due to PtH, which sparked theoretical confirmation [49].




4. Conclusions

Previous discussions of superatoms focused on their electronic properties. Here we show that magnetic properties of a small system provide integral or even localized information on the system’s wave function and, therefore, on their physical and chemical behavior. The magnetic properties of near-spherical 13-atom platinum clusters are shown to be well explained based on the analogy of such delocalized electronic systems with the electronic structure of isolated atoms. This superatom concept describes well the undetectably-small hyperfine coupling of the central Pt atom, the high-spin states with spin multiplicities that depend on the hydrogen coverage and, in particular, the unique phenomenon of super-diamagnetism. Depending somewhat on the extent of chemisorbed hydrogen the magnetization shows a blocking temperature in the range of 6–14 K. At higher Pt loading, the samples may be promising for observation of granular superconductivity.
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