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Abstract  

We have investigated the atomic structure of the 

Au55(PPh3)12Cl6 Schmid cluster by using aberration-

corrected scanning transmission electron microscopy 

(STEM) combined with multislice simulation of STEM 

images. Atom counting was employed, with size-selected 

clusters as mass standards, to “fractionate” the correct 

cluster size in the image analysis. Systematic structure 

analysis shows that a hybrid structure, predicted by density 

functional theory, best matches nearly half the clusters 

observed. Most other clusters are amorphous. We believe 

our conclusions are consistent with all the previous, 

apparently contradictory structural studies of the Schmid 

cluster.  

 

The report of the ligand-stabilized Au55(PPh3)12Cl6 cluster by 

Schmid and colleagues in 19811 was a significant event in the 

emergence of nanotechnology. Its size (1.4nm), stability and 

electronic properties drew a great deal of attention.2-12 It was quickly 

seen as the basis of a future single electron transistor and, more 

generally, a potential building block of a nanostructured system.2-

7However, the atomic structure of Au55(PPh3)12Cl6 has long remained 

a mystery, not least because the cluster resisted the crystallization 

which is needed to allow single-crystal X-ray diffraction 

analysis.13,15 

The first structure proposed for Au55(PPh3)12Cl6 came in the original 

Schmid work,1 based on Mossbauer spectra. This showed 4 types of 

Au atoms, consistent with a cuboctahedral model (one example of a 

fcc structure). Later, in 1990, the Extended X-Ray Absorption Fine 

Structure (EXAFS) method was used to measure the average 

coordination number of Au atoms: the best match to that data was a 

cuboctahedron.9,10 EXAFS, X-ray absorption near edge structure 

(XANES) and wide-angle X-ray scattering (WAXS) analyses of 

Au55(PPh3)12Cl6 followed in 2001 and also supported fcc structure.11 

However, in parallel with this work, an icosahedral structure for 

Au55(PPh3)12Cl6 was first suggested in 1993 by Vogel et al: the 

diffraction curve of Au55(PPh3)12Cl6 powder best fitted the 

simulation of an icosahedron.12 On the theory front, an ab initio 

investigation of Au55(PPh3)12Cl6 in 2010 agreed with the icosahedral 

assignment.13 Beyond cuboctahedral and icosahedral proposals, 

Rapoport et al proposed (1997) that the Au55(PPh3)12Cl6 cluster was 

heterogeneous in structure, based on a combination of cryo high 

resolution transmission electron microscopy (HRTEM), X-ray 

scattering(XRS), analytical ultracentrifugation(AUC), 

thermogravimetriy and differential thermoanalysis (TG/DTA) 

measurements.14 Other TEM studies12,14,15 of Au55(PPh3)12Cl6 

clusters were mainly focused on the measurement of cluster size: all 

showed a diameter of about 1.4nm. But the electron microscope was 

not used extensively for studying the atomic structure of 

Au55(PPh3)12Cl6, only a few images of clusters of uncertain size have 

been reported.15 

Aberration-corrected scanning transmission electron microscopy 

(STEM) is a powerful and increasingly widespread method to 

investigate the atomic structure of nanomaterials.16-23 In the high 

angle annular dark field (HAADF) mode of STEM, the signal 

collected is the electron flux scattered incoherently through high 

angles. The intensity of the atomic columns in the image depends on 

the number of atoms in each column and the atomic number.23-28 

This “Z contrast” method can significantly improve the visibility of 

heavy element clusters (in our case, gold) supported on light, thin 

substrates (eg. carbon) and also makes it possible the use of size-

selected clusters as mass balances to determine the number of atoms 

in the specimen nanoparticle.18, 29-33 

Our systematic experimental study of the atomic structure of 

Au55(PPh3)12Cl6 clusters, coupled with multislice simulations, 

reveals that a hybrid structure best matches about half the clusters, 

with a similar fraction found to be amorphous.34,35 The hybrid 

structure, as predicted theoretically for the bare Au55 cluster, 

contains both icosahedral and close-packed cubic structure elements. 

Thus our hybrid structure rationalises the preceding cuboctahedral 
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and icosahedral proposals,1,9-13 while the amorphous fraction we also 

find is consistent with the preceding evidence of heterogeneity in the 

Schmid clusters.14 

The Au55(PPh3)12Cl6 clusters were synthesised in Hamburg using the 

Schmid method1. The differential scanning calorimetry (DSC), 

powder X-ray diffraction (pXRD) and nuclear magntic resonance 

(NMR) analysis, presented in the supplementary information, show 

that the clusters are intact and the ligands are linked to the metal 

core. The clusters sent to Birmingham in powder form, and 

redissolved in dichloromethane and drop casting onto one half of a 

400-mesh TEM grid covered with an amorphous carbon film. Size-

selected Au309 clusters were generated with a magnetron sputtering, 

gas condensation cluster beam source and mass selected with a 

lateral time-of-flight (TOF) mass selector.36-38 These size-selected 

clusters were deposited onto the other half of the same TEM grid(the 

half grid on which the Au55(PPh3)12Cl6 clusters were subsequently 

deposited was covered by a cap to prevent the deposition of the 

Au309 clusters, in case they affected the ligand-protected clusters.): 

the cluster beam current was 20pA and deposition time 150 seconds, 

the number of clusters deposited was ~1.9x1010. Our 200kV JEOL 

2100F STEM with Cs corrector (CEOS) was equipped with an 

HAADF detector operated with inner angle 62 mrad and outer angle 

164 mrad. All the images were typically taken in less than 2.7 

seconds (equal to two scanning times over the whole image area) 

and no beam shower has been employed to minimize the beam 

damage.39 

 

Figure 1. Examples from STEM simulation atlas of hybrid structure 

(from α=0°, θ=0° to  α=0°, θ=0°) plus icosahedral (from α=40°, θ=0° 

to α=40°, θ=36°), cuboctahedral (from α=0°, θ=0° to α=60°, θ=0°) 

and Ino-decahedral (from α=0°, θ=0° to α=60°, θ=0°) structures 

The QSTEM simulation software package40 was utilized to relate the 

experimental STEM images to models of candidate atomic 

structures: Hybrid, icosahedral, cuboctahedral, and Ino-decahedral 

model structures. Examples of simulated images are shown in Figure 

1. Since the clusters are deposited onto the carbon surface of the 

TEM grid in a random orientation, the STEM images show disparate 

patterns corresponding to clusters in different orientations. In the 

Figure 1, for example, the Ino-decahedral structure at (α=0°, θ=0°) 

shows a five-fold symmetry axis, but when tilting the atomic model 

60° towards α, the simulated images show quite different features. 

Thus for a comprehensive investigation of the possible cluster 

structures, we employ a “simulation atlas”,41 a set of simulations 

across the whole range of cluster structure orientations, with which 

each experimental image is compared. (See Figure 1) To date, 

comparison is best conducted manually by classifying the simulation 

images according to the structural motifs they present, such as a ring, 

parallel lines, or a ring with central dot. Thus each experimental 

image is compared with the simulation images for every orientation 

of each candidate structure. 

 

 

Figure 2. Weighing Schmid clusters against size-selected clusters. 

(a) The HAADF intensity of Schmid clusters (red) and size-selected 

Au309 clusters (green). (b) Fine size distribution of Schmid clusters. 

The forth peak at an equivalent Au core size of 54±1.5 is assigned to 

Au55(PPh3)12Cl6  clusters. 

Comparison of the STEM integrated intensity of each cluster 

prepared by the Schmid method with the size-selected Au309 mass 

standards shows that there is some variation in the nuclearity of the 

“Schmid clusters” beyond that of pure Au55(PPh3)12Cl6. But the 

same comparative intensity measurement enable us to “fractionate” 

the chemically prepared sample to focus on the “Au55” clusters 

which are of most interest. Figure 2(a) shows the relative intensities 

of the Schmid clusters and the size-selected Au309 clusters. The 

ligands of a Au55(PPh3)12Cl6 cluster contribute an intensity 

equivalent to 9.88 Au atoms, based on previous calibration of our 

STEM.42 After subtracting this ligand intensity, we obtain a mean 

value for the chemically synthesized Schmid clusters of 53.4 ± 3.2 

Au atoms in the core. A high-resolution plot is given in Figure 2(b) 

and shows fine structure within this distribution, with 4 peaks 

appearing at 41±2, 47±1.5, 50±1.5 and 54±1.5 Au atoms. The peak 

at 54±1.5 is assigned to the Au55(PPh3)12Cl6 clusters and forms the 

focus of our subsequent atomic structure analysis. 
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Figure 3. Typical high resolution HAADF-STEM images of 

Au55(PPh3)12Cl6 clusters which are assigned to have hybrid structure 

and orientations of (a) α=70°, θ=40°, (b) α=30°, θ=30°, (c) α=60°, 

θ=80° and (d) α=100°, θ=0°. The insets are the corresponding best 

matched simulated images.  

Figure 3 shows examples of high resolution HAADF-STEM images 

of clusters corresponding to the “true Au55” fraction of the 

synthesized Schmid clusters. These experimental image examples 

are illustrations of the 72 images obtained from this fraction. Based 

on the fit between the images and the simulate atlas, we find no 

match to the cuboctahedral, icosahedral and Ino-decahedral 

structures. All the 30 of 72 clusters best match the DFT predicted 

asymmetrical hybrid structure. For example, the cluster in Figure 

3(d) shows a very similar pattern of parallel fold lines, with an angle 

of 122°, to the hybrid model STEM simulation image of orientation 

(α=100°, θ=0°), with a angle of 128°. The remaining 42 clusters of 

72 clusters were justified to be amorphous.  

Of course the simulations do not match the experimental data 

exactly. One reason is the effect of the electron beam, as reported in 

many previous studies on small clusters like Au20, MP-Au38, 

Au40(SR)24
41,43-45 which gives rise to atomic motion (“atom 

smearing”) during image acquisition. A serial integrated intensity 

analysis of one cluster was employed to test whether the cluster 

dissociated under the electron beam. This is shown in Figure S4 of 

the SI. The experimental conditions are the same as the normal 

imaging of the clusters. Since there is no obvious change in the 

cluster’s integrated intensity during the continuous scanning, we 

conclude that the electron beam does not lead to significant atom 

loss from the cluster under the experimental condition used, 

especially over the first few scans. Given that slight changes of the 

cluster structure is possible after repeated the electron beam, only 

STEM images obtained from the first or second scans were 

employed in the structure analysis. Such changes may also come 

about through purely thermal effects. Naturally the interaction 

between clusters and the amorphous carbon film substrate also 

creates the possibility of a “local” change of the cluster structure.43 

The effect of ligands on the atomic structure of thiol monolayer-

protected clusters is reported in many studies, eg of Au102(p-MBA)44 

and Au144SR60.
46-49

 The strong, covalent Au-S bond distorts the outer 

shell of the metal core and forms a quite different structure from the 

inner core. However, for the Au55(PPh3)12Cl6  cluster, the phosphine 

ligands are weakly band and their effect on the structure is expected 

to be very much less significant.3 So the structure of metal core 

should not be affected too much. This explains why the metal core 

structure of the ligand-protected Au55(PPh3)12Cl6 clusters fits the 

hybrid isomer of bare Au55 very well. Even loss of some ligands 

from the gold core investigated here due to adsorptions, drying or the 

electron beam should not significantly distort the core structure. 

Can we rationalize our proposed assignment for Au55(PPh3)12Cl6 as a 

mixture of the hybrid isomer and amorphous structures with the 

previous, contradictory assignments of cuboctahedral or icosahedral 

structure. First, the hybrid structure was not proposed (for bare Au55 

clusters) till 1998 and has never previously been considered as a 

candidate for the Schmid cluster.34 Secondly, the hybrid structure is 

seen to contain structural elements characteristic of both the 

icosahedron and the cuboctahedron. As the Figure 3(b) shows, this 

hybrid isomer resembles, colloquially speaking, a close-packed 

plane “bolted on” to terminate an icosahedral cluster. This hybrid 

nature may then explain the cubic type feature found in EXAFS 

analysis9-11 and the icosahedral-type diffraction peak found in X-ray 

diffraction research.12 Moreover, the average coordination number of 

the hybrid model (7.78) closely resembles the coordination number 

of the cuboctahedral (7.85), and the previous EXAFS researches 

measured the average coordination numbers (7.8±19 and 7.3±2.510) 

are also support this hybrid model.  

Conclusions 

In conclusion, we find that the Schmid synthetic route does produce 

passivated clusters consistent with the formula Au55(PPh3)12Cl6 

clusters as well as clusters containing from about 35 to 60 Au atoms. 

The fraction of clusters containing 54±1.5 Au atoms, as fractionated 

by the cluster “mass balance” (and assuming the standard ligand 

number), presents atomic structures, measured by aberration 

corrected STEM which fit best to the hybrid model (42%) and 

amorphous structures (58%). We found no evidence of the 

previously proposed cuboctahedral and icosahedral structures. 

However the hybrid structure, first proposed for bare Au55, contains 

both close-packed and icosahedral-type motifs and appears to 

rationalize the previous contradictory assignments. Looking forward, 

the combination of size-fractionation by the STEM mass balance 

method and atomic structure determination in the aberration-

correction regime holds promise to reveal the isomeric structures of 

other nanoparticles. 
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