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ABSTRACT  

Nanometer-sized and stable thiolate-protected cobalt clusters were synthesized by a wet 

chemical method, leading to a pink solution with well-defined optical activity (UV-Vis) and 

photoluminescence (PL).  The cobalt cluster core of ~1.3 nm size was metallic (as indicated by 

STEM, STM, XPS, HAADF-EELS) and was surrounded by a specific configuration of thiolate 
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staples (according to Raman, FTIR, XAFS, MALDI) that is similar to that of corresponding gold 

clusters. 

INTRODUCTION 

Metal nanoclusters with less than 100 atoms have recently become an intensively studied field, 

due to their size-dependent properties, which do not follow the common scaling laws of bulk 

materials.  Their unique atomic structures lead to different quantized electronic states, redox-, 

photoluminescent-, magnetic and catalytic properties.1-4 This points to a variety of potential 

applications in sensor technology5-6, biomedical applications,7 nanoelectronics and catalysis.1, 8-9 

Significant previous research activities during the last decade have focused on thiolate 

protected Au and Ag clusters, including optimization of different atomic sizes, composition (bi-, 

tri-metallic clusters), and structure, revealing exciting properties at the nanoscale.1 However, 

metal nanoclusters other than gold or silver have rarely been studied, due to difficulties in 

successfully synthesizing stable structures in the range of a few atoms. Recently, new metal 

clusters such as Nix(SC2H4Ph)m (x=6,39,41)10-12, Cu38(SC2H4Ph)25, 13 or Ir9(SC2H4Ph)6
14

 have 

been reported , showing enhanced properties when compared with the pure metal nanoparticles.  

Cobalt (Co) is a metal with loosely bonded d electrons and also exhibits size-dependent 

structural, magnetic, electronic and catalytic properties. The exponential dependence of the 

magnetization relaxation time on volume has stimulated intensive studies of Co nanocrystal 

synthesis for magnetic storage applications.15 However, unlike gold or silver, zero-valent cobalt 

nanometal is very sensitive to air, creating a challenge to stabilize cobalt nanoparticles in 

different media. A few preceding studies have shown that via passivation by organic thiols the 

oxidation and agglomeration of metallic Co particles can be avoided, leading to particles in the 

micron size.16-17  
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In addition, several recent studies have focused on the synthesis of defined cobalt sulfide 

(CoS2) nanostructures.  Cobalt sulfides have phase-dependent electronic, magnetic and catalytic 

properties, opening potential applications in energy conversion and storage. Due the low over 

potential, high durability and good cyclability, CoS2 may also be used in batteries. CoS2 also 

showed high capacitance in electrochemical capacitors, due to its high redox activity, for 

example in dye-sensitized solar cells. High efficiency of CoS2 has been also observed in 

hydrogen evolution electrocatalysis18-19 and photoelectrochemical20 processes.21-23 Thus, 

thiolated cobalt nanoclusters may represent an interesting approach towards well-defined cobalt 

sulfide nanostructures, with great potential in several applications. 

As mentioned, cobalt exhibits loosely bonded d-electrons and high electrical conductivity, 

which makes it suitable for catalytic applications both in metallic and oxidic form. Obtaining 

truly homogeneous and well-defined nanostructures is very beneficial for understanding catalytic 

reaction mechanisms on an atomic level, since it typically depends on nanoparticle size and 

structure. For example, when cobalt oxides were grown from colloidal cobalt particles of defined 

size, better insights into their CO oxidation activity were obtained.24 Colloidal particles are not 

structure-resolved, so that cobalt nanoclusters with defined structure could be a better precursor 

for growing structurally well-defined cobalt oxides. 

Consequently, the successful synthesis of cobalt nanostructures would be very rewarding, 

enabling a broad range of applications in catalytic, photo-, and electrochemical processes.  

Herein we report the first synthesis of monolayer protected thiolated cobalt clusters in the 

nanoscale range. The clusters exhibit characteristic UV-Vis spectra and optical properties. The 

staple configuration of –S-metal-S-, typical of thiolated gold clusters, was also observed in the 

case of the cobalt clusters, maintaining the cobalt atoms in the metallic state. 
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EXPERIMENTAL 

Synthesis 

The synthesis of Cox(SR)m clusters follows a modified Brust25 method. Co2Cl∙6H2O (30mg) 

was dehydrated at 150C in order to be able to be dissolved in terahydrofuran (10mL) upon 

stirring at room temperature. PhC2H4SH（0.1mL）was added to the solution and stirred for 

30min at room temperature with a change of color from blue to dark blue. An aqueous solution 

of NaBH4 (80g, 2 mL) cooled to 0 °C was then added at once to the mixture and stirred for 1 h. 

The reaction mixture was filtered and washed with methanol to remove PhC2H4SH and other 

byproducts. The products were dissolved in methylene chloride leading to a pink solution. 

 

Co cluster characterization 

UV−Vis spectra were recorded on a UV/VIS spectrometer (Perkin Elmer 750 Lambda). Quartz 

cuvettes of 10 or 5 mm path length were used (solvents: dichloromethane and toluene). 

All MALDI mass spectrometric measurements were performed using a prototype Axima TOF2 

MALDI time-of-flight (TOF)/reflectron (RTOF) mass spectrometer (Shimadzu, Kratos 

Analytical). For analytical experiments 2, 4, 6-trihydroxyacetophenone (Sigma-Aldrich) was 

selected as MALDI-MS matrix. MALDI RTOF mass spectra of the cobalt clusters were acquired 

near threshold laser irradiance to obtain mass spectra of sufficient mass spectrometric resolution 

(3000 to 5000 at full width half maximum (FWHM)). All displayed mass spectra were based on 

averaging 300 to 600 single and unselected laser pulses (λ = 337 nm at 50 Hz).  

The X-ray powder diffraction measurements were carried out with a Panalytical X’Pert 

diffractometer in Bragg–Brentano geometry by using Cu-Kα1,2 radiation, a X-Celerator linear 
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detector with a Ni filter, sample spinning with back loading sample holders, and 2θ= 5–70° at T 

= 297 K. 

High resolution transmission electron microscopy (HRTEM), high-angle annular dark-field 

(HAADF) imaging, as well as electron-energy loss spectroscopy (EELS) mapping and energy-

dispersive X-ray spectroscopy (EDXS) were performed using a 200 kV FEI TECNAI F20 S-

TWIN analytical (scanning) transmission electron microscope (S)TEM equipped with a Gatan 

GIF Tridiem filter. The energy resolution was ~1 eV, the semi-convergence angle was ~8 mrad, 

the semi-collection angle was ~15 mrad and the spatial resolution was of the order of 0.5 nm. 

Scanning Tunneling Microscopy (STM) images of the nanoclusters were acquired with an 

Aarhus 150 STM from SPECS. A solution of the clusters was drop-casted on highly ordered 

pyrolytic graphite (HOPG) as support material. The solvent was evaporated by inserting the 

sample into the load lock chamber and applying vacuum for 4 hr. The HOPG with the 

nanoclusters was then transferred to the STM. The base pressure in the STM chamber was 2.2 × 

10−10 mbar and the clusters were imaged with a Pt/Ir tip at 300 K. During approach of the tip, a 

current of 0.35 nA and a tunneling voltage of 1.6 V was applied. For image processing and line 

profile measurement the WSxM software was used. 

The Raman microscope system (Renishaw, System 2000; Yobin Yvon, LabRAM HR) 

consisted of a light microscope (Leica DL-LM; Olympus BX) coupled to a Raman spectrometer. 

The excitation laser was an Ar ion laser (k0 = 514 nm, source power 17 mW). 

X-ray photoelectron spectroscopy (XPS) measurements were performed on a UHV system 

equipped with a Phoibos 100 hemispherical analyzer and a XR 50 X-ray source (all parts from 

SPECS GmbH). Spectra were recorded with AlKα radiation and data were analyzed with the 

CasaXPS software. Peaks were fitted after Shirley background subtraction with Gauss−Lorentz 
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sum functions. Peak positions and full width at half-maximum (FWHM) were left unconstrained. 

For the S2p peak fitting doublets with a fixed doublet separation of 1.2 eV (NIST XPS database) 

and a fixed area ratio of 2:1 were used for S2p3/2 and S2p1/2. For the XPS measurements the 

clusters were drop-casted on a highly oriented pyrolytic graphite (HOPG) substrate. This also 

allowed referencing the binding energies to the C1s signal of HOPG. 

X-ray absorption spectroscopy (XAS) measurements were carried out at the XAS  beamline  at  

Elettra-Sincrotrone Trieste (Italy) and at the SuperXAS beamline at the Swiss Light Source 

(Switzerland). S K-edge (2472 eV) was measured at Elettra-Sincrotrone using a Si (111) double-

crystal monochromator. The photon flux was about 109 photons/s. Experiments were performed 

in fluorescence mode using a silicon drift detector (Oxford Instruments). A concentrated solution 

of the sample was drop-casted on onto sulfur-free polyimide (Kapton) tape and mounted on an 

in-house made cell working under high vacuum and at liquid nitrogen temperature.  XANES at 

Co K-edge (7709 eV) was measured at Swiss Light Source. The incident photon beam provided 

by a 2.9 T Super Bend magnet was selected by a Si (111) channel-cut monochromator.  The 

rejection of higher harmonics and focusing were achieved by a Si-coated collimating mirror at 

2.8 mrad and a rhodium-coated toroidal mirror at 2.8 mrad. The size of the X-ray beam on the 

sample was 0.3 x 0.3 mm with a total intensity of about 5-7×1011 ph/s. Fluorescence signal was 

detected with five-element SDD detector (SGX).  A concentrated solution of the sample in 

toluene was place in a quartz capillary and cooled down with a cryo-gun to liquid nitrogen 

temperature. The data analysis was performed according to standard procedures using Ifeffit 

software. 26  

RESULTS and DISCUSSION 
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Synthesis of Cox(SR)m clusters. The synthesis strategy of the thiolated cobalt clusters was 

based on previous synthesis routes of monometallic and bimetallic thiolated gold clusters. 

However, in light of the comparably easier oxidation of cobalt and, thus, the difficulty to 

synthesize stable metallic cobalt clusters with a narrow range of particle size, several 

optimization steps had to be applied.  TOAB (tetraoctylammonium bromide), which acts as 

phase-transfer catalyst, is commonly used in the synthesis of thiolate gold clusters Aun(SR)m. It 

improves the solubility of metal salts in organic solvents, which facilitates the reaction. 

Nevertheless, this kind of quaternary ammonia compounds has a high tendency to oxidize cobalt, 

which makes the synthesis of metallic cobalt clusters difficult. Thus, TOAB was not used for 

synthesis and, instead, the hydrated metal salt precursor was dried, which also improved the 

solubility in THF. The cobalt then forms a complex with THF, which is replaced by the thiolate 

ligands via a ligand exchange reaction.27 Since the formation of this starting complex is only 

possible with Co2+, the (further) oxidation of cobalt should be avoided. Thus, for cobalt cluster 

synthesis short reaction times are beneficial to obtain higher yield of metallic Co. This is due to 

the tendency of THF to form peroxides that on the one hand are radical starters but on the other 

hand oxidize cobalt. In contrast, for the synthesis of thiolated gold clusters longer etching ageing 

?? times led to narrower size distribution, because only the most stables structures remained. 

Following these directions, a pink product was obtained. In order to separate different cluster 

sizes, the sample was passed through a size exclusion chromatography column (SEC) 28-29, until 

a single fraction with characteristic and well-defined UV-Vis spectrum was obtained (as 

discussed below). The synthesis was repeated several times, each time reproducibly leading to 

the same highly stable product (dissolved in DCM or toluene). Once the sample was dried 

(powder form) and after some air exposure it got oxidized to an insoluble black precipitate. 
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Finally,  a precise and reproducible synthesis route was developed, yielding for the first time 

stable thiolated cobalt clusters.   

 

Structure and Properties Characterization. For studies of the composition of thiolated 

metal clusters, MALDI TOF mass spectrometry is the most frequently applied technique. In the 

case of Au clusters, trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylicene] malanonitrile 

(DCTB) was found as an optimal matrix, with a low degree of metal cluster fragmentationFor 

cobalt clusters using a DCTB matrix led to a higher degree of fragmentation in the low m/z 

range, even under lower laser irradiance, similar as observed before for thiolated iridium 

clusters.14 After screening different matrices, 2,4,6-trihydroxyacetophenone (THAP) lead to a 

lower degree of fragmentation and reproducible results for the synthesized thiolated cobalt 

clusters. Figure 1 shows the MALDI TOF mass spectrum obtained from Cox(SC2H4Ph)m in ion 

positive mode. The analysis of the mass spectrum revealed a difference of m/z=334 between the 

major peaks, which corresponds to the oligomer Co(SR)2 unit (monometallic staple). The same 

type of characteristic fragment was also observed in MALDI mass spectra of thiolated gold 

clusters. The range of observed masses was between m/z=1826 and m/z=3968; the higher one 

seems related to clusters containing Co30(SR)16, but due to the high degree of fragmentation it 

was not possible to assign a specific formula. The MALDI MS results suggest formation of 

cobalt clusters in a range of 25-30 cobalt atoms, with a clear fragmentation pattern of staple 

motifs (-S-Co-S-), which are characteristic of thiolate protected metal clusters. Several groups, 

such as Tsukuda, Dass, Murray or McLean, have analyzed thiolated protected clusters by MADI 

and ESI-MS, reporting this kind of staple fragmentation, related with the direct desorbing 

process of the capping structures from the AuNP surface. 30 31-36  
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Figure 1.  MALDI-TOF spectra of the prepared Cox(SR)m clusters. 

 
 
 

In order to obtain complementary insight on cluster composition, thermogravimetric analysis 

(TGA) was performed. The TGA profile (Figure S1 Supporting Information) shows a weight loss 

of 59% between 75C and 375C that is related to the removal of the thiolate ligands (-SC2H4Ph). 

The higher range of m/z observed by MALDI-MS, i.e. Co25(SR)18 and Co30(SR)16 clusters, 

would exhibit a weight loss related to ligands of 62% and 55%, respectively. Thus, the 59% 

weight loss observed for the synthesized cobalt clusters is in good agreement with that expected 
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from the cobalt cluster compositions determined by MALDI.  However, three steps were 

observed during the ligand removal process; weight losses of 8% at lower temperature (75°C-

150°C),  a main weight loss of 41% at 150°C-275°C,  and 10% loss at higher (275°C-375°C) 

temperature.Previous studies on thiolated gold clusters have also reported different weight loss 

steps that were ascribed to different staple configurations (long and short staples), but also to the 

interaction of the oxidative atmosphere with thiol ligands, that may lead to different removal 

processes. These may explain the two higher temperature steps for cobalt clusters. Carotenuto et 

al.  studied the thermal stability of cobalt thiolates (Co-C18H37SH) and also reported two weight 

losses at 260°C and 360°C. 16 Thus, the low temperature step may be due to oxide species 

attached to the clusters (cf. FTIR and XPS below). 

X-ray diffraction measurements were performed to confirm the formation of Co clusters and to 

discard  CoSx complexes or Co nanoparticles, which exhibit highly crystalline structures, as 

reported in literature.16, 37-38 XRD revealed that our samples were not crystalline (Figure S2 

Supporting Information). 
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Figure 2.  (a) UV-Vis absorption spectrum; (b) Photoluminescence spectrum; inside photographs 

of the cobalt cluster dichloromethane solution are shown as insets, without and with UV-Vis 

illumination (λ from 220-400nm). 

Due to their molecule-like electronic structure, atomic scale metal nanoclusters exhibit one or 

more absorption peaks in UV-Vis, in contrast to the surface plasmon resonance (SPR) band 

observed for larger particles. UV-Vis absorption spectra of the synthesized cobalt clusters 

dissolved in dichloromethane (DCM) (Fig. 2a) exhibit four main absorption peaks, at 311, 413, 

506 and 639 nm. A comparison with the characteristic SPR band of larger Co nanoparticles is 

not straightforward due to conflicting reports in literature. Based on Mie's theory calculations 

and experimental studies very weak absorption is expected in the range of 250–450 nm (285nm 

39, 360nm and 495nm40) and in the range of 497-520nm17 (520 nm41), but all reports agree that 

SPR is represented by a very broad band.  Thus, the formation of clusters is evidenced by the 

defined (and not broad) absorption bands at different wavelengths. In order to compare the cobalt 

clusters with common cobalt nanoparticles, the latter were prepared according to reported 

methods,16-17 with an additional passivation step with the same thiolated ligand (SC2H4Ph). The 

particles are stable only for short time and form an un-soluble black precipitate. Nevertheless, a 

comparison of UV-Vis spectra of short living cobalt nanoparticles in DCM with Cox(SR)m 

clusters is shown in Figure S3. For nanoparticles, the bands are broader and shifted.. 

Figure 2(b) shows the photoluminescence spectrum of the cobalt clusters. The emission 

spectrum upon excitation at 413nm shows intense luminescence peaks at the blue and yellow 

region, with two emission peaks at 475nm and 575nm. The observed dual fluorescence is a 

typical indicator of charge transfer occurring in the clusters upon excitation. Previous studies on 
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glutathione-protected gold clusters also displayed such dual luminescence,42-44 which was 

explained by Whetten et al.: the high energy luminescence being an inter-band transition from 

excited states in the sp-band to the d-band,45 and the low energy as the intraband HOMO-LUMO 

transition within the sp band. However, complementary calculations and studies would be 

required to explain the origin of the dual luminescence of cobalt clusters. 

STEM images showed uniform cobalt clusters with an average particle size around 2 nm, as 

displayed in Figure 3.  EELS analysis at the Co L3 edge indicated a tendency of the Co L3 edge to 

shift to lower energies for the center of the cluster, and to higher energies at the cluster edge, which 

would point to metallic Co at the center and an oxidized perimeter (that may be due to oxidation 

upon deposition on the TEM grid; Fig. S4 Supporting Information).46-47 The onset and shape of the 

Co L3 edge of the sum spectrum acquired at the center of the cluster indicated metallic Co atoms,46, 48 

in agreement with the selected area electron diffraction (SAED) pattern (Fig. S4).  

 

 

Figure 3. STEM image of the Cox(SR)m clusters.  

 

In order to corroborate the structure and size information, room temperature STM measurements 

were performed.  Figure 4 shows clusters with roughly spherical shape, deposited on highly 
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ordered pyrolytic graphite (HOPG). HOPG was chosen as substrate surface as it is atomically 

flat and clean, which facilitates the detection of nanoclusters and reliable measurements of 

cluster size and height. Cluster size analysis via line profiles indicated an average size of 1.3 nm 

and 1 nm height (see Figure S5 Supporting Information). Atomically resolution of the clusters 

was not obtained, likely due to the insulating character of the ligands and the sample temperature 

of 300 K. 

 

Figure 4. STM image of Co clusters supported on HOPG, taken at room temperature (Vsample = 
+1.6 V, Itunnel = 0.35 nA). The cluster size is ~1.3 nm. 

 

Vibrational Spectroscopy is a useful technique for studying molecular conformation and 

nanomaterials properties. The Raman spectrum of the synthesized Cox(SR)m clusters (Figure 5a) 

in the range of 200-2000 cm-1 shows characteristic peaks at higher energies, an intense peak at 

1100cm-1 related to the bonded thiolated ligands (-SC2H4Ph), and another around 1420 cm-1 

related to the aromatic ring. Based on previous Raman studies of metal sulfides, the peaks 

between 200 - 450 cm-1 can be attributed to Co-S vibrations, with a prominent band around 350 

cm-1.18 Figure 5b displays a spectrum of the Cox(SR)y clusters at low wavenumber region, with a 
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broad peak at 322cm-1 and smaller one at 419 cm-1, assigned to Co-S vibrations in agreement 

with previous studies.18, 49-51 The comparison of Raman spectra of the prepared Cox(SR)m 

clusters with those reported for different CoSx compounds (nanostructures, complexes…) 

revealed pronounced differences of the vibrational bands (Raman shifts) and relative intensities. 

However, when the Raman spectra of cobalt clusters are compared those of monolayer protected 

thiolated metal clusters several similarities are apparent.52-55 Thiol ligands in similar 

environments or configurations (like staples) should exhibit similar vibrational properties for Co 

and Au, but the frequencies may be slightly shifted due to different masses and force constants. 

 

Figure 5.  Raman spectra of Cox(SR)m clusters. 

Raman spectroscopy of gold clusters have focused on the Au-S interface and both 

experimental and theoretical studies were reported.56-59 Two types of Au-S stretching vibrations 

can be distinguished at lower wavenumber range (200-350 cm-1), related to Au(core)-S (radial 

mode) and to Au(staple)-S (tangential mode) bonds. Different radial vibrations were observed 

depending on the type of staples: whereas short staples lead to vibrations at lower energies, the 

bending of longer staples requires higher energy.  
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The Co-S vibrational band is again expected to be shifted with respect to Au-S, based on the 

smaller mass of Co (Au is heavier), which should lead to a high frequency shift . However, the 

binding strength in Co-S is weaker than in Au-S, leading to a shift to lower frequency. In total, 

the two effects compensate each other and the Co-S band and Au-S band are similar.  According 

to Raman studies of the Au-S vibration related to the staple configuration,57 the presence of a 

single strong peak at 322cm-1 can be attributed to the Co-S bond in the short staples, in 

agreement with the fragmentation pattern observed by MALDI-MS. The radial mode vibrations 

were reported for higher energies with low intensity (due to the movement of the thiolate against 

the cluster surface),  and the small peaks between 400 and 500cm-1 may thus be assigned to the 

Co(core)-S bonds.  

 

 

 

Figure 6.  (a) MIR and (b) FIR FTIR spectra of Cox(SR)m clusters. 

For further structural characterization mid- and far-infrared FTIR measurements were 

performed. The bonding between Co and S is confirmed by the absence of the S-H stretching 

vibration, expected around 2525 cm-1 in MIR spectra (Figure 6(a) marked by an *), whereas the 
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characteristic C-H, C-S and aromatic stretching bands of the PhCH2CH2S- ligand were indeed 

observed.  In addition, the spectrum shows an unexpected strong band at 1000-1200 cm-1. Based 

on literature, S=O stretching bands of sulfur oxide compounds produce strong infrared bands in 

the 1400–1000 cm−1 range.  Figure 6(b) shows the FIR region, also displaying a band at 623 cm-1 

that may be assigned to the asymmetric bending of the SO4 groups, typically found between 600 

and 640 cm-1. Thus, the bands observed in the MIR spectra confirm the presence of sulfur oxide 

species.  The band around 550cm-1 is related to mercaptan compounds, in this case the thiol 

ligand.  The bands observed between 350 and 500 cm-1 further confirm the Co-S bond. 

 

 

 

Figure 7.  XPS spectra of (a) the Co 2p3/2 and (b) the S 2p3/2 and S 2p1/2 core level shifts of the 

Cox(SR)m clusters on HOPG.  
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XPS analysis was performed to determine the valence state of the cobalt clusters. Figure 7a 

shows the Co 2p3/2 region, including peak fitting. The 779.6 eV signal is attributed to metallic 

cobalt from the clusters. Similarly to monolayer protected Au-clusters the binding energy Co-

clusters is 1.5 eV higher than bulk metallic Co.60 Zhang showed for decreasing size of AuSR 

nanoparticles, that the Au 4f peaks shift to higher binding energy.61 This shift results from a 

nanosize effect and from surface metal−ligand interactions in the nanoparticles.61 The signal at 

781.6 eV can be attributed either to the cobalt-sulfur bond or to cobalt oxide (CoO). The 

observed plasmon feature at ~785 eV fits both Co-S and CoO. In comparison, Co3O4 is missing 

the plasmon feature.62 Tao et al. and Ganesan et al. reported BEs of 781.4 and 781.3 eV for, 

cobalt sulfide nanoparticles, respectively.38, 63 Due to the nanosize effect also the BE of CoO may 

be shifted by 1.5 eV to higher BE. An unambiguous assignment of the 781.6 eV feature to either 

Co-S or CoO would require additional high-resolution measurements, however. Although, the 

additional results from SAED, Raman or XAFS indicate the Co-S bonds rather than CoO. 

In the S 2p spectra (Fig. 7b), the signal comprises three components, at 162.4 eV, 164.7 eV 

and 168.2 eV. As this is the first report of synthesis of protected cobalt clusters, there are no 

reference data but studies of self-assembled monolayers (SAM) of metallic cobalt provide useful 

results for S2p. The peak at 162.4 eV can be attributed to the sulfur-cobalt bond, in agreement 

with values for S-Co - of SAMs (~162,5 eV, dodecanethiol), reported by Devillers et al. 64and 

(162.8 eV, octadecanethiol) by Pookpanratana et al. .65 The peak at 168.2 eV can be attributed to 

fully oxidized sulfur. Once more, this agrees with the results of Devillers et al. which reported 

oxidation of sulfur (~168.5 eV) in the SAMs,  when the surface was not fully covered and 

oxygen reacted with the SAM. Similarly, Pookpanratana et al. reported fully oxidized sulfur at 
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~168.6 eV. Further, partly oxidized sulfur is present, corresponding to the S2p signal at 164.7 

eV.66  

 

 

 

Figure 8.  XANES spectra at the Co K-edge (a) and S K-edge (b) of the Cox(SR)m clusters and 

reference materials.   
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The electronic structure and the local chemical environment of the Cox(SR)m clusters were 

studied by X-ray absorption near edge spectroscopy (XANES) at the Co K-edge (Fig. 8a) and  S 

K-edge (Fig. 8b) and compared to reference samples: Co foil, CoO, thiol ligand(2-PET), SO2, 

SO3 and SO4 . In case of Co K-edge XANES spectra, the high intensity of the white line, the 

edge position and the broad white line feature for Cox(SR)m clusters – when compared to the 

reference materials - suggest the presence of  Co-S bonds18 in the cluster structure (Fig. 8a).  In 

the case of S K-edge XANES, the reference samples indicate that the white line intensity 

decrease and the edge position energy increase with increasing sulfur oxidation, changing from 

2471 eV for S-2 to 2483 eV for S6+. From the peak positions in S K-edge XANES of Cox(SR)m 

clusters three kinds of sulfur states can be distinguished: a first one at 2471eV, corresponding to 

an approximated oxidation state of -1, a second one at 2479-2481 eV related to oxidized (SOx) 

sulfur species, and a third one at 2474eV corresponding to the S-C bond of the thiolate ligand. 

The Co-S bond was already observed by Raman and FTIR (Fig. 5 and Fig. 6), and is confirmed 

by Co and S K-edge XANES.  

 

CONCLUSIONS 

We report the first successful synthesis of monolayer protected thiolate cobalt clusters is. Due 

to cluster fragmentation, their exact molecular mass and/or distribution could not be determined 

by MALD-MS. However, taking into account the complementary TG analysis, a cluster size in 

the range of 25-30 cobalt atoms is expected. This is confirmed by STEM and STM images 

showing uniform clusters of approximately 2 nm size. The MALDI-MS results also revealed a 

uniform fragment, corresponding to a monomeric staple unit (-S-Co-S-), which was corroborated 
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by Raman.  Furthermore, XPS, XAFS and EELS analysis indicated a metallic state of cobalt. 

The different characterization results point to characteristic structural features and properties of 

thiolate protected Co clusters. The cobalt clusters were stable in solution, but upon air contact of 

the dry powder state it oxidized and decomposed to a black powder that was insoluble in almost 

any solvent. XPS analysis together with XANES and FTIR revealed the presence of oxidized 

sulfur (with two different kinds of sulfur species), which protects the metallic oxidation state of 

cobalt. Based on the current synthesis and the characterization results, more detailed studies of 

the exact Co cluster size, composition and physical/chemical properties are to be performed in 

the near future. 
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