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X-ray scattering (SAXS) showed. 1H-NMR spec-
troscopy and 13C-NMR spectroscopy confirmed that 
glutathione was attached to the nanoparticle via the 
terminal thiol group of cysteine. Upon heating in oxy-
gen, the nanoparticles were converted into dirhenium 
heptoxide which evaporated above 360 °C.
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Introduction

Metal nanoparticles are of interest due to their differ-
ent properties compared to the corresponding bulk 
material. Their small size and large specific surface 
area lead to distinct physicochemical properties that 
make them interesting for applications in catalysis 
[1–3], imaging [4], and electrochemistry [5]. A major 
application of rhenium nanoparticles is the reform-
ing of petroleum [6] and biomass [7, 8]. This reac-
tion benefits from the high catalytic efficiency of 
bimetallic rhenium-platinum nanoparticles [9]. In 
addition, rhenium nanoparticles catalyze the isomeri-
zation of alkenols [10]. Alloyed rhenium nanoparti-
cles were also tested in the oxygen reduction reac-
tion (ORR) for fuel cells and in electrocatalysis [11]. 
More recently, rhenium nanoparticles have been dis-
cussed as supported catalysts in the hydrogen evolu-
tion reaction (HER) in electrochemical water splitting 
[12]. Ramirez et  al. gave a comprehensive overview 
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on the application of rhenium-based catalysts in that 
area [13]. Rhenium nanoparticles have also been 
studied as catalysts for the thermal decomposition 
of ammonium perchlorate, a solid propellant [14], 
and as catalysts for the reduction of 4-nitrophenol to 
4-aminophenol [15, 16]. In a biomedical application, 
188Re isotope nanoparticles (< 50 nm) were proposed 
for radiotherapy of spleen, bone marrow, and other 
tumors as they are high-energy beta radiation emitters 
[17, 18].

Many syntheses were reported for nanoparticles of 
silver, gold, and platinum metals [19–21]. In contrast, 
there are only a few reported syntheses of uniform 
water-dispersible rhenium nanoparticles. In general, 
rhenium nanoparticles can be synthesized by differ-
ent methods. One option is the reduction of rhenium 
salts by metallic sodium in liquid ammonia [22, 23]. 
Another possibility is the pulsed-laser decomposi-
tion of ammonium perrhenate(+ VII), NH4ReO4, or 
of dirhenium decacarbonyl, Re2(CO)10, that leads to 
rhenium nanoparticles of 20 to 60 nm in diameter 
[10]. The reduction of potassium hexachloridorhen-
ate(+ IV), K2ReCl6, with hydrazine resulted in unsta-
ble nanoparticle dispersions that dissolved in water 
by oxidation to perrhenate ions [24]. The thermal 
decomposition of ammonium perrhenate and dirhe-
nium decacarbonyl led to a mixture of rhenium nano-
particles with various rhenium oxides [25]. Shiri et al. 
have reviewed the microemulsion-based synthesis 
to prepare metal nanoparticles of osmium, rhenium, 
iridium, and rhodium and reviewed the state-of-the-
art of this synthesis pathway [26]. However, all these 
syntheses either led to polydisperse nanoparticles, 
non-water-dispersible nanoparticles, or poor yields. 
The rhenium nanoparticles also tend to oxidize within 
days in contact with air or water, usually demon-
strated by X-ray photoelectron spectroscopy (XPS) 
[14, 16, 24, 27]. Babu and Mucalo prepared agglom-
erated rhenium nanoparticles in the size range of 
several hundred nanometers without a capping agent 
that contained rhenium in a variety of oxidation states 
between + II and + VII as shown by XPS. This was 
ascribed to oxidation in the dispersant water that also 
contained dissolved oxygen [27]. It has been shown 
that rhenium nanoparticles undergo surface oxidation 
within days in contact with air and water [24].

Water-dispersible smaller nanoparticles with 
a diameter of 3 nm (“ultrasmall nanoparticles”) 
[28–31] are particularly promising due to their high 

specific surface area. Here, we report a facile and 
robust synthesis of uniform ultrasmall rhenium nano-
particles, based on the reduction of rhenium trichlo-
ride with sodium borohydride, colloidally stabilized 
by the tripeptide glutathione.

Materials and methods

Chemicals

We used rhenium(III) chloride (99.99%, AlfaAesar), 
glutathione (98%, Sigma-Aldrich), sodium borohy-
dride (98%, Sigma-Aldrich), methanol (HPLC grade, 
Fisher Scientific), deuterium oxide (99.9%, Deutero), 
and Amicon Ultra Spin filters (3 kDa, Merck). For 
differential centrifugal sedimentation (DCS), a PVC 
nanoparticle calibration standard (Lot#123, 263 nm, 
CPS Instruments Inc.) and dodecane (99%, ABCR) 
were used.

Ultrapure water (Purelab Ultra instrument, 18.2 
MΩ, ELGA) was used for all experiments. All glass-
ware was cleaned by boiling once with concentrated 
nitric acid (65% in water, Fisher Scientific) and then 
washed with water.

Synthesis of glutathione‑stabilized rhenium 
nanoparticles

A synthesis of gold nanoparticles reported by Schaaff 
et al. was adapted for rhenium [32, 33]. Briefly, rhe-
nium trichloride (ReCl3, 20 mg, 68 µmol, 1 eq.) was 
dissolved in 50 mL methanol in a 100-mL round-bot-
tom flask. Glutathione (GSH, 42 mg, 136 µmol, 2 eq.) 
dissolved in 20-mL ice-cold water was quickly added. 
The solution changed its color from light-reddish to 
slightly violet within 10 min, indicating the formation 
of rhenium-glutathione complexes. NaBH4 (51.7 mg, 
1.36 mmol, 20 eq.) dissolved in 5-mL ice-cold water 
was rapidly added, leading to a color change of the 
dispersion to black-brown, indicating nanoparticle 
formation. Methanol was removed with a rotary evap-
orator in vacuum. The black nanoparticle dispersion 
was transferred to 3-kDa spin filters. The nanoparti-
cles were isolated by spin filtration for 45 min at 4000 
rpm (2500 g) and washed four times with water under 
the same conditions. The yield was 5.1 mg, based 
on rhenium (27.4 µmol, 40%) by ICP-MS. The dis-
persed nanoparticles were characterized by 1H-NMR 
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spectroscopy (600 MHz, D2O), δ = 3.84–3.72 (m, 
3H), 3.33–3.26 (m, 1H), 3.05–2.93 (m, 1H), 
2.58–2.53 (m, 2 H), and 2.19–2.12 (m, 2H) ppm, and 
13C-NMR spectroscopy (151 MHz, D2O), δ = 175.1, 
171.9, 54.2, 52.7, 43.6, 38.8, 31.4, and 26.2 ppm.

Inductive coupled plasma mass spectrometry 
(ICP‑MS)

The rhenium concentration in the product was deter-
mined on freeze-dried nanoparticles after microwave 
digestion (MARS 6; CEM) by inductively coupled 
plasma mass spectrometry (Spectro Arcos instru-
ment; Kolbe Microanalysis Laboratory, Fraunhofer 
Institute Umsicht, Oberhausen). The error of the anal-
ysis was 0.015%.

Transmission electron microscopy

Transmission electron microscopy was performed 
with a FEI TEM 80–300 microscope [34]. The sam-
ple was imaged at an accelerating voltage of 300 kV. 
The nanoparticle dispersion was applied to a copper 
grid coated with an ultrathin amorphous carbon film 
and subsequently dried in air at ambient temperature. 
The size of the nanoparticles was measured with the 
program ImageJ [35].

X‑ray powder diffraction (XRD)

X-ray powder diffraction was performed with a 
Bruker D8 Advance powder diffractometer in 
Bragg–Brentano reflection mode with Cu Kα radia-
tion (λ = 1.5418 Å; 40 kV, 40 mA). The water-dis-
persed nanoparticles were drop-cast on a silicon 
single crystal sample holder in order to minimize 
scattering and gently dried with warm air. Each sam-
ple was measured from 20° to 90° 2θ with a step size 
of 0.02° and a counting time of 8 s, resulting in a total 
measurement time of 8.4 h. Qualitative phase analysis 
was performed with the program Diffrac.Suite EVA 
V7.1 (Bruker) with the pattern of Re (#00–005-0702) 
from the ICDD database. After instrumental cali-
bration with the reference material LaB6 from NIST 
(SRM 660b), quantitative Rietveld refinement was 
performed with the software TOPAS 7.0 (Bruker) to 
calculate the lattice parameters and the average crys-
tallite size from diffraction peak broadening.

Small‑angle X‑ray scattering (SAXS)

SAXS measurements were performed on a laboratory 
base system Xenocs-Xeuss 2.0 (EMUSAXS center 
at the Institute of Physics, University of São Paulo). 
This system uses a microfocus source Genix3D (Cu 
Kα radiation), Fox3D focusing mirrors, and two sets 
of scatterless slits. The 2D scattering intensities were 
collected on a Dectris-Pilatus 300k detector. The 
obtained scattering images were integrated with the 
program package Fit2D [36], leading to 1D curves of 
the scattering intensity as a function of the momen-
tum transfer modulus q, defined as q = 4�sinΘ∕� . 
The liquid samples were placed on custom-made 
reusable sample holders, consisting of borosilicate 
glass capillaries (1.5 mm of diameter) glued on stain-
less steel cases and closed with rubber caps. There-
fore, the sample holders could be cleaned by washing, 
allowing the measurements of samples and buffers 
in the same capillaries, thereby optimizing the data 
quality. Pure water (20 °C) was used for normaliza-
tion to an absolute scale. The estimation of uncertain-
ties and the data treatment were performed with the 
program SuperSAXS [37].

For the modeling of the scattering intensity, a 
model of polydisperse spheres with radius R and 
polydispersity σ was used. The intensity is given by

where P is the form factor of polydisperse spheres, SC 
is a scale factor, and Back is a constant background. 
All mathematical details of the modeling procedure 
can be found in Ref. [38].

NMR spectroscopy

The freeze-dried nanoparticles were redispersed in 
500 µL D2O by treatment for 2 h in an ultrasonic bath. 
The dispersion was filled into a 5-mm NMR tube and 
measured on a Bruker Avance III 600 MHz spectrom-
eter at 25 °C.

DOSY NMR spectroscopy

DOSY-1H-NMR spectroscopy of glutathione-coated 
nanoparticles dispersed in 90% H2O/10% D2O 
was performed with a Bruker Avance III 700 MHz 

(1)I(q) = SC ⋅ P(q,R, �) + Back
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spectrometer with a 5-mm TCI cryoprobe with a 
z-gradient at 25 °C. A 1H-DOSY pulse sequence 
from Bruker was equipped with presaturation for 
water suppression. The spectra were measured with 
a diffusion time of Δ = 100 ms and a pulsed gradi-
ent duration of δ = 3.5 ms. The gradient strength was 
incremented from 5 to 95% of the maximum gradient 
strength (66 G cm−1 for a smoothed square gradient 
pulse) in 32 linear steps. The spectra were processed 
with the program Topspin 3.5 (Bruker). The line-
arized diffusion data were plotted and fitted according 
to the Stejskal-Tanner Eq. [39, 40]:

with I the signal intensity, I0 the signal intensity with-
out gradient, γ the gyromagnetic ratio of 1H, δ the dif-
fusion gradient pulse length, Δ the diffusion delay, G 
the gradient strength, and D the translational diffusion 
coefficient.

The linearized relative intensities of all 1H signals 
were averaged. Error bars represent the standard devi-
ation of these signals. While the standard error of the 
Stejskal-Tanner fit itself is small (< 2%), we estimate 
the error of the diffusion coefficient to ± 20% due to 
manual integration and potentially overlaying small 
signals from impurities.

The hydrodynamic diameter was calculated 
according to the Stokes–Einstein Eq. [41]:

with dH the hydrodynamic diameter, kB the Boltz-
mann constant, T the temperature in K, η the dynamic 
viscosity at 25 °C, and D the translational diffusion 
coefficient.

Differential centrifugal sedimentation (DCS)

Differential centrifugal sedimentation was carried 
out with a CPS Instruments DC 24000 disc centri-
fuge, operating at 24,000 rpm and 29,000 relative 
centrifugal force (29,000 × g). A density gradient was 
obtained by overlaying with two sucrose solutions 
with concentrations of 8 and 24 wt%, respectively. 
Dodecane (0.5 mL) was added to the top layer to pre-
vent evaporation. Prior to each measurement, a dis-
persion of poly(vinyl chloride) (PVC) with a defined 
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hydrodynamic diameter of 263 nm dispersed in water 
was measured for calibration. The volume of the 
added nanoparticle dispersion was 100 µL in water. 
The hydrodynamic diameter of the nanoparticles was 
calculated with the density of elemental rhenium 
(21.03 g cm−3).

UV–Vis spectroscopy

UV–Vis spectroscopy was performed with quartz 
glass cuvettes from 200 to 800 nm (600 µL) in a 
Genesis 50 instrument (ThermoScientific). The back-
ground of pure water was subtracted.

Thermogravimetry

Thermogravimetry was carried out with a Netzsch 
STA 449 F3 thermobalance. Fifteen to 20 mg of 
the sample were heated in an open aluminum cruci-
ble with a rate of 5 K min−1 from 25 to 1000 °C in a 
dynamic oxygen atmosphere. In addition, sample ali-
quots were heated to 300, 500, and 700 °C in the ther-
mobalance under the same conditions, freely cooled 
to room temperature, and examined by X-ray powder 
diffraction.

Results and discussion

Ultrasmall rhenium nanoparticles were synthe-
sized by reduction in water and stabilized with glu-
tathione. Glutathione is attached to the rhenium 
nanoparticle surface, probably via the thiolate group 
of cysteine [18], and protects the nanoparticles from 
growth and agglomeration [42]. UV–Vis spectros-
copy showed that no larger (plasmonic) nanoparticles 
were present (Fig. 1). The UV–Vis spectrum showed 
a strong absorption below 250 nm due to the ligand 
glutathione [43]. In addition, a small shoulder was 
observed around 370 nm, possibly due to small rhe-
nium clusters or the presence of oxidized rhenium 
species [18, 24]. Creighton and Eadon have discussed 
the UV spectra of colloidally dispersed metal nano-
particles in a very comprehensive contribution, cover-
ing 52 metallic elements. They calculated UV spectra 
for 10-nm particles in vacuum and in water, based 
on the Mie scattering theory. For rhenium, they pre-
dicted a moderate increase in absorption below 400 
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nm that became steeper below 300 nm, in good agree-
ment with our results [44].

The metal core diameter was determined by 
high-resolution transmission electron micros-
copy (HRTEM; Fig.  2). The d-spacing of the FFTs 
matched the rhenium hcp phase. The average particle 
diameter was 1.7 ± 0.5 nm with a monomodal parti-
cle size distribution. Figure 3 shows infrared spectra 

which demonstrate the presence of the capping agent 
glutathione on the nanoparticles.

Small-angle X-ray scattering (SAXS) results of 
water-dispersed nanoparticles are shown in Fig.  4. 
From the modeling, we obtained an average core 
diameter of 1.2 ± 0.2 nm, indicating well-dispersed 
spherical nanoparticles.

A complementary method to determine the hydro-
dynamic diameter is differential centrifugal sedimen-
tation (DCS). The average particle size by DCS was 
1.5 ± 0.3 nm (Fig.  5). Note that ultrasmall particles 
appear systematically smaller in DCS because their 
effective density is lower than that of the metallic 
core due to the surrounding ligand shell [45].

The ligand on the particle surface can be analyzed 
by solution NMR spectroscopy. For ultrasmall metal 
nanoparticles, such spectra can be analyzed but are 
usually accompanied by strongly broadened NMR 
peaks [46–49]. While NMR studies on nanoparticles 
of gold [50, 51], silver [52–54], and palladium [54, 
55] have already been reported, there are no NMR 
studies on dispersed ultrasmall rhenium nanoparticles 
so far.

The 1H-NMR spectrum (Fig.  6) did not show 
sharp signals; i.e., there was no residual dissolved 
glutathione in solution. The five broad signals in 
the spectrum can be assigned to glutathione bound 

Fig. 1   UV–Vis spectrum of glutathione-coated ultrasmall rhe-
nium nanoparticles, dispersed in water

Fig. 2   Left: HRTEM image of glutathione-coated ultrasmall 
rhenium nanoparticles, with insets displaying the magnified 
view of a single particle and its corresponding FFT pattern. 

Right: The particle size distribution as determined from 50 
individual nanoparticles
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to the nanoparticle surface via sulfur in agreement 
with earlier results on glutathione-capped ultrasmall 
gold nanoparticles [53]. This is supported by 1H-1H-
COSY, 13C, and 1H-13C-HSQC NMR spectra (see 
Supporting Information, Figures  S1 to S3). We can 
conclude that the intact glutathione ligand is present 
on the nanoparticle surface. The fact that there are 
no sharp NMR signals underscores that glutathione 
is firmly attached to the rhenium particle surface and 
not in a dynamic adsorption/desorption equilibrium.

1H-diffusion order spectroscopy (1H-DOSY) gave 
the hydrodynamic diameter of the water-dispersed 
nanoparticles [39]. Figure 7 shows the Stejskal-Tanner 
plot of the 1H-DOSY experiment. The nanoparticles 

in the sample diffused more slowly (D = 1.82 1010 m2 
s−1) than the dissolved (free) ligands, which means 
that the ligand was firmly bound to the surface. This 
corresponds to a hydrodynamic diameter of the dis-
persed nanoparticles of 2.2 ± 0.4 nm. The difference 
to the core diameter by SAXS (1.2 nm) and HRTEM 
(1.7 nm) indicates that the hydrated ligand shell has 
a thickness of about 0.3 to 0.5 nm, in agreement with 
earlier results of peptides attached to ultrasmall gold 
nanoparticles [56]. In the nanoparticle dispersion, no 
dissolved glutathione with high diffusion coefficient 
was observed by DOSY, confirming the absence of 
unbound glutathione.

It shall be emphasized here that NMR spectros-
copy provides invaluable data on the nanoparticle, 
which are almost impossible to obtain by other meth-
ods. Although the NMR peaks are broadened and 
shifted with respect to the dissolved ligands, they 
give information on the presence and integrity of the 
ligands on the surface of the nanoparticles. It also 
gives access to size-related data via DOSY NMR. For 
larger (plasmonic) nanoparticles, NMR spectroscopy 
is not applicable; therefore, much less is known in 
these cases about the nature of the ligand shell (see, 
e.g., refs. [46, 47, 49]).

The particles were not stable upon heating, 
although rhenium is a high-melting metal. Thermo-
gravimetry in oxygen showed an almost complete 
mass loss up to 1000 °C (Fig.  8). After an initial 
loss of about 6 wt% up to 150 °C that can probably 
be assigned to adsorbed water, almost all remaining 
mass was lost in a sequence of barely distinguish-
able steps. Besides the expected combustion of the 
organic ligand glutathione, dirhenium heptoxide, 
Re2O7, evaporates. It has been reported that Re2O7 

Fig. 3   Infrared spectra of glutathione (top) and glutathione-
capped ultrasmall rhenium nanoparticles (bottom). They dem-
onstrate the presence of glutathione on the nanoparticle surface 
where it acts as a stabilizing agent

Fig. 4   Small-angle X-ray 
scattering (SAXS) of 
glutathione-coated ultras-
mall rhenium nanoparticles, 
dispersed in water (left). 
Scattering data (points) 
and model fit (solid lines). 
Computed particle size dis-
tribution by number (right)
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forms upon heating rhenium in air by oxidation and 
evaporates undecomposed at 360 °C [57]. The rapid 
oxidation of rhenium nanoparticles by air and water 
even at ambient temperature has also been frequently 
reported [14, 16, 24, 27].

X-ray powder diffraction on the nanoparticles 
heated to 300 °C in oxygen showed that the sample 
was almost unchanged. At further increased tem-
perature, oxidation occurred. At 500 °C, two differ-
ent rhenium oxides (ReO2 and ReO3) had formed, 
together with sodium perrhenate, NaReO4. The latter 
has probably emerged by the presence of sodium as 

a counterion to deprotonated glutathione under basic 
synthesis conditions. At 700 °C, it was the only phase 
that had remained (Fig. 9). All phases formed at ele-
vated temperature had a much larger crystallite size 
as indicated by the narrow diffraction peaks.

A more detailed investigation by Rietveld refine-
ment showed that the as-prepared nanoparticles were 
crystalline with the hexagonal rhenium metal struc-
ture (Fig.  10). Despite the strong peak broadening 
that was caused by the small crystallite size, Rietveld 
refinement gave reliable and quantitative results. The 
unit cell parameters are reasonably close to those of 
bulk rhenium with a = 2.7610 Å and c = 4.4584 Å 
(ICDD #05–0702). The crystallite size was 1.5 and 
1.6 nm at 25 °C and 300 °C, respectively; i.e., it was 
only insignificantly changed by heating to 300 °C. 
The comparison with the particle diameter by the 
other methods showed that the particles were single-
crystalline, in good agreement with the TEM results 
(Fig.  2). This means that each nanoparticle consists 
of only one crystalline domain and is not twinned. 
Twinning has been frequently observed for nanopar-
ticles of different sizes [58–61]. A Rietveld fit for the 
sample obtained at 500 °C was not possible due to the 
many different crystalline phases.

Table 1 summarizes all analytical data of the rhe-
nium nanoparticles. Taken together, the particles 
had a high degree of uniformity and consisted of 
single-crystalline hexagonal metallic rhenium, still 
unchanged at 300 °C.

Ultrasmall rhenium nanoparticles have been pre-
pared before, usually as heterogeneous catalysts. The 

Fig. 5   Differential centrifugal sedimentation (DCS) of glu-
tathione-coated ultrasmall rhenium nanoparticles, dispersed 
in water. Measured data are shown in black and a Gaussian fit 
curve in red

Fig. 6   1H-NMR spectrum 
of glutathione-coated ultras-
mall rhenium nanoparticles, 
dispersed in 100% D2O, and 
the structure of glutathione 
that is attached to the 
rhenium surface via the 
central cysteine thiol group. 
The strongly broadened 
NMR signals result from 
the vicinity of the metal 
core to the ligands. The 
integrals (blue numbers) 
were obtained within the 
green-labeled ranges
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thermal decomposition of a dirhenium tetraallyl com-
plex in a reducing atmosphere resulted in rhenium 
particles of 1 to 1.2 nm in diameter [62]. In another 
approach, rhenium nanoparticles were synthesized in 
isooctane/water mixtures by reduction of ammonium 
perrhenate(+ VII) with natural polyphenols, leading 

to a broad particle size distribution between 1 and 12 
nm [63]. Small rhenium nanoparticles were reported 
with DNA (0.7 to 1.1 nm particle size) [64], polyal-
lylamine hydrochloride (PAH; 0.7 to 1.7 nm particle 
size) [65], and polyvinylpyrrolidone (PVP; 0.7 to 
2.8 nm particle size) [66] as stabilizers. Shiri et  al. 
prepared ultrasmall rhenium nanoparticles with an 
average diameter of 2.2 nm in a water-in-oil micro-
emulsion. In the HRTEM, they were amorphous. 
Interestingly, it was found that the microemulsion 
surfactant dioctyl sulfosuccinate sodium (AOT) pro-
tected the rhenium nanoparticles from oxidation to 
perrhenate in an air atmosphere [67]. Zhong et  al. 
prepared 6-nm rhenium nanoparticles on carbon 
nanotubes (CNTs) as potential catalysts by a thermal 
shock method (heating for about 2 s to 800 °C under 
argon) [12]. Preuss et al. prepared very small rhenium 
nanoparticles (about 1 nm diameter) by reduction 
with NaBH4 and stabilization with polyamidoamine 
(PAMAM) dendrimers. XPS indicated considerable 
oxidation to rhenium oxides [14]. Ribeiro et  al. pre-
pared 1–4-nm rhenium nanoparticles supported on 
carbon and found considerable catalytic activity in 

Fig. 7   Stejskal-Tanner plot from 1H-DOSY NMR experiments 
of glutathione-coated ultrasmall rhenium nanoparticles, dis-
persed in 90% H2O/10% D2O. The data points show the aver-
age of all analyzed 1H signals. The error bars show the stand-
ard deviation of the mean

Fig. 8   Thermogravimetry of glutathione-coated ultrasmall 
rhenium nanoparticles in oxygen. The mass loss is due to evap-
oration of water, followed by combustion of the organic ligand 
glutathione and evaporation of rhenium heptaoxide, Re2O7, 
that forms by oxidation of rhenium with oxygen at elevated 
temperature and has a boiling point of 360 °C. Thus, the sam-
ple has almost completely lost its mass at 1000 °C

Fig. 9   X-ray powder diffractograms of glutathione-coated ultr-
asmall rhenium nanoparticles as-prepared (25 °C), heated to 
300 °C, 500 °C, and 700 °C in oxygen in the thermobalance, 
respectively. At the bottom, the peak positions of elemental 
rhenium are shown in black (ICDD #05–0702), those of rhe-
nium dioxide (ICDD #71–2414) in green, those of rhenium tri-
oxide (ICDD # 72–1302) in red, and those of sodium perrhen-
ate (ICDD #89–0326) in blue
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the reduction of 4-nitrophenol to 4-aminophenol [15]. 

However, the synthesis of colloidally stable and well 
water-dispersible metallic rhenium nanoparticles has 
not yet been reported.

Conclusions

It was possible to prepare ultrasmall metallic rhe-
nium nanoparticles as monodisperse water-dispers-
ible ultrasmall nanoparticles with an average diam-
eter of about 1.5 nm. NMR spectroscopy confirmed 
the integrity of the glutathione ligand. Transmission 
electron microscopy and X-ray powder diffraction 
confirmed the presence of metallic rhenium in the 

Fig. 10   Rietveld refine-
ment of X-ray powder dif-
fraction data of glutathione-
coated ultrasmall rhenium 
nanoparticles as-prepared 
(25 °C; top, Rwp = 1.83) 
and after heating to 300 
°C (bottom, Rwp = 2.51). 
Peak positions of elemental 
rhenium are shown in blue 
(ICDD #05–0702)

Table 1   Analytical data of glutathione-coated ultrasmall rhe-
nium nanoparticles

Hydrodynamic diameter (DCS) 1.5 ± 0.3 nm

Hydrodynamic diameter (1H-DOSY NMR) 2.2 ± 0.4 nm
Particle core diameter (SAXS) 1.2 ± 0.2 nm
Particle core diameter (HRTEM) 1.7 ± 0.5 nm
Crystallite size (XRD) at 25 °C 1.5 ± 0.7 nm
Crystallite size (XRD) at 300 °C 1.6 ± 0.2 nm
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particle core. Notably, the particles were stable up to 
300 °C but evaporated almost completely upon heat-
ing due to oxidation to dirhenium heptoxide that is 
volatile above 360 °C. This means that they are not 
suitable for high-temperature conversions, e.g., to 
obtain rhenium-based materials via powder metal-
lurgy. Heating in the absence of oxygen will lead to 
the thermolysis of the organic ligand glutathione and 
the formation of carbides or elemental carbon. How-
ever, water-dispersible crystalline ultrasmall rhenium 
has a very high specific surface area and should be 
excellent catalysts, i.e., in dispersion or on solid sup-
ports, e.g., for electrochemical water splitting.
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