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A novel class of superfluorinated and NIR-luminescent gold nanoclusters were obtained starting from a branched thiol, bearing 27 equivalent 19F atoms per 

molecule. These unprecedented clusters combine in a unique nanosystem both NIR photoluminescence and 19F NMR properties, thus representing a promising 

multimodal platform for bioimaging applications. 

 
Metal clusters around 2 nm show interesting and useful size-dependent properties, which greatly differ from those of larger nanoparticles, bulk metals, or single 
atoms.1 Gold nanoclusters (AuNCs) passivated by thiols, Aun(SR)m, are among the most studied because of their high stability.2,3 Furthermore, AuNCs do not show 
plasmon UV-vis resonances, but are characterized by a strong luminescence in the near infrared (NIR) region, which makes them perfect candidates for in 
vivo optical imaging.4,5 Most of the studied AuNCs are stabilized by simple alkane- or arenethiols, though more complex, bulky ligands are also valuable for 
introducing important functionalities.6,7 In fact, various bulky or structurally complex thiols (e.g., drug analogues, cyclodextrin derivatives, DNA oligonucleotides, 
polymers, dendrimers, calixarenes, and proteins, among others) have been used to produce AuNCs for various applications, such as sensing, diagnostics and drug 
delivery.8–12 

In recent years, fluorinated ligands have increasingly been exploited for the development of various types of nanoparticles (NPs), which yielded new materials 

with enhanced chemical features, such as corrosion resistance, anti-fouling properties, catalytic activity, etc.13–16 Fluorinated gold NPs (i.e., F-AuNPs), in particular, 

have found large use as powerful bioimaging tools.17–19Most of the reported F-AuNPs are functionalized by long-chain linear perfluoroalkyl ligands, which resulted 

in the formation of particles in the 2–4 nm size range.20 One of the viable strategies to obtain smaller fluorinated AuNCs (F-AuNCs) requires the use of bulkier 

ligands based on branched fluorinated molecules.7 In this regard, short-chain and branched fluorinated ligands represent a more sustainable replacement of their 

linear counterparts, which have raised substantial concerns for their environmental impact and bioaccumulation. Here we report a novel class of AuNCs stabilized 

by a superfluorinated bulky thiol (Fig. 1). 

 

 

 Fig. 1 Chemical drawing (a) and single crystal X-ray structure (b) of thiol 1.  
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Ligand 1 (Fig. 1a) was designed on the basis of PERFECTA,21 a pentaerythritol-based superfluorinated (SF) contrast agent for 19F Magnetic Resonance Imaging 

(MRI), containing 36 magnetically equivalent fluorine atoms. One of the four pentaerythrityl arms has been functionalized with a thiol-terminated chain for 

enabling binding to an Au surface (Fig. 1a).22 The functionalization of a single arm was verified by NMR studies (see the ESI† and later) and confirmed by single 

crystal X-ray diffraction analysis. 

The crystal structure of thiol 1 (Fig. 1b) highlights the superfluorinated and branched nature of this ligand, which shows two distinct sections: the bulky SF head 

and the hydrogenated alkyl tail. Interestingly, in the solid state, the alkyl tail adopts a rather extended conformation protruding from the SF head. This arrangement 

leaves the thiol group outwardly oriented and available for further coupling to the Au surface. The supramolecular organization of ligand 1 molecules in the crystal 

is driven by several F⋯F interactions among CF3 groups of adjacent molecules (F⋯F distances in the range of 2.8–2.9 Å) and weak H⋯F contacts involving the 

hydrogenated tail. As a consequence of these rather weak interactions, the overall crystal lattice is quite unstable and all the measured crystals experienced fast 

decay. 

In order to foresee the role of these weak van der Waals interactions in the stabilization on a shell of SF thiols around an AuNC, we performed Molecular 

Mechanics (MM) and Molecular Dynamics (MD) simulations. For investigating the possible conformations displayed by the fluorinated chains and evaluate the 

steric hindrance at a non-flat interface, we modelled at first an ideal nanocluster-sized Au sphere of about 1 nm diameter.23 Various fluorinated chains, from four to 

eight, were covalently bound to the surface (details are reported in the ESI†). Using a simulation protocol adopted in previous works and based on MM-MD 

methods,23,24 we obtained a final optimized geometry of the Au nanosphere at room temperature. An interesting energetic stabilization was found increasing the 

number of fluorinated chains bound to the surface, due to F⋯F interactions among neighbouring chains (see Fig. 2a). In particular, the energy gain normalized by 

the number of fluorinated chains kept increasing up to five and six bound molecules, while it became somewhat smaller for seven and eight molecules, due to an 

increase in steric repulsions. The radial distribution function reported in Fig. 2b shows the distribution of the fluorine atoms as a function of the distance r from the 

center of mass (c.o.m.) of the ideal gold nanosphere. Around this Au core the fluorine atoms are distributed in the distance range between 6 and 18 Å. The observed 

separations in the fluorine atom below 3.0 Å, equivalent to the sum of the van der Waals radii of two F atoms,25 are indicative of stabilizing interactions between the 

fluorinated chains. 

 

 

 Fig. 2 Theoretical modelling of molecules of 1 covalently bound to an ideal Au nanosphere (a), and Radial Distribution Function 
(RDF) of all fluorine atoms of the ligands with respect to the center of mass, c.o.m., of the model nanosphere (b). 
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Ligand 1 was successfully used to produce SF-AuNCs. In particular, we followed a procedure described by Dass et al. for producing 1H,1H,2H,2H-

perfluorodecanethiol (PFDT)-stabilized AuNCs by using a slightly modified Brust reaction.26 The protocol was optimized on PFDT by obtaining PFDT-

AuNCs with a mean diameter of 2.3 ± 0.7 nm, which we used as the reference for comparison with the new branched system (see the ESI† for detailed 

experimental data). The same reaction performed with ligand1 (1 : 3 Au : thiol ratio) resulted in smaller clusters (SF-AuNCs1) with a mean diameter of 1.4 ± 0.6 

nm as evidenced by TEM analysis (Fig. 3a and b). This smaller size is a likely consequence of the larger molecular volume occupied by the branched thiol 1(515 

Å3) compared to PFDT (326 Å3).§ As expected, increasing the amount of fluorinated thiol 1 in the synthesis up to 6 equivalents seemed to lead to a further decrease 

of the core mean diameter to 1.1 ± 0.6 nm (SF-AuNCs2; see the ESI† for detailed characterization). 

 

 

 
Fig. 3 TEM image (a), with relative statistical analysis (b) of a dispersion in 1,1,1,3,3-pentafluorobutane of SF-AuNCs1. SAXS 
spectrum (c) of SF-AuNCs1 in 1,1,1,3,3-pentafluorobutane, where the black curve is the best fitting curve using a form factor of 
polydisperse core–shell spheres, and volume distribution of radius size (d) from SAXS obtained by GIFT. 

 

A size distribution analysis on SF-AuNCs1 dispersed in 1,1,1,3,3-pentafluorobutane was carried out using Small Angle X-ray Scattering (SAXS; Fig. 3c and 

d). First, the SAXS curve was analysed using a form factor of polydisperse spherical particles with a core–shell structure (solid curve in Fig. 3c) that resulted in an 

average Au core radius of 0.9 nm, a fluorinated shell thickness of 0.3 nm and a Schultz polydispersity of 0.2.27 This was also confirmed using the GIFT program28 to 

invert the SAXS spectrum and obtain the pair-distance distribution function (PDDF) assuming a homogeneous spherical shape. The obtained size distribution 

reported in Fig. 3d shows a well-dispersed population of single AuNCs of an average size of about 2 nm, which is in good agreement with the size obtained by 

TEM analysis. 

Differently from PFDT-AuNCs (see the ESI†), UV-vis absorption spectra of both SF-AuNCs1 (Fig. 4a) and SF-AuNCs2 (Fig. S9, ESI†) dispersed in 

1,1,1,3,3-pentafluorobutane showed a step-like fine structure. This molecule-like optical behaviour is typical of NCs with core sizes below 2 nm. In particular, 

prominent absorption features were observed at 680, 442, 400, and 320 nm, which are well-known features of the Au25 cluster core.3,29,30 MALDI mass analysis was 
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also performed to determine the number of gold atoms per ligand molecule in SF-AuNCs1 (see Fig. S12, ESI†). The most prominent peak at the highest mass was 

found atm/z = 16 166; however, many other peaks of lower intensities were also present at lower m/z values. This is not unexpected, taking into account both the 

polydispersity of the sample and the fact that, typically, extensive core and ligand fragmentations are observed in MALDI mass analysis of NCs.31 Interestingly, 

interpreting the peak at m/z = 16 166 as related to an Au25 core would indicate a ligand shell of 13 ligands. This stoichiometry is rather unusual for Au25 NCs, 

which most commonly feature 18 thiols, and may be related to the bulkiness of our SF thiol 1, as modelled by the MM–MD simulations. However, further 

investigations are needed to definitely assess the number of gold atoms per ligand molecule in SF-AuNCs1, and confirm the rather peculiar 

Au25(SR)13 stoichiometry. 

 

 

 Fig. 4 UV-vis spectrum of SF-AuNCs1 in 1,1,1,3,3-pentafluorobutane (a), and their full luminescence 3D spectrum (b), showing 
emission wavelength (x axis), excitation wavelength (y axis), and intensity (z axis). 

 

Both SF-AuNCs displayed an intense photoluminescence in the NIR region (Fig. 4b and Fig. S11, ESI†). In particular, excitation of the SF-AuNC dispersions 

between 380 and 520 nm gave a strong emission centred at 1050 nm. For SF-AuNCs1, the excitation wavelength could be moved up to 700 nm, still maintaining a 

detectable luminescence in the 1000–1100 nm region (Fig. 4b). The quantum yield of SF-AuNCs1 was estimated to be 12% for the lower excitation wavelength. 

The possibility of exciting in the NIR region (650–1350 nm), also known as the therapeutic window, is of paramount importance in optical bioimaging 

applications. At these wavelengths, in fact, it is possible to maximise light’s tissue penetration depth. Moreover, emission in the NIR spectral region avoids 

interference from most biological chromophores, allowing selective detection of the imaging probe’s luminescence.32 

The Nuclear Magnetic Resonance properties of the obtained SF-AuNCs were also studied. As expected, the 19F NMR spectrum of thiol 1 (recorded in 1,1,1,3,3-

pentafluorobutane, Fig. 5a) shows a sharp, very intense, single resonance peak at −71.15 ppm. Its relaxivity properties are also promising, with a relatively 

short T1 and a very long T2 (Table S3, ESI†), indicating high suitability for 19F MRI. 19F NMR spectra of both SF-AuNCs1 and SF-AuNCs2 dispersions in 

1,1,1,3,3-pentafluorobutane displayed an intense peak at the same chemical shift of thiol 1, plus two other smaller peaks at −70.96 and −71.04 ppm (Fig. 5b). The 

major peak at −71.14 ppm is very sharp and intense, thus allowing for artefact-free MR images, and the relaxivity properties are well in line with the most 

successful fluorinated contrast agents reported in the literature, so far (Table S3, ESI†). On the other hand, the smaller peaks may due to the size distribution of the 

sample, where various SF-AuNCs of diameters between 0.8 and 2 nm are present in solution (mean diameter 1.4 ± 0.6 nm). The magnetic performance of our 
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novel SF-AuNCs makes them suitable for 19F-MRI application, which along with the very strong NIR emission allows us to envision their potential application in 

bioimaging as a dual modality platform. 

 

 

 Fig. 5 19F (564.73 MHz) NMR spectra of thiol 1 (a) and SF-AuNCs1 (b) in 1,1,1,3,3-pentafluorobutane (C6D6 capillary used for 
locking). 

 

The biological application of such a system requires dispersion of SF-AuNCs in water, for example by using biocompatible surfactants. Thus, 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC) liposomal dispersions of SF-AuNCs were studied. Briefly, pentafluorobutane-dispersed NCs were added to a solution of DOPC 

in chloroform and the mixture was dried under vacuum. The dried film was re-dispersed in aqueous solution and subjected to size reduction procedures. Successful 

encapsulation was confirmed via Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis, which showed, on an average, an Au concentration of 26 mg 

L−1, corresponding to 7.74 × 1014 NCs ml−1. Multiangle Dynamic Light Scattering (DLS) analysis of the final liposomal dispersion showed an averaged 

hydrodynamic radius of 69 nm, similar to the unloaded liposomal system (see the ESI†for detailed characterization). SF-AuNCs1-loaded liposomes displayed a 

photoluminescence behaviour very similar to that observed for the same clusters in pentafluorobutane-based solutions (Fig. 6a) with the emission peak at λexc = 700 

nm still clearly visible, although decreased in intensity. The 19F-NMR spectrum of the liposomal dispersion displayed two peaks probably indicating different 

domains of the SF-AuNCs1 in the liposomal dispersions (Fig. 6b) with the major one at 71.90 ppm. Further optimization of these formulations is needed for their 

use in biological applications, but although preliminary, these results show the possibility of easily preparing biocompatible aqueous formulations of the 

developed SF-AuNCs. 

 

 

 
Fig. 6 Full luminescence 3D spectrum of a DOPC-based liposomal dispersion of SF-AuNCs1 in MilliQ water (a), showing the 
emission wavelength (x axis), the excitation wavelength (y axis) and the intensity (z axis). (b) 19F NMR spectrum of the same sample, 
with D2O added for locking. 

 

In conclusion, we have reported a novel class of superfluorinated and highly branched AuNCs. This novel class of nanosystems showed excellent NIR 

photoluminescence properties, with an emission maximum centred at 1050 nm when excited between 460 nm and 680 nm, as well as a very sharp and intense 19F 
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NMR peak at −71.14 ppm. The same characteristics were maintained when the developed NCs were successfully dispersed in water by using a commercially 

available, biocompatible liposomal formulation. As a consequence, we believe that the reported SF-AuNCs may represent a novel and efficient platform for 

multimodal bioimaging applications. Optimization of the liposomal dispersion of the obtained SF-AuNCs is currently under way in our laboratories and will be 

reported elsewhere. 
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