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Chemical tuning of Coulomb blockade at room-temperature in ultra-small platinum nanoparticle self-assemblies †

This work describes self-assemblies of ultra-small platinum nanoparticles, the electrical properties of which can be adjusted through slight modifications of the assemblies' constituents. Elaborating such systems, stable in air for months, is a first step towards nanoelectronic systems, where the charging energy of the nanoparticles is tuned by the nature of the ligands.

If the use of metallic nanoparticles (NPs) in molecular electronic devices is to be developed, a first prerequisite will be to control Coulomb blockade (CB) -i.e. the gap at low voltage in which no current flows. [1][2][3] However, although one and two-dimensional systems are already described, [4][5][6] three main features are still lacking toward this goal in three dimensional metallic NP assemblies: (1) chemical tools that subtly control the strength of CB, 7,8 (2) systems sufficiently robust to remain stable for months in air at room temperature, and (3) versatile electric properties, measurable at all scales, to facilitate potential integration into devices. Molecule/NP self-assemblies (SAs) are appropriate systems to do so, as both molecules and NPs can be finely adapted to tune the three experimental parameters important for controlling the NP charging energy: (1) the size of the NPs, (2) the distance between them and (3) the dielectric constant of the ligands. 9,10 CB has previously been described in metallic NP SAs, and some ligand effect has been well documented for measurements at low temperatures. 4,5,[11][12][13][14][15] To observe CB at room temperature with metallic objects, it is important to work with ultra-small objects (o2 nm in size), as shown for Au 55 nanoclusters, 16 Au NPs, 17,18 or Au, Pt, Pd or Co clusters obtained by physical processes: sputtering, [19][20][21][22] evaporation, [23][24][25] or pulsed laser deposition. 26 In this work, we chose air-stable ultra-small (1.1 to 1.7 nm) platinum NPs -in the same size range as the considered molecules -connected by simple alkyl or aryl thiol ligands, which form strong Pt-S bounds with the NP surface. The sizes of the ligands are modified to tune the inter-particle distance and their functional groups to tune their dielectric constant. We obtained robust systems, stable in air for months, displaying CB at room temperature, which depends on the nature of the ligand. We also succeeded in addressing the SAs at different scales: nano (B10 nm), micro (B1 mm), and macro (B0.1 mm). The originality of our approach is the use of direct synthesis of ultra-small NPs from organometallic precursors, which gives high potentiality to finely control the average size of the NPs, and the nature and the quantity of ligands at the surface of the NPs.

Platinum NPs were prepared by decomposition of Pt 2 (dba) 3 (dba = dibenzylideneacetone) under a carbon monoxide (CO) atmosphere in THF, 27 followed by complete elimination of the organic ligands by washing with pentane, as confirmed by Fourier-transform infrared (FT-IR) spectroscopy (Fig. S1, ESI †). These ''naked'' NPs were only stabilized by CO and the coordinating solvent, THF. Their average size is 1.1 nm after the synthesis and can increase up to 1.7 nm upon ripening in solution. 

Conceptual insights

Even though Coulomb blockade has been studied for over sixty years, and previously observed at room temperature, the new concept here is its fine modulation, which can only be achieved by a controlled organometallic chemistry approach, as a first step toward electronic devices. The goal is to tune Coulomb blockade in dense three-dimensional self-assemblies of metallic nanoparticles with simple chemical tools. Synthesizing robust systems -stable in air for months -is a crucial condition; platinum nanoparticles stabilized by thiols, which form strong Pt-S bonds, are thus suitable systems. This article describes the first system where the nanoparticle size, the ligand length and the ligand dielectric constant are independently varied to control the nanoparticle charging energy. Such a chemical approach allowed the determination of the most important parameters that influence Coulomb blockade, namely the dielectric constant of the ligands and the size of the nanoparticles.

For each size, transmission electronic microscopy (TEM) images show well dispersed objects with a size dispersion of B20 to 30% (Fig. 1a andb). The addition of thiol ligands stops the ripening process. This procedure offers the possibility to precisely tune the concentration and the nature of the surface ligands. Two series of thiols were investigated: an aryl one, with three functional groups that can interact by hydrogen bonding (4-mercaptophenol HSPhOH, 4-aminothiophenol HSPhNH 2 and 4-mercaptobenzoic acid HSPhCOOH), and an alkyl one, with linear chains that can interact with each other by van der Waals interactions, with an increasing number of carbons from seven (heptanethiol HSC 7 ) to twelve (dodecanethiol HSC 12 ) (Fig. 1c). The equivalent number (eq.) is defined as the ratio between the quantity of ligands and the quantity of platinum atoms present in the system.

Four SAs were studied with naked NPs displaying an intermediate size of 1.5 nm and 0.1 to 0.4 eq. of HSPhOH. In all the conditions, microscopic rod-shaped SAs were formed, without any significant morphologic differences, as evidenced by TEM imaging (Fig. 2a-d). The global shape and the size distribution of the individual NPs remained unchanged after the coordination of the ligand and the assembly process, as demonstrated both by TEM (Fig. 2e andf) and X-ray diffraction (XRD) measurements (Fig. S2, ESI † -the platinum particles are single crystals adopting the fcc structure). For 0.1 eq. and 0.2 eq., the IR spectra of the NPs evidenced a red-shift of the aromatic CC bonds' wavenumbers between 1460 and 1620 cm À1 (Fig. 2g and Fig. S3, ESI †). This behavior reflects a weakening of the chemical bonds, attributed to the participation of the aryl rings in SA formation. For 0.3 eq. and higher, a shoulder is visible at the position of the free ligand, indicating an excess of molecules. We thus chose to further investigate the systems at 0.2 eq., to avoid any excess of free ligands.

To prove the fine tuning of our SAs, we first investigated the control of the inter-particle distances. We thus synthesized SAs with 1.3 nm naked NPs and alkyl thiols, increasing the number of carbons one by one from HSC 7 to HSC 12 . Here too the SAs consisted of micrometric rods made of nanometric NPs (Fig. 3a andb). The inter-particle distances were determined by small angle X-ray scattering (SAXS). For the six samples, correlation peaks were observed on SAXS patterns, with the position of the maximum intensity progressively shifting towards lower q values when the length of the molecule increased (Fig. 3c). We observed that the corresponding correlation distance s, estimated according to s = 2p/q max , 28 linearly increased as a function of the carbon number with a slope of 123 AE 8 pm per C (Fig. 3d). A structural model shows that the projection of a C-C bond on the axis of an alkyl chain in all-trans conformation is equal to 125 pm (Fig. 3e). These geometric considerations are thus in very good agreement with a precise tuning of the inter-particle distance s at the scale of a carbon-carbon length.

Similarly, large SAs were formed upon using small 1.2 nm NPs and a series of three aryl thiols, where the functional group in the para position changed. Platelets were formed when using HSPhNH 2 , rods using HSPhOH, and larger rods using Fig. 2 TEM micrographs of the self-assemblies after addition of HSPhOH: (a) 0.1 eq., (b) 0.2 eq., (c) 0.3 eq., and (d) 0.4 eq. (e) TEM micrograph at higher magnification and (f) size distribution of the platinum nanoparticles in the self-assemblies with 0.2 eq. of ligand. (g) FT-IR spectra of the aromatic CC vibrations of the ligand alone and of the ligands within the self-assemblies (from 0.0 to 0.4 eq.). The spectra are normalized to the signal of the CO vibration at 2040 cm À1 , as seen in Fig. S3, ESI. † HSPhCOOH (Fig. 3f-h). Interestingly, larger dimension SAs were formed when the strength of hydrogen bonds between functional groups increased (amine o hydroxyl o carboxylic acid). 1.7 nm-large NPs gave similar SAs, both in shape and size of superstructures. SAXS measurements gave s distances between 1.6 and 2.1 nm, with larger s for larger NPs (Fig. S4 and Table S1, ESI †).

Such arrays of ultra-small NPs offer the possibility to measure charge transport. The mechanism of such a charge transport is still debated in the literature. 5,[29][30][31][32][33] However, it is commonly admitted that the electron mobility is limited by the charging energy of a NP, defined as E C B e 2 /(2pe r e 0 d ln(s/(s À d))), where e is the charge of the electron, e 0 the permittivity of vacuum, e r the dielectric constant of the medium surrounding the particles, d the particle diameter, and s the center-to-center distance between two particles. 10,34 Three parameters can be experimentally tuned: s, d and e r . The alkyl series allowed a precise variation of s, keeping d constant as we used the same starting particles. The aryl series investigated the influence of variation of d, as two NP sizes were chosen (d = 1.2 and 1.7 nm). In addition, the substitution of the moiety in the para position to the thiol aryl groups significantly affected e r . The dielectric constants of the free ligands were measured by dielectric spectroscopy on powders of free ligands: e r = 7.1 for HSPhNH 2 , 5.2 for HSPhOH, and 2.7 for HSPhCOOH.

In order to measure their electronic characteristics, the HSC 7 alkyl chain stabilized SAs were deposited by dielectrophoresis on an interdigitated combs device, with spacing between the electrodes equal to 5 mm (Fig. 4a-micro). 9,10 I-V curves measured at temperatures ranging from 100 to 300 K (Fig. 4b) reveal the presence of CB, with a power law characteristic that depends on temperature. 31 We thus confirm that precise control of the NP size below 2 nm leads to assemblies displaying CB at room temperature. However, quantitative comparison between SAs containing different ligands was impossible using the interdigitated comb method, because of a large variability in the NP density from comb to comb. To circumvent this drawback, we elaborated a new approach combining charge transport measurements by conductive atomic force microscopy (CAFM) and statistical analyses. The rods were drop-cast on a gold surface and a large number of I-V curves (B50) were measured by contacting the CAFM tip on different individual SAs (Fig. 4a-nano). As the amplitude of the current strongly varied from SA to SA, the fifty curves were normalized at 5 V and averaged to compare the current characteristics of one sample to another one (Fig. 4c). CAFM measurements confirmed that the non-linear behavior in I-V curves was present at the nanoscale for all alkyl chain lengths, but also for all aryl thiols (Fig. 4d). Besides, CB was also present at the macroscopic scale in a large amount of materials (several milligrams -with HSPhOH), as observed by dielectric spectroscopy on a powder pressed between two 10 mm-wide electrodes, at temperatures ranging from 100 to 296 K (Fig. 4amacro and Fig. 4e). We thus measured CB signatures at the nano-, micro-and macro-scales for all the SAs, at room temperature. Furthermore, the charge transport characteristics measured by CAFM remained constant for at least six months, for the three aryl ligands (Fig. S5,ESI †). Our SAs are thus extremely robust systems, which can stay stable for a long time in air at room temperature.

CB is related to the impossibility of charging single NPs at low bias. In the present case, it can be observed at room temperature thanks to the very small size of our NPs (down to 1.2 nm). The importance of the size of the particles d can be demonstrated in this system since differences in d as small as 0.5 nm are significant, as evidenced in Fig. 4d. For example, for the HSPhCOOH SAs, the current at a given voltage -directly linked to the strength of CB -is significantly smaller for the smaller NPs (e.g. at 0.7 V, I/I(2V) = 0.04 for d = 1.2 nm and I/I(2V) = 0.08 for d = 1.7 nm). Similarly, the influence of the dielectric constant surrounding the NPs e r is clear, as for example for the 1.2 nm NPs, where the current at a given voltage is smaller for ligands of lower e r (e.g. at 0.7 V, I/I(2V) = 0.04 for HSPhCOOH -e r = 2.7 -and I/I(2V) = 0.14 for HSPhNH 2 -e r = 7.1). Finally, charge transport in SAs is also expected to depend on the inter-particle distance s, as previously reported. 10,17,24,28,32,35 However, when we focus on tiny distance variations, as precise as one single C-C bond, differences in CB are not evident to detect (Fig. 4c). For the alkyl series, the relatively small increase of CB as a function of s could be explained by a parallel increase of the ligand axial polarizability (calculated by DTF, 36 see below), which has an opposite effect to the inter-particle distance effect. This observation thus confirms a structuration of the alkyl thiols in a trans conformation in the SAs, as already suggested by the SAXS measurements.

Charge transport in SAs of metallic NPs have been studied in many groups and the transport mechanism is generally described as inelastic co-tunneling, resonant tunneling, variable range hopping, or nearest hopping. 7,9,11,13,14,25,28,33,34,[36][37][38][39][40] However, most of these models have been validated at low temperatures, and they are system dependent, and generally refer to an ideal description of the assembly. But the size distribution of our NPs is not null. As the Coulomb energy is reciprocal to the diameter, the current will indeed flow preferentially through the largest particles (which are still small), but as thermal agitation is important at room temperature, pathways including smaller particles will also be activated. Size distribution is crucial to study physical mechanisms of charge transport, but it is not an issue here -at least a posteriori, as statistically significant effects are observed in charge transport for subtle modifications of the materials at the nanoscale. The physical model of charge transport is still under investigation in our specific systems, but current characteristics through the NP SAs can phenomenologically be described by the equation I p V x , where the power exponent x is generally found between 2 and 3.5 in threedimensional systems. 40 No significant threshold voltage has been observed; this parameter is not a good descriptive parameter for our measurements, in agreement with previous reports in the literature; 14 that is why we focused on the study of x (for details, see Justification of the fitting choice in the ESI †). Fig. 4f represents the evolution of x as a function of E C .

x is deduced from the experimental I-V curves and E C has been calculated using E C B e 2 /(2pe r e 0 d ln(s/(s À d))). A noticeably good correlation was observed between the evolution of the fitted x and the calculated charging energies (for details, see Discussion on axial vs. global polarizability, Tables S1-S3 and Fig. S6 in the ESI †). This result confirms that the evolution of CB can phenomenologically be described by the charging energy E C , which depends only on s, d and e r . For some SAs, we obtained significantly high values of x -higher than 3, as generally reported. Such high values come from high Coulomb energies, but they can Fig. 4 (a) Schematics describing the charge transport measurements on self-assemblies (SAs) at three scales, and measurements: (b) at the microscale, performed with interdigitated combs with HSC 7 , at temperatures ranging from 100 K to 300 K, (c) at the nanoscale, performed by conductive AFM measurements with the six alkyl ligands (HSC 7 to HSC 12 ), at room temperature; measurements are performed between À5 V and 5 V, the curves are normalized at 5 V; inset: magnification on the 0-2.5 V region, (d) at the nanoscale, performed by conductive AFM with HSPhNH 2 , HSPhOH, and HSPhCOOH, and nanoparticles of 1.2 and 1.7 nm, at room temperature; measurements are performed between À2 V and 2 V, the curves are normalized at 2 V; inset: magnification on the 0-1 V region, (e) at the macroscale, performed by dielectric spectroscopy on a powder of self-assemblies with HSPhOH, at temperatures ranging from 100 to 296 K. (f) Evolution of the power exponent x (fitted from the I-V characteristics with aryl ligands -in black -and with alkyl ligands -in grey) as a function of the corresponding charging energies. also suggest charge transport mechanisms in three dimensions where electrons are highly constrained in percolation paths. 38,41 In summary, we report here a study of the parameters governing CB at room temperature on a mixed molecule/NP self-assembled system. This system is characterized by the precise control of the NP size (1.2, 1.5 and 1.7 nm) as well as by the control of the ligand concentration on their surface thanks to the production of ''naked'' NPs, in fact stabilized only by CO and the solvent THF, and on which the desired quantity of ligands can be added. The versatility of this system allows, independently, the control of the three identified parameters governing CB in three dimensional assemblies, namely the size of the particles, the inter-particle distance and the dielectric constant of the ligand medium. By tuning these three factors, we were able to show that the main contributions come from the particle size and the dielectric constant surrounding the particles. The NP SAs proved to be air-stable for months and their electronic characteristics could be measured at the nanometric scale by CAFM, at the micrometric scale on interdigitated electrodes and at the macroscopic scale by dielectric spectroscopy, leading to convergent results. This system is therefore unique to control reproducibly CB in metallic NPs at room temperature and thus to develop novel molecule/NP electronics.
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Fig. 1

 1 Fig. 1 (a) TEM micrograph and (b) size distribution of the naked platinum nanoparticles. (c) Chemical structures of thiol ligands: one aryl series varying the terminal functional group (left), and one alkyl series varying the length of the molecule (right). Abbreviated names are given in italics.

Fig. 3

 3 Fig. 3 TEM micrographs of the self-assemblies after addition of 0.2 eq. of alkyl ligands: (a) HSC 8 , (b) HSC 12 . (c) Small angle X-ray scattering patterns for the six ligands (HSC 7 to HSC 12 ). (d) Evolution of the correlation distance s as a function of the number of carbons, and linear regression (slope: 123 AE 8 pm per C). (e) Geometrical model of an alkyl chain and characteristic bond lengths. TEM micrographs of the self-assemblies after addition of 0.2 eq. of: (f) HSPhNH 2 , (g) HSPhOH, and (h) HSPhCOOH.
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