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Introduction

Interactions between -systems 1 , 2 are involved in diverse and important phenomena, such as the stabilization of the double helical structure of DNA, 3 protein folding, 4 molecular recognition, 5 drug design, 6 and crystal engineering. 7 These interactions are of fundamental technological importance for the development of organic-based devices, 8 in particular for organic light-emitting diodes, 9 field-effect transistors 10 , or (bio-) molecular devices. [11][12][13][14][15][16] A key parameter in these interactions is the transfer integral (or electronic coupling energy) parameter t, which is included as t 2 in simple semiclassical formulations of charge carrier mobility. 17 In symmetric dimers, t is directly related to energy-level splitting of the highest occupied/lowest unoccupied molecular orbital (HOMO/LUMO) due to intermolecular interactions for hole and electron transport, respectively. 8 The parameter t has mainly been discussed by using photoelectron spectroscopy and quantum-chemical calculations. 18 -20 In the ideal scenario for (opto-)electronic applications, t should be deduced directly from electronic measurements in a device configuration and related to the molecular structure. Such knowledge of t would help us to understand and optimize charge transport through molecular systems. For example, cooperative effects, induced by molecule-molecule and molecule/electrode electronic couplings, are attracting substantial theoretical attention. 21 , 22 The distribution or fluctuation of t plays a key role in the charge transport through organic semiconductors or biomolecules by inducing charge localization or conformational gating effects. [23][24][25] A Gaussian distribution of t with a standard deviation (SD) in the range of the mean t is usually assumed from thermal molecular motions, 25 but remains to be confirmed experimentally. The experimental measurement of t could potentially be used as an ultrasensitive chemical characterization technique because t is expected to be more sensitive to molecular structural order than other physical constants such aselectrostatic interactions (φ) measured by Cyclic Voltammetry (CV) (Figure 1a). However, recent efforts to establish correlations between electrochemical and molecular electronics results [26][27][28][29][30][31] have neglected -intermolecular interactions.

To reach these goals, two main issues need to be addressed. A first issue is related to disorder. Structural variability makes it difficult to extract t from electronic measurements because t is extremely sensitive to order at the angstrom level 8 . One recently implemented and elegant way to measure charge transport at the local scale is through photoinduced time-resolved microwave conductivity (TRMC), 32 but this contactless approach differs from the measurement of charge transport in a device configuration. The alternative approach is to reduce electrodes and organic layer dimensions.

A second issue is that comparisons between experimental and theoretical charge transport data are usually qualitative. Even without molecular organization disorder, many parameters influence the measured current including molecule/molecule or molecule/electrode coupling and electron-vibration (phonon) interactions 8,33 . A recent theoretical proposal suggested additional degrees of freedom. Reuter et al. found that quantitative information on cooperative effects may be assessed by statistical analysis of conductance traces. 21,34 This approach is based on the Landauer Buttiker Imry formalism that typically is used in mesoscopic physics for the study of electron transport through quantum dots in the coherent regime. The related experimental model system is a single layer of -conjugated molecules (quantum dots), which is sandwiched between two electrodes. Thousands of molecular junctions are required for statistical analysis. The authors suggested that cooperative effects between molecules should provide asymmetrical conductance histogram spectra (Figure 1b). Histogram fitting may be achieved by considering the mean and SD of molecule site energies ( , δ ), molecule-electrode coupling (V, δV) and transfer integrals (<t>, δt). 21 This fitting differs from the usual experimental log-normal conductance histogram shape (normal distribution when conductance G is plotted in log scale) reported in single moleculebased molecular electronics (Figure 1b) (see Supplementary Note S1 in Supporting Information [SI] for a detailed history of conductance histograms in molecular electronics). 11, [35][36][37][38][39][40][41] Here, we explore -intermolecular interaction energies from the electrochemical perspective (coupling between charge distributions) and molecular electronic perspective (coupling between orbitals) using a large array of ferrocene (Fc)-thiolated gold nanocrystals. First, we show that the two peaks observed in voltammograms on these systems can be controlled by the nanocrystal diameter. Each peak corresponds to a dense or dilute molecular organization structure located at the top or side facets of the nanocrystals, respectively. Second, the dense molecular organization structure is resolved by Ultra-High-Vacuum Scanning Tunneling Microscopy (UHV-STM). This structure is used as a reference for estimating t from quantum chemical calculations at the Density Functional Theory (DFT) level. Based on current measurement statistics for ~3000 molecular junctions between the top of the nanocrystals and a conducting atomic force microscope (C-AFM) tip, we confirm the theoretical prediction of histograms that shape is affected by cooperative effects. 21 Furthermore, we extend the previously proposed tight-binding formalism to fit the histograms 21,34 . The estimated electronic coupling energy distribution for t is quantitatively compared with quantumchemical calculations. The φ and t obtained from CV traces and current histograms, respectively, are discussed on the basis of intermolecular distance fluctuations. Finally, we highlight the implications and perspectives of this study to molecular electronics, organic electronics and electrochemistry.

Results

Electrochemical characterization of Fc-thiolated gold nanocrystals

We selected ferrocenylalkylthiol (FcC 11 SH) as an archetype molecule with a πconjugated head for electrochemistry 29,30,42,43 and molecular electronics. 12,14,[29][30][31][32][33][34][35][36][37][38][39][40][41][42][43][44][45][46] CV is a powerful tool to gain insights into the molecular organization, extract surface coverage Γ, and evaluate the energy level of the HOMO (E HOMO ± δE HOMO ). In particular, as different molecular organization structures usually lead to multiple CV peaks, 47,48 the aim of this section is to demonstrate that molecules located at the top of the Fc-thiolated gold nanocrystals correspond to a single CV peak, from which φ can be extracted. 49 We have previously demonstrated the possibility of performing CV on Fc-thiolated gold nanocrystal surfaces, 14 although we studied only one dot diameter and did not investigated cooperative effects. CV cannot be performed at the single-dot level with these molecules because the currents are too weak (≤ fA range). 14,50,51 First, we assess E HOMO and dot-to-dot dispersion in E HOMO (δE HOMO ) by CV. The voltammogram is averaged over millions of nanocrystals with a few Fc molecules per nanocrystal (diluted in a C 12 SH matrix) to avoid cooperative effects (Figure 2d). The peak energy position is in the expected range for Fc molecules (0.41 eV vs Ag/AgCl). 12,14,47,42 Furthermore, the voltammogram width at half maximum (FWHM) is close to 90 mV for the main peak, i.e. the theoretical value in the absence of interaction between redox moieties. 27 This result suggests that δE HOMO is less than 45 meV (Figure S3). S6). Peak splitting can be observed [42][43][44] . The peak area is related to the total faradic charge and, therefore, to the number of molecules per dot. Only the number of molecules per nanocrystal related to peak 1 significantly varies with nanocrystal diameter D (Figure 2h). Based on a simple model with a truncated conical shape for dots (Figure 2c), we suggest that peak 1 corresponds to molecules at the top of the dot, whereas peak 2 corresponds to molecules on the side of the dot (Figure 2h, inset). Thus, the density of molecules is smaller on the sides (Γ~2 nm 2 /molecule) than on the top (Γ~0.39 nm 2 /molecule) of the nanocrystals (see Figure 2h for fits and Methods for details). In other words, a highly ordered structure corresponding to a single peak in the voltammogram can be successfully formed on the top of the gold nanocrystals. This hypothesis is consistent with FWHM ≥90 mV for peak 1 (global repulsion between Fc moieties in the electrolytic media used 56 ) and FWHM ≤90 mV for peak 2. The position and shape of the second peak can be explained by a local change of the environment (presence of Na + counter ions from negatively charged silica at the dot borders and pH>2; Figure 2i) and a modification of ion-pairing equilibrium 47,52 (fewer ClO 4 -ions at dot borders due to SiO -surface sites). CV on the smallest dots results in a single peak whose width is smaller than the width expected at room temperature without molecular interactions. This result could be technologically useful for improving the sensitivity of electrochemical biosensors beyond the thermal Nernst limit. [53][54][55] The strength of electrostatic interactions for molecules located at the top of the gold nanocrystals can be quantitatively assessed by the extended Laviron model 27,56,57 (see Supplementary Methods). Coulomb interactions (φ when Fc moieties are fully oxidized) tune the FWHMs of the voltammograms because they are modulated by the fraction of oxidized species. Reasonable fits can be obtained with φ = 4.5 meV for all dot diameters (see Table S1 in SI for fit parameters). The φ obtained from CV will be linked to t from the current measurements in the Discussion section.

Estimation of t from quantum-chemical calculations

The self-assembled monolayer (SAM) structure on a gold substrate has been resolved by UHV-STM (Figure 3a) and used as a reference for DFT calculations. The STM image shows a regular structure of elongated shapes corresponding to groups. The extracted average area per molecule (0.40 nm 2 ) is in agreement with our CV results and is slightly larger than the 0.36 nm 2 considered for a hexagonal structure with a diameter of 0.66 nm per Fc 58,59 . The area corresponds to a configuration in which Fc units are at the same level in the vertical position. Each Fc unit forms a tilt angle of 56° ± 15° with respect to the surface normal (Figure S7), consistent with estimates obtained by obtained by Near-edge X-Ray absorption fine structure spectroscopy (60° ± 5°) 60 and by molecular dynamics simulations (54° ± 22°). 60 When molecules are organized as in Figure 3b, t can be calculated by DFT for two neighboring Fc units (fragments). This simulation is only based on the Fc units and not on the full FcC 11 SH molecule because the contribution of the saturated part of the molecule to t is negligible. As structural fluctuations in monolayer organization are expected experimentally, we compute t a and t b between fragments of molecules 1 and 3 and molecules 1 and 2 at different positions along the X and Y axes. Figure 3c shows t b when molecule 2 moves along the X axis in a collinear geometry. t b strongly depends on displacements of molecule 2 at the angstrom level because t is related to the electronic (rather than spatial) overlaps between orbitals. [61][62][63][64] Maxima are in the 20-30 meV range. Figure 3d shows the evolution of t b as a function of the variation of the intermolecular distance d (δd) around the equilibrium position, without lateral displacement. The decay ratio b =1.94/ Å is close to the tunnel decay ratio in molecular electronics. Similar results are obtained for t a (cofacial geometry; see Figure S8). For consistency with our previous studies, the B3LYP functional (see Methods) has been chosen due to the good agreement with mobility values extracted from the TRMC technique. 32 A recent theoretical study illustrated that B3LYP behaves very similarly to long-range corrected functionals and that the size of the basis set has a weak impact on the calculated transfer integrals. 65 Overall, the results indicate that the -conjugated Fc molecules are electronically coupled and suggest that a signature of cooperative effects should be observed on current measurements.

Cooperative effects on current histograms

We have conducted the statistical study proposed in ref. 21 (i.e., current histograms).

"Nano-SAMs"(i.e., SAMs with diameters of a few tens of nanometers) are ideal for this experiment. Use of nano-SAMs enables us to obtain sufficient molecules for cooperative effects, but limits the number of molecules to avoid averaging over many molecular structures, grain boundaries, and defects. The C-AFM, as the top electrode, 66 is swept over thousands of nanocrystals. 39 We previously showed that log-normal histograms are systematically obtained when such a statistical study is performed with nano-SAMs composed of alkyl chains without groups. 39 In contrast, as predicted in ref. 21, we find that the presence of cooperativity between π-conjugated orbitals (in the head group) affects the line shape of histograms. Figure 4a S2 for fitting parameters). In the case of 15-nm-diameter nanocrystals, a second peak, corresponding to another molecular organization structure 39 appears at a lower current in the histograms (Figure 4b). We suggest that this peak, which is barely seen in the histograms, is averaged on larger dots. Fitting parameters for the main current peak are almost unchanged (see Table S2). When FcC 11 molecules are diluted 1:1 with dodecanethiol molecules (C 12 SH) to reduce coupling between molecules, the lognormal histogram is recovered (Figure 4c), similarly to alkyl-chain-coated nanocrystals. 39 We tried to fit the current histograms using a coherent scattering formalism similar to the one proposed in ref. 21 the external potential, depends on these parameters accordingly (see SI Methods). To generate current histograms, V t ,V b ,t, are chosen from Gaussian distributions with predefined means and SDs (e.g. eq.1a) for each individual molecular junction. For t, we additionally considered eq 1b to explicitly consider the fluctuation of the intermolecular distance (see Figure 3d). meV, and δ =30 meV). Considering eq 1b for t gives an even better fit to experimental data with t 0 =0.34 eV, β = 1.96/Å, and SD(δd) = 0.8Å. When intermolecular coupling is suppressed (t = 0) while keeping other parameters constant to mimic the diluted monolayer (Figure 5c), the resulting log-normal histogram reproduces the experimental results (Figure 5d).

Discussion

In molecular or organic electronics, comparisons of experimental and theoretical charge transport data are usually qualitative. Therefore, any step towards a more quantitative analysis is important to the field.

A strong coupling asymmetry of α=V t 2 /(V t 2 +V b 2 )≈0.9 was required to fit histograms (see Figure S10 in SI), as expected from the structure of the molecule and previous studies 12, 14 . The "large" values of V t and V b (molecular orbital energy broadening amounts of 100 meV and 15 meV, respectively) confirm our expectation of strong molecule/electrode couplings, which we previously exploited to obtain a high-frequency molecular diode 14 .

Extracted distributions of t corresponding to best fits in Figure 5d are shown in Figure 6a. We have explored two t distributions corresponding to eq 1a and eq 1b. In both cases, maxima are found at t ≈ 35 meV, which is in the expected range from our DFT calculations. However, both deviate quantitatively from the theoretical distribution prediction for t based on thermal molecular motions (SD(t) ≈ <t> in eq 1a). 25 Using eq 1a, we find SD(t) ≈ 140 meV, suggesting that the structural fluctuations are larger than those generated from solely thermal motions (phonons). Structural fluctuations are explicitly considered with parameter δd in eq 1b. The extracted SD(δd) = 0.8Å is reasonable given that a more packed configuration for these monolayers is possible. 12 Based on these results, we suggest that Van der Waals interactions between alkyl chains, which compete with the -interactions in the molecular organization of such monolayers, 12 could play a role in the distribution of t.

We stress that the number of molecules NxN, considered for current histograms generation, affects the quantitative extraction of t. An approximately 150 molecules are used in the experiment. A large enough N was required in the model to avoid overestimating the extracted value of t (Figure S11 in SI). At N=9, the extracted t depends to a lesser extent on the molecule/electrode coupling parameters, which reduces the error on the estimated t (Figure S11 in SI). We suggest that t ≈ 35±20 meV is extracted from the present model based on both t distributions and the possible error on V t and V b .

From this quantitative analysis on t, we can discuss the results in the general contexts of charge transport in organic semiconductors 32,33,68 and chemical characterization tools.

As high-mobility organic semiconductors are often composed of a -conjugated backbone substituted by one or more alkyl side chains, 32 as in the present study, a t distribution following eq 1b may be considered in charge transport models.

Semiclassical theories of charge transport in organic semiconductors show that the electron transfer (hopping) rates along the -conjugated molecular planes scale as t 2 .

Figure 6b represents such probability distributions for t 2 corresponding to the two t distributions shown in Figure 6a (related to eq 1a and 1b). Distributions have similar shapes in both cases, but the tail is narrower for the Gaussian distribution of t. In both cases, the broadened distribution of t 2 would open new hopping pathways.

The exploration of -intermolecular interaction energies from both CV and current histograms using the same samples composed of a large array of Fc-thiolated gold nanocrystals enables a direct comparison of both techniques as chemical characterization tools. Parameters φ and t are different in nature, but both are related to the molecular organization. As for t with eq 1b, φ can be related to δd from a simple electrostatic model (Figure 6c, inset):

φ=q.[1-(1+(r a /(d+δd)) 2 ) -0.5 ]/[4 ε 0 ε r (d+δd)] (2)
r a is the counter-ion pairing distance, q is the elementary charge, ε 0 and ε r are the dielectric permittivity of vacuum and the relative permittivity of water, respectively.

φ=4.5 meV, for d=7 Å and δd=0 Å, corresponds to an Fc-ClO 4 -ion pairing distance of 4.9 Å (5.5Å is expected from molecular dynamics simulations 69 ). With eq 2, a Gaussian distribution for δd implies a non-Gaussian distribution for φ (Figure 6c). Combining eq 2 and the extended Laviron model (see SI Methods), we see that such a distribution should induce a broadening of the CV peak, but only when d+δd approaches the ionpairing distance (Figure 6d). Therefore, CV would not be sufficiently sensitive to assess information on the small molecular organization fluctuations expected here (e.g. SD(δd) = 0.8Å from parameter t analysis). This feature illustrates the potential of using t as an ultra-sensitive chemical characterization parameter.

In summary, we have investigated the possibility of assessing the -electronic couplings from charge transport measurements in a connected device, using a statistical analysis of current from a large array of Fc-thiolated gold nanocrystals. The results have been quantitatively compared to DFT calculations. Extracted parameters, including a molecule/electrode coupling asymmetry of 0.9 and t of 35 meV, were in the range of expectations. However, the distribution of t was broader than expected from the solely thermal fluctuations. This observation is attributed to structural fluctuations and to a variation of the intermolecular distance of 0.8 Å in the model. The results confirm the need for charge transport model to consider small structural fluctuations, even on the order of 1Å; however, CV does not have sufficient sensitivity to reveal such small fluctuations. This limitation may be overcome by measuring extremely small CV currents (on the single-dot level), and performing statistical analyses on φ (as predicted in Figure 6c). The origin of these structural fluctuations remains unclear, but could be related to the competitiveand -interactions due to the presence of alkyl chains.

Overall, the present study provides insights into understanding -intermolecular interactions in organic and (bio-) molecular devices. The findings confirm that Landauer-type coherent-scattering models, which are usually dedicated to lowtemperature mesoscopic physics, are relevant at room temperature for molecular electronics, even in the presence of cooperative effects. Statistical current analysis could be applied to various systems, because current histograms represent a common approach in molecular junctions. The study of -electronic couplings is a unique opportunity to link quantum chemistry, mesoscopic physics, organic electronics, and electrochemistry, indicating the importance of each subfield in the development of organic electronics.

Methods

Additional Methodological information related to STM, gold nanodot fabrication, monolayer self-assembly, experimental conditions for CV and related fits, image treatment DFT calculations and theoretical histogram generation is available in the SI Methods.

UHV STM

The high resolution image was performed at room temperature with a substrate biased at 2V and at a constant current of 1 pA.

Areas of top and side facets of the nanocrystals

To estimate the number of molecules per peak, the area was considered from the following formula, based on Figure 2c:

/4*(D-2*h/tanξ) 2 + *(D-h/tanξ)*h/sinξ (3)
where the first term corresponds to the area on the top and the second term to the area on the sides of the nanocrystal. Reasonable fits are obtained with h=2.7 nm and ξ=30°, as expected from the nanocrystal structure.

C-AFM

We measured current voltage by using C-AFM (Dimension 3100, Veeco) with a PtIrcoated tip on molecules 66 in N 2 atmosphere. Each count in the statistical analysis corresponds to a single and independent gold nanodot. The tip curvature radius is about 40 nm (estimated by SEM), and the force constant is in the range of 0.17-0.2 N/m. C-AFM measurements were taken at loading forces of 15 and 30 nN for the smallest and largest dots, respectively to keep a similar force per surface unit. As shown in ref. 14, a weak effect of the force is observed for these molecules in the range of 10-30 nN. In scanning mode, the bias is fixed and the tip sweep frequency is set at 0.5 Hz. With our experimental setup being limited to 512 pixels/image, the parameters lead to a typical number of 3000 counts for a 6×6 µm C-AFM image. In the presence of -electronic couplings, current histogram peaks are well-fitted with an asymmetric double sigmoidal function ( ) given by

( ) = + !("!" # $% & /()/% ( )1 - !("!" # !% & /()/% , - (4) 
where the values of the various parameters are presented in SI Table 2.

Landauer Imry Buttiker Formalism and histograms fits

The model has been adapted from ref. 21 to account for a large number of molecules and asymmetrical contacts (detail in SI Methods). It provides a good description of the fundamental aspects of electron transport via the computation of the energy-dependent transmission through the device. The formalism described in ref. 21 focused on the zerobias conductance (and at low temperature), a result which can be extended to the evaluation of the current at low bias, provided that one integrates the transmission over a range of energy given by the external potential. Here we have used this model with conditions of relatively high bias and at room temperature. The assumption that the Landauer approach remains applicable under such conditions is often made in the field of molecular electronics with a single-level model. 31 We believe that these assumptions are further justified due to the strong coupling of the Fc molecules, as evidenced by the level broadening estimated in the range of 100 meV. The generation of current histograms (instead of conductance histograms in ref 21) required an additional assumption (midpoint rule) to efficiency compute the 10 6 realizations (see SI Methods).

The validity of this approximation has been confirmed for the present study (Figure S14 in SI).

The process of fitting the line shape of the experimental histograms relies on a relatively large number of variables, which can be defined by a step by step procedure.

We considered a site energy = 0.2 eV versus Fermi level at V bias =0 V, given the CV results and related energy band diagram proposed in ref.

14. An upper limit of . <45

meV was considered based on CV analysis (Figure S3d). First, we optimized the parameters for 3×3 molecules due to computational time. Because . does not significantly affect the extracted value of t (Figure S10), we considered δ =40 meV (similar to the value considered in ref. 21. V t and V b were adjusted to get a good current level and to reproduce the histogram shape. An optimal asymmetry factor of =0.9 was considered (Figure S10), in agreement with refs. 12 and 14. δV was tuned to fit the histogram line shape when t = 0 (mixed monolayer). δt was tuned with t while fitting asymmetric histograms line shapes. Current histograms were generated based on 10 6 realizations. When the number of molecules in the matrix is large (e.g. 9x9 molecules), histogram fitting takes several days. Efficient hardwares (i.e. Ising machine) is being developed to solve such problems efficiently. 70,71 Figure S2.

(h) Graphs showing number of molecules per dot (obtained from (e-g)) averaged with data from reduction peak (Figure S6). Error bars are based on dispersion between CV (oxidation/reduction peak and various speeds). Data are fitted with eq 3 (truncated cone approximation). Inset: Schematic representation of molecular organization. Peak 1 (purple) and peak 2 (green) correspond to molecules on top and sides, respectively. (i) Schematic representation of Fc-thiolated gold nanocrystals in NaClO 4 electrolyte when all Fc are oxidized. S2. 

Figure

  Figure 2a-c (and Figure S1,S2 in SI) show the experimental setup with NaClO 4 electrolyte (0.1 M) facing Fc molecules and the Au nanocrystal electrodes.49 We have

Figure

  Figure 2e-g show conventional CV results for nanocrystals (of different diameters)

  , with the additional consideration of asymmetrical coupling to the electrodes and the possibility of simulating up to 9×9 molecules (only two molecules were considered in ref.21). Figure5aillustrates the modeled system. Each Fc molecule is considered as a single-level quantum dot coupled to both electrodes. Dots are coupled together with coupling term t in a tight binding model. This coupling term is equivalent to the transfer integral in DFT. For simplicity, t is considered to be identical along both axes in the plane. Each molecule within a molecular junction composed of N×N molecules has the same parameters (molecule orbital energy), V t , V b , (molecules coupling to top and bottom electrodes, respectively) and t. Cooperative effects, whose strengths are controlled by parameters V t ,V b ,t,N, cause a smearing out of the energy-dependent transmission coefficient shape, with a peak transmission being less than one21 (see FiguresS13-S15in SI for additional illustrations). The current, obtained from the integral of the transmission coefficient over a range of energy set by

  δd in eq 1b is chosen from a Gaussian distribution. A step-by-step fitting protocol is detailed in the Methods section and Figures S10, and S11 in SI. Figure 5b illustrates the possibility of generating histograms that reproduce the experiments. Optimized parameters for 9×9 molecules using eq 1a for t (t = 0.04 eV, V t = 0.401 eV, V b = 0.144 eV, δ = 40 meV, δt = 0.14 eV, and δV=22 meV) are in the range of those considered in ref.21 based on ref. 67 where t was 0.1 eV, V t = V l = 0.6 eV, δt = 75 meV, δV = 37

1

  Figure 1 Signatures of cooperative effects with the introduction of parameters φ and t. (a) Schematic representation of CV results in the absence (black curve) and presence (orange curve) of Coulomb interactions between Fc molecules according to the Laviron model 27 based on the Frumkin isotherm. Inset: Schematic representation of the microscopic process. When Fc is oxidized (green cloud), it shifts the energy level of the neighboring molecule by φ. (b) Schematic representation of a theoretically predicted 21 conductance histogram in the absence (black curve) and presence (orange curve) of coupling between two molecules (tight binding model). Inset: Schematic representation of intermolecular coupling (t) related to charge transfer between adjacent molecules.

Figure 2

 2 Figure 2 Quantitative analysis of intermolecular interaction energy φ from CV (a) Schematic representation of intermolecular interaction in an electrochemical setup. Electrolyte is NaClO 4 (0.1 M). φ, Coulomb repulsion between adjacent molecules (see SI Methods); CE counter electrode; RE Ag/AgCl reference electrode; WE working electrode (gold nanocrystals). (b) SEM image of gold nanocrystal array on highly doped silicon. Scale bar = 200 nm. (c) Schematic representation of a nanocrystal cross-section based on ref.49. Parameters of interest are the nanocrystal diameter D, height h≈3 nm and angle ξ≈30°. (d) Square wave voltammogram (SwV) for (1:10) FcC 11 SH SAM diluted with C 12 molecules on an array of 15 nm diameter dots. Integration of the main peak area corresponds, after normalization (see SI Methods), to 5 to 15 FcC 11 SH molecules per dot. The curve is fitted with 2 peaks. The main peak has a FWHM~90 mV (φ≈0). (e-g) CV results (anodic peak) for arrays of FcC 11 SH-coated gold nanoelectrodes of different diameters (as indicated). FWHM correspond to sweep rate of 1V/s (oxidation peak). Fitting parameters are indicated in TableS2.

Figure 3

 3 Figure 3 Estimation of cooperative effects from supramolecular organization and DFT calculations (a) UHV-STM image of a SAM of FcC 11 SH molecules grafted on gold. Molecular structure is resolved and used as reference for full DFT calculations. Periodic black lines, with cell delimited by pink clouds, indicate positions of Fc molecules. (b) Cell composed of four FcC 11 SH molecules based on (a,b). A number is attributed to each molecule due structural anisotropy. (φ a ,t a ) and (φ b ,t b ) refer to interactions between molecules 1 and 3 and molecules 1 and 2, respectively. X and Y axes are aligned along molecules 3 and 1 and molecules 2 and 1, respectively. (c) Full DFT calculation of parameter t b between molecules 1 and 2. Position of molecule 2 is translated along the X axis to mimic disorder. Inset: Molecular configuration at each maximum for t b . (d) Evolution of t b as a function of the variation of intermolecular separation δd modulated from the initial geometry (normal displacement = 0 Å). Decay ratios b is indicated.

Figure 4

 4 Figure 4 Current histograms used to evaluate -intermolecular interaction energy (~ 3000 counts per histogram) Current histogram obtained at a tip voltage of -0.6 V for (a) 40 and (b) 15-nm diameter dots (with 5-nm diameter on top). Plain curve is the fit with asymmetric double sigmoidal function (eq 4). Dashed curve is the lognormal fit. Inset: Schematic view of the setup. (c) Same as (b) but with a (1:1) FcC 11 SH:C 12 SH-diluted SAM. Fitting parameters are shown in TableS2.

Figure 5

 5 Figure 5 Histograms fits with Landauer Buttiker Imry formalism. (a) Schematic representation of the model. Each molecule (quantum dot) is coupled to other molecules with coupling term t and coupled to top/bottom electrodes with coupling energies V t and V b , respectively. , molecule orbital energy. SDs of these parameters are used to generate histograms. Related experimental setup shown for clarity. (b) Experimental (V tip = -0.6 V) and simulated histograms (V t = 0.401eV, V b = 0.144eV, .V = 22meV, = 0.2eV, t = 0.04 eV, .t = 140 meV, t 0 = 0.34eV, β = 1.96/Å SD(δd)=0.8Å) considering 81 molecules. (c) Schematic representation of model with fewer molecular interactions. Parameters are same as in (a) except t = 0. Related experimental setup (diluted monolayer) is shown for clarity. (d) Experimental (V tip = -0.6 V) and simulated histograms (t = 0).

Figure 6

 6 Figure 6 Extracted distributions of t and implications for organic electronic and electrochemical field (a) Distribution of t obtained from best fits in Figure 5d with eqs 1a and 1b. Expected (Gaussian) distribution from solely thermal motions shown in grey. Each electronic level has an associated t that can be positive or negative, so the sign is of little importance. (b) t 2 distribution obtained from (a). (c) Estimated distribution of φ from eq 2 given an intermolecular distance fluctuation of δd=0.8Å. Inset: Schematic representation of the electrostatic model (equation 2). (d) Experimental and theoretical CV results (coupled eq 2 and eq S1) with δd=0, 0.8 and 3 Å. Energy level of Fc vs Ag/AgCl (E p ) is used to center the CV peak at 0.
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