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How far the chemistry of self-assembled monolayers on gold surfaces affects their work function?

 

Introduction

Alkanethiols represent a class of ideal molecules for building robust and reproducible functionalized gold surfaces. Interestingly, self-assembled monolayers (SAM) enable adding new functionalities to a gold surface for building biosensors, 1,2 modulating the surface electric properties, [3][4][5][6][7] and opening new perspectives for molecular devices. 8,9 Several reviews report on the numerous studies devoted to the morphology of SAMs on various metals. [10][11][12] Among the interesting molecules, dodecanethiol has been investigated in details and the corresponding SAMs arrange into a brush-like structure with the sulfur moiety strongly bound to gold. [13][14][15][16] This SAM is terminated by the methyl group, which makes the coated metallic surface fairly passive towards further reactions and other functionalizations. Other tail groups than CH 3 were also studied, such as carboxy, alkoxy, amino or thio groups [17][18][19][20] or fluorinated tail groups. [21][22][23] Very active debates have appeared in the literature related to the change of this substituent and the subsequent modulation of the electrostatic properties of metallic surfaces. [24][25][26][27][28] Among these properties, the work function (WF) is the most emblematic one. It is defined for a surface as the required energy for extracting one electron from the Fermi level of the metal to the vacuum level, far from the surface. Such definition is adequate for ideal planar surfaces of homogeneous materials. 29,30 In molecular science, it is a concept similar to the ionization energy (IE) (see for example, critical comparison of WF and IE in Ref 31 ). IE and WF are playing central roles in the understanding of many fundamental mechanisms, in terms of chemical reactivity, photocatalysis, or nanoelectronics. Measuring values for the WF of functionalized surfaces has been carried out with various techniques: Ultraviolet Photoelectron Spectroscopy (UPS) under vacuum conditions, Kelvin Probe and more recently, Kelvin Probe Force Microscopy (KPFM) in atmosphere or in vacuum. 21,22,32,33 Knowing the WF is critical for devices, it has also been measured in various contexts including electric characterization of barrier heights in junctions, such as metal-organic interfaces, 8,9,21 lightemitting devices (LED), 6 or field emission guns. 34 For example, in the case of the most widely studied SAM, such as dodecanethiol on Au(111), the effective WF was measured mostly with UPS between 3.9 and 4.1 eV. 5,34,35 Debates in the literature call for a rationale of the WF predictions. In this context, it is tempting to evaluate the WF of functionalized surfaces by considering the dipole moment of the free molecules. It is known that the WF of a surface increases when it is covered with a sheet of inwards dipoles and decreases with outwards dipoles. 36,37 Let's denote 𝜇 the z-component of the electrostatic dipole perpendicular to the surface, the Helmholtz formula expresses the modification of the WF as follows:

∆𝑊𝐹 𝜇 𝑧 𝜀 0 𝐴 𝑞•𝑑 𝜀 0 𝐴 (1)
where A is the area occupied by one molecule, 𝑞 corresponds to two opposite charges positioned at a distance d from each other. This electrostatic approach is discussed in depth by Heimel. 36,37 Thus, we can consider a realistic SAM made of molecules organized as a square lattice of parameter a = 0.2 nm. If each molecule bears a dipole of -1.0 D which corresponds to 𝑞 𝑒 10 ⁄ , and a charge separation 𝑑 0.2 nm, this SAM would generate a very large WF change of +9.0 eV. 37 This pure electrostatic approach predicts ∆𝑊𝐹 values that are ten times larger than the typical experimental values, and is probably too simplified. Other contributions play a major role, such as the highly polar molecule-surface bond, 24,38 or a depolarization factor due to the compression of molecules in monolayers which decreases the impact of the initial molecular dipole. 39 More elaborated theoretical models describing the chemical bonding have been reported in the literature based on density functional theory (DFT) and quantum mechanics. Several approaches were proposed either by calculating the resulting dipole of a floating molecular sheet 8 or by developing a more realistic SAM in interaction with gold. 24,25,36 More recently, Van der Waals interactions between the molecular chains were also included in the DFT models with various functions. 20,[40][41][42][43][44] The considered supercells aiming to describe the SAM on gold are usually rather small in order to significantly reduce the computational cost, thus restricting the exploration of the complex relative conformations and orientations of the coadsorbed molecules at long range. In addition, in experimental conditions the presence of contaminants adds a supplemental and hardly incontrollable dipole contribution that blurs the WF values. 3 It results that the effective WF modification of a thiolated gold surface may depend on the following factors: (1) the permanent dipole of the isolated molecule, that can be adjusted by modifying the head group, (2) the molecule chain length, (3) the surface packing density (4) the polarity of the gold-sulfur bond and (5) the presence of polar contaminants.

The aim of the present work is to provide a detailed study of the modification of the WF of Au(111) gold surfaces when they are functionalized by alkylthiol molecules with different chemical terminations. The SAM formation is investigated with two experimental techniques and a set of state-of-the-art DFT calculations allowing the exploration of complex coadsorption motifs with large supercells and a large number of molecules. Four terminal groups are addressed: methyl, carboxyl, amino, and thio (see Figure 1). We also discuss the effect of the chain length. We show that the WF is systematically decreased compared to bare gold, even with molecules exhibiting a strong inward dipole in their free state.

Experimental

Gold surface preparation. Evaporated gold. Gold surfaces are obtained by thermally evaporating 200 nm of pure gold on a glass substrate (microscope slide from Menzel Gläser) without any adhesion layer, under vacuum (3 x 10 -6 mbar). The glass substrate was first degreased with acetone and ethanol. The resulting evaporated gold surface was rinsed with absolute ethanol (99.9 %) and dried with a nitrogen flow. Reconstructed gold. Evaporated gold surfaces were reconstructed under a propane flame during 30 s. The control of the flaming temperature is important and is achieved by ensuring a homogeneous orange color of the surface in a completely dark room. This surface was then cooled down and rinsed copiously with absolute ethanol during 30 s. A drop of ethanol was left for protecting the surface from air contamination before functionalization. For the study of the reconstructed gold, the surface was dried under a nitrogen flow. Functionalization of the gold surfaces. Reconstructed gold surfaces were functionalized with thiol molecules in order to form the SAMs. Four types of thiols are used: 8-amino-1octanethiol (AOT) (98.5 %), 16-mercaptohexadecanoic acid (MHDA) (99 %), 1,6-hexanedithiol (HDT) (97 %) and dodecanethiol (DDT) (98 %) (Figure 1-a). All compounds were purchased from Sigma-Aldrich. SAMs were deposited on freshly prepared gold surfaces by covering the surface with the solutions. Thiol solutions were prepared in absolute ethanol with a concentration of 10 mM for AOT, MHDA and DDT, and a concentration of 1 mM for HDT. The immersion time is of 90 min for AOT, MHDA and DDT, and 30 s for HDT. These parameters enabled a complete saturation of the surface by the molecules. Surfaces were then dried under a nitrogen flow. Kelvin Probe Force Microscope.

Topography and contact potential differences (CPD) were measured simultaneously with a commercial Kelvin probe force microscope (KPFM, Multimode 8, Bruker) in a dual pass mode. The CPD channel is acquired within the AM (amplitude modulation) mode and with an accuracy of 5 mV. Topography is acquired with the Peakforce® mode which allows controlling the interacting force with the surface and preserves the tip sharpness. KPFM was recorded at room temperature in a humidity controlled environment where the relative humidity Please do not adjust margins Please do not adjust margins (RH) was adjusted between 3 % and 40 % (room atmosphere). RH was controlled by flowing ultrapure nitrogen gas into the KPFM sealed compartment. Ultraviolet-Photoemission Spectroscopy.

UPS analysis was carried out in an integrated commercial ultrahigh vacuum photoemission system Axis ULTRA DLD spectrometer. UPS spectra were obtained using a helium ionization lamp with two resonances lines, He I at 21.2 eV and He II at 40.8 eV. To calibrate the work function of the analyzer, a negative bias potential of 9.1 V was applied to the sample. Prior to measurements, an Ag foil was cleaned by argon ion sputtering. The bias was optimized to shift the Ag spectrum in the linear region of the analyzer (0-10 eV kinetic energy). 45 A work function of 4.2 eV was obtained, in agreement with the literature value of 4.26 eV. 46,47 The WF on each surface was calculated using the energy cutoff obtained from the first derivative of the UPS spectrum (φ = E cutoff ± 21.2 eV) .

WF calculations with DFT modelling.

In this study, Density Functional Theory calculations were performed with the VASP 5.4 package. [48][49][50] The electronic exchange-correlation GGA PBE functional 51 was considered in combination with the semiempirical dispersion-correction method DFT-D3 in its zero-damping formalism. 52 The interactions between electrons and ion cores were described by potentials generated by the Projector Augmented-Wave method (PAW potentials, 11 valence electrons per gold atom). 53 Valence electrons were expanded in plane waves with a kinetic cutoff energy of 400 eV (in the range 7263-9315 valence electrons depending on the molecule). A large p(9x9) supercell of a Au(111) slab composed of 7 atomic planes was used (corresponding to a hexagonal box with lattice vectors of lengths 25.92×25.92×49 Å 3 ) with adsorption of various SAM on one side of the slab (nonsymmetric adsorption). A large vacuum space along z-axis (in the range 12.8-27.3 Å according to the molecule) was described in order to avoid spurious interactions between the adsorbate and the other side of the periodic metallic slab. Five different molecules (see Figure 1-b) were adsorbed on the Au(111) slab through the best adsorption structure (top site through S atom of the SH moiety). SAMs of these molecules were generated by co-adsorbing 27 molecules in the p(9x9) supercell leading to a (√3x√3)-R30°-27thiol adlayer motif (see Figure 6-a). The chosen surface coverage of 1/3 ML (monolayer) corresponds to adlayers close to saturation, as depicted in Figure 6 for the SAM of MHDA and Figure 7 for other SAMs. Due to the selected large supercell, the Brillouin zone sampling in reciprocal space was restricted to the Γ point ensuring a good convergence of the total electronic energy. For Au bulk, the grid of Brillouin zone used for determining accurate total electronic energy was 39×39×39 k-points, thus giving an optimal lattice parameter a 0 of 4.0727 Å (in close agreement with measurements: 4.0783 Å) and cohesion energy of -3.69 eV/at. (also in fair agreement with experiments, -3.81 eV/at.). For dealing with the partial occupancies around the Fermi level, a Methfessel-Paxton smearing was used with σ = 0.2 eV. The geometry optimizations were completed by relaxing entirely the degrees of freedom of the adlayers and of the metallic planes, with a convergence criterion of 10 -6 eV for the total electronic energy, until each residual force on nuclei was less than 0.01 eV.Å -1 . The calculations of the work function were based on the predictions of the electrostatic potential. For each SAM on Au(111), the integrated potential in the (x,y) plane was predicted by single-point energy calculations on the basis of previously optimized structures and plotted along the z axis, in much more accurate computational conditions (kinetic energy cutoff of 500 eV and a vacuum space systematically increased by 10 Å along the z axis to help the convergence of the vacuum level). The WF (positive value) was then derived by the difference between the position of the vacuum (positive value) and the Fermi level (negative value) (see Table 2). The systematic error of the computed work function has been estimated by changing the thickness of the gold slab from 3 to 7 layers and has a value ±31 meV. and mercaptopropanoic acid (MPA). The resulting permanent dipole of the isolated molecule is also indicated and expressed in debye, as calculated with the Hückel approach (in blue when positive and in red when negative).

Results

CPD of bare and functionalized gold

First, the morphology of the gold surfaces before the functionalization was investigated. With KPFM, the evaporated gold surfaces exhibit a uniform morphology (Figure 2-a) but their potential is not homogeneous as shown in Figure 2-b. On 2x2 µm² images, important drops of potentials of 100 mV were observed due to adventitious adsorbates and local surface defects. In the following, systematic flame annealing was performed in air, followed by a rinsing with ultrapure ethanol, in order to yield a reconstructed surface. With this method we obtained morphologically flat surfaces and large terraces of 400 nm, with a homogeneous potential (< 5 mV variations) and stronger contrasts (50 mV) at the step edges as visible in Figure 2-c) andd). After SAM formation with the four molecules, the terraces are preserved.
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Please do not adjust margins Please do not adjust margins Impact of the relative humidity on the WF. After the SAM formation, the evolution of the CPD as a function of RH was monitored. KPFM images were acquired line by line and in Figure 3, the average of the CPD values over each line is plotted as a function of time (grey line), simultaneously with the RH (green dotted line). We can distinguish three regions: region I is just after the SAM formation, region II is 2 h after the SAM formation and region III, 24 h later. During these 24 h, the sample was in contact with the ambient atmosphere. These three time-delays correspond roughly to three typical durations when the samples are manipulated in atmosphere: delay I is the quickest delay between the end of the chemical preparation and the first CPD measurement. Delay II, is the duration of an average KPFM experiment session for one sample and delay III is considered as the stabilized surface. In Figure 3 the CPD of the reconstructed gold surface functionalized with a SAM of HDT is presented. We can observe two phenomena. First, the potential evolves towards more positive values, with time and with the ambient atmosphere: from -0.33 V to +0.05 V. Then the introduction of N 2 and the decrease of humidity to 3 % do not restores the potential to the starting value, but it slows down the evolution. Finally, a stability is reached after 24 h (part III).

From the deposition of the SAM to the stability after 24 h, the potential has increased by 0.38 V. The four SAM studied in this article present a similar behavior with albeit different kinetics and different amplitudes (see a summary in Figure 4). where e is the elementary charge (positive value). In our experiment the bias is applied to the surface, therefore an increase of the WF of the sample results in an increase of the measured CPD. 32,54 The conversion of CPDs into an absolute value of the WF requires a calibration, which is far from simple. 32 In the present case, calibration is carried out with a reference sample made of aluminum, covered with an alumina thin oxide. This surface exhibits a stable WF in air of 4.55 eV. 55 Results are presented in Figure 4. The calibration was achieved by systematically measuring the aluminum surface before and just after recording the images of the functionalized surface of interest. This allows detecting the possible change of the WF of the tip during an experiment. The largest variation measured was 140 mV. Therefore, the uncertainty of the measured WF in this study is ±70 meV. The surface of evaporated gold evolves from 4.72 eV to 4.80 eV in 24 h. The flamed gold surface exhibits a WF of 4.87 eV and the time evolution was not monitored. For the MHDA SAM, the WF increases regularly with time of about 0.30 eV within a day in air. Gold surfaces functionalized with AOT and HDT evolves in a very similar way from an initial value of 4.28 eV and a slow increase to 4.74 and 4.91 eV, respectively. This is not the object of the present work to discuss the reason of these evolutions strongly related to the water molecules. 56 Finally, the DDT SAM exhibits the lowest WF among the SAMs in our study, at 3.90 eV. This value agrees well with those reported in literature. 5, 34, Please do not adjust margins Please do not adjust margins These data show that the WF of the freshly prepared SAMs (delay I) provide the most meaningful values. They are summarized in Table 1 and will be discussed and compared with those obtained with UPS and DFT.

UPS measurements and WF of SAM surfaces.

The WF measurements with photoelectron spectroscopy were carried with a special attention to some specific requirements. First of all, the incident photon energy has to exceed the WF of the sample. The WF of the analyzer and the sample were compensated by applying a constant potential during the measurement. In the case of a metal-semiconductor contact, the Fermi level of both surfaces are aligned under thermodynamic equilibrium conditions. Therefore, according to the Schottky-Mott principle, a redistribution of the charges takes place, which results into the formation of a dipole Δ at the interface. 57,58 UPS probes an area of the surface of ca. 1 mm of diameter and gives therefore access to the spatially averaged value of the WF. Figure 5 displays the two spectral regions of interest in the UPS spectra: the first region (a) is dominated by the secondary electrons (SEC) near the cutoff energy E Cutoff . After their extraction from the surface, these photoelectrons are emitted with a kinetic energy between 1 and 10 eV, which is their remaining energy after multiple inelastic scattering events. The electrons probe a depth of a few nanometers below the surface. Nevertheless, the secondary electrons retain the initial information (escape energy), and eventually provides the value of WF. In contrast, Figure 5-b shows the spectral region of the primary photoelectrons, which do not undergo inelastic scattering. They represent, in a first approximation, the density of states of the material, and therefore their energies correspond to the electron binding energies. To facilitate the calibration of the energy scale and of the Fermi level, a gold foil was cleaned through a sequence of ion sputtering with ionic argon energy of 1KeV. The UPS spectrum of this pristine gold foil (Figure 5-a, bottom spectrum) shows the excited electronic states observed as a hybridized flat band related to the d and s/p states located between E F and ≈ 1.8 eV. 59 Subsequently, the d electronic states of polycrystalline gold are located between ≈ 2 eV and 8.5 eV. The WF was calculated with the assistance of the cutoff energy (E cutoff ) obtained from the first derivative of the SEC spectrum. The WF for pristine gold is 5.1 eV, in good agreement with the literature value. 57 Therefore, based on Fermi level alignment between Au and SAMs, one can use the reminiscent states (including E F ) of gold observed in the different spectra to calibrate each of them. This is particularly visible for the localized state at 6 V and the E F = 0 eV, which are observed in every spectrum, excepted for MHDA. However, the broad feature observed on MHDA around 6 eV fit with both states that are visible on gold pristine at ≈6 eV and ≈4.3 eV. The emergence of these Au electronic states depends on the homogeneity and coverage rate of the Au surface by SAMs. This calibration methodology validates the visible interface dipole Δ in the E cutoff region of each UPS spectra (SAMs/Au), which varies between ±0.4 eV and ±0.9 eV forming an interface dipole barrier. 60 It plays an essential role in the direction of electron transfer in the SAM-Au junction, and thus Δ can be used as a predictive parameter. 61 The interface dipole Δ is simply related to the change of the WF, ΔWF upon adsorption by ΔWF Δ. The results are reported in Table 1. 

DFT calculations of the WF of SAM surfaces

To predict the variations of the WF from a theoretical approach, the SAMs of five different molecules were optimized on the basis of DFT calculations with the most accurate computational and modeling conditions: a large supercell, thick metallic slabs, a large vacuum space, a large number of co-adsorbates, high coverage close to saturation, including van der Waals weak interactions, using tight convergence criteria. MHDA. From a computational standpoint, the most elaborated SAM of our study is this 27 MHDA that are coadsorbed molecules on Au(111) (see Figure 6 for different views and definitions). In our models, the thickness of the organic coating is almost equivalent to the thickness of the metallic slabs. The adlayer is composed of an initially perfectly distributed set of 27 MHDA molecules forming a regular checkerboard with a (√3x√3)-R30° adlayer motif (see Figure 6-a), with identical lateral orientations (eclipsed conformation). After geometry optimization, the SAM forms a wavy comb of MHDA chains (see top view in Figure 6-b). From lateral standpoints, the SAM forms either a bent comb (Figure 6-c) or a more regular comb of almost eclipsed MHDA molecules (Figure 6-d). The SAM (comb shape) is significantly inclined with respect to Au(111) as shown in Figure 6-d in agreement with previous DFT results. 20,41 The carboxy moieties at the tail of the MHDA molecules change their initial parallel orientations during the geometry optimization, to form a discontinuous network of stabilizing hydrogen bonds between the carboxylic acids (in the range 1.75-2.45 Å) as depicted in Figure 6-e. This network constrains the bound MHDA molecules at their tails to keep an eclipsed conformation of their long hexadecyl chains. The adsorption energy per MHDA, including Van der Waals interactions, is quite strong (-2.186 eV/molec) and is largely dominated by Van der Waals interactions, also called dispersion (105 % of the covalent bonding contribution) due to the hexadecyl C16 long aliphatic chains. The increase of these long-range interactions with the length of the aliphatic chain has been previously detailed in the literature, with lengths up to C12 alkylthiol on Au111. 41 The related WF of 4.99 eV (see Table 2) is shifted to lower values with respect to the predicted WF for clean Au(111) surface (5.26 eV). 47,62 MPA. By considering a much shorter chain (C4 instead of C16), the corresponding SAM of MPA was modelled and optimized in equivalent conditions with respect to MHDA (see Figure 8-d, h). The adsorption strength is much weaker (-1.349 eV/molec) and less dominated by dispersion energy (86 %), although the presence of hydrogen bonds between carboxy moieties is also evidenced (notice how the almost eclipsed conformation of the MPA molecules is preserved) in agreement with Ref. 41 The decrease of the chain length also affects the WF which is shifted to lower values (4.78 eV) compared to the SAM of MHDA.

ABT. The substitution of the carboxy moieties by amino groups was then investigated by modeling the SAM of ABT on Au(111) (see Figure 8-c, g). Such a chemical change produced a concomitant decrease of the adsorption strength (-1.175 eV/molec, more dominated by dispersion: 93 %) and of the WF (4.76 eV). The absence of hydrogen bonds in this SAM offers more flexibility to optimize the relative conformation of ABT molecules thus leading to a less eclipsed configuration. PT. At the opposite, the substitution of carboxy groups by methyl moieties gives rise to a SAM of PT molecules with a weaker adsorption strength (-1.143 eV/molec) but a larger WF (4.85 eV). BDT. When a symmetric dithiol molecule (BDT) is used to build a SAM on Au(111), the loss of adsorption strength is more moderate (-1.224 eV/molec), while the WF is the largest one for the series of C4-chain molecules (4.87 eV). In the latter two cases (PT and BDT), no hydrogen bond network is observed likewise the SAM of ABT. This explains the more regular relative conformations of the molecules self-organized into star-like lattice.

Please do not adjust margins Please do not adjust margins 

Discussion

The Figure 8 presents a graphical summary of the experimental (a) and theoretical results (b) and will be the base of our discussion.

Absolute values of the WF. Please do not adjust margins Please do not adjust margins +5.83 eV) 17 . On the same line, the HDT monolayer should induce no WF change or at least a very negligible one compared to AOT. However, our experiments show that HDT and AOT exhibit the same WF of -0.59 eV. These results reveal certainly the dominating influence of other parameters than the dipole moment of the free molecule. Actually some key parameters can be listed: the polarization of Au-S bond 24,38 , the length of the molecular chain, the surface density of the molecules within the SAM, and the existence of hydrogen bonding between the tail-groups. 20 Therefore it should be concluded that the dipole moment of the free molecule has a very limited electrostatic influence on the final work function of the functionalized surface. Helmholtz equation is not wrong, but to be predictive it has to include the calculation of the resulting dipole of the adsorbed molecules and not just the dipole moment of the free molecule. Insightful results were published in the group of Zharnikov where they changed the molecular dipole of their SAM, and subsequently its WF, by either embedding different dipolar esters inside the chain molecules 26,28 or mixing upwards and downwards dipoles. 33 With this approach, they could change the molecular dipoles without modifying too much the metal-molecule bond and they confirm that the final WF did not vary much.

Comparison between experiments and theory for MHDA.

To gain insight about these shifts, the case of MHDA is interesting since this functionalization was considered with our three approaches. All these approaches conclude to a decrease of the WF yielding very close values: -0.40±0.1 eV with UPS, -0.30±0.05 eV with KPFM and -0.27±0.03 eV with DFT. This agreement validates our DFT approach which will thus be useful for analyzing the various contributions to the WF. Due to the computational cost, similar DFT calculations for the other three molecules investigated experimentally (HDT, AOT et DDT) were not carried out. This is why shorter chain lengths were investigated in our DFT models compared to the molecules used in experiments, although the anchoring groups and the tail groups were kept identical. Effect of the chain length. For a given tail group, the chain length has been varied from four carbons (MPA, WF =-0.48 eV) to 16 carbons (MHDA, WF =-0.27 eV): the WF is shifted of 0.21 eV. This agrees with the early results from Evans and Ullman. 63 It shows the longer the chain length, the smaller the WF modification. Actually, this trend is confirmed by the experiments as shown on Figure 8-a 44 in contrast with our calculations at coverages close to saturation. At higher coverage, the lateral interactions between molecules inside a SAM are stronger. This mutual interaction drastically affects the WF. Indeed, a recent theoretical study showed that the interchain energy has a leading impact on the stability of the SAM as a function of the chain length. 41 The important result here, is that changing the molecular chain length from C 6 to C 16 accounts for a significant WF decrease of ca 0.25 eV, much larger than the systematic experimental uncertainty. The case of DDT. Figure 8-a shows that DDT behaves very differently in some experiments. It exhibits a very strong WF of -0.97 eV in agreement with the available literature. 5,34,35 The specificity of DDT comes from synergistic effects: a higher compacity of the SAM leading to higher coverage, and the absence of a hydrogen-bond network between the tail groups.

According to our DFT results, both concomitant effects lead to a decrease of the WF. Since they do not take place in the SAM of DDT, this explains why its WF change reaches -1.0 eV. The nature of the tail group. Four different tail groups were considered in our DFT models with the same chain length of C 4 (Figure 8-b). BDT is a non-polar molecule and exhibits the smallest WF decrease (-0.38 eV). ABT and MPA are the most polar ones and they induce the largest WF (-0.49 eV and -0.48 eV, respectively). This confirms that the dipole moment of the molecule plays a role in the final value of the WF. 23 It corresponds to a contribution of -0.1 eV which is smaller than the contribution of the chain length. This 0.1 eV is in sharp contrast with the values of the electric dipole of the free molecules that were computed to +0.49 D and -5.25 D for ABT and MPA, respectively. We can conclude here that the nature and the polarity of the tail group has a rather limited influence on the final WF change when SAMs are elaborated on Au(111), which agrees with the conclusions from Ref. 43 on SAMs of bipyrimidine and from Ref. 64 where the tail dipolar group is flipped thanks to the azobenzene photoisomer. Impact of the hydrogen bond network on the WF of the SAM. Finally, in the case of the MHDA molecule, we have shown that the long C 16 chains provides flexibility to the COOH tail groups which eventually assemble through a complex hydrogen bond network (see Figure 6-e). Those additional bonds induce disordering in the SAM, which leads to a spreading the electric charge, and to a reduction of the surface molecular dipole. One can conclude that the charge distribution may be more uniform, thus reducing the resulting dipole moment. The strong impact of the disordering inside the SAM on the WF of the surface is also confirmed by recent publications. 22,65 

Conclusions

We have investigated how the SAMs of families of thiolate molecules affect the WF of Au(111), by using both theoretical and experimental techniques. First, the WF of the clean Au(111) strongly depends on the environment; it is predicted at 5.26 eV in vacuum and detected at 5.1 eV by UPS in an UHV chamber (3 x 10 -6 mbar) and at 4.87 eV in air. The adsorption of a SAM with a thiol anchoring group systematically induces a significant decrease of the WF from 0.97 eV to 0.30 eV, which is hardly predictable based on the value of the dipolar moment of the isolated molecule. Even the MHDA molecule, which has a strong inwards dipole, induces a decrease of the WF of 0.30 eV (calculated at 0.27 eV by DFT). From our results, we show that the largest impact on the WF change is due to the chain length (contribution of 0.2 eV), where the longer the chain, the smaller This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins the WF modification. Then, the nature of the tail group contributes at a lesser extent, ~0.1 eV, with the largest influence assigned to the carboxy moiety, then amino, methyl and thio groups. We also demonstrated the strong influence of the hydrogen bonding network between the tail groups at the surface of the SAM, as demonstrated by our DFT calculations for the case of MHDA. These hydrogen bond networks tend to smear out the charge localization and reduce the dipole contribution. This effect results in the lowest value of WF =-0.30 eV for MHDA (dense network of hydrogen bonding between the COOH moieties) and WF =-0.97 eV for DDT (no hydrogen bonding).

Figure 1 .

 1 Figure 1. Molecules used for the SAM formation on gold surfaces for a) the experiment and b) the DFT calculations. Four types of molecules are used differing by their end group: thiol moiety for hexanedithiol (HDT) and butanedithiol (BDT), amine moiety for aminooctanetiol (AOT) and aminobutanethiol (ABT), methyl moiety for dodecanethiol (DDT) and pentanethiol (PT), or carboxylic moiety for mercaptoundecanoic acid (MHDA).and mercaptopropanoic acid (MPA). The resulting permanent dipole of the isolated molecule is also indicated and expressed in debye, as calculated with the Hückel approach (in blue when positive and in red when negative).

Figure 2 :

 2 Figure 2: AFM-KPFM images (2x2 µm 2 ) of bare gold surfaces: evaporated gold with a) topography and b) CPD map, and reconstructed gold with c) topography and d) CPD map. The image is recorded line by line and thus allows a potential measurement as a function of time.

Figure 3 :

 3 Figure 3: evolution of the measured potential (grey curve) of a HDT SAM on gold as a function of time. The relative humidity measured in real time in the box is also shown (green dotted line). Corresponding introduction of N 2 or air in the box is also indicated. CPD of each SAM and calibration of the WF. CPD values are directly obtained from the KPFM images. CPDs are relative values, defined by 𝑉 1 𝑒 ⁄ 𝑊𝐹 𝑊𝐹where e is the elementary charge (positive value). In our experiment the bias is applied to the surface, therefore an increase of the WF of the sample results in an increase of the measured CPD.32,54 The conversion of CPDs into an absolute value of the WF requires a calibration, which is far from simple.32 In the present case, calibration is carried out with a reference sample made of aluminum, covered with an alumina thin oxide. This surface exhibits a stable WF in air of 4.55 eV.55 Results are presented in Figure4. The calibration was achieved by systematically measuring the aluminum surface before and just after recording the images of the functionalized surface of interest. This allows detecting the possible change of the WF of the tip during an experiment. The largest variation measured was 140 mV. Therefore, the uncertainty of the measured WF in this study is ±70 meV. The surface of evaporated gold evolves from 4.72 eV to 4.80 eV in 24 h. The flamed gold surface exhibits a WF of 4.87 eV and the time evolution was not monitored. For the MHDA SAM, the WF increases regularly with time of about 0.30 eV within a day in air. Gold surfaces functionalized with AOT and HDT evolves in a very similar way from an initial value of 4.28 eV and a slow increase to 4.74 and 4.91 eV, respectively. This is not the object of the present work to discuss the reason of these evolutions strongly related to the water molecules.56 Finally, the DDT SAM exhibits the lowest WF among the SAMs in our study, at 3.90 eV. This value agrees well with those reported in literature.5, 34, 

Figure 4 :

 4 Figure 4: evolution of the WF of functionalized gold surfaces as a function of the contact time with the ambient atmosphere. WF values were obtained with calibrated KPFM measurements. Measures I are carried out in a controlled (dried) atmosphere or 3% RH. For measures II and III the samples have been exposed to air for at least 1 hour.

Figure 5 :

 5 Figure 5: UPS spectra of (a) SEC and (b) primary band regions corresponding to Au, MHDA, AOT, DDT, and HDT, respectively.

Figure 6 :

 6 Figure 6: Different views of the optimized structure for a SAM of MHDA molecules adsorbed on Au(111) from DFT calculations : (a) top view of the Au(111) slab composed of 7 atomic layers along z axis and a (9x9) supercell in the (x,y) plane (light blue dotted lines). 27 MHDA molecules are coadsorbed in this supercell leading to a (√3x√3)-R30°-27 MHDA adlayer motif (corresponding to a molecule surface density of 4.64 molec/nm²) with a hexagonal distribution of adsorbates as shown by the red hexagon (the adsorption sites being mentioned by the positions of the SH moieties bound to Au through S atoms on top sites); (b) top view of the SAM that forms a "wavy comb" through the organization of MHDA adsorption structures; (c) lateral view of the SAM along the x axis that forms a "bent comb" through the curvature of the hexadecyl chains; (d) lateral view along y axis that forms a more "regular comb" with linear and almost eclipsed hexadecyl chains; (e) top view of the SAM by masking Au(111) and by indicating the hydrogen bonds registered between COOH moieties (distances in Å) . Au atoms are depicted with golden balls, S atoms with yellow balls, C and H atoms belonging to the hexadecyl aliphatic chains with gray and white sticks, respectively, C and H atoms of the carboxy moieties with black and white balls, respectively, O atoms with red balls.

Figure 7 :Table 2 .

 72 Figure 7: Different views obtained from DFT calculations of the optimized structures of four SAMs adsorbed on Au(111): lateral views of 27 coadsorbed (a) pentanethiol (PT), (b) butanedithiol (BDT), (c) aminobutanethiol (ABT), (d) mercaptopropanoic acid (MPA), and top views (e)-(h) of these SAM, respectively. The supercell, coverage and thickness of the metallic slab are identical to the SAM of MHDA exposed in Figure 6. Au atoms are depicted with golden balls, S atoms with yellow balls, C atoms with gray sticks, O atoms with red balls, N atoms with blue balls, H atoms with white balls.

Figure 8 .

 8 a) compares the WF values obtained with KPFM (colored vertical lines) and with UPS (black horizontal rods). The clean Au(111) surface is measured at 4.87 eV with KPFM and 5.1 eV with UPS. KPFM values are systematically lower than those of UPS of ~0.2 eV. This shift has to be linked to the effects of contaminants on surfaces, namely water molecules. In vacuum the WF of Au(111) is measured at 5.33 ± 0.06 eV47 and our calculations also predicts a WF at 5.26 eV (see Table2). Heimel et al. have demonstrated that sparse dipolar molecules on a surface, such as water contamination, add an important electrostatic contribution to the overall potential energy and cause the WF to be shifted.37 

Figure 8 .

 8 Figure 8. Work function of gold surfaces and its modification WF upon functionalization: a) experimental values obtained from the KPFM measurements (colored vertical lines) and from UPS measurements (black horizontal rods). b) data extracted from the DFT calculations with the molecules The numerical values for WF are indicated for each molecule on the graph.Castanon et al. worked with a KPFM equipped with platinum tips and show that the presence of humidity may sometimes induce an increase of the WF of the tip of 0.6 eV, and a subsequent equivalent decrease of the WF of the sample.56 Therefore when a sample is analyzed in air with KPFM, a lowering of the WF is expected compared to vacuum (10 -8 mbar for UPS). We will continue our discussion by focusing on variations of WF (WF). They are in good agreement for the two experimental techniques, if we exclude the molecule of DDT (see the discussion of this case below). The numerical values for these shifts in KPFM are written on Figure8. As a partial conclusion, these data confirm that the ideally cleaned Au(111) surface has a WF of 5.26 eV. Under vacuum with a possible thin adlayer of physisorbed water, UPS detects a WF for Au(111) of 5.1 eV. Finally, when exposed to air, KPFM measures a WF of 4.87 eV for this same surface. Is there a relation between the molecular dipole moment of the free molecule and the WF? From the Helmholtz equation(1) and from the values of the dipoles of the free molecules, one could in principle predict the values for WF. For example, the monolayer of MHDA should exhibit an increase of the final WF due to the strong inward dipole of -5.39 D (see Figure1-a). However, WF of MHDA is negative with our three approaches, despite contradictory results from Lee et al. (WF measured at

Experimental values of the WF of SAM on Au(111) KPFM UPS

  

	Molecule	WF	WF	WF	WF
		(V)	(eV)	(V)	(eV)
	Flamed gold	0	4.87	0	5.1
	HDT	-0.59	4.28	-0.90	4.2
	Hexanedithiol				
	AOT	-0.59	4.28	-0.70	4.4
	Amino-octanethiol				
	DDT	-0.97	3.90	-0.60	4.5
	Dodecanethiol				
	MHDA	-0.30	4.57	-0.40	4.7
	Mercapto-hexadecanoic				
	acid				
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Table 1 .

 1 Experimental values for the WF obtained with KPFM and with UPS. KPFM values are those obtained immediately after surface preparation (in the time delay I at 3 % RH). The values of WF correspond to the decrease of the WF after the gold surface is functionalized by one of the four molecules. The KPFM values of the WF are calculated using the reference surface of aluminum (WF = 4.55 eV). The WF values obtained with UPS are acquired in vacuum.

  , if DDT is excluded once again. The four molecules are represented in the order of increasing chain length from C 6 to C 16 and WF decreases. The WF modification is of 0.29 eV here. With a longer chain, the molecule can accommodate more easily the local charges and decrease the resulting electrostatic dipole. Interestingly, calculations from Tong et al. at a lower molecule coverage, show that longer chains induce an increase of the WF
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