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Abstract 

We study the impact of coverage on the electronic structure of substituted biphenylthiolate-

based self-assembled monolayers (SAMs) on Au(111) surfaces with a particular focus on 

SAM-induced work-function changes, . This is done using density-functional theory 

accounting also for van der Waals interactions. We find that the tilt angle of the molecules 

increases significantly when reducing the coverage, which results in a marked decrease of the 

perpendicular component of the molecular dipole moment. However,  does not follow the 

trend that one would expect on purely geometrical grounds. While for donor-substituted SAMs, 

 decreases much more slowly than anticipated, for acceptor-substituted SAMs, the 

coverage-induced reduction of  is clearly more pronounced than expected. In fact, in that 

case  already vanishes around half coverage.  This is in part associated with the (coverage-

dependent) bond-dipole originating from the “Au-S-C” bond. Especially for low coverages, 

however, the relevance of the “Au-S-C” dipole diminishes and we observe a significant 

contribution of Pauli-pushback (also known as “cushion effect”) to the interfacial charge-

rearrangements, an effect that hitherto received only minor attention in the discussion of 

covalently bonded SAMs. 
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Introduction 

There is an increasing use of organic self-assembled monolayers (SAMs) covalently bonded to 

metal surfaces in various organic electronics applications.1–8 This raises the need for an in-

depth understanding of the processes that determine the properties of the resulting metal-

organic interfaces.9–12 Especially molecules with conjugated, rigid backbones are of interest as 

due to their -conjugation they allow for moderate tunnel barriers at the metal-organic 

interface.13–15 Thus, an interesting class of molecules for tuning charge injection/extraction 

barriers8,16,17 in organic devices are oligophenylenethiolates substituted with polar tail-groups 

to modify the substrate work function, .18–22 Such systems are at the heart of the present paper 

(see Figure 1a). 

 

Figure 1: a) schematic sketch of the substituted biphenylthiolate on a slab of five layers of 

gold. z denotes the axis perpendicular to the slab,  the tilt-angle between long-molecular axis 

and z, and R = CN, CF3, CH3, NH2 (where data for the CF3 and CH3 substituted molecules are 

shown in the SUI only). b) surface unit cells used in the present study to simulate coverages of 

1.0, 0.75, 0.5, 0.375, and 0.25; each unit cell contains one molecule (see text for details). 
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The impact of the film quality on the monolayer properties is a crucial aspect when comparing 

idealized perfectly ordered and infinitely extended monolayers with more realistic systems, 

which are encountered, e.g., on top of the electrodes in actual devices. Quantum-mechanical 

simulations typically study perfectly ordered and densely-packed metal-SAM systems, because 

their 2D-periodic nature is compatible with highly-efficient theoretical approaches based on 

density-functional theory (DFT). For these systems extraordinarily large changes of the work-

function, , and injection barrier amounting up to several eV have been predicted.23–29 

Quantitative agreement between theory and experiment has, however, been achieved only for 

exceptionally well-ordered layers that induce moderate work-function shifts.30,31 This calls for 

developing a systematic understanding of how imperfections in the structural arrangement of 

the SAM affect the electronic properties of the interface. Indeed, the impact of certain types of 

film imperfections has been recognized earlier. For instance, Otálvaro et al. studied the 

influence of deviations from a perfectly flat Au(111) surface.32 For simple aliphatic thiolates 

on Au and Ag they, however, found only a minor impact on  Beyond that, grain-

boundaries33 can have a significant influence on the internal film structure.34 They are 

frequently caused by coverage dependent35 internal stress exerted on the molecular layer by the 

enforced hexagonal arrangement of the thiolate docking groups. Moreover, incomplete 

coverage SAMs and “lying-down” (face-on) phases (vide infra) have been observed for films 

grown on small-grained Au substrates.36 Recently, low-coverage SAMs have even been 

prepared on purpose to tune/switch the tilt angle of the adsorbed molecules thereby tune 

ΔΦ.37,38 

Most papers modelling the impact of varying densities of molecules bearing polar substituents 

deal with essentially upright-standing SAMs also when the monolayer-coverage is reduced.39–

43 While this provides significant fundamental insight, it does not necessarily reflect the 

situation occurring in an actual monolayer at low packing densities. In fact, lying-down phases 



 5 

of low-coverage SAMs have been found in several experiments,44–48 which is not surprising 

considering the significant van der Waals (vdW) attraction between organic adsorbates and 

metal surfaces.49,50 

To provide insight into the interplay between coverage, molecular tilt and the electronic 

properties of the interfaces, we here fully optimize film structures of substituted 4-

mercaptobihphenylthiole as a function of coverage using an advanced optimization tool. This 

allows us to identify the significant impact that the increasing molecular tilt at low coverages 

has on the SAM-induced work-function modification, . We show that the “falling over” of 

molecules causes rather unexpected findings such as a vanishing  already at half coverage 

for acceptor substituted layers.  

 

Methodology 

 

Computational approach 

The calculations rely on the slab-type band-structure approach, employing density-functional 

theory using the VASP code.51 The cut-off energy for the plane-wave basis was set to 273.894 

eV and tight convergence criteria of 10-6 eV were employed for the SCF procedure.  

Throughout this work, we used the Perdew-Burke-Ernzerhof (PBE) functional,52 augmented 

by the Tkatchenko-Scheffler scheme,53 in the parameterization that is specifically tailored to 

surfaces54 to account for the missing long range van-der-Waals interactions.  For that we used 

the implementation described in [55]. We applied the projector augmented-wave (PAW) 

method56,57 to describe valence-core interactions. More details on the PAW potentials used here 

can be found in the SUI.  
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 At full coverage, we used an 8x8x1 Monkhorst-Pack58 type-k-point grid that was appropriately 

scaled for reduced coverages. To decouple periodic replicas of the slab, a ~20 Å vacuum gap 

and a self-consistently determined dipole layer were introduced.59 The Au(111) surface was 

represented by a 5-layer slab, where the positions of the atoms in the bottom three layers were 

kept fixed in the geometry optimization process. The top two layers and the molecule were 

allowed to relax without any constraints until the remaining forces where smaller than 10-2 

eV/Å. We applied an optimization scheme based on internal coordinates and the Direct 

Inversion in the Iterative Subspace (DIIS) algorithm as implemented in the GADGET tool60 

(which in the used implementation also features automated substrate-detection).61 This and a 

suitable initialization of the Hessian are important for obtaining reliable geometries at 

affordable computational costs, as especially the molecular tilt angle changes significantly in 

the course of geometry optimizations at low coverages.  

 

System set-up 

Ordered oligophenylene-thiolates on Au(111) surfaces at full coverage typically grow in a 

herringbone pattern with two molecules in a 3x√3 surface unit cell.47,48,62 A possibility to 

reduce the coverage preserving this herringbone motive would be to add extra rows of gold 

between the molecules. Adding a single row yields the 4x√3 unit cell with a striped phase that 

has been observed experimentally for anthraceneselenolates.63,64 Systematically reducing the 

coverage even further pursuing that approach is, however, difficult. Thus, we abandoned the 

herringbone motive and followed a different strategy with a single molecule per unit cell 

(noteworthy, the trends obtained in this way are fully consistent with those for the accessible 

herringbone-based structures at full, 0.75, and 0.60, as shown in the SUI). We defined full 

coverage by a single molecule in a (√3x√3)R30° surface unit-cell (which gives the same area 

per molecule as 2 molecules in the 3x√3 cell). Subsequently the unit-cell size was increased, 
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as indicated in Fig. 1 b.  The lowest coverage considered was 0.25, corresponding to a 3x2√3 

surface unit-cell.  

Interestingly, smooth trends are obtained for all quantities considered below, in spite of the fact 

that the aspect ratios of the unit cells change quite significantly when following this procedure. 

This, together with the fact that also for the above-described herringbone structures similar 

trends are obtained, indicates that for the effects discussed here the exact details of the packing 

motive are not of primary relevance. This finding is important, since the studied monolayer 

displays a 2D translational periodicity, which will not necessarily be obtained in experimentally 

investigated low-coverage samples (the ordered lying-down phases mentioned above 

notwithstanding). Such periodic boundary conditions are, however, necessary for properly 

describing the metallic substrate in the simulations; they also allow for a straightforward 

description of collective electrostatic effects, whose consideration is absolutely crucial when 

studying SAMs.14,40 

To understand differences between donor- and acceptor-substituted SAMs, we focus here on 

two 4-mercaptobiphphenyl derivatives with either a –CN (strong acceptor) or –NH2 (strong 

donor) tail-group substituent. These were shown to display particularly strong coverage-

dependent effects.14,41 The trends obtained when using the more weakly donating, respectively, 

accepting substituents –CH3 and –CF3 are equivalent. Thus, for the sake of clarity, the plots of 

the corresponding data are contained only in the Supporting Information. 

 

Results and discussion 

The most important parameter to quantify the change of the SAM geometry upon reducing the 

coverage is the molecular tilt angle, , defined as the angle between the surface normal (z) and 
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the long molecular axis (see Fig. 1a). In Fig 2a, we show its evolution when decreasing the 

coverage,   

 

Figure 2: Coverage dependence of a.) the tilt angle () and cosine of the tilt angle (cos(β)); b.) 

the work-function modification, ΔΦ, and c.) the quantity µ0/eff obtained by calculating 

A1.0ε(ecos()), which can be regarded as an effective dipole moment of the combined  

metal-SAM system (for details see text). Results for the CN-substituted system are shown as 

blue diamonds; those for the –NH2 substituted case as red triangles. 
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For both systems, we observe a pronounced increase of  up to point where the molecules “fall 

over”, i.e. they lie essentially flat on the surface and ~90°. To understand how this affects the 

SAM-induced work-function modification, it is useful remember that  is commonly 

separated into two contributions,14,17,65–67 denoted here as BD and mol. BD, arises from 

the charge rearrangements due to the metal-SAM interactions. As it is commonly associated 

with bonding, it is referred to as bond dipole. How it is affected by a change in the molecular 

tilt angle will be discussed later.  

Prior to that it is useful to qualitatively analyze how mol, which stems from the molecular 

dipole, is affected by a change in . The molecular dipole and the associated work-function 

change are related by the Helmholtz equation 

  (1) 

Here 0 is the vacuum permittivity and A1.0 is the surface area per molecule at =1.0. In the 

present case with one molecule per unit cell, A1.0 is also the area of the (√3x√3)R30° surface 

unit-cell, which amounts to 22.27Å2. The area per molecule at reduced coverages is then given 

by A1/ µz,mol is the (coverage dependent) z-component of the dipole moment per molecule 

within the monolayer. The sign of µz,mol is taken to be positive, when the dipole moment points 

away from the substrate. µz,mol includes depolarization effects that originate from the 

polarization of the molecular electron cloud caused by the electrical fields of the surrounding 

molecules.41–43,68–70 Note that these depolarization effects are intrinsically considered in our 

self-consistent calculations.  

In the right part of Eq. (1), the expression is recast in terms of the intrinsic (gas-phase) dipole 

moment of the isolated molecule, µ0,mol. The appearance of cos() in the right part of Eq. (1) 
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denotes that only the z- (i.e. perpendicular) component of the molecular dipole moment impacts 

the value of . In passing we note that for the actual SAM on a metal-substrate the in-plane 

(x- and y-) components of the dipoles of the unit cell have to disappear, as a metal does not 

tolerate a potential gradient parallel to its surface, i.e., the corresponding dipole components of 

the molecule will be compensated by a polarization of the metal substrate (described by mirror 

charges). On more technical grounds, when applying periodic boundary conditions, the in-

plane components of the molecular dipole moment in the SAM disappear also in the isolated 

monolayer as a consequence of the translational symmetry.  

eff is a coverage-dependent effective parameter that quantifies the decrease in the dipole 

moment due to depolarization effects.41 At full coverage it is often approximated by the 

dielectric constant of a bulk material consisting of the same molecules as the SAM. At lower 

coverages eff decreases, accounting for the fact that depolarization diminishes.41 Finally it 

should be noted that in the following discussions we will frequently refer to |mol|, where the 

absolute value is used because the sign of mol (respectively, the orientation of the dipole on 

the surface) differs for donor and acceptor substituents. 

When decreasing , |mol| is expected to decrease as well for two reasons: (i) the dipole 

density naturally decreases with decreasing molecular density, and (ii) at low coverage the tilt 

angle increases (see Fig. 2a). This results in a smaller component of the dipole moment 

perpendicular to the surface as expressed through cos() in Eq. (1). The trend is counteracted 

by a decreasing depolarization at reduced coverage, but this effect is smaller than the two 

aforementioned ones (vide infra). 

For both Au-SAM systems, the DFT-calculated evolution of (the total) work-function change, 

, as a function of  is shown in Fig. 2b. For the -NH2 substituted SAM, || decreases with 
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coverage as qualitatively expected from the above considerations regarding the molecular 

contribution, |mol|. What can, however not be explained in terms of molecular electrostatics 

alone is that a significant value of | (0.44 eV) still remains at 0.25 coverage, when the 

molecules lie almost flat on the surface (cf. Fig. 2a)). For the –CN case, the dependence of || 

on  deviates even more significantly from the trend arising from the molecular dipole: A 

decrease of || is observed only for >0.5; at =0.5, | vanishes and  even changes 

sign for lower coverages reaching essentially the same value as in the –NH2 substituted SAM 

at =0.25. 

The deviation of the behavior of the actual interface from that of an assembly of conventional 

dipoles can be illustrated more clearly by calculating  

  (2) 

It can be regarded as the quantity one obtains when modelling the metal-SAM system by an 

effective dipole moment pointing in the same direction as the long molecular axis. If the 

molecular dipoles were the only reason for  and in the absence of depolarization effects the 

coverage dependence of µ0/eff should yield a horizontal line. For systems in which 

depolarization is significant, which typically applies to SAMs,28 || should increase at small 

coverages. Qualitatively, this expectation is met for the –NH2 substituted SAM, but even in 

that system depolarization-related effects can hardly account for the increase of µ0/eff by a 

factor of ~28 between =1.0 and =0.25 (note the axis break in Fig. 2c)). In the –CN 

substituted SAMs a behavior differing even qualitatively from the expectations for 

conventional dipoles with a sign-change at =0.5 is found (see Fig. 2c)). 
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These considerations show that the behavior of the actual system significantly deviates from 

that of an assembly of conventional dipoles aligned along the long molecular axes. This means 

that the second contribution to  which is the above-mentioned interfacial charge-

rearrangement related work-function shift, BD, must display a peculiar coverage 

dependence. In this context, it is interesting to mention that, when previously studying the 

coverage-dependence for an analogous –CN substituted SAM on Au(111) at small (essentially 

constant) molecular tilt angles, a vanishing or even negative value of  was not observed.41 

This implies that the peculiar evolution of BD must be rooted in the “falling-over” of the 

molecules at low coverages.  

For thiolate-bonded SAMs, BD is frequently associated with the charge rearrangements due 

to the formation of a chemical bond between the thiols and the metal-surface, which can be 

viewed as the replacement of the S-H bonds by S-Au bonds71 or as the formation of a bond 

between the –S* radical and the Au surface65 (for a comparison of the two views see [72]). We, 

here, refrain from a numerical evaluation of the coverage dependence of BD, as, when 

adopting the “bond-replacement” point of view in systems with changing tilt angles, the 

relevant information is masked by the dependence of the S-H dipole on the on the tilt and on 

the relative position of the H atom.72 For the “bond-formation approach” one mostly analyzes 

the charge-rearrangements that originate from the transition from an open to a closed-shell 

electronic structure of the adsorbed molecules. I.e., in this case the sought-after bonding-related 

charge-redistributions at the metal-molecule interface are superimposed with those associated 

with the loss of radical character of the adsorbing molecules.72 

Instead, we adopt a different approach to more clearly elucidate the reason for the peculiar 

coverage dependence of BD: In a gedankenexperiment we simply eliminate the contribution 

of the charge rearrangements associated with the thiolate by replacing it with a hydrogen atom. 
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This is indicated in the inset of Fig. 3a. To achieve this technically, only the geometric 

parameters of the C-H bond replacing the C-S bond are optimized. We denote quantities 

calculated for the surrogate system with primes (‘). The, differences in the evolution of the 

work-function change due to this hypothetical model system and the complete SAM can be 

associated with the contribution of the Au-thiolate bond to BD. As the smallest Au-H 

distance is 2.24 Å, the “chemical” contributions of the interaction between the extra H-atom 

and the surface to BD’ can be expected to be very small. Interestingly, as shown in Fig. 3a, 

when calculating the coverage dependence of ’, one obtains an evolution qualitatively very 

similar to that of  shown in Fig. 2b. Only at full coverage, where the density of thiolate-Au 

bonds is highest,  is clearly less positive (more negative) than ’ for the –CN (-NH2) 

substituted SAM (cf., Fig. 2b and Fig. 3a). This comparison shows that the main reason for the 

deviation between the “conventional” polarizable dipole picture sketched in Eq. (1) and the 

actual evolution of  when approaching the dilute limit is not directly related to the Au-S 

bond formation. 
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 Figure 3: a) Coverage-dependence of the work function-modification in the hydrogen-

substituted model systems bearing -CN (blue diamonds) and -NH2 (red triangles) tail groups. 

The inset shows the substitution of the sulfur by a hydrogen atom as part of our 

gedankenexperiment; b) coverage-dependent decomposition of the total work-function change 

in the –CN substituted model system, ’, (blue diamonds) into contributions from the (free-

standing) monolayer, mol’, (black squares) and from the interfacial charge-rearrangements, 

BD’, (red circles); c) analogous decomposition into contributing dipoles per molecule. The 
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energetic shifts in b) are proportional to those in c) divided by the surface area per molecule 

(’  µz’/A1.0).  

 

An advantage of the chosen model system is that here the individual contributions of mol’ 

and BD’ to ’ can be separated unambiguously.73 The results for the –CN substituted SAM 

are shown in Fig. 3b; those for the -NH2 case are contained in the SUI. As expected (cf., Eq 

(1)) for polarizable dipoles, mol’ decreases continuously with decreasing coverage 

approaching zero for the close to flat-lying molecules at =0.25. Interestingly, the work-

function modifications caused by the molecule-metal interaction, BD’, show essentially no 

coverage dependence. What this means becomes more evident when considering the 

corresponding quantities per surface area occupied by each molecule (i.e., per A1.0/). To 

ensure that the resulting quantities (displayed in Fig. 3c)) represent dipole moments, they are 

defined as (cf., Eq. (1)): 

  (3) 

µz’ (derived from ’) then represents the total dipole moment associated with each molecule, 

and µmol,z’, respectively, µBD,z’ denote the contributions from the molecular dipole and the 

molecule-substrate interaction. While |µmol,z’| decreases strongly with coverage, one sees a 

pronounced increase of |µBD,z’| at low coverage (by a factor of ~5 between =1.0 and =0.25). 

These opposite trends explain, why, for the –CN substituted SAM µz’ and also ’ disappear 

at half coverage, where µmol,z’ and µBD,z’ cancel, as schematically indicated in the left panel of 

Fig. 4a. For smaller  the combination of the different orientation of the dipoles and the larger 

absolute magnitude of µBD,z’ explain why then the adsorption of the SAM reduces the work 
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function in spite of the acceptor substituent. In the NH2-substituted case the absolute value of 

µmol,z’ and µBD,z’ display a similar coverage dependence as the one discussed above (see SUI). 

For this case, however, the dipoles add up, and no cancellation of dipole moments or changes 

in the sign of ’ occur. This is illustrated in Fig. 4b. Bearing in mind the similar evolutions 

of  and ’ (vide supra) with coverage, the strong increase of µBD,z’ at small coverage can 

also be held responsible for the trends observed for the thiolate-bonded SAMs in Fig. 2 

especially at small . 

 

Figure 4: Schematic illustration of the resulting interplay of µmol,z’ and µBD,z’ when going from 
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full to half coverage for the hydrogen substituted model system either bearing an electron 

accepting substituent (-CN) (panel a)) or b): an electron donating substituent (-NH2) (panel b)). 

 

What remains to be explained is the strong increase of µBD,z’ in diluted SAMs. By definition, 

the bond dipole originates from the charge-rearrangements ' induced by the metal-molecule 

interaction. For the model system, we define them as 

  (4), 

with 'sys being the electron density of the combined system, 'slab the electron density of the 

metal slab and 'mol the electron density of the isolated molecular monolayer. To calculate  

for the thiolate-containing systems in the bond-replacement picture (vide supra), one 

additionally needs to consider the charge-densities associated with the H atoms that are 

removed in the course of the bond-formation: 

  (5), 

For =0.25, the ’s for a hydrogen substituted model system and the corresponding thiolate 

system are compared in Fig 5 (plots for =1.0 and =0.5 are contained in the SUI). Panel 5a 

provides a side view of both systems, where the plotted quantity corresponds to  integrated 

over the unit cell in the direction along the viewing axis. In the model as well as in the thiolate 

system one sees strong charge depletion (blue region) around the molecular backbone 

accompanied by an accumulation of charge directly underneath the molecule (red region). The 

charge depletion close to the S-atom is stronger in the actual SAM than that in the C-H region 

of the model system, an observation to which we will return later.  

( )molslabsys  +−=

( )Hmolslabsys  ++−=
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Figure 5: Charge rearrangements arising from the interaction between the metal and the 

monolayer for the –CN substituted SAMs at =0.25. In the first and central panels a) and b) 

charge-density redistributions integrated over the unit cell in the viewing direction are shown. 

Red areas denote charge accumulation, blue areas depletion; only part of the five Au layers of 

the metal slab are shown. Panel a) contains side views for the H-terminated model system and 

the corresponding thiolate system. In panel b) the respective top views are shown. Panel c) 

contains 3D isodensity-plots (with an isovalue of 0.003 e/Å3). 

In Figure 5b, we provide the corresponding top view for both systems, again integrated along 

the viewing axis. A decrease of (integrated) charge around the molecular backbone can be seen 

for the thiolate system as well as for the model system (light blue area). An increase of the 

integrated electron density is seen mostly in the areas between the organic moieties. 
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Qualitatively, both systems again show the same behavior with the exception of a particular 

strong charge-depletion (enhancement) close the S-atom of the thiolate. 

We attribute the depletion of electron density around the molecular backbone and the 

concomitant shift to below and between the organic molecules to the so-called Pauli-Pushback 

effect9,10,12,74–77 (also termed cushion-effect). It is an effect originating from the repulsion of 

the overlapping electron densities of the adsorbate layer and the substrate caused by exchange 

interaction,77 which leads to a reduction of the surface dipole of the metal substrate. Thus, it 

results in a significant work-function reduction upon monolayer adsorption. Computationally, 

it is discernible from direct charge donation from occupied states in the molecules to the metal 

by an absence of molecular density of states at the Fermi-level.78 This is indeed the case here 

(see SUI). While Pauli-pushback is well known in the context of flat lying molecules on various 

metal surfaces,10,74–76 it has rarely been considered for covalently bonded SAMs.44 Still, Nouchi 

et al. found it to be crucial for understanding the experimental properties of their (intentionally) 

disordered systems.37  

Since the extend of Pauli-Pushback (and the concomitant work-function reduction) depends on 

the magnitude of the overlap of the molecular and substrate’s electron clouds, it becomes larger 

when the distance between the backbone and the surface is reduced. This is the case at low 

coverage, where the molecular tilt angles increases enormously (“falling over” of the 

molecules).  

We can now return to the main difference between the model system and the thiolate in Fig. 5, 

which are the strong charge-rearrangements occurring in the vicinity of the S-atoms. As Figure 

2b and 3b show,  is essentially the same at =0.25 for both systems. This indicates that 

charge rearrangements directly associated with the thiolate-gold bond must have an only minor 

contribution to  at low coverage. To understand and corroborate this finding, Fig 5c shows 
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 without integration in the form of isodensity plots. The charge rearrangements in the 

vicinity of the thiolate are massive, but to a significant extent are associated with charge 

redistributions occurring parallel to the surface.79 Considering that only the components of 

charge rearrangements perpendicular to the surface contribute to work-function changes one 

can understand that the S-Au bond formation dominates the interface energetics only at high 

coverage where the lateral density of thiolates on the surface is large.  

 

 

SUMMARY AND CONCLUSION 

In the present paper, the non-trivial dependence of SAM-induced modification of Au work-

functions,  on molecular coverages has been discussed. While the assembly of –CN 

substituted 4-mercapto-biphenyls increase the work-function of a Au(111) surface by ~2.8 eV 

at full coverage, no work-function change is observed for half coverage (=0.5). At lower 

values of ,  even becomes negative in spite of the strongly electron-accepting character of 

the –CN group. Conversely, for a donor (i.e., –NH2) substituted SAM  does not change its 

sign as a function of coverage and at =0.25 approaches -0.5 eV, which is the same value as 

for the –CN substituted layer. These observations are shown to be direct consequence of the 

increased molecular tilt angles occurring at lower coverages, where besides the tilt-angle 

dependence of the perpendicular component of the molecular dipoles, Pauli-pushback (also 

termed cushion-effect) plays a crucial role. At low coverages, where the overlap between the 

-system of the molecule and the electron-cloud tailing from the metal-surface is largest, it is 

even the dominant effect determining the SAM-induced work-function change. Based on these 

insights, we surmise that in imperfectly packed systems of thiolates on a metal surface, the 
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“SAM-character” (i.e., molecular dipoles and dipoles related to the Au-S bond formation 

dominating the interface energetics) is increasingly lost and the film properties start resembling 

those of a rather inert physisorbed molecular monolayer. 
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1. Additional details on the applied methodology. 

The Monkhorst-Pack [Monkhorst, H. J.; Pack, J. D. Special Points for Brillouin-Zone Integrations. Phys. Rev. B 1976, 13, 5188–

5192] k-point scheme was used in all calculations. Due to the different calculated unit-cells k-

point meshes were manually chosen for each coverage and checked for convergence, resulting 

in: 8x8x1, 8x6x1, 8x5x1, 4x6x1 and 4x5x1 for ϴ=1, 0.75, 0.50, 0.37 and 0.25. 

Table S1: In the present study following PAW potentials were used 

Au PAW_PBE Au 06Sep2000 

S PAW_PBE S 17Jan2003 

C PAW_PBE C_s 06Sep2000 

H PAW_PBE H 15Jun2001 

N PAW_PBE N_s 07Sep2000 

F PAW_PBE F 08Apr2002 

 

To avoid spurious surface reconstructions, the Au(111) lattice constant was set to the 

equilibrium value for the used methodology, which amounts to 2.928 Å was used. 
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2. Properties of all investigated thiolate-bonded SAMs 

In Figure S1 the dependence of the tit angle, the work-function modification and the effective 

long-axis dipole are shown for all studied molecules as a function of coverage. It is analogous 

to Fig. 2 from the main manuscript, but contains data for many more systems.  

 

Figure S1: Coverage dependence of a.) the tilt angle () and cosine of the tilt angle (cos(β)); 

b.) the work-function modification, ΔΦ, and c.) the quantity µ0/eff obtained by calculating 

A1.0ε(ecos()), which can be regarded as an effective dipole moment of the combined  

metal-SAM system. Results for the CN-substituted system are shown as blue diamonds; for –

CF3 in brown circles, for CH3 in green squares and those for the –NH2 substituted case as red 

triangles. The full symbols denote the unit cells containing two molecules in a herringbone 
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arrangement. 

 

3. Decomposition of the electronic properties of the H-terminate, NH2 tail-

group substitute SAM into monolayer and interaction-based contributions 

The following plot corresponds to Fig. 3b) and c) of the main manuscript for the NH2 instead 

of CN substituted monolayer. 

 

Figure S2: a) coverage-dependent decomposition of the total work-function change in the –

NH2 substituted model system, ’, (dark red triangles) into contributions from the (free-

standing) monolayer, mol’, (black squares) and from the interfacial charge-rearrangements, 

BD’, (red circles); b) analogous decomposition into contributing dipoles per molecule. The 

energetic shifts in a) are proportional to those in b) divided by the surface area per molecule 

(’  µz’/A1.0). 

There are two differences in the evolution of the monolayer-related quantities µmol,z’ and 

mol,z’ compared to the case of the –CN substituted SAM in the main manuscript: (i) The 

different signs at high coverages owing to the donating instead of accepting character of the 

tail-group substituent. (ii) A change in sign of µmol,z’ and mol,z’ at =0.25, which does not 

occur in the –CN substituted SAMs. It is the consequence of an off-axis component of the 
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dipole moment of the substituent caused by the pyramidalization of the bonds in the C-N-H2 

part of the molecule. This component determines the z-component of the monolayer dipole of 

the essentially flat-lying molecules for the conformation studied here (see Fig. S3). As far as 

the relative large magnitude of the dipole compared to the dipole of the essentially upright-

standing SAM at full coverage is concerned, one needs to keep in mind that at low packing 

densities depolarization effects are significantly reduced.  

 

 

Figure S3: Structure of the isolated H-terminated monolayer of the -NH2 tail-group substituted 

monolayer at =0.25 used to calculate µmol,z’ and mol,z’ shown in Fig. S2.   
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4. Densities of States 

 

 

Figure S4: Density of states (DOS) of the –CN substituted model(red) and thiolate(black) 

systems at =0.25. The energy is plotted relative to the Fermi-energy. 
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5. Charge-density rearrangements at half and full coverage 

 

Figure S5: Charge rearrangements arising from the interaction between the metal and the 

monolayer for the –CN substituted SAMs at =0.5. In the first and central panels a) and b) 

charge-density redistributions integrated over the unit cell in the viewing direction are shown. 

Red areas denote charge accumulation, blue areas depletion; only part of the five Au layers of 

the metal slab are shown. a) contains plots for the H-terminated model system and the 

corresponding thiolate system in a side-view manner. In panel b) the top view of the integrated 

charge rearrangements for both the model- and the thiolate-system are shown. Panel c) contains 

3D isodensity-plots (with an isovalue of 0.005 e/Å3). 
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Figure S6: Charge rearrangements arising from the interaction between the metal and the 

monolayer for the –CN substituted SAMs at =1.0. In the first and central panels a) and b) 

charge-density redistributions integrated over the unit cell in the viewing direction are shown. 

Red areas denote charge accumulation, blue areas depletion; only part of the five Au layers of 

the metal slab are shown. a) contains plots for the H-terminated model system and the 
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corresponding thiolate system in a side-view manner. In panel b) the top view of the integrated 

charge rearrangements for both the model- and the thiolate-system are shown. Panel c) contains 

3D isodensity-plots (with an isovalue of 0.005 e/Å3). 
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