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Abstract 

 

A microscopic understanding of charge transport through molecule-based systems is essential 

for advancing the field of molecular electronics. In the present contribution we highlight 

fundamental differences between devices with an individual molecule or a homogeneous 

monolayer as the active element. These differences arise from collective electrostatic effects 

that govern the electronic level-alignment in monolayer-based devices, but are absent in the 

case of individual molecules. Employing density functional theory in conjunction with a 

Green’s function approach, we show that depending on the chemical nature of the employed 

molecules collective electrostatic effects can result in either a significant increase or decrease 

of the current per molecule as a function of packing density, in certain cases even resulting in 

a change in the transport polarity. Understanding the underlying principles also allows for 

designing molecules in which dipolar effects cancel and, thus, the transport characteristics of 

individual molecules and monolayers remain similar. 
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1. Introduction 

The ultimate miniaturization of electrical components triggered paramount scientific interest 

in understanding charge transport on an atomistic length scale and lead to what is known today 

as ‘molecular electronics’.1,2,3 The collective (or cooperative) behavior of individual molecules 

condensed into a molecular assembly is particularly important, as it determines the ‘scaling’ of 

charge-transport properties with the size of a molecular junction4. 

Experimentally, these scaling properties have been examined in several previous studies5. For 

example, Kushmerick et al. observed the conductance to scale directly with the number of 

molecules present in a self-assembled monolayer (SAM) junction6. Selzer et al., however, 

found that the scaling of conductance strongly depends on the applied bias, and that the per-

molecule current can strongly decrease due to environment effects7. Similarly, also in 

theoretical studies8,9,10,11,12,13,14,15,16,17 it was reported that going from one molecule to a few and 

further to many molecules, collective effects can “help or hamper15” electronic transport.  For 

example, direct molecular (-) and substrate-mediated coupling13,15, or quantum-interference 

phenomena18 were shown to generally increase the conductance per molecule. On the other 

hand, incoherent scattering can strongly decrease the per-molecule conductance in a SAM16, 

and equally so can differences in the broadening of spectral properties when going from single 

molecules to monolayers12,13. These previous findings clearly suggest that the evolution of 

charge-transport properties with the number of molecules is strongly system dependent. 

While the above-mentioned effects originate mostly from quantum-mechanical interactions, in 

this Letter, the impact of collective electrostatic effects on charge-transport properties of 

molecular assemblies is systematically investigated. These arise from the peculiar way in which 

assemblies of dipoles influence the electrostatic potential-energy landscape (for recent reviews 

see refs 19,20,21,22). Such dipoles are present in the vast majority of molecular and monolayer 
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junctions due to polar docking groups and/or interfacial charge-rearrangements arising from 

the molecule-electrode bond formation. Previously, some of us have shown that the collective 

electrostatic interaction of dipolar units allows for switching the transport polarity in monolayer 

junctions23. Here, we will exploit such intramolecular polar groups primarily to clearly 

illustrate the impact of collective electrostatic effects on charge-transport properties.   

We find that the detailed chemical structure of the molecules forming the junction determines 

whether the per-molecule current increases or decreases, when the molecular packing density 

changes. We also show that by designing molecules such that internal dipoles compensate 

bonding-related dipoles, it becomes possible to realize systems in which the current per 

molecule becomes largely packing independent. This could, for example, be exploited for 

reducing fluctuations arising from structural imperfections in monolayer devices that cause 

lateral variations of the local packing density. Based on well-established concepts of 

electrostatics and molecule-metal interfaces, our study reveals that transport measurements 

may or may not depend on the number of molecules present in the junction. 

 

2. System Setup and Theoretical Methods 

In our calculations, we considered metal-molecule-metal junctions with varying lateral 

molecular packing densities, ϴ (see Fig. 1a).  Employing periodic boundary conditions, we 

represented the leads present on each ‘side’ of the junction by three layers of Au(111) (i.e., 

there are 6 layers of Au between periodic replicas of the organic monolayers). For the molecular 

part of the junction, we started from a densely-packed (ϴ=1) self-assembled monolayer (SAM) 

with one molecule per (2x2) Au(111) surface unit cell. The lateral molecular packing density 
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was then gradually reduced by replicating the unit cell in the x and y-directions removing all 

but one molecule. In this way, we generated molecular packing  

 

Figure 1. (a)  Structure of the densely packed (ϴ=1; all molecules) junction and the model 

system for the single-molecule situation (ϴ=1/16; dark molecule only). The unit-cell for ϴ=1 

is indicated by the blue box, while for ϴ=1/16 the whole displayed structure (excluding the 

shaded molecules) represents the unit cell used in the calculations. (b) Chemical structures 

of the investigated molecules TW, Nout and Nin, including arrows indicating the relevant local 

dipoles present in the systems. 
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densities of ϴ=1/2, ϴ=1/4, ϴ=1/8, and ϴ=1/16. The latter, which corresponds to one molecule 

per (8x8) surface unit-cell, strictly speaking is a very sparse monolayer, which we here consider 

as a model for a single molecule junction. This is justified by the far-reaching electrostatic 

interactions between neighboring molecules becoming very small in the case of ϴ=1/16, as 

will be shown below. The procedure of varying the molecular packing density is schematically 

indicated in Fig. 1a; a more detailed description including depictions of all unit cells is 

contained in the supporting information (SI).  

As a prototypical example for molecular and monolayer junctions, we studied ‘Tour-wire’24 

based systems, i.e., 1,2-bis(2-phenylethynyl)benzene bonded two the Au electrodes with 

methylthiolate groups (TW molecule; see Fig. 1b). The methylene (-CH2-) spacers are used to 

electronically decouple the -conjugated backbone from the metal to avoid substrate-induced 

effects that are not the focus of our present study. To investigate the impact of polar groups 

built into the molecular backbone25, we followed the strategy from ref 23 and symmetrically 

replaced the two outermost phenyl rings with pyrimidine units, resulting in the Nout and the 

isomeric Nin molecules (see Fig. 1b). Importantly, this procedure hardly affects molecular 

quantities, i.e., the frontier orbitals of Nout and Nin are delocalized -states (see SI) and their 

ionization potential and electron affinity are essentially equal. However, the differently 

oriented C-N bonds lead to differently oriented ‘local’ dipoles in the peripheries of the Nout and 

Nin molecules, indicated by black arrows in Fig. 1b. Furthermore, all systems exhibit an 

additional local dipole, namely through the polar C-S-Au bonds (see Fig. 1b), comprising also 

the polarization response in the substrate.26 The collective effects due to these dipoles are the 

main focus of our study and will be explored in detail below. Note that the term ‘local dipole’ 

is not used in a rigorous sense (which would require local charge neutrality), but rather to 

specify a local charge distribution that affects the electrostatic potential in a way similar to a 
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(point) dipole. Overall, all three considered molecules exhibit inversion symmetry along the 

long molecular axis and, thus, do not possess a net dipole moment in this direction.  

Because our goal was to isolate the impact of collective electrostatics on charge transport, we 

chose to suppress several other effects usually superimposed in an actual junction. Therefore, 

we deliberately did not account for specifics in the junction geometry27, disorder, or molecular 

orientation (varying tilt28 and azimuthal angles). Also the gap reduction due to polarization 

effects in the films is not considered29,3031. To nevertheless allow for a realistic structural setup 

of the studied systems, we fully optimized the SAM structures including the innermost gold 

layers and the length of the junction in z-direction (see SI for further details). 

To determine the electronic structure of the systems and optimize their geometry, we performed 

band-structure calculations within the framework of density-functional theory (DFT), using the 

VASP32 code and the Perdew-Burke-Enzerhof PBE33 exchange-correlation functional. For 

computing the charge-transport properties of the metal-molecule-metal junctions, we followed 

a three step procedure: First, we used a locally modified version of the periodic electronic-

structure code SIESTA34 for extracting the Hamilton and overlap matrix of the central region 

(comprising the above-described unit cells; i.e., six layers of gold and the molecules at different 

packing densities). We applied a double-zeta polarized basis set. To achieve compatibility of 

the packing-dependent trends with the VASP results, we reduced the ‘PAO energy shift’ to 

0.001Ry (see SI for more information). Then, we computed the self-energies of the leads in the 

recursive Green’s function formalism35, using a (2x2x√6) unit cell for bulk gold, which was 

suitably increased at lower packing densities. Finally, the zero-bias transmission function, 

T(E), was calculated to obtain current-voltage (I-V) characteristics, employing the Landauer-

Büttiker36,37 approach as 

𝐼(𝑉) =
2𝑒

ℎ
∫ 𝑇(𝐸)[𝑓(𝐸 − µleft) − 𝑓(𝐸 − µright)]𝑑𝐸.  (1) 
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Here, 𝑓(𝑥) is the Fermi-Dirac occupation function at 300K, and µleft/right = 𝐸F ±
𝑒𝑉

2
 with e the 

elementary charge, EF the Fermi energy and V the voltage. Because we rely on zero-bias 

transmission functions, polarization effects due to an applied voltage are not included in our 

treatment. Nevertheless, qualitatively reliable results can be expected for current-voltage 

characteristics plotted in voltage regions far from resonances38. OVITO,39 XCrySDen40 and 

Mayavi41 were used for graphical visualization. For full details on the applied computational 

methodology and numerical parameters used in our calculations, see SI. 

 

3. Results and Discussion 

3.1. Charge-Transport Properties of Monolayers with Different Packing Densities 

The resulting current-voltage (I-V) curves for TW, Nout and Nin molecules at highest (ϴ=1) and 

lowest (ϴ=1/16) considered packing density are shown in Fig. 2a (thick, solid lines). At ϴ=1, 

the transport characteristics of the three systems display certain differences: For example, for 

a per-molecule current of 0.5 A to flow, voltages of 1.4 V, 1.0 V, and 1.2 V have to be applied 

for TW, Nout and Nin, respectively. What is more surprising, however, are the distinctly 

different shifts of the charge-transport characteristics that are observed when approaching the 

single molecule (i.e., low packing density) limit: Reducing the molecular packing density in 

the junctions significantly increases the current per molecule for TW, whereas for Nout a marked 

decrease is observed. For Nin, where the orientation of the polar C-N bonds is reversed, the 

current per molecule is almost independent of the molecular packing density. 
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Figure 2. (a) Calculated current-voltage characteristics of the TW, Nout and Nin systems for 

full monolayer with a packing density ϴ =1, and the model for a single molecule junction 

with ϴ=1/16. Thick-solid lines denote full currents, whereas thin-dashed lines denote the 

dominant types of current arising from electron (n-type) or hole (p-type) transport; see text 

for details. (b) Calculated transmission functions of the TW, Nout and Nin systems for 

different packing densities ϴ. The Fermi level EF is used as the energy reference. The area 

below the curves for the highest and lowest considered packing densities is shaded. 
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We have previously shown for densely-packed Nin and Nout layers23 that local intramolecular 

dipoles can influence the polarity of charge transport through molecular monolayers. This 

determines, for example, the sign of the Seebeck coefficient42,43,44 and, thus, the thermoelectric 

properties of molecular or monolayer junctions. Therefore, it is interesting to investigate the 

charge-transport polarity for the different junctions also as a function of the packing density. 

To achieve this, we calculated the current through occupied and unoccupied states separately 

(by setting the remainder of T(E) to zero and re-evaluating Eq. 1) with the results shown as 

dashed lines in Fig. 2a. At highest-packing density, the transport through TW and Nin SAMs is 

essentially p-type, while for the Nout SAM we find a more pronounced n-type current. When 

reducing the packing density, again an intriguing system-dependent effect occurs: For TW and 

Nin, the charge-transport polarity observed at highest packing density (p-type) prevails; for Nout, 

however, the polarity changes such that for the isolated molecule in the chosen configuration 

p-type and n-type conduction become very similar.   

 

3.2. Evolution of the Transmission Functions with Molecular Packing Density 

As current-voltage characteristics are directly affected by the energetic alignment of molecular 

transport channels relative to the Fermi level, EF, the above-discussed trends can be directly 

traced back to the transmission functions shown in Fig. 2b. For TW and Nout, a reduction in the 

packing density results in a continuous shift of the transmission functions to more positive 

energies with respect to EF. Thus, in both cases the occupied channels approach EF, while the 

unoccupied channels retreat from it, with the effect significantly more pronounced in the Nout 

case (+0.3 eV vs. +0.6 eV). As TW conducts via occupied channels, reducing the packing 

density reduces the tunnel barrier, and, consequently leads to an increase in the per-molecule 

current (see Fig. 2a). For Nout, however, the current at ϴ=1 is dominated by electrons flowing 
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through unoccupied states (see Fig. 2a). Therefore, the energy shift of the transmission function 

causes a decrease in the current per molecule when reducing the packing density. This 

eventually leads to the above-described change in transport-polarity at ϴ=1/16 (where for Nout 

the energetic distances of the occupied and unoccupied transport channels from EF become 

very similar). In the case of Nin, changes of the transmission function are comparably small, 

which is why current and polarity are essentially independent of the molecular packing density. 

 

3.3. Impact of Local Dipoles on the Electrostatic Potential Energy 

Fig. 3 shows the plane-averaged electrostatic energy of an electron along the transport direction 

for all three systems at ϴ=1. Interestingly, the electrostatic energy in the region of the molecular 

backbone is quite different in all three systems, which is highly relevant for the charge-transport 

properties because it energetically shifts the delocalized orbitals (see SI)  

 

 

Figure 3. Calculated plane-averaged electron electrostatic energy for full packing density, 

ϴ=1, of TW (solid black line), Nout (dashed light-blue line), and Nin (dotted red line). The 

Fermi energy is set to zero. 
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that serve as transport channels. These distinct qualitative differences in the local electrostatics 

of the three considered systems can be understood considering the different orientations of the 

local dipoles, as schematically indicated by the black arrows in Fig. 1b. As has been discussed 

extensively in the literature19,20,21,22, a 2D-periodic assembly of molecules with polar groups 

results in an energy shift left and right of the plane in which the dipoles are assembled. 

Interestingly, for point dipoles one can show that the decay length of the associated electric 

field is by nearly an order of magnitude shorter than the dipole-dipole distance19.  

To visualize the resulting abrupt changes in the electrostatic potential for the studied systems 

and analyze the effect of the local dipoles, we also plotted the electron electrostatic energy in 

a plane parallel to the central benzene rings for the densely-packed SAMs, ϴ=1, see Fig. 4 a-

c. In the TW monolayer, the most prominent energy shift occurs in the region of the bond 

between the Au surface and the methylthiolate bond (C-S-Au dipole). As the C-S-Au dipoles 

point towards the center of the junction, this effect shifts all transport channels in the monolayer 

to more negative energies with respect to EF. Otherwise, only relatively weak variations in the 

energy are visible, especially further away from the nuclei. 

 

In the Nin and Nout SAMs (see Figs. 4 b & c) the situation changes dramatically compared to 

the TW monolayer: An additional, rather steep potential energy gradient appears in the 

region of polar C-N bonds that strongly shifts the overall energy landscape for the molecules 

to more negative energies (Nout; blue shading in the central region of Fig. 3b), respectively 

positive energies (Nin; red shading in the central region of Fig. 3b) in energy. These are 
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‘global’ shifts, meaning that they affect the whole scattering region in-between the leads. 

 

Figure 4. Contour plot of the electron electrostatic energy for full packing density ϴ=1 (a) - 

(c) and lowest packing density ϴ=1/16 (e) - (f) of TW, Nin and Nout in a plane parallel to the 

central benzene ring, approx. 1.6 Å away from that ring to (i) avoid extensive variations in 

the potential near the nuclei and (ii) to avoid artifacts caused by the bending of the molecules 

(see SI). The choice of the plane in which the potential is plotted is also the reason for the 

potential features between the molecular backbones. These originate from potential 

variations caused from the (bent) molecules in the neighboring unit cells. The potential 

energy is given relative to the respective Fermi level. Isolines are drawn every 0.2 eV; no 

isolines are drawn for electrostatic energies below 2.4 eV. 
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Naturally, as such they also shift the electronic states in the monolayer relative to the Fermi-

level and, therefore, also the corresponding conducting channels in the transmission functions. 

We also find that these shifts are superimposed by ‘local’ (i.e., molecular) perturbations of the 

potential energy, especially close to the N atoms, and a weaker energy gradient along the 

carbon-carbon triple bonds that to some extent compensates the shift due to the pyrimidines. 

We attribute the latter, which is clearly a secondary effect, to a pyrimidine-induced polarization 

of that molecular region. The discussed ‘global’ energy variations are fully consistent with the 

plane-averaged potentials (cf. Fig. 3). 

When reducing the molecular packing density, the potential energy shifts caused by the 

superposition of the fields of the dipoles arranged in parallel decrease continuously45. This 

decrease depends sub-linearly on the packing density, owing to a smaller depolarization of C-

N and C-S-Au dipoles at lower packing densities46,47,48. Nevertheless, already for ϴ=1/16 (i.e., 

the lowest packing density considered here) only ’local’ potential energy variations prevail, 

which reflect the different nature of the involved chemical elements. The ‘global’ gradients in 

the direction perpendicular to the electrode surfaces have disappeared (see Fig. 4 d-f). This 

clearly shows that at low packing density, i.e. close to the single-molecule junction regime, the 

properties of the individual molecules prevail. In systems with interacting molecules, however, 

the collective electrostatic effects of superimposed dipole fields can significantly shift the 

electronic states in energy. These effects then determine the packing-dependent charge 

transport: At ϴ=1, the energy shift due to the C-S-Au dipole that occurs for all studied systems 

in a similar way adds to the effect of the pyrimidine dipole in the case of Nout. At lower packing 

densities, these shifts disappear, which explains the strong packing-density dependence of the 

transmission functions of TW and Nout. For Nin, however, at ϴ=1, the impact of the reversed 
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pyrimidine dipole cancels that of the C-S-Au bond giving rise to its packing-independent 

charge-transport properties. This shows that collective electrostatic effects can be effectively 

‘switched off’. 

 

4. Conclusions 

To summarize, we studied the impact of collective electrostatic effects on the charge-transport 

properties of molecular systems. Our results clearly demonstrate that these effects can change 

the transport characteristics of molecular ensembles even qualitatively, as they strongly affect 

the total current as well as its polarity. Most importantly, we have shown that collective effects 

emerge naturally from the bonding of the molecules to (metallic) leads (i.e., they occur in 

virtually all monolayer junctions) and that they are strongly affected by the presence of polar 

bonds. Depending on the magnitude, orientation, and location of the associated dipoles, 

collective electrostatic effects can significantly increase or decrease the current per molecule. 

They can be significant, shifting transmission maxima sometimes by more than 1 eV and are, 

thus, larger than many of the otherwise discussed collective effects in molecular junctions. By 

appropriate molecular design, these effects can also be avoided. As collective electrostatic 

effects are operational only in (densely) packed monolayers but absent in individual molecules, 

the aforementioned trends directly map onto packing-dependent molecular conductivities. 

Consequently, the phenomena discussed here can play an important role in many of the relevant 

charge-transport scenarios and might help explaining some of the seemingly conflicting 

observations of cooperative charge-transport behavior in molecular and monolayer systems. 
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