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The interface between semi-metallic Sb(111) 

electrode and ionic liquid with 4,4’-bipyridine 

addition has been studied. Using in situ 

scanning tunnelling microscopy and 

electrochemical impedance spectroscopy, the 

desorption of 4,4’-bipyridine was demonstrated 

and a dense underlying structure, formed below 

a sparse self-assembled monolayer, was visualized. The first SAM layer in contact with the 

electrode consisted of tightly packed ordered rows, which fine structure has been identified 

with density functional theory calculations supported by machine learning. The second SAM 

layer, on top of the first, is characterised by low surface concentration and its unit cell was 

obtained experimentally. The detection of two separate adsorbed layers indicates that the 

ordering of organic molecules could extend well beyond the monolayer on the electrode’s 

surface. These insights are of fundamental and practical importance in the development of 

nanoelectronic devices. 

Introduction 

Highly organised self-assembled monolayers (SAMs) with controllable properties have had 

significant attention due to their numerous potential applications1,2. Depending on the chemical 

and physical properties of the SAMs, they have been used as protective coatings3,4 and for the 

fabrication of organic thin-film transistors and sensors2,5,6. The properties of SAM are governed 

by the characteristics of individual molecules in the monolayer, by the interactions between 

these molecules with the surface and themselves, and by SAM interactions with the electrolyte 

and non-adsorbed organic molecules7,8. Also, as the SAM molecules are adsorbed, the 

crystalline surface of the substrate has a significant impact on the arrangement of SAM 

molecules on its surface. 
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The adsorption of SAMs allows tuning the surface properties such as work function9 and 

wettability10. Particular interest has been turned to rigid molecules with conjugated backbones, 

which are characterised by lower tunnel barriers at the interface11. The adsorption of 

4,4’-bipyridine (4,4’-BP) contains both π electronic system and nitrogen atoms with lone 

electron pairs, which facilitate the possibility to bond with the metal surface and other 

molecules in different ways. Studying the arrangement of 4,4’-BP, therefore, offers a 

fundamental insight into the competing interactions, which control the structure of SAM. 

Previously, the 4,4’-BP adsorption has been mostly investigated from aqueous solutions using 

experimental techniques such as electrochemical impedance spectroscopy (EIS), scanning 

tunnelling microscopy (STM), infrared and Raman spectroscopy for Au(111)12, Bi(111)13, 

Cu(111)14, Sb(111)15 and Cd(0001)16 surface. Regardless of the influence of electrolyte, 

electrode or applied potential, in all aforementioned studies, 4,4’-BP has been shown to form 

an ordered 2D structures on the electrode surface. Depending on the studied metal monocrystal 

surface structure, it was demonstrated that 4,4’-BP could adsorb at different orientations: with 

N atom oriented towards the surface (Au(111), Cd(0001)), with pyridine rings parallel 

(Cu(111), Sb(111)) and perpendicular (Cu(111), Bi(111)) to the surface, highlighting the effect 

of metal substrate crystal structure on the SAM structure. The influence of the used electrolyte 

to the SAM characteristics was shown on Bi(111) electrode, by studying the 4,4’-BP adsorption 

from weakly acidified Na2SO4 aqueous solutions13. 

The bulk and interfacial properties of room temperature ionic liquids (ILs) have been the 

subject of numerous studies since 1990s17–27. This considerable interest has been carried by 

their unique properties such as good thermal and electrochemical stability, low vapour pressure 

and high viscosity, which allow to consider them as possible lubricants28,29, electrolytes for 

energy storage devices, e.g. fuel cells and supercapacitors30,31 and solvents for liquid-phase 

extraction32. As the properties of Ils differ notably from other organic solvents or water, 

studying IL solutions, which contain inorganic ions, organic additives or other Ils, can offer 

fundamental insight into processes occurring at the interface by investigating them within a 

wider potential region than possible in other solvents or tune the properties of 

electrode | electrolyte interface for a given task.33–35  

In this work, we investigated the adsorption of 4,4’-BP from 1-ethyl-3-methylimidazolium 

tetrafluoroborate (EMImBF4) IL at Sb(111) electrode. The main aim was to compare the 

adsorption characteristics of 4,4’-BP with data from other previously studied 4,4’-BP aqueous 

and IL electrolyte interfaces with single crystal metal electrodes. Furthermore, as SAMs are 
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considered for different applications such as corrosion protection and nanoelectronics, it is vital 

to study the fundamental aspects driving the formation of SAM at different metal electrodes. 

Semimetallic Sb(111), with a rhombohedral crystal structure that consists of stacked bilayers, 

was chosen due to its unique electronic properties36 and good stability34 when forming the 

interface with EMImBF4 as an electrolyte. 

Experimental 

To prepare the investigated IL solutions, we used EMImBF4 (Sigma-Aldrich, for 

electrochemistry, purity ≥99.0%, ≤200 ppm water) and 4,4’-BP (Thermo Scientific Acros, 

purity 98.0%, anhydrous). The solutions were prepared in the glovebox (H2O < 0.3 ppm, 

O2 < 0.2 ppm). All measurements were carried out in a three-electrode electrochemical cell, 

which consisted of an Sb(111) single crystal plane (Mateck) as working electrode, platinum 

(Pt) net as counter electrode, and silver chloride (Ag|AgCl) as reference electrode in the 

glovebox. Electrochemical polishing of Sb(111) surface before each EIS experiment was 

conducted in saturated KI (Sigma-Aldrich, BioUltra, purity ≥99.5%) + 0.5% HCl (Merck, 

Suprapur, 30% solution) aqueous solution at a current densities j ≈ 1.0 A/cm2. In the case of in 

situ STM experiments, the surface was cleaved. Autolab PGSTAT204 with FRA32M EIS 

module and Nova 1.10 software package were used for the cyclic voltammetry (CV) and EIS 

measurements. The frequency range applied in EIS measurements was from 0.1 Hz to 

10000 Hz with a step of 15 frequencies per decade. For excitations, a single sine wave with an 

amplitude of 0.005 V was used. Interfacial capacitance (C) was estimated using relation 𝐶 =

−(𝑍′′2𝜋𝑓)−1 under the assumption of a non-compensated resistance R and a capacitor C in 

series. After electrochemical polishing, the working electrode was introduced into the solution 

at potential E = −0.6 V. 

The in situ STM measurements were conducted using a PicoSPMTM molecular imaging system 

in the constant current mode. The measurements were carried out in argon atmosphere 

(5.0 Linde Gas), using STM tips that were prepared by electrochemically etching tungsten wire 

with 5 M KOH (Sigma-Aldrich, puriss. p.a.) solution and later insulated with ApiezonTM wax 

coating. Insulated STM measuring tip was inserted into the IL solution at E = −0.7 V. The 

postprocessing of measured STM images were done using Gwyddion data visualisation and 

analysis software37. 
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Calculations 

To estimate the most probable configurations of the dense 4,4’-BP monolayer, density 

functional theory (DFT) calculations in combination with SAMPLE38 machine learning (ML) 

approach, based on Bayesian linear regression, were utilised. First, to identify energetically 

favourable adsorption geometries on Sb(111) surface, a lone 4,4’-BP molecule was placed at 

four different Sb(111) adsorption sites (top, bridge, hollow 1, hollow 2) and oriented at three 

different angles (0°, 45°, 90°, for bridge adsorption site; 0°, 15°, 30°, for other sites) relative to 

the direction perpendicular to Sb(111) surface. For more details see Figure S1 in 

Supplementary Information (SI). The adsorption geometries were relaxed to a minimum, with 

atomic forces below 0.05 eV/Å, while keeping Sb atoms fixed.  

From the relaxed structures, 8 geometries with the highest adsorption energies were chosen for 

the SAMPLE approach to generate possible symmetry-unique monolayer configurations by 

combining different Sb(111) unit cells and given adsorption geometries. The studied 

monolayer structure unit cells had a minimum height of 2 primitive Sb(111) unit cells and 

contained up to 4 different local adsorption structures. The investigated surface concentration 

range of 4,4’-BP molecules was from 1.3×10−10 mol/cm2 to 2.7×10−10 mol/cm2 in the unit cells 

containing 1 and 2 different local structures and 2.0×10−10 mol/cm2 to 2.7×10−10 mol/cm2 with 

3 and 4 different local 4,4’-BP adsorption structures. For the optimisation of hyperparameters, 

we made use of a training set consisting of 290 DFT single-point calculations of different SAM 

configurations, chosen using the D-optimality criterion, and a validation set consisting of 95 

configurations. With optimised parameters, a root mean square error (RMSE) of adsorption 

energy of 0.085 eV per molecule was calculated. The hyperparameters used for the training of 

the model are provided in SI Table S1. To train the final model, used for the prediction of the 

surface structures, we used the optimised parameters and all 385 different SAM configurations. 

The final model was evaluated on a test set, made up of 45 previously unseen configurations, 

which gave RMSE of 0.10 eV per molecule. Using the trained model, the SAM configuration 

with the lowest adsorption energy per electrode surface area has been selected for further 

analysis. 

All necessary DFT calculations were carried out using GPAW39–41 software package in LCAO 

mode, a grid spacing of 0.16 Å, dzp basis set, Perdew–Burke–Ernzerhof (PBE) exchange-

correlation functional42, D4 dispersion correction43 together with Brillouin-zone sampling with 

a minimum density of 14.5 points per Å−1. The Sb(111) surface was created using experimental 
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lattice parameters44 and not further relaxed to facilitate better comparability between STM and 

DFT results. Periodic boundary conditions were applied along the surface plane and dipole-

layer correction in the nonperiodic direction perpendicular to the Sb(111) surface. In all 

calculations, the Sb(111) slab consisted of 4 layers (2 Sb bilayers), deemed a reasonable 

compromise between computation time and accuracy. 

Results 

The characterisation of the electrochemical behaviour of Sb(111) | 4,4’-BP + EMImBF4 

interface 

 

Figure 1. a) CVs at 10 mV/s scan rate; and b) differential capacitance (C) vs. potential (E) 

curves at 210 Hz for Sb(111) in EMImBF4 and in 1.0 wt% 4,4’BP + EMImBF4; c) CVs at 

different potential scan rates for 1.0 wt% 4,4’BP + EMImBF4; d) Oxidation current (jox) 

dependence on potential scan rate (v) for 1.0 wt% 4,4’BP + EMImBF4. 
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The cyclic voltammograms (CVs) for Sb(111) in EMImBF4 and 1.0 wt% 4,4’-BP + EMImBF4 

after electrochemical polishing are shown in Figure 1a in the potential range between 

−1.1 V < E < −0.1 V, first measured towards less negative E values and then towards more 

negative E values. During the potential scan in the negative direction, at E < −0.7 V, the current 

decreases rapidly for EMImBF4 solution with 4,4’-BP addition, indicating a reduction process 

(with a small peak at E = −0.94 V) occurring at the interface. The charge transfer is 

pseudoreversible as the changing of the scan direction causes an oxidation peak at E = −0.86 V. 

Described charge transfer process is not seen in the CVs of pure EMImBF4, where the reduction 

current, related to the reduction of impurities such as water, starts to increase at E < −0.95 V. 

Therefore, it can be related to the reduction of the adsorbed 4,4’-BP to 4,4’-BP− in aprotic polar 

solvent45. The process is also visible in the measured C vs. E dependences (Figure 1b) at 

210 Hz. The C dependence of EMImBF4 solution with 4,4’BP addition has a noticeable peak 

at E = −0.9 V, visible in both scanning directions, similarly to15,16. This peak is not visible in 

the case of pure EMImBF4 and its appearance suggests a reorganization process along with 

charge transfer occurring at the electrode’s surface. In the range −0.8 V < E < −0.1 V, the 

capacitance curve has a plateau, which points to the adsorption and the formation of the 

compact layer of 4,4’-BP. When investigating the CVs at different potential scan rates for 

1.0 wt% 4,4’-BP + EMImBF4, given in Figure 1c, it is visible that the process is limited by the 

diffusion of 4,4’-BP due to the shifting of the oxidation peak with increasing scan rate. This is 

also confirmed by the linear dependence of the magnitude of the oxidation peak (jox) on the 

square root of the potential scan rate (√𝑣), illustrated in Figure 1d. 

Additional insight into the kinetics of interfacial processes can be gained using impedance 

modulus (|Z|) and Bode (phase angle, θ) plots (Figure 3). In the case of pure EMImBF4, in the 

potential range between −0.8 V < E < −0.2 V, the interface has nearly ideal capacitive 

behaviour, with θ < −75° in a large frequency range and the slope of |Z| dependence, fitted in 

the f range between 0.1 Hz and 1000 Hz, being less than −0.86, which is a slight deviation from 

the slope of −1.0, characteristic of ideally polarizable interface46. Only at low frequencies, 

small deviations of θ were observed, and they have been related to the slow reorganization of 

the IL at the interface with partial charge transfer between the IL’s ions and the electrode25,47–

50. At lower potential values (E < −0.9 V), the θ starts to increase, which points to the beginning 

of faradic processes, most likely the reduction of impurities (such as H2O), which is in 

agreement with CVs in Figure 1a.  
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For the 1.0 wt% 4,4’BP + EMImBF4 solution, the phase angle dependencies show similar 

trends as the pure EMImBF4 in the range −0.6 V < E < −0.2 V, although lacking the increase 

of θ at very low frequencies, possibly due to adsorbed 4,4’-BP molecules, which hinder the 

partial charge transfer between the Sb(111) and the IL ions. In the potential range between 

−0.9 V < E < −0.6 V the θ increases, and a local maximum at f ≈ 10 Hz appears. A mixed 

kinetic process is visible, where the rate of the overall process is determined by the combination 

of diffusion, charge transfer and adsorption/desorption processes. The changes of phase angle 

dependence can be related to the reorganization of the adsorbed 4,4’BP layers together with 

the charge transfer or reductive desorption of 4,4’BP. Interestingly, at E = −1.1 V, the phase 

angle dependencies for both pure EMImBF4 and for 1.0 wt% 4,4’BP solution are very similar, 

without the θ maxima described above. 
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Figure 2. The impedance modulus (|Z|) and phase angle (θ) vs. log(frequency) dependencies 

for Sb(111) in EMImBF4 (blue) and 1.0 wt% 4,4’BP + EMImBF4 (orange) at chosen E values. 

 

 

The formation of 4,4’-BP monolayers at the Sb(111) | 4,4’-BP + EMImBF4 interface 

The overall electrochemical behaviour of Sb(111) | 4,4’-BP + EMImBF4 interface, described 

above using EIS and CV, hints at the possibility of the formation of compact 4,4’-BP adsorption 

layer due to large plateau together with a significant peak in C vs. E dependence. To study the 

orientation and distribution of 4,4’-BP on the Sb(111) surface at different applied potentials, in 
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situ STM measurements were conducted in the same E range as EIS and CV. Figure 3 illustrates 

the changing of the surface structure in the potential range −0.9 V < E < −0.65 V. The most 

distinct formation of ordered structure (Layer A) is observed at E = −0.85 V and −0.75 V, 

where are clearly visible rows of 4,4’-BP molecules, interpreted to be oriented with the plane 

of aromatic rings parallel to the Sb surface, similarly to aqueous solution15. The formation of 

ordered 4,4’-BP arrangements was most pronounced when the E was changed towards less 

negative values due to the desorption of 4,4’-BP at E < −0.85 V. The ordered structure 

disappeared at E > −0.75 V, most probably due to further adsorption of 4,4’-BP, forming 

amorphous layers on top of the ordered layers on the Sb(111) surface. At E = −0.9 V, the 

ordered rows of Layer A disappear, as 4,4’-BP desorbs (shown in SI Figure S3), and a much 

more compact underlying structure is observed (Layer B). Although Layer B has denser 

structure, the distance between visible the rows, shown in Figure 3a, is too large to correspond 

to the interatomic distance between the two nearest Sb atoms (a = 4.3 Å44) and therefore is 

likely consisting of strongly adsorbed 4,4’-BP molecules or 4,4’-BP− ions. In addition to the 

ordered layers, the formation of bright clusters on the Sb(111) surface was also observed, 

similarly to Gorbatovski et al.15, which were related to the partial reduction and deposition of 

bipyridine on the electrode’s surface. 
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Figure 3. STM images of Sb(111) | 1% 4,4’-BP + EMImBF4 interface at different potentials. 

On the closer inspection of the periodic rows of Layer A, illustrated in Figure 4, two different 

patterns of 4,4’-BP were observed. The STM image of a first pattern (Pattern 1) is shown in 

Figure 4a together with the proposed unit cell. The unit cell of Pattern 1 contains one 4,4’-BP 

molecule and has a shape of a parallelogram with 4,4’-BP molecules at the corners. In Pattern 

2, the 4,4’-BP molecules are packed more tightly in a row, with the distance between two 

molecules being reduced to 0.8 nm, while the distance between neighbouring rows remains the 

same. From the proposed unit cells, relatively low surface concentrations of 1.28×10−10 

mol/cm2 and 1.38×10−10 mol/cm2 were estimated for patterns 1 and 2, respectively. The 

existence of multiple surface structures at similar potentials can be related to the defects in 

underlying Layer B or various configurations of 4,4’-BP molecules with similar interaction 

energies. The structure, characteristic of the Layer B, is illustrated in Figure 4c. Although the 

high density of the formed structure hindered the physical resolution of separate 4,4’BP 

molecules and the determination of the measurements of the unit cell, the 4,4’-BP molecules, 

with pyridine rings visible, seem to be packed tightly to each other in ordered rows, without 

the space that was visible in surface structures belonging to Layer A. 
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Figure 4. Different monolayer configurations, obtained from STM images of 

Sb(111) | 1.0% 4,4’-BP + EMImBF4 interface together with proposed unit cells for 

configurations belonging to Layer A. 

The computational modelling of Layer B and the interfacial structure 

 

Figure 5. a) Monolayer configuration of 4,4’-BP molecules on Sb(111) surface together with 

a proposed unit cell of Layer B. b) Calculated STM image of Layer B. c) The model of 

organised 4,4’-BP multilayer structure on Sb(111) surface. 
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As the STM images indicated the existence of a tight underlying SAM layer, DFT calculations 

in combination with ML were used to evaluate the unit cell of Layer B. Figures 5a, and 5b 

show the predicted surface structure for layer B with the strongest adsorption energy per 

electrode surface area together with calculated STM image. The predicted surface structure for 

layer B consists of ordered 4,4’-BP rows, similar to experimental results. At the same time, the 

surface concentration of 2.58×10−10 mol/cm2 was almost two times larger than determined for 

layer A. The 4,4’-BP molecules in the calculated layer B structure are positioned at the hollow 

1 adsorption site. When comparing the 4,4’-BP adsorption energy that was predicted by the 

ML model with DFT calculations, they are in good agreement, being −1.34 eV and −1.37 eV, 

respectively. The molecules are oriented with the plane of aromatic rings parallel to the 

electrode’s surface and interact with the Sb atoms through the π aromatic system. Interestingly, 

the adsorption energy of a 4,4’-BP molecule in the SAM structure is significantly more 

negative than for the isolated 4,4’-BP molecule (−0.66 eV, see Figure S4) at hollow 1 

adsorption site, which underlines the importance of the interactions between the molecules in 

SAM. As the molecules are rotated relative to each other with nitrogen atoms pointed towards 

the centre of hydrogen atoms of the pyridine ring, in addition to dispersion forces, the formation 

of hydrogen bonds between 4,4’-BP molecules has a significant effect on the stabilisation of 

the structure, with the interaction being as strong as −0.23 eV for a pair of 4,4’-BP molecules. 

When comparing the unit cells of calculated layer B and measured layer A structures, it is 

apparent that the pattern 2 unit cell closely matches the layer B structure, with one additional 

4,4’-BP molecule in the centre of the parallelogram. This allows concluding that the 4,4’-BP 

molecules of layer A are most likely situated on top of 4,4’-BP molecules of layer B with the 

empty space most likely filled by EMIm+ ions to screen the electrode’s charge. 

The formation of multi-layered ordered self-assembled structure of organic molecules adsorbed 

on the electrode | electrolyte interface, to the best of our knowledge, has not been previously 

reported, although, the existence of multilayer structure of IL ions at the interface have been 

previously shown in both experimental23,51,52 and computational studies50,53,54. Furthermore, it 

has been shown that in ILs, if the ions form rigid layers on the electrode, it is necessary to apply 

an overpotential to replace the ions55. In the case of electrolytes with organic molecules 

additives, the current understanding is that the highly ordered SAM structure does not extend 

beyond the first layer, directly in contact with the electrode’s surface. This applies to the 

adsorption studies of 4,4’-BP12–16, 2,2’-BP34,56,57, as well as other organic molecules forming 

organised layers57–60. The possibility of the existence of a possible denser SAM structure 
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underneath of a sparse monolayer is at the same time feasible if the molecules in the SAM can 

form hydrogen bond networks and adsorb strongly to the electrode’s surface. The reasons why 

the underlying structure has not been previously reported can be explained by that the 

underlying denser structure is challenging to image with in situ STM and was only revealed as 

a result of the desorption in the current case. The existence of multiple self-assembled layers 

could have far-reaching ramifications for the applications, where the structure and properties 

of monolayer are essential, such as corrosion-resistant coatings61, single-molecule junctions 

and switches62, as well as other possible applications in nanoelectronics63. 

Conclusions 

In this work, we investigated the properties of Sb(111) | 4,4’-BP + EMImBF4 interface using 

in situ STM, EIS and DFT calculations. It was shown that reductive desorption of 4,4’-BP at 

Sb(111) surface occurred at E < −0.8 V. The capacitance dependence has a plateau when 

E > −0.8 V, which points to the adsorption of 4,4’-BP. The formation of 4,4’-BP SAMs was 

demonstrated with in situ STM, which showed that at least two ordered SAM structures are 

formed on top of each other at the Sb(111) surface. The first SAM layer, directly above the 

electrode’s surface, consists of tightly packed ordered rows. Its fine structure and likely 

arrangement of 4,4’-BP molecules were estimated with machine learning in combination with 

DFT calculations, which predicted a configuration with a surface concentration of 

2.58×10−10 mol/cm2 where interactions between 4,4’-BP molecules have a significant effect on 

the adsorption energy. The second SAM layer had rather low estimated values of surface 

concentrations of 1.28×10−10 mol/cm2 and 1.38×10−10 mol/cm2 for two different structures. 

Although, the unit cells for the first SAM layer was obtained from the calculations and for the 

second SAM layer from the experiments, their measurements were in good agreement and 

allowed to propose a model of the structured SAM layers. 
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