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Abstract 

We report a molecular dipole that self-assembles into highly ordered patterns at the liquid–solid 

interface and that can be switched at room temperature between a bright and a dark state at the 

single molecule level.  Using a scanning tunnelling microscope (STM) under suitable bias 

conditions, we can write binary information at a density of up to 41 Tb/cm2 (256 Tb/in2).  The 

written information is stable during reading at room temperature, but can also be erased at will 

instantly by proper choice of tunnelling conditions. DFT calculations indicate that the contrast 

and switching mechanism originate from the stacking sequence of the molecular dipole, which 

is reoriented by the electric field between tip and substrate. 

 

Main text 

The appeal of molecular electronics lies in the easy bottom-up fabrication of nanostructures 

with functions that mimic, and sometimes surpass, those of traditional electronic components, 

while achieving ultimate spatial density.[1]  Over the past several decades, numerous molecular 

building blocks have been proposed[2] to perform electronic functions that include quantised 

conduction, switching between conductance states,[3] current amplification and rectification.[1] 

For binary data storage at the molecular level, most results have been obtained in ultrahigh 

vacuum (UHV),[4] often combined with low temperatures (77K or less).[5] In many cases, 

switching has been demonstrated in principle but was not achieved at the single molecule 

level,[5c,5d,6] or the switching units failed to form ordered layers.[4b]  Among the desired 

properties of the ideal molecular electronics device feature ease of fabrication, low cost, 

sophisticated function, high stability and operation under ambient temperature and pressure. 

For a molecular memory, high information density, stability of the stored bits together with 

ease of writing, reading and erasing are of utmost importance.   
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The system we propose is based on an organic salt that consists of a large discoid polyaromatic 

cation (PQPC14+) and a small inorganic anion (perchlorate, ClO4–), Figure 1a. In recent work, 

we have demonstrated the rich supramolecular behaviour of this compound class, and were able 

to show transformations between 2- and 3-dimensional self-assembly and reversible 

electrocompression under electrochemical conditions,[7a,b] and the effect of anions on 

supramolecular structure formation.[7c]  The key difference between the molecular liquid–solid 

interface and the electrochemical environment is the presence of the electrochemical double 

layer,[8] where typically a field on the order of up to 109 V m–1 exists.  This strong field leads 

to efficient ordering of permanently charged tectons, as Coulomb interactions dominate, and 

provides a decisive advantage over self-assembly at the organic solvent–solid interface.  In the 

latter case, more subtle intermolecular interactions may lead to the formation of energetically 

nearly degenerate, and therefore polymorphic, structures.[9]  Here, we turn this seeming 

disadvantage to an advantage by performing STM in a low-dielectric solvent that confines the 

tectons with opposing charges to strongly bound ion pairs (in octanoic acid, with relative 

permittivity e = 2.82 at 25 °C,[10] we calculate a 4 × 1025 stability constant for ion pair formation, 

see Supporting Information).  This means that the ions are effectively “locked together” by the 

solvent and not free to move independently from each other, by contrast with the behaviour of 

solvated ions in a typical electrochemical environment.  The electric field at the location of the 

tip being of the same order as in an electrochemical double layer then unlocks the possibility to 

switch these dipoles at the single molecular level and at room temperature,[11] in a similar vein 

to electrostatic catalysis of covalent bond formation.[12] 
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Figure 1. a) Molecular structure of PQPC14ClO4 (9-tetradecyl-2-phenylbenzo[8,9]-
quinolizino-[4,5,6,7-fed]phenanthridinylium perchlorate). b) Large scale, c) intermediate scale 
and d) high-resolution STM image of Au(111)/PQPC14ClO4 (1 µM in octanoic acid).  Sample 
bias Ub = –0.8 V, setpoint current It = 80 pA. Unit cell parameters a = (3.5 ± 0.2) nm, b = (1.4 
± 0.2) nm, α = (87 ± 3)°. e) Tentative model for molecular packing in panel d.  
 

 

Large- and intermediate-scale STM images, Figures 1b and c, reveal that PQPC14ClO4 self-

assembles into very large domains of several hundred square nanometres at room temperature 

at the octanoic acid/Au(111) interface; mild thermal annealing increases domain size further.  

Importantly for our purpose, virtually defect-free domains were obtained, indicating favourable 

kinetics of the self-assembly process and the absence of impurities with successfully competing 

adsorption characteristics.  The herringbone reconstruction of the gold substrate is visible 

underneath the molecular adlayer, pointing at essentially incommensurate adsorption on the 

substrate, whose detailed features do not lower the symmetry of the adlayer.  Within each 

domain, the tectons form straight rows, with exact molecular registry between the rows.  In 

high-resolution images, Figure 1d, especially the latter feature makes it straightforward to 

identify every bright square as the fused polyaromatic core of the cation.  The wider spacing of 

every double row accommodates the n-tetradecylchain that extends from the PQP core, leading 

to the model shown in Figure 1e.  In the context of a molecular memory device, the tight 
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packing, high level of simple rectangular order and absence of any spacer molecules are 

particularly attractive.[2] 

 

Bias switching of the contrast is demonstrated in Figure 2.  After imaging the area with initial 

tunnelling parameters Ub = –0.8 V, It = 70 pA (as in Figure 1), a bias voltage pulse of +0.5 V 

and 30 ms duration was applied at the indicated location.  Following the pulse, imaging was 

continued with mildly negative bias (Ub = –0.25 V, It = 70 pA).  The effect of the positive bias 

pulse is visible as a highly localised attenuation of the contrast, which in Figure 2a is limited 

to two adjacent molecules.  Closer inspection of the image still allows discerning their 

submolecular features, indicating that no vacancies have been created and no desorption has 

taken place.  If the area with attenuated contrast is scanned using the initial tunnelling 

parameters (Ub = –0.8 V, It = 70 pA), the original (all-bright) contrast is restored (vide infra). 

 

 

Figure 2. a) Bias switching of STM contrast by applying a +0.5 V, 30 ms bias pulse at the 
indicated location.  Imaging conditions Ub = –0.25 V, It = 80 pA. b) Apparent height profile 
along the white line in panel a. c) Two-tone schematic representation of contrast inversion. 
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Next, we demonstrate that writing of the binary information is possible at the single molecule 

level.  Figure 3 shows a sequence of images where sequentially up to four molecules are 

switched (write) from bright to dark.  The position of the switched molecules is simply 

determined by the position of the tip, provided that thermal drift is sufficiently low to achieve 

the required accuracy.  As is obvious from the image sequence, no spurious switching (“bright” 

to “dark”), nor switching back occurs.  After writing the 4 bits of information, the area shown 

was continuously imaged (read) for 30 min (corresponding to 11 full images), during which no 

changes in either direction were observed.  Under erase conditions at –0.8V bias, all binary 

information units were reset to “bright” without exception.   

 

 

Figure 3. Single molecule writing, reading and erasing of binary information in a PQPC14ClO4 
adlayer on Au(111). a) Adlayer before writing (all-zero); b–e) Sequential writing of up to four 
molecular bits of binary information; f) Stable reading of binary information; g) Complete 
erasing of written information with a single scan.  Imaging conditions are indicated per panel.  
An impurity with irregular but stable contrast in the lower left corner of each image is used as 
spatial point of reference. 
 

Bistability of the dipoles under reading conditions is an essential requirement for binary 

information storage, and is clearly demonstrated in Figure 3f.  In order to establish the window 



	 –7–	

of tunnelling conditions where stable reading is possible, continuous scanning of the all-bright 

adlayer was performed at low setpoint current (70 pA) while stepwise changing the sample bias 

until first signs of switching were observed (Figure S1 in Supporting Information).  Similar 

experiments were carried out for switching back (Figure S2), leading to the curve shown in 

Figure 4.  The expected hysteresis behaviour identifies a bistable region that is 150 mV wide 

and whose steep sides lead to clear transitions between “bright” and “dark”.  The centre of the 

operational stability region is located at a substrate bias of –0.25V; very low bias voltages 

(absolute values below 0.15V) cannot be used in practice as the resulting close proximity of the 

tip to the substrate disrupts the adlayer.  The adlayer also possesses self-healing properties, 

which is demonstrated in Figure S3: if accidentally too large a bias voltage pulse is applied, 

leading to the switching of an unintentionally large number of molecules, prolonged scanning 

under “erasing” tunnelling conditions leads to an almost perfect recovery of the adlayer in the 

“all-zero” state, which propagates from the undisturbed sections of the rows. 

 

 

Figure 4. Ratio between “dark” and “bright” (“1” and “0”) as a function of sample bias.  The 
clear hysteresis identifies bistability between –0.15 and –0.3 V, a precondition for stable 
reading.  In the greyed out “blind region”, ±0.15V around zero bias, imaging is not possible 
without disturbing the adlayer. 
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In order to rationalise the experimentally observed switching behaviour, we performed density 

functional theory (DFT) calculations (see Methods), Figure 5.  Under imaging conditions (tip 

positive), one of the most stable configurations of the ion pair is found for the PQPC14+ cation 

adsorbed in a planar manner on the Au substrate, and with the ClO4– anion stacked on top, 

Figure 5a, which represents the initial state (“bright”) of the switching molecule  (in the 

absence of the tip, calculations suggest that the ClO4– relaxes to a position on the Au substrate, 

which is of no consequence for the switching we describe, Figures S4 and S5).  The dipole 

moment of this vertically stacked ion pair amounts to 8.1 debye, more than twice the value 

determined for the Al-phthalocyanine with axial Cl ligand in other studies.[13]  The highest 

probability to switch individual dipoles was observed at a bias voltage pulse amplitude of 0.6 

V (Figure S6).  We hypothesise that during this pulse (tip negative), the perchlorate acquires 

sufficient energy to be inserted between the adjacent ordered alkyl chains, leading to a final 

state with a ClO4– anion trapped between the PQP+ tails as shown in Figure 5b.  This 

configuration is one of several possibilities for trapping ClO4– with very similar energies 

(Figure S7).  Figure 5c shows the energy landscape that the ClO4– anion experiences during 

its journey and Figure 5d the anion height along the trajectory between initial and final state.  

Importantly, there is a significant energy barrier for both the forward and the backward 

switching process, which explains the experimentally observed bistability (Figure S8).  As the 

initial and final energies are state functions, a large number of trajectories with equivalent 

energy can be followed in a real experiment, all of which lead to the same final state (“dark”).  

Full inversion of the molecular dipole (flipping upside down) can be excluded, as desorption of 

the fused polyaromatic core of the PQP+ cation from the Au(111) surface would require more 

than 2 eV in energy, in clear disagreement with our experimental observations (Figure S9). 

 

In line with this proposed mechanism, the change in contrast that is experimentally observed 

between the two states can be explained on the basis of the electronic density of states of our 
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system, Figure 5e.  During imaging, the positive tip (substrate bias negative) probes occupied 

states, i.e. states below the Fermi level.  The figure indicates that occupied orbitals near the 

Fermi level are dominated by the high-energy state of the ClO4– anion in the on-top 

configuration.  Strikingly, contact with the gold surface lowers the energy of the ClO4– frontier 

electrons in the side position (Figure S4) and more so for trapping of ClO4– between the alkyl 

chains.  The energy landscape shown in Figure 5b is very shallow as long as the perchlorate is 

on top of the fused ring system of the PQPC14+ cation, leading to high mobility of the anion.[7c]  

During normal imaging (not switching), the perchlorate will follow the positive tip within the 

periphery of the PQP+ fused ring system, enhancing the brightness of the latter.  Once a 

perchlorate is trapped by the C14-chains after switching, it becomes electronically invisible and 

is hindered to move on top of the PQP+ ring system, yielding the “dark” state. This picture is 

confirmed by the simulated STM pictures in Figure 5f where large values of the apparent height 

are found only if perchlorate is in the on-top position. 

 

Figure 5. a) Initial and b) final configuration, and c,d) reaction path of the ClO4– anion to move 
from an on-top position to a trapped position between the C14H29 tails. The corresponding 
relative energies and barriers are shown. e) Projected density of states (PDOS) relative to the 
Fermi level 𝜀" for different positions of the ClO4– anions (see Figure S4 for the corresponding 
configurations). f) Simulated STM images within the unit cell; the position of the trapped ClO4– 
anion is indicated with a circle. 
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As the very high information density is achieved in a single-component system, without the use 

of any passive spacer molecule, there is a limit to the number of adjacent molecules that can be 

switched with retention of the adlayer structure.  Consequently, the achievable information 

density is somewhat lower than the calculated 41 Tbit/cm2.  The fact that adjacent molecules 

can be switched without disturbing the rest of the adlayer (as shown in Figure 3E) may enable 

practically achievable binary information densities between 20 and 30 Tbit/cm2. 

 

The liquid medium in which the self-assembly of the dipoles and their switching takes place is 

at first sight remote from existing technologies that almost exclusively operate in the solid state.  

However, we believe that the low-dielectric organic liquid involved, or analogous compounds, 

are unproblematic regarding technological implementation.  Octanoic acid, a naturally 

occurring fatty acid, has very low volatility (normal boiling point 239 °C),[10] is non-toxic and 

not corrosive towards materials that are commonly used in the electronics industry.  In a closed 

system, the amounts necessary to provide the liquid interface film would be very limited: based 

on the footprint of the PQP+ cation, less than 10 µL of a 10–5 M solution is sufficient to produce 

an ordered monolayer on a 1 cm2 gold substrate—corresponding to a liquid film thickness of 

<100 µm.  Such small amounts of non-conducting liquid would be perfectly compatible with 

technological alternatives to STM, such as cross-wire arrays.[14] 

 

In summary, we have demonstrated a molecular binary information storage concept that is 

operable at ambient temperatures and pressures down to the single molecule level, at a 

theoretical information density of 41 Tbit/cm2.  This achievement brings practicable molecular 

electronics a step closer.    
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Experimental 

PQPC14ClO4 was synthesised following published procedures.[15]  20 µL of a 10–6 M solution 

in octanoic acid (99%, Sigma–Aldrich) was placed on freshly flame-annealed Au/mica and 

introduced in an Agilent 5100 STM or a Bruker STM combination.  Imaging was performed at 

room temperature (20 ± 2 ºC) in air using mechanically cut 80/20 Pt/Ir tips made from 0.25 mm 

wire (Advent Research Materials Ltd., UK).   

 

Density functional theory calculations were performed within the projector augmented wave 

formalism[16] as implemented in GPAW.[17]  The smooth wave functions were represented on 

real space grids using a grid spacing of h = 0.2 Å. The exchange-correlation energy was 

described in the generalized gradient approximation as proposed by Perdew, Burke and 

Ernzerhof[18] and additional van der Waals interactions were considered.[19]  The Au(111) 

surface was modelled by two layers of gold (140 Au atoms) fixed at the experimental lattice 

constant of the fcc structure. Periodic boundary conditions where applied in directions of the 

surface plane and the Brillioun zone was described by the Γ point for the energetics and sampled 

by a (3,3,1) k-point grid to obtain PDOS and simulate STM images.[20]  The molecules were 

allowed to relax without symmetry constraints and were considered to be relaxed when all 

forces fell below 0.05 eV/Å.  
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