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Abstract: The single–molecule conductance of a series of BN-acene-

like derivatives has been measured by using scanning tunneling 

break-junction techniques. A strategic design of the target molecules 

has allowed us to include azaborine units in positions that 

unambiguously ensure electron transport through both heteroatoms, 

which is relevant for the development of customized BN-doped 

nanographenes. We show that the conductance of the anthracene 

azaborine derivative is comparable to that of the pristine all-carbon 

anthracene compound. Notably, this heteroatom substitution has also 

allowed us to perform similar measurements on the corresponding 

pentacene-like compound, which is found to have a similar 

conductance, thus evidencing that B–N doping could also be used to 

stabilize and characterize larger acenes for molecular electronics 

applications. Our conclusions are supported by state-of-the-art 

transport calculations.  

Introduction 

The tailored inclusion of heteroatoms in polycyclic aromatic 

hydrocarbons (PAHs) is a widely used approach to modify the 

physico-chemical properties of the parent structures.[1] In 

particular, heteroatom-doped π-systems are of interest in 

molecular electronics, as they can be used to modulate the 

electronic transport properties of organic frameworks.[2] They can 

also be used as models for extended 2D-analogues, e.g., doped 

graphene.[3] So, establishing direct correlations between the 

structure of doped-PAHs and charge transport properties is 

essential for the application of these materials in molecular 

electronics.  

Investigations of the electronic transport in such systems at the 

single-molecule level are properly carried out by means of break-

junction techniques.[4] In most reported studies, heteroatoms have 

been placed laterally or as side groups for synthetic ease, so that 

electronic transport takes place through the eigenchannels 

already accessible in the pristine all-carbon analogues. In this 

context, molecules containing oxygen, sulphur, boron, 

phosphorous, nitrogen or silicon, among others, have been 
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experimentally studied.[5,6] However, little is known about the 

situation when electrons are forced to pass directly through 

heteroatoms, placed along the most favourable path.  

There are a few known examples in which electrons have been 

forced to pass through heteroatoms,[5c,6a,7,8] e.g., molecular wires 

with π-σ-π backbones, where the σ moiety is a single 

heteroatom[7] or a sequence of them,[8] and no heteroatom is 

embedded in the aromatic system. These studies have shown 

that heteroatoms can impact the electron transfer due to their 

difference in size, polarizability or electronegativity with respect to 

carbon atoms. However, in some cases, it is difficult (sometimes 

even impossible) to build all-carbon references to quantify the 

effect of heteroatoms sitting in the transport pathway. 

To assess the effect of the heteroatoms unambiguously on the 

electronic transport through PAHs or 2D analogues, the 

experimental approach should ideally meet the following three 

criteria: i) heteroatoms should be embedded in the π-core; ii) 

electrons should unequivocally pass through the heteroatoms, 

and iii) comparison with the corresponding all-carbon analogues 

should be possible. To meet these criteria, in this work we have 

focussed on azaborine derivatives.[9] The simplest azaborine is an 

isoster of benzene where a C=C moiety has been replaced by a 

B-N unit (Figure 1a). In this case, two electrons provided by the 

nitrogen atom compensate the electron deficiency at the boron. 

This electron donation promotes a unique polarization in the 

aromatic ring[9a] thus affecting its stability and aromatic 

character.[10,11] Azaborines are also perfect candidates to be 

embedded in the core of nanographenes, since they maintain the 

original topology. Consequently, they have been widely used as 

models of BN-doped nanostructures.[12,13] In this respect, a very 

recent single-molecule conductance study on a BN-substituted 

phenanthrene derivative has shown a slight increase of 

conductance with respect to its all-carbon analogue,[14] which 

makes this molecule potentially interesting for organic electronics. 

Nevertheless, the studied molecule was a 1,2-azaborine 

derivative, in which the BN-moiety was located at the edge of the 

π scaffold, thus constituting another example of the indirect 

influence of the heteroatoms on the electronic transport. In 

contrast, in 1,4-azaborines, the heteroatoms are placed in para 

position, which, joined to a strategic location of the linking groups, 

unequivocally ensures that the electron pathway goes through the 

B and N atoms embedded in a fully conjugated ring. Moreover, 

this atom distribution favours a directional π-electron 

delocalisation rather than a cyclic one, thus reducing the 

aromaticity. For this reason, 1,4-azaborines have been 

considered as push-pull π-electron systems rather than π-

aromatic molecules.[11] To the best of our knowledge, the manner 

in which this charge distribution affects the conductance has 

never been studied. 

 

Figure 1. (a) CC/BN isosterism; (b) Structures of the synthesized molecules.   

In this work, we have performed single-molecule conductance 

studies of the compounds shown and denoted in Figure 1b, 

namely the all-carbon anthracene derivative CCA, its 

corresponding 1,4-azaborine isoster BNA, and the more 

extended 1,4-azaborine pentacene derivative BNP, to quantify 

the effect of the 1,4 boron-nitrogen substitution on the electronic 

transport unambiguously. These compounds include thiomethyl 

(SMe) phenyl linkers, which are well-known to provide a good 

contact with metallic electrodes in break-junction experiments,[15] 

and avoid known issues with thiolate groups.[16] This is essential 

for a quantitative comparison between the three systems. The 

placement of the linkers in para positions ensures that electron 

conduction is forced through the heteroatoms. We show that the 

conductance of the 1,4-azaborine derivative BNA is comparable 

to that of the pristine CCA compound. Remarkably, this 

heteroatom substitution allows us to perform measurements on 

the pentacene-like BNP compound, which is very unstable in its 

all-carbon form,[17]  evidencing that B–N isosterism could be a 

plausible strategy to stabilize larger acenes for optoelectronic 

applications.[13e] Our findings are supported by state-of-the-art 

transport calculations, which also show that the small differences 

in conductance found for the three systems are related to 

differences in aromaticity. 

 

Results and Discussion 

Synthesis of target molecules  

CCA, BNA and BNP bearing suitable Au-anchoring groups (SMe) 

were prepared via the following procedures. CCA was 

synthesized by a double Suzuki cross-coupling reaction of 9,10-

dibromoanthracene and (4-(methylthio)phenyl)boronic acid. BNA 

and BNP were obtained by Buchwald-Hartwig cross-coupling 

reactions of the corresponding haloarenes and 4-



RESEARCH ARTICLE    

3 

 

(methylthio)aniline, followed by a challenging final lithiation-

boration sequence, which required careful optimization. For 

further details of synthesis, see the Supporting Information. 

 

Anthracene derivatives with and without 1,4 azaborine 

substitution  

Single-molecule conductance (G) experiments were carried using 

the scanning tunnelling microscope break-junction (STM-BJ) 

technique (See Experimental Section for further details). The 

experiments are based on a push-pull process between the STM 

tip and the substrate. During the pulling, G decreases with the 

distance between electrodes (z), displaying plateaus at G<G0 (G0 

= 2e2/h) if molecular bridges have been formed between tip and 

substrate. When building 1D G histograms or 2D G-z histograms 

with thousands of these G vs z traces, a peak or a cloud is formed 

in the regions where plateaus repeatedly appear, signaling the 

characteristic molecular-junction conductance and stretching 

length. 

We start comparing compounds CCA and BNA, which differ 

structurally only in the 1,4 azaborine central substitution. Their 2D 

histograms are shown in Figures 2a and 2b, respectively. They 

show a similar shape, with a broad and sloping conductance 

signal located between log(G/G0) = –5 and –6 for both, with a 

modest shift towards lower values for BNA. This sloping profile, 

already observed in other structures,[18] is probably due to a 

significant interaction between the central part of the molecules 

and the gold electrodes as the molecules slide over them during 

the pulling process. This interaction seems to be favoured by the 

acene motif. The sloping clouds of the 2D histograms translate 

into asymmetric peaks in the corresponding 1D histograms, which 

are superimposed in Figure 2c for a better comparison. Therefore, 

to properly determine the main conductance value for each 

compound, we first separated the traces with the flatter plateaus, 

where the interaction of gold with the central part of the molecules 

should be less important, following an unsupervised k-means 

clustering subdivision similar to that found in the literaturecite (see 

details in the Supporting Information). By fitting a gaussian to the 

conductance peaks in the corresponding 1D histograms, we 

determine the conductance of the compounds to be log(G/G0)= –

5.3 ± 0.31 for CCA, and –5.6 ± 0.33 for BNA. These values are 

marked by short vertical lines over the histograms in Figure 2c. 

Higher conductance plateaus were also revealed in the clustering 

process which will be discussed later. The analysis of the plateau-

length (z) distributions included as inset in Figure 2c 

demonstrates that, for both molecules, the end of the Gaussian 

distribution concurs with the expected sulfur-to-sulfur (S-S) 

molecular distance (1.48 nm), once an interval of 0.4 nm is 

subtracted to compensate for the electrode retraction after the 

gold contact breaks (vertical grey line in the figure, see Supporting 

Information for details). We conclude therefore that equivalent 

molecular junctions are being formed for both compounds, with 

molecules fully extended between the gold electrodes. 

Importantly, the 1,4-BN substitution in the central ring not only 

permits the electron transport through the molecule, but also 

leads to a molecular conductance of the same order of magnitude 

as that of the all-carbon structure.  

We observe nevertheless that the conductance of both 

compounds is nearly two orders of magnitude smaller than that of 

the p-terphenyl derivative equivalent of CCA (4,4''-

bis(methylthio)-1,1':4',1''-terphenyl).[19] A full comparison with this 

reference compound is included in the Supporting Information 

(Figures S1 and S2) for completeness. Most likely, this difference 

is due to the increased average torsion angle between the outer 

phenyl rings and the central group.[20] Indeed, for p-terphenyl the 

inter-ring angle leading to the minimum energy is 33.8 degrees, 

while for CCA it is 70 degrees, according to our theoretical 

calculations (see below and table S1). This observation is 

compatible with previous conductance measurements for 

benzene and naphthalene diamine analogues to CCA.[20b,21]  

 

 

 

Figure 2. (a and b) 2D histograms for compounds CCA and BNA, respectively, 

build from all traces displaying plateaus. (c) Corresponding 1D histograms for 

CCA and BNA. The inset shows their plateau-length distribution, where the grey 

line corresponds to the molecular S-S distance minus 0.4 nm, accounting for 

gold retraction. 

1,4-BN substitution in larger acenes   

Considering that BN-doping seems to involve a minimum 

decrease of the conductance with respect to the pristine 

structures, we hypothesized that 1,4-azaborine substitution could 

be a route for investigating single-molecule conductance of 

structures that, in their all-C version, would be extremely 

challenging, if not impossible. This is the case of larger acenes, 

which have raised high interest in organic electronics due to their 

high charge-carrier mobility,[22] but whose instability in solution[23] 

precludes the isolation and their potential implementation in 

single-molecule devices. For example, for 6,13-

diphenylpentacene, the pentacene analogue of CCA, a lifetime in 

the presence of oxygen and light of only 8.5 minutes in CH2Cl2 

solution has been reported in literature.[17] Although there is no 

consensus on the origin of such instability, the reason seems to 

be related with the increasing biradical character of the ground 

states of acenes as their size increases.[24] In this sense, as 

azaborines do not present a quasi-degenerate ground state,[11] 

the BN/CC isosterism could lead to structures that are stable 

enough[13e,25] to investigate their electron transport properties in 

ambient conditions. 
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Figure 3. (a) 2D histogram for compound BNP. (b and c) Independent 2D 

histograms of two separated groups for BNP: traces without and with plateaus 

below log(G/G0) = –5, respectively. (d) Representative individual raw 

conductance traces displaying clear plateaus only above log(G/G0) = –5 (green), 

only below log(G/G0) = –5 (blue) and in both regions (cyan). The first two traces 

contribute to the histogram of part (b), while the last four contribute to that of 

part (c).  

Figure 3a shows the 2D histogram obtained for BNP from near 

two thousand G-z traces with plateaus. This histogram displays a 

well-defined flat cloud of high conductance at around log(G/G0) = 

–4.5, which clearly extends to distances shorter than for the 

previous compounds. This short plateau length suggests that it 

does not result from a linker-to-linker configuration. In addition, 

the histogram presents a less clear conductance cloud below 

log(G/G0) = –5. A better assessment of the latter could be 

achieved by a simple search for traces with plateaus in this region 

(identical to that performed in the whole conductance range for 

previous histograms). The independent 2D histograms for traces 

without and with plateaus below log(G/G0) = –5 are shown in 

Figure 3b and 3c, while different raw individual traces for BNP are 

displayed in Figure 3d, showing clear plateaus in both 

conductance ranges. The corresponding 1D histograms can be 

found in Figure 4a. 

The comparison of the clustering subdivision for BNP with that 

previously described for CCA and BNA (see Supporting 

Information) shows that the dominant BNP high-conductance 

signal is identical to that present (although much less apparent) 

in CCA and BNA (see Figures S3 and S4). In addition, this signal 

is also the same as that observed in a modified compound 

including a linking group at only one of its ends, BNA-1-linker 

(see Figure S6). All these results point to the direct interaction of 

the electrodes with the central acene unit as the origin of the 

observed high-conductance plateaus. While this interaction 

produces mainly sloping plateaus for the antracene of CCA and 

BNA, with only occasional flat high-conductance plateaus, the 

pentacene in BNP presents a stronger interaction with gold, 

probably due to its greater electron density, given place to flat 

plateaus in a majority of the cases. This direct interaction of the 

acene with gold has been actually reported to translate in an 

increasing difficulty of forming end to end junctions with bare 

acenes as their length increasescite. The fact that no differences 

are observed in the high-conductance plateau formation between 

CCA and BNA suggest that the whole acene is participating in the 

bond, with no particular contribution of B or N. Figure 4b and 4c 

show the plateau length distributions of plateaus above and below 

log(G/G0) = –5, reinforcing their common origin in all studied 

compounds. The possible overlapping of two or more molecules 

by π-π stacking between the electrodes will either result in 

junctions of the same or longer length than single-molecule 

junctions, depending on the overlapping configuration.cite While 

these can be occurring here, contributing to the sloping plateaus 

described in the previous section or being undetected if their 

conductance is too low, they could hardly account for the 

observed high-conductance plateaus which are significantly 

shorter. 

 

 

Figure 4. (a) 1D histograms for all traces of BNP (black), and those of Figure3b 

(green) and 3c (blue). (b and c) plateau-length distribution for plateaus above 

and below log (G/G0) = –5, respectively, for all the studied compounds, 

separated using a clustering subdivision (see main text). Plateaus above 

log(G/G0) = –5 are around 0.2 nm shorter that those below. The grey line 

corresponds to the expected length of plateaus for the S-S molecular distance. 

The lower conductance signal for BNP constitutes only 20% of 

the total traces; however, both the conductance and the plateau 

length are in the range of those of CCA and BNA. We therefore 

assign this set of plateaus to BNP molecular junctions with the 

molecule fully extended between the electrodes. We determine its 

typical conductance to be log(G/G0) = –5.9 ± 0.40 (see Figure S4c 

in the Supporting Information). This result demonstrates that the 

lateral extension of the central acene has little effect in the fully 

extended molecular junction conductance. 

 

Theoretical modelling   

In order to rationalize these experimental results, we have 

performed first-principles conductance simulations of the single-

molecule CCA, BNA, and BNP junctions. We have employed the 

TranSIESTA/TBTrans set of codes, based on the combination of 

DFT and non-equilibrium Green’s functions (NEGFs),[26] together 

with optimized geometries using VASP. [27] In particular, following 
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the state of the art, zero-bias self-energy corrected density 

functional theory (DFT+ method),[28] was used to overcome the 

shortcomings of standard DFT in providing accurate energy 

positions of molecular states with respect to the junction Fermi 

level. 

 

Molecules were placed fully extended in between two Au (111) 

electrodes with asymmetric interfaces, thereby simulating the Au 

STM tip and the non-planar surface in the STM-BJ measurements. 

Therefore, as BN and NB polarizations of the molecule with 

respect to the junction are equally probable in the experiment, we 

have considered both tip-N-B-substrate (T-N-B-S) and tip-B-N-

substrate (T-B-N-S) orientations (see Figure S12 in the 

Supporting Information). 

The calculated DFT+ zero-bias transmission functions for the 

above three compounds in the T-N-B-S scenario are shown in 

Figure 5. Results for the other polarization direction are shown in 

Figure S14 of the Supporting Information and are compatible with 

the ones shown here. As expected, the transmission probability is 

highest at the energies of the molecular levels, namely, those 

corresponding to the occupied (peaks at negative E-EF) and 

unoccupied (peaks at positive E-EF) states. However, these 

resonances are so far from the Fermi level (E-EF=0) that they do 

not lie within the energy window that is experimentally accessible 

with the applied bias voltage.  

 

Figure 5. Calculated DFT+ zero bias transmission as a function of the energy 

for compounds: CCA (grey), BNA (pink), and BNP (blue), in the T-N-B-S 

polarization scenario. Inset: The molecular junction containing the CCA 

molecule (H, white; C, gray; S: yellow; and Au: gold). 

Thus, the computed transmission spectra reveal that the low-bias 

conductance occurs through a non-resonant tunnelling process, 

dominated by a transmission function that varies smoothly around 

the Fermi level. This effect is the result of the appearance of the 

so-called mid-gap states arising from the interaction between the 

undercoordinated Au adatom, the substrate and the molecule, 

involving the sulfur anchors (see Figure S15 in the Supporting 

Information).[29]  In these cases, the zero-bias conductance can be 

evaluated by the transmission at the Fermi level, within the 

Landauer approach, G/G0 = T(EF). 

As can be seen in Table 1, for both T-N-B-S and T-B-N-S 

scenarios, the calculated conductance values follow the 

experimental trend, according to which the BN substitution 

reduces the conductance, and this does not depend on either the 

length of the central azaborine derivate or the polarization 

direction. The same qualitative trend was found without including 

the self-energy correction  to the calculated transmission 

functions (see Table S2 in the Supporting Information).  

Quantitative differences with the experimental values are likely 

due to the fact that the calculated conductance values have been 

obtained for the fully relaxed (energetically most stable) junction 

(which is mandatory for a direct comparison between the three 

systems), while the measured value for each single trace 

corresponds to an average structure representing the thermal 

structural fluctuations suffered by the molecule during the 

experiment. This fact is more evident in molecules with internal 

dihedral degrees of freedom, as is the case for the studied 

molecules.20b 

Table 1. Calculated DFT+ zero bias and experimentally measured 

conductance values (log(G/G0)) in the single molecule-junctions, and NICS 

(1.7)zz indexes for the central ring (in ppm) for CCA, BNA and BNP. Values for 

the (T-B-N-S) polarization are in parentheses. 

Compound CCA BNA BNP 

log(G/G0)DFT+ -5.39 -6.46 (-6.30) -6.62(-6.45) 

log(G/G0)exp. -5.30± 0.31 -5.60 ± 0.33 -5.90 ± 0.40 

NICS(1.7)zz -23.57 -12.54(-15.66) -9.09 (-8.76) 

 

As mentioned in the introduction, the BN substitution promotes a 

polarization in the aromatic ring which could translate in a diode 

effect with currents flowing more easily in one direction of the 

molecule than in the other and, hence, in asymmetric current vs 

voltage (IV) curves. To test this hypothesis, we have repeated our 

break-junction experiment for BNA recording a series of IV curves 

along its conductance plateaus between +1 and -1 V (see details 

and final IV curves in the Supporting Information, Figures S7 and 

S8). We however observed only a small effect, with a rectification 

ratio (ratio between the higher and lower currents recorded at 

oppositive voltages, here ±1 V) of 1.8 ± 0.7 on average, in rather 

linear IV curves. This value is only slightly larger than that 

previously reported for fully symmetric compounds,cite and similar 

to that observed in N-phenylbenzamide derivates,cite where the 

dependence of the rectification factor with the strength of the 

molecule linking group is demonstrated. This result is consistent 

with the transmission curves displayed in Figure 5, with the gold 

Fermi level practically at the center of a wide HOMO-LUMO gap. 

Given the controversy about the effect of aromaticity in the 

electronic properties at the single-molecule level,[30]  an effort has 

been made to understand and quantify the role of this parameter 

in the conductance values for these compounds. We have 

calculated the Nucleus-Independent Chemical shift (NICS) 

index[31] for each individual fused ring in CCA, BNA and BNP 

molecules. Only out-of-plane contributions were evaluated, 

namely at 1.7 Å above the molecular plane, NICS (1.7)zz, which 

has been established as the optimal height where the π-

contributions are of interest (σ-only method)[32] (see the 

Supporting Information for further details). The results, reported 

in Table 1, show that the central ring, through which conductance 

mainly takes place, suffers a considerable loss of aromaticity after 

BN-substitution in CCA, which in these compounds reflects a 

conjugation reduction. Similarly, a slight decrease in aromaticity 

is observed when going from BNA to BNP. Therefore, we 
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conclude that, in this kind of compound, the higher the aromaticity 

the higher the conductance. 

To check how much of the observed changes in conductance for 

these compounds is due to changes in aromaticity or just to 

conformational modifications induced by the BN-substitution on 

the dihedral angle between the linker ring and the central acene, 

we have performed additional calculations in which the 

aforementioned angle in BN-substituted species is set to be 

identical to that of the all-carbon species. This is a relevant 

question since the corresponding dihedral angles are quite 

different: around 90º (Nitrogen side) and 54º (Boron side) in BNA 

and BNP vs. 70º in CCA (see Supporting Information, section 4.1). 

The results, given in the Supporting Information (Table S2), show 

that approximately half of the difference in the logarithm of the 

conductance between CCA and the BN-doped compounds can 

be accounted for by the angle variation, while the general 

conductance variation trend still remains, supporting the 

importance of the aromaticity in these compounds.  

Conclusion 

We have performed single-molecule conductance measurements 

of BN-doped anthracene and pentacene molecules in positions 

that ensure an unequivocal electron pathway through the 

heteroatoms. We have shown that the 1,4-BN-doping permits the 

electron transport through the molecules, giving rise to 

conductance values of the same order of magnitude as those of 

the pristine scaffolds. These findings are supported by state-of-

the-art transport calculations, which point to the loss of aromaticity 

due to the BN-substitution as the reason for the slight 

conductance decrease. They also show that the above 

conclusions are independent of the B-N polarization direction in 

the molecular junction. Importantly, this heteroatom substitution 

pattern has enabled us to measure conductance in a pentacene-

like core, supporting that CC/BN isosterism could be a plausible 

strategy to stabilize and characterize larger acenes, which can be 

relevant for charge transfer studies and optoelectronics 

applications involving large acene compounds.  

 

Experimental Section 

Materials. All reagents and solvents were purchased from 

commercial sources and used without further purification. The 

synthesis and characterization of target molecules and 

intermediates is described in detail in the Supporting Information. 

Preparation of the samples for single-molecule experiments. 

Gold on quartz samples were cleaned with EtOH and flame-

annealed. Later, they were immersed in a 10–4 M solution of the 

corresponding compound in CH2Cl2 for 15 minutes, and dried with 

nitrogen gas.  

STM Break-Junction measurements. Single-molecule 

conductance (G) experiments were carried using the scanning 

tunnelling microscope break-junction (STM-BJ) technique. For 

these experiments, we used a homebuilt STM operating in air and 

room temperature. We used freshly cut gold wires (Goodfellow) 

as tip and commercial gold on quartz samples (Arrandee) as 

substrates. Before the preparation of the samples, the substrates 

were cleaned with EtOH and flame-annealed. Later, they were 

immersed in a 10–4 M solution of every compound in CH2Cl2 for 

15 minutes and dried with nitrogen gas.  A constant 0.16 V bias 

voltage was applied between the electrodes along the 

experiments. A made-in-house linear current-to-voltage (I-V) 

converter with two stages of amplification was used for obtaining 

the current-distance (I-z) traces. The gains, of 108 V/A and 3.5 × 

1010 V/A respectively, were selected according to the 

conductance values observed for the compounds under study. 

These values allowed us to explore a range in conductance G=I/V 

of 8 orders of magnitude between 10 G0 and 10–7 G0. A protection 

resistor of 2 × 106 Ω was placed in-series with the STM circuit. 

Several rounds of thousands of conductance-distance (G-z) 

traces were collected while pulling the STM tip for each compound, 

changing to new tips, substrates or even different product batches 

in order to ensure the reproducibility of results. 1D and 2D 

histograms were constructed with the data of all of them together. 

For further information about the data analysis, see the 

Supporting Information. 

Computational methodology. Isolated molecule geometries 

were optimized without symmetry constraints using density 

functional theory (DFT), as implemented in the Gaussian 09 

code.[33] Then, a periodic supercell was built by placing the 

optimized molecules in between two Au (111) electrodes with 

asymmetric interfaces, in order to mimic the Au STM tip and the 

non-planar surface in the STM-BJ measurements. In particular, a 

pyramidal-shaped tip was used as the top electrode, and a gold 

adatom for the bottom electrode. In addition, dissimilar unit-cell 

sizes were considered to ensure equivalent surface area per 

molecule. Geometry and length (along the transport direction) of 

the metal-molecule-metal junctions were optimized within the 

framework of DFT using the VASP code.[27] 

To compute the transport properties, additional Au (111) layers 

were placed on each side of the previous model (in the bulk gold 

geometry). The first (last) three layers constitute the left/right 

semi-infinite Au (111) electrode. The remainder layers belong to 

the central region, and act as screening layers for avoiding a poor 

convergence of the self-consistent calculation. A combination of 

DFT and non-equilibrium Green’s function (NEGFs) methodology, 

as implemented in the TranSIESTA/TBTrans suite,[26] was 

employed to compute the (zero-bias) transmission function within 

the Landauer formalism. We used a (DFT+) self-energy 

correction,[28] on the computed transmission function to obtain 

accurate energy level lineup and (zero-bias) conductance values, 

as detailed in the Supporting Information.  

NICS (1.7)zz indexes were calculated (on the molecular 

geometries within the junction) for each six membered fused ring, 

using the gauge-independent atomic orbital (GIAO) approach,[34]  

within the Gaussian09 program.[33] A detailed description of our 

calculations as well as the relaxed geometries of the studied 

systems can be found in the Supporting Information. 
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Zysman-Colman, J. Am. Chem. Soc. 2020, 142, 6588-6599. 

[26] a) M. Brandbyge, J.-L. Mozos, P. Ordejón, J. Taylor, K. Stokbro, Phys. 

Rev. B 2002, 65, 165401; b) N. Papior, N. Lorente, T. Frederiksen, A. 

García, M. Brandbyge, Comput. Phys. Commun. 2017, 212, 8-24. 

[27] G. Kresse, J. Furthmüller, Phys. Rev. B, 1996, 54, 11169. 

[28] a) D. J. Mowbray, G. Jones, K. S. Thygesen, J. Chem. Phys. 2008, 128, 

111103; b) L. Zotti, M. Bürke, F. Pauly, W. Lee, K. Kim, W. Jeong, Y. 

Asal, P. Reddy, J. C. Cuevas, New. J. Phys. 2014, 16, 015004; c) T. 

Markussen, C. Jin, K. S. Tygesen, Phys. Status Solidi B 2013, 250, 2394-

2402. 

[29] a) T. Fu, S. Smith, M. Camarasa-Gómez, X. Yu, J. Xue, C. Nuckolls, F. 

Evers, L.  Venkatamaran, S. Wei, Chem. Sci. 2019, 10, 9998-10002; b) 

Y. Kim, S. G. Bahoosh, D. Sysoiev, T. Huhn, F. Pauly, E. Scheer, 

Beilstein J. Nanotechnol. 2017, 8, 2606-2614. 

[30] a) G. P. Zhang, Z. Xie, Y. Song, M. Z. Wei, G. C. Hu, C. K. Wang, Org. 

Electron. 2017, 48, 29-34; b) S. Gil-Guerrero, N. Ramos-Berdullas, M. 

Mandado, Org. Electron. 2018, 61, 177-184. 

[31] P. v. R. Schleyer, C. Maerker, A. Dransfel, H. Jiao, N. J. R. v E. Hommes, 

J. Am. Chem. Soc. 1996, 118, 6317-6318. 

[32] a) R. G. Poranne, A. Stanger, Chem. Eur. J. 2014, 20, 5673-5688; b) A. 

Stanger, J. Org. Chem. 2010, 75, 2281-2288. 

[33] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb J. 

R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson et al. Gaussian 

09, Revision E.01. Gaussian, Inc., Wallingford CT, 2016. 

[34] K. Wolinski, J. F. Hinton, P. Pulay, J. Am. Chem. Soc. 1990, 112, 8251-

8260. 

 

 

 

  

  



RESEARCH ARTICLE    

9 

 

 

Entry for the Table of Contents 

 

Insert graphic for Table of Contents here.  

 

 

 

Insert text for Table of Contents here.  

Single-molecule conductance of 1,4-azaborine acene type compounds studied using the scanning tunnelling microscope break-junction 

technique. This substitution ensures an unambiguous electron path through both heteroatoms. A moderate change in conductance is 

observed when compared to the parent all-carbon structure. State-of-the-art transport calculations support the experimental results. 

Institute and/or researcher Twitter usernames: @MOR_Fun_Group; @Campana_Lab; @UEQuimica_ugr; @CanalUGR 


