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ABSTRACT 

Dynamic covalent chemistry (DCC) plays a critical role in the preparation of extended 

polymeric materials such as covalent-organic frameworks (COFs). Using DCC, the formation 

of targeted equilibrium, rather than kinetic, products are driven by the error-correcting 

capabilities of the reversible bond forming reactions involved. As work to develop conductive 

COFs (and metal-organic frameworks, MOFs) intensifies, it is of increasing interest to 

characterize the electronic transparency of bridge motifs formed from different DCC reactions. 

Here we apply the scanning tunneling microscope-based break junction (STM-BJ) method to 

measure the conductance of atomically-precise molecular junctions comprising imine, 

imidazole, diazaborole, and boronic ester bridge groups. Their comparison is facilitated 

through utilization of a glovebox-based STM-BJ setup operating under an inert atmosphere 

that avoids the apparent hydrolysis of boronic ester-containing compounds when these are 

studied in air. We find that junction transport generally increases as the difference in 

electronegativity (Δχ) between bridge group atoms decreases, and that conductance decays 

most rapidly with distance for compounds comprising boronic esters. Our experimental results 

are supported by first-principles calculations that reveal a different nodal structure in the 

transmission eigenchannel in boronic ester-containing systems compared to the other 

molecules. Taken together, our work reaffirms expectations that highly polarized bridge motifs 

represent poor choices for the preparation of extended materials with high through-bond 

electronic conductivity. We propose that such molecular-scale transport studies of “framework 

fragments” can provide new insights into the intrinsic properties of bulk COF and MOF 

systems that may be exploited in the design of improved materials. 
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INTRODUCTION 

Covalent-organic frameworks (COFs) are highly modular classes of permanently porous, 

crystalline two and three dimensional (2D and 3D) organic polymers, assembled using dynamic 

covalent bond-forming chemistries (DCC). The use of such reversible reaction processes for 

assembly is key to solving the “crystallization problem,” avoiding the formation of disordered, 

amorphous 2D and 3D kinetically trapped products that lie far from their thermodynamic 

minima.1–3 Accordingly, prior to any potential post-synthetic modification(s), the molecular 

groups or coordination bonds formed during assembly are present as fundamental structural 

elements of all crystalline COFs or metal-organic frameworks (MOFs, related materials 

comprising metals). While such connective elements can be used exclusively for linking 

together other components at specific angles to form a desired framework topology or pore 

size(s), they have the potential to play a larger role in framework function where their identity 

impacts electronic structure. Their properties are therefore important when designing COFs 

and MOFs with specific electrical properties for applications in areas such as 

electrocatalysis,4,5 electrically-transduced chemical sensing,6,7 or energy storage.8–12 Electronic 

transport in these bulk materials is ideally characterized through four-point probe/van der Pauw 

measurements of pressed pellet13 or single-crystal14–16 samples, with conductivity trends 

assessed in terms of through-bond/extended conjugation, through-space, or redox-hopping 

mechanisms.17,18 However, the systematic comparison of different materials, as well as the 

unambiguous determination of structure-property relationships, is challenging due to variations 

in framework topology, composition, and the number and type of defects.17 Despite such 

challenges, seminal early work showed that hole mobilities for imine-bridged porphyrin-based 

COFs were higher than for a structurally similar COF with boronic ester linkages (8.1 and 3.0 

cm2 V-1 s-1, respectively).19 

Here we pursue a bottom-up strategy to probe the intrinsic electronic properties of 

molecule-based framework materials by measuring the conductance of “framework 

fragments”, model molecular species with framework-inspired chemical structures. Such 

measurements directly address through-bond transport in atomically precise single-molecule 

junctions. This approach can be considered a particular form of dimensional reduction, where, 

for example, 3D bulk materials are broken down into 2D, 1D, or 0D forms to provide a deeper 

understanding of their properties.20,21 Examples of dimensional reduction studies relevant to 

frameworks include the collection of infrared spectra for discrete boronic acid, boroxine 

anhydride, and boronate ester species to facilitate spectral analyses of bulk materials,22 
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scanning probe investigations of surface-supported 2D COFs,23,24 and the use of “0D” 

triphenylene-based Cu or Co compounds to probe spin interactions, inter-site electronic 

couplings, or out-of-plane interactions in 2D MOFs.25–27 While charge-hopping processes,28,29 

through-space interactions,19,30–33 and topological effects on band structures34–37 complicate the 

transfer of any 1D molecular tunneling conductance trends to extended materials of higher 

dimensionality, connections between molecular orbitals and bulk band structures are well 

established.38 Interestingly, recent transport studies of thioether-terminated oligosiloxanes39 

have shown that these molecular analogues of the bulk insulator silicon dioxide are among the 

least conductive molecular wires known. Conductance measurements on molecular fragments 

relevant to conducting polymers and polyaromatic hydrocarbons have also been targeted to 

provide insights into the nature of their corresponding macroscopic systems.40,41 From a 

practical standpoint, some framework fragments might be considered too unstable to study 

outside of the bulk. However, it may still be possible to characterize transient species. This was 

demonstrated in an investigation of metal-bridged, 1,4-bis(isocyano)benzene-based oligomeric 

wires formed in situ, which were proposed as model systems to interrogate the conducting 

properties of coordination polymers/MOFs.42 

In this work we synthesize and study a series of isolable model compounds comprising 

thioether electrode linkers connected by one or two imine43 (2CN or 2CN-L), imidazole44 (CN 

or CN-L), diazaborole45 (BN or BN-L), or boronic/boronate ester46 (BO or BO-L) bridge 

groups (Figures 1c, 2a, and 4a; “L” = long and “2” = number of bridge atoms). Each bridge 

structure has previously been used for the synthesis of porous organic extended frameworks 

(for an example, see Figure 1a). We evaluate charge transport across each bridge group by 

measuring the single-molecule conductance of these compounds in nanoscale junctions formed 

using the scanning tunneling microscope-based break-junction (STM-BJ) method (Figure 1b, 

see Methods and the SI for details). Notably, we find that measurements of boronic ester-

containing molecules must be performed under an inert atmosphere to avoid their apparent 

decomposition through hydrolysis. We observe a clear trend between the decreasing 

conductance (G) of the intact series of model compounds and the increasing difference in 

electronegativity (Δχ) of DCC bridge atoms (G2C-N ~ GC-N > GB-N > GB-O, where ΔχCN = 0.49 

< ΔχBN = 1.00 < ΔχBO = 1.40 using the Pauling scale), and find that the decay in tunneling 

conductance with length extension is most rapid in molecules containing boronic ester groups. 

First-principles calculations using a combination of density functional theory (DFT) and non-

equilibrium Green’s function (NEGF)47 corroborate the experimentally observed trends and 

reveal a different nodal structure in the transmission eigenchannel of BO, which serves as a 
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charge trap that decreases junction conductance. Though this study focuses only on a sub-set 

of known DCC bridge groups, we stress that our approach can be applied to probe the electronic 

properties of different families of molecule-based framework fragments – ultimately providing 

new perspectives on the intrinsic electrical transport properties of their corresponding extended 

materials. 

 

 
Figure 1. (a) The structure of COF-5, a seminal example of a permanently porous crystalline 
organic polymer prepared using dynamic covalent chemistry (DCC). In this case, reversible 
condensation reactions between boronic acids and 1,2-diols lead to the formation of an 
extended molecular framework comprising alternating phenylene and triphenylene groups 
linked by boronic ester bridges. Inset: the molecular structure of BO, a model compound 
comprising aryl thioether electrode linkers bridged by a single boronic ester group. (b) A 
schematic representation of a nanoscale molecular junction comprising BO. Such junctions are 
formed using the scanning tunneling microscope-based break junction (STM-BJ) method, 
facilitating single-molecule conductance measurements of different model compounds 
connected between gold electrodes. (c) Molecular structures of imine, imidazole, diazaborole, 
and boronic ester DCC bridge groups investigated in this study. 
 

RESULTS AND DISCUSSION 

The model compounds studied here comprise terminal aryl thioether groups linked by 1 or 2 

dynamic covalent chemical (DCC) bridges. Thioether groups were incorporated as they are 

established electrode linkers for STM-BJ experiments, forming well-defined physical and 

electrical contacts through selective binding of the sulfur lone pair to undercoordinated gold 

atoms.48,49 Importantly, they are also unreactive under the different condensation conditions 

and chemical transformations used in the preparation of the targeted DCC-bridged compounds. 

The bridges are formed through their respective condensation reactions, combining: aldehyde 

and amine groups to form imines, 1,2-diamine and aldehydes to form imidazoles; 1,2-diamine 
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and boronic acids to form diazaboroles; and 1,2-diols and boronic acids to form boronic esters. 

Each condensation reaction produces water which is in some cases eliminated through 

azeotropic distillation with toluene (Dean-Stark method) or reaction with a desiccant such as 

3Å molecular sieves, driving chemical equilibria towards formation of the desired products. 

The precursor 4-(methylthio)benzene-1,2-diamine (MeS-2N) was obtained in two steps from 

5-chloro-2-nitroaniline. The thioether group was first installed through nucleophilic 

substitution at the aryl chloride using sodium thiomethoxide (forming 1), whereby the nitro 

group was reduced to amine with SnCl2-ethanol. 4-(Methylthio)benzene-1,2-diol (MeS-2O) 

was synthesized from 3-(methylthio)phenol through reaction with paraformaldehyde to form 

2-hydroxy-4-(methylthio)-benzaldehyde (2), followed by Dakin oxidation of the aldehyde to 

the cis-diol using sodium percarbonate.50 Detailed synthetic protocols for all molecules are 

provided in the Supporting Information (SI).  

We initially apply the STM-BJ method to perform conductance measurements on 

molecules containing one bridge group (Figure 1b and 2a). In Figure 2b, we present overlaid 

1D conductance histograms obtained from 1,2,4-trichlorobenzene (TCB) solutions of BN and 

BO that have been prepared and measured in air. In each case, we observe a high conductance 

feature at ~10-2 G0 (where G0 = 2e2/h = 7.748 × 10-5 S), in addition to a broad low conductance 

feature for BO and a relatively sharp feature at ~10-3 G0 for BN. Further analysis of the 2D 

conductance-displacement histograms for these experiments (SI, Figure S2) reveals the most 

probable junction length for the 10-2 G0 feature is ~0.6 nm (assuming a “snap back” distance = 

0.5 nm51–53). This is significantly shorter than the S-S distance (1.1-1.3 nm) in optimized 

structures obtained from our first-principles calculations of these junctions, detailed below. We 

propose two hypotheses for the origin of the common 10-2 G0 feature: (1) that BN and BO 

decompose via hydrolysis in situ to molecular products that can also form junctions; or (2) that 

BN and BO remain intact but can contact electrodes through a group other than the thioether 

substituents. To test the first hypothesis, we measure the hydrolysis products of BO and BN: 

4-(methylthio)phenylboronic acid (MeS-BO), MeS-2O, and MeS-2N (SI, Figure S3). 

Remarkably, 1D histograms for both MeS-BO and MeS-2N reveal features at comparable 

conductance and junction displacements, strongly indicating that BO and BN form these 

species through hydrolysis during STM-BJ measurements in air. While amines are well-known 

contact groups in STM-BJ experiments,54 and boron-containing junctions have previously been 

studied,55–60 the ability of boronic acids to act as electrode linkers has not yet been established. 
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Figure 2. (a) Molecular structures of model compounds containing one DCC bridge group. 
CN has two tautomeric forms but is drawn here with the C=N bond para to the terminal 
thioether group for simplicity. (b) Overlaid 1D histograms obtained from measurements of BO 
and BN in TCB solutions in air (Vbias = 100 mV, 10,000 traces). We assign the common peak 
at ~10-2 G0 to junctions containing MeS-BO and MeS-2N which form as these compounds 
fully or partially hydrolyze (SI, Figure S3). (c) Overlaid 1D histograms for intact BN and BO 
junctions measured under an inert nitrogen atmosphere, and CN and 2CN junctions measured 
in air (Vbias = 100 mV, 10,000 traces). For measurements under inert atmosphere, we attribute 
the higher counts between ~10-2-100 G0 to increased interactions between undercoordinated 
gold atoms and aromatic molecules in the absence of air (see main text and SI for further 
discussion). (d) Transmission functions for the four molecular junctions obtained from NEGF, 
using the DFT+Σ approach.61,62 The Fermi energy (EF) of the junction is set to be zero. LUMO 
resonance peaks for CN and 2CN (between 2-3 eV above EF) approach unity, suggesting 
symmetric conducting orbitals. Those for BO and BN (around 3 eV above EF) are much smaller 
than 1, suggesting asymmetric conducting orbitals. (e) Transmission eigenchannels for BN and 
BO, evaluated at the LUMO resonance peak. The reduced conductance of BO, relative to BN 
is attributed to their different nodal structure and charge localization around the oxygen atom. 

 

To avoid the apparent hydrolysis of BO and BN during conductance measurements, we 

subsequently perform STM-BJ experiments in dry, deoxygenated solutions of these molecules 
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under an inert atmosphere in a dry, nitrogen-filled glovebox (capable of operating at <1 ppm 

H2O, <1 ppm O2). Further details of the operation of this STM-BJ system are provided in the 

SI. In Figure 2c we plot overlaid 1D conductance histograms for BO and BN measured under 

an inert atmosphere, as well as for CN and 2CN measured in air. Each shows a single 

conductance peak as well as the conspicuous absence of features at 10-2 G0. Their 

corresponding 2D conductance-displacement histograms also reveal significantly longer most 

probable junction lengths (SI, Figure S10). This clearly indicates that BO and BN are stable 

when measured under anhydrous conditions, that CN and 2CN do not hydrolyze during 

measurement in air, and that the dominant conductance peaks in these histograms correspond 

to junction geometries where molecules are bound to electrodes via both thioether substituents 

(further negating hypothesis 2, above). We note that the poorly defined low conductance 

feature initially observed for BO (Figure 2b) has been replaced by a new well-defined peak at 

~10-4 G0 (Figure 2c). We propose that this new peak originates from measurement of the intact 

BO junction and attribute its initial absence (Figure 2b) to the decomposition of BO when its 

solutions are prepared and measured in air (in line with hypothesis 1, above). No persistent 

conductance peak is observed even when BO solutions are first prepared in anhydrous, oxygen-

free TCB inside the glovebox then measured in air (SI, Figure S4). This indicates that a 

sustained inert atmosphere is critical to the formation and measurement of intact BO junctions. 

In contrast to the BO measurements the primary conductance feature at ~10-3 G0 for BN is 

present in histograms constructed from both air and glovebox measurements, suggesting that 

BN only partially hydrolyzes when studied in air. Overlaid histograms for BN and 2CN 

junctions measured in air and in a nitrogen-filled glovebox show that their conductance is not 

significantly impacted by the presence or absence of water and/or oxygen (SI, Figure S5). 

Despite recent reports of molecular junctions comprising imidazole-based linker groups,63,64 

we see no conductance features attributable to CN electrode-binding through the bridge N 

atoms. We suggest that such features are obscured by the primary conductance peak attributed 

to thioether connected junctions, or that the aryl groups in CN serve to sterically inhibit 

imidazole-electrode binding in these systems. Taken together, the most probable conductance 

values for the intact, thioether connected junctions, obtained from Gaussian fits to each peak 

in Figure 2c, are G2CN = 5.3 ´ 10-4 G0 ~ GCN = 4.3 ´ 10-4 G0 > GBN = 2.4 ´ 10-4 G0 > GBO = 

8.7 ´ 10-5 G0. 

From this first series of measurements, we recognize an apparent correlation between 

the decreasing conductance of molecules and the increasing Δχ between bridge group atoms. 



 8 

Previous studies39,65,66 (described in more detail below) have rationalized conductance trends 

within different molecular families in terms of the polarization of bridge bonds that serve to 

localize the molecular orbitals responsible for junction transport. To explore the potential 

impact of bond polarization in these DCC-bridged systems, we perform first-principles 

calculations to determine the electronic transmission of model molecular junctions comprising 

2CN, CN, BN, and BO. Figure 2d shows the transmission functions T(E) for these junctions, 

calculated using the DFT+Σ61,62 approach within the NEGF formalism47 (see “Computational 

Studies” in “Methods” section for technical details and the SI, Table S1 for additional 

computational parameters). Reading T(E) at the Fermi level (EF, set to be zero in Figure 2d), 

the computed conductance values are G2CN = 7.7 ´ 10-4 G0 > GCN = 2.1 ´ 10-4 G0 > GBN = 1.9 

´ 10-4 G0 > GBO = 3.0 ´ 10-5 G0. These values are in quantitative agreement with experimental 

results within a factor of 2 in general. From Figure 2d, for every junction, T(EF) is almost flat 

around EF, being influenced by both a complex gateway state around -2 eV below EF resulting 

from the hybridization between molecular orbitals and Au d-states and a well-defined lowest 

unoccupied molecular orbital (LUMO) resonance between 2-4 eV above EF. The gateway 

states are similar in energy and shape for all junctions, hence we focus on the clear LUMO 

resonances in our analysis of the transmission differences for each junction. We note that the 

LUMO resonances exhibit a remarkable difference between the junctions with and without 

boron atoms. While the resonance peaks for CN and 2CN (between 2-3 eV above EF) approach 

unity, suggesting symmetric conducting orbitals, the resonance peaks for BO and BN (around 

3 eV above EF) are much smaller than 1, suggesting asymmetric conducting orbitals.67 This 

difference indeed highlights the effect of the highly polarized B-O and B-N bonds (compared 

to the C-N bonds in CN and 2CN) in trapping charges, making the molecular orbital 

asymmetric, and reducing their conductance in molecular junctions. Furthermore, Figure 2e 

shows the transmission eigenchannels68 of BN and BO evaluated at their LUMO resonance 

peaks. The BO junction has a different nodal structure than that of BN and features charge 

localization around the oxygen atom (the lobes are not connected with lobes on other atoms), 

leading to an additional decrease in conductance compared to BN. 

Beyond the interpretation of these molecular conductance trends, we also recognize 

that the histograms obtained from glovebox-based STM-BJ experiments presented in Figure 

2c exhibit an apparent higher noise than for analogous measurements in air, as indicated by the 

increased counts between 10-2-100 G0 and decreased resolution of atomic point contact features 

above ~1 G0 (see also SI, Figure S6). While our glovebox STM-BJ setup operates in a more 
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challenging chemical, vibrational, and acoustic environment with the potential to increase 

measurement noise, we find that these apparent noise features are typically absent in clean gold 

measurements prior to the addition of solvent (see SI, Figure S7a-c, yellow). Glovebox STM-

BJ studies in different anhydrous, deoxygenated solvents reveal that the apparent noise features 

are present when using TCB and mesitylene, but absent with tetradecane (TD; SI, Figure S7a-

c, brown). We suggest that the observed “noise” results from increased interactions between 

aromatic solvent molecules and undercoordinated gold atoms during STM-BJ measurements 

in the absence of O2 or H2O. Additional discussion of these features is provided in the caption 

to SI, Figure S7. 

Though they each comprise C-N bond motifs, the fact that 2CN and CN junctions 

exhibit such comparable conductance is perhaps surprising given their different bridge 

connectivity (Figure 2c). The chemical structure of imidazole, diazaborole, and boronic ester 

bridges necessitates that one aryl group has bridge connections located at both para (1,4-) and 

meta (1,3-) positions relative to the thioether substituent in these model compounds. For 

phenylene bridges, such 1,3-substitution patterns are known to result in destructive interference 

effects that decrease junction conductance relative to their 1,4-substituted analogues.69–71 

While the two B-O/B-N bonds in BO/BN are formally identical, the imidazole bridge of CN 

contains distinct C-NH and C=N bonding motifs. Here the N-H proton can be transferred 

between nitrogen sites with a concurrent shift in the N=C double bond position via a 

tautomerization reaction,72 formally positioning this either para (CN-p) or meta (CN-m) to the 

thioether substituent (Figure 3a). Indeed, the 1H NMR spectrum of CN in DMSO-d6 shows 

two distinguishable sets of resonances, indicating both tautomeric forms are present in DMSO 

solutions at room temperature (SI, Figure S19). However, we only observe one peak in the 

conductance histograms of CN measured in TCB (Figure 2c) or propylene carbonate (PC; SI, 

Figure S9b). 
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Figure 3. (a) Molecular structures of CN (now showing tautomeric equilibrium between CN-
p and CN-m), CN-Me (an isomeric mixture in ~1:1 ratio), 2CN, and 2CN-m. (b) Overlaid 1D 
conductance histograms for CN, CN-Me, 2CN, and 2CN-m obtained in TCB (Vbias = 100 mV, 
5,000-10,000 traces). CN and CN-Me junctions exhibit a single peak at comparable 
conductance, showing that the precise position of the C=N bond (and exchange of NH for N-
Me) does not significantly change junction conductance. By comparison, 2CN-m, a molecule 
with a meta-connected C=N linkage, has a conductance almost ~5 times lower than 2CN. 
Histograms for CN and 2CN are reproduced here from Figure 2c for convenience. (c) 
Transmission eigenchannels of the two tautomers of CN, 2CN, and 2CN-m, evaluated at the 
LUMO resonance peaks. While the eigenchannels for CN tautomers are qualitatively similar, 
the eigenchannel for 2CN-m shows an additional node and charge depletion at the thioether 
linker relative to 2CN that leads to a lower conductance value. 
 

To help rationalize these observations, we synthesize and study two additional control 

compounds: CN-Me, a ~1:1 mixture of each isomeric structure, trapped by replacing the 

readily exchanged N-H protons with inexchangable methyl groups; and 2CN-m, an analogue 

of 2CN where the imine group is meta-connected to one of the thioether anchor groups 

(molecular structures provided in Figure 3a). In Figure 3b, we overlay conductance 

histograms for CN, CN-Me, 2CN, and 2CN-m. Remarkably, measurements of the CN-Me 

mixture also show only a single conductance peak. As the peaks in CN-Me and CN histograms 
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occur at highly comparable conductance values, it is apparent that substitution of NH for NMe, 

and the formal position of the C=N double bond in CN-Me or CN, has only a minor impact on 

junction conductance (close to, or beyond, experimental resolution). In stark contrast, the most 

probable conductance of 2CN-m junctions (9.7 × 10-5 G0), with only a single C=N double bond 

meta-connected to the -SMe group, is ~5 times lower than for 2CN junctions.  

Such results are qualitatively supported by our first-principles calculations, where the 

difference between 2CN and 2CN-m is more pronounced than that between CN-p and CN-m. 

The transmission functions for these junctions, calculated at the DFT+Σ level of theory, are 

shown in the SI, Figure S12. The sharp difference between the two conformations of CN and 

2CN is reflected in the transmission eigenchannel analysis (performed at the LUMO resonance 

peaks), shown in Figure 3c. While the eigenchannels for the two tautomers of CN are 

qualitatively similar, we observe different charge localization patterns near the linker thioether 

group between 2CN and 2CN-m. In the case of 2CN-m, an additional node and charge 

depletion at the linker thioether group leads to a lower conductance value.  

Our observations are also consistent with predictive chemical models. Application of 

the “extended curly arrow rules” recently presented by O’Driscoll and Bryce73 to CN-m (where 

the C=N bond is positioned meta to -SMe, Figure 3a)  suggest that it should exhibit a “shifted 

destructive” quantum interference (SDQI; SI, Figure S8a) rather than DQI. Here the electron-

donating para-connected -NH- substituent (absent in 2CN-m) is considered to increase the 

conductance of this tautomer/isomer relative to that of 2CN-m by moving the transmission 

antiresonance away from the Fermi level (EF). While the predicted result from this model 

agrees with our findings for CN-m, hybridization between molecular states and gold d-states 

complicates interpretation of the change in transmission in terms of a simple shift in 

antiresonance position (SI, Figure S12). We also note, for completeness, that further arrow 

pushing allows us to draw a zwitterionic resonance form for CN-m that places the C=N bond 

para to the -SMe group (SI, Figure S8b), resulting in an electronic structure that resembles 

that of the most important resonance form of CN-p. 

To explore how bridge group composition influences through-bond transport in 

extended materials, we next study a series of analogous compounds comprising two bridge 

groups (2CN-L, CN-L, BN-L, and BO-L; Figure 4a). BO-L, containing easily hydrolyzed 

boronic ester groups, was again measured under an inert atmosphere in the glovebox (now 

using Vbias = 750 mV to lower the instrumental noise floor and better resolve the conductance 

peak). BN-L was measured as a PC solution (in air) due to the poor solubility of this compound 

in TCB. Control studies of 2CN, 2CN-L, CN, CN-L, BN, and BN-L in PC show that changes 
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in solvent or bias polarity (at low biases) do not significantly impact the most probable 

conductance of their molecular junctions (SI, Figure S9). These experiments further support 

our computational studies which show T(E) is almost flat around EF (little to no current 

rectification should be observed when opening the bias window asymmetrically in polar 

solvents;74 Figure 2d and SI, Figure 13), and show it is reasonable to directly compare the 

conductance of BN-L in PC with the conductance of other molecules measured in TCB. In 

Figure 4b, we present overlaid 1D conductance histograms for this longer series of molecules. 

Their conductance broadly exhibits the same correlation with bridge composition as observed 

for the shorter series, with G2CN-L = 9.8 × 10-5 G0 > GCN-L = 4.6 × 10-5 G0 > GBN-L = 2.4 × 10-5 

G0 > GBO-L = 3.0 × 10-6 G0. The same trend is predicted from our first-principles NEGF 

calculations using DFT+Σ: G2CN-L = 1.9 × 10-4 G0 > GCN-L = 1.6 × 10-4 G0 > GBN-L = 8.6 × 10-

6 G0 > GBO-L = 3.8 × 10-6 G0 (transmission functions are shown in the SI, Figure S13). 

Transmission eigenchannel analysis carried out at the LUMO resonance peaks for the longer 

molecules (SI, Figure S14) shows that the LUMO resonance is symmetric for all molecules 

(their structures exhibit C2-symmetry about the central aromatic ring, as drawn in Figure 4a). 

As a result, in contrast to observations for BN and BO (Figure 2d), T(E) for BN-L and BO-L 

now reaches unity between 2-3 eV above EF (SI, Figure S13). The LUMO resonances for the 

long boron-containing molecules are noticeably narrower than for those without boron atoms 

(indicating reduced electronic coupling to the electrodes) and the resonance for BO-L shows 

distinct charge localization near the oxygen atoms, consistent with our findings for the short 

molecules (Figure 2e). 

In Figure 4c and 4d, respectively, we summarize our findings by plotting the measured 

and computed conductance against the number of DCC groups. However, we emphasize that 

these values cannot be used to determine true tunneling decay constants (β-values). Due to 

synthetic challenges, we compare structures without exact oligomeric repeating groups and 

only isolate and study molecules of two lengths. As an alternative metric for tunneling decay, 

we instead calculate the ratio of conductance for molecules with 1 and 2 bridge groups for each 

series (G1/2). We find the largest measured conductance ratio is GBO/BO-L = 28.6 (G2CN/2CN-L = 

5.42, GCN/CN-L = 9.2, GBN/BN-L = 9.9), showing that addition of a second boronic ester group 

most significantly impacts the conductance of junctions compared to the other DCC bridge 

types studied. The conductance ratios for GCN/BO (one bridge group) and GCN-L/BO-L (two bridge 

groups) junctions are ~6 and ~33, respectively, further highlighting the potential cumulative 

impact of bridge choice on transport processes in extended systems. 
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Figure 4. (a) Molecular structures of model compounds containing two DCC bridge groups. 
CN-L has three tautomeric forms but is drawn here with both C=N bonds para to terminal 
thioether groups for simplicity. (b) Overlaid 1D conductance histograms for junctions 
comprising two DCC bridge groups (10,000 traces). BO-L (red) is measured in TCB under an 
inert nitrogen atmosphere with Vbias = 750 mV. All other molecules are measured in TCB in 
air with Vbias = 100 mV, except for BN-L (green) which is measured in PC in air (Vbias = +100 
mV, applied to the tip). (c) A plot of measured conductance versus number of bridge groups 
(n), showing that junction conductance decays more rapidly with length extension in systems 
containing boronic esters (red) compared to other bridges. Conductance values were obtained 
from Gaussian fits to peaks in histograms presented here and in Figure 2c. (d) The same plot 
as (c), but for calculated conductance from DFT+Σ. This illustrates the same qualitative trends. 
 

From Figure 4c and 4d, we clearly see a general correlation between the decreasing 

conductance of molecules with different DCC bridges, G2C-N ≿ GC-N > GB-N > GB-O, and the 

increasing Δχ between bridge group atoms. As noted above, bond polarization resulting from 

the Δχ of bridge atoms has been used to rationalize the low conductance of oligosiloxanes39 

(Δχ(Si-O) = 1.54) and peptides65 (Δχ(C-N) = 0.49), compared to alkanethiols of similar length 

(Δχ(C-C) = 0). A related study of fluorene-based wires, with methylene bridges replaced by 

different groups, found that a NPh-bridge provided a higher conductance system than an O-
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bridge.66 This result was attributed to the higher energy (lower χ) filled p-orbital of the sp2 

hybridized N atom, improving alignment and orbital overlap with the carbon-based 𝜋-system. 

Similar arguments have been applied to interpret the properties of 2D COFs comprising 1,3,5-

connected benzene or analogous triazine and boroxine rings.75 Decreased π-conjugation is 

thought to contribute to larger band gaps and reduced band dispersion. 

For the compounds studied here the B-O bonds of the boronic ester groups are the most 

ionic in character, resulting from energetically well-separated B and O sp2 hybrid atomic 

orbitals. While it may be considered that the B-O and B-N bonds in boronic esters and 

diazaboroles exhibit partial double bond character due to donation from O/N lone pairs to the 

empty B pz orbital, the extent of π-conjugation is again expected to be reduced for B-O 

compared to B-N systems in line with their Δχ.76 This further helps to rationalize the increased 

conductance of BN/BN-L junctions compared to BO/BO-L. These heuristic arguments are 

further supported by the transmission eigenchannel analysis (Figure 2e and Figure 3c). To be 

specific, the polarized bonds between B-N and B-O introduce local asymmetry into the 

molecular orbital, which makes the resonance peak corresponding to the LUMO much lower 

than 1, or significantly decreases its coupling to the electrode (Figure 2d and SI, Figure S13). 

These effects decrease the conductance values for the boron-containing species compared to 

others. Moreover, the oxygen atoms introduce additional charge localization and a different 

nodal structure in the transmission eigenchannels, making the B-O containing species least 

conductive. 

CONCLUSIONS 

This work underscores an emerging dimensional reduction strategy to probe the intrinsic 

electronic structure of molecule-based porous extended materials from the bottom up, by 

studying charge transport through atomically precise molecular junctions comprising 

appropriate model compounds (“framework fragments”). Specifically, we have shown that it 

is possible to resolve, quantify, and rationalize conductance differences for fragments 

comprising 1 or 2 DCC bridge groups of similar connectivity but distinct composition. We find 

that imine bridges are the most, and polarized boronic ester bridges the least, electronically 

transparent to tunnelling electrons in 1D. It is our hope that this and related investigations will 

provide new perspectives on electronic transport in COFs and MOFs that not only complement 

existing characterization techniques, but also serve to help inspire new advances in material 

properties and capabilities. 
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Development of a robust glovebox-based STM-BJ setup proved critical for studying 

molecules comprising boronic esters that appear to hydrolyze when measured in air. Control 

experiments show that the rigorous exclusion of O2 or H2O does not significantly change the 

conductance of the intact molecular junctions studied but does appear to complicate 

measurements performed using gold electrodes in aromatic solvents. Though further 

establishing studies are needed, we anticipate that such rigorously air-free STM-BJ systems 

will provide access to a greatly expanded scope of ambient-pressure single-molecule junction 

experiments involving air-sensitive molecular backbones, linkers, and/or electrode materials 

with the potential to expose a suite of unusual nanoscale chemical and charge transport 

phenomena. 

EXPERIMENTAL SECTION 

Conductance Measurements 

We apply the STM-BJ method in air, and under an inert atmosphere in an anhydrous, nitrogen-

filled glovebox, to measure the conductance of single-molecule junctions using custom-built 

instrumentation described in detail elsewhere and in the SI.54,77,78 Briefly, we apply a bias 

voltage (Vbias) across a mechanically cut gold STM tip and thin film gold substrate, and 

measure the current (I) as these electrodes are repeatedly pushed in and out of electrical contact. 

With increasing tip-substrate displacement, the initially formed metallic junction thins to a 

single atom point contact with a conductance (G = I/Vbias) close to 1 G0 (= 2e2/h = 7.748 × 10-

5 S). With continued tip retraction the point contact breaks to form nanogap separated 

electrodes. In the presence of molecules that can bridge the gap, we form gold-molecule-gold 

junctions as indicated by the observation of new step features below 1 G0 in conductance-

displacement traces. We construct 1D and 2D histograms without data selection from 

thousands of consecutively measured conductance-displacement traces for statistical analysis. 

Unless otherwise stated, data is obtained using 0.1-1 mM analyte solutions in TCB that have 

been prepared and measured in air. 

Computational Studies 

The junction structures were constructed by placing seven Au (111) layers (with 4×4 Au atoms 

on each layer) at each side of the molecule, with the sulfur atom in the molecule binding to an 

Au trimer.79,80 During the geometry relaxation, the outer three Au layers on each side were 

considered as a rigid body, with their relative positions kept as those in the bulk and the force 

acting on these three Au layers taken as the average force on the atoms in the fourth Au layer. 
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All degrees of freedom of the extended molecule (the inner three Au layers on each side + an 

Au trimer on each side + the molecule) are fully relaxed, until all forces are below 0.04 eV/Å. 

The geometry relaxation used the SIESTA package,81 the Perdew-Burke-Ernzerhof (PBE) 

functional,82 a 4×4×1 k-mesh. The Au pseudopotential and basis functions were adapted from 

prior work61 and were chosen to reproduce the work function of Au (111) surface. Single-zeta 

basis functions were used for Au, and double-zeta basis functions were used for all other 

elements. 

After junction geometry relaxation, the transport calculations were performed within 

the framework of non-equilibrium Green’s function as implemented in TranSIESTA,47 using 

the same functional, pseudopotential, basis set, and k-point sampling. After the non-

equilibrium density matrix is converged, the coherent transmission functions as a function of 

energy were computed using the Landauer formula in a post-processing manner,83 with a 

16×16 k-mesh. To correct the quantitative errors of PBE functional in estimating the transport 

properties, the DFT+Σ approach61,62 was applied following the procedure outlined by Liu et 

al.79 The detailed computational parameters for the DFT+Σ calculations are reported in the 

Supporting Information. 
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