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ABSTRACT 

Chemical groups capable of connecting molecules physically and electrically between 

electrodes are of critical importance in molecular-scale electronics, influencing junction 

conductance, variability, and function. While the development of such linkage chemistries has 

focused on interactions at gold, the distinct reactivity and electronic structure of other electrode 

metals provides underexplored opportunities to characterize and exploit new binding motifs. 

In this work we show that 𝛼,ω-alkanedibromides spontaneously form well-defined junctions 

using silver, but not gold, electrodes. Through application of the glovebox-based scanning 

tunneling microscope-based break junction method, we find that the same junctions form when 

using different halide, or trimethyltin, terminal groups, suggestive of an electronically 

transparent silver-carbon(sp3) contact chemistry. However, the conductance of these junctions 

is ~30× lower than for analogous junctions formed on gold and does not align with predictions 

based on first-principles calculations. Through insights provided from prior temperature-

programmed desorption studies and a robust series of atomistic simulations and control 

experiments, we propose that in these experiments we measure alkoxide-terminated junctions 

formed through the reaction of unstable silver-alkyl species with adsorbed surface oxygen. This 

study, in demonstrating that high conductance contact chemistries established using model gold 

electrodes may not be readily transferred to other metals, underscores the need to directly 

characterize the interfacial electronic properties and reactivity of electrode metals of wider 

technological relevance. 
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INTRODUCTION 

Inspired by the established chemistry of self-assembled monolayers,1 the first reported single-

molecule junctions comprised gold electrodes bridged by thiol-functionalized organic 

compounds.2,3 A wide variety of linker groups have since been identified to be compatible with 

gold,4 and a subset of these have been found to form junctions with other metal electrodes. For 

example, room temperature scanning tunneling microscope-based break junction (STM-BJ) 

studies with silver electrodes have utilized aurophilic thiol (-SH),5 nitrile (-CN),6,7 amine (-

NH2),5–10 pyridyl (-C5H4N),11,12 alkyne (-CCH),13–15 and carboxylic acid (-COOH)16–18 linkers. 

The chemical properties of such groups are known to impact junction properties in several 

important ways, exerting a strong influence over the conducting orbital level alignment and 

electronic coupling,4,9,19–23 junction mechanical stability,24,25 or even imparting conductance 

switching functionality.26,27  

While different electrode metals exhibit distinct surface structures, electronic 

properties, and intrinsic reactivities, the ability of a chemical group to function as a linker on 

some metals but not others is widely underexplored. We are only aware of one study by Jo et 

al. who report that methoxy (−OMe) groups, which do not bind to gold, are capable of forming 

junctions with silver leads.28 The discovery and development of non-gold contact chemistries 

has clear potential to drive significant advances in molecular electronics and surface assembly, 

for example, by establishing distinct metal-molecule bonding interactions with useful 

mechanical or electronic character, or enabling the selective self-assembly of molecules on 

mixed metal substrates. More broadly, the identification of appropriate contact chemistries to 

form molecular junctions with less diffusive electrode metals than gold may prove critical to 

establishing the utility of prospective hybrid molecule-semiconductor integrated circuitry.29 

Studies of single-molecule junctions that expose new interfacial chemical transformations30 

could also provide important insights into reaction discovery and development in on-surface 

chemistry,31 as well as studies of heterogeneous catalytic chemical processes.32 

Electrode linker groups are commonly incorporated into organic molecules via 

synthetic routes that start from halide (X)-functionalized precursors (particularly for X = Br 

and I). Such precursors are commercially ubiquitous due to their utility in a wide range of 

chemical transformations, and the distinct rates of reactivity of C−X bonds which enable 

modular, multistep reaction strategies. These factors also contribute to growing interest in the 

direct use of halides as electrode linkers. This approach could not only significantly reduce the 

number of synthetic steps required to prepare molecular junction components, but also enable 
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the characterization of systems in which the incorporation of conventional contact groups is 

challenging. With gold electrodes, it has been reported that junctions can be formed using 

thiophenyl-,33 alkyl-34 and aryl-iodides,35–38 as well as halide-capped clusters.39 Depending on 

the experimental conditions, such junctions are proposed to comprise either physisorbed Au-X 

(coordinating through the halogen lone pairs) or chemisorbed Au-C contacts (following 

oxidative addition of C-I), although their exact contact chemistry has not always been 

determined unambiguously.  

The use of organohalides to directly form chemisorbed Au-C contacts is an attractive 

proposition, avoiding established precursors with toxic -SnMe3 groups or laborious 

preinstallation of Au-C bonds.23 These linkages are among the most electronically transparent 

contacts for single-molecule junctions, due to Au-C “gateway” states that are well coupled to 

both the electrode and the molecular backbone.23,40 Although aryl iodides are typically 

considered among the most reactive of the organohalides, exhibiting faster rates of oxidative 

addition than arylbromides, arylchlorides, or alkyl halides,41–43 their use to form gold-aryl 

linked junctions in situ at room temperature has so far been demonstrated only through the 

application of reducing potentials in an electrochemical environment,36 or exposure to 

atomically rough surfaces in polar solvents that generate a large interfacial electric field.37,44 

Despite the increased reactivity of non-gold metals towards activation of C-X bonds relative 

to gold,45,46 the application of these electrode materials to form molecular junctions from 

organohalides has not yet been reported. Indeed, the only non-gold metal-carbon (M-C) 

contacts probed in single-molecule junctions are Ag-C(sp) linkages formed from terminal 

alkynes,13–15 or M-C(sp2) contacts formed in situ from N-heterocyclic carbene precursors (M 

= Ag, Cu),47 leaving their properties broadly underexplored. 

In this work we show, through application of the glovebox STM-BJ method, that simple 

bromide-terminated alkanes, CnBr (n = 4-12), form well-defined single-molecule junctions 

with silver electrodes under an inert nitrogen atmosphere (Figure 1, top). Remarkably, these 

junctions form spontaneously from non-polar solutions at room temperature, even at low tip-

substrate bias (10 mV). To establish the nature of the interfacial contact, we performed a robust 

series of control experiments and first-principles transmission calculations based on density 

functional theory (DFT). Measurements of C8X (X = -I, -Cl, or -SnMe3) produced near-

identical conductance features to those of C8Br, indicating that each of these compounds are 

precursors that react in situ to produce junctions of similar geometry. Notably, the observed 

peak features occur at an unusually low conductance: ~30× lower than Au-C(sp3) linked 

junctions of the same alkane length,23 and 2.5× lower than for analogous Ag-S linked junctions 
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which comprise two additional S atoms in the molecular backbone (Figure 3a). Transmission 

calculations further show that alkane junctions linked by Ag-C contacts should be slightly more 

– not significantly less – conducting than their Au-C linked analogues (Figure 3b), together 

establishing that we do not measure chemisorbed Ag-C(sp3) linked alkane junctions in these 

experiments. Drawing insights from prior surface science studies,48–51  we propose instead that 

while Ag-C(sp3) linked junctions do initially form from C8X precursors, they subsequently 

react with surface-adsorbed oxygen (noting that O2 is present in ppm quantities) to form silver-

alkoxides that we trap and measure in molecular junctions (Figure 1, bottom). This hypothesis 

is supported here by transmission calculations which show Ag-O-alkyl terminated junctions 

exhibit conductance values consistent with the features we observe experimentally, and 

additional control experiments that rule out other plausible secondary processes such as 𝛼- or 

β-hydride elimination reactions. 

 

 
Figure 1. A schematic showing a single-molecule junction formed using silver electrodes from 
solutions of 𝛼,ω-dibromoalkanes (CnBr) under an inert nitrogen atmosphere inside a 
glovebox. Bottom: CnBr precursors can feasibly interact with the electrode surface in different 
ways, forming alkyl halide-  (H), alkyl- (C), or alkoxide-contacted (O) junctions following loss 
of the halide and reaction with surface-adsorbed oxygen. 
 

RESULTS AND DISCUSSION 

We perform conductance measurements with silver electrodes using a STM-BJ setup housed 

inside an inert atmosphere glovebox that has been described previously (see SI for more 

details).52,53 To remove the majority of native oxide from oxyphilic silver surfaces, we 

mechanically cut tip wire and polish an evaporation slug substrate inside the glovebox. 

Following this, STM-BJ measurements are performed by applying a voltage bias (V) across 

the tip and substrate while measuring the current (I), converted to conductance G (= I/V), as 
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the electrodes are pushed in and out of contact. In each conductance-displacement 

measurement, the initially formed large area junction thins to a single-atom contact with 

increasing tip-substrate displacement, before breaking to form a nanoscale gap between 

undercoordinated silver atoms. We repeat these measurements thousands of times whereby the 

resulting traces are compiled, without data selection, into one- and two-dimensional (1D and 

2D) conductance histograms. 

During experiments under nitrogen or in an anhydrous solvent environment under 

nitrogen, we observe steps in individual conductance-displacement traces close to 1 G0 (= 2e2/h 

= 7.75 × 10−5 S), characteristic of the formation of silver atomic point contacts, which combine 

to form peaks in the histograms (SI, Figure S1). We find the conductance steps for silver atom 

contacts are typically shorter than the corresponding steps observed using gold electrodes, in 

agreement with previous work54 and consistent with reports that atomic chains form more 

readily with gold than silver.55 While STM-BJ studies using silver electrodes exposed to air 

have reported an additional conductance feature close to ~0.1 G0 that is attributed to the 

formation of Ag-O-Ag junctions,9,56 this feature is not typically pronounced in the glovebox-

based studies presented here. As evidenced below, additional conductance features are 

observed below 1 G0 in the presence of molecules in solution that can bridge the nanogap-

separated silver electrodes. Importantly, we find our inert atmosphere glovebox STM-BJ 

approach can facilitate conductance measurements of molecular junctions formed using silver 

electrodes at ambient temperature and pressure over extended periods (hours or days) without 

significant reoxidation of the electrode surface. 

In Figure 2a we plot overlaid conductance histograms obtained from measurements of 

0.1 mM solutions of 𝛼,ω-dibromoalkanes (CnBr, where “n” represents the number of 

backbone methylene groups) in tetradecane (TD). In each case we identify a prominent feature 

(black dotted arrow, Figure 2a), with a shoulder or peak of lower intensity at ~2× the primary 

peak conductance. We attribute these features to 1 and 2 molecule junctions formed from 

CnBr, respectively (SI, Figure S2).57–59 In Figure 2b we plot representative traces for CnBr 

measurements (n = 6-12), showing that the step length corresponding to these junctions 

increases with the number of carbon atoms in the backbone (see SI, Figure S3 for 2D 

histograms). The strong correlation between step and molecular length further supports the 

assignment of these features to molecular junctions formed from CnBr. In contrast to an earlier 

report,34 our attempts to form molecular junctions with C8X solutions (X = Br, I) using gold 

electrodes provide no clear conductance peak features (SI, Figure S4). This shows that CnX 
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do not readily form molecular junctions with gold and implicates a distinct haloalkane-Ag 

interfacial chemistry. 
 

 
Figure 2. (a) Overlaid 1D histograms obtained from scanning tunneling microscope-based 
break junction (STM-BJ) measurements of 0.1 mM CnBr solutions in tetradecane at 750 mV 
bias (n = 4-12). Histograms are constructed from 6,000-10,000 consecutively measured traces 
without data selection. Arrows indicate assigned high (black dotted) and low (blue solid) 
conductance peaks for C8Br. The histogram for C4Br is truncated for clarity. Corresponding 
2D conductance-displacement histograms are provided in the SI, Figure S3. (b) Sample 
conductance-displacement traces for selected junctions (n = 6-12), offset along the 
displacement axis for clarity. (c) A plot of conductance versus number of repeat methylene 
units (n) for high (black triangles) and low (blue squares) conductance peaks. Exponential fits 
to each data series using G = Gcexp(−βn) gives β(high) = 0.98/n, β(low) = 1.00/n, Gc(high) = 1.6 × 
10−1 G0, and Gc(low) = 1.2 × 10−2 G0.  
 

When probing shorter CnBr junctions (n = 4-10), we also observe an additional, lower 

conductance peak feature of reduced intensity (blue solid arrow, Figure 2a). This peak 

typically arises from a step that occurs after breaking of the high conductance junctions, as 

illustrated by the example traces shown in SI, Figure S5 and in 2D histograms which show 

regions of reduced counts for displacements prior to the onset of the low conductance feature 

(SI, Figure S3, S8h, and S11c). Accordingly, we suggest that this feature results from a 

geometrical rearrangement of the electrode and/or or the molecule during junction 

displacement that changes the molecule-electrode coupling or frontier orbital energy 

alignment. The origin of this component appears distinct from that of a similar feature observed 

for covalent Au-C junctions, which was in that case attributed to a periodic electrode 

deformation that resulted in intermittent jumps to a low conductance geometry with junction 

elongation.23 Related conductance features have also been observed in some studies of 

alkanedithiols measured using gold electrodes, attributed to the formation of Au(SR)2 

interfacial contacts.60  
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In Figure 2c we plot conductance versus molecular length for each series of peaks, 

using the most probable values of junction conductance obtained from Gaussian fits to 

histogram peaks (SI, Table S1). The conductance of both series exhibits an exponential length 

dependance, indicative of through-molecule tunneling transport. Tunneling decay constants (β 

~ 1/n), obtained through fits to each series using G = Gcexp(−βn) (where Gc is the contact 

conductance), agree with previously observed values obtained for junctions with alkane 

backbones measured on gold or silver.24,54 However, the nature of the molecule-electrode 

contact formed from CnBr in the primary series remains unclear. Based on earlier studies of 

halide-terminated molecules on gold (discussed above), instead of a single dominant peak we 

might expect to observe three peak features associated with junction geometries comprising 

two chemisorbed Ag-C(sp3) linkages (CC), two physisorbed halogen-bonded Ag-Br 

interactions (HH), or one of each type of contact (HC; Figure 1).  

We first consider the possibility that the dominant peaks from CnBr measurements 

correspond to CC-type junctions. If this was the case these junctions would exhibit a 

surprisingly low conductance, ~30× smaller than reported values for the corresponding gold-

alkane-gold junctions formed from trialkylstannyl precursors (SI, Table S1 and Figure S6).23 

To further illustrate this point we present, in Figure 3a, overlaid conductance histograms from 

measurements of 1,10-bis(methylthio)decane (C10SMe), C10Br, and 1,10-decanedithiol 

(C10SH). This comparison shows that the conductance of C10Br junctions is intermediate 

between junctions comprising physisorbed and chemisorbed sulfur linkers. It is particularly 

notable that the conductance of C10SH junctions, comprising two additional sulfur atoms 

compared to CC-type junctions formed from C10Br, are 2.5× higher. With gold electrodes the 

opposite trend is found, as junctions formed from C8SH are ~22× lower in conductance than 

the Au-C(sp3) linked gold-octane-gold analogue.23,61 Remarkably, conductance histograms of 

C4Br and C6Br comprise no substantial secondary features that align with the primary 

conductance peaks obtained from studies of C8Br and C12Br (Figure 2a). If these junctions 

had a CC geometry, this would appear to indicate that the rate of formation of dimers via C-C 

homocoupling reactions on silver electrodes is significantly slower than with gold electrodes, 

as dimers are commonly observed in studies of Au-C linked junctions.23,36,37 This contrasts 

with expectations based on the results of temperature programmed desorption (TPD) 

experiments, where silver is reportedly unique in mediating alkyl homocoupling reactions at 

temperatures >190 K relative to other decomposition pathways.62,63 Accordingly, the silver-

alkyl motif is expected to exhibit a high reactivity at room temperature, as further illustrated 

through unsuccessful attempts to isolate related molecular complexes.64 In contrast, analogous 
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gold-alkyl complexes are readily prepared65 and have been successfully utilized as controls 

with pre-installed Au-C bonds to help assess whether Au-C interfacial contacts have formed in 

molecular junctions.23 
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Figure 3. (a) Overlaid 1D histograms from conductance measurements of C10SMe, C10Br 
(reproduced from Figure 1b for convenience) and C10SH with silver electrodes. The 
conductance of C10Br junctions is intermediate between those with sulfur linkers, where 
C10SH junctions exhibit a higher conductance than C10Br despite comprising two additional 
S atoms in the molecular backbone for junctions of the CC-type. Histograms were constructed 
from 6,000-10,000 traces. The corresponding 2D conductance-displacement histograms for 
C10SMe and C10SH are shown in the SI, Figure S7. (b) DFT-based transmission spectra of 
Ag-C10 and Au-C10 (decane-based) junctions, plotted relative to the Fermi level (EF). Inset: 
scattering state of the Ag-C10 junction at E = −0.6 eV at the center of the Brillouin zone. (c) 
Overlaid 1D histograms for junctions formed from iodide- (C8I, purple), bromide- (C8Br, red; 
reproduced from Figure 1a for convenience), chloride- (C8Cl, green) and trimethylstannyl-
terminated (C8SnMe3, pink) 1,8-octane wires (6,800-10,000 traces). C8I was measured using 
a solution concentration of 0.01 mM to facilitate the clean breaking of junctions. C8SnMe3 
was measured using a solution concentration of ~8 mM at 50 mV, after 40 h of solution-
substrate contact to maximize peak intensity. While the conductance peak in the presented data 
for C8Cl appears more intense than for the other 𝛼,ω-dihalooctanes, peak intensities were 
found to vary for all analytes from experiment to experiment. Corresponding 2D histograms 
for C8X are shown in the SI, Figure S8a-d. (d) Calculated transmission spectra of C4Sn(Me2) 
(dark green), C4Br (HC, dark red), and C4Br (HH, light red) junctions. 
 

We performed DFT-based transmission calculations of Au-C(sp3) and Ag-C(sp3) 

contacted junctions to help rationalize the surprisingly low conductance of junctions formed 
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from CnBr. In Figure 3b, we compare the transmission spectra of C10 (decane-based) 

junctions comprising direct, covalent C(sp3) bonds to Ag or Au electrodes, calculated at the 

DFT level (with energy plotted relative to the Fermi level (EF = 0)). Remarkably, both spectra 

are qualitatively similar, exhibiting a broad peak centered at −0.6 eV that derives from 

electronic states localized at the Au-C and Ag-C bonds. In Figure 3b-inset, we show the real-

space representation of the current-carrying eigenchannel of the Ag-C10 junction at this energy 

calculated at the center of the Brillouin zone, which reveals the electrode and backbone states 

are well coupled through the Ag-C(sp3) bond. In the SI, Figure S12, we present additional 

transmission calculations of Ag-alkyl junctions with different backbone lengths. These spectra 

all exhibit qualitatively similar features, comprising a broad transmission resonance close to 

the Fermi level (EF) which results in highly conducting junctions (see Table S3 for selected 

data). Importantly, our analogue benchmark simulations with gold electrodes are consistent 

with the previous findings of Cheng et al.23 Across the different backbone lengths, our 

calculations yield transmission values at EF that are ~2× higher for Ag-alkyl junctions than for 

Au-alkyl junctions. 

While it is well known that DFT calculations suffer from inherent deficiencies in the 

calculation of molecular resonance energies, we stress these are unlikely to alter the relative 

calculated conductance of the Ag- and Au-alkyl junctions studied here. Notably, corrections to 

these deficiencies based on the DFT+Σ methodology have been devised for weakly-interacting 

junctions, yet such adjustments may not be appropriate for junctions linked through strongly 

interacting chemisorbed Ag-C(sp3) or Au-C(sp3) contacts. Assuming a rigid translation of the 

DFT spectra towards lower energies (Figure 3b and SI Figure S12), large shifts in the Ag-C 

resonance states (>3 eV) would be needed to achieve the relative conductance values measured 

here for junctions formed from CnBr. While smaller resonance shifts of 1.4-2 eV have been 

reported for weakly-bonded molecular junctions,66–68 level corrections might be expected to be 

even smaller in covalently bonded interfaces.69,70 Accordingly, the required value of >3 eV for 

Ag-alkyl covalent bonds appears too high to be reasonable. Furthermore, we cannot physically 

rationalize why such resonance shifts would be so much larger for Ag-alkyl junctions than for 

analogue Au-alkyl systems, to reconcile the ~30× lower measured conductance of Ag-alkyl 

junctions compared to the same junctions formed with gold electrodes. Accordingly, DFT 

transmission calculations show that the conductance of alkyl junctions with Ag-C(sp3) linkages 

should be comparable to, and even slightly higher than with Au-C(sp3) bonds, and strongly 

suggest that the CnBr junctions measured experimentally do not comprise chemisorbed Ag-

C(sp3) bonds (i.e., they do not have CC contact geometries). 
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We next performed a series of control studies comprising alkanes with different 

terminal groups to establish whether the junctions formed from CnBr have HC or HH contact 

geometries. We plot, in Figure 3c, overlaid conductance histograms for measurements of C8X 

(X = I, Br, Cl, SnMe3; where C8SnMe3 was measured as a mixture in a ~1:0.3 molar ratio with 

1-trimethylstannyloctane, see SI, Figures S18-20) which all show a near identical high 

conductance feature at 6-7 × 10−5 G0. This finding strongly suggests that the junctions we 

measure in each case result from the in situ cleavage of these terminal groups to form junctions 

of identical composition and geometry, particularly given that the -SnMe3 group is not expected 

to form a physisorbed contact. To rigorously evaluate this proposal, we calculate the 

conductance of model junction geometries comprising terminal groups that interact with silver 

electrodes through one (HC), or two (HH), physisorbed Ag-Br or chemisorbed Ag-Sn contacts 

(CnSn(Me2), feasibly formed through cleavage of a Sn-Me bond).  

In Figure 3d, we plot overlaid transmission functions for such junction geometries with 

C4 (butane-based) backbones. Additional transmission spectra for analogous HC and HH 

junctions comprising different alkyl halides are shown in the SI, Figures S13 and S14. The 

representative spectra shown in Figure 3d exhibit transmission peaks at energies characteristic 

of either the H or C silver-molecule contact. Spectra of HC junctions show a broad peak at 

−0.7 eV, the signature of the Ag-C resonance which dominates the zero-bias conductance, as 

well as a peak around 2-3 eV which corresponds to the Ag-halide bond. Spectra of HH 

junctions exhibit two peaks in the unoccupied range of the spectrum (>2 eV) corresponding to 

both Ag-halide resonances. In contrast, CnSn(Me2) junctions comprising Ag-Sn(Me2) contacts 

show two peaks below EF, both derived from the Ag-Sn contact, the broader of which 

dominates the zero bias conductance. Notably, the calculated conductance of HC junctions is 

>1 order of magnitude, and the conductance of CnSn(Me2) junctions is 2-3 orders of 

magnitude, higher than HH junctions (SI, Figure S15 and Table S6). Furthermore, simulations 

of HC and HH junctions show that junction conductance changes with the identity of the 

halogen atom. Compared to bromide-terminated HC junctions, the calculated conductance is 

~15% smaller and ~40% higher for chloride and iodide contacts, respectively (SI, Table S4). 

Such perceptual differences are approximately twice as large in HH junctions (SI, Table S5). 

These calculations corroborate expectations that the conductance of these junctions should 

exhibit a significant dependence on the identity of the terminal group, contrasting with our 

experimental results which show the conductance of junctions formed from C8X exhibit the 

same conductance. This further supports the hypothesis that these halide and trimethylstannyl 
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groups are lost through reaction at the silver surface and are not incorporated into the junctions 

we measure experimentally. 

We highlight additional features of the experiments shown in Figure 3c and related 

control studies that provide important insights. In contrast to studies using CnBr, we found 

C8I was more readily measured as a 0.01 mM solution, rather than at a 0.1 mM concentration 

where it was difficult to repeatedly break tip-substrate point contacts. It also proved challenging 

to routinely observe conductance peaks in measurements of C8Cl at 0.1-1 mM concentrations. 

These observations are consistent with the expectation that organoiodides (organochlorides) 

should interact most strongly (weakly),71 and react at a faster (slower) rate,46 with metal 

electrodes, as noted above. While a small peak feature for C8SnMe3 at 6-7 × 10−5 G0 was 

observed immediately in conductance measurements after addition of a ~8 mM solution to the 

silver substrate, this feature was found to increase in intensity after extended solution-substrate 

contact. Accordingly, the conductance histogram for C8SnMe3 provided in Figure 3c was 

obtained ~40 h after introduction of solution to help maximize the histogram peak intensity. 

We note that a similar observation was reported in studies of 1,4-bis(trimethylstannyl)benzene 

on gold electrodes,23 in which conductance steps appeared 2-3 h after addition of a 10 mM 

solution to the substrate (suggesting slow conversion of the Sn-C bond to a M-C interfacial 

contact). However, in a repeat of this experiment using silver electrodes we have observed peak 

features of much higher intensity after only ~4 h of solution-substrate contact, which suggest 

that the precise tip geometry, and/or the substrate roughness and cleanliness, play an important 

role in the probability of junction formation from this reactive precursor (SI, Figure S8g,h). 

For completeness, we also performed conductance measurements of C8SnMe3 with gold 

electrodes (SI, Figure S8e). Here we obtained the same high conductance peak feature as 

previously reported,23 directly illustrating the stark differences between the conductance of the 

resulting junctions formed with gold and silver electrodes. Conductance measurements of C8X 

(X = Br, Cl) and C6Br at lower applied bias (100 or 10 mV rather than 750 mV) provide 

histograms with similar conductance features to those obtained at higher bias, showing that 

large electric fields are not a prerequisite for junction formation (SI, Figure S9). Conductance 

measurements of C10Br using a template-stripped silver substrate72 gave identical 

conductance features as those observed using mechanically polished silver substrates (SI, 

Figure S10), indicating that the formation of these junctions is not impacted by surface 

roughness or adventitious contamination during oxide removal. 

The studies above show that the conductance features of junctions formed from CnBr 

are not easily attributed to formation of the CC, HC, or HH geometries that might be expected 
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based on previous molecular conductance studies. To identify alternative plausible contact 

chemistries for these junctions, we turn to earlier reports that have applied temperature 

programed desorption (TPD) to probe chemical reactions of alkyl halides on silver surfaces. 

Alkyliodides have been most extensively studied, and are found to chemisorb on clean Ag(111) 

and Ag(110) surfaces between 130-190 K, respectively.49–51 The alkyl fragments (e.g., 

CnH(2n+1)) subsequently desorb as homocoupled alkanes (C2nH2(2n+1)) at temperatures above   

190 K without evidence of dehydrogenation, and adsorbed iodide is found to desorb above   

700 K.50,63 In contrast, when both ethyliodide and molecular oxygen are exposed to a Ag(110) 

surface, additional products including diethylether and ethoxide are formed.48,49  This is an 

important observation, as the O2 content of the nitrogen atmosphere present during our 

glovebox STM-BJ measurements can increase from <1 ppm to ~5-20 ppm during a typical 

experiment (monitored using an oxygen analyzer fuel cell). Even for an excellent glovebox 

atmosphere comprising 0.1 ppm O2 at ~1 atmosphere, the theoretical dose of O2 (~80 

Langmuir/s) is far greater than those introduced under ultrahigh vacuum to achieve sub-

monolayer or saturation coverages.73,74 

 These TPD studies confirm that while the C-X bond of alkyl halides can undergo rapid 

scission at room temperature to form silver-alkyl species, these groups are inherently unstable 

and can subsequently react with adsorbed surface oxygen to form alkoxides. We hypothesize 

that it is these alkoxides (CnO) that we trap and measure in molecular junctions (Figure 1). 

The formation of such junctions, comprising an interfacial Ag-O-C(sp3) contact that is 

expected to be less conducting than Ag-C(sp3), would explain the low junction conductance 

we observe experimentally in measurements of CnX. However, we note that the provision of 

indisputable experimental evidence to confirm this hypothesis poses a significant challenge. 

Complexes containing pre-installed Ag-C(sp3) bonds are difficult to isolate (noted above), 

rendering their utilization as controls here impractical. Excluding carboxylate-contacted 

junctions which are expected to bind through a distinct coordination geometry,16–18 we know 

of no reported methods to form and probe chemisorbed Ag-O linked junctions and only one 

recent study of Au-O linked junctions – formed through conductance measurements of 

deprotonated aryl-OH groups.75 To date, our attempts to form Ag-O junctions directly from the 

less acidic alkyl-OH precursors have proven unsuccessful. 

In lieu of experimental measurements, we evaluate this hypothesis using computational 

models. We prepare junctions with each end of the alkyl backbone bonded to an oxygen atom 

on a silver electrode. Our simulations show that oxygen atoms adsorb on the hollow site on top 

of silver trimers, in agreement with previous findings.76 In Figure 4a, we plot the transmission 
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function for a C10O junction with two such Ag-O-C(sp3) contacts, calculated at the DFT level. 

The occupied resonance at −1.5 eV derives from the Ag-O gateway state and dominates the 

zero-bias conductance as it extends across EF. We show, in Figure 4b, the real-space 

representation of the current-carrying eigenchannel state calculated at EF at the center of the 

Brillouin zone, confirming that the oxygen 2p states are strongly involved in transport through 

these junctions. Notably, and in remarkable agreement with the trend observed experimentally 

(Figure 3a), the calculated conductance at EF for this junction geometry lies between the 

calculated values for thioether- and thiolate-linked junctions on silver electrodes: 4.5 × 10−6 G0 

for C10SMe, 1.7 × 10−5 G0 for C10O, and 9.5 × 10−5 G0 for C10S (SI, Figure S16). Transport 

calculations of CnO junctions comprising different alkane lengths (n = 4-10; SI, Figure S17) 

further illustrate that the resonance associated with the Ag-O bond is further from EF and 

narrower than that associated with Ag-S and Ag-C bonds, yet remains capable of enhancing 

transmission at EF relative to junctions comprising Ag-S(Me) contacts. This makes these 

oxygen-bonded alkyl junctions less conductive than analogous junctions with chemisorbed Ag-

S linkers and significantly less transmissive than with Ag-C(sp3) contacts. While the calculated 

conductance of CnO junctions agrees well with the measured results, falling within a factor of 

2 (SI, Table S7), DFT values generally overestimate measured conductance. Accordingly, 

rather than focusing on the exact quantitative values, we propose these calculations strongly 

support the existence of an Ag-O-C(sp3) contact chemistry in the junctions formed from CnBr 

and measured experimentally using the STM-BJ method. 
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Figure 4. (a) Transmission spectrum of a C10O junction, comprising a decane-based backbone 
with Ag-O-C(sp3) contacts to both electrodes. (b) Transmission eigenchannel calculated at the 
EF. Oxygen atoms adsorb on the hollow site of Ag trimer structures. 

 

We perform one final series of conductance measurements to confirm that the junctions 

formed from CnBr do not result from other plausible secondary processes such as 𝛼- or β-

hydride eliminations. While these chemical reactions have not previously been observed for 

silver-alkyl species in TPD studies,51	 they	 have been observed to occur on surfaces 

functionalized with different metal-alkyl groups77 and in discreet metal complexes.78,79 We 

recognize that such reactions could result in the formation of carbenic, or vinylic π-bound 

interfacial contacts, respectively (Figure 5a). To verify that these contacts do not form we 

perform a series of control experiments using the compounds shown in Figure 5b, in which 

we have replaced 𝛼- and/or β-hydrogens relative to the Br-C (and therefore the projected Ag-

C) bond with different groups that have higher bond dissociation energies. This approach 

follows established strategies in molecular inorganic chemistry that have been shown to 

stabilize otherwise reactive ligands.79 In Figure 5c, we present overlaid conductance 

histograms for C10Br and C10Br-Me, a molecular analogue in which 𝛼-hydrogens have been 

replaced by methyl groups. Both measurements provide a peak at the same conductance, 

indicating the formation of CnBr junctions does not involve 𝛼-hydride elimination processes 

resulting in carbenic contacts. We attribute the low intensity of the conductance feature in 

measurements of C10Br-Me (and 1,8-dibromoperfluorooctane (C8Br-F), Figure 5f) to the 

bulky groups proximal to the Br-C bond that may sterically inhibit junction formation or 

stability. To help maximize the histogram peak intensity, conductance measurements of 

C10Br-Me were performed after leaving the solution in contact with the substrate overnight. 

In Figure 5d, we present overlaid conductance histograms for bitolyl-based junctions 

formed from 4,4′-bis((methylthio)methyl)biphenyl (Tol2SMe) and 4,4′-
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bis(bromomethyl)biphenyl (Tol2Br), a molecule with no β-hydrogens. We use the 

conductance of C10SMe (Figure 2a) and Tol2SMe junctions as a point of reference to 

evaluate whether the junctions formed from C10Br (Figure 2a) and Tol2Br exhibit a markedly 

distinct or comparable contact chemistry (Figure 5e). We find that the peak conductance of 

C10SMe and Tol2SMe junctions is lower by a similar factor relative to the peak conductance 

of junctions formed from their Br-terminated analogues (by ×9.6 and ×3.5, respectively), 

implicating a similar contact chemistry. Notably, if the absence of β-hydrogens could stabilize 

a distinct, highly conducting C(sp3)-Ag contact chemistry we would expect the conductance of 

junctions formed from Tol2Br to be orders of magnitude higher than the conductance of 

Tol2SMe junctions, given that the Ag-C bond would be both strongly coupled and well aligned 

with the backbone π-system (as shown for analogous junctions with gold electrodes).40 

Considering that Tol2Br cannot undergo β-hydride elimination reactions to form vinylic 

contacts, these results indicate that such processes also do not occur in CnBr junctions. As 

such, we conclude that this decomposition pathway is not responsible for the low contact 

conductance observed. In further support of this deduction, our attempts to directly measure 

alkene-terminated alkanes in junctions with silver electrodes have so far provided only 

inconsistent conductance features distinct to those shown here. Finally, in Figure 5f, we show 

that the conductance of junctions formed from C8Br-F, a molecule with no 𝛼- or β-hydrogens, 

is a factor of ~2 lower than that of C8Br junctions, providing additional supporting evidence 

that junctions formed from CnBr do not comprise significantly different carbenic or vinylic 

contacts. We propose that the slightly lower conductance of C8Br-F junctions may instead be 

attributed to the electron-withdrawing fluorine backbone substituents that are expected to 

impact level alignment between the conducting molecular orbital(s) and silver electrode EF.80 
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Figure 5. (a) Reaction scheme showing possible 𝛼- and β-hydride elimination processes to 
form junctions with carbenic or vinylic contacts. (b) Control molecules with substituents at 𝛼- 
(C10Br-Me), β- (Tol2Br), or both 𝛼- and β-positions (C8Br-F) that cannot readily undergo 
hydride elimination.	 (c) Overlaid 1D histograms of C10Br-Me (4,000 traces) and C10Br 
showing that each form junctions of similar conductance. This shows the formation of these 
junctions do not involve 𝛼-hydride elimination processes resulting in carbenic contacts. (d) 
Overlaid 1D histograms for bitolyl-based junctions formed from Tol2Br and Tol2SMe (peak 
separation indicated by black solid arrow). The junctions formed from bromide-terminated 
molecules exhibit a conductance that is higher by a similar ratio to alkane-based junctions 
formed from C10Br and C10SMe (Figure 2a; alkane: ×9.6, tolyl: ×3.5). These comparisons 
indicate we form junctions from Tol2Br that comprise a similar molecule-electrode contact 
chemistry as junctions formed from C10Br, and that this process does not involve β-hydride 
elimination reactions that result in vinylic contacts. We note that Tol2Br and Tol2SMe were 
measured in 1,2,4-trichlorobenzene solutions to facilitate their dissolution, and Tol2Br was 
measured at a concentration of 1 μM to facilitate the clean breaking of junctions. (e) Proposed 
schematic structures for the junctions formed in (d), illustrating their similarities. X = O for the 
alkoxide-terminated junctions proposed here based on prior temperature-programmed 
desorption studies and our transmission calculations. (f) Overlaid 1D histograms showing that 
the conductance of C8Br-F junctions is only a factor of ~2 lower than that of C8Br junctions. 
This suggests that these junctions exhibit similar contact chemistries, with conductance only 
influenced by backbone substituents that tune the energetic alignment of conducting orbitals 
with the silver EF, further corroborating the studies using C10Br-Me and Tol2Br. Data for 
CnBr reproduced from Figure 2a for convenience. 
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CONCLUSION 

Here we have demonstrated that alkyl halides uniquely and spontaneously form chemisorbed 

molecular junctions with silver electrodes, leveraging the ability of intrinsically reactive non-

gold metal surfaces to activate otherwise inert functional molecular groups. Critically, 

however, we show that these junctions do not exhibit the high conductance expected for Ag-

C(sp3) linkages based on measurements of analogous precursors on gold, or from first-

principles calculations based on DFT. We hypothesize that the most likely contact incorporates 

an insulating oxygen component through a multistep process that involves the reaction of an 

intermediate silver-alkyl species with surface adsorbed oxygen, resulting in the formation of 

Ag-O-C(sp3) linkages. These findings expose fundamental challenges in transferring core 

concepts and methodologies in molecular electronics, established using model systems 

comprising gold electrodes, between different electrode materials with distinct properties. 

More broadly, this work highlights the application of glovebox STM-BJ methods to 

perform molecular conductance measurements using air-sensitive metal electrodes to expose 

and characterize interfacial chemical reactions and charge transport. We anticipate that the 

established enhanced reactivity of simple, halide-functionalized molecules at silver and non-

gold electrodes62,81 will facilitate additional studies focused on the formation and evaluation of 

different M-C contact chemistries that build upon the approaches used here. In pursuing such 

experiments, we emphasize the value of exploring, integrating, and drawing inspiration from 

the wider surface science literature, which we recognize contains results and discussion of 

substantial relevance to the field of molecular electronics, but which have not yet been well-

integrated into this field. Given the oxophilicity of many metals, we also propose that the 

development of new, robust approaches to form molecular junctions comprising metal-oxygen 

contacts will prove invaluable in evaluating the interfacial chemistry of chemisorbed species 

in junctions formed from non-gold electrodes.  
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