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Experimental Details 

Materials. Precursors to all monolayers were commercially available (≥ 98%, Sigma-

Aldrich). All organic solvents were analytical grade (99%, Sigma-Aldrich) and were used as 

supplied unless otherwise specified. All compounds were maintained under a N2 atmosphere at < 

4°C to avoid decomposition. To ensure that the compounds were free of contaminants, all stored 

compounds were checked by 1H NMR prior to use. Impurities were carefully removed by silica 

gel column chromatography (100% hexane).  

SAMs of n-alkanecarboxylates on silver electrodes. In studies that relate the organic 

structure of molecules making up a monolayer in a junction to rates of charge transport across 

that junction, SAMs based on n-alkanethiolates have been studied extensively because they are 

commercially available, well-characterized—both in terms of their physical properties and their 

electronic properties, especially as an insulating component in electrical junctions1-6—and are 

highly-structured.7 We recently characterized SAMs of n-alkanecarboxylates (n-alkanoates) on 

silver8 as a potential substitute to n-alkanethiolates for measuring rates of charge transport. 

Alkanoic acids present an attractive alternative to thiolates as they eliminate their oxidative 

instabilities, and are also available commercially in a wide range of structures. SAMs of n-

alkanoates form well-organized and densely packed monolayers on metal oxide substrates (i.e., 

Ag, Cu, Al); long chain n-alkanoates on Ag, in particular, result in crystalline packing in an all-

trans conformation with a tilt angle between 15º and 25º (from the surface normal).9 The 

carboxylate headgroup coordinates with Ag (and its native oxide) through ionic interactions 

(bidentate ionic binding coordination); this ionic interface disassociates upon exposure to sources 

of protons (e.g., HCl or H2S vapor).10, 11 
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Preparation of n-Alkyne SAMs on template-stripped gold (Au
TS

) bottom electrodes. We 

formed SAMs on four hundred-nanometer thick template-stripped gold (AuTS).12 SAMs formed 

on template stripped metal surfaces have less defects than SAMs on as-deposited surfaces, and 

result in junction measurements with higher yields and with smaller dispersions in J(V) than as-

deposited bottom electrodes.13, 14 AuTS substrates were submerged in a 6-mM solution of alkyne 

in anhydrous hexadecane for 48 hours at room temperature and under a nitrogen atmosphere. 

(The temperature was kept at room temperature (ca. 23oC) due to the instability of the optical 

adhesive at higher temperatures). The alkynes on gold are susceptible to oxidation in the 

presence of oxygen; therefore additional care was exercised to minimize exposure of the 

substrate and solution to oxygen. We rinsed the SAM-bound substrates with hexadecane, 

followed by ethanol, and dried them under a gentle stream of nitrogen. We characterized the 

SAMs with X-ray photoelectron spectroscopy (XPS; Thermo Scientific K-Alpha photoelectron 

spectrometer with Monochromatic Al K-α X-ray radiation (1.49 kV at base pressure ~10-9 Torr)) 

and water contact angle analysis to monitor the presence of oxygen in the SAM (Figure S1 and 

Table S1). 

Preparation of n-alkyne SAMs on Au evaporated on mica (Au
Mica

) bottom electrodes. 

SAMs of decyne and tetradecyne were formed on flame-annealed gold that was evaporated on 

mica (~150 nm of Au on mica) according to a procedure described in a separate report.15 The 

Aumica substrates were submerged in 1mM alkyne in ethanol for 15 hours at 60ºC. To avoid 

oxidation of the acetylene group during formation of the SAM, the SAMs were formed under N2 

using only freshly evaporated Au(111) substrates. Immediately before electrical measurements, 

the samples were removed from the solution, rinsed with ethanol, and dried under N2. 
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Preparation of n-alkanethiolate SAMs on template-stripped gold (Au
TS

) bottom 

electrodes. SAMs of n-alkanethiolates served as internal standards for this work, and ensured 

that the apparatus and the operators were reproducing previous values of current densities.16 We 

followed previously published protocols for the formation of SAMs on AuTS.16-18 Briefly, AuTS 

substrates were submerged in a 3mM ethanolic solution of thiolate for 16-18 hours at room 

temperature and under a nitrogen atmosphere. We rinsed the SAM-bound substrates with 

ethanol, and dried them under a gentle stream of nitrogen. 

DFT Computational Details. The frontier orbital energies were calculated with density 

functional theory (DFT) using the Becke hybrid functional B3-LYP19 and resolution-of-the-

identity approximation for the Coulomb energy (RI-J);20 def2-SVP Gaussian basis sets were used 

along with corresponding auxiliary basis sets21 and small-core relativistic effective core 

potentials (ECPs) for Ag.22 All calculations were carried out within the Turbomole suite of 

programs (V6.4, 2012). 

Electrical measurements using EGaIn. EGaIn (eutectic Ga-In; 74.5% Ga, 25.5% In)—a 

liquid metal with a self-passivating oxide layer of Ga2O3—serves as a convenient and non-

damaging top-contact for measuring currents across self-assembled monolayers (SAMs) in 

junction devices having the structure MetTS/SAM//Ga2O3/EGaIn.23, 24 The mechanical properties 

of the electrically conducting Ga2O3 film that forms on the surface facilitates the formation of 

sharp conical tips (enabling a small geometrical footprint of ~25 µm in diameter, or ~490 µm2 in 

geometrical contact area estimated by microscopy).16 We selected EGaIn conical tips that were 

free of visible surface asperities.25 We measured charge-transport across the SAMs at ±0.5 V by 

sweeping in both directions starting at 0 V (i.e., one sweep 0 V  +0.5 V  0 V  0.5 V  

0 V, in steps of 0.05 V). For each compound, we collected ~400 – 800 J‒V traces from three to 
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four substrates; the yield of working junctions was ≥ 86% (Table S2). The approximately log-

normal distribution of data for J(V) justified a Gaussian fitting for each histogram; this fitting 

provided mean values of log|J| (log|Jmean|) and standard deviations (σlog) (Figure S2). Values of 

σlog varied from 0.3 to 0.6—values similar to those obtained for measurements across SAMs of 

n-alkanethiolates.15 Electrical measurements across SAMs having oxygen-containing 

contaminants (most likely due to the decomposition of the acetylene molecules following 

exposure to oxygen and gold) are shown in Figure S3. These oxygen-containing SAMs result in 

slightly lower values (by a factor of ~5) of current density than oxygen-free SAMs.   

Characteristics of a tunneling barrier. In measurements of charge transport across an 

electrode‒SAM‒electrode junction, charges encounter a tunneling barrier whose shape is 

determined by the electrical characteristics of three principle components: the SAM, the 

electrodes, and the interfaces between the SAM and the electrodes. The Simmons equation26 

(eq.1) reliably predicts that the rate of charge transport decays exponentially with increasing 

width of the tunneling barrier (and the parameter d is often approximated as the distance between 

the two electrodes). In this paper, we estimate d by the calculated length of the molecules making 

up the SAM, or by the thickness of the SAM (in Å or number of CH2 units). The injection 

current, J0(V), is the value of J(V) expected for a hypothetical junction with d = 0, but with 

interfaces characteristic of a SAM-containing junction. The attenuation of current is described by 

the value of β—a value that is determined by the shape (e.g., height; for a rectangular barrier) of 

the tunneling barrier—and is related to the electronic structure of the molecules in ways that are 

still not completely defined.27 

The energetic topography of the tunneling barrier, and the tunneling currents have emerged 

as surprisingly simple. The methylene chain of alkyl-based SAMs seems to be adequately 
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approximated by a rectangular tunneling barrier of the type described by the simplified Simmons 

equation (Eq. 1);26 a number of substitutions for the terminal group T (including a wide but not 

completely inclusive range of simple aromatic and aliphatic groups,28 and charged25 and neutral29 

polar groups) are indistinguishable in their influence on tunneling currents, so long as the SAMs 

have the same thickness. Groups, M, in the center of the chain (amides (‒CONH‒ and ‒NHCO‒) 

and urea (‒NHCONH‒))6 are also indistinguishable from oligomethylene chains (‒(CH2)n‒) of 

the same thickness. Certain groups whose molecular orbitals (MOs) align with the Fermi energy 

level of the metal—for example, ferrocene,30-33 bipyridyl,34 and anthraquinone,35 can influence 

the tunneling current density (J(V), Acm-2). 

Influence of oxygen contaminants in SAMs of alkynes on tunneling currents. The nature 

of the interfacial bond is important for the organization of the alkyl molecular layer, whose order 

may influence charge transport. In the case of SAMs of alkynes, measurements of current density 

are sensitive to adventitious oxidation; oxidation of the SAM detectable by XPS resulted in a 

decrease in current density by a factor of ~5. Junctions composed of oxygen-free (< 5% oxygen) 

SAMs of alkynes and of alkanethiolates on gold gave indistinguishable values of J0 (3.9 ± 0.1 

and 4.2 ± 0.2 A/cm2). The measured value of β for n-alkynes (0.67± 0.02 Å-1), however, appears 

slightly lower than that for n-alkanethiolates (0.76 ± 0.02 Å-1); we tentatively attribute this small 

deviation to differences in the structure of SAMs composed of the short alkyl groups. 

Interpretation of the tunneling decay constant, β. The small apparent difference in the 

values for β between n-alkynes and n-alkanethiolates might be due to a small but real difference 

in the rates of tunneling across these systems (when appropriately compared), to differences in 

the method used in estimation of the width of the tunneling barrier, or to small differences in the 

experimental systems. Figure 2, in the main text, considers the distance of the tunneling barrier, 
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in Å, to be from the anchoring atom to the final hydrogen atom; this estimation does not consider 

possible differences in the structure of the SAMs that might not be apparent from the available 

spectroscopic methods (i.e. variations in tilt, twist and torsion angles between SAMs of n-alkynes 

and SAMs of n-alkanethiolates15). Therefore, we also consider the total width of the tunneling 

barrier in terms of the film-thickness of the SAM for n-alkynes and n-alkanethiolates on gold; a 

plot of J(V) versus effective thickness15 is included in the supporting information (Figure S6). 

This analysis also revealed indistinguishable attenuation factors for of n-alkynes and n-

alkanethiolates (β = 0.90 ± 0.07 Å-1 for n-alkynes; β = 0.97 ± 0.05 Å-1 for n-alkanethiolates). 
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Table S1. Summary of static water-wetting contact angles (θs) for n-alkynes on AuTS and 
advancing (θa) and receding water contact angle (θr) for n-alkanethiolates on Au. The advancing 
(θa) and receding contact angle (θr) data for hexadecanethiol were taken from reference 14. 

Alkynes on AuTS mean contact angle 
(θs) and standard 
deviation  

  

 

 with and  

Alkanethiolate 
on Au 

contact angle (θa, 
θr)9 

C≡C(CH2)4H 103± 2 S(CH2)16H   ~115, ~ 105 
C≡C(CH2)6H 103 ± 1   
C≡C(CH2)8H 103 ± 1   
C≡C(CH2)10H 104 ± 1   
C≡C(CH2)12H 108 ± 1   
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Figure S1. XPS spectra of O1s and C1s regions from a) oxidized SAMs of tetradecyne on AuTS 
and b) neutral SAMs of tetradecyne on Au.TS 
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Table S2. Summary of the data collected for measurements of J(V) across 
AuTS/C≡C(CH2)nH//Ga2O3/EGaIn and AuTS/S(CH2)nH//Ga2O3/EGaIn at +0.5 V. 

n-Alkynes n-Alkanethiolates
4 

C≡CCn N1 Yield2 

(%) 
Traces3 
 
 

Log |J|mean ± 
σlog (Acm-2) 

SCn Log |J|mean ± σlog 
(Acm-2) 

C≡CC4 3 88 503  1.8 ± 0.5   
C≡CC6 3 87 421  1.1 ± 0.4 SC6  1.2 ± 0.4 
C≡CC8 3 87 458  0.5 ± 0.3 SC8  0.5 ± 0.5 
C≡CC10 3 96 626 -0.4 ± 0.4 SC10 -0.3 ± 0.5 
C≡CC12 4 97 800 -1.1 ± 0.6 SC12 -1.3 ± 0.6 
     SC14 -2.1 ± 0.5 

1 N is the number of independent samples that were measured 
2% Yield was calculated from the number of working (i.e. non-shorting) junctions divided by the total number of 
junctions that were measured 
3Trace is a sweep that generates two data points from the forward and reverse bias 
4The data for alkanethiolates were collected for this study and not taken from a literature reference 
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Table S3. Calculated energies for the HOMO of n-alkanethiolates and n-alkynes on gold clusters 
using density functional theory (DFT).19-23 The HOMO, S and HOMO, C indicate the orbital 
centered on the anchoring atom. The MO, C-C indicates the orbital energies from the C-C bonds 
along the alkyl chain. 

SAM on Au HOMO, S 
(eV) 

MO, C-C 
(eV) 

SAM on Au HOMO, C 
(eV) 

MO, C-C 
(eV) 

SC2H5 -5.62 - C≡CC4H9 -6.15 -8.89 
SC4H9 -5.61 -8.39 C≡CC6H13 -6.15 -8.61 
SC6H13 -5.61 -8.37 C≡CC8H17 -6.15 -8.38 
SC8H17 -5.61 -8.11 C≡CC10H21 -6.15 -8.16 
SC10H21 -5.61 -8.09 C≡CC12H25 -6.15 -8.05 
SC12H25 -5.60 -8.08 C≡CC14H29 -6.15 -8.00 
SC14H29 -5.61 -7.88    
SC16H33 -5.61 -7.88    
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Figure S2. Histograms of log|J| at +0.5 V for acetylene-terminated aliphatic SAMs across 
AuTS/C≡C(CH2)nH//Ga2O3/EGaIn junctions using selected conical tips that were free of visible 
surface asperities.3 Solid curves indicate a Gaussian fit. 
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Figure S3. Histograms of log|J| at +0.5 V for oxygen-free SAMs (left) and oxygen-containing 
SAMs (right) across AuTSC≡C(CH2)nH//Ga2O3/EGaIn junctions (n = 8, 10, 14) using selected 
conical tips. Solid curves represent Gassian fits; N is the number of data points.  
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Figure S4. Histograms of log|J| at +0.5 V for alkanethiolates using junctions of the structure 
AuTSS(CH2)2nH//Ga2O3/EGaIn junctions (n = 3 ‒ 7) using selected conical tips. Solid curves 
represent Gassian fits; N is the number of data points.  
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Figure S5. Histograms of log|J| at +0.5 V for alkynes using junctions of the structure 
AuMicaC≡C(CH2)nH//Ga2O3/EGaIn junctions (n = 8 and 12) using selected conical tips. Solid 
curves represent Gassian fits; N is the number of data points. SAMs of decyne and tetradecyne 
were formed on flame-annealed gold evaporated on mica. The values of log|J| are 
indistiguishable from those collected on templated-stripped gold (Figure S2). 
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Figure S6. Plot of the Gaussian mean values of log|J| at +0.5 V versus thickness for SAMs of n-
alkynes and n-alkanethiolates. The black solid and black small dashed linear-least squares fitting 
includes the contribution in thickness from the bond to the Au surface. The large dashed linear‒
least squares fitting excludes the contribution in thickness from the Au-C bond for n-alkynes. 
The thickness values were determined previously using XPS analysis.10 The differences in J0 for 
the n-alkynes (solid black line and grey line) are consistent with the inclusion or exclusion of the 
Au-C bond from the tunneling barrier.The value of the injection current resulting from the 
exclusion of the Au-C bond (4.3 A/cm2) is indistinguishable statistically from that measured 
from calculating the molecular length for an all-trans extended conformation from the first atom 
of the anchoring group to the final hydrogen atom (4.0 A/cm2), as represented in Figure 2 of the 
main text.  
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