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ABSTRACT 

This paper describes rates of charge tunneling across self-assembled monolayers (SAMs) of 

compounds containing oligophenyl groups, supported on gold and silver, using Ga2O3/EGaIn as 

the top electrode. It compares the injection current, J0, and the attenuation constant, β, of the 

simplified Simmons equation, across oligophenyl groups (R = Phn; n = 1, 2, 3), with three 

different anchoring groups (thiol, HSR; methanethiol, HSCH2R; and acetylene, HC≡CR) that 

attach R to the template-stripped gold and silver substrates. The results demonstrate that the 

structure of the molecules between the anchoring group (-S- or -C≡C-) and the oligophenyl 

moiety significantly influences charge transport. SAMs of SPhn, and C≡CPhn on gold show 

similar values of β and log|J0| (β = 0.28 ± 0.03 Å
-1 

and log|J0| = 2.7 ± 0.1 for Au/SPhn; β = 0.30 ± 

0.02 Å
-1

 and log|J0| = 3.0 ± 0.1 for Au/C≡CPhn). The introduction of a single intervening 

methylene (CH2) group, between the anchoring sulfur atom and the aromatic units to generate 

SAMs of SCH2Phn, increases β to ~0.6 Å
-1

 on both gold and silver substrates. (For n-

alkanethiolates on gold the corresponding values are β = 0.76 Å
-1

 and
 
log|J0| = 4.2). As a 

generalization, based on this and other work, it seems that increasing the height of the tunneling 

barrier in the region of the interfaces increases β, and may decrease J0; by contrast, it appears 

that lowering the height of the barrier at these interfaces has little influence on β or J0.   

 

KEYWORDS: Charge transport, EGaIn, molecular electronics, alkynes, self-assembled 

monolayer 
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INTRODUCTION 

The correlation between the structure of self-assembled monolayers (SAMs) containing n-alkyl 

groups and rates of charge tunneling in junctions of the form M/A(CH2)nT//Ga2O3/EGaIn (M = 

the metal substrate, A is the anchoring group, and T is the terminal group) is surprisingly 

straightforward: the length of the insulating -(CH2)n- groups, which present high tunneling 

barriers, largely controls the rate of charge transport. The height and shape of this tunneling 

barrier make the influence of many structural changes at the interfaces (i.e. changes to the 

anchoring group, A, and the terminal group, T) difficult to detect.
1
 Among the exceptions are the 

observation of a small “odd-even effect” in charge transport across n-alkanethiolates on gold,
2-4

 

the observation of a substantial reduction in current density when fluorine is present at the 

SAM//Ga2O3 interface,
5 

and the observation of rectification of current when T is a redox active 

group such as ferrocenyl
6-8

 or bipyridyl.
9
 

Having studied the influence of the structure of saturated n-alkyl groups on charge 

tunneling extensively,
10-15

 we turned our attention to understanding the relationship between the 

structure of polyaromatics (molecules that result in a reduction in the height of the tunneling 

barrier relative to that characterizing aliphatics
16

) and the rates of charge transport. We measured 

rates of charge transport across SAMs of oligophenylthiols (M/SPhn), -methanethiols 

(M/SCH2Phn), and -acetylenes (M/C≡CPhn), where n = 1-3 and M = gold and silver metal 

electrodes (Figure 1). Using junctions of the form M/A(Ph)nT//Ga2O3/EGaIn, we compared these 

rates with rates for length-matched n-alkanethiols. Although these SAMs are based on simple 

oligophenyls and share (we assume) a similar Ph-H//Ga2O3 interface, they differ substantially in 

their physical and electronic interactions with the metal substrates that form the “bottom” 

electrodes. Our results indicate that SAMs of SPhn and C≡CPhn on gold, which are characterized 
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by orbital overlap (conjugation) across the molecule, and between the molecule and the 

electrode,
17

 have similar, low values of the attenuation factor β in the simplified Simmons 

equation
18

 (eq. 1) and the injection current, J0 (β = 0.28 ± 0.03 Å
-1

 and log|J0| = 2.7 ± 0.1 for 

Au/SPhn; β = 0.30 ± 0.02 Å
-1

 and log|J0| = 3.0 ± 0.1 for Au/C≡CPhn).  

𝐽(𝑉) = 𝐽0(𝑉)𝑒−𝛽𝑑 = 𝐽0(𝑉)10−
𝛽𝑑

2.303                                                       (1) 

The introduction of a single intervening CH2 group into the S-C bond converts SPhn to 

SCH2Phn—a group that disrupts the delocalization of orbitals between the aromatic moiety and 

the metal electrode
19-21

—and increases β to 0.66 ± 0.06 Å
-1

 and log|J0| to 4.0 ± 0.3; these values 

are similar to those derived from SAMs of n-alkanethiols (βAu = 0.76 ± 0.03 Å
-1

 and log|J0| = 4.2 

± 0.2).
11,12

 

SAMs of SPhn and SCH2Phn have been characterized extensively. They form structures 

that are highly-ordered and densely-packed on both silver and gold substrates.
22-28

 (The 

exception is thiophenol (HSPh) which has been reported to form poorly defined SAMs, possibly 

due to the weak intermolecular forces between the aromatic rings.
22,24,29

) The surface structure of 

thiolates on metal is the same for SAMs of alkanethiolates and SAMs of aromatics ((√3 x 

√3)R30º on gold and (√7 ×√7)R10.9ºon silver), but the cant angle (α) for the aromatics is slightly 

less than that of the alkanethiolates (α = ~20º for SAMs of terphenylthiol on Au and α = ~30º for 

SAMs of alkanethiols on Au).
22,30

 Oligophenylene groups present in a SAM adopt a near-planar 

conformation and pack in a herringbone structure.
22,31

  

Characterization of SAMs of C≡CPhn on gold indicates that the acetylene group binds in 

an upright configuration on gold.
32-34

 A recent report from Zaba and coworkers demonstrates that 

it is possible to form highly-ordered SAMs of n-alkyl acetylenes on gold in non-oxidizing 

environments;
35

 the presence of O2 (before or during SAM formation) leads to poorly organized 
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films due to oxidation of the acetylene group. (See the supporting information for experimental 

details on the formation of the SAMs.) 

In measurements of charge transport across a Metal-SAM-Metal junction, charges 

encounter a tunneling barrier whose shape is determined by the electrical characteristics of at 

least five components: the SAM, the two electrodes, and the two interfaces between the SAM 

and the electrodes. The Simmons equation
18

 (eq.1) approximately describes the rate of charge 

transport, assuming a simple rectangular shape for the tunneling barrier. In this approximation, 

J(V) decays exponentially with increasing width of the tunneling barrier, d; d is often taken to be 

the distance between the two electrodes.  

Here, we estimate d by the calculated length of the molecules (in Å, from the anchoring 

atom to the distal hydrogen atom) making up the SAM. 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. According to the Simmons model, the height of the rectangular 

potential barrier determines the value of the decay factor, for real molecular structures—where 

the tunneling barrier has a more complicated energetic topography—the relationship between the 

molecular structure, the shape of the barrier, and the apparent values of β and J0 has not been 

defined analytically. For charge transport across SAMs, the electronic structure of the molecules 

and their orbital energies determine the shape of the tunneling barrier.
36

 Conjugated molecules, 

which are characterized by the delocalization of orbitals along the molecular backbone, have 

smaller highest occupied molecular orbital (HOMO)-lowest occupied molecular orbital (LUMO) 

gaps (~3-5 eV, Table S7) than saturated n-alkanes where the HOMO-LUMO gap is much larger 

(~7 eV).
21

 Moreover, the energy level of the HOMO of conjugated molecules aligns more 
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favorably with the Fermi level of the metal, than does that for aliphatic molecules, and results in 

lower tunneling barriers.
16,21,37,38

 

RESULTS AND DISCUSSION 

Table 1 summarizes rates for charge transport using Ga2O3/EGaIn as a top electrode 

across SAMs of oligophenyls having thiol (–SH) and methanethiol (–CH2SH) anchoring groups 

on gold and silver substrates, and an acetylene (–C≡CH) anchoring group on gold substrates. We 

provide a comparison of β and J0 for standard n-alkanethiolates on gold and silver substrates. For 

all systems, values of log|J| (Gaussian mean values) varied linearly with d. Assuming a through-

molecule transport mechanism, we approximated d as the length of the molecule from the 

anchoring atom to the distal hydrogen atom. (The diagram in Figure 2 shows this approximation 

to d.) Linear regression analyses of the values of log|J| versus d yielded the values of the log-

injection current (log|J0|, intercept at the y axis) and the tunneling parameter (, slope) for each 

system (Figure 2).  

Charge transport across SAMs of n-alkanethiols has been studied extensively by us and 

others,
12,36

 and the data for these systems on gold and silver ( Au= 0.76 ± 0.03 Å
-1

, and log|J0, Au| 

= 4.2 ± 0.2;  Ag= 0.72 ± 0.05 Å
-1

, and log|J0, Ag | = 3.6 ± 0.3) serve as a reference range against 

which we correlate trends in electrical behavior with a systematic change in molecular and 

electronic structure. Measurements of charge tunneling across SAMs of SPhn—with n increasing 

from 1 to 3—yielded = 0.30 ± 0.02 Å
-1

 on Ag
TS

 and = 0.28 ± 0.03 Å
-1

 on Au
TS

 (Figure 2); 

these values agree with previous experimental reports using single-molecule and large-area 

junctions.
27,38-45

 These results presented here also agree with theoretical calculations by Ratner 

and coworkers; these authors predict (using density functional theory, DFT) a value of  = ~0.3 
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Å
-1

 for SAMs of polyphenyldithiolates by assuming a continuous conjugation of the molecules 

with the metal electrodes.
17

  

We compared the electrical properties of SAMs of SPhn to SAMs of C≡CPhn on Au
TS

 

(Figure 2b). Both molecular systems are conjugated; that is, the π-electrons are delocalized 

across the molecular backbone, but they differ by the chemical structure of the anchoring group 

(-S- vs. -C≡C-). Despite this difference in the anchoring group between the phenyl rings and the 

metal electrode, the values of β for the two SAMs are indistinguishable (= 0.28 ± 0.03 Å
-1

 for 

Au/SPhn and = 0.30 ± 0.02 Å
-1

 for Au/C≡CPhn).  

Electronic structure calculations using density functional theory (DFT) on the series of 

molecules studied here indicate that the HOMO for both Au/SPhn and Au/C≡CPhn is located 

(predominately) on the anchoring group and the first two phenyl rings (Table S3 and S4), with 

the values of the HOMO being comparable for the two molecules (-5.5 eV for SPh1 and -5.7 eV 

for C≡CPh1). The electronic structure of these conjugated systems differs from saturated n-

alkanes, where the HOMO is localized on the anchoring atom, with little to no participation by 

orbitals on the adjacent atoms in the alkyl chain.
1
  

Disrupting the delocalization of electron density, from the anchoring groups onto the 

phenyl rings and the metal substrate, changes the rates of charge transport (Table S5). 

Specifically, the introduction of an insulating methylene spacer between the sulfur anchoring 

atom and the first phenyl ring—a modification that generates SCH2Phn, increases the attenuation 

factor across the molecule to = 0.66 Å
-1

 on Ag
TS

 and = 0.66 Å
-1

 on Au
TS

—values close to 

those (= 0.72 Å
-1

 and = 0.76 Å
-1

) for n-alkyl thiolates on Ag and Au.
2
 These values are also 

similar (within error) to values reported previously for SAMs of SCH2Phn.
38,46,47

 The data 

presented here for oligophenylmethanethiols (SCH2Phn), as well as our previous measurements 
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on oligophenylcarboxylates (O2CPhn) on silver (= 0.60 Å
-1

),
11

 indicate that disrupting the 

delocalization of electron density from the bottom electrode and the anchoring group to the Phn 

group results in higher values of  than in SAMs of oligophenylthiolates (SPhn). (The presence 

of an orbital node on the carbon atom of the carboxylate group
 
disrupts the delocalization of 

orbitals from the CO2
-
 group to the Phn, and produces an electronic effect similar to the presence 

of an intervening methylene group.) 

The conclusion that tunneling currents through Phn groups are higher than through n-

alkyls has relied, so far, on the observation that values of  for aromatics are generally lower 

than values of for n-alkyls. The value of the injection current, J0—determined by extrapolation 

of the best fit line to d = 0—across aromatics has been less discussed than that for β, due in 

substantial part to differences in the reported values of J0 (even for standard n-alkanethiolates) 

across techniques. Here we compare values of J0 obtained using a single technique. 

The value of J0 is indistinguishable for SAMs of SCH2Phn and S(CH2)nCH3 on both 

silver (log|J0| = 3.7 ± 0.3 for SCH2Phn and 3.6 ± 0.3 for S(CH2)nCH3) and gold (log|J0| = 4.0 ± 

0.2 for SCH2Phn and 4.2 ± 0.2 for S(CH2)nCH3). Frisbie and coworkers made a similar 

observation using CP-AFM.
47

 They reported the same contact resistance (R0) for SAMs of 

oligophenylmethanethiols and SAMs of n-alkanethiols on gold. One possible explanation for the 

similar values of J0 is the similarity in the interface between the SAM and the bottom electrode: 

both SAMs have a metal/SCH2- interface. SAMs of oligophenyls that lack a methylene spacer, 

here SPhn (on gold and silver) and C≡CPhn (on gold), give values of J0 that are lower by about a 

factor of 10 than J0 observed for n-alkanethiolates (log|J0| = 4.2 ± 0.2; Figure 2).  
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CONCLUSIONS 

This study reports—using EGaIn top electrodes—values of β and J0 for three series of 

aromatic SAMs (SPhn, SCH2Phn, and C≡CCH2Phn on gold and silver substrates). These results 

demonstrate a remarkable and (to us) unexpected sensitivity of the tunneling current through 

these junctions to the structure of the interface between the metal (Au or Ag) bottom electrode 

and the SAM. This sensitivity is clear from a comparison of two observations. i) The value of β 

is indistinguishable for SPhn and C≡CPhn on gold—two series of SAMs that differ substantially 

in the structure of the anchoring group. ii) The introduction of a single CH2 group between the 

aromatic group and the sulfur anchoring atom—generating SCH2Phn—increases the attenuation 

in tunneling current with distance (β) to a value very similar to that of a length-matched saturated 

aliphatic SAM. That is, the contribution of the Phn unit to the rate of tunneling essentially 

disappears. The introduction of the CH2 group between the Metal-S unit and the Phn group 

plausibly interrupts the delocalization of orbitals on the HOMO from the S to the Phn, but a 

theoretical rationalization of this change on the tunneling rates will depend on detailed 

calculations.  

The measurement and interpretation of the parameter J0 in the simplified Simmons 

equation (eq. 1) are both complicated. We list here some of the issues which make this empirical 

parameter simply that, until a theory develops to the point where it can be better correlated with 

specific experimental tests.  

i) The Validity of the Simmons Equation. The simplified Simmons equation is, in fact, 

simplified, and the rectangular tunneling barrier, which the complete Simmons equation 

describes, is itself an approximation (of undefined validity) to a description of the tunneling 

barrier experienced by charge in SAM-based tunneling junctions. The apparent importance of the 
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interfaces between the SAM and the two electrodes is particularly interesting (and perhaps 

problematic).  

ii) Interfacial Effects: Differences in the Strength of the Interaction of the SAM with the 

Metal. In our experimental system, it is possible that the observation of a lower value of J0 for 

Metal/S-Phn than for Metal/S-CH2Phn might reflect difference in the strength of the interaction 

at the Metal/SAM interface, perhaps, in turn, reflecting a difference in the pKa values (~ 8 for 

HSPh and ~10 for HSCH2Ph) of the thiols. We consider this possibility to be unlikely given the 

comparison of J0 with Au/C≡CPhn. The acetylene moiety (H)C≡CPhn has both a higher pKa 

(~19) and a higher binding strength to Au than either SPh and SCH2Ph (~70 kcal/mol for Au-C 

and ~30 kcal/mol for Au-S), yet the log|J0| of C≡CPhn and SPh are similar (3.0 ± 0.1 and 2.7 ± 

0.1). 

iii) Interfacial Effects: Differences in the Fermi Level of the Metal. The introduction of a 

single CH2 group between the anchoring group and the first phenyl ring (in the case of Metal/S-

CH2Phn) could modify the Fermi level of the metal, compared to Metal/S-Phn, and result in 

dissimilarities in the injection current  

iv) Differences in the Molecular Arrangement of the SAM. STM measurements by 

Tokumoto and coworkers on Au/S-CH2Ph indicate highly-ordered commensurate (√3 x √3) 

R30º structures; the absence of the methylene spacer makes it more difficult to obtain highly-

ordered structures.
29

 It is possible that the differences in order and packing density could lead to 

error in the estimation of J0. 

v) Error Associated with the Extrapolation of the Best Fit Line to Determine J0. The 

determination of J0 for most compounds, with the exception of n-alkylthiolates, has been carried 

out as an estimation of the thickness of the SAM and extrapolating to d = 0. Because it has been 
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possible to make SAMs of n-alkanethiolates on gold with lengths ranging from C1 to C18, this 

estimation has seemed to work well for comparing the values of J0 for SAMs having well-

defined alkyl groups. Relying on this method of estimation, however, may no longer be valid for 

the Phn-based molecules studied here, or for other systems where the molecules in the SAM have 

structures that are less homogenous than are the n-alkanes. Estimations based on extrapolations 

require (perhaps incorrectly) the assumption that β is uniform along the entire length of the 

molecule being examined.  

The introduction of a methylene spacer between the phenyl group and the anchoring atom 

also influences the value of the injection current; that is, the J0 is higher for SAMs with a 

methylene spacer than for those without one. These differences in J0 for Metal/S-Phn and 

Metal/S-CH2Phn are, however, more ambiguous in their interpretation than are values of β. The 

parameter “J0” in the simplified Simmons equation is often interpreted to be the current through 

a hypothetical junction with d = 0, but having interfacial characteristics the same as when there is 

a SAM present. J0 is, however, subject to both uncertainties in meaning and in experimental 

interpretation (which we summarize briefly in the supporting information); here we note only 

that in the systems described here (and also in other systems we have studied),
5
 a decrease in β is 

often accompanied by a decrease in J0.  

In addition to characterizing the values of β and J0 across a series of structurally distinct 

oligophenyls using EGaIn as the top electrode, this study highlights some important features of 

the tunneling barrier that went undetected in earlier studies using insulating alkanes with a 

localized HOMO on the anchoring group. Our previous investigations on the influence of the 

Metal/SAM interface on rates of charge transport considered alkyl-based SAMs having different 

anchoring groups (e.g., S, C≡C, and O2C).
11,48

 This study suggested—based on indistinguishable 
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values of β and J0—that the interface between the metal and the SAM was not important in 

determining rates of charge transport. The current study analyzes conjugated molecular systems 

where the HOMO extends beyond the anchoring group and onto the phenyl rings. Changes to the 

interface that cause a disruption in the delocalization of the HOMO appear to raise the height of 

the barrier at the interface, inducing an increase in β. The interesting trend that is emerging from 

these and related studies
5,48

 is that the introduction of groups that decreases the strength of the 

interactions, and thus increases the height of the barrier, at either interface increases β and 

increases J0.  
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Figure 1. Structure of oligophenylthiols (–SH), -methanethiols (–CH2SH), and -acetylenes (–

C≡CH) used to form SAMs on Ag
TS

 and Au
TS

. (“Ph” indicates a phenylene ring; n = number of 

Ph.) For each molecule, we measured the length d of the tunneling barrier as the distance from 

the anchoring atom (sulfur or carbon directly coordinated to the metal substrate) to the distal H-

atom of each molecule.  
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Table 1. Summary of the parameters of the Simmons equation (eq. 1) describing rates of charge 

transport across SAMs of oligophenylthiols (–SH), -methanethiols (–CH2SH), and -acetylenes (–

C≡CH) at V = +0.5 V.  

Bottom 

Metal 

Electrode 

Anchoring 

Atom/Group 
SAM 

Log|J0|
a
 

V=+0.5 V 
β (Å

-1
)

b
 

Ag -S- -PhnH 2.9 ± 0.1 0.30 ± 0.02 

Ag - CH2S- -PhnH 3.7 ± 0.3 0.66 ± 0.06 

Ag -S- -(CH2)nCH3 3.6 ± 0.3 0.72 ± 0.05 

Au -S- -PhnH 2.7 ± 0.1 0.28 ± 0.03 

Au - CH2S- -PhnH 4.0 ± 0.3 0.66 ± 0.06 

Au -C≡C- -PhnH 3.0 ± 0.1 0.30 ± 0.02 

Au -S- -(CH2)nCH3 4.2 ± 0.2 0.76 ± 0.03 

a
The tunneling current density J(V) has units of A/cm

2
. Values for J0 are based on the 

extrapolation of the best fit linear regression line to y = 0, a direct comparison of these values 

may not be accurate due to the uncertainty of current density values in the zero-length regime.  

b
The values of d(Å) used to calculate β are determined from the anchoring atom directly bound 

to bottom metal electrode to the distal hydrogen atom in van der Waals contact with 

Ga2O3/EGaIn.  
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Figure 2. Plots of the Gaussian mean values of log|J| at +0.5 V versus molecular length for 

aromatic SAMs on a) Ag
TS

 and b) Au
TS

. The distance (dotted line) is calculated from the 

anchoring atom, which binds covalently to the bottom electrode, to the distal hydrogen atom that 

in van der Waals contact with the Ga2O3/EGaIn electrode, by assuming an all trans-extended 

conformation for n-alkanethiolates. The grey box indicates the region over which data must be 

extrapolated to estimate J0(V) at d = 0.  Since the structural elements in this region differ from 

those in the region where there are data (the region of Phn) extrapolation may be inappropriate 

for S(Ph)n and C≡C(Ph)n, although the correction of this extrapolation is well-validated for n-

alkanethiolates on gold and silver.
2,12
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