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S1. Overview of structured liquid film between two solid surfaces

When two flat surfaces approach one another—in the presence of a liquid—to 

separation distances on the order of nanometers, continuum theories for Van der Waals 

and double layer forces often break down. This effect is due to the molecular nature of 

the liquid; it is primarily determined by the geometry of the molecules and their structure 

at the surface. The first experimental observation of a structured liquid layer was made 

Israelachvili and coworkers,1 using the surface force apparatus (SFA) to measure the 

forces between two mica surfaces immersed in octamethylcyclotetrasiloxane (OMCTS; a 

relatively large molecule: ~1 nm; allowing accurate measurement of the force profiles 

with sub-molecular resolution). Measurements of force as a function of the distance 

between two mica surfaces exhibited pronounced oscillations. These kinds of 

experimental results were followed by similar findings for other simple molecules, 

including linear and cyclic hydrocarbons, as well as water. Israelachvili et. al.2 measured 

the mean periodicity of the decaying oscillations to be 4-5 Å for all the linear alkanes (C6 

to C16), which is very close to the molecular diameter of the alkane chain. Christenson et. 

al. reported that the experimental periodicity of benzene, cyclohexane and cyclooctane 
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also correlated well with the length of the shortest axis of those molecules. Later, 

Israelachvili and Klein et. al.3 reported SFA measurements made in water, with a spacing 

in the oscillations of about 2 to 3 Å. In SFA measurement, the two mica surfaces also can 

be replaced by two metals, one mica and one metal, one self-assembled monolayer on 

metal (or mica) with another metal (or mica), and even two monolayer (or multilayer) 

modified surfaces (but those measurements do not generate more than two oscillations in 

force distance profile, due to the increase of surface roughness).4-5 Moreover, molecular 

dynamic simulations found good agreement with measured force-distance profiles.6-9

This structured liquid film can be also experimentally measured for a liquid in contact 

with a single, isolated surface. Cheng et. al. 10 using synchrotron-based X-ray reflectivity 

technique found about four water layers on top of a mica surface. Yu et. al. found similar 

density oscillations of hexane on mica by synchrotron-based IR reflectivity technique. In 

summary, these studies of structured liquid films show that the “structure” in liquids 

depends on the geometry of molecules. Structured liquid films have been also observed in 

other experiments. Ratoi, et. al.,11 using interferometry, reported film-forming properties 

of lubricating liquids of hexadecane, cyclohexane and OMCTS between two rolling 
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surfaces. Hexadecane showed film-forming behavior at one nanometer distance between 

the rolling surfaces, but cyclohexane and OMCTS started to form thick films at below 6 

nm. 

S2. Experimental methods

S2.1 Materials. The n-alknethiolates employed in this work are commercially available (≥ 

98%, Sigma-Aldrich) and are stored at < 4°C to avoid oxidation to the corresponding 

disulfide, sulfonate, or sulfonic acid. All organic liquids were purchased in analytical 

grade ( 99%, Sigma-Aldrich) with three exceptions: decalin (cis+trans; compound ≥

number 21 in Figure 1) with purity degree of 95%, methylcyclopentadiene dimer 

(compound number 23 in Figure 1) with purity degree of 93%, and 

Octamethylcyclotetrasiloxane (compound number 27 in Figure 1) with purity degree of 

97%. To ensure the liquids were free of contaminants, we removed any impurities prior 

to use by column chromatography with aluminum oxide under a N2 atmosphere. In order 

to avoid contamination, we did not store or reuse any solutions of n-alknethiolates or 

organic liquids for junction measurements.
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S2.2 Measurements of J(V). The measurements of J(V) were conducted using the EGaIn 

junction to generate large number of data for statistical analysis. We, and others, have 

reported a home-built “EGaIn-setup” to study SAM-based junctions. The liquid metal, 

EGaIn (75.5% Ga and 24.5% In by weight, Sigma-Aldrich), is nontoxic and easy to 

handle. The EGaIn-technique (The detailed description of the “EGaIn-setup” in 

reference1) is suitable to conduct physical-organic studies of charge transport because it 

yields junctions with high yield in working devices, produces statistically large numbers 

of data, and is compatible with a wide variety of SAMs. A large number of J(V) data can 

be obtained by this technique in a relatively short time, i.e. 20 junctions including 500 

traces and 10000 J(V) data points can be recorded within 6 to 10 hours. 

S2.3 Statistical analysis. As reported before, the current density of J of SAMs are not 

normally distributed but log-normally distributed. In Simmons equation (eq 1), the J 

value is exponentially decay by the distance  between top- and bottom-electrode. 𝑑

Therefore, we analysed our data with a log-normal distribution by fitting with a Gaussian 

distribution function in a log-normal scale. We calculated log mean (the mean of log│J

│) and log standard deviation, ( ), in order to characterize the quality of the true value 𝜎𝑙𝑜𝑔
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and distribution. The standard deviation is used to show how much variation of data 

points are spread out over the whole data set. 

S2.4 Fabrication of junctions. We fabricated the junctions of the form metalTS-

SCn//Ga2O3/EGaIn measured in air using previously reported procedures.12-13 For the 

junctions measured in organic solvent, we fabricated the fresh EGaIn tip by pulling the 

syringe out from the EGaIn drop on the AgTS substrates slowly, and then bring the tip into 

solvent to form contact with SAMs. We formed junctions containing each type of SAM on 

three AgTS (or AuTS) substrates. For each substrate, we measured at most 7 junctions. We 

recorded the J(V) characteristics of 19 to 23 junctions with each junction containing 20 to 

24 traces. Each junction trace was measured with a delay of 0.05 s and in steps of 50 mV 

from -0.5 to 0.5 V. We followed previously reported methods to determine the log-average 

J(V) curves.14 For each applied bias we constructed histograms of log10|J| to which we fit 

a Gaussian from which we derived the Gaussian mean of the log10|J| values, i.e., < log10|J|>, 

and log-standard deviation of J (σlog). These numbers were then used to construct the 

average J(V) curves and all histograms of < log10|J|> with Gaussian fits at -0.5 V were 

shown below. Table S1 summarizes the statistics of junctions.

S3. Supplementary Data

Table S1. Statistics of junctions

SAMs Number of junctions Total J(V) traces Yield (%)
Perfluorohexane

C6 21 436 95
C10 21 436 100
C14 22 442 87
C18 21 434 100

Perfluorodecalin



S8

C6 23 462 100
C10 23 462 100
C14 22 458 100
C18 21 440 95

Hexadecane
C4 21 422 86
C6 20 415 85
C8 21 422 86
C10 20 410 90
C12 21 431 86
C14 21 426 86
C16 21 446 86
C18 20 430 80

Hexane
C6 21 432 81
C10 21 440 86
C14 21 442 95
C18 22 450 82

Cyclooctane
C4 24 480 96
C6 24 472 96
C10 24 479 96
C14 23 460 100

Cyclooctadiene
C4 24 480 96
C6 23 462 87
C10 23 460 100
C14 22 455 100

Cyclohexane
C4 23 462 87
C6 23 460 100
C10 23 460 97
C14 22 456 100

Cyclohexene
C4 23 465 97
C6 23 466 100
C10 23 457 87
C14 23 460 91

Benzene
C4 22 450 87
C6 21 425 87
C8 23 460 97
C10 23 464 97
C12 23 460 100

Decalin (trans/cis mix)
C10 21 430 86
C14 21 426 86

Cyclododecatriene
C10 22 455 91
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C14 21 430 95
Methylcyclopentadiene dimer

C10 22 440 86
C14 21 424 95

α-pinene
C14 23 455 91
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Figure S1. Plots of < log10|J|> as a function of applied voltage measured in hexadecane.
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Figure S2. Histograms of the values of < log10|J|> at -0.5 V measured in hexadecane 

with a Gaussian fit to these histograms.
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Figure S3. Plots of < log10|J|> as a function of applied voltage measured in hexane.
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Figure S4. Histograms of the values of < log10|J|> at -0.5 V measured in hexane with a 

Gaussian fit to these histograms.
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Figure S5. Plots of < log10|J|> as a function of applied voltage measured in 

perfluorohexane.
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Figure S6. Histograms of the values of < log10|J|> at -0.5 V measured in perfluorohexane 

with a Gaussian fit to these histograms.
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Figure S7. Plots of < log10|J|> as a function of applied voltage measured in 

perfluorodecalin.
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Figure S8. Histograms of the values of < log10|J|> at -0.5 V measured in perfluorodecalin 

with a Gaussian fit to these histograms.



S18

Figure S9. Plots of < log10|J|> as a function of applied voltage measured in cyclooctane.
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Figure S10. Histograms of the values of < log10|J|> at -0.5 V measured in cyclooctane 

with a Gaussian fit to these histograms.
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Figure S11. Plots of < log10|J|> as a function of applied voltage measured in 

cyclooctadiene.
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Figure S12. Histograms of the values of < log10|J|> at -0.5 V measured in cyclooctadiene 

with a Gaussian fit to these histograms.
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Figure S13. Plots of < log10|J|> as a function of applied voltage measured in 

cyclohexane.
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Figure S14. Plots of < log10|J|> as a function of applied voltage measured in 

cyclohexane.
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Figure S15. Plots of < log10|J|> as a function of applied voltage measured in 

cyclohexene.
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Figure S16. Histograms of the values of < log10|J|> at -0.5 V measured in cyclohexene 

with a Gaussian fit to these histograms.
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Figure S17. Plots of < log10|J|> as a function of applied voltage measured in benzene.
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Figure S18. Histograms of the values of < log10|J|> at -0.5 V measured in benzene with a 

Gaussian fit to these histograms.
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Figure S19. Plots of < log10|J|> as a function of applied voltage measured in decalin 

(trans/cis mix).
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Figure S20. Histograms of the values of < log10|J|> at -0.5 V measured in decalin 

(trans/cis mix) with a Gaussian fit to these histograms.
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Figure S21. Plots of < log10|J|> as a function of applied voltage measured in 

cyclododecatriene.
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Figure S22. Histograms of the values of < log10|J|> at -0.5 V measured in 

cyclododecatriene with a Gaussian fit to these histograms.
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Figure S23. Plots of < log10|J|> as a function of applied voltage measured in 

methylcyclopentadiene dimer.
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Figure S24. Histograms of the values of < log10|J|> at -0.5 V measured in 

methylcyclopentadiene dimer with a Gaussian fit to these histograms.
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Figure S25. Plots of < log10|J|> as a function of applied voltage measured in α-pinene 

and the histogram with a Gaussian fit.
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Figure S26. “Wash-out” measurement. 
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Figure S27. “Evaporation of liquid” measurement. 
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Figure S29. Plot of log(J) as a function of melting point of liquids.
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Figure S30. Plot of log(J) as a function of MIN2 (A) and lm (B).
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