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Abstract  

To interrogate the importance of intermolecular interactions on charge transport at the nanoscale, 

we investigate molecular tunnel junctions based on mixed self-assembled monolayers (SAMs) of 

1-alkyl (CnT) thiols and their fluorinated counterparts (F-CnT) that have substantially different 

tunneling conductances. Experiments on mixed CnT1-x:F-CnTx SAMs between Au contacts 

reveal a strongly nonlinear (exponential) dependence of the tunneling conductance G on 

composition x, a behavior that is tempting to assign to the strong impact of intra-SAM 

intermolecular interactions. However, analysis suggests that the exponential dependence of G on 

x does not arise from intra-SAM intermolecular interactions, but instead emerges from the work 

function modification of the Au electrode which varies linearly with x. 
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With a few exceptions (e.g., mechanically controlled break junctions, MC-BJ1–9 or junctions 

with single layer graphene10,11), molecular tunnel junctions are fabricated using a self-assembled 

monolayer (SAM) adsorbed on a substrate electrode.12-16 Therefore, whether the current through 

a molecule is affected by interactions with the surrounding molecules is a legitimate question not 

only for junctions possessing a top electrode having an area ranging from a few tens on nm2 (the 

case of conducting probe atomic force microscopy (CP-AFM) junctions17-21) to hundreds of um2 

(the case of large area eutectic GaIn (EGaIn)-based junctions22-26), but also for STM-BJ single 

molecule setups.27-31  

In this work, we address this issue by fabricating CP-AFM tunnel junctions using mixed 

SAMs containing32-34 two types of molecules, alkyl monothiols (CnT) and their fluorinated 

counterparts (F-CnT), defined as -S-(CH2)n-1CH3 for CnT and -S-(CH2)2(CF2)n-3CF3 for F-CnT, 

with n representing chain lengths of 6, 8, and 10, Figure 1. The composition of the mixed SAM 

is given by CnT1-x:F-CnTx where x is the fraction of F-CnT on the surface. 

 

Figure 1.  Schematic representation of the CP-AFM setup: a gold-coated AFM tip touches a 

mixed SAM of alkyl and fluoroalkyl monothiols (CnT, F-CnT, n=6, 8, 10) absorbed on a gold-

coated substrate.  
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𝐺(𝑥)
？

= (1 − 𝑥)𝐺𝐶𝑛𝑇 + 𝑥𝐺𝐹−𝐶𝑛𝑇                                                   (1) 

The rationale here is that linear dependence of G on x as suggested by eq (1) could indicate that 

mixing is “ideal” (no intermolecular interactions), i.e., that the conductances of the two 

molecules simply add, whereas non-linear dependence on x (contrary to eq (1)) could indicate 

non-ideal mixing and a significant role for intermolecular effects. Equations like eq (1) are often 

used for predicting properties of mixtures in the ideal limit (e.g., vapor pressures) and are 

generally referred to as “mixing rules”.35-37  

 

Figure 2. (A) F 1s core-level XPS spectra of C10T1-x:F-C10Tx mixed SAMs as a function of F-

C10T in the deposition solution. (B) The intensity of the F 1s signal as a function of the 

percentage of F-C10T in solution indicating that surface concentration maps linearly to the 

deposition solution concentration. (C) Junction conductance G vs composition in the mixed 

SAM. (D) The change of the work function as a function of the percentage of F-C10T.  
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Prior to conducting measurements on the F-CnT and CnT mixed SAM samples, X-ray 

photoelectron spectroscopy (XPS) was employed to characterize the relative changes in the F 1s 

signal of the mixed samples, thereby confirming the relative surface concentration x of F-CnT, 

Figure 2A. An example of this analysis is shown in Figure 2B where a linear increase in the 

relative intensity of the F 1s core-level signal is observed from the SAMs as a function of F-

C10T concentration in the deposition solution. The slope of this graph is 1 indicating that the 

surface concentration maps linearly to the deposition solution concentration.33  

A key result is shown in Figure 2C: low bias junction conductance exhibits a strong 

downward trend with increasing F-C10T percentages. Figure 2D extends this analysis by 

comparing the changes in work function measured by both scanning Kelvin probe force 

microscopy (SKPM) and ultra-violet photoelectron spectroscopy (UPS), revealing a consistent 

increase in the work function difference with a higher content of F-C10T. SKPM and UPS 

measurement details are shown in Figures S2-6.  

 

Figure 3. Semilog plot of low bias conductance G of the mixed CnT1−xF-CnTx SAMs as a 

function of (A) percentage of F-CnT and (B) difference of work function between CnT1−xF-

CnTx/Au and CnT/Au. 
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Our data for the low bias conductance G(x) measured for mixed CnT1-x:F-CnTx SAMs are 

at odds with the linear dependence on composition expressed by eq (1). More precisely, the 

strongly nonlinear dependence of G on x found in the experiment, Figure 2C, turns out to be 

exponential, as shown in Figures 3A, S7C and S8C. That is, 

𝐺(𝑥) ∝ exp (𝑎𝑥)                                                               (2)  

where a is a constant (quantity independent of x). 

In the spirit that motivated the present investigation, it would be tempting to conclude that 

the experimental finding expressed by eq (2) constitutes exemplary evidence for the importance 

of intermolecular interactions within the SAM. However, eq (1) misses an important effect, 

namely, the relationship between the conductance G of the junction and the electrode work 

function change ∆Φ caused by the adsorbed SAM, Figure 3B.38–40  

This is an important point because what makes the F-CnT junctions different from the CnT 

junctions is not only their conductance G but also the SAM-driven change in the electrode work 

function: 

ΔΦ = Φ𝑆𝐴𝑀/𝐴𝑢 − Φ𝐴𝑢 

Gold electrodes coated with F-CnT SAMs have work functions larger by about 1 eV than gold 

electrodes coated with CnT, Table 1. These values of ∆Φ are comparable with the work function 

changes reported previously for various molecular species on metals.38,41,42 Importantly, 

irrespective of whether the molecules employed were aromatic38,41 or aliphatic,42 those studies 

invariably reported a strong exponential dependence of G on ∆Φ: 

                                                                  𝐺 ∝ exp(𝑏ΔΦ)                                                                     (3)  

indicating thereby the general character of this dependence. Above, b is a constant (quantity 

independent of ΔΦ). Further, we note that eq (3) was a key ingredient in successfully estimating 
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the number of current carrying molecules in large area junctions with eutectic Ga-In top 

electrodes.43,44  

Table 1. Low-bias conductance G and work functions ΦSAM/Au measured for gold electrodes coated with 

alkyl thiols (CnT) and their fluorinated counterparts (F-CnT) by UPS (see Figure S9 in the SI). 

 

Molecule G (S) Φ(eV) 

C6T 3.34×10-7 4.68 

F-C6T 9.86×10-9  5.37 

C8T 3.18×10-8 4.70 

F-C8T 7.78×10-10 5.45 

C10T 3.26×10-9 4.46 

F-C10T 9.46×10-11 5.61 

   

Returning to eq (1) with this in mind, one can easily realize that this linear equation 

would hold only if the gold substrate coated with mixed SAMs had locally inhomogeneous work 

functions switching between two distinct values, as schematically depicted by the cartoon of 

Figure 4B, i.e., one value ΦCnT/Au at the sites in contact to CnT molecules and another value ΦF-

CnT/Au at the sites in contact to F-CnT molecules. Here, ΦCnT/Au and ΦF-CnT/Au represent work 

functions of homogeneous SAMs merely consisting of CnT and F-CnT molecules, respectively, 

Figure 4A. 

Transposing the idea underlying Figure 4B to the two-dimensional SAM geometry, eq (1) 

would hold only if the work function map of a gold electrode coated with a mixed CnT1-x:F-CnTx 

SAM would be a black and white checkered table comprising a fraction 1-x of black squares and 

a fraction x of white squares wherein the values assigned are ΦCnT/Au and ΦF-CnT/Au, respectively. 

The foregoing picture (Figure 4A) might apply to mixed SAMs formed on hypothetical 

substrates possessing localized electrons (i.e., insulators) but not to metal substrates. Given the 

highly delocalized metal electrons over distances longer than the intermolecular spacing (~ 5Å) 

characterizing our closely packed alkane-based SAMs with coverages Σ ≃ 3.5 molecules/nm2  
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Figure 4. Schematic representation of the work function of (A) pure SAMs and (B) mixed CnT1-

xF-CnTx SAMs wherein closely packed molecules give rise to an averaged, (C) nearly position-

independent work function at the interface. Panel A visualizes the fact that homogeneous SAMs 

of CnT (left) and F-CnT (right) change the work function of the bare metal (ΦAu, middle) to 

significantly different values (ΦCnT/Au ≠ ΦF-CnT/Au). Panel B simulates a SAM wherein CnT and F-

CnT molecules alternate (concentration x=0.5) in two different situations (cases 1 and 2). Case 1 

depicts the SAM adsorbed on a hypothetical substrate whose electrons are localized. This 

hypothetical substrate is depicted as an interrupted orange bar in panel A. On the small orange 

portions that mimic single adsorption sites, the local work function is nonhomogeneous; it 

switches between the values ΦCnT/Au and ΦF-CnT/Au depending on whether the adsorbed molecule 

is CnT or F-CnT. If this (black-white checkered table) picture held, the left and right hand sides 

of eq (1) would be equal. Case 2 mimics a real metallic substrate. Because its electrons are 

delocalized (non-interrupted orange bar in panel B), the work function is homogeneous (nearly 

position independent). Its value Φ(x) is determined by the average of the individual values 

ΦCnT/Au and ΦF-CnT/Au weighted by the corresponding concentrations and varies between the 

values Φ(x=0) = ΦCnT/Au and Φ(x=1) = ΦF-CnT/Au (panel C). At equal concentrations (x=0.5, case 2 

in panel B, same as case 2 in panel C), the homogeneous (position-independent) value Φ(x=0.5) 

represents the arithmetic average of ΦCnT/Au (case 1 in panel C) and ΦF-CnT/Au (case 3 in panel C).  
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measured via Rutherford backscattering (RBS) and nuclear reaction analysis (NRA),45 one can 

rather expect a spatially uniform work function expressed as a weighted average (Figure 4C) 

ΔΦ(𝑥) = (1 − 𝑥)ΔΦ𝐶𝑛𝑇 + 𝑥ΔΦ𝐹−𝐶𝑛𝑇                                               (4)      

This weighted average is precisely what we observe by SKPM in Figure 2D. UPS measurements, 

which cannot achieve (sub)nanometer spatial resolution, confirmed the linear dependence of ∆Φ 

on composition expressed by eq (4) (Figures 2D, S7D and S8D).  Thus, our results show that 

the linear mixing rule for conductance given by eq (1) does not hold (see Figure 2C) but rather 

that linear mixing applies to the work function, as captured by eq (4) and shown in Figure 2D.   

Combining eqs (2) and (4) — that is, our experimental findings — we arrive at: 

𝐺(𝑥) ∝ exp [
𝑎

ΔΦ𝐹−𝐶𝑛𝑇 − ΔΦ𝐶𝑛𝑇
ΔΦ(𝑥)] 

 

which is in the form of eq (3), thereby in favor of a general physics underlying that equation. 

Alternatively, the insertion of eq (4) into eq (3) yields 

G(𝑥) ∝ exp [𝑏(ΔΦ𝐹−𝐶𝑛𝑇 − ΔΦ𝐶𝑛𝑇)𝑥]                                             (5)      

To better understand the generality of the above formula, we emphasize that it is “free” of 

any extra (theoretical) assumption: eq (3) and eq (4) are experimental findings; eq (3) expresses a 

general relationship between conductance and SAM-driven electrode work function observed by 

molecular junctions fabricated with qualitatively different types of molecular species and metal 

electrodes.38,41,42 

Eq (5) — which is exactly of the form found in the experiment (𝑎 ≡ 𝑏(ΔΦ𝐹−𝐶𝑛𝑇 − ΔΦ𝐶𝑛𝑇) 

in eq (2) — is our most important result. Along with specific arguments based on quantum 

chemical calculations (see Section “Quantum Chemical Calculations” and Figure S10 in the SI), 

eq (5) does not substantiate an important impact of intra-SAM intermolecular interactions on 
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tunneling transport. The exponential dependence of G on x can be explained simply by the work 

function change with x. Figure S10 in the SI and associated discussion show that in fact there is 

very little HOMO-HOMO overlap in this system, consistent with this interpretation.  

Putting in more physical terms, the elementary transport process through a CnT molecule 

(to be more specific, a hole tunneling mediated by the CnT's HOMO42) occurs at a rate (in units 

of ћ = 1) Γ𝐶𝑛𝑇 = Γ𝐶𝑛𝑇(𝑥) ∝ √𝐺𝐶𝑛𝑇(𝑥)  which is modulated (i) by the work function change 

∆Φ(x) due to the mixed SAM and (ii) not by the work function change ∆Φ(CnT) due to a pure CnT 

SAM adsorbed on gold. Likewise, the elementary transport process through a F-CnT molecule 

(to be more specific, a hole tunneling mediated by F-CnT's HOMO42) occurs at a rate Γ𝐹−𝐶𝑛𝑇 =

Γ𝐹−𝐶𝑛𝑇(𝑥) ∝ √𝐺𝐹−𝐶𝑛𝑇(𝑥) , (cf., e.g., eq (3) in ref. 42) which is modulated (i) by the work 

function change ∆Φ(x) due to the mixed SAM and (ii) not by the work function change ∆Φ(F-CnT) 

due to a pure F-CnT SAM on gold. Experiments say that the conductance varies exponentially 

with x (eq (2) and Figure 2C). If clause (ii) is applied, the conductance would vary linearly with x 

(eq (1)), a behavior that naive intuition might expect but the experiment rejects. Currents I 

measured at larger biases behave similarly to the low bias conductance G (cf. Figure S11). The 

reason is that the expressions for both G and I contain the same factor of 2 (cf. eq (4) of ref. 43 

and eq (7) of ref. 44). 

So, paradoxically, it is just the exponential dependence of G on x that initially seemed to be 

evidence of important intra-SAM interactions that has eventually led to the conclusion that the 

contrary is true. That is, for the CnT1-x:F-CnTx mixed SAM system, intermolecular interactions 

do not appear to have a significant impact on the measured tunneling conductance. Future 

measurements on other mixed SAM systems, such as those based on aromatic molecules, will be 

used to assess the generality of this conclusion.  
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Before ending, we emphasize that, in order to clearly discriminate between linear 

dependence (eq (1)) and exponential dependence (eq (2)) of conductance, the two molecular 

species of the mixed SAM were chosen such that junctions made of pure SAMs (x = 0, pure CnT 

versus x = 1, pure F-CnT) have significantly different conductances (𝐺𝐶𝑛𝑇 𝐺𝐹−𝐶𝑛𝑇~102⁄ , cf. 

Table 1). 

 

Experimental Method  

Materials. The materials used in this experiment included highly pure gold nuggets (99.999%), 

silver pellets (99.99%), platinum targets (99.99%), titanium (99.99%), and chromium 

evaporation rods, all supplied by Kurt J. Lesker Co. Contact mode AFM silicon nitride probes 

were provided by Bruker AFM Probes. The alkanethiols and fully fluorinated alkanethiols used, 

with varying chain lengths, included 1-hexanethiol (C6T, 99%), 1-octanethiol (C8T, 98.5%), and 

1-decanethiol (C10T, 99%), along with their fluorinated derivatives, 13-fluoro-1-octanethiol (F-

C8T, 98%) and 17-fluoro-1-decanethiol (F-C10T, 98%), all of which were acquired from Sigma-

Aldrich. Nonafluoro-1-hexanethiol (F-C6T, 98%) was obtained from HEOWNS.  

Sample Preparation. Mixed CnT1-xF-CnTx solutions were prepared by adding CnT and F-CnT 

to 10 ml of ethanol in varying volume ratios, ensuring the total addition was 3 microliters for 

both CnT and F-CnT in the mixture. Template-stripped flat metal substrates were then immersed 

individually in these solutions with different proportions for 20 hours.46 Following the 

immersion, substrates were thoroughly rinsed with ethanol and dried under nitrogen flow. After 

these preparation steps, the samples were ready for subsequent measurement and analysis. 

Ellipsometry and Scanning Kelvin Probe Microscopy (SKPM) Measurements. The 

thicknesses of CnT and F-CnT films for SAMs were measured by ellipsometry, as shown in 
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Figure S1. SKPM was used to determine the relative difference in work function (∆Φ) with 

different SAMs adsorbed on the metal surface. The surface contact potential of the samples was 

measured using the same instrument employed for I-V characterization. The AFM instrument 

was located in an Ar-filled glove box (H2O, O2 <0.1 ppm). The typical surface potential images 

and histograms are presented in Figure S2. 

XPS and UPS Measurements. The X-ray photoelectron spectroscopy (XPS) measurements 

were conducted on a PHI VersaProbe III XPS system (ULVAC-PHI) using a monochromatic Al 

Kα X-ray source (1486.6 eV). Relevant results are presented in Figures S6(A, B) and S7(A, 

B).The X-ray spot size was 200 micrometers, with a power of 25 watts at 15 kilovolts. F 1s core-

level spectra were collected using 112 eV pass energy, a time per step of 10 ms, and 30 cycles. 

UPS measurements were performed in the same system as for XPS, utilizing a He I light source 

(21.2 eV). UPS spectra were collected using 1.3 eV pass energy, 0.05 eV per step, and 20 

seconds per step, with the takeoff angle set to 45°. In the UPS acquisition, a voltage of -5 V was 

applied to the sample to obtain the secondary electron cutoff. 

Transport Measurements. The experimental setup for transport measurements was similar to 

that in our previous work.46 CP-AFM-based molecular junctions were constructed by mounting 

the substrates in the AFM and approaching the SAM with metal-coated tips under an ∼ +1 nN 

applied compressive load. Voltage was applied spanning ±1.5 V for junctions. The slope of the 

low-bias I−V characteristic (linear portion within the bias range of ±0.1 V) was employed to 

extract (low-bias) junction conductance G.  

Quantum Chemical Calculations. Elaborate ab initio chemical calculations based on outer 

valence Green’s functions (OVGF)47,48 similar to those of our previous studies46,49,50 were carried 
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out to microscopically interrogate the impact of intra-SAM intermolecular interactions on the 

HOMO energies. Natural orbital expansions of the one-particle reduced density matrix allow the 

adequate determination of the relevant hole (HOMO) spatial distributions (Figure S10 in the SI), 

like those of our earlier work.51,52 To this aim, we used the GAUSSIAN 1653 package. 
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