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a b s t r a c t   

This paper describes large positive cooperative effects of two orders of magnitude in the tunneling rates 
across molecular junctions of mixed self-assembled monolayers (SAMs) of rectifying (ferrocenyl un-
decanethiol HS(CH2)11Fc) and non-rectifying molecules with different terminal groups (11-undecanethiol 
and its derivatives, denoted as HS(CH2)11X, where X = -H, -NH2 or -NO2). By gradually diluting the surface 
fraction of HS(CH2)11Fc in the mixed SAM, it is found that the large positive cooperative effect is only 
important in the coherent tunneling regime but not in the incoherent tunneling regime. Density functional 
theory (DFT) shows that the measured cooperative effects in the tunneling rates in these binary systems are 
caused by Fc—X van der Waals interactions which increase in the order of -H <  -NH2 <  -NO2. These strong 
cooperative effects dramatically alter the operation of a molecular diode, further highlighting the im-
portance of taking cooperative effects into account, in this case driven by van der Waals interactions, in the 
rational design of electronic devices working at tunneling regime. 

© 2022 Elsevier Ltd. All rights reserved.    

Introduction 

Molecular junctions based on self-assembled monolayers 
(SAMs), or a single molecule, are widely used to study the me-
chanisms of charge transport at the molecular level with the aim to 
generate electronic function at the molecular length scale [1–4]. 
Often, the mechanisms of charge transport are studied using a 
physical-organic approach to investigate, for example, how a sys-
tematic change in the chemical structure of the SAM precursor, the 
SAM structure, and/or electrode materials, alters the observed 
charge transport rates [5–8]. How neighboring molecules affect the 
tunneling rates in molecular devices, i.e., cooperative effects, has 

been well-explored theoretically but experimentally only sparsely  
[9,10]. Consequently, basic questions, including in which charge 
transport regime cooperative effects are important, have not been 
experimentally addressed [11]. Large-area junctions based on binary 
SAMs provide the opportunity to study cooperative effects induced 
by intermolecular interactions between the two components of the 
SAM. This paper shows that such intermolecular interactions, in this 
work dominated by van der Waals interactions, can be used as a tool 
to control the capacitive coupling between neighboring molecules 
resulting in additional tunneling pathways that in this case changes 
the charge transport rates by two orders of magnitude. By using 
molecular diodes, we determine that cooperative effects are only 
important in the off-resonant coherent tunneling regime, not in the 
incoherent tunneling regime. Our results show that cooperative ef-
fects are important to consider and can be used to tune the perfor-
mance not only of molecular diodes, but in principle also other types 
of molecular devices. 

A combination of factors contributes to cooperative effects in-
cluding molecule–molecule interactions, molecule–electrode 
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coupling, and electrostatic effects [10,12–14]. In general, it is chal-
lenging to investigate the origin of cooperative effects in single- 
molecule junctions (neighboring molecules are present since single- 
molecule experiments are based on dilute monolayers) because the 
exact structure of the metal–molecule–metal junction cannot be 
independently verified and often continuously changes during the 
experiment, particularly in break junctions. Reuter and Ratner et al.  
[9,10] predicted that cooperative effects should be reflected in the 
line-shapes of the conductance histograms collected from single 
molecule junctions, but a large number of other factors (thermal 
fluctuations, electrode geometry, binding configuration, different 
conformations, and stochastic molecule–electrode rupture) likely 
dominate the line-shape of conduction histograms [15]. 

Junctions based on monolayers allow for detailed independent 
characterization of the metal–monolayer interface and nowadays 
various methods are available to form reliable top contacts with 
monolayers [1,7]. For instance, the group of Chiechi showed that 
collective electrostatic effects in monolayers with embedded dipoles 
can be used to alter the energy level alignment of molecular junc-
tions, [16] but depolarization effects are important to consider  
[17,18]. Trasobares et al. experimentally determined a π–π electronic 
coupling parameter of 35 meV between ferrocenyl (Fc) functiona-
lized monolayers on nanocrystals, [19] and Dubi proposed that in-
termolecular interactions could result in dephasing leading to, for 
example, odd-even effects in the tunneling rates [20]. We have found 
such odd-even effects in Fc-based molecular diodes although they 
were supramolecular in origin caused by an odd-even oscillation of 
40 meV in the SAM van der Waals packing energy [21]. Although it 
has been theoretically shown that cooperative effects depend 
strongly on the monolayer density, this is very difficult to control in 
experiments because dilute monolayers suffer from defects, or dif-
ferent (lying-down) phases form. 

These examples showcase that cooperative effects may be elec-
tronic or supramolecular in nature and highlight the challenge of 
elucidating the underlying mechanism of such effects in molecular 
tunnel junctions. For example, in principle, cooperative effects 
cannot improve transmission at resonance when the conduction 
channel is completely open for coherent tunneling, and are therefore 
expected to be important in the off-resonant tunneling regime  
[22,23]. Here we show that it is possible to tune the cooperative 
effects in molecular tunnel junctions based on binary SAMs of fer-
rocenyl alkanethiolates (S(CH2)11Fc, Fc = ferrocenyl) and S(CH2)11X 
with X = -H, -NO2, -NH2 by changing the ratio of the two components 
and the chemical structure of the terminal group X of the diluent. 
We found a strong positive cooperative effect resulting in an in-
crease in the tunneling rate of two orders of magnitude. These 
junctions are molecular diodes that switch their mechanism of 
charge transport between coherent and incoherent tunneling (when 
the highest occupied molecular orbital (HOMO) is in resonance) 
depending on the bias polarity, and positive cooperative effects were 
only found in the off-resonant tunneling regime in agreement with 
the theory predictions in ref [10]. Based on detailed complementary 
SAM characterization, we found that all SAMs have an indis-
tinguishable supramolecular structure, and the results from density 
functional theory (DFT) calculations indicate that the capacitive 
coupling between Fc—X is dominated by van der Waals packing, 
which is primarily responsible for the observed changes in the 
electrical properties of the junctions. 

Results and discussions 

Scheme 1 shows the structure of our junctions with binary SAMs 
of S(CH2)11Fc/S(CH2)11X (X = -H, -NO2, -NH2), which we use to in-
vestigate how the Fc—X interactions affect the tunneling rates in 
terms of current densities (J in A cm−2) and the rectification ratio R 
(= J V J V( )/ ( )fwd rev , with Vfwd = forward bias; Vrev = reverse bias) as a 

function of the mole fraction of S(CH2)11Fc on the surface χFc,surf 

defined as χFc,surf = 
×4.5 10 mol / cm

Fc
10 2

, where Fc is the surface cov-

erage of Fc with 4.5 × 10−10 mol cm−2 for full surface coverage. The 
advantage of using S(CH2)11Fc SAMs is that they can be readily 
characterized with wet electrochemistry. For instance, Chidsey et al. 
[24] studied binary SAMs of S(CH2)mCO2Fc/S(CH2)nCH3 and found 
that the components segregate resulting in heterogeneous SAMs for 
m ≠ n, but homogeneous SAMs can be obtained for m = n. We used m 
= n = 11 in our experiments to minimize phase segregation and 
modulate the Fc—X coupling strength by changing the magnitude of 
the dipole of X or the S(CH2)11Fc/S(CH2)11X ratio. 

Kong et al.[25,26] showed that the value of R of junctions with 
SAMs of a 4′-methyl-2,2′-bipyridyl (BIPY) moiety of the form S 
(CH2)11BIPY could be reduced from 85 to unity by diluting the SAMs 
with S(CH2)nCH3 (n = 7, 9, 15, 17), but in these junctions cooperative 
effects could not be studied due to interfacial defects. Katsouras et al.  
[27] studied junctions with mixed SAMs of S(CH2)11CH3/S(CH2)17CH3 

and concluded that the electrical resistance of these mixed SAMs 
increases exponentially with the average thickness of the SAMs. 
Junctions with binary SAMs have also been used to improve photo- 
switching, [28] or the electrical stability,[29] of junctions, or to 
control charge transport in the inverted Marcus region [30]; these 
studies, however, did not consider the possibility of intermolecular 
charge transport pathways between the two components of 
the SAMs. 

Electrochemical characterization of the SAMs 

The SAM precursors were synthesized using known procedures 
(see SI). The mixed SAMs were derived from solutions of S(CH2)11Fc/ 
S(CH2)11X with the fraction of HSC11Fc in solution, χFc,sol ranging 
from 0 to 1 following previously reported procedures (see SI). We 
used template-stripped Au [32] (Fig. S2) to support the SAMs and 
characterized the SAMs by cyclic voltammetry to determine the 
values of χFc,surf. Fig. 1a-c shows the cyclic voltammograms (CVs) for 
mixed SAMs at different χFc,sol with scan rate of 1.0 V s− 1. The surface 
coverage of the Fc units, ΓFc (in mol/cm2), was determined with Eq. 1.  

ΓFc = Qtot / nFA                                                                      (1)  

where Qtot is the total charge obtained by integration of the 
anodic wave, n is the number of electrons involved in the redox 
reaction (here n = 1), F is Faraday constant (F = 96,485 C mol−1), and A 

Scheme 1. Schematic illustration of the junctions with mixed SAMs of S(CH2)11Fc/S 
(CH2)11X, where X = -H, -NH2 and -NO2. The junctions were formed with GaOx/EGaIn 
(oxide layer is roughly 0.7 nm) top-electrodes [31] and template-stripped silver (AgTS) 
bottom-electrodes that supported the SAMs. [32] The dashed lines indicate the in-
termolecular interactions between Fc and X. Two kinds of tunneling pathways are 
indicated by color: through-bond tunneling in red and the path arising from inter-
molecular tunneling in blue.(For interpretation of the references to colour in this 
figure, the reader is referred to the web version of this article.) 
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is the surface area of the working electrode in contact with the 
electrolyte (A = 0.33 cm2). Fig. 1d shows the relation between χFc,surf 

and χFc,sol. We obtained ΓFc = (4.40  ±  0.12) × 10−10 mol cm−2 for χFc,sol 

= 1; this value is consistent with previously reported values and the 
theoretical value of 4.5 × 10−10 mol cm−2[24]. This agreement helps 
us to confirm our SAM is truly monolayer. 

When the Fc SAMs are diluted with S(CH2)11H, a second peak 
appears which indicates that the Fc units are in at least two distinct 
electrochemical environments [33,34]. The peak splitting is the re-
sult of Fc units interacting with other Fc units and with the alkyl 

chains for χFc,sol >  0.1, resulting in partially-buried Fc units and units 
that are directly exposed to the electrolyte as explained by us pre-
viously [35]. Peak splitting was not observed for the other binary 
SAMs which indicates that the Fc units were all in the same elec-
trochemical environments likely imposed by much stronger Fc—X 
interactions for X = NO2, NH2. The weak Fc—CH3 interaction is also 
reflected in the constant peak anodic potential, Epa, as function of 
χFc,sol (though a small anodic shift can be seen for χFc,sol > 0.3). For the 
SAMs with X = NH2, we find a maximum anodic shift of Epa of 
71 meV, and for X = NO2 a maximum cathodic shift of 48 meV. These 

Fig. 1. CV of mixed SAMs S(CH2)11Fc/S(CH2)11X for different values of χFc,sol for (a) X = -H, (b) X = -NH2 and (c) X = -NO2. All measurements were carried out with aqueous 1.0 M 
HClO4 as the electrolyte at a scan rate of 1.0 V s−1. The numbers in parentheses are χFc,surf corresponding to each χFc,sol. d) Plot of χFc,surf as a function of χFc,sol for the three mixed 
SAM systems. The dashed line indicates χFc,sol = χFc,surf. The solid lines are visual guides. e) CV of mixed SAMs S(CH2)11Fc/S(CH2)11NH2, where χFc,sol = 0.10 on AuTS at a scan rate of 
1.0 V s−1 in aqueous 1.0 M HClO4 as electrolyte at pH = 1 (red) and in 1.0 M NaClO4 at pH = 11(blue). f) Efwhm as a function of χFc,surf for S(CH2)11Fc/S(CH2)11X where X = -NH2 and 
-NO2. The dashed line is a visual guide. The error bars represent the standard deviations determined from three different experiments.(For interpretation of the references to 
colour in this figure, the reader is referred to the web version of this article.) 
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results indicate that Fc—X interactions for these two binary SAMs are 
much stronger than in binary SAMs with X = H (see Supporting 
Information for all CVs and a detailed analysis). 

Since the SAMs with amine functionalities are basic, they could 
be partially protonated under ordinary laboratory conditions. 
Therefore, we recorded CVs using 1.0 M aqueous NaClO4 with pH 
= 11, or HClO4 with pH = 1, as the electrolyte. In basic electrolyte 
(Fig. 1e), -NH2 is in its neutral form and we find that the peak se-
paration ∆Ep (= Epa-Epc) is close to 0 mV when χFc,sol = 0.10. In acidic 
electrolyte, -NH3

+ is formed at the monolayer surface and the peak 
oxidation potential increases by 62 meV and ∆Ep increases to 58 mV 
for χFc,sol = 0.10. These observations suggest that electrostatic repul-
sion between Fc+ and NH3

+ makes it more difficult to oxidize Fc [36]. 
To determine whether the Fc—X interactions are attractive or 

repulsive, we investigated the full width at half maximum (Efwhm) of 
the oxidation wave using the Laviron approach [37] where the value 
of Efwhm is defined by the parameter υGθT as follows 

= + =E
RT
F

f
f

G f
G
G

ln
1

(1 2 ) where
2
4fwhm T

T

T

1/2
1/2

(2)  

where G is the sum of all possible intermolecular interactions. f 
= θo/θT and 1-f = θR/θT where θT = θo + θR is the total fractional cov-
erage of the redox-active species. This approach allows us to quali-
tatively determine whether the Fc—X interaction is attractive or 
repulsive by examining the υGθT [38,39]: in case of υGθT >  0, the 
interaction is predominated by lateral attractive interaction resulting 
in narrow (< 90 mV) redox wave; in case of υGθT <  0, the interaction 
is predominated by lateral repulsive interaction resulting in broad 
(> 92 mV) redox waves; in case of υGθT = 0, the interaction is neutral 
and the Efwhm is 91 mV (at 25 °C). Fig. 1 f shows that for X = -NO2, the 
values of Efwhm decrease from 100 mV to 77 mV as χFc,surf decreases, 
which indicates that υGθT >  0 and the Fc—NO2 interaction is attrac-
tive [40]. Note that the analysis from Efwhm indicates the Fc—X in-
teractions when Fc is oxidized to Fc+ in the electrochemical 
environment. This attractive Fc—NO2 force could also explain the 
cathodic shift of the Epa since the Fc+ units are stabilized by the 
neighboring NO2 groups. On the other hand, for X = -NH2, the values 
of Efwhm increase as χFc,surf decreases at both pH = 1 and 11 with 
Efwhm >  100 mV. These observations indicate that the Fc—NH2 in-
teraction is repulsive. At pH = 1, the NH2 terminus is protonated to 
-NH3

+ resulting in strong electrostatic repulsion when Fc is oxidized 
to Fc+, leading to steeper increase in Efwhm as χFc,surf decreases (data 
in red) than for those values of Efwhm measured at pH = 11 (data 
in blue). 

Supramolecular structure of the binary SAMs 

As mentioned in the introduction, subtle changes in the supra-
molecular structure of SC11Fc SAMs can have large effects on the 

measured tunneling rates across these SAMs [5]. Therefore we de-
termined the χFc,surf and total surface coverage Γ, the thickness of the 
SAM dSAM, and the tilt angle of the Fc units α (in °) with respect to 
the surface normal, using angle resolved X-ray photoemission 
spectroscopy (ARXPS) and near edge X-ray absorption fine structure 
spectroscopy (NEXAFS) of SAMs of S(CH2)11Fc/S(CH2)11H with χFc,sol 

= 1.00, 0.90, 0.50, 0.1, and S(CH2)11Fc/S(CH2)11X for X = -NO2 or -NH2 

with χFc,sol = 0.90 (See SI). The results of χFc,surf, dSAM, and α are given 
in Table 1. From Table 1 we make the following three observations: 
1) the values of χFc,surf extracted from XPS agree with those de-
termined from CV, 2) the values of d do not vary much as χFc,sol 

decreases from 0.9 to 0.1, and 3) the values of α for all mixed SAMs 
are independent of χFc,sol and the terminal group X. These high 
quality mixed SAMs allow us to explore the relationship between 
corporative effect and Fc—X interactions without interference fac-
tors such as defects in molecular packing or charge leakage. From 
these results we conclude that supramolecular structure of the 
densely packed SAMs with similar α is well-controlled and in-
dependent of X with SAMs organized in a well-defined standing-up 
phase with similar thickness d and Γ. 

Charge transport across mixed SAMs 

The junctions were formed with the binary SAMs supported by 
ultra-flat template-stripped silver (AgTS) electrodes [32] and Ga2O3/ 
EGaIn top contacts using previously reported methods.[21] We col-
lected and analyzed statistically large sets of J(V) data (456–528 
traces for each type of junction) following previously reported pro-
cedures and the details are given in the Supporting Information.  
[21,41] Figs. 2a, 2c and 2e, show the Gaussian log-average of the 
absolute values of J, < log10|J| > G, as a function of the applied bias V. 
Note that for χFc,sol = 0, dSAM was about 0.36 nm shorter than the 
binary SAM of S(CH2)11Fc/S(CH2)11H (See Table S5) causing the in-
crease in the values of J in Fig. 2b. Fig. 3d shows the values of R vs. 
χFc,surf. The most striking result is the sharp decrease in R from 
1.0 × 102 to unity with decreasing χFc,surf for X = NH2 or NO2. In other 
words, dilution of the SAMs with S(CH2)10CH3 results in a gradual 
decrease of R while dilution with S(CH2)11NO2 results in a steep 
decay of R. For instance, R = 1.0 × 102 for junctions with χFc,sol = 0.95, 
for χFc,surf = 0.80 with diluent X = CH3 and, thus, is essentially the 
same as for χFc,surf = 1. In sharp contrast, R decreases to 14.5 for χFc,surf 

= 0.75 (χFc,sol = 0.90), with X = NH2. For X = NO2, the value of R is only 
4.3 for χFc,surf = 0.95 (χFc,sol = 0.90) and drops to unity for χFc,surf = 0.71 
(χFc,sol = 0.70). 

Interestingly, Figs. 2b, 2d and 2f show that the values of J at 
negative bias (or forward bias when the diodes are turned on) are 
nearly independent of the composition of the binary SAMs while the 
opposite is true for the values of J at positive bias (or reverse bias 
when the diodes are turned off and only a leakage current flows 
across the junction). The mechanism of rectification for the Fc- 

Table 1 
Measured properties of the mixed SAMs.          

SC11Fc/SC11X χFc,sol χFc,surf (CV)a χFc,surf (XPS)b Γ 
(× 10−10 mol/cm2)b 

dc (nm) αd (º) R (σlog
e)  

X = -H 1.00 1.00 1.00 4.45 1.8  ±  0.2 53  ±  2 1.0 ×102 (0.43)  
0.90 0.82 0.87 7.89 1.8  ±  0.2 50  ±  2 70.2 (0.33)  
0.50 0.51 0.50 9.66 1.7  ±  0.2 53  ±  2 28.6 (0.42)  
0.10 0.10 0.13 9.10 1.7  ±  0.2 52  ±  2 6.8 (0.21) 

X = -NH2 0.90 0.75 0.91 9.76 1.8  ±  0.2 50  ±  2 14.5 (0.54) 
X = -NO2 0.90 0.95 0.84 9.34 1.8  ±  0.2 54  ±  2 4.3 (0.54)  

a Determined from CV.  
b Determined from ARXPS, the error for χFc,surf is about 0.05 estimated from the fitting error of the Fe 2p3/2 XPS spectra. The error for Γ is about 0.1 estimated from both the 

fitting error of the Fe 2p3/2 and S 2p spectra.  
c The error bar reflects fitting errors and angular misalignment due to sample mounting.  
d The error is due to fitting and instrumental error.  
e The σlog is the log-standard derivation.  
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diodes has been reported elsewhere.[5,42] At negative bias, the 
highest occupied molecular orbital (HOMO) – which is centered at 
the Fc unit – falls in the bias window. Temperature dependent 
measurements have shown that the mechanism of charge transport 
is incoherent tunneling where the Fc acts as a hopping center. 
Therefore, we conclude that in the incoherent tunneling regime 
cooperative effects are negligible because the charge transport 
channel is already completely open since the HOMO falls in the bias 
window (following the same reasoning as in ref [21]). At positive 
bias, the HOMO does not fall in the bias window and so the me-
chanism of charge transport is dominated by a one-step off-resonant 
coherent tunneling process. Therefore, we conclude that cooperative 
effects are important in the off-resonant tunneling regime and that 
the capacitive coupling between Fc and X provides additional 

tunneling pathways leading to an increase in the measured current 
across the junction. 

The Fc—X interaction 

To study the nature of the Fc—X interactions, we performed DFT 
calculations (Supporting Information Section S11) of the binary 
SAMs with a ratio of S(CH2)11Fc/S(CH2)11X = 2: 1, or χFc,surf = 0.67. The 
data in Table 2 show that the interaction between the molecules in 
the mixed SAMs is purely van der Waals's driven. Non-dispersion- 
corrected, conventional DFT gives positive, or repulsive electronic 
interactions that miss the van der Waals forces as previously ob-
served also for, e.g., benzene dimers and base pair stacks [43]. This 
reflects the systematic failure, or inability, of commonly-used DFT 

Fig. 2. The < log10|J| >  (V) curves for junctions of mixed SAMs S(CH2)11Fc/S(CH2)11X and the values of < log10|J| >  at + 1.0 and − 1.0 V for X = -H (a and b), X = -NH2 (c and d), and X = - 
NO2 (e and f) as a function of χFc,surf. The dashed lines are guides for the eyes. 
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functionals such as PBE to describe long-range dispersion interac-
tions, [43] and so van der Waals’s corrections are required to 
correctly predict the dispersion-driven formation energies of 
strongly-bound complexes with weak or repulsive electronic inter-
actions. The total energy of the intermolecular interactions, that is 
electronic plus van der Waals interactions (Table 2), suggest that Fc— 
X interactions are attractive, and upon replacing X = -H with -NH2 or 
-NO2 the attractive interactions are at least doubled. Therefore, the 
van der Waals interactions, as the attractive interactions, dominate 

the Fc—X interactions in our binary SAM system (Fig. 3e). Interest-
ingly, these calculations show the van der Waals energy follows the 
-H <  -NH2 <  -NO2 trend, which is consistent with the trend of 
the decrease in R in Fig. 3d (or increase of the cooperative effect in 
the current at positive bias, Fig. 2). By simply doubling Fc—X van der 
Waals interactions (i.e., replacing H with NO2), the values of R could 
decay from 100 toward unity even with very small amounts of di-
luent. The computed DFT structures confirmed zero electronic 
overlap (charge sharing) between the neutral Fc and X groups, with 
the contact purely van der Waals in nature. Interestingly, neither the 
electronic component nor the total energy of the Fc—X interaction 
follows the measured trend in device performance and, therefore, 
we conclude that the van der Waals component drives the 
cooperative effects in our junctions. 

Cooperative effect of two orders of magnitude 

The large cooperative effect can be clearly seen by comparing the 
values of J at + 1.0 V for junctions with χFc,sol = 0.90. For junctions 

Fig. 3. Illustrative models of the binary SAMs adsorbed on Ag (111) with a surface ratio of S(CH2)11Fc/S(CH2)11X = 1: 1, when X = H (a), NH2 (b) and NO2 (c). d) R measured as a 
function of χFc,surf for the junctions with the three types of binary SAMs. The dashed curves are a guide to the eyes. (e) Views down on the computed mixed SAM structures with 
mole fraction of Fc = 0.67 and X = H (left), NH2 (middle), and NO2 (right). 

Table 2 
Calculated energies of intermolecular interactionsa.      

S(CH2)11Fc/S 
(CH2)11X 

Electronic 
(meV/molecule) 

van der Waals 
(meV/molecule) 

Total (meV/ 
molecule)b  

X = -H + 598 -987 -389 
X = -NH2 + 336 -1479 -1112 
X = -NO2 + 1071 -1966 -895  

a Repulsive forces are indicated with “+ ” and attractive forces with “-”.  
b Sum of electronic and van der Waals interactions.  
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with S(CH2)11Fc/S(CH2)11X with X = -H, for χFc,surf = 0.82 the co-
operative effect is the weakest and log(J(A cm−2)) = −5.23 (Fig. 2b). In 
case of X = -NO2, for χFc,surf = 0.95 the value log(J(A cm−2)) = −3.72 
(Fig. 2f) is 32 times larger than that for the same junctions with X = - 
H. The cooperative effect is intermediate for X = -NH2 with χFc,surf 

= 0.75 and log(J(A cm−2)) = −4.68 (Fig. 2d). For all these SAMs, the 
supramolecular structure is essentially the same (Table 1) and 
therefore supramolecular effects can be ruled out. Across the dilu-
tion series, the currents at − 1.0 V are essentially constant (black 
dashed lines in Fig. 2), while the currents at + 1.0 V change by 2 
orders of magnitude for X = -NH2 and NO2 (red dashed lines in Fig. 2) 
to give the measured rectification profiles (Fig. 3d). These observa-
tions imply that the van der Waals coupling between the Fc—X 
provides alternative intermolecular tunneling pathways. 

Conclusions 

In conclusion, our results show that large cooperative effects can 
result in alternative tunneling pathways in SAM-based junctions by 
adding small amounts (here 5–10%) of diluent to the SAM resulting 
in an increase of the off-resonant tunneling rate of two orders of 
magnitude. Here, we focused our efforts on a well-characterized 
tunneling junction based on S(CH2)11Fc SAMs making it possible to 
ensure that the observed change in tunneling rates was not caused 
by structural disorder induced by the diluent. Besides tuning the 
electrical properties by varying the diluent concentration, we also 
demonstrated that the cooperative effect strongly depends on the 
strength of the van der Waals interaction between the diluent and 
the redox center of the SAM. Our experiments reveal that co-
operative effects are important in the off-resonant tunneling regime, 
but are negligible in the incoherent tunneling regime, giving new 
insights into the experimental conditions under which cooperative 
effects can be expected. Our results indicate that cooperative effects 
can play a significant role in molecular junctions and could poten-
tially provide an alternative way to design tunneling junctions and 
devices. 
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