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Abstract: 

A study of the self-assembly of silver atom intercalated 5,5′-
Bis(mercaptomethyl)-2,2′-bipyridine (BPD; HS-CH2-(C5H3N)2- CH2-SH) and 
1,4-benzenedimethanethiol (BDMT; HS-CH2-(C6H4)-CH2-SH)) dithiol (DT) 
multilayers on gold is presented. The bilayer of these SAMs can be obtained 
starting from the exposure of a DT monolayer to a concentrated silver ion 
solution. After grafting the silver atoms on the sulfur end group, the incubation 
of the resulting DT-Ag SAM in a DT solution leads to the formation of a DT-Ag-
DT bilayer. This process was extended to make a multilayer structure. The 
corresponding changes in these self-assembled layers on Au are characterized by 
X-ray photoelectron spectroscopy (XPS), spectroscopic ellipsometry (SE) 
measurements, and I-V characteristic. Our interpretation of evolution in the 
absorbed layer are based on changes in intensities of peaks in XPS related to S 
bound to substrate or Ag and in –SH groups, as well as changes in thickness and 
absorption features in SE measurements. The latter show the evolution in 
absorbance wavelength as a function of thickness and indicate a decrease in 
HOMO-LUMO gap from about 4.5eV to 4eV. The I-V characteristics show a 
significant bias dependence to the number of the BPD layers and there appears to be a 
transition in from tunneling to a hopping regime when going from the single to the 
multiple layers.  
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Introduction  

In this paper we address the question of step by step building up of organic- 

metal-organic heterostructures. Metallization of organic layers1,2 is a subject of 

longstanding interest and many applications can be found in every-day-life. This subject 

has attracted much attention recently because of interest in organic electronics, light 

emitting diodes, sensors and in general in relation with adhesion of bio-molecules to 

surfaces, with e.g. applications in biology and medicine. A step beyond this is building 

up of more complex organic-metal-organic scaffolds.  

 

The basic building block in our work is a dithiol molecule, which provides the 

possibility of using the two-thiol terminations to bind to different metallic entities.1-6  

Thus in some earlier works eg pentanedithiol molecules were used4 to first assemble a 

SAM on a metal surface from ethanolic solutions, then deposit on them metal 

nanoparticles and finally upon these graft further pentanedithiols. Similar attempts have 

been made and by some of us7, 47, 48, 49  e.g. using 1,4-benzenedimethanethiol (BDMT) 

and hexanedithiol SAMs prepared in ethanolic solutions, with electrochemical 

deposition of metal atoms on the SAM.  

It should be noted that interest in molecules with phenyl units is related to the 

fact that they have better conducting properties and are better adapted as molecular 

contacts between nanosized metallic electrodes.7-18 Indeed, the first conduction 

measurements on molecules involved measuring the resistance of a 1,4-

benzenedimethanethiol (BDMT) molecule.19 This was performed using a scanning 

tunneling microscopy (STM) tip held on a gold nanoparticle deposited on top of a 

BDMT SAM. Thus the case of BDMT molecules presented a particular interest for 

these studies. It is worth noting here that generally molecules do not behave as simple 

ohmic conductors and have non-linear current-voltage characteristics. The problem of 

conductivity in molecular weirs have been a subject of different investigations.41, 42 

Recently the electrical resistance of oligophenyleneimine (OPI) molecules of various 

lengths have been investigated using a conductive AFM tip.42 Hopping transport was 

found in longer OPI molecules, while the small molecules in length exhibited coherent 

transport. Similar results have been reported using the Fe(II)-bis(terpyridine) molecular 

system. 41  
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In practice, the formation a highly ordered compact SAMs, with free -SH end 

groups at the outer interface, depends on various factors such as the quality of the 

substrate and reagents, solvent strength, photochemical action, and so on, and has been, 

and is still debated. Thus for instance, solution formation of small length alkane SAMs, 

like the pentanedithiol and hexanedithiol SAM mentioned above4,7, is known to be 

problematic and frequently leads to mainly lying down molecules.20,21,22 Similarly we 

have observed previously23,24 that assembly of BDMT in ethanolic solutions as used in7 

is problematic and can lead to disordered layers. Thus the first step in building such 

organic metal organic heterostructures requires the establishment of robust standing up 

ordered dithiol SAM formation protocols.  We recently investigated assembly of several 

alkanedithiol and also BDMT dithiol molecules20-27 using a combination of different 

techniques. SAMs based on BDMT grown on noble metals from solution were chosen 

as a good prototype system for the study of aromatic dithiol assembly (DT). The 

assembly of these molecules shows a better stability compared to saturated molecules 

because of the lateral interactions between the aromatic rings of adjacent molecules. We 

found previously that dithiol SAMs with aromatic units are better ordered than the ones 

with CH2 groups. 21-24 A well reproducible protocol, allowing formation of well-ordered 

BDMT SAMs from degassed n-hexane solutions, in the absence of light, was 

established23, 24, 50 and the SAMs characterized by high resolution XPS, NEXAFS, 

RAIRS and spectroscopic ellipsometry (SE). These studies thus showed formation of an 

ordered SAM with standing up DT molecules inclined at 24° to the normal.  

 

Layer by layer assembly starting from a SAM, has attracted much interest 51 and 

different approaches depending upon molecule type have been attempted 52- 54. Here we 

ask ourselves the question whether it is indeed possible to build a multilayer SAM 

starting from the highly quality dithiol SAM? We base ourselves on the results of these 

earlier works23, 24, 50, and have used a combination of SE, and XPS to study the 

formation of the bilayer of BDMT and also 5,5′-Bis(mercaptomethyl)-2,2′-

bipyridine (BPD) self-assembled films on Au, with intercalated Ag atoms. In the 

following we refer to these generically as DT (dithiols). As shall be described below, 

first a DT SAM has been prepared using our established protocol. Then silver atoms 

were grafted to the SH end groups in a silver nitrate solution. We thus obtained a 
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platform for further deposition of DT leading to a DT-Ag-DT bilayer on gold as 

schematized in fig.1. This process is further repeated to obtain longer molecular chains 

of up to four DT units. The conduction through these was then investigated to study 

differences as a function of chain length and strong differences were found when going 

from a SAM to the multilayers. In the following we shall refer to these scaffolds by the 

number of DT units as DTn (or  BPDn). 

 

Figure 1. Schematics of the method to prepare a BPD-Ag-BPD layer, we use in this 

paper. 

 

 

 

Experimental Section. 

BDMT (98% purity) and BPD(96% purity) were purchased from Aldrich and 

used as received. The gold substrates were prepared by thermal evaporation of 150 nm 

of gold (99.99% purity) onto either polished single-crystal silicon (100) wafers primed 

with a 10 nm titanium adhesion layer or on freshly cleaved mica at 340 �. The DT 

SAM was prepared by immersing the gold support into a freshly prepared 1mM 

solution of n-hexane. We used solutions well-degassed by Ar, and all preparation steps 

were performed, following the same protocol as in our previous studies.20,23 After that 

the gold wafer, modified with a layer of DT, was held in contact with 10 mM of AgNO3  
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for 10 min  at ~60 �. Finally the resulting DT-Ag SAM was incubated in the DT 

solution as in the first step to yield the DT-Ag-DT bilayer.  This procedure was 

extended to yield tri and quad layer Ag intercalated DT SAMs. 

XPS spectroscopy measurements were conducted at the MANA Foundry using 

the XPS Thermo Fisher (Alpha 110 mm Analyser Sigma XPS version). The XPS 

spectra were recorded in the Au 4f, S 2p, and C 1s, and N 1s regions. The spectra 

acquisition was performed in normal emission geometry using the Al K�	radiation. The 

binding energy (BE) scale of each spectrum was individually calibrated to the Au 4f7/2 

emission at 83.95 eV. 

SE measurements were performed in the MANA Foundry on a recently 

upgraded rotating compensator spectroscopic ellipsometer (M-2000, J.A. Woollam Co. 

Inc.).  The experimental protocol adopted for SE measurements on ultrathin layers has 

been thoroughly described in recent articles on thiolate SAMs on gold.28-30 The rather 

small spectral variations induced by the formation of nanometer thick layers are best 

seen by calculating the difference between the data for pristine and SAM covered 

substrates (δΨ = Ψfilm - ΨAu, δ∆ = ∆film - ∆Au), for several zones of each sample. In this 

work spectra have been collected at 650 and 700 angles of incidence. The spot size on 

the sample was of the order of a few square millimeters. Measurements were performed 

ex situ, in laboratory atmosphere, immediately after extraction from solution and 

adequate rinsing.  

The mono and the multilayers junctions were electrically tested on a probe 

station using a semiconductor parameter analyzer (Keithley Instruments Inc.) at room 

temperature and under vacuum to avoid the influence of water. 

 

 

Results  

XPS measurements 

The SAM for BDMT/Au and BPD/Au were investigated by XPS. Here we will 

focus on the BPD based system, while some BDMT based data is given in the 

supplementary information (fig.S1).  Figure 2a shows the S2p and the C1s peaks 

regions of a BPD-Au sample, which was prepared by immersing in a freshly prepared, 

degassed, 1 mM solution of n-hexane for 1h at ~60 �. 
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The C 1s spectra of the BPD, are presented in Figure 2b, with a decomposition 

into two components. The main peak at about 284.9 eV of the BPD SAM is a 

superposition of contributions from: the C-C moieties, and the C=C in the ring unit,24,31  

while the 285.6eV peak is assigned to C-N. 

The S(2p) spectra are decomposed into two components: two doublets with a 

fine structure splitting of 1,18eV corresponding to S atoms bound to gold (SAu at 162 

eV) and “free” SH atoms on top of the BPD SAM (at 163,5 eV). The initial BPD 

spectrum resembles the one measured for BDMT here (fig.S1) and reported 

previously23, but has different relative intensities of the SAu and S components. We 

recall that the SAu component appears with a lower intensity, because of attenuation of 

intensity of electrons passing through the organic layer23,24. Because the BPD molecules 

are longer they result in a greater attenuation of electrons passing through the thicker 

layer and the SAu intensity is lower than for BDMT. We shall return to this point later. 

Oxygen-coordinated sulfur species are practically absent since no peaks with S 

(2p3/2) binding energies above 168 eV are detected. The N 1s XPS spectra of the BPD 

SAM are displayed in Figure 3. A single symmetric peak at 399 eV is observed and 

assigned to the nitrogen in the pyridine rings. 

 

Figure 2. S2p, C1s and N1s XPS spectra of BPD, BPD-Ag, and BPD-Ag-BPD   

 

Upon immersion of the DT SAM on Au, into the AgNO3 solution the ratio of the 

SAu and SH components changes and the SAu component increases significantly after 

exposure to Ag, as shown for the BPD case in fig2a. We ascribe this to binding of Ag 

atoms to the top sulfur SH atoms, thus leading to a shift to lower core level binding 

energies, corresponding to binding to Ag, that is similar to the Au one32. This results in 
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the increase of the SAu peak intensity. In the present experiments, a small amount of the 

163 eV S component remained.  

                

                 

Figure 3. Ag 3d XPS spectra of the BPD-Ag and BPD-Ag-BPD layers.  

 

The XPS investigation shows that Ag is indeed attached to the SAM, since we 

observe (fig.3) peaks at 368 eV and 373.9 eV, corresponding to the Ag3d3/2 and 

Ag3d5/2.
32 This Ag spectrum appears quite symmetric and thus suggests a metallic 

nature of the deposit. 32 

The Ag-DT SAMs on Au were re-immersed into the n-hexane DT solution using 

the same protocol. The resulting XPS spectrum is shown in Figure 2a for BPD. In this 

case we see a re-increase of the “free” S component, which we ascribe to binding of 

BPD molecules on top of the Ag-BPD SAM, and the resulting layer thus has free sulfur 

on top. Again the oxidized S structure appears to be quite small.  
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Figure 4: The intensity ratio S2p to Au 4f for the BPD, BPD-Ag and BPD-Ag-BPD 

layers. 

 

The total integrated intensity of the SAu and SH related peaks of the BPD, BPD-

Ag and BPD-Ag-BPD SAM is shown in fig.4.  One can clearly see here the decrease in 

the SH component for the BPD-Ag SAM and its re-increase in case of the BPD-Ag-BPD 

layer.  

The Ag 3d peak intensity now decreases in the case of the BPD-Ag-BPD SAM, 

because of the screening of Ag by the BPD molecules attached to the Ag atoms on top 

of the BPD-Ag SAM (see figure 3).  

We also observed (fig.2c) that the N(1s) intensity decreased for the BPD-Ag 

case, as could be expected because of additional Ag induced screening and then 

increased again for the BPD-Ag-BPD case, because of appearance of the second BPD 

layer.  

The XPS data were additionally used to determine the effective thickness of the 

different SAMs (DT-Ag, and DT-Ag-DT). This was done on the basis of the Au 4f 

intensity, assuming a standard exponential attenuation of the photoelectron signal and 

using the attenuation lengths reported in 31. Calculating the film thickness from the C1s 

and Au4f signals values of ~1.95 and ~ 4.1 nm are obtained for BPD-Ag and BPD-Ag-

BPD, respectively.   
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A more detailed analysis of changes in the S 2p XPS spectral shapes and some 

comments about intensity changes shown above are discussed in greater length in a 

following section. 

 

Spectroscopic ellipsometry. 

SE measurements were performed on the various layers studied.  Results for 

BDMT SAM are given in the supplementary information (fig.S4). Data for BPD are 

shown in Figure 5a,b. For comparison we also performed measurements for an 

octadecane thiol (C18). The data are shown in the 245-1000 nm range for a 65o angle of 

incidence. The shapes of BPD δΨ and δ∆ spectra resemble the ones for BDMT 

measured here and reported previously23 using the same preparation method. The δΨ 

BPD curve shows a dip for wavelengths less than 350 nm (minimum around 275nm), a 

behavior similar to the BDMT case, for which it was previously23 assigned to 

absorption, related to aromatic rings, eventually influenced by intermolecular 

interactions in the SAM23. We performed a measurement of absorption on a sample of 

BPD solution in water (in which BPD is more easily soluble than in hexane), which 

indeed shows absorption below 325nm wavelength range (first peak at 293nm; see inset 

in fig.5). Given solvent related shifts in absorption features and the fact that we deal 

with a SAM we believe our interpretation is reasonable.  

We also observe, as reported earlier for thiolate SAMs and BDMT, that for 

wavelengths above about 550nm, the δΨ curve has a negative value. This phenomenon 

has been interpreted as due to the formation of a strong molecule-surface bond, leading 

to charge redistribution and chemisorption-induced structural and morphological 

changes which affect the mean free path of electrons23, 28, 30 

A comparison of the δΨ and δ∆ spectra for the BDMT and BPD SAMs shows 

larger positive and negative values of δΨ and δ∆ respectively for the BPD case in 

agreement with the longer length of the BPD molecule ~ 2 nm. These data are directly 

compared with δ∆ spectra obtained for C18  SAMs deposited under the same conditions 

of substrate preparation and incubation in order to estimate the thickness of the layer. 

The results for C18 are compatible with earlier work.29, 30 We see that the results for the 

C18 SAM and BPD-Ag SAM are fairly close, indicating that they have similar 

thickness. Thickness simulations in earlier works give a layer thickness of about 2.5 
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nm30 for a C18 SAM ie slightly higher than our estimate for BPD from XPS. 

 

 

 

Figure 5: SE measurements for the BPD, BPD-Ag,  BPD-Ag-BPD and BPD4 layers: 

(a)  δΨ and (b) δ∆.  Note that the BPD4 data refers to the scale at the right. Data for 

C18 SH SAM  is  shown for comparison.  

 

Upon immersion into the AgNO3 solution, one can observe an increase in the δΨ 

curve values for wavelengths lower than 600nm, which can be related to an increase in 

thickness due to top Ag atoms. An interesting feature here is that there is now a 

decrease in δΨ curve for wavelengths lower than 480 nm. It is well known that Ag 

nanoparticles display a strong plasmon absorption peak, which, depending on size33,34, 

is located in the 400 to 500nm range. Also absorption for Ag molecules, studied e.g. in 
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matrices is observed in the 300nm to 400nm range depending on the number of atoms.35 

We note that in a different system (titanosilicate) aggregation of isolated Ag+ ions into 

metal nanoclusters of increasing nuclearity was observed36 to lead to absorption in this 

wavelength range. The nucleation of ions into clusters may be accompanied by charge 

transfer and neutralization through the molecular layer. One can thus tentatively assign 

this decrease in our δΨ curve to the formation of the Ag layer on top of the BPD SAM. 

In this paper focused on the preparation of the DT bilayer, we did not investigate at 

length the exact nature of the Ag layer formed, which will be addressed in forthcoming 

work. A similar decrease was also observed for the BDMT-Ag case (fig.S4).   

Upon re-immersion into BPD, one can observe notable changes in the δΨ and 

δ∆ curves. The δΨ BPD-Ag-BPD curve shows a clear increase in magnitude below 

600nm, related to an increase in the layer width. Correspondingly the δ∆ curve is 

significantly more negative due to the much thicker BPD-Ag-BPD layer. A notable 

feature is the appearance of a more pronounced dip in the δΨ, and δ∆ curves, now at 

about 310nm. The change in the absorption at these wavelengths can be related to the 

formation of the longer molecule with four pyridine rings, which would lead to a shift 

of adsorption to longer wavelengths and decrease of the HOMO-LUMO gap.  

When the procedure of adding first Ag and then BPD is continued in the same 

manner we observe a thickening of the layer, indicated by larger values δΨ and δ∆  

spectra as shown in fig.5 for BPD4. While we did not do any simulations, the almost 

double negative value of δ∆ for BPD4 as compared with BPD2, is compatible with a 

doubling of the layer thickness. We also observe a further shift of the BPD4 adsorption 

to higher wavelengths: the main minimum is now at about 327nm. Thus these SE 

measurements indicate an initially rapid and then slower shift of the adsorption 

minimum to longer wavelengths when going from BPD1 to BPD2 and then to BPD4, 

which can be correlated to a decrease of the HOMO-LUMO gap in these systems, 

which varies here from about 4,51eV (BPD1) to 4eV (BPD2) and then to 3.8eV 

(BPD4).   

 

Conductance measurements. 

The length dependence of the conductance in molecular junctions is an 

interesting and important feature in molecular electronics and has been the object of a 

number of experimental and theoretical works.37-41 We therefore investigated the 
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conductivity behavior for our BPD layers. To obtain reliable measurements of transport 

properties, it is common to use the mercury or EGaIn (gallium and indium alloy) drop 

method.37, 38 We established more than 20 junctions on each SAM configuration using 

the EGaIn drop as a top electrode.  

Figure 6a shows the J-V curves for BPD1, BPD2, BPD3, and BPD4  layers. The 

curves are averages over 20 measurements and the vertical bar for BPD2 represents the 

typical scatter of these J-V curve data. Increase in length by forming multilayers can be 

seen to lead to a decrease in the conductivity. To check the effect of adding Ag, the J-V 

curve was measured for the BPD-Ag system and is also shown, with a vertical bar 

representing the typical scatter of data. It essentially coincides with that of the BPD1 

curve, indicating that the Ag layer has no effect, as one would expect for metallic 

behavior, in agreement with the comment made in the XPS section above. 

     

  

  

 

  Figure 6: (a,b) Plot of current density and resistance as a function of the bias voltage  

and field (V/n) of four different molecular layers grown on gold, from the BPD1 to 

BPD4. (c,d) Plot of current density and resistance as a function of the field or bias 

across a single BPD unit.   
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In this figure one can see, that with increasing length the conductivity drops, and 

also that it drops faster in the beginning ie when going from BPD1 to BPD2. The 

decrease is then slower. This can also be seen in relative changes in the resistance (R) 

plot as a function of bias in fig.6b. This plot also shows that the bias dependence for 

BPD1 is quite different from that of the longer chains. One finds that the rate of 

decrease of resistance with bias is almost identical for BPD2 to BPD4, while it is 

significantly slower for BPD1 (see fig. S5 in supplementary information).   

Rather than plotting J and R versus V, it was interesting to plot it as a function of 

V/n, where n is the number of BPD units, ie the field or bias across one BPD unit. 

These plots are shown in fig 6c and d. One can again we see a striking difference 

between BPD1 and BPD2 –BPD4, with a convergence for the case of BPD3 and BPD4. 

This convergence is particularly obvious for higher bias.  

These data and plots clearly show a strong difference in behavior of conductance 

when going from the single BPD molecule to the longer chains.  

 

 

Analysis of XPS and conductance data. 

In the following we discuss briefly some aspects of the XPS data and look more 

closely at the conductance properties of the BPD and BPDAgBPD layers.  

 

Characteristics of the XPS spectra. 

The data presented above clearly shows that our approach leads to the formation 

of DT-Ag-DT nano-architectured layers. We shall take a more detailed look at the XPS 

spectral shapes and intensities of the mono and bilayers in this context. 

The shape evolution of the S2p spectra can be analyzed in more detail as 

follows. As in the previous work20, 23, 24 we assume that the intensity of electrons (A) 

passing through the standing up SAM is attenuated exponentially with thickness 

following the expression: 

A/Ao = exp (-d/λ)          (1) 

where A0 is the initial intensity, d the organic layer thickness and λ the attenuation 

length. We assume an attenuation length of  λ=2.5nm20 and thickness d of 1.95nm, for 

the BPD SAM, as mentioned in the XPS section above.  
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This gives an attenuation of electrons from S adsorbed on Au (SAu) by a factor of 

0.46 for BPD, which corresponds fairly well with the lesser intensity of the SAu peak in 

the figure 2a. The shape of the S(2p) spectrum will then be as indicated in fig. 7 (green 

triangles), which is the sum of contributions from SAu and non-attenuated emission from 

the top SH atoms.  

As may be seen from experiment the proportion of the component corresponding 

to “free“ S decreases after immersion in the Ag solution, while that corresponding to 

SAu increases. However one can estimate that there remains a free S fraction of about 

20%.   

When the BPD-Ag SAM is immersed again into the BPD n-hexane solution, the 

spectrum changes and the “free” SH atom contribution re-increases due to the BPD in 

solution binding to the top Ag atoms. To calculate the shape of the corresponding 

spectrum we assume that: 

- SAu intensity is attenuated by a 4,1nm  thickness layer i.e. by a factor of 0.19 

 - SH top has no attenuation 

-SAg in the middle : for the now two S atoms, attenuation by a  1,95 nm top SAM 

with a 0.46 factor (assuming approximately the same attenuation for both atoms) 

 

In case of a full coverage of the original BPD SAM by Ag we would then obtain 

a spectrum shown in fig 7 by the blue dots along with its constituent spectra for SAu and 

SH (blue lines). In case of 20% residual non Ag covered SAM and allowing for a small 

fraction (10%) of oxidized top S atoms, the resulting spectrum is shown in fig. 7 with 

red dots along with its constituent SAu and SH spectra (red crosses). Thus qualitatively 

the main changes in the XPS spectra and alternating changes in SH peak intensity can be 

followed in this manner.  
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Figure 7. S(2p) spectra for BPD (green triangles) and BPDAgBPD (full blue and empty 

red dots) simulated as described in the text. 

 

 The Ag3d intensity in fig 3 decreases after BPD adsorption by a factor of 0.5. 

This is in reasonable agreement with the 0.46 attenuation factor mentioned above for 

the BPD SAM.  

 One can similarly analyze the changes in the nitrogen signal intensity. Assuming 

for simplicity that the two N atoms are located at half the height of the BPD layer and 

using the 2,7nm attenuation length for Ag we can deduce the effective thickness of the 

Ag layer. It is then found to be about 0,7 nm, from the ratio of intensities of the N peak 

in the BPD (0.8) and BPD-Ag film (0.61). The latter intensities correspond to the 

normalization of the experimental BPD-Ag-BPD layer N peak to unity. The final 

intensity of the N peak can then be approximately calculated as given by the intensity of 

the N peak in the outer BPD layer, plus the intensity of the N peak in the BPD-Ag 

underlayer layer, which is attenuated by 0.46 (due to the BPD overlayer). This estimate 

gives an intensity of the N peak for the BPD-Ag-BPD layer as 1.1, which is reasonably 

close to the unit intensity in the experiment, given the approximations in this evaluation. 

 

J-V measurements 

In the preceding section we saw that there is a strong difference in behavior of 

conductance when going from the single BPD molecule to the longer chains and 

168 164 160
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differences as a function of bias are also observed. Following other works37-42 we 

present this data in additional ways to further delineate some differences. 

 

Figure 8. Log-log plot of the average J-V traces for the BPD and BPD4 junction. Fits 

are shown in different transport regimes.   

 

Figure 8 shows the log (J)-log (V) plot of the J-V characteristics of the BPD1 

and BPD4 systems between 0 and 0.8V. It is possible to discern different transport 

regimes as a function of the voltage. The BPD1 SAM reveals three distinct regimes. At 

the low voltage bias the plots are linear with a slope of about 1.13. Between 0.45 V and 

0.68 V the BPD1 SAM exhibits a second, transition, regime with slope of about 1.18, 

while at higher bias the slope is 2.44.  At the low voltage bias the BPD4 architecture 

shows a linear plot with a slope of about 1.28. The transition regime occurs between ~ 

0.2 and 0.35 V. At the higher bias the plots are linear with a slope of about 2.49.  

We have furthermore analyzed the Fowler-Nordheim (FN) type plot of BPD1 

and BPD4 presented in figure 9 a, b (for other systems the plots are given in fig. S6). 

The FN type plot of ln (I/V2
) versus 1/V  for these systems shows the existence of three 

conduction regimes, with some similarities  and differences.  

 

For BPD at low bias one, we observe that J/V scales logarithmically with 1/V with a 

positive slope (see fig. 9-a). For low bias this behavior is compatible with a direct 

tunneling regime 42, where the current is given by Eq. 2 
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ln � 	�	
� ∝ ln �	� �
��
� �2��    (2) 

Where d is the molecular length, m is the electron effective mass, and � is the effective 

barrier height.  

  For BPD4 at low bias there is a different, linear dependence on 1/V.  At high 

bias both for BPD and BPD4 we observe a negative slope, which is considered to be 

characteristic of field emission42 and an intermediate transition regime. Here the linear 

scaling in both the above cases, with 1/V, with a negative slope is characteristic of 

Fowler-Nordheim (FN) field driven conduction, where the current is given by Eq. 3 

ln � 	�	
� 	∝ ��
��√��
��� 	��/�� �	�   (3) 

 

The overall behavior of these systems in fig 8 and 9, is similar to recent reports 

of e.g. Choi et al42 for length dependence in conjugated molecular systems of increasing 

length, who concluded that they observe a transition from resonant tunneling to hopping 

at low bias when going from the shorter to longer molecules. In our case our data 

clearly shows a difference when going from BPD1 to the longer BPD2-4 systems, 

probably related to a similar change in conduction regime. At high bias in both cases the 

negative slope suggests field emission. 

 

 

Figure 9. Fowler-Nordheim plot for the (a) BPD and (b) BPD4 data. Three distinct 

regimes (R1, TR2, and R3) are evident. 

It is generally considered, that when transport occurs via a tunneling process, the 

conductance (C) of molecular wires, decreases exponentially with increasing length37-43 

l (see in particular the calculations and discussion in the recent paper of eg Peng et.al.43)  
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C = I0 e
-βl

 

where l is the length of the wire, C0 is the contact conductance, which depends on the 

anchoring group, while the attenuation factor β  depends on the characteristics of the 

molecules such as the HOMO-LUMO gap, molecular conformation, etc and apparently 

also to some extent on the anchoring group. 43   

                                           
Figure 10: Plot of decay constant � for different values of the bias.   

 

We calculated � values from our data in fig.6.  As shown in fig 10, we find that � 

values exhibit three different plateaus as a function of the bias. From fig.10 an average 

�low bias of 0.64 Å-1 can be calculated at the low bias range (V < 0.3V), � in the second 

plateau between 0.3 and 0.5 V has an average value of 0.54 Å-1, and at high bias V> 0.5 

V �high bias = 0.45 Å-1.  The � values from 0.64Å-1 to 0.45 Å-1 in the applied bias range 

(0 to 0.8) are quite reasonable and agree well with the literatures. 37-43    

Theoretical calculations were performed on the following isolated molecules: (a) 

BPD, (b) BPD-Ag-BPD (BPD2), (c) and BPD-Ag-BPD-Ag-BPD (BPD3). See figure 1. 

Geometries, energies, and the changes in the electronic structure of the systems BPD, 

BPD2, BPD3 were obtained using a DFT calculation. The calculations were conducted 

using ORCA.44 The PBE0 45 were used in combination with triple-� plus polarization 

basis set [Ahlrichs TZV (2df, 2pd)]. 46 the same correction factor has been added to 

calibrate the band gaps (band gap underestimation by DFT).  
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Figure 11 shows the density of the state of the BPD, BPD2, and the BPD3 We 

can see clearly that the HOMO-LUMO band gap decreases with increasing the number 

of layers. These calculations are in good agreement with spectroscopic ellipsometry 

observations, where the absorption maximum moves to longer wavelength as the 

number of the BPD layer increase. The general trend is consistent with earlier 

calculations on chains of some conjugated dithiol molecules.43  

 

Figure 11: The density of the state DOS at the valence band for the BPD1, BPD2, 

BPD3  

 

The transition energy (VT) determined from the slope of the  I-V characteristics 

and the Fowler-Nordheim plot for the different BDP layers, shows decrease in VT with 

increase of the number of layers. This variation can be attributed to the changes in the 

electronic structure of the system, where the decrease in the band gap value is 

accompanied by an important degree of electron delocalization in the system.  

 

Conclusion  

This work thus clearly shows that using an appropriate and robust protocol for 

dithiol SAM formation, developed by us previously, an organic molecule metal 

multilayer scaffold can be nano-architectured, whose characteristics can be tuned by 

adjusting the number of layers. 

These layers exhibit some interesting characteristics, such as the absorption 

features in the 350nm-500nm region ascribable to the existence of the intercalated Ag 

and which with further work could possibly be exploited in a plasmonic application.  
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We also see absorption in the 250nm to 350nm region is observed which is 

ascribable to benzene and pyridine and we observe a shift in the absorption feature to 

higher wavelengths, which can be ascribed to changes in HOMO-LUMO splitting, 

which were reproduced in DFT calculations.  

From the point of view of molecular conductance, this system exhibits 

interesting changes in the J-V characteristics when the number of layers is progressively 

increased, going from mono to multilayers. More detailed theoretical studies on 

transport are necessary to better understand conductance in these systems. On the 

experimental side temperature dependence studies are also required, which were not 

possible here with the EGaIn drop electrode. 

 The procedure of DT-Ag-DT preparation we outline, could be useful in 

applications involving molecular electronics, plasmonics and more complex metal 

organic hetrostructures. An improvement in methodology could involve vapor phase 

deposition of Ag atoms in high vacuum, which would minimize unwanted oxidation 

effects in aqueous medium. 
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