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The continued societal and industrial demand for smaller, quicker, and more efficient 

electronic devices maintains sufficient economic pressure to drive Moore’s Law based scaling 

of electronic circuits. However, the intrinsic financial and technological limitations in top-

down scaling of conventional solid-state silicon technology
[1-2]

 have begun to demand 

consideration of alternative technologies and design concepts. Alongside More than Moore 

style device packaging,
[3-4]

 and revolutionary component designs
[5-6]

 the use of functional 
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organic molecules as basic components in electronic devices, i.e., molecular electronics, is 

gaining support as an alternative future technology.
[7-12]

 Although the immense opportunities 

offered by synthetic chemistry together with the sophisticated methods that allow the 

assembly of single molecules and assemblies of molecules onto solid supports with a high 

degree of control are promising for the development of molecular electronics, there are also 

some significant challenges before this technology can begin and journey towards the market. 

Among these challenges, the deposition of the top-contact electrode on monomolecular layers 

of active molecular components (see an illustrative example of a bottom electrode | monolayer 

| or top contact electrode in Scheme I) is of particular relevance to the assembly of device 

structures, as opposed to test junctions which can be formed in nanofabrication or scanning 

probe microscopy (SPM) based platforms.
[7, 13-15]

 Consequently, the metallization of 

monolayers has been the objective of intensive investigations in the last decades, and some 

excellent reviews have summarized the most important methods developed to date 

highlighting their advantages and limitations.
[7, 14, 16-18]

 As evidenced in these reviews, despite 

intense investigations on this topic a reliable control in the fabrication of molecular junctions 

remains rather limited. The main problems in the deposition of the second or top contact 

electrode are related to damage of the functional molecules during the metallization of the 

monolayer or penetration of the second metal through the organic films, which results in a 

short circuit, rendering the device unusable.
[7, 14, 16-17]

 

Recently, Chico et al.
[19]

 have reported the generation of a dispersion of metallic gold 

nanoparticles (GNPs) by thermal annealing of a metal organic compound (MOC) in solution, 

where the GNPs are stabilized by the organic counterparts of the pristine material. A thermal 

annealing strategy is also implemented in this contribution for the generation of the top 

metallic electrode. However, the chemical reaction to produce the gold nanoislands (GNIs) on 

the monolayer surface has been carried out after the MOC had been immobilized on a 

substrate. In this contribution different substrates have been used depending on the 
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characterization technique employed. As it will be demonstrated throughout the paper the 

thermal decomposition of the organometallic film is a general phenomenon that occurs 

independently of the substrate where the monolayer was immobilized, although for 

applications in the field of molecular electronics a bottom electrode or conductive substrate is 

required. Two different organometallic gold complexes [[4-{(4-

carboxy)ethynyl}phenyl]ethynyl]-(triphenylphosphine)-gold, 1, and [1-isocyano-4-

methoxybenzene]-[4-amino-phenylethynyl]-gold, 2 (Scheme I) were incorporated into well-

ordered monomolecular films by the Langmuir-Blodgett (LB) technique since the LB method 

permits the fabrication of directionally oriented films,
[20-21]

 which is of vital importance to 

carry out the strategy presented for the fabrication of the top electrode in this paper. Thermal 

annealing of monomolecular LB films of these organometallic compounds causes the rupture 

of the P-Au-C or C-Au-C bonds and reduction of Au(I) to Au(0) as metallic GNIs that remain 

immobilized on the surface of the organic monolayer. Scheme I illustrates the processes that 

will be demonstrated to occur upon thermally induced decomposition of an organometallic 

compound, abbreviated as the TIDOC method.  

Details about the experimental procedure to prepare and characterise the monolayers can be 

found in the supporting information (SI). These Langmuir films were transferred onto mica 

(AFM experiments), glass (XPS and contact angle measurements), quartz (UV-vis), and gold 

(c-AFM) solid supports. In all cases, the optimum surface pressure of transference for 

compound 1 is 10 mN·m
-1

 for which transfer ratios
[22]

 close to 1 were obtained (see SI). The 

area per molecule for 1 at this surface pressure, 0.33 nm
2
·molecule

-1
, is in excellent agreement 

with the theoretical area per 1 unit, 0.32 nm
2
·molecule

-1
, according to molecular models 

(Spartan
®

 08 V 1.0.0). A systematic study in which the surface supported LB films were 

annealed at different temperatures and during different periods of time was performed (see SI). 

The optimized results for compound 1 were obtained after an annealing process of 2 hours at 

150 ºC, and subsequent washing and drying steps.  
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The processes taking place upon annealing were studied by a variety of methods. Initial 

annealing studies were carried out on films of 1 immobilised on a quartz crystal microbalance 

(QCM) resonator. The frequency change (Δf ) for a QCM quartz resonator before and after the 

annealing process was determined. The Sauerbrey equation establishes that:
[23]

  

2/12/1

2

0

··

··2

qqA

mf
f




           (1) 

where f0 is the fundamental resonant frequency of 5 MHz, Δm(g) is the mass change, A is the 

electrode area, ρq is the density of the quartz (2.65 g·cm
-3

), and μq is the shear module 

(2.95·10
11

 dyn·cm
-2

). The surface coverage of the organic monolayer is 5.5·10
-10

 mol·cm
-2

 as 

obtained from equation 1 considering the frequency variation before and after deposition of 

the monolayer. A variation of 14 Hz in the frequency after the annealing and subsequent 

rinsing process with chloroform was obtained. If it is assumed that the surface coverage of the 

organic monolayer is maintained after the annealing, washing and drying processes, this 

frequency change of 14 Hz is in good agreement with a loss of material of 262 amu, i.e., the 

molecular weight corresponding to the triphenyl phosphine (PPh3) ligand.  

Figure 1 shows the XPS spectra of pristine and annealed LB films of 1 on glass (glass was 

used to avoid any misinterpretation of the results by using a gold conductive substrate). The 

characteristic energy of phosphorus in the XPS spectrum provides a useful signal that can be 

used to follow the annealing process. As shown in Figure 1, the characteristic phosphorus 

peak which is present in the pristine films of 1 disappears after the annealing and subsequent 

rinsing process, indicating that the triphenylphosphine (PPh3) group of 1 is lost after the 

thermal treatment. In addition, the Au4f region for the film after the annealing process shows 

two peaks at 83.81 and 87.48 eV, attributable to Au(0)
[24-26]

 whilst the pristine monolayer 

shows two intense peaks at 85.04 and 88.74 eV, attributable to Au(I),
[27-28]

 and two weaker 

peaks at 83.88 and 87.56 eV attributable to Au(0) that is probably formed during the 

irradiation process necessitated for recording the XPS spectrum. 
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These results clearly show that, after the thermal annealing and rinsing of the film, the PPh3 

group is removed and Au(0) is obtained. It is important to verify if the thermally induced 

rupture of the Au-supporting ligand (L) bond is a general property of this family of compound 

Au{(CCC6H4)nR}L and not just a feature unique to compound 1. Thus, a comprehensive 

study of 2 has also been performed (see SI for details of LB film preparation and 

characterization, and optimization of annealing conditions (100 ºC, 2 hrs)). Again, the XPS 

spectra of the Au4f region confirms the reduction of Au(I) to Au(0) once the film has been 

thermally annealed (see SI). In addition, for compound 2 it is also possible to discern by XPS 

that the isocyanide ligand is removed after the annealing and subsequent rinsing. Thus the 

XPS spectrum of 2 in powder shows a peak at 399.0 eV in the N1s spectral region attributable 

to the isocyanide group.
[29-31]

 This peak can also be observed in pristine LB films of 2 but 

disappears in the annealed films. Further evidence of the elimination of the isocyanide group 

after the thermal annealing and rinsing processes, is provided by the variation in the resonance 

frequency of a QCM substrate modified by pristine and subsequently annealed and rinsed LB 

films of 2. After thermal annealing of the monolayer under the optimal conditions, thorough 

rinsing with chloroform and drying, the difference in resonance frequency of the monolayer 

(surface coverage, Γ, of 7.5·10
-10

 mol·cm
-2

 determined with the QCM as detailed in the SI), 

with respect to the QCM substrate covered by the unannealed monolayer was 11 Hz. This 

frequency change is consistent with the loss of the 4-methoxyphenylisocyanide ligand 

(MeOC6H4NC), with a molar mass of 133 amu (Eq. 1).  

A comparison of the UV-vis and XPS spectra of the films before and after annealing (see SI) 

reveals that after the annealing process the molecular structure remains unchanged and no 

flipping or profound rearrangement of the remaining organic molecular structure occurs. For 

instance, the UV-vis spectra of the pristine and annealed films of 2 show a similar profile, 

with the annealing films exhibit a peak at 273 nm characteristic of R-C6H4-CC-C6H4-R’ 
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derivatives assembled in LB films.
[32]

 On the other hand, the amine peak in the XPS spectrum 

of pristine films of 2 appears at 399.9 eV, characteristic of amine groups being adsorbed onto 

the substrate surface. This peak remains unchanged after annealing which indicates that no 

flipping of the molecules occurs. A similar phenomenon has been observed for pristine and 

annealed LB films of 1, where the carboxylic group remains absorbed on the substrate surface 

after annealing (for more details see SI). 

Thermal annealing of monomolecular LB films of 1 and 2 caused significant modification to 

the appearance, physical characteristics and composition of the film surface. For instance, 

Figure 2 shows the AFM images of a pristine and an annealed 2 monolayer onto a flat mica 

substrate. The increase in the root mean square (RMS) roughness of the film (from 0.20 to 

0.89 nm over areas of 9 μm
2
) together with the appearance of bright spots distributed all over 

the film after the annealing process also indicates the presence of GNIs. In addition, a bearing 

analysis of the AFM image of the annealed LB film was performed in order to estimate the 

GNIs surface coverage. In a bearing analysis, the depths of all pixels of the image with 

respect to a reference point, i.e., the highest pixel are analyzed. This kind of analysis renders 

the estimation of the surface coverage and the estimation of depths. Thus, taking into account 

the volume of a gold atom and the bearing volume obtained from Figure 2 (corrected by the 

tip convolution), a surface coverage of 7.2·10
-10

 moles of gold atoms·cm
-1

 where obtained, 

which is in good agreement with the initial amount of gold in the pristine films (7.5·10
-10

 

moles of gold atoms·cm
-1

). After annealing no mica bare regions are observed which is also in 

good agreement with the UV-vis and XPS results detailed above, and further supports that no 

reorganization of the underlying organic monolayer takes place upon annealing. As 

mentioned before, the chemical process behind these observations is the rupture of the P-Au-

C or C-Au-C bonds and reduction of Au(I) to Au(0). After formation of Au(0) atoms, these 

gold atoms must diffuse on the surface to form the observed GNIs. In addition, since these 

GNIs are not protected by ligands they might be diffuse on the surface to form larger domains, 
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which is a phenomenon that could be very much influenced by temperature. To verify this 

point, monolayers of 2 where annealing for 2, 4, and 14 hrs and AFM images of these 

annealed films were obtained. These images (see SI) evidence diffusion of the GNIs to form 

larger clusters with increasing annealing times resulting in large areas not covered by GNIs. 

Contact angle measurements are sensitive indicators of the surface properties of a 

monolayer.
[33-35]

 In this work, surface modification of monolayers after annealing is further 

evidenced by differences in water contact angle measurements from pristine and annealed 

films of 2 (by way of example) on glass. The contact angle of water on a pristine LB film of 2 

is 67°, consistent with a well-formed hydrophobic LB film. After annealing at 100 °C for 2 h, 

followed by the rinsing and drying processes, the contact angle is reduced to 42° indicating a 

more hydrophilic surface. This contact angle is surprisingly close to the value associated with 

a bare gold substrate (39°).  

One important question concerning the reliability of the TIDOC method for the production of 

GNIs decorated molecular films as nascent device structures has also been addressed: does 

diffusion and penetration of gold through the film cause short-circuits between the particle 

and underlying substrate? To answer this question the electrical properties of the junction-like 

structures were determined. For this purpose, I-V curves were recorded with a conductive-

AFM (Bruker ICON) using the Peak Force Tunneling AFM (PF-TUNA™) mode as described 

before for other metal|organic monolayer|metal devices.
[15]

 The PF-TUNA™ operation mode 

for the AFM was chosen, instead of a STM or c-AFM in conventional contact mode, because 

it permits conductivity mapping of soft or fragile samples since the normal force is accurately 

controlled and lateral forces are avoided. This AFM mode is based in combining high 

frequency intermittent contact mode (several kHz) with AFM probes of low elastic constant 

and high resonance frequency (peak force tapping (™) mode). In this way, during the 

acquisition of images the damage suffered by tip and sample due to interaction forces is 

drastically reduced. This is important to precisely position the AFM tip on top of the GNI 
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before performing the current measurements. I-V curves on the metal|organic monolayer|GNI 

junctions are recorded using metal coated probes and a low-noise current amplifier. The I-V 

measurements are performed by positioning the AFM tip on top on the particle using Peak-

Force Tapping, then the scanning is stopped, a contact is made between the tip and surface at 

the selected repulsive force, and the tip-sample voltage is swept while recording the electrical 

current. A compromise has to be made in order to select the most suitable contact force to be 

applied during the measurement since too much force will result in unacceptably large 

deformation of the monolayer underlying the GNIs, while too little force will result in 

inadequate electrical probing. The deformation or damage of the monolayer as a function of 

tip loading force (set-point force) has been investigated and the data are presented in the upper 

inset to Figure 3 (refer to the solid black lines and scale to the right showing the apparent 

GNI height). 

Figure 3 (inset bottom left) shows an AFM image of a film recorded using a set-point force of 

3.5 nN. Three gold nanoislands labelled as GNI1, GNI2, and GNI3 are clearly visible in this 

image. When set-point forces between 3.5 and 27 nN are applied, the section analysis shows 

practically constant heights of 5.5, 5.2 and 4.2 nm for GNI1, GNI2, and GNI3, respectively 

(inset Figure 3 top left). This result indicates that in this set-point force range no deformation 

or damage of the monolayer is apparent. If the set-point force is increased up to 35 nN, the 

section analysis of the GNIs gives heights of 4.3, 2.6 and 2.2 nm for GNI1, GNI2 and GNI3 

respectively, revealing that when this set-point force is applied there is a deformation of the 

monolayer, with the GNIs being pushed down into the relatively soft underlying monolayer. If 

the set-point is increased to 44 nN, the deformation of the monolayer increases since the 

section analysis shows heights of 3.8, 2.1 and 1.8 nm for GNI1, GNI2 and GNI3, respectively. 

Moreover, if the set-point force is adjusted to low values, e.g. to 8.5 nN, the section analysis 

of these GNIs shows heights of 5.3, 5.2 and 4.1 nm which indicates that the deformation 
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produced in the monolayer after a high set-point force (35 or 44 nN) is applied is reversible 

and induces no apparent damage of the organic layer.  

Once the influence of the applied set-point force in the monolayer was studied, the I-V curves 

were recorded. To record these current-voltage curves, the c-AFM tip was located on the GNI 

and a bias between the sample and the tip was applied. When a set-point force below 3.5 nN 

was used no current was detected, inset Figure 3 top left, whilst set-point forces between 3.5 

and 27 nN the I-V curves show low (< 4 x 10
–5

 G0) conductance values. These results suggest 

that when low set-point forces are used to record the I-V curves the electrical contact between 

the tip and the GNI is poor. Therefore, a set-point force of 35 nN is required to make a 

reasonable contact between the tip and the GNI while avoiding damage or excessive 

deformation of the organic layer during the determination of the electrical properties. Thus, 

the I-V curves were recorded by sweeping the tip voltage (±1.1 V), using this force set-point 

once the AFM probe was placed on top of GNIs and a bias between the substrate and the tip 

was applied with the LB-coated Au substrate held at ground. I-V curves made on different 

GNIs produced fundamentally four distinct families of curves (representative curves from 

each family are shown in the SI, and a representative example is illustrated in Figure 3). Inset 

bottom right to Figure 3 shows the conductance histogram built by adding all the 

experimental data in the -0.45 to 0.45 V ohmic region for each of the 350 I-V curves obtained 

experimentally by placing the AFM tip on top of the GNIs applying a set-point force of 35 nN. 

In addition, all the curves measured exhibit the typical shape observed for metal-molecule-

metal junctions, with a linear section only at relatively low bias voltages and increasing curve 

gradients at higher bias. Importantly, only curves with this behavior were observed, both over 

GNIs and on the organic monolayer not covered by GNIs (see SI), and no low resistance 

traces characteristic of metallic short circuits were obtained over a wide range of set-point 

forces which rules out the presence of short-circuits. In addition, AFM images of complete 

areas do not show any evidence for protruding features in the organic monolayer which could 
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be the tops of filaments or monolayer damage. The representative I-V curve shown in Figure 

3 and also other representative curves obtained for the different families of curves fit in good 

agreement with the Simmons model
[36]

 (see details in the SI) revealing that the mechanism of 

transport through these metal|organic monolayer|GNIs sandwich structures is non-resonant 

tunneling. The determination of the electrical characteristics of 1 annealed monolayers was 

done following the same procedure (see SI) and the results were also consistent with the 

formation of metal|molecule|GNIs junctions without evidences of short circuits. Therefore, 

the TIDOC method, or thermal induced decomposition of an organometallic compound, is an 

alternative route for the solution of the top-contact electrode problem without damaging the 

organic layer or altering/contaminating the interfaces. 

In conclusion, metal organic compounds, 1 and 2, containing a gold atom in their structure 

have been synthesized and assembled into well-packed monomolecular films by means of the 

LB technique. Annealing of monomolecular films leads to the rupture of P-Au-C and C-Au-C 

bonds. Subsequent rinsing with chloroform eliminated the triphenylphosphine or isocyanide 

groups leading to GNIs remaining on the film surface as demonstrated by QCM, XPS (in the 

case of 1) and AFM imaging. I-V curves collected from these metal|organic monolayer|GNIs 

sandwich structures are typical of metal-molecule-metal junctions, with no low resistance 

traces characteristic of metallic short circuits observed over a wide range of set-point forces. 

Therefore, the TIDOC method has shown itself as a clean, easy, cheap, and efficient 

procedure for the fabrication of top contact electrodes that minimizes the appearance of short-

circuits which is a rather common problem in other traditional methods for the metallization 

of monolayers. These GNIs can be used at a later date as seeds for deposition of a thicker, 

more uniform metal top contact electrode using other methods such as electroless deposition, 

and work towards this goal is presently underway in our laboratories  

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Scheme I. Top: [[4-{(4-carboxy)ethynyl}phenyl]ethynyl]-(triphenylphosphine)-gold, 1, and 

[1-isocyano-4-methoxybenzene]-[4-amino-phenylethynyl]-gold, 2.Bottom: cartoon showing 

the TIDOC method in which rupture of P-Au bonds after annealing of immobilized 

monolayers of 1 occurs leading to the formation of GNIs on the film surface. The 

triphenylphosphine group is eliminated by thoroughly rinsing the nanoisland decorated film 

with chloroform. The tolane group remains attached to the gold substrate by chemisorption of 

the acid group. 

 

 

Figure 1. XPS spectra of P2p and Au4f photoelectrons of a 1 pristine monomolecular film 

transferred at 10 mN·m
-1

 onto a glass substrate and after annealing at 150 ºC for 2 hours.  
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Figure 2. AFM images of a 2 pristine film onto a mica substrate and the same film after 

annealing. 

 

 

Figure 3. Representative I-V curve experimentally obtained by positioning the c-AFM tip on 

top of a GNI when a set-point force of 35 nN was applied (black line) and fitting according to 

the Simmons equation, =0.69 eV, =0.78 (red line); for further details see SI. Inset top left: 

height of GNIs determined with the c-AFM at the indicated set-point forces together with the 

average conductance values measured locating the tip of the c-AFM on the indicated GNIs. 

Inset bottom left: representative example of a 200 x 200 nm
2
 image where GNIs can be 

clearly distinguished. These types of images were used to position the c-AFM tip onto the 

GNIs. Inset bottom right: conductance histogram built by adding all the experimental data 

from-0.45 to 0.45 V for each I-V curve obtained (ca. 350 curves). 
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The novel method for practical uses in the fabrication of the top contact electrode in a 

metal|organic monolayer|metal device involves the thermally induced decomposition of an 

organometallic compound, abbreviated as the TIDOC method. Monolayers incorporating the 

metal organic compounds (MOCs) were annealed at moderate temperatures, resulting in 

cleavage of the Au-P or Au-C bond and reduction of Au(I) to Au(0) as metallic gold 

nanoislands (GNIs). 
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1. Synthesis 

General Conditions All reactions were carried out in oven-dried glassware under an oxygen-

free nitrogen atmosphere using standard Schlenk techniques. The precursors hexyl 4-((4-

ethynylphenyl)ethynyl)benzoate
[1]

 and AuCl(PPh3)
[2]

 were prepared following literature 

procedures. The polymer [AuC≡CC6H4NH2-4]n
[3]

 was obtained by reaction of 4-

ethynylaniline
[4]

 with AuCl(tht).
[5]

 Other reagents were purchased commercially and used as 

received. NMR spectra were recorded of the appropriate deuterated solvent solutions on a 

Varian VNMRS-600 spectrometer and referenced against solvent resonances. Infrared spectra 

were recorded on a Thermo 6700 spectrometer as Nujol mulls suspended between KBr plates. 

ESI mass spectra were recorded using a TQD mass spectrometer (Waters Ltd, UK) from 1 

mg/mL in analytical grade methanol solutions. ASAP mass spectra were recorded from solid 

aliquots on an LCT Premier XE mass spectrometer (Waters Ltd, UK) or Xevo QToF mass 

spectrometer (Waters Ltd, UK) in which the aliquot is vaporized using hot N2, ionized by a 

corona discharge and carried to the TOF detector (working range 100-1000 m/z). 

Microanalyses were carried out at the Science Centre, London metropolitan University. 
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Preparation of 1. In a 25 mL round bottom flask, chloro(triphenylphosphine)gold (I) (0.102 

g, 0.206 mmol) and  hexyl 4-((4-ethynylphenyl)ethynyl)benzoate (0.069 g, 0.209 mmol) were 

dissolved in THF (10 mL). To that solution, NaOH (1M, 5 mL) was added. The mixture was 

allowed to stir overnight at room temperature. The organic solvent was removed under 

vacuum and the remaining aqueous solution was acidified to pH ~2 by addition of HCl (1M). 

The off-white precipitate was isolated by centrifugation, washed with water (10 mL) and 

acetone (10 mL), and dried under vacuum. Yield 0.098 g, 0.139 mmol, 67.5 %. 
1
H NMR (600 

MHz, DMSO-d6) δ 13.17 (br. s, 1H, a), 7.95 (d, J = 8 Hz, 2H, d), 7.62 (d, J = 8 Hz, 2H, e), 

7.63-7.51 (m, 15H, PPh3), 7.48 (d, J = 8 Hz, 2H, k/j), 7.37 (d, J = 8 Hz, 2H,  k/j). 
13

C{
1
H} 

NMR (151 MHz, DMSO-d6) δ 167.12 (b), 134.35 (d, J = 14 Hz, PPh3), 132.43 (br, PPh3), 

132.12 (k/j), 132.02 (k/j), 131.92 (e), 131.06 (c/f/g), 130.08 (d, J = 11 Hz, PPh3), 130.00 (d), 

129.62 (d, J = 56 Hz, PPh3), 126.98 (c/f/g), 126.46, 120.20, 102.98, 92.39 (m/l/i/h), 90.30 

(c/f/g), (n, not observed). 
31

P{
1
H} NMR (243 MHz, DMSO-d6) δ 41.5 (s, PPh3). IR (nujol): 

3391 cm
-1

 (br) ν(COOH), 2216, 2108 cm
-1

 (w) ν(C≡C), 1682 cm
-1

 (s) ν(C=O). MS
+
 (ASAP) 

(m/z) 705.1 (4, [M+H]
+
), 263.1 (100, [M−AuPPh3+O]

+
).  

 

Preparation of 2. To a suspension of [AuC≡CC6H4NH2-4]n (0.051 g, 0.16 mmol), in CH2Cl2 

(10 mL) 4-methoxyphenyl isocyanide (0.024 g, 0.18 mmol) was added. The mixture was 

stirred at room temperature for 30 minutes. Upon complete dissolution, the mixture was 

concentrated by solvent evaporation (~2 mL) and the desired product was precipitated upon 

addition of hexane. The light-brown powder was collected by filtration, washed thoroughly 

with hexane and ether (2 mL) and dried in air (0.049 g, 0.11 mmol, 69 %). 
1
H NMR (600 

MHz, CDCl3) δ 7.45 (d, J = 9 Hz, 2H, d), 7.29 (d, J = 9 Hz, 2H, k), 6.94 (d, J = 9 Hz, 2H, c), 

6.56 (d, J = 9 Hz, 2H, j), 3.85 (s, 3H, a), 3.70 (s, 2H, m). 
13

C{
1
H}  NMR (151 MHz, CDCl3) δ 
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161.52 (b), 145.50 (g/h/i/l), 133.73 (k), 128.48 (d), 119.03 (g/h/i/l), 116.91 (e), 115.19 (c), 

114.58 (j), 114.21 (g/h/i/l), 104.52 (g/h/i/l), 55.78 (a), (f, not observed). IR (nujol): 3439, 

3354 cm
-1

 (m) ν(NH2), 2214 cm
-1

 (s) ν(N≡C), 2210 cm
-1

 (w) ν(C≡C). MS (ESI)
+
 (m/z) 447.6 

(100, [M+H]
+
). Elemental analysis % calcd. (found): C 43.06 (42.92); H 2.94 (2.94); N 6.28 

(6.39). 

2. Experimental Section 

The films of 1 and 2 were prepared on a Nima Teflon trough with dimensions (720x100) 

mm
2
, which was housed in a constant temperature (201 ºC) clean room. A Wilhelmy paper 

plate pressure sensor was used to measure the surface pressure () of the monolayers. The 

sub-phase was Millipore Milli-Q water, resistivity 18.2 MΩ·cm. A solution of the MOC 1 or 2 

in chloroform (LabScan HPLC grade 99.8%) was delivered from a Hamilton syringe held 

very close to the surface, allowing the surface pressure to return to a value as close as possible 

to zero between each addition. The spreading solvent was allowed to completely evaporate 

from the surface of the sub-phase over a period of at least 20 min before compression of the 

monolayer commenced at a constant sweeping speed of 0.015 nm
2
·molecule

-1
·min

-1
. The 

direct visualization of the monolayer formation at the air/water interface was studied using a 

commercial micro-Brewster angle microscopy (micro-BAM) from KSV-NIMA, having a 

lateral resolution better than 12 μm. 

The solid substrates used for the transferences were cleaned carefully as described 

elsewhere.
[6-7]

 The monolayers were deposited onto glass, mica, quarts, and gold substrates at 

a constant surface pressure by the vertical dipping method (dipping speed 3 mm·min
-1

). 

Quartz Crystal Microbalance (QCM) measurements were carried out using a Stanford 

Research System instrument , with a frequency counter with 0.1 Hz resolution, and employing 

AT-cut, -quartz crystals with a resonant frequency of 5 MHz having circular gold electrodes 

patterned on both sides. Atomic Force Microscopy (AFM) experiments were performed by 
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means of a Multimode 8 AFM system from Veeco, using the tapping mode. The data were 

collected with a silicon cantilever provided by Bruker, with a force constant of 40 mN·m
-1

 and 

operating at a resonant frequency of 300 kHz. The images were collected with a scan rate of 1 

Hz, an amplitude set point lower than 1 V, and in ambient air conditions. UV-vis spectra of 

the LB films were acquired on a Varian Cary 50 spectrophotometer, and recorded using a 

normal incident angle with respect to the film plane. Contact angle experiments were 

performed with a commercial optical tensiometer Theta Lite from Attension.  

X-ray photoelectron spectroscopy (XPS) spectra were acquired on a Kratos AXIS ultra DLD 

spectrometer with a monochromatic Al K X-ray source (1486.6 eV) using a pass energy of 

20 eV. The photoelectron take-off angle was 90º with respect to the sample plane. To provide 

a precise energy calibration, the XPS binding energies were referenced to the C(1s) peak at 

284.6 eV.  

All the conducting-AFM (c-AFM) measurements were performed with a Bruker ICON 

microscope under humidity control, ca. 30%, with a N2 flow, using the Peak Force Tunneling 

AFM (PF-TUNA™) mode, and employing a PF-TUNA™ cantilever from Bruker (coated 

with Pt/Ir 20 nm, ca. 25 nm radius, 0.4 N·m
-1

 spring constant and 70 kHz resonance 

frequency). 

The films of 1 and 2 were prepared on a Nima Teflon trough with dimensions (720x100) 

mm
2
, which was housed in a constant temperature (201 ºC) clean room. A Wilhelmy paper 

plate pressure sensor was used to measure the surface pressure () of the monolayers. The 

sub-phase was Millipore Milli-Q water, resistivity 18.2 MΩ·cm. A solution of the MOC 1 or 2 

in chloroform (LabScan HPLC grade 99.8%) was delivered from a Hamilton syringe held 

very close to the surface, allowing the surface pressure to return to a value as close as possible 

to zero between each addition. The spreading solvent was allowed to completely evaporate 

from the surface of the sub-phase over a period of at least 20 min before compression of the 
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monolayer commenced at a constant sweeping speed of 0.015 nm
2
·molecule

-1
·min

-1
. The 

direct visualization of the monolayer formation at the air/water interface was studied using a 

commercial micro-Brewster angle microscopy (micro-BAM) from KSV-NIMA, having a 

lateral resolution better than 12 µm. 

The solid substrates used for the transferences were cleaned carefully as described 

elsewhere.
[6-7]

 The monolayers were deposited onto glass, mica, and gold substrates at a 

constant surface pressure by the vertical dipping method (dipping speed 3 mm·min
-1

). Quartz 

Crystal Microbalance (QCM) measurements were carried out using a Stanford Research 

System instrument and employing AT-cut, -quartz crystals with a resonant frequency of 5 

MHz having circular gold electrodes patterned on both sides. Atomic Force Microscopy 

(AFM) experiments were performed by means of a Multimode 8 AFM system from Veeco, 

using the tapping mode. The data were collected with a silicon cantilever provided by Bruker, 

with a force constant of 40 mN·m
-1

 and operating at a resonant frequency of 300 kHz. The 

images were collected with a scan rate of 1 Hz, an amplitude set point lower than 1 V, and in 

ambient air conditions. Contact angle experiments were performed with a commercial optical 

tensiometer Theta Lite from Attension. 

X-ray photoelectron spectroscopy (XPS) spectra were acquired on a Kratos AXIS ultra DLD 

spectrometer with a monochromatic Al K X-ray source (1486.6 eV) using a pass energy of 

20 eV. The photoelectron take-off angle was 90º with respect to the sample plane. To provide 

a precise energy calibration, the XPS binding energies were referenced to the C(1s) peak at 

284.6 eV. 

All the conducting-AFM (c-AFM) measurements were performed with a Bruker ICON 

microscope under humidity control, ca. 30%, with a N2 flow, using the Peak Force Tunneling 

AFM (PF-TUNA™) mode, and employing a PF-TUNA™ cantilever from Bruker (coated 

with Pt/Ir 20 nm, ca. 25 nm radius, 0.4 N·m
-1

 spring constant and 70 kHz resonance 

frequency). 
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Fabrication of Langmuir films of 1. The protocol to fabricate true monolayers of 1 at the air-

water interface was carefully designed and tested with the aim of decreasing the molecular 

forces among MOCs which may lead to the formation of three dimensional aggregates, due to 

the ππ, hydrogen bonds, and aurophilic
[8-10]

 intermolecular interactions as described in the 

previous section. Reproducible surface pressure vs. area per molecule, π-A, isotherms were 

obtained together with Brewster Angle Microscopy images that rule out the presence of three 

dimensional aggregates (Figure S1). 

 

Figure S1. Surface pressure vs. area per molecule (-A) of 1 at 20 ºC, and BAM images of 1 

at the air-liquid interface at the indicated surface pressures. The field of view along the x axes 

for the BAM images is 800 m. 


The deposition ratio, τ , was determined by two methods. First, from Equation S1:

[11]
 

τ = S1 / S0                                                                             (S.1)  

where S0 is the geometrical surface of the solid substrate and S1 represents the reduction of the 

surface occupied by the Langmuir film at the air-water interface due to the transference 

process. This equation yields a deposition ratio equal to 1. This transfer ratio was also 

determined by the variation in the resonance frequency of a quartz crystal substrate before and 
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after the deposition of a monomolecular film (Equation 1 in the paper), which also leads to a 

transfer ratio close to 1 and a surface coverage of 5.5·10
-10

 mol·cm
-2

.  

Optimization of the annealing conditions of LB films of 1. The optimum annealing 

conditions for the decomposition of LB films of 1 were studied with the QCM. Figure S2 

shows the change in the frequency of a monomolecular LB film of 1 deposited onto a QCM 

substrate after annealing for the indicated times and the subsequent rinsing and drying 

processes. 
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Figure S2. Frequency change upon the annealing time for a monomolecular LB film of 1 at 

the indicated temperatures. 

 

Langmuir and Langmuir-Blodgett films of 2. Figure S3 shows a reproducible isotherm of 2 

which is characterized by a zero surface pressure in the 2.2-0.4 nm
2
·molecule

-1
 range, 

featuring a lift-off at ca. 0.4 nm
2
·molecule

-1
 followed by a monotonous increase of the surface 

pressure upon compression.  

 

Figure S3. Surface pressure vs. area per molecule (π-A) recorded at 20 ºC. 

 

Langmuir monolayers were transferred onto solid substrates by the vertical dipping method 

onto mica, glass and gold substrates at several surface pressures of transference. During the 

upstroke process the deposition ratio is close to unity (1) for a transference surface pressure 

of 16 mN·m
-1

 (area per molecule of 0.21 nm
2
) calculated using Eq. S.1. This transfer ratio was 

alsodetermined by the variation in the resonance frequency of a quartz crystal substrate before 
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and after the deposition of a monomolecular film (Equation 1 in the paper), which also leads 

to a transfer ratio close to 1 and a surface coverage of 7.5·10
-10

 mol·cm
-2

. This value is in 

excellent agreement with molecular models which predict an area per molecule of 0.21 

nm
2
·molecule

-1
 (Spartan

®
 08 V 1.0.0). 

Optimization of the annealing conditions of 2 
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Figure S4. Frequency change upon the annealing time for a monomolecular LB film of 2 at 

the indicated temperatures.  

 

XPS spectra of the C1s region for 1. Figure S5 shows the XPS spectra of 1 in powder, 

pristine and annealed LB films. The C1s region for the powder shows a peak at 288.6 

attributable to the carboxylic acid group,
[12-14]

 while the pristine and the annealed LB films 

show a peak at 287.1 eV attributable to the carboxylate group.
[15-16]

 These results seem to 

indicate that after annealing the carboxylate group remains attached to the glass surface of the 

substrate.  
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Figure S5. XPS spectra of C1s photoelectrons of 1 in powder, assembled in a pristine 

monomolecular film transferred at 10 mN·m
-1

 and after annealing at 150 ºC for 2 hours.  

 

XPS spectra of the Au4f region for 2. Figure S6 shows the XPS spectra of 2 in powder, 

pristine and annealed LB films. The Au4f region for the film after the annealing process 

shows two peaks at 84.1 and 87.8 eV, attributable to Au(0) 
[17-19]

 whilst the XPS-spectrum of 

the powder exhibits two intense peaks at 85.3 y 88.8 eV, attributable to Au4f5/2 and Au4f7/2 in 

Au(I).
[20-21]

 The spectrum of pristine 2 LB films also shows a doublet for the gold peak 
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practically in the same position as the powder spectrum, indicating that the reduction of gold 

only takes place after the annealing process. 

 

Figure S6. XPS spectra of Au4f photoelectrons of 2 in powder, assembled in a pristine 

monomolecular film transferred at 16 mN·m
-1

 and after annealing at 100 ºC for 2 hours.  
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XPS spectra of the N1s region for 2.  

 

Figure S7. XPS spectra of N1s photoelectrons of 2 in powder, assembled in a pristine 

monomolecular film transferred at 16 mN·m
-1

 and after annealing at 100 ºC for 2 hours.  
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UV-vis of pristine and annealed films of 2 

 

Figure S8. UV-vis spectra of pristine and annealed LB films of 2. The profile of the two 

spectra is similar with the annealing film exhibiting the characteristic tolane band and the gold 

plasmon band. 

 

AFM images at several annealing times 

 

Figure S9. AFM images of 2 LB films recorded after the indicated annealing times. Both the 

diameter and height of the gold nanoislands increase upon increasing annealing times. The 

images are 3x3 m
2
 and 5 nm in height. 

 

Conducting-AFM measurements for 1. A similar study to the one reported in the paper for 

compound 2 was also performed on annealed LB films of 1 to determine the electrical 

properties of the sandwiched metal|monolayer|GNIs structures fabricated for this compound. 

Inset of Figure S10 shows an AFM image of a LB film of 1 after annealing at 150 ºC for 2 

hours using a set-point force of 1.5 nN where three gold nanoislands labelled as GNI1, GNI2, 

and GNI3 are clearly visible. When the applied set-point force was in the 1.5 to 17 nN range, 
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the section analysis shows practically constant heights of 9.1, 8.9 and 7.5 nm for GNI1, GNI2, 

and GNI3, respectively revealing that in this set-point force range no deformation or damage 

of the monolayer occurs, Figure S10. Nevertheless, if the set-point force is between 17 and 43 

nN a continuous deformation of the monolayer takes place since the section analysis shows 

heights of 9.0, 8.9 and 7.4 nm (at 17 nN) to 8.0, 7.7 and 6.2 nm (at 43nN) for GNI1, GNI2 

and GNI3 respectively. If the set-point force is turned to low values, e.g. to 8.5 nN, the section 

analysis of these GNIs shows heights of 9.0, 8.8 and 7.3 nm which indicates that the 

deformation produced in the monolayer after applying a high set-point force (43 nN) is 

reversible and does not induce damage in the organic layer. After this study the I-V curves 

were recorded for all range of the set-point forces used. When a set-point force used was 1.5 

or 3.5 nN no current was detected. Meanwhile for a set-point force between 3.5 and 17 nN the 

I-V curves show low conductance suggesting that when low set-point forces are used to record 

the I-V curves the contact between the tip and the GNI is poor. Nevertheless, when a set-point 

force of 26 nN is used to record the I-V curves, the curves show a significant conductance 

revealing that for this set-point force the contact between the tip and the GNI is good without 

damaging the monolayer. 

 

Figure S10. Height of GNIs determined with the c-AFM at the indicated set-point forces 

together with the average conductance values measured locating the tip of the c-AFM on the 



31 

 

indicated GNIs. The inset top left image shows a representative example of a 400 x 400 nm
2
 

image where GNIs can be clearly distinguished and was used to position the c-AFM tip onto 

the GNIs. The inset top right cartoon shows a scheme of the c-AFM tip in contact with a GNI 

for the measurement of the electrical properties of the sandwiched metal|monolayer|GNI 

structures. 

 

Figure S11 shows representative I-V curves of the three distinct families of curves obtained 

for the metal|organic monolayer of 1|GNIs sandwich structures recorded when the c-AFM tip 

was positioned on top of the GNIs at a set-point force of 35 nN. A widely applied tunnelling 

model that can be used for comparison with the experimental I-V data is the Simmons 

model.
[22]

 In this model, the current I is given by: 
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              (S.2) 

where V is the applied potential, A is the contact area (0.33 nm
2
 according to the isotherm 

shown in Figure 1 at the surface pressure of transference, 10 mN·m
-1

), s is the width of the 

tunnelling barrier which was assumed to be the distance between the end group (carboxylic 

acid) and the GNI (0.88 nm),  is the effective barrier height of the tunnelling junction 

(relative to the Fermi level of the Au),  is related to the effective mass of the tunnelling 

electron and m and e represent the mass and the charge of an electron, respectively. To fit the 

I-V data in Figure S11,  and  are the fit parameters. The curves shown in Figure S11 fit in 

good agreement with the Simmons model
[22]

 revealing that the mechanism of transport 

through these metal|organic monolayer of 1|GNI sandwich structures is also non-resonant 

tunneling.  
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Figure S11. Representative I-V curves obtained by positioning the c-AFM tip on top of the 

GNIs when a set-point force of 35 nN was applied (black line) and fitting according to the 

Simmons equation (red line): (a) =0.69 eV, =0.78; (b) =0.74 eV, =0.57; and (c) =0.66 

eV, =0.65. 

 

A conductance histogram built by adding all the experimental data from -0.45 to 0.45 

V (the ohmic region) for each I-V curve obtained (320 curves) reveals that the most 

representative I-V curve of all these curves is curve a, whose conductance correlates to the 

main peak of conductance in the histogram (Figure S12). As for 2, all the measured curves 

both over GNIs and over the organic monolayer (places where there are not GNIs) show a 

shape commonly observed for metal-molecule-metal junctions, with a linear section only at 

relatively low bias voltages and increasing curve gradients at higher bias. In addition, only 

curves with this behavior were observed and no low resistance traces characteristic of metallic 

short circuits were obtained over a wide range of set-point forces which rule out the presence 

of short-circuits.  

 

Figure S12. Conductance histogram built by adding all the experimental data from-0.45 to 

0.45 V for each I-V curve obtained (ca. 320 curves). 

 

Conducting-AFM measurements for 2. All the representative I-V curves shown in Figure 

S13 for metal|monolayer|GNI junctions indicate that the mechanism of transport is non-

resonant tunnelling. A good agreement between the data and the model is obtained with  = 
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0.69 eV and  = 0.78 for curve a; =0.67 eV and =0.83 for curve b; =0.75 eV and =0.86 

for curve c; and =0.64 eV and =0.69 for curve d. 

 

Figure S13. I-V curves obtained by positioning the c-AFM tip on top of the GNIs when a set-

point force of 35 nN was applied. The four curves shown are representative of the distinct 

families obtained (black line) and fitting according to the Simmons equation (red line): (a) 

=0.69 eV, =0.78; (b) =0.67 eV, =0.83; (c) =0.75 eV, =0.86, (d) =0.64 eV, =0.69. 

A is 0.21 nm
2
 according to the isotherm shown in Figure S3 at the surface pressure of 

transference, 16 mN·m
-1

, and, s, the width of the tunnelling barrier, was assumed to be the 

distance between the end group (amine) and the GNI, i.e. 1.66 nm. 
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Figure S14. Representative I-V curves obtained by positioning the c-AFM tip onto a 2 

monomolecular LB film deposited onto a gold substrate when a set-point force of 3.5 (black), 

8.75 (red) and 17.5 nN (blue) was applied. The shape of these curves with a linear section 

only at relatively low bias voltages and increasing curve gradients at higher bias are 

characteristics of metal-molecule-metal junctions and rule out the presence of short-circuits. 

Damage on the LB film is produced when higher set-point forces are applied. 
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