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Ultrathin metal nanowires are ultimately analytical tools that can be used to survey the interfacial 
properties of the functional groups of organic molecules immobilized on nanoelectrodes. The high ratio of 
surface to bulk atoms makes such ultrathin nanowires extremely electrically sensitive to adsorbates and 
their charge and/or polarity, although little is known about the nature of surface chemistry interactions on 10 

metallic ultrathin nanowires. Here we report the first studies about the effect of functional groups of 
short-chain alkanethiol molecules on the electrical resistance of ultrathin gold nanowires. We fabricated 
ultrathin nanowire electrical sensors based on chemiresistors using conventional microfabrication 
techniques, so that the contact areas were passivated to leave only the surface of the nanowires exposed to 
the environment. By immobilizing alkanethiol molecules with head groups such as –CH3, –NH2 and –15 

COOH on gold nanowires, we examined how the charge proximity due to protonation/deprotonation of 
the functional groups affects the resistance of the sensors. Electrical measurements in air and in water 
only indicate that beyond the gold-sulfur moiety interactions, the interfacial charge due to the acid-base 
chemistry of the functional groups of the molecules has a significant impact on the electrical resistance of 
the wires. Our data demonstrate that the degree of dissociation of the corresponding functional groups 20 

plays a major role in enhancing the surface-sensitive resistivity of the nanowires. These results stress the 
importance of recognizing the effect of protonation/deprotonation of the surface chemistry on the 
resulting electrical sensitivity of ultrathin metal nanowires and the applicability of such sensors for 
studying interfacial properties using electrodes of comparable size to the electrochemical double layer. 

1 Introduction 25 

Chemical sensing based on the conductance change of one-
dimensional (1D) nanostructures such as nanowires (NWs) and/or 
nanotubes (NTs) is a highly innovative and application-oriented 
field of research, since it promises rapid, label-free and highly 
sensitive detection by this new and powerful class of sensors.1-5 30 

To date, significant progress has been achieved in the 
development of 1D sensors based on carbon nanotubes and 
silicon NW transistors.6,7 Although less frequently exploited as 
sensing nanostructures, devices based on noble metal NWs are 
also very interesting for NW-based sensors due to the sensitive 35 

change in charge transport and electrochemical properties caused 
by surface adsorbates.8-10 Hence, when the diameter of NWs 
approaches a few nanometers (ultrathin nanowires), the 
adsorption of a small number of molecules on the surface of the 
NWs significantly increases electrical resistance. This allows 40 

minute concentrations of a specific analyte to be probed, which 
can even approach the single-molecule level.  
Previous studies of metallic NWs applied as chemiresistors have 
demonstrated different device configuration and mechanisms of  

sensing. For instance, the pioneering work by Tao et al. 45 

introduced atomically thin metal wires, in which the conductance 
is quantized and strongly influenced by the interaction strength of 
molecules adsorbed on their surface. 11-14 The sensing response in 
this case, i.e., the conductance change upon molecule adsorption, 
is attributed to atomic rearrangements and the mechanical 50 

stability of quantum wires. Bohn and co-workers succeeded in 
fabricating gold nanowires (AuNWs) either by electron beam 
lithography or focused ion beam (FIB) milling.15 They found that 
due to the reduced grain size and lattice damage caused by the ion 
milling process, NWs produced by FIB exhibit a lower 55 

sensitivity. Other groups have also developed chemiresistors 
based on metal NWs and NTs fabricated by nanoskiving, 
electrodeposition and atomic force microscopy nanoscratching 
followed by metal coating.16-19 Although these approaches have 
provided fundamental insights into mechanisms of sensing 60 

resistance changes, apart from the work of Tao’s group, in all 
other cases the sensor performance is limited by the 
polycrystalline nature and thus by grain boundary effects. 
Therefore single-crystalline metal NWs would be highly 
desirable building blocks for advanced chemiresistors, both from 65 

the scientific as well as from the technological point of view.  
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More recently, the synthesis of single-crystalline ultrathin Au 
NWs presenting diameters of around 2 nm and lengths of several 
micrometers was reported.20-25 The diameters of such nanowires 
approach those of molecules and their aspect ratio 
(length/diameter) is extraordinarily high enabling them to be 5 

contacted by microstructured electrodes. Similarly to the 
advances made in the knowledge of the interfacial chemistry of 
devices based on silicon nanowires and carbon nanotubes, it is 
thus expected that significant progress can also be made in the 
field by applying such NWs as chemiresistors.26-30 Since long 10 

ultrathin metal NWs are almost completely composed of surface 
atoms and their surface topography and roughness differs 
significantly from polycrystalline nanowires, a comprehensive 
study of the surface chemistry and interfacial charge of adsorbed 
molecules is central for understanding surface sensitive resistivity 15 

at the nanowire-liquid interface and will provide unique 
information for sensing mechanisms. 

Here, we describe the fabrication of chemiresistors using ultrathin 
single-crystalline Au NWs. These AuNWs are contacted by 
means of photolithography, whereas the contact areas were 20 

protected in order to avoid effects arising from adsorption at the 
contacts. This allows us to restrict the monitoring of the sensor 
response to the nanowire surface exposed to the liquid phase. By 
applying short-chain alkanethiol molecules with different 
functional groups in air and in water, we systematically studied 25 

the molecular sensing properties. In particular, we evaluated the 
effect of the protonation/deprotonation of the head groups of 
immobilized molecules in close proximity to the metal on the 
surface sensitive resistivity of the NWs. Our results show that 
besides the Au-binding moiety of the molecules, their interfacial 30 

charge due to acid/base dissociation in solution has a significant 
impact on the electrical resistance of the wires, which may 
dramatically enhance this effect, depending on the chemical 
functionality. As a result, these investigations demonstrate the 
influence of the acid-base properties of immobilized molecules 35 

on the electrical sensitivity of ultrathin AuNWs, thus highlighting 
the importance of the protonation/deprotonation equilibrium of 
the surface chemistry when designing new sensors based on such 
wires.  
 40 

2 Experimental 

 

2.1 Synthesis of Nanowires 

The chemicals employed in the synthesis were all purchased from 
Sigma-Aldrich and were used as received. The ultrathin Au NWs 45 

were produced employing a synthesis methodology described 
elsewhere.25 In brief, AuCl (7.4 mg) was dissolved in a round-
bottom flask using oleylamine (10 mL) and hexane (1 mL) and 
the reaction was left to rest without agitation at room temperature 
for 24 h. The solution was then heated to 80 °C for 6 h, and O2 50 

(99.998% from Praxair) was bubbled into the solution during this 
period. Upon completion of the reaction, the Au NWs were 
precipitated out with ethanol (~5 mL), followed by centrifugation 
(12000 rpm, 20 min). Finally, the supernatant was removed and 
the precipitate containing the NWs was dispersed in hexane. This 55 

centrifugation step was repeated three times.  

2.2 Electron Microscopy Analysis 

Transmission electron microscopy (TEM) analyses were carried 
out with an FEI CM20 and an FEI Technai F20 transmission 
electron microscope, both operated at 200 kV. The samples were 60 

prepared by drop casting a solution of the nanowires dispersed in 
hexane over copper grids coated with Formvar and carbon film 
(Plano GmbH). Scanning electron microscopy (SEM) images 
were obtained using a field-emission SEM JEOL JSM 6330F.  
 65 

2.3 Device Fabrication  

The electrodes designed to contact the Au NWs were fabricated 
using a conventional photolithography process. Briefly, the 
photoresist AZ 5214 was spun at 4000 rpm over a silicon 
substrate with 400 nm thermal SiO2 on the surface. A 70 

photolithography step where the substrates were exposed to the 
UV-vis light (365 nm) for 6 s was then performed. Afterwards, a 
post-bake process at 130 °C for 75 s, followed by the 
development of the photoresist for 50 s in the metal-ion-free 326 
(MIF 326) solution, was carried out. This opened the lanes to 75 

deposit the metal electrodes and the contact pads. The devices 
were fabricated by depositing 10 nm of Ti and 100 nm of Au by 
electron beam evaporation and a lift-off process in acetone was 
then performed to remove the photoresist (Figure 2A). The 
distance between the electrodes was 3 µm.   80 

 

2.4 Fluid-Directed Assembly of Au NWs on the Device 

In order to electrically characterize the NWs they had to be 
assembled over at least two electrodes previously fabricated by 
photolithography. To accomplish this, we employed a solution of 85 

Au NWs (~1 mg/mL) dispersed in hexane and exposed it to ultra-
sound for about 10-15 s. In the next step, ~ 20 µL of the ultra-
sonicated solution was passed inside a poly(dimethylsiloxane) 
(PDMS) microfluidic channel previously aligned over the metal 
leads (Figure 2B). Due to the shear and normal forces acting 90 

during the flow process, the NWs were then aligned in the flow 
direction and immobilized via the van der Waals interaction 
between the electrodes (Figure 2C). As the PDMS mold is not 
covalently sealed through -O-Si-O- bonds on the substrate, it 
allows the microfluidic channel to be removed after each set of 95 

experiments and reused for the same or other substrates. 
 

2.5 Passivation of Au NW Devices  

After deposition of the Au NWs, the passivation of the metallic 
electrodes was performed by covering the whole surface with a 100 

layer of about 220 nm of PMMA (polymethyl methacrylate) 600 
K, which was spun at 4000 rpm. The areas of the contact pads 
between the pair of electrodes containing the NWs were then 
patterned by electron-beam lithography using a dose of 300 
µC/cm2. The PMMA was developed for 1 min using the PMMA 105 

developer 600-55 K, followed by submersion of the sample in 
iso-propanol for 30 s and drying in nitrogen (N2). This step 
generated channels (grooves) between the pair of electrodes, 
leaving the surface of the assembled NWs exposed to the 
environment (Figure 2D). Additionally, the removal of PMMA 110 

from the contact pads allowed them to be electrically contacted 
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by external sources.  
 

2.6 Current–Voltage Measurements  

The assembled nanowires were electrically characterized by a 
Keithley semiconductor analyzer (model 4200 SCS). The leads 5 

were electrically contacted through the bond pads using tungsten 
needles. The main electrical characterization was based on a two-
point probe measurement, where DC voltages were applied and 
the resulting current was measured, i.e. current-voltage (I–V) 
measurements (DC bias). The resistance of the NWs was then 10 

calculated from the I–V curves.  
 

2.7 Surface Modification of Au NW Devices with Alkanethiols 

The surface of Au NWs was modified with three different kinds 
of alkanethiol molecules, i. e., 1-mercapto-propane (thiolpropane, 15 

TP), mercapto-propionic acid (MPA) and cysteamine (CA). All 
the alkanethiols were purchased from Sigma-Aldrich and had a 
purity > 98.0%. Solutions with different concentrations of the 
respective alkanethiols were prepared in absolute ethanol 
(Merck). The surface modification of Au NWs was performed by 20 

exposing the central area of the devices to the alkanethiol 
solutions for 10 min. Afterwards, the devices were first washed 
with absolute ethanol and then rinsed with Milli-Q water and 
dried with a stream of Ar. The electrical characterization of the 
modified Au NWs was also carried out using the Keithley 25 

semiconductor analyzer (model 4200 SCS). I–V measurements 
were made in air and also with the surface of the devices covered 
with a drop (~ 150 µL) of Milli-Q water 18 MΩ, pH 6.7.  
 

2.8 Zeta Potential Measurements 30 

Zeta potential measurements were carried out in order to estimate 
the surface potential generated by the adsorption of such 
alkanethiol molecules on nanowires. In doing so, Au NWs 
dispersed in hexane were centrifuged for 15 min at 20000 rpm. 
Afterwards, the supernatant was removed and 10 mmol L-1 of 35 

alkanethiol solution prepared in absolute ethanol was added to the 
NWs precipitated in the bottom of the flask. After 10 min the 
alkanethiol solution was removed and the wires were washed 
twice with pure Milli-Q water before zeta potential 
measurements. A Malvern ZetaSizer 4 equipped with a LaserZee 40 

Meter (Pen Kem Model 501) was then used for the zeta potential 
measurements. For each sample, 5 independent measurements 
were performed. All data were recorded at 20 °C. 
 

3 Results and Discussion 45 

Figure 1 shows the transmission electron micrograph of a 
representative parallel array of co-synthesized NWs. The NWs 
exhibit a mean diameter of about 2 nm and can be several 
micrometers long, which means that their aspect ratios may be as 
high as several thousands. Gold nanoparticles and a few thicker 50 

NWs co-produced during the synthesis can also be seen in the 
micrograph. 
We note that unlike other ultrathin NWs, which are unstable in 
environmental conditions, these Au wires persist for several  

 55 

 
 
 
 
 60 

 
 
 
 
 65 

 
 
 
Fig. 1 Transmission electron micrograph of the ultrathin Au NWs 

(indicated by the arrows). 70 

 
months in solution. Specifically, the ultrathin NWs can be stored 
and well dispersed in hydrophobic organic solvents of linear alkyl 
chains such as hexane.  
To configure the ultrathin Au NWs as chemiresistors, they have 75 

to be electrically contacted at the ends by means of two 
electrodes. The basic steps for fabricating these devices are 
described in the experimental section and shown in Figure 2.  
 
 80 

 
 
 
 
 85 

 
 
 
 
 90 

Fig. 2 Schematic of the basic steps for fabricating the chemiresistors 

including: A) thermal oxidation of the Si substrate followed by a 

conventional photolithography step and Ti/Au (10/100 nm) metal 

deposition and lift-off process. B) A PDMS mold containing a 

microchannel is aligned and brought into contact with the surface of the 95 

substrate where the Au electrodes were previously fabricated. C) The 

NWs are assembled between the pair of Au electrodes by passing a NW 

suspension inside the microchannel. D) Passivation of the contact areas of 

the devices by depositing and patterning a PMMA layer employing 

electron-beam lithography. This final step left only the surface of the 100 

NWs exposed to the environment. 

 

Before surface modification of NWs with different alkanethiols, 
the co-produced devices were characterized by current versus 
voltage (I–V) measurements in air. Figure 3A shows an SEM 105 

image of a bundle of Au NW devices passivated with PMMA, 
while Figure 3B displays its I–V curve exhibiting linear behavior. 
The calculated resistance from the least squares method for this 
device was 6.7 MΩ. As a whole, the electrical resistance of more 
than 60 Au NW devices was around 1 – 10 MΩ, with a 110 

predominance of wires having a resistance of 1.3 MΩ (inset 
Figure 3B). 
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 5 

 
 
 
Fig. 3 A) Scanning electron microscopy image of a typical Au NW 

chemiresistor. The NWs were assembled over a pair of electrodes 10 

passivated with PMMA. B) Current vs voltage of a Au NW device with 

an electrical resistance of ≈ 6.7 MΩ. The inset at the bottom right shows a 

histogram of electrical resistance values of 65 NW devices. 

 
This range of variation in the resistance of the devices can be 15 

partially associated with a variance in the number of nanowires 
on the bundle assembled between the electrodes. In average the 
bundles contacting the electrodes were composed by about 20-30 
Au NWs. It is important to recognize that single Au NW devices 
can be produced by reducing the concentration of nanowires in 20 

the dispersion that is flow over the metal electrodes using the 
microfluidic channel (data not shown). The measured resistances 
of the devices are comparable to the results obtained by Chandni 
et al., who also fabricated devices based on ultrathin Au NWs 
synthesized in a similar manner to the NWs produced in this 25 

work.31  
This relatively high resistance is primarily attributed to the 
contact resistance between NWs and electrodes, as already 
observed in our previous investigation.32 Also, it is important to 
take into account the fact that the nanowires exhibit diameters 30 

smaller than the mean free path of the conduction electrons (for 
Au, ≈ 80 nm).33 Thus it can be expected that the effects of surface 
scattering additionally contribute to the high resistivity observed. 
These results highlight the importance of passivating the contact 
areas to leave only the surface of the NWs exposed to the 35 

environment.  
 In order to understand the effect of surface chemistry on the 
electrical properties of the Au NWs, we immobilized alkanethiol 
molecules with different functional groups on their surface and 
measured the corresponding electrical characteristics in air and 40 

aqueous media. The molecules immobilized on Au NWs were 
thiolpropane, cysteamine and mercapto-propionic acid (Figure 
4A). The choice of these molecules was firstly based on the 
thermodynamically favorable covalent interaction of the thiol 
functional group with Au and consequent formation of self-45 

assembled monolayers (SAMs) on its surface.34 Secondly, their 
short and similar lengths in the range of 4–8 Å create a barrier 
where the aqueous double layer forms.35,36 Thirdly, the charge of 
their functional groups is favorable when the molecules are in 
aqueous media near pH 7.0. In this case, the immobilization of 50 

MPA molecules on Au NWs could generate a net of negative 
charges due to the deprotonation of their carboxyl groups, while 
on the other hand CA could yield a positively charged surface 
due to protonation of their primary amine groups and TP would 
serve as a non-charged or neutral molecule (Figure 4A). Our key 55 

concept in these experiments was to observe the effect of the  
 
 

 
 60 

 
 
 
 
 65 

 
 
 
 
 70 

 
 
 
 
 75 

 
Fig. 4 A) Chemical structure of the alkanethiol molecules immobilized on 

Au NWs and their corresponding expected ionization state in aqueous 

solution with pH near 7. B) Schematic illustrating the Au 

NW/SAM/aqueous interfacial region. 80 

 
metal surface potential on the acid-base chemistry of the 
functional groups of the molecules, which form a plane of 
dissociation on the boundary with the diffuse aqueous double 
layer (Figure 4B). The protonatable head groups of the molecules 85 

are 5-6 Å beyond the NW surface and hence the metal surface 
can experience the interfacial electric field strength provided by 
the charges of the ionized groups and the functional groups of the 
molecules can sample the electric field strength from the applied 
potential in the NWs. 90 

  The responses (I –V curves) in air and in water of three 
representative Au NW devices before and after their modification 
with different concentrations of TP, MPA and CA are given in 
Figures 5A-F, respectively. 
The measured curves show some common general aspects. First, 95 

in all cases the NW devices presented a systematic increase in the 
electrical resistance with increasing concentration of the 
alkanethiol solution. This effect was observed even when 
concentrations as low as 10 µmol L-1 were employed and 
indicates the binding of the respective thiol molecules on the 100 

surface of Au NWs. Second, most of the I–V curves from the 
measured devices presented a transition from linear to quasi-
linear when alkanethiols were immobilized on the NW surface. 
Third, the curves measured in aqueous solution exhibited 
hysteresis and the hysteresis effect was more pronounced on 105 

those NW devices where MPA was immobilized. We will start by 
discussing the increase in the electrical resistance of the NWs 
upon adsorption of alkanethiols. A summary of the results for 
variations in the electrical resistance of the NWs before and after 
immobilization of the molecules shown in Figures 5A-F is 110 

presented in Table 1. These results are based on measurements 
that were carried out in different devices and expressed in terms 
of relative variation before and after their chemical 
functionalization, thus compensating the error due to variations in 
the intrinsic electrical resistance of the devices. The data of the 115 

measurements in air demonstrate an increase in concentration-  
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 10 

 
 
 
 
 15 

 
 
 
 
 20 

 

Fig. 5 Electrical characteristics in air (Figs. A, B and C) and in aqueous 

solution (Figs. D, E and F) of Au NW devices before and after their 

surface modification with variable concentrations of thiolpropane (A and 

D), mercapto-propionic acid (B and E) and cysteamine (C and F), 25 

respectively. All the curves were recorded in a sweeping mode. The upper 

left insets in Figures D, E and F show a zoom of the I – V behavior near 0 

V of the Au NW devices measured in water before and after their surface 

modification with 10 µmol L-1 of the respective organothiol. 

 30 

dependent resistance behavior with a notable increase of more 
than 30% in the resistance of the NWs when the devices were 
exposed to only 10 µmol L-1 of TP, MPA and CA. Additionally, a 
remarkable change of over 100% in the resistance of the NWs 
was observed when 10 mmol L-1 of the respective organothiols 35 

was employed. In comparison, the data of the measurements with 
the devices submerged in water show that the increase of the NW 
resistance in all the applied concentrations of thiols was 
substantially higher than that measured in air. In the case of NWs 
exposed to 10 mmol L-1 of MPA and CA, the resistance increased 40 

a few hundred-fold. We attributed this increase in the resistance 
of the wires to the thiol binding rather than to the growth of oxide 
layers on their surface during the measurements in aqueous 
media. This hypothesis was verified by measuring the same 
resistance of the wires in air before and after recording their I–V 45 

curves in water (Figure S1, supporting information). Thus, these 
results readily demonstrate the high sensitivity of the wires to 
small thiol adsorbates in both dry and wet conditions. 
The change in the resistance of ultrathin metal NWs can be 
understood in a similar way for ultrathin metal films. In the case 50 

of nanowires, especially those that are ultrathin, most of atoms 
are on the surface and as the lateral dimensions of the NWs are 
much smaller than the mean free path of conduction electrons, 
and their surface contributes significantly to the electron 
scattering and to the NW resistance. This means that the 55 

adsorption or the binding of molecules to the surface of such 
NWs can drastically affect the conduction electrons, increasing 
their diffuse scattering and consequently also the electrical  

Table 1. Variation in electrical resistance (∆R/R) of Au NW devices 

measured in air after exposure to alkanethiol solutions with different 60 

concentrations. The values of ∆R were calculated from the expression 

∆R/R = (Rmea-Rbi/Rbi) x 100, where Rbi and Rmea are the resistance of NWs 

before and after immobilization of alkanethiol molecules, respectively. 

The variations in the values of ∆R/R correspond to the standard deviation 

of the mean with n=3 measurements from different devices.  65 

 

 

 

 

 70 

 
 
 
 
 75 

 
 
resistance of the wires, as was observed in Figure 5A-F. The 
covalent binding and/or the physical adsorption of chemical 
species on the surface of the NWs is also considered to be the 80 

main cause of the transition of the I – V curves of the devices 
from linear to quasi-linear. This effect was observed in the 
measured curves irrespective of the alkanethiol molecule 
employed and it was also seen during measurements with 
solutions of NaCl in the absence of organothiols adsorbed on the 85 

NWs (Figure S2, supporting information). This indicates that the 
phenomenon is a general aspect for adsorbates that strongly 
interact on Au surfaces (Cl- ions in the case of NaCl and S-moiety 
in the case of alkanethiols). Previous experimental and theoretical 
research indicated that the adsorption and diffusion of impurities 90 

from the air into the subsurfaces of polycrystalline Au NWs can 
strongly affect the linear electrical behavior of NWs.37,38 Since 
NWs with diameters of 2 nm have an extremely large surface area 
to volume ratio and the thiol moieties of the organothiols can 
interact strongly with Au NW surfaces, it is believed that the 95 

interaction and diffusion of these thiol moieties into subsurfaces 
of NWs can drastically increase electron scattering at the surface 
and thus cause the quasi-linear behavior observed in the I – V 
curves.       
These effects were first described more than 50 years ago by 100 

Fuchs and Sondheimer for thin metal films and a more complete 
model was developed in the nineties by Persson.33,39,40 Persson’s 
model indicates that the diffuse scattering of carriers on surfaces 
is strongly related to the adsorbate-metal electronic interaction. 
That is to say, the increase in the adsorbate density of states at the 105 

Fermi energy level of Au leads to an increase in the resistance of 
the metal surface. This is an important feature when considering 
the electronic interactions between adsorbates and metals, since it 
implies that the driving force changing the resistance of the metal 
is mainly dominated by the HOMO-LUMO interaction resulting 110 

from the metal-adsorbate binding moiety.40,41 Hence, Persson’s 
model predicts that for sensors based on metal NWs, the 
resistance change is independent of the chain length or functional 
groups of the adsorbate that do not interact directly with the 
orbitals near the HOMO-LUMO gap. This effect was identified in 115 

X-ray photoelectron spectroscopy experiments, showing that the 
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energy binding of the thiol moiety from different thiolate 
molecules on Au surface was the same.42 Additionally, Bohn’s 
group demonstrated through a series of experiments employing 
alkanethiols with different lengths that the change in resistivity 
due to adsorption of molecules on ultrathin films of Au was 5 

independent of the length of the molecules.43,44  
 These observations help to explain the increase in the 
resistance of the NWs when the thiols bind on their surface, but it 
is clear that the environment in which the measurements are 
carried out also plays an important role as an additional source of 10 

electron scattering on the NW surface. Therefore, in the 
following we consider the resistance changes of the nanowires in 
solutions. The I–V characteristics of chemically modified NWs 
are very different in water-based measurements in comparison 
with air measurements and this must be influenced by the acid-15 

base properties of the functional groups of the molecules 
immobilized on Au NWs. This observation is supported by the 
fact that all the measurements in water were performed in the 
absence of electrolytes, thus minimizing the contribution of 
electron transfer processes or dipole interactions from the 20 

adsorption of ions such as Na+, K+ or Cl- on the NW surface. 
Control experiments in water show that the resistance of 
unmodified NWs is increased by about 5% in comparison to the 
resistance of the wires in air. In addition, no hysteresis effect was 
observed in the I–V curves of the NWs before their chemical 25 

modification. On the other hand, as already pointed out, the 
measured I–V curves of chemically modified NWs exhibited an 
interactive effect of surface chemistry and hysteresis. The top left 
inserts in Figures 5D-F show the zoomed I – V curves near 0 V of 
the Au NW devices modified with 10 µmol L-1 of TP, CA and 30 

MPA in comparison with their non-modified surface. Clearly, the 
hysteresis effect on the voltage scale is more pronounced on NW 
surfaces modified with MPA, which exhibited a voltage 
hysteresis width in the voltage range between forward and 
backward sweeps when the current was 0 A, of 75 mV in 35 

comparison to 20.1 mV and 15.7 mV presented by TP and CA, 
respectively. In addition, in all the three cases the I−V curves 
showed reproducible hysteresis at both positive and negative bias.  
A significant dependence of this hysteretic behaviour on the 
MPA concentration employed was also observed, with higher 40 

concentrations of MPA such as 10 mM L-1 producing hysteresis 
width near 0 V as large as 281 mV.  On the other hand, the 
magnitude of the hysteresis of the devices functionalized with TP 
and CA showed a less pronounced concentration-dependence 
increase, with a maximum hysteresis width near 0 V of 47 mV 45 

and 42 mV when the devices were functionalized with 10 mM L-1 
of TP and CA, respectively.  
The observed hysteresis is associated with the charge in the 
functional groups of immobilized molecules and the existence of 
an environment reorganization process coupled to charge 50 

transport due to the electric-field-induced migration of mobile 
ions.  
Indeed, besides the charges of the amine and carboxyl groups, the 
hydration of the substrate (SiO2) and the NWs leads to the 
adsorption of surface charge traps around the NW surface. In fact, 55 

hysteresis due to charge trapping by water molecules in the 
electrical characteristics of other unidimensional nanomaterials 
such as carbon nanotubes, silicon and germanium nanowires has 

been previously reported.45-47 In our case, a possible mechanism 
relies in the fact that before biasing the NW devices, the water 60 

molecules close to the self-assembled monolayers form an 
oriented dipole layer, in which their orientation and alignment is 
dependent on the surface chemistry/thiol functional group (Figure 
6).48,49 In the case of MPA and CA, the water molecules 
(including water charge traps) can interact and align themselves 65 

through dipole-dipole interactions with the carboxyl (Figure 6A) 
and the amine (Figure 6B) functional groups, respectively. In the 
absence of an externally applied electric field, these surface-
orientated water molecules help to counter balance the charge of 
the fraction of carboxyl and amine groups that are ionized.  70 

Meanwhile, in the case of TP, which does not have a polar 
functional group exposed to the surface, the water molecules 
close to the self-assembled monolayer may adopt a randomly 
orientated structure. 
  75 

 
 
 
 
 80 

 
 
 
 
 85 

 
 
Fig. 6 Schematic illustration of the dependence of the orientation and 

alignment (based on dipole moment) of water molecules close to the self-

assembled monolayers of A) MPA and B) CA as a function of their 90 

surface chemistry. The hydrogen atoms are represented by the white balls, 

while oxygen and nitrogen atoms are the red and blue balls, respectively. 

The cyan balls represent the sulfur moiety of the molecules binding to Au 

(yellow hemispheres). 

 95 

With the application of a bias voltage sweep (V: ˗Vmax → +Vmax 

→ ˗Vmax), the resulting interfacial applied electric field influences 
the protonation/deprotonation of the functional groups of the 
immobilized alkanethiols and also the arrangement of the water 
molecules and trap states close to the surface.49 For MPA, when 100 

the applied potential is negative, the deprotonated (−COO˗) 
fraction of the carboxyl groups decreases because the local 
activity of protons increases at the interface, as described by the 
Poisson-Boltzmann equation for the activity of ions at a charged 
interface50 105 

 
	�������	
� �	��
�� 	exp	�� ��Ψ� ���⁄                               (Eq. 1) 
 
where z is the charge of the ion and Ψs is the surface potential. In 
the case of protons, this relation predicts a change in the 110 

interfacial pH, where at more negative potentials the interfacial 
pH is lowered and the fraction of carboxylate anions decreases 
because of increased protonation. For CA, the more negative 
applied potentials can increase the rate of protonated primary 
amine groups. The sweeping to positive bias polarization causes 115 

the dynamic process of proton exchange between the functional 
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groups of MPA/CA and the water molecules immediately 
adjacent to the monolayers to continue. Therefore, at positive 
applied potentials the fraction of carboxylate anions and 
unprotonated primary amine groups from MPA and CA, 
respectively, should increase because the local activity of protons 5 

decreases at the interface. This influence of the acid-base 
chemistry of the functional groups of self-assembled monolayers 
on the interfacial electric characteristics of metal electrodes has 
already been observed.51-54 However, to the best of our 
knowledge this is the first demonstration of the dependence of the 10 

electrical characteristics of metal NWs sensors as a result of the 
dipole of the functional groups of adsorbates. Such findings offer 
unique opportunities for nanoscale sensors based on ultrathin 
NWs because of their large surface area and interfacial 
engineering. 15 

 The fact that the largest hysteresis on the voltage scale was 
observed for surfaces modified with MPA, but not with those 
modified with CA, can be related to the fraction of ionized 
functional groups. The pKa values for the carboxyl groups from 
MPA and primary amine groups from CA are 4.8 and 8.35, 20 

respectively.55,56 This means, as expected, that in the pH range in 
which the experiments were carried out both functional groups of 
the molecules should be ionized. It is well known that in solutions 
the primary amine group of cysteamine is completely protonated 
when pH < 8.35. However, this situation can be totally different 25 

when these molecules are immobilized on surfaces due to their 
relatively dense packing arrangement. In this case, once a surface 
amine group is protonated, its positive charge can suppress the 
protonation of neighboring groups. The poor solvation and 
bridging between neighboring charged groups would also 30 

suppress further protonation. In the case of MPA, the carboxyl 
groups have a higher volume and their negative charge in pH > 
4.8 can be stabilized by the formation of dimers on the surface. 
Indeed, this is consistent with other reports showing that the 
fraction of protonated amine groups of molecules immobilized on 35 

different surfaces in pH ≈ 7 was very low, and could be increased 
by at least 50 % in pH ≈ 1.57-59 On the other hand, immobilized 
carboxylated molecules could represent a relatively higher 
fraction of ionization. The presence of these charges due to the 
protonation/deprotonation of the functional groups on the surface 40 

is directly related to the interfacial potential at the plane of the 
functional groups and can be probed by zeta potential (ζ-
potential) measurements. Nevertheless, since it would be difficult 
to measure the ζ-potential on the surface of NW devices, we 
attempted to measure it by immobilizing 10 mmol L-1 of MPA, 45 

CA and TP on ultrathin Au NWs dispersed in solution (see 
Experimental). The results of these analyses demonstrated that in 
pH 6.7 the ζ-potential of carboxylated NWs was -40 ± 8.9 mV 
(negative due to the deprotonation), whereas those modified with 
cysteamine was only + 6 ± 6.5 mV (positive due to the 50 

protonation). In the case of the immobilization of TP molecules, 
which form a hydrophobic surface without ionizable groups, it 
was observed that as expected the ζ-potential exhibited a low 
magnitude (-5 ± 6.9 mV) in the range of negative potential. As 
the measurements were only performed in deionized water, this 55 

negative value for the zeta potential of TP is attributed to the 
adsorption of hydroxide ions generated from the self-ionization of 
water. These results clearly corroborate our previous observation 

about the protonation/deprotonation of the functional groups of 
the molecules analyzed, where it can be seen that for NWs 60 

modified with MPA the ζ-potential measured was about sixfold 
larger than for NWs modified with CA.  
The surface charge density (�� associated with the acid/base 
reaction was obtained by employing the Grahame equation (Eq. 
3) 50 

65 

 

    σ � 	�8εε"kTn"		sinh ) *+
,-./

0                                         (Eq. 2) 

 
where ε is the dielectric constant of the medium, ε0 is the 
dielectric permittivity of vacuum, 1 is the Boltzmann constant, 70 

�	is the temperature, n0 corresponds to the bulk ion concentration                                   
(in this case 0.2 µmol L-1), Vth is the thermal voltage and Φ3 is 
the surface potential at the plane of the functional groups. The 
surface charge density value found for CA was 0.6 nC cm-2, 
which was consistent with the notion that the fraction of ionized 75 

amine groups was low. On the other hand, for MPA a value of 4.2 
nC cm-2 was determined for surface charge density.  
To estimate the surface coverage and correlate it with the fraction 
of ionized functional groups, we applied Persson’s model, which 
states that the resistance increase is linearly proportional to the 80 

coverage density. Thus, by taking into account the kinetic model 
described by Jung et al. for adsorption of alkanethiols on Au60     
 

      45 �	456	7 	81 � exp :� 5;<=�
>?@AB

CD                                 (Eq. 3) 

 85 

where 45 is the coverage density, t is the time, EF is the 
probability that a molecule will be adsorbed upon its collision 
with the surface of the metal, 456	7 is the full surface coverage 
per unit area, C is the concentration and G is molecular velocity. 
The following relation with Persson’s model was established on 90 

the basis of the change in electrical resistance (∆��19 

 

    		∆II � )∆II 06	7 81 � exp :� 5;<=�
>?@AB

CD                                    (Eq. 4) 

 
Plots of ∆R/R measured in air to avoid contributions from water 95 

adsorbates versus C (Figure 7) for all three molecules showed an 
increase in the resistance of the NWs while increasing the density 
of adsorbates on their surfaces, as predicted by Persson’s 
model.40 These results show a linear increase in the electrical 
resistance of the NWs upon absorption from solutions up to 1 100 

mmol L-1, followed by saturation at higher value. We note that 
for absorption from solutions with relatively low concentrations 
(10 and 100 µmol L-1) of alkanethiols, the electrical response of 
the devices is statistically similar. When the concentration was 
increased, differences in the electrical response of the devices 105 

were observed for the three alkanethiols, even when adsorbed 
from solutions having the same concentration. Variations on the 
surface coverage resulting from the packing density of the 
molecules due to lateral and vertical chemical interactions are 
well-known in bulk metal surfaces and are also a general feature 110 

of nanodevices. Similar observations have been made in carbon 
nanotubes, silicon and gold/copper surfaces.61-63 In the linear 
range, a higher increase in electrical variation and thus a higher 
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sensitivity was observed for those NW devices covered by MPA, 
followed by CA and TP, respectively. When 10 mmol L-1 
solutions were employed, the electrical response of the Au NW 
devices only showed a slight increase upon adsorption of the 
molecules. Applying the least squares method, these measured 5 

data were fitted with Eq. 4 adjusting t = 600 s (time that the NW 
devices were submerged in the alkanethiol solutions), EF around 
2 x 10-8 and G around 0.03 cm s-1.52 It was then possible to 
determine the total surface coverage per unit area for each surface 
as shown in Table 2. These data demonstrate that the maximum 10 

coverage density presents a small difference for all three 
molecules employed for immobilization onto NWs and are in 
agreement with other experimental studies for coverage of Au 
surfaces by alkanethiols with similar chain length.60,64 The 
highest degree of coverage was obtained with TP, followed by 15 

CA and MPA, respectively. This tendency agrees well with 
previous surface plasmon resonance results, which demonstrates 
that organothiols with bulkier functional groups such as –COOH 
adsorbes more slowly on Au surface than their corresponding 
alkanethiol with –CH3 group.60 These results further indicate that 20 

TP and CA form layers with higher densities of molecules and 
better insulating properties with lower capacitance than MPA. 
Based on the results of surface charge density calculated 
previously and the total surface coverage found from the fitted 
data, the fraction of ionized molecules was roughly estimated as 25 

0.015% and 0.002%, for MPA and CA, respectively. These 
results are comparable to reported studies, which show that less 
than 1% of the carboxylic groups in self-assembled monolayers 
of 11-mercaptoundecanoic acid immobilized on Au (111) 
participate in the potential induced protonation/deprotonation 30 

process on the electrode surface. 53 These values demonstrate that 
even a relative small fraction of ionized species on the surface of 
NWs is able to cause a surface charging that can influence the 
electron transport of Au NWs in solution.  
 35 

 
 
 
 
 40 

 
 
 
 
 45 

 
 
 
 
 50 

Fig. 7  Plots of ∆R/R as a function of alkanethiol concentration employed 

for immobilizing on Au NW devices. The dots correspond to the 

experimental data, whereas the solid lines are the fits of Eq. 4 for the 

adsorption of thiolpropane, mercapto-propionic acid and cysteamine. The 

data correspond to the measurements in air to avoid contributing to the 55 

resistance variation due to water adsorbates. The error bars correspond to 

the standard deviation in the values of ∆R for the mean with n=3 

measurements. 

Presumably, the ionization of the functional groups of assembled 
alkanethiols and the adsorption and ionic rearrangements induced 60 

by electric potentials through water molecules are mainly 
responsible for the drastic increase in the resistance of the 
nanowires when the measurements were carried out in solution.  
 Although Persson’s model does not explain how this combined 
effect of thiol binding and surface charge of functional groups of  65 

immobilized molecules can influence the electron transport on 
metal surfaces in solution, these results clearly show that the 
electrical resistance of ultrathin Au NWs is extremely sensitive to 
the effects of molecular adsorption and the interfacial charge of 
the adsorbates. Although it should not be expected that the 70 

surface charge of adsorbates could influence the electrical 
properties of metal nanowires as they do in semiconductor 
materials, the small lateral size and the relatively long length of 
the ultrathin Au NWs make the pathway of their conducting 
electrons become more sensitive to the chemical influences of the 75 

environment. Thus, as the alkanethiol molecules have a short 
length, the surface charge imposed by their acid-base properties 
associated with the adsorption of water molecules through 
different dipole interactions could directly affect the electron 
scattering on the surface of nanowires during electrical 80 

measurements. 
 
Table 2.  Total surface coverage of Au NW devices modified with 

different alkanethiol molecules. 
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 95 

 
 
This study demonstrates the influence and the critical dependence 
of different chemical functionalizations in the electrical response 
of ultrathin metal NWs and can help to extend our understanding 100 

of their surface-sensitive resistivity change to develop a new 
concept of sensors based on ultrathin NW devices. 

4 Conclusions 

In summary, we demonstrate the synthesis and assembly of 
ultrathin single-crystalline Au NWs into functional nanodevices, 105 

i.e. chemiresistors, in which the electrical response to the 
adsorption of small alkanethiol molecules with different 
functional groups was investigated. Specifically, we show that the 
binding of organothiols on ultrathin Au NWs resulted in a 
concentration-dependent resistance increase in the devices, with a 110 

remarkable change in resistance of over 100% when the NWs 
were exposed to a few millimoles of the respective molecules. 
The measurements in solution are of particular interest, where the 
acid-base properties of the immobilized molecules have a 
significant impact on the electrical transport through ultrathin 115 
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NWs. These results demonstrate the critical dependence of 
sensitivity on the head group of the adsorbed molecules and thus 
provide fundamental insights into the electrical response of 
ultrathin metal NWs in solution. Moreover, our data suggest the 
applicability of this experimental design for characterizing the 5 

interfacial properties on the surface of nanoelectrodes of 
comparable size to the electrochemical double layer. These 
findings open up new opportunities for metal NW-based 
chemiresistors and can help to develop highly sensitive sensors to 
readily probe low concentrations of specific analytes that are able 10 

to interact with the dipoles of the functional groups of 
immobilized molecules. 
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