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Abstract

We deposit dense, ordered, thin films of Au- dodecanethiol core/shell nanoparticles by
the Langmuir- Schéfer (LS) printing method, and find that their resistance at ambient
temperature responds selectively and sensitively to alkane odours. Response is a rapid
resistance increase due to swelling, and is strongest for alkane odours where the alkane
chain is similar in length to the dodecane shell. For decane odours, we find a response to
concentrations as low as 15 ppm, about 600 times below the lower explosive limit.
Response is weaker, but still significant, to aromatic odours (e.g. Toluene, Xylene), while
potential interferants such as polar and/or hydrogen- bonding odours (e.g. alcohols,
ketones, water vapour) are somewhat rejected. Resistance is weakly dependent on
temperature, and recovers rapidly and completely to its original value within the error

margin of measurement.

Keywords: Gold nanoparticles sensors, Alkane swelling, Alkane detection, Langmuir-
Schéfer.



1. Introduction

Alkanes are commonly used as fuels, e.g. liquid alkanes such as octane and decane are
present in petrol, and methane is the largest component in natural gas. Due to their
flammable nature, petrol vapours and gas leaks represent considerable explosion hazards,
and have caused severe accidents in the domestic sphere [1], the petrol supply chain [2],
gas production plants [3] and in mining [4]. These dangers call for an early- warning
technology. However, detection with chemical sensors of alkanes below their ‘lower
explosive limit’ (LEL) concentrations is difficult, because due to their chemical nature,
alkanes carry no dipoles, do not engage in hydrogen bonding, and do not act as acids or
bases. Previous studies on alkane detection used chemoresistive materials that catalyse
the oxidative dehydrogenation of light alkanes (methane to butane) [5-8]. Sensing devices
based on these materials showed a good response to concentrations well below the alarm
limits (10° ppm vs. LELs of 10° ppm). However, chemoresistive sensors need relatively
high working temperatures (300-600 °C), and are particularly sensitive to interference
e.g. from humidity and ethanol, both of which often are present in the relevant
environments. A practical sensor would therefore require prior filtration [9].

Alternatively, a new approach based on the use of alkanethiol encapsulated gold
nanoparticles as chemiresistor sensors was introduced by Wohltjen and Snow in 1998
[10]. They have proposed a physical, rather than chemical, approach to the sensing of
combustible odours. Inspired by Wohltjen and Snow, Ahn and co-workers [11] exposed
films of ®-(3-thienyl)alkanethiol-gold core/shell nanoparticles to several combustible
odours, and found an increase in resistance due to swelling of the films in the odour.
Longer ligands led to more sensitive sensors. However, such films were not selective for
alkanes, but responded to a range of solvent odours in the order toluene > chloroform >
hexane > ethanol, with ethanol still giving a considerable response. From the reported
data, it is also not clear if such sensors will be useful for the monitoring of alkane odours
as explosion hazards, as the lowest investigated odour concentration of hexane still was

10,000 ppm, dangerously close to the LEL of about 12000 ppm (see table 1).



In a recent work [12], it was also shown that the chain length of alkanethiol affects the
electrical resistance response sensitivity to non-polar organic vapours. The longer the
chain the higher the response is as the gold nanoparticle films swell more.

Encouraged by the work of Ahn et al., we have tailored gold core/shell nanoparticle (Au-
CSNP) films for sensitive and selective response to alkane odours. Instead of -(3-
thienyl)alkanethiol ligands, we used dodecanethiol ligands without the terminal thiophene
ring. Such ligands are expected to be most compatible with similarly apolar alkane
odours, but to reject more polar or hydrogen- bonding odours. Also, rather than
spincasting [11], we processed core/shell nanoparticles by the Langmuir-Schéfer (LS)
printing method [13]. The LS printing allows the formation of dense, highly ordered
monolayer films on a water surface prior to transferring films to the solid substrate, while
still avoiding the coalescence and fusing of neighbouring gold particles. We therefore
suggest that the main transport mechanism in core-shell nanoparticle films is based on
qguantum mechanical site- to- site tunnelling, and therefore the conductivity (o) may be
described by eq. (1.1) [14-15]:

Gocexp|:~(2d,8+ %ﬂ (1.1)

where d is the distance between two adjacent cores, £ is a tunnelling factor, k is
Boltzmann’s constant, T is the temperature, and Ec is an activation energy, E; »~
%4 zgr, wherein r is the radius of the cores, and & is the dielectric constant of the
medium separating the cores. EqQ. (1.1) thus predicts a response of CSNP film
conductivity to swelling, as d and & will change. Note, however, that eq.1 suggests that
conductivity is independent of the applied electric field, E, thus implying ohmic I/V
behaviour. Terrill et al. [16] confirmed ohmic behaviour of several gold clusters
stabilised by alkanethiols (octane-, dodecane- or hexadecanethiol) for small fields (up to
20 kV/cm); for larger fields, the 1/ characteristics changes to non-linear relationship.
Eq. (1.1) is thus the appropriate approximation for small fields, the reader may refer to

ref. [17] for a detailed discussion of transport mechanisms in gold nanoparticle films.



2. Experimental Methods

2.1. Au CSNP film fabrication: a glass substrate with a size of (1.5x2)cm? was

cleaned and sonicated with a warm Helmanex solution for 10 min and then sonicated in a
warm IPA for another 10 min. After that, gold contacts, a size of Immx2mm and 50 nm
thickness separated by a channel of 10 micron, were thermally evaporated on the glass
substrate using a shadowmask. Evaporation was conducted with a rate of 5x10°-1.5x10"
nm/sec, and in a base pressure of 4.5x10” torr while the growth pressure was varied
between 7x107-2x10° torr. The above mentioned process was carried out in a class
10000 cleanroom. Then, the substrate was placed in a Petri dish and its surface was
silanised with a few droplets hexamethyldisilazane (HMDS) over a 12 hour period to
form a self-assembled hydrophobic surface layer. Au/dodecanethiol CSNPs with a core
diameter of 4 nm were sourced from PlasmaChem GmbH (Germany) [18], and were
spread from 2 mg/mL chloroform solution onto the water surface of a Langmuir trough.
We recorded the surface pressure — area isotherm, Figure la. This shows that the gold
nanoparticles form a condensed Langmuir film which is stable up to a surface pressure of
~ 20 mN.m™ at which point it collapses. Below or at 20 mN.m™, the area occupied by
each nanoparticle corresponds well to the expected cross-sectional area of the
nanoparticle, indicating that the layer is monomolecular. We used Langmuir-Schéfer
printing [19], where the substrate is lowered with its surface plane parallel to the water
surface to gently touch and pick up an Au CSNP monolayer at 18 mN.m™. The process
was repeated 4 more times to fabricate multilayer assemblies consisting of five layers.
The resulting films were imaged using tapping mode AFM. This was carried out using a
Dimension 3100 AFM with a NanoScope Illa controller and a Basic extender. RTESPA
cantilevers with a nominal spring constant of 40 N/m were driven just below their first
resonance (~300 kHz) with an amplitude of approximately 50 nm. Scans were taken with
an amplitude setpoint of approximately 90% at a line frequency of 1-2 Hz. All
measurements were carried out in air.

Representative images of the film surface are shown in Figure 1 (b,c). The film shows
densely packed cores with a measured diameter of approximately 5 nm. Domains of

hexagonal close-packing may be seen (dotted box, Figure 1(b), however these domains



typically extend for only a few tens of nanometres. It is also confirmed that the size of the
nanoparticles is 4nm, as quoted by the supplier [18].

2.2. Solvents: n-hexane, n-decane, cyclohexane, p-xylene, tuolene, ethanol, and
methanol were sourced from Sigma-Aldrich, choloroform, acetone, and isopropanol
(IPA) from Fisher Scientific. Apart from n-decane which was anhydrous grade, all
solvents were HPLC grade. A sample of a “Premium Unleaded 95 Octane Fuel” was
acquired from Total petrol station, Sheffield, UK. Relevant physicochemical properties of

solvents are summarised in table 1.

2.3. Vapour Sensing Tests: We conducted qualitative and quantitative exposure
tests to investigate the selectivity and sensitivity of our Au CSNP films. The first
qualitative test was placing a cotton bud soaked with solvent near the sample (> 1 cm
distance). It is worthy mentioned that water vapour exposure test was a slightly different
as we heated about 50 ml of water in a basin crystallising up to 65 °C, and after that it
was placed near the sample inside a grounded Faraday cage and then monitored for 5
min. The other qualitative test was conducted by placing the sample and a small Petri
dish filled with solvent inside a closed Teflon- lined exposure chamber with electric feed-
throughs. This will be referred to as ‘headspace’ odour exposure. It is worth noting that
the odour atmosphere builds up slowly towards saturation and time required to reach
saturation varies between solvents.

Quantitative odour exposures were conducted using a vapour delivery system adapted
from [26]. We used two Tylan FC-260 mass flow controllers TO control the flow of dry
nitrogen along two separate paths, and several one-way valves to prevent backflow. The
first path carries pure Ny, the second bubbles N, through liquid analyte kept in a small
glass container with a sparger (Mobile Phase Sparger Filter, 20um porosity, bought from
Thames Restek Limited, UK). The N, flow is driven through the sparger to form tiny
bubbles that saturate with solvent vapour as they rise. Saturated vapour then proceeds
through a small settlement tank, where floating droplets will condense, towards a mixing
point where it is diluted with pure N, according to the mass flow controller settings, and

is then piped into a small (~8x10* cm®), Teflon-lined exposure chamber that holds the



AuU-CSNP film under test. The film is connected to a resistance measurement circuit via

electric feed-throughs.

2.4. Resistance Measurement: Au CSNP films display high resistance in the order
of GQ, which requires sensitive measurement. We used the circuit shown in Figure 2(a).
The sample, Rs, was driven by a sine input voltage (+1 Volt applied to a 10 um channel,
thus E < 10 kV/cm) with a frequency of 0.2 Hz; a low frequency was chosen to minimise
parasitic capacitive currents. The resulting current was driven into the virtual ground of a
current / voltage (I/V) converter, realised with a high input impedance operational
amplifier (type AD822 with 1.5V supply voltage) and a 100 MQ feedback resistor (Ry).
The circuit was protected from noise interference by a grounded Faraday cage; similarly
the exposure chamber was grounded to double as Faraday cage for the sample. Drive
voltage (Vin) and 1/V converter output voltage (Vo) wWere displayed on an oscilloscope
screen, see Figure 2b for examples. In all cases, Vo Was also sinusoidal and in phase
with Vi,, confirming ohmic behaviour of our devices, as the suggested by eq. 1. Ohmic

behaviour is shown more clearly in Figure 2c.

Sample resistance R is calculated using eg. (1.2):

Rg=—11R, (1.2)

For maximum accuracy, both Vi, and V,: were taken at their maxima. We tested our
setup using a 1 GQ dummy resistor and found (1.00 + 0.01) G, indicating an error
margin of 1%. As a control experiment, we also tested a substrate with Au contacts, but
without deposited CSNP film. We found no measurable V, other than a noise floor,
from which we can infer a lower limit of at least 100 GQ for the resistance of blank

substrates.



3. Results and discussion

Response of Au CSNP films under qualitative odour exposure (cotton bud) to a variety of
solvents is shown in Figure 3, where the relative change in resistance, AR/R, is plotted vs.
Hildebrand parameter and H- bonding strength. Qualitative results agree with the
expectation that dodecanethiol core/shell nanoparticle films swell most in odours that are
similar to dodecane, with a similarly low Hildebrand solubility parameter (5), and weak
hydrogen- bonding strength, e.g. hexane, decane, toluene, and petrol. However, response
iIs weak (< 5 % resistance change) under polar or hydrogen- bonding odours (IPA,
acetone, ethanol, methanol, and water). While we cannot precisely quantify odour
concentrations with a qualitative test, the strong response to decane is particularly
remarkable, as it has a relatively low saturated vapour pressure. Thus, Au-dodecanethiol
CSNP films make sensors for explosive alkane and aromatic odours, or their mixtures
like petrol, that are robust against interferants such as alcohols, ketones, or humidity
(water vapour). Also, we observe rapid recovery of the original resistance, within 30 to
90 seconds and to immeasurably small tolerance, when the bud is removed. As a physical
rather than chemical interaction, swelling is rapidly and completely reversible.

A small increase in the resistance was observed when exposing our CSNP films to water
vapour. A similar response to water vapour at low humidity was reported for
octanethiolate CSNP [27].

The sensors described here work at ambient temperature, without heating. We find film
resistance is largely independent of temperature hence changes in temperature will not be
misinterpreted as odour exposure, or sensor failure, Figure 3(b). This is a significant
advantage of core/shell nanoparticle films over organic semiconductor-based sensors,
wherein charge transport is dominated by thermally activated tunnelling [28], and film
resistance strongly depends on temperature.

For a more quantitative assessment of sensitivity and recovery, we have exposed films to
odours of decane and hexane, Figure 4. We observe a slow increase of resistance over
time, which reflects the slow build- up of odour inside the chamber. However, recovery is
rapid when the chamber is opened to atmosphere, and the solvent reservoir is removed.
(see Figures 2b). As odour atmosphere approaches saturation, AR/R increases 19 fold for

hexane (saturated vapour pressure of ~174800 ppm), and about 5 fold for decane



(saturated vapour pressure ~1500 ppm). This indicates highly sensitive response to low

levels of decane odours, in particular.

To explore the sensitivity limit of our films to decane, we have subjected films to
exposure/recovery cycles of dilute decane odours, generated with the bubbler / mixer
setup described above. We began with 1% sat. vapour / 99% pure nitrogen,
corresponding to 15 ppm decane, and increased odour concentration in several steps.
Results are shown in Figure 5 (a). We find that core/shell nanoparticle film resistance
clearly and rapidly responds to decane odours with concentrations as low as 15 ppm, well
below the LEL of 8000 ppm. Response is quick, levels off to a flat plateau, and the sensor
recovers rapidly back to its initial value under plain N, purge. Response plateau scales
approximately linearly with odour concentration at low concentrations, as depicted in
Figure 5 (b). When approaching saturation, response appears to increase more than
linearly, however, this is based on a single data point taken from the previous ‘headspace’
experiment, because we cannot exceed 50% saturation due to the limitation of our
bubbler.

4. Summary and Conclusions

We deposit dense, ordered, thin films of Au- dodecanethiol core/shell nanoparticles by
the Langmuir- Schéfer (LS) printing method. Resulting films display ohmic electric
behaviour with high resistance, consistent with carrier transport by site- to- site
tunnelling. We find that films respond selectively and sensitively under exposure to
alkane odours. Response is in the form of a rapid increase of resistance, which we explain
as the result of swelling, since conductivity decrease exponentially with distance for
tunnelling transport. Response is strongest for alkane odours where the alkane chain is
similar in length to the dodecane shell. For decane odours, we find a response to
concentrations as low as 15 ppm, which is about 600 times below the lower explosive
limit. Response is weaker, but still significant, to aromatic odours (e.g. Toluene, Xylene),
while polar and/or hydrogen- bonding odours (e.g. alcohols, ketones) are almost rejected.
Humidity seems to have no or little effect on the resistance (< 5 % increase). Further,

resistance depends weakly on temperature, and recovers rapidly and completely to its



original value within the error margin of measurement. In summary, we have
demonstrated sensitive and selective sensors to alkane odours well below their lower
explosive limit, which reject common interferants, operate at ambient temperature, and
fully recover after exposure. Future work will address similarly processed nanoparticle
films with different sidechains, e.g. shorter sidechains to be more responsive to light
alkanes, sidechains containing aromatic units for aromatic odours, and sidechains

containing unsaturated carbon bonds for ethylene.
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Figure Captions

Figure 1: (a) Langmuir isotherm of core/shell nanoparticles. This was recorded using
Nima 611D Standard Trough run by Nima software. Inset: Photo of resulting device. Au
contacts are 2 mm wide, and separated by a 10 um gap. (b) Tapping mode AFM height
image rendered in 3d. Colour scale 5 nm, scale bar 50 nm. (c) Simultaneously acquired
tapping mode phase image. The white dotted box denotes a domain of hexagonally close

packed nanoparticles. Colour scale 12°, scale bar 50 nm.

Figure 2: (a) Scheme of our drive and measurement circuit. The sample is denoted by Rq;
an 1/V converter is realised by the operational amplifier and feedback resistor, R;. (b)
Oscilloscope screenshots, showing Vin (orange, 1V/div), and Vout (blue, 50mV/div) of
Au CSNP films prior to exposure, during exposure to 1500 ppm of decane odour, and
during recovery. Output is shown inverted to account for the inversion intrinsic to the I/V
converter. Output is of the same (sinusoidal) form as input, and in phase. Under exposure,
Vout is significantly reduced, which indicates increased film resistance due to swelling.
Recovery is rapid and the screen looks almost identical to ‘before sensing’ within 1
minute. (c) Current/VVoltage characteristics of the same film before sensing, and after full
recovery. The plot is constructed from 1/V converter data taken from screenshots as in 2b,
and plotting output vs. input directly, eliminating the time base. Characteristics are linear,

confirming ohmic behaviour.

Figure 3: (a) Response of Au CSNP films to odours of different Hildebrand parameters
and hydrogen bonding strength. (b) the change in resistance of CSNP films upon varying
the temperature between 22 and 50 °C.

Figure 4: ‘Headspace’ exposures to decane and hexane. The recovery starting point in
each case is indicated by “Off”. In each case, the sample returned to its original value.

Figure 5: (a) Resistance change under exposure/recovery cycles, beginning with 15 ppm
decane odour. (b) AR/R plateau vs. vapour pressure. The value for 1500 ppm is taken

from previous ‘headspace’ exposure.



Table Captions

Table 1: Properties of solvents. Column 2: Hildebrand parameter (3), quantifying
cohesive energy density. In round brackets, hydrogen bonding strength (poor / medium /
strong). Column 3: Saturated vapour pressure, in ppm, at 20 °C. Column 4: Lower

explosive limit, in ppm. Angled brackets, source of data.



Figure 1

y T (mNmY)
(&) o

Surface Pressure,
o

w
1

Monolayer collapse

i

Solid phase

Liquid phase

/

Gas phase

l

50

100

150 200 250
Area, A (cm?)

300

350

400






Figure 2

scope

(a)

Before Sensing During Exposure Initial Recovery

 RERY EERR WP | A A AT AR AN A



Current (nA)

0.8

0.6

0.4

0.2

-0.2

-0.8

-0.6

-0.4

02 0 02
Voltage (V)

= = Linear [Recovery)

0.4

0.6

—Linear (Before Sensing)

0.8

1.2



Figure 3

i

hloro

Strong H-Bonding
Medium H-Bonding

| ©

~

[ =
Poor H-Bonding

9.3
7712

Hildebrand Parameter (cal/cm3)1/2-

(a)
E\-o’ ° /0
Ei 5 — ¢
o . ‘/'/‘
< 0 — —
20 25 30 35 40 45 50 55
T (°C)

(b)



Figure 4
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Figure 5:
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