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T
he detection of volatile organic com-
pounds (VOCs) is important for nu-
merous applications, including pub-

lic safety,1,2 environmental protection,3,4

homeland security,5 and medical diagnos-

tics.6 Miniaturized devices capable of sens-

ing VOCs, often termed “electronic

noses”,2,7–11 are highly desirable because

of their simplicity, portability, and low cost

compared to gas chromatography�mass

spectrometry (GC�MS) instruments. The

goal is to develop hand-held, portable sen-

sors that are capable of identifying and

quantifying all of the components, or at

least the analyte of interest, in a complex

mixture. Strategies involving sensor arrays

combined with principle component analy-

sis have shown promise for achieving this

important goal.7,12–14 Several transduction

methods have been used in the design of

VOC sensors, including

piezoelectric,12,13,15–17 colorimetric,18

fluorescence,19,20 and

chemiresistors.7,14,17,21–51 A good example

of chemiresistors is the pioneering work of

Lewis and co-workers, who utilized various

carbon black/polymer composite films for

sensing VOCs by monitoring changes in the

resistance of these films in the presence of

vapor analytes.9 Since then, several groups

have studied different types of nanostruc-

tures for sensing VOCs and gases. Some ex-

amples include semiconductor41 and metal

nanowires,43,49 carbon nanotubes,40,52,53

polymer nanowires,50 and

nanoparticles.14,21,37,54

Films of metal nanoparticles protected

with organic ligands, known as monolayer-

protected clusters (MPCs), have been re-

cently reported for sensing

VOCs17,33,39,44,51,55,56 as well as gas

analytes.31,54,56–58 MPCs consist of a metal
nanoparticle core surrounded by a self-
assembled monolayer shell, which is usu-
ally organomercaptans. Wohltjen and Snow
first showed that the conductivity of drop-
cast films of octanethiolate-coated Au MPCs
changes in the presence of various VOCs, in-
cluding toluene, tetrachloroethylene,
1-propanol, and water.45 Later, reports ex-
amined drop-cast films of MPCs functional-
ized with aromatic thiols,26,48 ethylene ox-
ide thiols,27 and thienyl groups.21 Others
have studied films of MPCs chemically
linked by metal ion�carboxylate
bridges,37,47 crown ethers,59 hydrogen
bonding,14,29 dithiols,29,30 or
dendrimers.34–36,42,51 The conductivity of
alkylamine-stabilized Au MPCs has been
shown to respond to sulfur-containing
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ABSTRACT Here we describe the chemiresistive sensing of volatile organic compounds (VOCs) with films of

chemically synthesized �4 nm diameter Au and AuAg alloy nanoparticles (NPs) stabilized by a surfactant,

tetraoctylammonium bromide (TOABr). The chemiresistive sensing properties were measured over a concentration

range of 100 to 0.04% saturation for methanol (MeOH), ethanol (EtOH), 2-propanol (IPA), and toluene (Tol) vapor

analytes and compared directly to the chemiresistive sensing properties of films of 1.6 nm diameter

hexanethiolate (C6S)-coated Au monolayer-protected clusters (MPCs). Films of TOABr-stabilized Au NPs exhibit

the opposite response compared to those of C6S-coated Au MPCs. The details are unclear, but the mechanism likely

involves changes in capacitive charging in the film or improved conductive pathways through the Au NPs upon

incorporation of VOCs into the film for the former as opposed to the well-known change in electron hopping

conductivity for the latter. This leads to a decrease in resistance in the presence of VOCs for TOABr Au as opposed

to an increase for C6S Au. The TOABr Au sensors are more sensitive, especially for polar analytes, and have greater

long-term stability compared to C6S Au. The limit of detection (LOD) for films of TOABr-coated Au NPs is 3, 2, 12,

and 37 ppm for IPA, MeOH, EtOH, and Tol, respectively, as compared to 106, 326, 242, and 48 for C6S Au. Films of

TOABr-stabilized AuAg alloy NPs exhibit the same type of response, but the sensitivity decreases dramatically with

increasing Ag content, showing that the metal composition of the NPs in the film plays a role in the sensing

properties, which has not been well-recognized in the literature.
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analytes.23 Recently, our group used microscale films
of Au MPCs for sensing VOCs55 and thiolate-58 or
alkylamine54-coated Pd or Pd alloy MPCs for H2 gas
sensing. Others have used microscale nanoparticle-
based sensors60 and MPCs for sensing CO2,57 NO2,56

NH3,31 and CO31 gases. Very recently, Raguse and co-
workers inkjet-printed Au MPCs onto a microelectrode
for sensing organic vapors dissolved in aqueous electro-
lyte.61

The conductivity of metal (usually Au) MPC films oc-
curs by an electron hopping mechanism,39,47,62–64

which depends on the separation between metal cores
in the film and the dielectric of the surrounding me-
dium. When VOCs interact with the film, both variables
can be altered, but a decrease in conductivity usually
occurs due to an increase in the cluster-to-cluster dis-
tance upon vapor-induced swelling. In some cases, the
conductivity of the films increased in the presence of al-
cohols or water,29,45,48 but it is not clear if this was due
to an increase in the dielectric properties of the me-
dium, film contraction (reduced cluster spacing), or film
impurities.65

It has been determined that film flexibility is impor-
tant for high sensitivity through the swelling mecha-
nism, and linking provides stability to MPC films.33,55

The selectivity for different vapors has been altered by
using various types of organic shells or linkers between
the clusters.14,21,26,27,32,33,47 This causes differences in
the extent of vapor phase partitioning and film swell-
ing, depending on the functionality of the MPCs and
the characteristics of the analyte. Discrimination be-
tween vapors is possible using sensor arrays compris-
ing MPCs containing different functionalities and prin-
ciple component analysis,14 but this is more
challenging in complex samples. MPCs have also been
used as chemiresistive detectors for GC,24 which allows
multianalyte detection by separation of the sample
into the individual components prior to analysis,66 and
with quartz crystal microbalance (QCM) sensors.13,29,47

This paper describes the first use of films of
surfactant-stabilized Au and AuAg nanoparticles (NPs)
for chemiresistive sensing of VOCs. The particles were
chemically synthesized in the presence of tetraoctylam-
monium bromide (TOABr), drop-cast deposited be-
tween a pair of electrodes, and then tested for chemire-
sistive responses to different VOCs. In comparison to
the more common alkanethiolate-coated Au MPCs
(hexanethiolates in this paper), films of TOABr-coated
Au NPs sense by a different mechanism, are much more
sensitive, and have greater long-term stability. Incorpo-
rating Ag into the nanoparticle, to form AuAg alloy
NPs, leads to altered selectivity, but the sensitivity de-
creases significantly. Importantly, this shows that the
metal core plays a role in the sensing behavior other
than just as a conductive medium, which has not been
given much attention.31 Because of their high sensitiv-
ity to polar vapors, we believe these sensors show

promise for the detection of alcohols, such as in

breathalyzers,1,67 distilleries,68 or vapor fed direct

methanol fuel cells (DMFC).69,70

RESULTS AND DISCUSSION
Electronic Properties of Films of TOABr Au and C6S Au. Figure

1A shows cyclic voltammograms (CVs) of solid-state

films of tetraoctylammonium bromide (TOABr) only,

4.1 nm average diameter TOABr-stabilized Au NPs, and

1.6 nm average diameter hexanethiolate-coated (C6S)

Au MPCs, drop-cast deposited across two Au electrodes

separated by a 23 �m gap. The film of C6S Au MPCs

shows an increase in current with voltage that retraces

itself on the forward and reverse scan, which is consis-

tent with ohmic behavior of the film and an electron

hopping process as observed previously.47,62–64 The

film of TOABr only and TOABr-stabilized Au NPs, on the

other hand, display current on a similar order of magni-

tude, but there is significant hysteresis in the current

on the forward and reverse scans. This is associated

with capacitive charging arising from the presence of

TOA� and Br� ions in the film. The capacitive charging

is larger for films of TOABr only compared to TOABr-

stabilized Au NPs, and the latter shows pseudo-ohmic

behavior. The presence of the Au NPs in the TOABr ma-

Figure 1. (A) Cyclic voltammograms (CVs) from �0.3 to 0.3
V of films of C6S Au MPCs, TOABr Au, and TOABr only drop-
cast deposited between two electrodes separated by a 23
�m gap. (B) Chronoamperometry (CA) plots at �0.3 V of
films of C6S Au, TOABr, TOABr Au, and background (no film)
under N2 for a period of 700 s. An expanded plot from 400
to 600 s is shown below frame B.
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trix has a large affect on the behavior of TOABr only. Fig-
ure 1B shows current versus time plots of films of C6S
Au MPCs, TOABr only, TOABr Au NPs, and background
(no film) held at – 0.3 V and exposed to N2 for 800 s. The
current through the film of C6S Au remains stable at
2.0 � 10�9 A with time, consistent with an electron
hopping process, while that of TOABr and TOABr Au
NPs decreases exponentially with time and eventually
stabilizes at approximately 460 and 28 pA, respectively,
after 600 s (see expanded plot below frame B in Figure
1). The background current of the device with no film
deposited is about 1 pA. The exponential decrease in
current with time is characteristic of capacitive charg-
ing in the film of both TOABr and TOABr Au NPs; how-
ever, the film of TOABr Au NPs decreases faster and sta-
bilizes at a much lower current, again showing that
the presence of Au in the TOABr affects the charging
behavior.

The data in Figure 1 suggest an electron hopping
process for films of C6S Au MPCs and capacitive charg-
ing as the dominant current source in films of TOABr
and TOABr Au NPs. In addition, films of TOABr and TO-
ABr Au NPs could support Faradaic electrochemical re-
actions (the origin is unknown), and films of TOABr Au
NPs could conduct by electron hopping provided the
interparticle distance is small enough. We estimated the
number of TOABr ligands per Au NP in the film and ob-
tained scanning electron microscopy (SEM) images to
observe the film morphology and NP density, in order
to determine if electron hopping is possible within the
films. On the basis of the TOABr:Au ratio during synthe-
sis and the diameter of the Au NPs (�4 nm), we esti-
mate a 1200:1 TOABr:Au NP ratio. This is equivalent to
approximately 3 to 4 monolayers of TOABr molecules
surrounding each Au NP, considering that �326 C6S
molecules form a monolayer around a Au NP of the
same size.71 This is a low estimate, though, since TO-
ABr molecules are more open and would not pack as
well as C6S. This large estimated amount of TOABr per
Au NP would likely lead to interparticle distances too
large for electron hopping, assuming that the TOABr
and Au NPs are homogenously mixed throughout the
film.

Figures S1 and S2 (Supporting Information) show
SEM images of films of C6S Au MPCs and TOABr Au
NPs, respectively, to compare their morphology and
nanoparticle packing density. The SEM images of films
deposited in the same manner as in the sensing experi-
ments (shown later) and Figure 1 are shown in frames
A�C. The thickness of these films prevented us from re-
solving individual nanoparticles or their interparticle
spacing. SEM images of 10-fold diluted films (frames
D�F) show more details. The C6S Au MPCs are on the
order of 1�3 nm in diameter and exhibit dense pack-
ing throughout the film, with the exception of some
small pits. This is consistent with previous results, ohmic
behavior, and an electron hopping process. The TOABr

Au NPs are on the order of 4�5 nm in diameter, and
the overall morphology is characterized by large circu-
lar rings and other shaped aggregates of densely
packed Au NPs surrounded by large micron-sized
empty regions that are likely occupied with TOABr.
This suggests that the Au NPs and TOABr are not ho-
mogenously mixed throughout the film, preventing a
conclusive determination of whether electron hopping
can occur or not. On one hand, the large micron-sized
empty regions would definitely prevent electron hop-
ping through the film. On the other hand, if a densely
packed aggregate of Au NPs crossed the electrode gap,
there could be a small contribution from electron
hopping.

In summary, films of C6S Au MPCs conduct by elec-
tron hopping, while films of TOABr are purely capaci-
tive. Films of TOABr Au NPs also exhibit capacitive
charging associated with the TOA� and Br� ions, but
the addition of Au NPs clearly alters the charging be-
havior and electron hopping may also occur through
densely packed aggregates of Au NPs spanning the
electrode gap.

Response of TOABr Au and C6S Au Films to VOCs. Figure 2A,B
show chronoamperometry (CA) plots (current versus
time) for a film of C6S Au, TOABr Au, and TOABr only ex-
posed to 14.9% toluene (Tol) and methanol (MeOH)
over time. The beginning of the plot and vapor “off”
(or second arrow) correlates with exposure to 100% N2,
and vapor “on” (or first arrow) correlates with exposure
to the vapor at the percent indicated in N2 carrier gas.

Figure 2. Chronoamperometry (CA) plots at �0.3 V for films
of (A) C6S Au MPCs exposed to 14.9% toluene (Tol) and
methanol (MeOH) as indicated, (B) TOABr Au NPs exposed
to 14.9% MeOH and Tol, and TOABr only exposed to 14.9%
MeOH. The plots are offset for clarity, and the response to
Tol in (B) is expanded by 10. The currents listed in the fig-
ure are the baseline currents immediately before exposing
to the vapor.
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The sensing behavior of the two films is very different
in three ways. First, the current passing through the film
of C6S Au MPCs decreases in the presence of 14.9%
toluene and 14.9% methanol but increases for the film
of TOABr Au NPs. Second, the film of C6S Au MPCs is
more sensitive to Tol (nonpolar vapors) over MeOH,
while the film of TOABr Au is more sensitive to MeOH
(polar vapors) over Tol. Third, the profile of the
current�time plot is different. In the case of the film of
C6S Au MPCs, the current decreases with time to a
stable value in the presence of the VOC and then re-
turns back to the baseline in the presence of N2. In con-
trast, the current through the film of TOABr Au spikes
up rapidly, increasing from 5.1 � 10�11 to 1.0 � 10�9

A in the first 5 s of exposure to 14.9% MeOH and then
decreases and stabilizes at �4.0 � 10�10 A in �100 s
before returning to the baseline in 100% N2. As a con-
trol, the current through the film of TOABr only does
not respond to VOCs (MeOH in Figure 2B), showing that
the presence of the Au NPs in the film is necessary for
sensing.

The decrease in current in the presence of VOCs for
the film of C6S Au MPCs (Figure 2A) has been previ-
ously explained by considering the electron hopping
conductivity equation used to describe electron trans-
port through these films:62

σEL(δe, T) ) σ0exp[-�dδe]exp[-Ea ⁄ RT] (1)

where �EL is the conductivity of the MPC film, �0 is a
pre-exponential tunneling factor, �e is the distance be-
tween particles, �d is a quantum mechanical tunneling
factor, R is the ideal gas constant, T is the temperature,
and Ea is the activation energy barrier which uncharged
particles need to overcome in order to be positively or
negatively charged during electron transport. Ea is ex-
pressed as follows:48

Ea ≈ e2 ⁄ 4πεrε0r (2)

where e is the charge of an electron, 	0 and 	r repre-
sent the vacuum permittivity and relative permittivity
of the dielectric medium surrounding the metal nano-
particle, respectively, and r is the radius of the nanopar-
ticles. In short, these two equations show that electron
hopping conductivity is strongly influenced by the
metal nanoparticle edge-to-edge distance (�e) in the
film and the dielectric properties of the medium (	r).
The decrease in current is explained by an increased
nanoparticle spacing as the VOC (Tol or MeOH) parti-
tions into the film, causing it to swell. Since Tol is non-
polar and the MPCs are nonpolar, the partition coeffi-
cient for Tol is larger than that for MeOH, which leads
to a signal approximately 3 times larger, even though
the concentration (in ppm) is 5 times smaller than that
of MeOH (Figure 2A). Also, an increase in the dielectric
constant of the medium in the case of methanol may

decrease Ea and counteract the swelling effect.26 The
sensing mechanism for these types of films has recently
been described theoretically in detail by Zellers and co-
workers.39

The electron hopping equation may or may not ap-
ply when considering the increase in current in the
presence of VOCs for the film of TOABr Au NPs. As
shown in Figure 1, most of the current is dominated
by ion flow during capacitive charging. One possible
sensing mechanism is that the vapor molecules solvate
the film, which leads to an increase in capacitance and
ion mobility, decrease in solution resistance, and corre-
sponding increase in current. This is reasonable, and the
response to MeOH in Figure 2B shows an initial cur-
rent transient consistent with this mechanism. The cur-
rent does not increase similarly for films of TOABr only,
though, showing that the Au NPs play a major role in
the sensing mechanism. The Au NPs could either facili-
tate ion transport through the film, which is enhanced
by the presence of vapor molecules, or they may play a
direct role in electron transport by forming more con-
ductive pathways through the film in the presence of
vapor molecules. This could involve rearrangement of
the film structure or morphology by movement of the
Au NPs in the film. Alternatively, Faradaic electrochemi-
cal reactions occurring could be enhanced by the pres-
ence of vapor molecules, the details of which are un-
clear. All of these possibilities are speculation at this
point. Future experiments will be designed to deter-
mine the mechanism conclusively.

Other groups have observed increased conductivity
for Au MPC films in the presence of polar
vapors.26,29,45,48 For example, nonpolar C8 Au MPCs
drop-cast deposited on interdigitated electrodes,45 al-
kanethiols functionalized with OH terminal groups,26,48

and Au clusters linked by dithiol bridges29 displayed in-
creased conductivity upon exposure to water and IPA,
EtOH and MeOH, and MeOH and water, respectively. In
these cases, conductivity occurs by electron hopping;
therefore, the increase in current could be due to film
contraction or an increase in the dielectric. Recently,
Guo et al. showed that the presence of TOABr impuri-
ties in dithiol-linked Au MPC films remaining after the
synthesis led to an increased conductivity upon expo-
sure to water vapor.65 They concluded that water sol-
vates the film, leading to enhanced ionic conductivity.
Carbon films modified with Na2CO3 also showed en-
hanced conductivity above 31% relative humidity due
to improved ionic conductivity or capacitive charging.72

Our sensing mechanism could be similar as described
above, but we cannot completely rule out possible con-
tributions from direct electron transport and Faradaic
reactions at this time.

Figure 3 shows the chemiresistive response of de-
vices coated with films of TOABr Au NPs and C6S Au
MPCs to MeOH, EtOH, IPA, and Tol at vapor concentra-
tions ranging from 14.9 to 0.27% saturation in N2 carrier
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gas. The results are similar to those in Figure 2; the

film of TOABr Au has an opposite response direction

and larger response, especially to polar vapors. Both

films give quantitative responses.

Figure 4 shows the chemiresistive response of de-

vices coated with films of TOABr Au NPs and C6S Au

MPCs to the same vapors in Figure 3 at concentrations

ranging from 0.27 to 0.04%. The asterisk (�) in Figure 4A

indicates that the data for the TOABr Au film at 0.27%

vapor saturation were acquired separately but placed in

the same plot for comparison purposes. All vapors are

detected with TOABr Au films at concentrations as low

as 0.04% saturation, while MeOH is barely detected at

0.11% and EtOH, IPA, and Tol are not detected below

0.27% with C6S Au MPC films. The different sensing

mechanism for the TOABr Au NP films compared to the

common swelling mechanism for alkanethiol-coated

Au MPC films clearly leads to higher sensitivity. One of

the reasons is the extremely low baseline currents,

which are close to the background current of the de-

vice (Figure 1B). The presence of the
VOC acts as a switch, turning on the cur-
rent well above the low baseline level.
This type of positive read-out device is
usually more sensitive compared to
negative read-out devices like those in-
corporating C6S Au MPCs.

Figure 5A,B shows calibration curves
plotting the % response73 versus the
percent saturation of the vapor (P/P0)
for a device containing a film of TOABr
Au NPs and C6S Au MPCs, respectively.
Films of TOABr Au exhibit much larger
responses compared to films of C6S. For
example, at �15% saturation, re-
sponses to IPA, EtOH, and MeOH are all
above 100% for the film of TOABr Au,
but below (�)10% for the film of C6S
Au MPCs. At 15% saturation, the re-
sponse to toluene is about 40% for TO-
ABr Au as compared to (�)15% for C6S
Au MPCs. The negative sign in the re-
sponse for C6S Au indicates a decrease

in current. All of the curves are fairly linear at low con-

centrations, and the sensor response saturates at higher

concentrations, but at different values depending on

the type of film and the vapor. This occurs because the

VOCs have different vapor pressures, so the concentra-

tions are different at different levels of saturation. The

vapor pressure follows the trend of MeOH (0.142) 


EtOH (0.073) 
 IPA (0.046) 
 Tol (0.032) at 22 °C, lead-

ing to concentrations of 57, 29, 18, and 13 ppm at 0.04%

for MeOH, EtOH, IPA, and Tol, respectively, for example.

Table S1 (Supporting Information) provides all of the

percent responses obtained at various concentrations

(in % saturation and ppm) for the two devices shown in

Figure 3. CA plots for films of (A) TOABr Au and (B) C6S Au exposed to
methanol (MeOH), ethanol (EtOH), 2-propanol (IPA), and toluene (Tol) from
14.9 to 0.27% vapor concentration. Response profiles are offset for compari-
son.

Figure 4. CA plots for films of (A) TOABr Au and (B) C6S Au
exposed to methanol (MeOH), ethanol (EtOH), 2-propanol
(IPA), and toluene (Tol) from 0.27 to 0.04% vapor concentra-
tion. Response profiles are offset for comparison.

Figure 5. Calibration curves of the percent % response versus
vapor concentration in % saturation for a device with a film of
(A) TOABr Au NPs and (B) C6S Au MPCs.
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Figure 5. Table S2 and Figure S3 (Supporting Informa-
tion) provide all of the data from three different devices
containing TOABr Au and C6S Au MPCs and a corre-
sponding bar chart, respectively.

Figure 6 shows calibration curves for each VOC in
the linear regime in terms of concentration (in ppm) ob-
tained from a device containing a film of TOABr Au
and C6S Au MPCs.74 The slopes indicate the higher sen-
sitivity of TOABr Au, but films of C6S Au have a wider
range of linearity. Table 1 displays the average slope of
the calibration curves obtained in the linear regime
from three different devices with the standard devia-
tion and the calculated limit of detection (LOD) from
sample 1. The LOD for TOABr Au NP films is 30 to 150
times lower for polar vapors compared to C6S Au films,
while the LOD for Tol is similar.

Films of TOABr Au NPs also have greater long-term
stability when compared to films of C6S Au MPCs. Fig-
ure S4 (Supporting Information) compares the sensing
behavior of freshly prepared devices to those that sat
out in the laboratory for 12 and 16 months containing
films of C6S Au MPCs and TOABr Au NPs, respectively. A
drastic 60% reduction in response and decrease in the
baseline current from 4.5 � 10�9 to 2.0 � 10�9 A oc-

curs for the device with C6S Au MPCs as compared to
a �20% reduction in response and very little change in
baseline current for the device with TOABr Au NPs.

Response of TOABr AuAg NPs to VOCs. To alleviate the high
cost of Au, we synthesized TOABr-stabilized Ag NPs and
measured the response to various VOCs, hoping for
similar results. Surprisingly, although the films were
conductive, they did not exhibit an appreciable re-
sponse to any VOCs. This could be due to the higher
propensity for Ag to air oxidize compared to Au, which
is well-known, but has not been confirmed spectro-
scopically for these materials by our group. We did ob-
serve that TOABr Ag NPs precipitate within a few hours,
whereas TOABr Au NPs are stable. To improve the sta-
bility while lowering the overall cost, we synthesized
TOABr AuAg alloy NPs with ratios of 3:1, 1:1, and 1:3
Au:Ag and tested their chemiresistive sensing proper-
ties. Figure S5 (Supporting Information) shows UV�vis
spectra of these solutions, which are consistent with the
approximate compositions.

Figure 7 shows the chemiresistive response for films
of pure Au NPs and 3:1, 1:1, and 1:3 AuAg TOABr alloy
NPs exposed to 5.0% Tol and IPA. The figure also dis-
plays the selectivity for IPA over Tol obtained from the
relation of their responses divided by the concentration
(in ppm) as follows:

R) RIPA × CIPA
-1 ⁄ RTol × CTol

-1 (3)

where R is percent response and C is the concentra-
tion in ppm. Unfortunately, the presence of Ag in the
film greatly reduces the sensitivity. For example, the
percent response for films of TOABr AuAg with (Au:Ag)
mole ratio of (1:0), (3:1), (1:1), and (1:3) to 5.0% IPA vapor
is 87.2, 50.1, 9.5, and 0.7%, respectively. The values are
18.6, 13.2, 0.5, and 0.0 for Tol. This decrease in response
with increasing Ag content in the alloy occurs for all of
the VOCs (Table S3, Supporting Information). The selec-
tivities for IPA/Tol are 3.2, 2.6, 13.5, and infinity (�) at

Figure 6. Calibration curves plotting percent response versus vapor
concentration in ppm in the linear range for films of (A) TOABr Au NPs
and (B) C6S Au MPCs exposed to methanol (MeOH), ethanol (EtOH),
2-propanol (IPA), and toluene (Tol).

TABLE 1. Calibration Curve Data for All Sensing Devices
Used in This Study

TOABr Au films

Slope-S1 Slope-S2 Slope-S3 avg STD LODa

MeOH 0.151 0.159 0.163 0.158 0.006 2
EtOH 0.143 0.119 0.118 0.127 0.013 12
IPA 0.205 0.207 0.194 0.202 0.007 3
Tol 0.0155 0.0160 0.0153 0.0156 0.0004 37

C6S Au films

Slope-S1 Slope-S2 Slope-S3 avg STD LODa

MeOH �0.00050 �0.00052 �0.00059 �0.00054 0.00005 326
EtOH �0.0016 �0.0017 �0.0014 �0.0015 0.0001 242
IPA �0.0028 �0.0036 �0.0026 �0.0030 0.0005 106
Tol �0.0032 �0.0028 �0.0030 �0.0030 0.0002 48

aCalculated by multiplying the standard deviation (at �3 times the LOD) by 3.3
and dividing by the slope for sample 1 only.
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5.0% saturation for AuAg films with ratios 1:0, 3:1, 1:1,
and 1:3, respectively. This shows that the response to
Tol decreases more rapidly compared to that for IPA
with increasing Ag content, making the sensor more se-
lective to polar vapors. On the other hand, the selectiv-
ity among polar vapors (MeOH, EtOH, and IPA) is simi-
lar. For instance, selectivity values for IPA/MeOH are 2.3,
2.9, 1.2, and 1.5 for AuAg films with ratios of 0:1, 3:1,
1:1, and 1:3, respectively, at 2.9% vapor saturation. The
results in Figure 7 are important because they show
that the metal plays an important role in the sensing
behavior other than simply acting as a conductive path-
way. The air oxidation of pure TOABr Ag is likely respon-
sible for its poor sensing properties; however, the more
stable and inert film of 3:1 Au:Ag NPs also shows a sig-
nificant decrease in response compared to pure Au,

suggesting that the Ag may play another role in the
sensing apart from its potential air oxidation. Detailed
compositional and structural characterization is neces-
sary to better understand the effect of the metal in
these types of VOC sensors, which has mostly been ig-
nored in the literature. While adding Ag is detrimental
in this example, altering the metal composition could
lead to improved sensitivity or selectivity for other
metal NP-based sensing devices.

CONCLUSIONS
In conclusion, chemiresistive sensor devices de-

signed with films of TOABr-stabilized Au NPs have sev-
eral benefits for VOC sensing compared to those using
films of C6S Au MPCs. The sensing mechanism is not
fully understood but involves changes in capacitive
charging and also possibly changes in electron hop-
ping or Faradaic reactions, as opposed to changes in
electron hopping only. This leads to an opposite re-
sponse direction and 30�150 times lower LOD, de-
pending on the vapor. In addition, films of TOABr Au
are more stable over a 16 month period. Chemiresis-
tors containing films of AuAg alloy NPs would be re-
duced in cost, but the sensitivity decreases dramatically
with increasing Ag content, although the selectivity of
alcohols over Tol is improved. The simple construction,
low cost (due to very small quantities of metal needed),
stability, durability, high sensitivity, fast response, re-
versibility, and easy batch production are appealing at-
tributes that may lead to practical uses for these de-
vices, which respond to lower EtOH concentrations
when compared to a commercial breathalyzer.75 In fu-
ture experiments, we will vary the surfactant and metal
in order to optimize the sensors for a specific applica-
tion and test the devices under real-world conditions.

METHODS
Chemicals. Sodium borohydride (99%), tetraoctylammonium

bromide (99%), toluene (99.9%), 2-propanol (99.9%), ethanol
(200 proof), methanol (99.9%), dichloromethane (99%), acetone,
and acetonitrile (99%) were purchased from VWR Scientific Prod-
ucts. Hexanethiol (96%) and AgC2F3O2 were purchased from Al-
drich Chemical Co., and HAuCl4 · 3H2O was synthesized from me-
tallic Au. Barnstead Nanopure water (17.8 M · cm) was
employed for all aqueous solutions.

Synthesis of Hexanethiolate-Coated Au MPCs. Hexanethiolate-
coated gold monolayer-protected clusters (C6S Au MPCs) were
synthesized according to the Brust reaction;76 2.40 g of HAuCl4
was dissolved in 25 mL of water, and 4.89 g of TOABr was dis-
solved in 150 mL of toluene. The two solutions were combined
and stirred until all of the AuCl4

� transferred into the toluene
phase. The toluene phase was separated, and 2.60 mL of hex-
anethiol, corresponding to a 3:1 thiol:Au ratio, was added to the
toluene and stirred until the solution became colorless. The solu-
tion was cooled to �0 °C using an ice bath, and a 10-fold ex-
cess of NaBH4 (2.30 g in 10 mL of water) was added to the tolu-
ene solution with stirring. The solution turned black within a few
seconds, indicating the formation of metallic Au MPCs. Ten milli-
liters of additional water was added and the solution stirred
overnight. The toluene layer was separated and removed by ro-
tary evaporation. The remaining black sludge was suspended in

200 mL of acetonitrile and collected by filtration on a glass frit-
ted Büchner funnel. The black solid product was washed with an
additional 250 mL of acetonitrile and thoroughly dried before
collecting. Au MPCs prepared this way are 1.6 � 0.4 nm aver-
age diameter according to literature.71 Scanning electron mi-
croscopy (SEM) images (Figure S1, Supporting Information) show
Au MPCs in the 1�3 nm diameter range, which is consistent
with previous results.

Synthesis of TOABr-Coated Au and AuAg Nanoparticles. Tetraoctylam-
monium bromide (TOABr)-coated Au nanoparticles (NPs) were
synthesized in an identical manner as the C6S Au MPCs, except
the hexanethiol was not added.77,78 Briefly, 0.06 g of HAuCl4 was
dissolved in 25 mL of water, and 0.12 g of tetraoctylammonium
bromide (TOABr) was dissolved in 100 mL of toluene. The two so-
lutions were combined and stirred until all of the AuCl4

� trans-
ferred into the toluene phase. The solution turned a dark wine
red after a 10-fold excess of NaBH4 with respect to Au was added
to the toluene solution with stirring. The TOABr Au NPs pre-
pared this way are 4.1 � 0.8 nm based on atomic force micros-
copy images. The synthesis of TOABr AuAg nanoparticles fol-
lowed the same procedure as described above but with the
addition of HAuCl4 and AgC2F3O2 salt (dissolved in toluene) in
the appropriate ratio (3:1, 1:1, and 1:3 Au:Ag).

Film Deposition and Treatment. TOABr-stabilized Au NPs are in-
soluble when isolated as a powder.77 Thus, after reduction and

Figure 7. CA plots for films of TOABr Au and TOABr AuAg
with Au:Ag ratios of (3:1), (1:1), and (1:3) exposed to 5.0%
2-propanol (IPA) and toluene (Tol).
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separation from the water phase, the toluene solution contain-
ing the particles was reduced to �50 mL by rotary evaporation,
filtered with a microdisc filter (acrodisc, 2 �m PTFE membrane)
to remove insoluble materials, and then used from solution. A
film of TOABr Au NPs was formed across two Au electrodes sepa-
rated by 23 �m by drop-cast deposition using 2 drops of a �0.6
mg/mL solution of TOABr Au NPs (in terms of Au). Films of C6S
Au MPCs were drop-cast deposited similarly from a �20 mg/mL
toluene solution. The electrodes were microfabricated in a clean
room facility following conventional photolithography, sputter-
ing, and lift off protocols as described previously.55 The films
were allowed to dry and further used for conductivity and sens-
ing measurements.

Vapor Sensing. Vapor sensing experiments were performed by
monitoring film current with time using a CH Instruments 660A
electrochemical workstation operating in chronoamperometry
mode with a two electrode setup as described previously.55 Mea-
surements were made at room temperature and atmospheric
pressure. The current was monitored with time, while a �0.3 V
potential was applied between the two electrodes and the
sample was exposed to alternating flow of pure N2 and differ-
ent concentrations of vapor/N2. A range of concentrations from
0.04 to 100% VOCs was obtained by varying the flow over a to-
tal flow of �9500 mL/min and by the use of flow meters located
between the sample and gas cylinders. The testing of a commer-
cially available breathalyzer (AlcoHAWK ABI) required a larger to-
tal flow of 11 618 mL/min as suggested by the company.

Microscopic Characterization. The sample for AFM analysis was
prepared as follows. A Si/SiOx sample was cleaned by immers-
ing in a freshly prepared piranha solution (3:1 H2SO4/30%H2O2)
for 15 min in order to remove organic impurities (Caution: pira-
nha solution is a powerful oxidizing agent and reacts violently
with organic compounds), rinsed with water, and dried under N2.
The sample was then functionalized with (3-
mercaptopropyl)trimethoxysilane (MPTMS) by immersing it into
a solution containing 20 mL of 2-propanol (IPA), 100 �L of
MPTMS, and �2 drops of nanopure water. The solution was
kept warm on a hot plate at �30 °C for 20 min. The sample was
removed, thoroughly rinsed with IPA, and dried under N2. A so-
lution of TOABr Au NPs was diluted in toluene by a factor of 1000
and drop-cast deposited onto the Si/SiOx/MPTMS sample. The
sample was rinsed thoroughly with IPA and dried under N2 be-
fore imaging with a Veeco Digital Instruments Nanoscope 3A
Multimode scanning probe microscope (Santa Barbara, CA) op-
erating in tapping mode using a Si tip. The average diameter of
the TOABr Au was determined based on cross-sectional height
analysis of 30 nanoparticles (Figure S6, Supporting Information).

For scanning electron microscopy (SEM) analysis, films of TO-
ABr Au nanoparticles and C6S Au MPCs were prepared by drop-
cast deposition between Au electrodes following the same pro-
tocol as with the sensing samples and by deposition from
solutions diluted by a factor of 10. SEM images (Figures S1 and
S2, Supporting Information) were obtained with a Carl Zeiss SMT
AG SUPRA 35VP field emission scanning electron microscope
(FESEM) operating at an accelerating voltage of 20.00 kV and us-
ing an in-lens ion annular secondary electron detector.

Spectroscopic Characterization. UV�vis spectra of TOABr-
stabilized NPs in toluene solution were obtained immediately af-
ter the synthesis with a Varian Cary 50 spectrometer to qualita-
tively confirm the composition of the Au, Ag, and AuAg alloy
NPs. The concentration was chosen to reach an approximate ab-
sorbance of 1.0 at 300 nm.
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