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Abstract

Two gold-thiolate monolayer-protected nanoparticles were synthesized and used as interfacial layers on chemiresistor sensors for the
analysis of violate organic compounds (VOCSs). Toluene, ethanol, acetone and ethyl acetate were chosen as the target vapors. Both the
resistance and capacitance were measured as the function of analyte concentrations. The effect of humidity on the sensor sensitivity to
VOCs was investigated. The sensitivity decreases with humidity increasing, depending on the hydrophobicity of the target compounds. Less
effect was observed on the higher hydrophobic compounds. While the relative humidity (RH) increased from 0 to 60%, the sensitivity to
acetone decreased by 39 and 37%, respectively on the Au-octanetifal)(@nd Au-2-phenylethanethiol (BBu) coated sensors, while
the sensitivity to toluene decreased by 12 and 14%, respectively. These results show that the sensors coated with hydrophobic compounds
protected-metal nanoparticles can be employed in high humidity for hydrophobic compounds analysis. The resistance responses to VOCs are
rapid, reversible, and linear, while the capacitance response is not sensitive and consequently not applicable for VOCs analysis. The response
mechanism was also discussed based on the sensor response to water vapor. The capacitance response is not sensitive to the film swelling
dry environment.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ent core size can be easily prepared by changing the experi-
mental conditions, such as the synthesis temper§20ijeor
In recent years, monolayer-protected metal nanoparticlesthe molar ratio of metal to shell moleculgs13,19]. A wide
have attracted continuous research interests owing to theirrang of function groups can be incorporated either in the
unigue electronic and electrochemical proper{ies5] as alkyl chain or at the chain terminal, resulting in electrochem-
well as potential applications in molecular electronics, catal- ical property changfl5,16,21,22]. The core-shell reactivity
ysis, molecular recognition, gas chromatograph and sensingalso facilitates the nanoparticles being functionized through
[6-18]. The monolayer-protected metal nanoparticle consists place-exchange reactiof&23,24].
of a metal core at a few nanometers in diameter and an or- The unique core-shell structure and the obvious advan-
ganic compound shell, which facilitates the dissolving in or- tages make the nanoparticles ideal sensing interfaces for
ganic solvent and protects the particles from aggregation. chemiresistor sensors. A thin film of the nanoparticle mate-
The electronic and electrochemical properties of these mate-rials is cast onto patterned microelectrodes and the change
rials are determined by the core size and the property of thein resistance is monitored. Electronic conduction is con-
shell molecule§13,15,16,19-21]. Nanoparticles with differ-  ducted by electron tunneling or hopping between the metal
cores[9,25,26], and can be changed by vapor sorption that
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cores, resulting in a change in the electron hopping rate. Pre-that of most organic compounds, capacitance is a useful de-
liminary studies of gold-thiolate nanoparticles as chemically terminant to elucidate the vapor response mechanism based
sensitive interface were conducted in a number of groups on the response to water vapor. In addition, the knowledge of
[14-17]. Wohltjen and Snoyi4] reported achemiresistorva-  humidity effect on the violate organic compounds (VOCs) re-
por sensor coated with a thin film of octanethiol-encapsulated sponse is necessary for the sensor applications in field. This
gold nanoparticles. The test to toluene and trichlorethy- paper focus on the humidity effect on the sensor response,
lene showed that remarkable changes in conductance can band the sensor response to water vapor. Two gold-thiolate
yielded by vapor sorption and desorption. In Caiand Zellers’s monolayer-protected nanoparticles were prepared and were
work [15] lower detection limit than polymer coated SAW cast on interdigital microelectrodes. Both the resistance and
sensor was obtained. A dual chemiresistor vapor sensor ar<apacitance changes were measured in situ. The response
ray using 2-phenylethanethiol and octanethiol-encapsulatedmechanism upon vapor sorption was investigated based upon
gold nanoparticles as sensing interfaces were employed as doth the resistance and the capacitance responses.
GC detector. Compared to the sensor array alone or to single-
detector GC systems, the capabilities for vapor recognition
were improved by the combination of response patterns and2. Experimental section
GC retention times. Evans et 4lL6] investigated the re-
sponse of chemiresistor sensors coated with four different2.1. Chemicals
Au-arenethiolated nanoparticles with OH, COOH, NEnd
CHgs asterminal groups, respectively. The nature ofthe termi-  Octanethiol (GH17SH), 2-phenylethanethiol, tetraocty-
nal groups is a key factor to affect the relative strength of the lammonium bromide (TOAB), and hydrogen tetrachloroau-
particle—particle and particle—solvent interactions and deter- rate tetrahydrate were obtained from Aldrich Chemical Co.
mines the particles properties. Distinct response patterns toSodium borohydride was purchased from Fisher Scientific
each of eight vapors were obtained. Subsequent work by thisCo. Other chemicals include organic solvents purchased from
group[27] predicted that the sensitivity is related closely to commercial sources. All chemicals were used as received.
the property of the shell material and the size of the Au core. Deionized and distilled water was used through the experi-
The responses of OH functionalized nanoparticle films are ment.
mainly contributed to the film swelling at high vapor con-
centrations and to the film permittivity changes at low va- 2.2. Synthesis
por concentrations. Han et §L.7] investigated two types of
networked nanoparticles as sensing film materials on both The GAu and the BGAu nanoparticles were synthesized
chemiresistor and quartz crystal microbalance (QCM). One based on the method first described by Brust ef28] and
was crosslinked with 1,9-nonanedithiolate and another oneused by other§l4-19,27]. Briefly, hydrogen tetrachloroau-
was crosslinked through the head-to-head hydrogen bondingrate (ag.) was extracted into toluene using five-fold molar
at the terminal of the gold-bound 11-mercaptoundecanoic excess of the phase transfer reagent TOAB under vigorous
acid. The vapor absorption on QCM sensor was correlatedstirring. After the aqueous phase was removed, the desired
with the film resistance changes measured by the chemire-amount of thiols with molar rate of 4:1 of Au to thiol was
sistor. The group conducted by Murrf35,26]investigated added, followed by 10-fold molar excess of sodium borohy-
the effect of vapor sorption on the electron-hopping rate us- dride. With sodium borohydride addition, the reaction mix-
ing networked nanopatrticles, indicating that the vapor sorp- ture gradually turns dark. Keep stirring for atleast 3 h atroom
tion results in the electron-hopping rate decreasing. Gratetemperature, then the organic phase was isolated, washed
et al. [22] compared the sorption behavior of Au-thiolated with water and concentrated to approximate 10 mka®°C
nanoparticles film materials with typical sorptive polymers under reduced pressure. The black product was precipitated
used on vapor sensor, concluding that the nanoparticles maby the dropwise addition of the toluene solution into 200 mL
terials are less sorptive than the polymers. Synovec’s groupof stirred absolute ethanol. After standing overnight at room
applied dodecanethiol monolayer-protected gold nanoparti- temperature, the clear solvent was decanted and the collected
cle as stationary phase in open tubular gas chromatographyproduct was washed with ethanol twice. The product was
[12,28]. Much faster separation time for nerve agent simu- further re-crystallized by dissolving it in 5 mL of toluene and
lant mixture analysis was achieved by using nanoparticles precipitated in 200 mL of ethanol.
as stationary phag28]. The Au-nanopatrticle was also used
as the sensing interface in ion-selective field-effect transis- 2.3. Instrumentation and measurements
tor for adrenaline analysis based on the potential change re-
sulted from the interaction of the nanoparticles with the target  The chemiresistor sensor was fabricated from interdigi-
moleculeq18]. tal microelectrodes consisted of 50 pairs of Au electrodes
However, so far little attention was paid on the humidity (Cr adhesion layer) with 1am width, 5mm length, and
effect on the sensor response, and neither on the capacitanc&5 um spacing. The sensor was spray-coated with 0.2% gold
response. Since the permittivity of water is much higher than nanoparticle solution in toluene. The ac resistance changes
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Fig. 1. Schematic illustration of the test system, (a) for the sensor responses
to water vapor, (b) For the test of the humidity effect on the sensor response
to VOCS.

were monitored in situ using a digital LCR meter (Model

TH2816, Tonghui Electronic Co., Ltd., P.R. China) at a sig-

nal frequency of 1 kHz. The coating was continued until the

desired resistance (~150 k<) achieved. Then the sensor was

stabilized at 60C overnight. The resistance after heating is rig 2. The sensor response profiles at different humidity. Topu@oated

lower than the resistance before heating. The heat-treated sensensor, bottom: BgAu coated sensor, Rand G are the resistance and

soris much more stable than untreated sensors. The resistancepacitance in dry i respectively.

of BCyAu-coated and gAu-coated sensors after heating are

around 100 and 120 k€2, respectively. The measurements were reproduced at least two times on
The sensor was placed in a chamber equipped with each concentration.

rotor flow meters and a humidity meter (Digital Hygro-

Thermometer, model 8708, AZ Inst. Co. TaiwaR)g. 1 3. Results and discussion

shows the setup for water vapor response test. Both the re-

sistance and capacitance were measured at the same timg 1. Response characteristics

with the digital LCR meter, which was interfaced to personal

computer. The parameter setting and the data collection were The response of bothgBu and BGAu coated sensor to

carried out with the software provided with the instrument. water vapor was investigated with dry nitrogen as blank. The

Nitrogen was used as the blank gas. Dry Was divided tested humidity is from 10 to 60% RH, the highest humidity in

into two streams. One stream was bubbled through a liquid field in most cases. The response profiles are showigir?

water reservoir. The desired humidity was generated by ad-where the responses were normalized relative to the baseline

justing the flow rate of the dry and webNand was measured  responses, and the water vapor concentration is expressed as

downstream with a commercial humidity meter. While test relative humidity (RH). Theoretically 1% RH is equivalent to

the water vapor response, dry Was used as blank. The sys- 312 ppm at 25C. The sensor response to water vapor at low

tem was first purged with Nuntil stable resistance achieved. humidity is different from that at high humidity. At low hu-

Then turn off the 3/2 way valve to conduct the wet With midity, there are positive resistance responses (i.e. resistance

constant humidity through the system. increases with humidity) but little capacitance response. At
While test the humidity effect on the VOC response, wet high humidity there are negative resistance responses and sig-

N> at certain humidity was used as the blank. A little modifi- nificant positive capacitance responses. These results suggest

cation was made on the setup so that the test air was cycled irthat there are two opposite factors affecting the response. The

aclosed systemwith avolume of 1.12 L including the connect negative factor that results in the resistance decrease becomes

tubes. The system was first purged with wetutil stable significant around 30% RH at which there is a rapid increase

resistance achieved. Then turn on the 3/2 way valve to circle in resistance followed by a slow decrease for both the/BC

the system. Certain volume of the target organic solvent wasand the @Au-coated sensors, indicating that the effect is in-

syringed into the system to get the desired concentration. dependent on the film material. With humidity increasing,
The time-dependent resistance and capacitance werghe negative factor increases and surpasses the positive fac-

recorded in situ. While stable resistance achieved, the 3/2tor around 40% RH, after which net negative resistance re-

way valve was switched to continue the next measurement.sponses were observed as showRim 3. Also around 30%



1346 P. Pang et al. / Talanta 65 (2005) 1343-1348

200 PO W T Y U S T W W S B A 70

-200
-400
-600

AR (kQ)

-800

-1000

AN SN FENE ARl RN NN RN
RLLN R LR LA R RN RN RN R

8

LI L I N I I -10

ol e be v by sl g

5 g
1
@

-
-

AR (kQ)
(4d) ov

o4
o n

o Onli%lllﬁ’lllﬁ)tnl{?lllﬁ)ulﬁlll

LANLINL N N L Y |

A

T2

10 20 30 40 50 60
RH(%)

Fig. 3. Humidity-dependent sensor response. TeguGcoated sensor, bot-
tom: BGAuU coated sensor.

RH the capacitance response becomes significant as shown i
Figs. 2 and 3. Around 20% RH a little capacitance response

was observed and below 15% RH no capacitance response
although at this humidity significant resistance response was

n

gold nanoparticle materials is determined by the core—core
separation (@) and the dielectric properties fcand E) of

the medium separating the metal cores. The vapor absorp-
tion on one hand changes the dielectric properties through
changing the permittivity of the medium, and on another hand
causes the nanoparticle material swelling. Material swelling
increases the core separation, resulting in a decrease in the
conductivity (o) based on Eq(1). Sinceg is of the or-

der of 1A-1, the conductivity is much sensitive to the core
separation, giving about three times decrease in conductiv-
ity per,& increase in the separation. The direction of resis-
tance response due to the change in the medium dielectric
properties is dependent on the permittivity of the vapor ab-
sorbed relative to the film medium permittivity. While the
vapor permittivity is higher than the medium'’s, the vapor ab-
sorption will increase the medium conductivity. Otherwise
the vapor absorption will decrease the medium conductiv-
ity. For most organic compounds whose permittivity is close
to the medium permittivity, the conductance change caused
from the variance in the medium dielectric properties can
be neglected compared with that caused from the change
in core separation. The film swelling governs the resistance
response and positive resistance response was observed as
shown inFig. 4. Actually in most investigations the contri-
bution to the conductance response due to the changes in
film dielectric properties was not considef@d,31]. As for
water whose relative permittivity is much higher than the
medium material permittivity, the partitioning of water into
the film can result in a significant change in the medium

observed. As a comparison, the response profiles to toluene

are shown irFFig. 4. There are always positive resistance re-

sponses but no capacitance response during the concentration

investigated in dry environment. The other three compounds

are with the similar response profiles as toluene and the re-
sults are not shown. The fact that no capacitance response at

low humidity indicates that the capacitance response is not

sensitive to the film swelling at low humidity environment

because that the positive resistance response can be mainly

contributed to the film swelling according to the approach
suggested by Neugebauer and WERR):

o = oge %EP g E/RT Q)

whereg is the electron transfer coupling coefficient typically
atthe order of A1, 5g the edge to edge core separatiog,

the relative conductivity of the dielectric medium separating
the metal core< is the activation energy required to gener-
ate a positive and a negative charged cores from two initially
neutral coresk is inversely proportional to the relative per-
mittivity in the medium separating the cores. This approach

was used to explain the response of nanoparticle sensors by

Evans’[27] and Murray’s groug31].
The first is the tunneling term related to the electron tun-

neling between two metallic cores, and the second is the hop

term related to the electron hopping between two charged
cores. The electronic conductivity in monolayer-protected

Fig. 4. The sensor response profiles to toluene. TeguCcoated sensor;
bottom: BGAu coated sensor, Rand G are the resistance and capaci-
tance in I, respectively. The other three compounds have similar response
profiles. There is no capacitance response.
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Table 1
Effect of humidity on the sensitivity
C. R (ppm) CsAu BC,Au
0% RH 20% RH 60% RH 0% RH 20% RH 60% RH
Toluene 100-1000 s 19.6 B.2 17.2 0.52 0.44 0.45
AS/IS? (%) 0.0 -71 —-12 0.0 —-15 —14
Ethyl acetate 120-1200 S 1.99 1.83 1.76 0.17 0.16 0.12
ASIS (%) 0.0 -8.0 -12 0.0 -5.9 -29
Ethanol 200-2000 S 0.71 0.53 0.5 0035 0.027 0.026
ASIS (%) 0.0 -25 -30 0.0 -23 —26
Acetone 150-1500 S 0.52 0.33 0.32 0.049 0.045 0.031
ASIS (%) 0.0 —36 -39 0.0 -8.2 -37

2 Concentration range explored in ppm.

b Relative humidity.

¢ Sensitivity inQ2/ppm, the sensor noise is W(CgAu-coated sensor) andc2 (BC,Au-coated sensor), respectively.
d Sensitivity change relative to that in dry environment.

dielectric properties, which can partially offset the expected 3.2. Effect of humidity on sensor response to VOCs

increase in resistance due to the film swelling. The effect of

water partitioning on the medium electric properties becomes ~ Toluene, ethyl acetate, acetone, and ethanol were selected
more significant at higher humidity while water molecules be- @S the target compounds to investigate the humidity effect on
gin to aggregate. The aggregation of water molecules coulgthe sensor responses. These four compounds represent four
completely change the film electric properties while ion cur- classes of functional-group compounds ranging from non-
rent exist. The ion current could be caused by the resid- polarity to strong polarity. Responses were linearly with va-
ual TOAB contamination. From the research conducted by PO' concentration in the investigated concentration, and the
Schiffrin’s group[32], it is not easy to remove TOAB com- correlation coefficignts w_ere_all over.0.99. Replicate gngly—
pletely in the nanoparticle compounds prepared according toS€s were reproducible, yielding reIayve standarq deV|at|or_13
Brust method29]. The TOAB contamination influences on (R.S.D.s) of <4%. The response profile of toluene in dry envi-
the response is still in investigation. Wohltjen and St ronmentis shown ifig. 4. The restthree compounds have the
also investigated the response @f4D-coated sensor to wa- similar response profiles. Absorption of the organic vapors
ter vapor, but little resistance response was observed owing to'@Sults in the sensor resistance increasing but no change in
the low sensitivity. They did not investigate the capacitance capacitance in dry environment. In wet environment, the re-

response. sistance sensitivity decreased with the humidity increasing as
The little capacitance response in dry environment can €xpected. o . o
be contributed to the low permittivity of the film material. The sensor sensitivities to VOCs at different humidity

Since the permittivity of the organic compounds is close to @ré summarized iffable 1. In 60% relative humidity en-
the medium permittivity, there is little change in the medium Vironment, the sensitivity drop ranges from 12% (toluene on
permittivity due to the absorption. At low humidity, the water CsAu-coated sensor) to 39% (acetone qgAG-coated sen-
molecules are scattered and the effect on the medium permit-SOF) compared to the sensitivity in dry environment. Among
tivity is little, a little capacitance response was observed. At the fourcompounds, the humidity effecton toluene is the least
high humidity, the water molecules aggregated and caused@Nd on acetone the biggest. The higher hydrophobicity of
the film permittivity increase. Abrupt capacitance response the target compounds, the less humidity effect was observed.
was observed as shownfigs. 2 and 3. The effect of water The results show that sensors coated with hydrophobic com-
absorption on the film dielectric property begins significant Pounds protected-metal nanoparticles can be used in high
around 30% RH. With humidity increasing, capacitance re- humidity.
sponse increases exponentially. As for the capacitance response, the absorption of organic
Fig. 3 shows that the humidity-dependent resistance re- Va&pors caused little capacitance response at low humidity
sponses profiles are different orAli and BGAuU-coated (R_H_<30%), and negative capacitance response at high hu-
sensors. This difference may be related to the different resid-midity (RH>40%) as the result of the replacement of water
ual TOAB contamination. If notice the different scale in Molecules absorbed with the organic molecules. Such a re-
Fig. 3, GsAu-coated sensor is much more sensitive to water placement results in a decrease in the permittivity in the film.
than the BGAu-coated sensor no matter based on capaci- Although the concentration of organic vapors is much less
tance or resistance response. Same results were obtained dfian water vapor, the hydrophobic film is more favorable to
the VOCs' response. Higher sensitivity was always observed the hydrophobic target compounds than to water. The capac-
on GgAu-coated sensor. The capacitance increased exponenitance response is slow, low sensitive, and not practicable for
tially with humidity increasing. sensing application.
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4. Conclusions [11] R.L. Whetten, N.M. Shafagullin, J.T. Khoury, T.G. Schaaf, |. Vezmar,
M.M. Alvarez, A. Wilkinson, Acc. Chem. Res. 32 (1999) 397.

Two gold-thiolate monolayer-protected nanoparticles 12 ?5"\?'2(%;0)52'5%’* Nelson, J.W. Grate, R.E. Synovec, Anal. Chem.

were employed as interfacial layers on chemiresistor S€N-(13] A W. Snow, H. Wohltien, Chem. Mater. 10 (1998) 947.
sors. Both resistance and capacitance were measured as th€4] H. wohitien, A.W. Snow, Anal. Chem. 70 (1998) 2856.
function of the vapor concentration. The sensors show posi-[15] Q.Y. Cai, E.T. Zellers, Anal. Chem. 74 (2002) 3533.
tive resistance response to water vapor at low humidity and[16] S.D. Evans, S.R. Johnson, Y.L. Cheng, T.J. Shen, Mater. Chem. 10
negative resistance response at high humidity, but little ca- ___ (2000) 183. .

. - Lo ... [17] L. Han, D.R. Danniel, M.M. Maye, C.J. Zhong, Anal. Chem. 73
pacitance response at low humidity and significant positive (2001) 4441,
capacitance response at high humidity. The sensor sensitivityj1g] A B. Kharitonow, A.N. Shipway, I. Willner, Anal. Chem. 71 (1999)
to VOCs decreases with the humidity increasing. The capac-  5441.
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