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a b s t r a c t
The fast and sensitive detections of chemicals adsorption onto solid substrates are of importance to
many ﬁelds. Ordered arrays of gold or silver nanoparticles with strong surface plasmon resonances
allow directly visualized detections of molecular scale adsorptions of polymer multilayers, an explosive
derivative, and mercury vapor on solid substrates. The adsorbed species change local dielectric constants
surrounding plasmonic nanoparticles, leading to shifts of plasmon resonance peaks into either long or
short wavelength direction depending on interactions of chemicals with nanoparticles. The magnitude of
peak shifts is proportional to the amount of adsorbed chemicals in certain range, and is sufﬁciently large
so that color changes can be seen directly by naked eyes. The ordered nanoparticles can be made over a
large area at high yield, allowing a quantitative, passive, and sensitive detection of molecular species.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The ability to detect and monitor chemicals adsorbed on solid
substrates with high precision and low cost is important for many
industrial ﬁelds such as fabrications of thin ﬁlms for optical or
electronic devices, reductions of friction or wear using lubricant
ﬁlms and constructions of bio-compatible or bio-repelling surface
ﬁlms. A variety of techniques have been used to detect adsorbed
species using optical or conductometric sensors, quartz crystal
microbalance and cantilever [1–8]. The advent of nanostructured
materials has created many opportunities to dramatically enhance
the ability to detect adsorbed chemicals. Nanoparticles with unique
optical, magnetic, electronic, and chemical properties have been
used either alone or as functional additives to improve performance
of molecular detections, where changes in the physical properties of nanoparticles reﬂect existences or concentrations of target
molecules [9–19]. Due to small size and large surface area to volume
ratio of the nanoparticles, the detection sensitivity is enhanced and
response time is shortened [20–22]. In particular, nanoparticles of

∗ Corresponding author at: NanoScience Technology Center, University of Central
Florida, 12424 Research Parkway, Suite 400, Orlando, FL 32826, United States.
Tel.: +1 407 882 2822; fax: +1 407 882 2819.
E-mail address: mingsu@mail.ucf.edu (M. Su).
0925-4005/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.snb.2010.08.022

noble metals including gold and silver have shown strong surface
plasmonic effects. Once these nanoparticles are assembled to form
an ordered array onto a dielectric substrate, an incoming white
light can excite the surface plasmons, which coherently resonate
with those of nearby nanoparticles, causing extinction or scattering
of light with improved efﬁciency. The surface plasmon resonance
(SPR) peak shifts upon adsorption of molecules due to changes in
dielectric constant of local medium, and provides a means of signal
transduction [23–26]. The structure, composition, surface properties, and the assembly of nanoparticles can be precisely tuned to
allow bottom–up constructions of nanostructured materials with
controlled properties [27–31]. But, plasmonic sensors rely on optical spectrometers to detect shifts of plasmon resonance peak. A
particular area of interest is the detection of mercury vapor, which
can affect the lungs, kidneys, skin, eyes, and nervous and immune
systems of human. As mercury containing products (i.e., ﬂuorescent
lighting) and industrial processes (i.e., coal burning power generation and solid waste incinerations) become more and more popular,
there is the need to conveniently detect mercury vapor in air over
a large area [32,33].
We report the detection of low concentration molecules
including polymer, mercury vapor, and an explosive derivative,
2,4-dinitrotoluene (DNT), by directly visualizing color changes
of an ordered array of plasmon nanoparticles deposited on
glass substrates (Fig. 1). The adsorption of molecules onto
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taminants from slides. The slides are then sonicated in 5:1:1
H2 O:NH4 OH:H2 O2 solution for 60 min, and washed with large
amount of water until pH value reaches 6 again. After such treatment, the slides become very hydrophilic due to the production
of hydroxyl groups. The prepared slides are stored in deionized
water and used within one week. In order to form nanosphere mask,
∼2.5 l of nanosphere solution at original concentration is dropped
onto a cleaned glass slide that has a thin water ﬁlm. The existence of
such ﬁlm can facilitate the diffusion of nanospheres over the glass
substrate and prevent the fast drying of suspension. Then the slide
is stored inside a covered Petri dish to allow the slow evaporation
of water, which is helpful to form a closely packed monolayer of
nanospheres.
2.3. Preparation of periodic silver/gold nanoparticle arrays

metal nanoparticles changes local dielectric constants, and optical
appearance of glass substrates. In case of mercury vapor, chronic
exposure to mercury is monitored by detecting accumulated color
changes of gold nanoparticles that have high afﬁnity with mercury.
The amalgamated nanoparticles can be regenerated by heating
the substrate up to a high temperature (300 ◦ C), providing a passive, low cost, and convenient way to detect mercury vapor. Gold
nanoparticles can be deposited onto a large substrate to allow solid
state capture of mercury, which enables simultaneous mercury
sensing and capturing. In case of explosive detection, the explosive
vapor condenses on solid surface, changes local dielectric constant
and leads to color change of the substrate. In addition, polymer
multilayers that have precisely controlled thicknesses have been
used as a standard to reﬂect or calibrate the detection capability of
this method.

The ordered nanoparticle arrays are produced on glass substrates using nanosphere lithography and thermal evaporation of
metallic ﬁlms (Fig. 1) [34]. Brieﬂy, 2 nm of chromium and 40 nm
of silver (or gold) are evaporated onto glass substrates through
interstitial spaces of densely packed monolayer of polystyrene (PS)
nanospheres. The thicknesses of ﬁlms are monitored using quartz
crystal microbalance. After taking samples out of the evaporator,
the nanospheres are removed by sonicating samples in absolute
ethanol for 3 min. An atomic force microscope (AFM) operated in
tapping mode is used to image nanoparticles. AFM image shows
that triangular-shaped silver (or gold) nanoparticles are arranged
to form ordered hexagonal patterns. After annealing the samples,
coated with gold nanoparticles, at 600 ◦ C for 10 h in air, the triangular nanoparticles have transformed into hemispheric nanoparticles.
The diameter and interparticle spacing of nanoparticles are determined by the diameters of nanospheres and are 50 and 230 nm,
respectively. The height of annealed nanoparticles is determined by
AFM as 20 nm. X-ray diffraction (XRD) spectrum shows annealed
gold nanoparticles are well-crystallized with strong diffraction
peaks [35]. All AFM images presented here are unﬁltered draw data.

2. Experiments

2.4. Polyelectrolyte multilayer ﬁlms

2.1. Chemicals

Polyelectrolyte multilayers are deposited on the silver (or gold)
nanoparticle arrays through layer-by-layer method. The multilayers are deposited from 0.01 M solutions of PAA and PAH at pH
of 3.5 and 8.5, respectively. The deposition involves the immersion of charged surfaces (i.e., glass) into the aqueous solutions of
both polyanions and polycations in an alternating sequence to built
multilayers by electrostatic interaction. Brieﬂy, the glass slides are
immersed in the PAH solution for 15 min, and rinsed with DI water
for three times in separate beakers. The slides are then immersed in
the PAA solution for 15 min and rinsed with DI water for three times
as well. Such deposition cycle is repeated for n times to deposit n
bilayers of PAH and PAA.

Fig. 1. Schematic illustration of color change of gold nanoparticles upon deposition
of different molecular thin ﬁlms (mercury, DNT and polyelectrolyte multilayers).

All the chemicals used in this experiment are reagent grade
and used without further puriﬁcation. Borosilicate glass microscope slides are obtained from VWR (West Chester, PA). The glass
slides are thoroughly cleaned by H2 SO4 , NH4 OH and H2 O2 at
certain concentration following standard procedures. Surfactantfree carboxyl-modiﬁed polystyrene suspension containing 4% of
solid nanospheres (diameter 400 nm) is obtained from Invitrogen
(Carlsbad, CA). Ultrapure water with resistivity of 18.2 M cm−1
is obtained from a Millipore system (Marlborough, MA), and used
to clean glass and make solutions. High purity gold, silver and
chromium are obtained from Goodfellow (Oakdale, PA) as source
materials for thermal or electron beam evaporations. Poly(acrylic
acid) (PAA) with molecular weight of 90,000 and poly(alkylamine
hydrochloride) (PAH) with molecular weight of 70,000 are obtained
from Polysciences and Aldrich, respectively. Mercury and 2,4dinitrotoluene (DNT) are used by delivering their vapor into a
detection chamber using continuous ﬂow of nitrogen.
2.2. Template preparation
Glass microscope slides are cut into small regular pieces and
cleaned at 80 ◦ C for 30 min in a piranha solution that contains
3:1 concentrated H2 SO4 :30% H2 O2 , and rinsed repeatedly using
deionized water (resistivity 18.2 M cm−1 ) until the pH value
of the solution reaches 6. This cleaning removes organic con-

2.5. Ultraviolet–visible extinction spectroscopy
The glass slides with nanoparticles are placed in a self-built
detection cell, which has an inlet and an outlet to allow liquid or
gas to pass continuously. The two sides of the cell are transparent.
UV–vis extinction measurements are performed using a ﬁber optical mini-spectrophotometer (Ocean Optics, FL) with charge coupled
device (CCD) detector. The multimode ﬁber permits the passage
of light in the wavelength region from 400 to 900 nm. All spectra are collected in transmission mode using normally incident,
non-polarized white light with beam size of about 2 mm2 . Each
spectrum is an average of 25 individual ones at 8 ms integrations,
and the collection is performed in either dry nitrogen or deionized
water.
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Fig. 2. (A) The UV–visible extinction spectra of silver nanoparticle array with 0–10 bilayers of PAH/PAA (bottom to up), respectively; (B) the experimental (square) and
simulated (circle) peak shifts as functions of numbers of bilayers, respectively; (C) a micrograph of circle patterns that have been covered by three bilayers of PAH/PAA.

2.6. Discrete dipole approximation
The plasmonic resonance peak shift is modeled using a ﬁnite
element electrodynamics method known as the discrete dipole
approximation (DDA). Both the nanoparticle and surrounding multilayer dielectric are represented in terms of cubical elements, and
the optical response to an applied plane wave ﬁeld is used to calculate extinction cross-sections.

thin ﬁlms can also change color of the gold nanoparticle arrays
(Fig. 3B), suggesting that the color change could be a general phenomenon of plasmon nanoparticle arrays.
The polymer multilayer offers a system to investigate the structural dependent optical property of silver nanoparticles. According
to the Mie theory and an empirical relation, the peak shift can be
related to the thickness of PAH/PAA thin ﬁlms using [36,37]:



 Nt 

max = m(npolymer − nmedium ) 1 − exp −
3. Results and discussion
UV–vis extinction spectra of silver (or gold) nanoparticles are
collected after depositing polyelectrolyte multilayers. Fig. 2A shows
the extinction spectra of an ordered silver nanoparticles array in
dried nitrogen after depositing 1–10 multilayers, where the resonance peak does not shift after 7 multilayers, suggesting saturation
of plasmonic signal. The new peaks appear at about 470 nm can
be assigned to quadrupole oscillations. Fig. 2B shows the plotted
shifts of resonance peaks versus the number of bilayers, where a
linear dependence of peak shifts on the number of bilayers can
be seen before reaching saturated values. More interestingly, the
color change of gold nanoparticles can be observed by making
micropatterns on the substrate (Fig. 2C), which allows to conveniently monitor polymer multilayers. Similarly, thin ﬁlms of
2,4-dinitrotoluene (DNT) (melting temperature of 71 ◦ C), which is a
derivative of an explosive 2,4,6-trinitrotoluene (TNT), are thermally
deposited onto an annealed nanoparticle arrays. The thickness is
controlled by exposing nanoparticles to vapor for different time
(from 5 to 25 s), and measured using AFM. The deposited ﬁlms
change local dielectric constant around each nanoparticle, and lead
to shifts of plasmon resonance peaks (Fig. 3A). The deposited DNT

ld

where m is the plasmon excitation coefﬁcient of metal, N is the
number of polymer bilayers, npolymer and nmedium are the refractive
indexes of polymer and medium, respectively, t is the thickness
of each layer, and ld is the characteristic decay length of electromagnetic ﬁeld surrounding nanoparticle. The equation shows as N
increases,  increases initially. After depositing a certain number
of layers, the exponential term becomes dominant, and  ceases
to increase. The plasmon excitation coefﬁcient (m) of silver is taken
as 191 [38]. The bulk refractive indexes of polymer and air (nitrogen) are taken as 1.51 and 1.0, respectively. Fig. 2B shows simulated
wavelength shift at different thickness (red), where the characteristic decay length of electromagnetic ﬁeld is derived to be 30 nm
with the average thickness on PAH/PAA bilayer of 5 nm [39], and
a 10 nm thick polymer ﬁlm leads to 25 nm wavelength shifts of
plasmon peak in nitrogen in the linear region of the curve. (For
interpretation of the references to color in this ﬁgure, the reader is
referred to the web version of the article.).
A glass substrate with gold nanoparticles is installed inside a
self-built chamber that has an inlet and outlet to allow mercury
vapor to be delivered by nitrogen ﬂow. The concentration of mercury vapor is determined by vapor pressure of mercury at room

Fig. 3. (A) The extinction spectra of gold nanoparticles after exposing to DNT vapor, where the curves are taken at 0, 5, 10, 15, 20 and 25 s (bottom to up), respectively; (B) a
micrograph of a circle pattern not exposed to DNT.
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Fig. 4. The peak shifts of gold nanoparticles after exposed to 15 ppm mercury vapor (A), where the curves are taken at 0, 1, 2, 5, 10, 30, 60 and 120 min (bottom to up),
respectively; (B) the magnitude of peak shifts at different exposure time; AFM images of nanoparticles before (C) and after (D) exposing to mercury for 120 min, where insets
show the according cross-section proﬁles.

temperature and ﬂow rate of nitrogen. Fig. 4A shows the peak
shifts when gold nanoparticles are exposed to 15 ppm of mercury
vapor for certain time, where each curve is vertically shifted for
display purpose. The peak shifts towards short wavelength direction from 565 to 560 nm and saturates after about 2 h’ exposure.
The magnitude of peak shift is plotted as the function of exposure time (Fig. 4B), where a monotonic peak shifts can be seen.
The response rate on gold nanoparticles to mercury vapor has been
compared to that on gold thin ﬁlm. At exposure time of 30 min,
the magnitude of peak shift (4.25 nm) is 85% of the total peak shift
(5 nm), which is faster than 67% collected on thin ﬁlm [40]. The
fast response is attributed to large surface area to volume ratio of
nanoparticles. The nanoparticles can also be regenerated by heating
the mercury exposed sample to remove mercury: when temperature is kept at 300 ◦ C for 30 min, the plasmon resonance peak shifts
to long wavelength and return to original values. The regeneration can be done for few times without deteriorating the sensing
behaviors.
In order to conﬁrm the origin of peak shifts, the gold nanoparticles before and after exposing to mercury vapor are imaged by
AFM. Fig. 4C and D show AFM images of gold nanoparticles before
and after exposing to 15 ppm of mercury vapor for 2 h, respectively. Nanoparticles after exposure (Fig. 4D) are larger than those
in Fig. 4C at the same magniﬁcation. From the cross-section proﬁles of images (Fig. 4C and D, insets), the height of nanoparticles
after mercury exposure is derived to be 30 nm, which is taller than
before exposure (20 nm). Although the lateral dimension derived
from AFM does not reﬂect actual value because of the broadening
effect of AFM imaging, the heights of nanoparticles can be reﬂected
accurately. If the ratio of expansion is identical in each direction,

the volume increase of a hemispheric nanoparticle with height
of 30 nm is 3.4 times as that of a 20 nm hemispheric nanoparticle. Taking densities of gold (19.3 g/ml) and mercury (13.5 g/ml),
the gold to mercury mass ratio is derived to be 0.6. The adsorption of mercury increases the volume of gold nanoparticles, and
changes the effective refraction index, which leads to blue shift
of SPR peaks. Although the peak shifts is relatively small (5 nm),
the color change of gold nanoparticles upon mercury exposure
can be visualized by naked eyes or using optical microscope. We
have made micropatterns on a glass substrate that has an ordered
array of gold nanoparticles. After forming a thin ﬁlm of photoresist, the glass substrate is radiated with UV light (254 nm) through
a mask. After developing the UV radiated area, the sample is
exposed to 15 ppm mercury vapor for 16 h. Then the photoresist
is removed, and the sample is checked by an optical microscope.
Fig. 5A shows the optical contrasts between mercury exposed areas
and those of unexposed areas, where the bright regions have not
been exposed to mercury vapor. Reversing contrast in photomask
makes micropatterns with reversed contrast (Fig. 5B). Energy dispersive X-ray (EDX) spectroscopy shows that the circle contains
gold and mercury (Fig. 5C). If the pattern is large enough, the optical
contrast can be seen by naked eyes (Fig. 5D).
The blue shift of plasmon peak upon adsorption of metal vapor
is general. Indium powder is heated to 600 ◦ C and carried into
the detection chamber by nitrogen ﬂow. Upon exposure to indium
vapor, the plasmon peak of gold nanoparticles shifts to short wavelength (Supporting Fig. A). Silver nanoparticles deposited on glass
surfaces have been exposed to mercury vapor to conﬁrm the blue
shift, where the peak shifts to short wavelength as well (Supporting
Fig. B). Since mercury has higher vapor pressure than most of met-
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Fig. 5. An optical micrograph of micropatterns produced in mercury vapor on a patterned substrate with gold nanoparticles (A), where the relative white areas are not
exposed to mercury vapor; a micropattern produced on a glass substrate with gold nanoparticles in mercury vapor (B), where circle area is exposed to mercury vapor; an
EDX spectrum collected from a circle micropattern (B) after exposing to mercury vapor (C); a graph of a character produced after exposing to mercury vapor on a 2 cm × 2 cm
glass with an ordered array of gold nanoparticles (D).

als, the method of mercury detection using gold nanoparticles has
high speciﬁcity. Furthermore, gold nanoparticles can be deposited
on a large glass surface to capture an appreciable amount of mercury while monitoring mercury concentration. We have made a
large array of gold nanoparticles on a 7.5 cm × 7.5 cm glass substrate (Supporting Fig. C), which can be used as a window material
to monitor and capture mercury vapor in air. If the nanoparticles
contain 40% (mass ratio) of mercury, the mass of mercury that can
be taken by nanoparticles on this glass is over 0.05 mg without
affecting appearance of glass. Such number can reach 80 mg if surface area is increased to 10 m2 . Providing that good circulation of
air is maintained, 80 mg of mercury vapor ﬂoating in air can be
captured on a 10 m2 glass in 1 h.
4. Conclusions
In conclusion, the molecular adsorptions on solid substrates can
be sensitively and conveniently detected by shifts of surface plasmon resonance peaks. The peak shifts in cases of polymer ﬁlm,
mercury vapor, and DNT are sufﬁciently large in certain range
that color changes can be directly visualized by naked eyes. Gold
nanoparticles can be regenerated after mercury adsorption, and
can be produced over a large area to capture mercury in air. Compared to existing techniques of detecting chemical adsorption, this
method involving plasmonic nanoparticles can be widely deployed
to detect chemicals over a large area in a fast and convenient way.
Meanwhile, structural engineering of nanoparticle array can further enhance the detection sensitivity.
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