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The surface plasmon resonance of small metal particles is highly sensitive to the refractive index of the
surrounding medium. However, for particles dispersed on a glass surface in a polymer matrix, the effective
refractive index is ill-defined. The effects of the substrate and solvent refractive indices on the surface plasmon
resonance of individual gold nanoparticles (prisms and decahedra) have therefore been investigated by dark
field microscopy. It is found that for any given substrate, e.g., glass or quartz, the surface plasmon band
red-shifts when the solvent refractive index is increased as expected. However the sensitivity is reduced from
that observed in a homogeneous medium, and the effect of the supporting polymer matrix is found to be of
great importance. The effective refractive index dispersion relationship follows an equation of the formneff

) (1 - R)nsub + Rnmed where the value ofR was found to vary from 0.10 to 0.65 depending on whether the
particles are embedded in a polymer matrix or deposited directly onto the substrate.

Introduction

The optical properties of colloidal metal particles are well-
known to depend on the particle size, shape, electron density,
and the refractive index of the surrounding medium.1-10 Mie
theory provides an exact solution for the shift in the surface
plasmon resonance for an arbitrarily sized sphere in a homo-
geneous medium as the refractive index is varied and accurately
predicts the observed color changes of gold sols in different
solvents.3,4 More recently, single nanocrystal measurements have
been employed to avoid the effects of polydispersity on the
measured ensemble surface plasmon resonance, allowing direct
measurement of the homogeneous line width and position of
the surface plasmon band of a single metal nanoparticle.11-17

These measurements enable the importance of surface scattering
and radiation damping on the line width of different shaped
metal particles to be quantified.17,18 However, for particles
distributed on a glass slide and immersed in a second medium
such as water or air, the effective refractive index is ill-defined
and presumably lies between the values of the two media. It is
important to be able to define how the effective local environ-
ment refractive index varies around a particle on a surface as
the medium is altered in order to fully interpret single particle
spectra. Although one can obviate this problem to some extent
by the use of refractive index matching liquids, for many
proposed applications of metal nanoparticles such as biosens-
ing,1,2,19,20 plasmonic based optical chips,21 and SERS based
single molecule detection,22-24 it is not practical to work in such
media.25-28 Consequently, in this paper, we investigate the
effects of substrate and sample preparation on the scattering

properties of single gold nanoparticles, specifically the effective
refractive index experienced by a nanocrystal within a polymeric
film prepared by spin coating, since this is a common method
of sample preparation for single semiconductor and metal
nanocrystal microscopy.

Experimental Section

Materials. Ethanol, acetone, chloroform, isopropanol, toluene
(reagent grade), dibromomethane (99%), and polyvinylalcohol
(PVA, 80% hydrolyzed MW 8000-10 000) were all purchased
from Aldrich. All chemicals were used as received. Milli-Q
water was used in all preparations.

Synthesis of Gold Nanoparticles.Gold nanoparticles were
synthesized by the seed-mediated growth method developed by
Sanchez-Iglesias et al.29 Briefly, gold seed particles (2-3 nm)
were prepared by adding 2.5 mL of a freshly prepared 10 mM
NaBH4 solution to 47.5 mL of a H2O-DMF mixture (1:18, v/v)
containing 0.017 g of PVP (Mw ) 10 000) and 22µL of 0.1136
M HAuCl4. The solution was stirred for 2 h and then allowed
to sit for 24 h. To prepare the nanoparticles, a growth solution
containing 0.825 mL of 0.1136 M aqueous HAuCl4 and 15 mL
of 2.5 mM PVP (Mw ) 40 000) in DMF was sonicated until
the band at 325 nm disappeared. The preformed seeds were
then added (between 0.3 and 1.4 mL), and the resulting solution
was further sonicated until complete reduction of the gold had
taken place. After purification, the resulting solutions contained
mainly trigonal prisms and decahedra, whereas other shapes
such as octahedra and hexagonal plates were present in much
smaller proportions. This colloid was used as a stock solution
for sample preparation. Glass slides were cleaned by sonication
in dichloromethane, then 10% NaOH, and finally with Milli-Q
water.30

* To whom correspondence should be addressed.
† University of Melbourne.
‡ Universidade de Vigo.

3

2008,112,3-7

Published on Web 12/13/2007

10.1021/jp709606u CCC: $40.75 © 2008 American Chemical Society



Sample Preparation. A. Gold Nanoparticles Completely
Immersed in a PVA Film.The stock gold nanoparticle solution
was diluted by two with a 1% PVA in water solution. Samples
were prepared by first spin coating clean, dry glass slides with
this diluted gold nanoparticle solution (30µL, 3000 rpm, 5 s)
followed by spin coating the same slides with the 1% PVA
solution in the absence of gold particles (50µL, 3000 rpm, 5
s). The samples were allowed to dry for 5 min before being
used. To measure the change in refractive index, spectra of the
particles in air (on the slides) were collected first. Then a few
drops of a solvent (chloroform, toluene, acetone, ethanol,
isopropanol, or dibromomethane) were placed on the slides, and
the spectra of the same particles were collected once more.

B. Gold Nanoparticles Partially Immersed in a PVA Film.
The stock nanoparticle solution was diluted by 2 with the 1%
PVA solution. The mixture was spin cast onto clean, dry glass/
quartz slides (30µL, 3000 rpm for 5 s). The samples were
allowed to dry for 5 min before being used, and the measurement
procedures described in A were repeated.

C. Bare Gold Nanoparticles (No PVA).The stock nanoparticle
solution was diluted by 2 with water. This solution was then
spin cast onto clean, dry glass, or quartz slides (30µL, 3000
rpm, 5 s). The samples were allowed to dry 5 min before being
used. The optical measurements were then carried out, as
described in A.

Single Particle Spectroscopy.Spectra of individual gold
nanoparticles were recorded by collecting their scattered light
with a Nikon Eclipse TE-2000 microscope coupled to a Nikon
Dark-field Condenser, as described elsewhere.17 The scattered
light was collected by a Nikon Plan Fluor ELWD 40×/0.60
NA objective and focused onto the entrance port of a MicroSpec
2150i imaging spectrometer coupled with a TE-cooled CCD
camera (PIXIS 1024B ACTON Princeton Instruments). The
spectra were integrated over 30 s. Approximately 30 spectra
were collected for each solvent investigated. The raw spectra
were normalized for background light by integrating over the
region where the particles appear (∼20 pixels on the detector)
and dividing by a reference region (identical width, but with
no particles).

Results

A typical image of the gold nanoparticles under dark field
illumination is shown in Figure 1A. The sample contained a
variety of different shapes so that the dispersion behavior of
different sizes and shapes could be measured under identical
illumination conditions. An electron microscope image of a
typical colloid sample is presented in Figure 1B. The majority
of particles are triangular prisms with canted edges and
decahedra.

PVA is commonly used during spin coating to facilitate
homogeneous dispersion of the particles on the substrate. The
nanoparticle environments investigated are shown in Figure 2
and include samples in which the nanoparticles were (i)
dispersed on glass or quartz in the absence of a PVA film, (ii)
partially covered with a PVA film, which is the most commonly
used sample preparation method, or (iii) completely covered
with a PVA film.

The addition of PVA to the gold colloids is known to improve
the optical quality of the samples considerably, producing well-
dispersed, well-fixed and optically clear slides for imaging.
Atomic force microscopy (AFM) was used to estimate the
polymer film thickness and particle thickness after spin coating
of the gold particles onto the microscope cover slips. In the
absence of PVA, the particle height was found to be about 30-

35 nm, in agreement with TEM and SEM measurements.29 For
particles spin coated in the presence of PVA, the measured
height was consistently about 11-15 nm, indicating that the
gold prisms were more than half-immersed in the PVA layer.
(See representative AFM images and profile plots in Figures
S1 and S2.) The scattered light spectrum of a single particle in
one of the three environments outlined above was collected in
air and then in the presence of a solvent with known refractive
index. A list of the solvents used and their respective refractive
indices measured at 21.8°C is shown in Table 1. In all cases,
the scattered light spectra of the same particle were collected
in both air and the solvent, to enable a direct measurement of
the refractive index induced spectral shift and to eliminate
contributions due to sample polydispersity.

Examples of normalized spectra collected in air and solvent
for two particles are shown in Figure 3. The shifts in surface

Figure 1. A. Dark field image of the gold nanoparticles (decahedra,
triangles, and octahedra) in air and on glass. Scale bar) 50 µm. B.
Transmission electron microscopy image of gold nanoparticles used.
Scale bar) 100 nm.

Figure 2. Systems investigated: Trigonal prisms dispersed on glass
slides (i) without PVA, (ii) partially immersed, and (iii) completely
immersed in a PVA film.
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plasmon band position were determined from Lorentzian fits
to the experimental data. Previous work31 indicated that gold
trigonal prisms scatter light far more efficiently than the
decahedra; hence, the majority of the particles measured in this
work were trigonal prisms, and the discussion reflects this.

The expected surface plasmon shifts were calculated assuming
that the surface plasmon resonances of the prisms obey the
dipole approximation, so that the peak position is given by

Hereε′ is the real part of the gold dielectric function. The shape
dependent depolarisation factor,L, is unknown. However, the
position of the SP band in dibromomethane, which almost index
matches to the glass substrate, can be used to determineL for
the prisms used here. The observed SP peak wavelengths in
CH2Br2 ranged from 626 to 629 nm, which corresponds to an
average value ofL ) 0.177( 0.004. Having establishedL, we
can predict how the SP band should shift for prisms immersed
into different solvents and compare this sensitivity to the
observed values for the particles in the same solvents but sitting
on the glass substrates.

As a first approximation, we assume that the gold particle
experiences an average refractive index given by

Figure 4 shows the experimental and calculated shifts obtained
for each system studied. It is important to stress that these plots
were built up by taking a single gold nanocrystal and measuring
its spectrum in air and then in a single solvent. It was generally

not possible to measure the same particle in multiple solvents
because during evaporation of each solvent, residual impurities
tended to leave scattering contaminants on the glass slides.
Hence a series of single particle measurements were performed
in each solvent. In Figure 4A, results for particles completely
immersed in a PVA film are shown. The red-shifts observed
for the gold particles in air on a glass substrate, ranging from
11 nm for immersion in ethanol to 22 nm for immersion into
dibromomethane, are in good agreement with eq 2 if it is
assumed that 90% of the particle’s surface area is immersed in
PVA/glass (R ) 0.10). Figure 4B shows the shifts obtained for
particles partially immersed in PVA, the system most commonly
used in single particle experiments. The more pronounced shifts
observed, ranging from 18 nm for ethanol to 26 nm for
dibromomethane, can be fit well assuming a value ofR ) 0.23,
as seen in Figure 4B. The good agreement between these
calculations and experiment confirms that both the substrate and
the PVA film around the particle alter the effective refractive
index of the medium experienced by the gold prisms.

Figure 3. Normalized scattering spectra of 2 individual gold nano-
particles on glass slides (n ) 1.52), in air (red curves), and in
dibromomethane (black curves).

ε′ ) -1 - L
L

neff
2 (1)

neff ) Rnmed+ (1 - R)nsub (2)

Figure 4. Plots of surface plasmon band shift vs refractive index of
solvent for the three systems used (average values, over approximately
30 particles per refractive index), and calculated values: A. Particles
immersed in a PVA film, on glass, B. Particles on glass partially
immersed in PVA, C. Bare particles on glass. Error bars are the standard
deviation of the measurements over approximately 30 particles.

TABLE 1: List of Solvents Used and Respective Refractive
Indexes, at 21.8°C Measured by Abbe Refractometer at 589
nm

solvent refractive index

acetone 1.359
ethanol 1.361
isopropanol 1.377
chloroform 1.445
toluene 1.496
dibromomethane 1.540
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Finally, Figure 4C presents the shifts obtained for bare
particles on glass in the absence of PVA. The shifts measured
in this case, ranging from 34 nm for ethanol to 63 nm for
dibromomethane, are substantially larger than those found when
PVA is present, but still significantly smaller than the calculated
shifts for a particle in bulk solution, for which we would expect
shifts of 102 nm on changing the medium from air to ethanol
and 160 nm for air to dibromomethane. The shifts expected
from eq 2 with a value ofR ) 0.52 are also plotted in Figure
4C, and this gives good agreement with experiment. This is
the key result and indicates that the sensitivity of the surface
plasmon band for the triangular prisms on a glass substrate is
about half of the dielectric sensitivity in homogeneous solution.

From Figure 4C, it becomes clear that not only the PVA film
but also the substrate on its own affects the sensitivity of the
SP band to environmental changes. Samples were also prepared
employing quartz (n ) 1.46) as the substrate. The particles used
on quartz were slightly larger on average than the ones on glass,
and theL measured for these wasL ) 0.138( 0.005. Figure
5 shows results obtained from samples prepared with (A) and
without (B) PVA, accompanied by the values calculated forR
) 0.5 (A) and 0.65 (B), the values that best agree with the
experimental results.

Discussion

The results presented here demonstrate that surface plasmon
spectroscopy of small metal nanocrystals dispersed on substrates
cannot be interpreted unless the microenvironment around the
nanocrystals is well-defined. Consequently, the sample prepara-
tion method plays a crucial role in terms of the SP sensitivity
to the environment. The results here indicate that the surface
plasmon band of small trigonal gold prisms deposited onto a
clean glass substrate exhibit about half the RI sensitivity that
would be observed in bulk media. Codeposition of polymers to
fix the particles decreases the sensitivity even further. However,
small shifts were observed even for samples containing nano-

particles completely immersed in PVA. To explain this, we must
assume that such PVA films are porous and that solvent can
permeate through the pores, changing the effective refractive
index of the medium. A value ofR ) 0.10 yields good fits to
the shifts obtained experimentally, consistent with the presence
of pores in the PVA film.

Schatz and colleagues32,34 have proposed that for small
particles the fractional area of the particles exposed to the
medium provides a rough guide to the value of alpha. The
fraction of nanoparticles in a particular environment (and thus
experiencing the refractive index of that medium) is estimated
to be about 0.4-0.5 for a trigonal prism, since the larger exposed
basal plane of the prism usually constitutes about 0.4-0.5 of
the total surface area, depending on the prism thickness. The
data here for the particles on bare glass are consistent with that
empirical model.

When the same experiments were performed on quartz slides,
substantially larger shifts were observed (Figure 5A) than for
glass substrates, indicating a larger percentage of the particle
surface was exposed to the external medium. Because the
refractive indices of the two substrates do not differ greatly,
this could only be achieved by the presence of a thinner PVA
film. Since the same concentration and spinning speed were
used during sample preparation, the only parameter that could
be influencing the film thickness is substrate roughness. The
mean surface roughness of soda glass microscope slides is
around 3.5 nm per square micron,35 whereas the mean roughness
of quartz slides is of about 2 nm36 per square micron, much
smaller than that of glass. It is possible that the PVA films are
thicker on the rougher glass slides, since the processed liquid
will not spread as quickly during spin coating. Table 2 presents
the values ofR that best fit each system.

It is clear from these results that surface plasmon spectroscopy
of single particles is highly sensitive to the method of sample
preparation. Precise and predictable particle films with well-
defined SP sensitivity will depend on a number of parameters,
such as the roughness and wettability of the substrate, spin
coating speed, and polymer viscosity and concentration. The
sensitivity will of course be highly dependent on the gold
particle shape, which we will consider in detail elsewhere.

Conclusions

The effects of a substrate on the sensitivity of the surface
plasmon resonance of a metal particle have been investigated.
As observed in previous studies using samples created by
nanoparticle lithography,37 the SP resonance is not as sensitive
to the medium when the particle is adsorbed to a substrate. The
use of PVA and other polymers to facilitate spin coating and
homogeneous distribution of particles on substrates is found to
have a substantial and negative influence on the SP sensitivity.
Even partial coverage of the particle by polymer reduces the
shifts observed during dielectric increases in the environment.
Furthermore, surface roughness is also an important parameter
since this influences how the polymer film spreads and hence
the degree of coverage of the particles during sample preparation
for dark field microscopy.

Acknowledgment. C.N. thanks the University of Melbourne
for MIRS and MIFRS postgraduate scholarships, and P.M.
thanks the ARC for support through the Grants DP 0451651
and FF 01454681. Ana Sa´nchez-Iglesias is thanked for as-
sistance during synthesis and LMLM thanks the Spanish
Ministerio de Educacio´n y Ciencia for funding through grants
PCI2005-A7-0075 and MAT2007-62696.

Figure 5. Plot of surface plasmon shifts vs refractive index of the
solvent for gold prisms (A) partially immersed in a PVA film and (B)
without PVA, on quartz (n ) 1. 46) slides. Error bars are the standard
deviation of the measurements over approximately 30 particles.

TABLE 2: Values of r for Gold Nanoprisms on Substrates
Exposed to Solvents

system bestR value

NP completely immersed in PVA on glass 0.10
NP partially immersed in PVA on glass 0.23
bare NP on glass 0.52
bare NP on quartz 0.65
NP partially immersed in PVA on fused quartz 0.5
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