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Abstract

The enhanced optical response of molecules in the vicinity of metallic
nanoparticle is the basis for many surface enhanced spectroscopies and of
interest to the field of plasmonics. However, the mechanisms behind the
enhancement are still a matter of debate because of the interplay between
electromagnetic and chemical effects, which complicates the interpretation
of spectral changes. Our ability to measure the surface absorption of dyes
from very low coverage to high coverage allows us to identify the con-
tribution of each effect (dye-dye interaction and dye-particle interaction)
to the spectral modifications. In the course of this investigation, we also
measured the adsorption isotherms of dyes in the presence of halide ions,
which provides a detailed insight into the adsorption process on silver
colloids.
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Chapter 1

Introduction

1.1 Background

Metal nanoparticles - including gold, silver, and platinum - show very
interesting optical properties and are highly efficient at absorbing and
scattering light [1]. By changing nanoparticle size and shape the opti-
cal response can be tuned from the ultraviolet through the visible to the
near-infrared regions of the electromagnetic spectrum. The reason for the
unique spectral response of silver and gold nanoparticles is that specific
wavelengths of light can drive the conduction electrons in the metal to col-
lectively oscillate, a phenomenon known as a surface plasmon resonance
(SPR) [1]. When these resonances are excited, absorption and scattering
intensities can be largely enhanced compared to identically sized particles
that are not plasmonic. Figure 1.1 shows the optical response of a 50 nm
diameter silver nanosphere. One can see that its absorption and scattering
has a maximum at 430 nm, where the surface plasmon resonance occurs.
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2 Introduction

Figure 1.1: The absorption and scattering spectra of 50 nm diameter silver
nanosphere, peaking at 430 nm.

The interaction between the plasmon resonance of metallic nanopar-
ticles/films and the electronic resonance of dyes adsorbed on their sur-
face has been exploited and applied in many contexts: for example, the
detection of single molecule [2, 3], the enhancement of photochemical re-
actions on surfaces [4–6], improved photovoltaics [7, 8], and surface en-
hanced spectroscopies [1, 9]. Many of these applications are underpinned
by the fact that the optical absorption of dyes are largely enhanced in the
vicinity of the metallic surface, where light/matter hybrid systems can
be created. In these studies, the concentration of surface dyes are high,
typically forming multilayers or J-aggregates to maximize plasmon/dye
interaction. As a result, both the dye-plasmon and dye-dye interactions
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effects become important and the intrinsic adsorption induced absorption
spectral change is hard to elucidate.

Previous work [10] by our group has shown the necessity of accessing
the low dye concentration range (10 nM) to minimize the dye-dye interac-
tion. This is challenging with existing technologies since the absorbance is
very low and obscured by the large response of nanoparticle. To address
this, a promising method based on measuring the surface differential ab-
sorbance with an integrating cavity was developed.

An integrating cavity is an optical component whose main function
is to uniformly distribute light through diffusive reflections. It has been
widely applied as a standard instrument in photometric or radiometric
measurements [11], whereby the light produced by a source and the total
power can be obtained in a single measurement. A rare use of the in-
tegrating sphere is performed as UV-Vis spectrometer. Such a setup has
been applied in the past [12, 13] to measure the absorption of seawater
and microalgae [14–17] where scattering by suspended particles and the
low concentrations of absorbing species can limit the use of a standard
UV-Vis spectrometer. During previous work by our group, we developed
a centrally mounted sample cuvette integrating sphere for the absorbance
measurement of dyes molecules on colloidal nanoparticles [10]. Such a
device provides advantages in measuring very diluted sample through
an enlarged output by multiple reflections of light inside the sphere, thus
allowing us to access sub-monolayer range of dye coverage on the parti-
cles. Modifications of the intrinsic dye polarizability upon adsorption on
metallic nanoparticles have been evidenced [10].

Motivated by this, we in this study continue exploring the origins of
the modified absorption of dyes in metallic colloid solutions. Specifically,
we focus on one problem that has attracted much interest and generated
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debates over the years [18–20]: the effect of halide anions on the absorp-
tion of Rhodamine 6G (R6G) on silver nanoparticle (AgNP). Such a system
has been widely studied in the context of Surface Enhanced Raman Spec-
troscopies (SERS) [18, 21], where an enhancement in the intensity of R6G
is always observed in the presence of halide anions. However, the exact
mechanism behind the enhancement is still a mater of debate, because of
the difficulties in disentangling the electromagnetic effect and the chemi-
cal effect from each other.

In this study, I demonstrate explicitly the influence of the halide anions
on the adsorption of R6G on AgNP by revisiting adsorption isotherms,
which provides vital information about the chemical/physical interaction
of dyes and the nanoparticles (NP). I also show that the concentration-
dependent spectra provide insight into the dye-dye coupling on the sphere.
These have been so far almost completely overlooked in discussions of
plasmon-dye coupling experiments but our results indicate that they are
important even at relatively low concentrations. These spectra addition-
ally reflect the change in the dye orientation, which we show is impacted
by halide anions.

Our experimental results are in good agreement with the predictions of
a coupled-dipole model recently developed by our group [22]. We antic-
ipate that our experimental findings will have important implications for
the understanding of the interaction between NP and adsorbed molecules,
and provide a deeper insight into the respective contributions of electro-
magnetic effects or those of a more chemical nature.
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1.2 Overview of the thesis

The work described in this thesis is experimental and it is aimed at un-
ravelling the origins of the spectral changes in the absorption of dyes on
metallic nanoparticles. To attempt this task we focus on one system which
consists of colloidal silver and R6G dyes in the presence of various halide
anions because it allows the elucidation of both the electromagnetic and
chemical effects on the dye-dye and dye-NP interactions resulting in mod-
ifications in the absorption spectra.

The thesis progresses in the following way. In chapter 2, the working
principle of the centrally mounted sample cuvette integrating sphere is
discussed and the method for extracting the surface absorbance of dyes is
introduced. In chapter 3, I show how the type of vessels for centrifugation
affects the adsorption quantification of R6G molecules on silver sphere. I
also demonstrate how the halide anions (Cl−, Br− and I−) influence the
adsorption efficiency of dyes with adsorption isotherms. In chapter 4,
by carrying out concentration-dependent differential absorption spectra,
I elucidate the adsorption effects, including the dye-dye interaction and
the dye orientation effects, on the spectral modifications. Finally, in the
conclusion I summarize the achievements of the work described in this
thesis, and suggest some possible future directions. Brief introductions
into each area will be given at the beginning of each chapter.
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Chapter 2

Integrating cavity-Theory and
Experimental Setup

In this chapter, we present the working principles of the integrating cav-
ity. The main factors governing the working of this instrument are dis-
cussed along with its application in performing as a UV-Vis spectrometer
for absorbance measurement. In particular, the necessity of the correc-
tion/calibration for the measured absorbance in the integrating sphere is
addressed, and the specific correction processes are demonstrated with
reference dye samples.

7



8 Integrating cavity-Theory and Experimental Setup

2.1 The theory of integrating cavity

2.1.1 Reflection from Lambertian Surface

One principal function of an integrating cavity is to uniformly distribute
light through diffusive reflections from its inner surface. In this process,
the directional characteristic of the input light source is removed, lead-
ing to evenly distributed photons in the cavity after numerous reflections.
The integrating cavity is a powerful instrument for optical measurements
where the total power (flux) of a light source can be measured free from
the effects of beam shape, incident direction, polarization, or the measure-
ment device. The earlier applications of integrating cavity are mainly in
photometry and radiometry [11, 23], where the total radiation flux from a
source is measured over all possible solid angle of emission.

By placing a lamp inside a diffusely reflecting integrating sphere, the
detector placed at a port on the sphere can collect the total emitted flux
because the brightness of the surface to an observer is the same regardless
of the observer’s angle of view [24]. The surface’s luminance is isotropic
through ideally diffusive reflections, which is the property that defines an
ideal ”matte” or diffusely reflecting surface, called a Lambertian surface
or Lambertian reflector.

Figure 2.1 demonstrates the properties of a light ray propagating from
the Lambertian surface. In (a), the incident ray I0 undergoes reflection
from the surface and scatters light in all directions. The luminous inten-
sity obeys Lambert’s cosine law where the intensity is proportional to the
cosine of the angle between the surface normal and scattering direction.
The maximum intensity reflected will be at θ = 0◦ and decreases to 0 at θ =
90 ◦.
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Figure 2.1: Illustrations of Lambertian reflection: (a)The intensity of a reflected
ray from Lambertian surface follows Lamberts cosine law. (b) The projected area
viewed by the observer also follows a cosine dependence, leading to the same radi-
ance across the surface.

To further understand the function of Lambertian surface, we instead
consider the radiance, the power emitted by unit area per solid angle
[W/m2/sr−1] in the sphere. As shown in Fig.2.1 (b), the projected area
into the observer also follows a cosine dependence, which compensates
for the decrease in the intensity. As a result, the radiance on the surface is
the same everywhere irrespective of the observation position.

2.1.2 Sphere multiplier - M factor

Figure 2.2 describes a single light ray undergoing multiple reflections in
an integrating sphere with an entrance port and an exit/detection port. A
major result of the multiple reflections is the increase in radiance, which
can be referred to as the sphere multiplier M. Much of the theory of in-
tegrating cavity is well laid out in the Labsphere technical guide and has
been discussed in details in [24]. The most important parameters charac-
terizing the integrating sphere are listed below:



10 Integrating cavity-Theory and Experimental Setup

• Sphere wall reflectivity: ρ.

• Port fraction f, the ratio of total ports area to the sphere surface area:
f = Aports/Asphere.

• Sphere multiplier M: the gain in photon flux in comparison to the
input power.

Figure 2.2: Depiction of the reflection path that a single ray undergoes in an inte-
grating sphere. In simple terms, a light ray will undergo on average M reflections
before it exits the surface, which therefore increases the sphere radiance by a factor
of M, called the sphere multiplier.

Simple reasoning behind the sphere multiplier M can be described as
follows. When considering a photon undergoing multiple reflections in-
side the sphere, the probability of it surviving between each reflection/bounces
equals ρ(1-f). The first term corresponds to the probability for the photon
to reflect off the sphere surface rather than being absorbed, and the second
term is the probability of not exiting via a port. In terms of the perceived
power of light, this indicates a decrease in the intensity by a factor of ρ(1-f)
after each reflection and gives: In+1 = ρ(1-f)In. As a result, the total inten-
sity I [W/m2] received at any points on the sphere surface is the sum:

I =
∞∑
n=1

In = I1
∞∑
n=1

[ρ(1− f)n] =
ρ

1− ρ(1− f)
I0 (2.1)
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The sphere multiplier is therefore defined as

M =
ρ

1− ρ(1− f)
(2.2)

The multiplier M accounts for the increase/gain in photon flux in com-
parison to the input power for a sphere of a given radius, reflectivity and
port fraction. It can also be understood as the average number of reflec-
tions for a given photon/ray. For an empty sphere, the M factor is decided
by its geometric properties as well as the reflectivity of the sphere. As in-
dicated by equation 2.1, a large reflectivity ρ could effectively promote the
performance of sphere by an enhanced output, and therefore improve the
detection limit. The commercially available spheres tend to be made of
diffuse materials that are highly reflective in the wavelength range of in-
terest. The most common material available is Spectralon, which exhibits
an average reflectivity of 99% in the visible range [25].

In the following sections, I will show how the integrating sphere can
be used as a UV-Vis spectrometer to measure the absorbance of samples. In
such a case, the M factor is additionally affected by the absorbance/scattering
effects of the sample, which can be exploited to determine the absorbance
of the sample. A larger value of M for the empty sphere leads to a longer
interaction path length of light with the sample and provides an advantage
towards measuring low concentrations of absorbing species. The cavities
we designed for these experiments had M factors ranging between 40 and
150.
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2.2 Integrating sphere as absorption spectrome-

ter

2.2.1 Experimental Setup and Standard Absorbance Mea-

surement Steps

Integrating sphere has been widely applied for measuring the diffuse re-
flectance of opaque (solid) samples. With integrating spheres, measure-
ment is performed by placing the sample in front of the incident light, held
in a vertical position against the side of the sphere, and concentrating the
light reflected from the sample into the detector [24]. The collected light
becomes the reflectance (relative reflectance) with respect to the reflectance
of the reference standard white board, which is taken to be 100%[24]. Such
set-up is also useful for measuring the UV-Visible absorption spectrum of
diffusely transmitting materials and the reflectance spectrum, including
quantitative color measurements, of diffusely reflecting materials [26]. A
less common application of integrating cavity is as UV-Vis spectrometer
to measure the absorbance of samples. The fact that it works indepen-
dently of the scattering effect provides an advantage for measuring turbid
samples/suspensions. Moreover, the increased path length of the light in-
teracting with the sample permits an enlarged output and thus improves
the detection limit. In this work, a centrally mounted cuvette integrat-
ing sphere setup is applied for absorbance measurement, and its working
schematic is shown in Fig.2.3. Similar set-ups have been used before in the
context of sea-water measurements [15–17] but we have here optimized it
for our absorbance measurements along the lines of Ref. [10].

This experimental setup consists of an integrating sphere in which a
central mounted cylindrical glass vial inserted into the sphere through a
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Figure 2.3: Schematic of the experimental setup. The possible incident/reflection
paths of the light that undergoes in the sphere with entrance and exit ports.

port on top. The white light source is provided by a 100 W halogen lamp
and delivered by an optical fiber through the entrance port. The trans-
mitted light from the sample is collected via another optical fiber (910 µm
core, 0.22 NA) that is inserted into the exit port, and coupled to an Ocean
Optics USB-2000+ spectrometer.

A standard absorbance measurement consists of measuring the trans-
mitted light of both the sample (Isample) and the reference (Ireference). An
example of the transmitted lamp spectra with a water solution and Rho-
damine 6G (R6G) solution in water in the sphere is shown in Fig. 2.4(a).
The measured absorbance spectrum of R6G is then obtained as in standard
UV-Vis from:

Ameas = −log10
Isample

Ireference
(2.3)

where Isample and Ireference are the intensities of transmitted light for sample
and reference solutions.
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The exact experimental configurations used in our absorbance mea-
surements (cavity geometry, port location and size, etc.) are not given in
this thesis because of their commercial sensitivity (the start-up Marama
Labs was spin-out from this research and aims to commercialize instru-
ments carrying out such absorbance measurements).

Figure 2.4: (a)Raw spectra of halogen lamp with water and 50 nM R6G solution
in the sphere. The Halogen light (100 W) is coupled to a 1000 µm core Fiber.
(b) Differential absorption spectrum of the dye obtained from equation 2.3. The
negative peak at 555 nm is due to fluorescence.

2.2.2 Absorbance correction

Comparing with the standard UV-Vis spectrometer, the absorbance mea-
surement with the integrating sphere configuration is a lot more compli-
cated because of the multiple reflections of light. For a standard UV-Vis
setup, the incident light is shone directly through the sample of a given
length and the transmitted light is directly collected by a detector. The
absorbance of the sample then follows the Beer-Lambert Law:

A = −log10
Ptransmit

Pinput

= cεL (2.4)
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where the Ptransmit and Pinput are the transmitted and input power of light;
c [M] is the sample concentration; ε [M−1cm−1] is the molar extinction co-
efficient; L [cm] is the path length through the sample, which in standard
UV-Vis is well defined and typically 1 cm. One can see that the obtained
absorbance of the sample not only depends on its own optical property but
is also influenced by the path length of the configuration. For the conve-
nience of comparison, we propose to use the absolute absorbance [cm−1],
which can be converted from the raw absorbance A by normalizing with
the path length.

In the sphere, a light ray would undergo numerous reflections and may
therefore cross the sample several times from different random directions,
therefore the total path length of the light interacting with the sample is
largely increased. Theoretically, the path length inside the empty sphere
can be calculated as the product of M factor (average number of reflec-
tions) and the average cord length for a sphere (MLcord). The path length
inside the sample is more complicated to predict, but will also be propor-
tional to M. However, the M factor is very difficult to determine in practice
as it varies with both the wavelength (through reflectivity ρ) and the ab-
sorbance of the sample. A more practical way to normalize the measured
absorbance and obtain the absolute absorbance is by direct comparison
with the standard UV-Vis measurements for a reference non-fluorescing
absorber of varying concentration. The ratios of absorbance given by the
two methods should reveal how the path length changes inside the sphere
and as a function of measured absorbance.

Series of mixed food dye samples were prepared by successive dilu-
tions, and their absorbance was measured in the sphere (Fig. 2.5(a)) and
a standard UV-Vis setup (Fig. 2.5(b)) in parallel. The food dye samples
consist of four different dyes, with original concentrations of 500 mM. The
initial mixed food dye sample is then prepared with a proportion of 17
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Tartrazine : 17 Sunset Yellow: 34 Indigo Carmine: 10 Eosin. Such a com-
bination gives a ’flat’ absorption spectrum, where the absorptivity across
the visible region is similar. The other advantages of food dyes is that they
are widely available, non-toxic, non-fluorescent, and negatively-charged.
The latter reduces dilution errors due to adsorption to the walls.

The absorbance at several wavelengths (λ=405, 455, 505, 555, 605 and
655 nm) was selected for calibration. The relation between the measured
and the absolute absorbance is shown in Fig. 2.5(c): a linear relation
is observed in the lower range of absorbance, while it starts to deviate
and saturate as the absorbance increases. The slope at a certain point
on the calibration curve equals the path length [cm] at that absorbance.
We further plot the path length versus absolute absorbance, as shown in
Fig. 2.5(d). It should be noted that the results of absorbance below 0.001
[cm−1] are not reliable because of our limit of detection. Beyond that range
(Areal>0.001), one can see that the measured increase in path length due to
the integrating sphere was found to be approximately constant at 15 cm at
Areal=0.01, and decreases fast at higher absorbance. For experiments that
require qualitative analysis (such as chapter 4), a fixed path length at the
lower absorbance range can be applied to the conversion of the spectra
obtained from the integrating sphere into a corresponding standard ab-
sorbance with little influence on the results. However, for samples with
high absorbance, one needs to use the exact path length, or a direct equa-
tion to relate the measured and the ’real’ values.

2.2.3 Absorbance-concentration calibration

The method of normalizing the absorbance with an approximate path length
is straightforward and proved to be sufficient for the qualitative analysis
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of spectral changes/modifications or a rough estimation of concentration.
However, for experiments that require an accurate quantification, such as
the deduction of species concentration, or the enhancement factor for a
particular optical process, this normalization approach is not appropriate
and may lead to errors due to the nonlinear response of sphere.

Normally, the concentration of an absorbing solution can be easily ob-
tained by measuring its absorbance with a standard UV-Vis setup. Ac-
cording to Beer Lambert law, the concentration is proportional to the ab-
sorbance for a given path length, normally 1 cm. For measurements in an
integrating sphere, the concentration of the sample cannot be estimated
directly from the absorbance because of their nonlinear relationship. To
address this carefully for our system of interest (Rhodamine 6G in water),
we carried out systematic absorbance measurements on samples of known
concentrations (see Fig. 2.6). The obtained experimental data (absorbance,
concentration) is then fitted with a power function: y = axb, with a = 903.6
and b = 0.9131, from which one can calculate the concentration of an un-
known sample.

The absorbance of R6G solutions with different concentrations was
measured, and their absorption spectra are shown in Fig. 2.6. One may
notice the negative region at the long wavelengths (from 550 nm to 650
nm), which is due to the fluorescence by R6G molecule. The maximum
absorbance in the spectra (at peak 526 nm) were taken for generating data
points (AR6G, Concentration), as shown in Fig. 2.7. These experimental
data are fitted well with an exponential function, whereby the concentra-
tion of R6G can be obtained knowing the corresponding absorbance. This
method of obtaining the concentration is applied to the quantification of
the adsorbed dyes on the particle in chapter 3.
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Figure 2.5: (a)(b) Absorbance spectrum of the mixed food dye samples measured
in the integrating sphere (denoted Ameas) and a standard UV-Vis setup (denoted
Areal) respectively. All the samples have the same constitutes except for the dilu-
tion factors: from 2 to 256. Only the first four spectra are shown here. (c) The
experimental data (star points) (Areal, Ameas) are connected smoothly. The rela-
tions between the measured and the standard (absolute) absorbance at different
wavelengths are shown. (d) The effective path length in the integrating sphere, L,
can be inferred from L=Ameas/Areal. Note that L depends on the absorbance and
the wavelength as shown in (d). Note that the apparent increase in L at low Areal
is not real but due to the high uncertainty of the measurement for low absorbances
(for example because of small baseline shifts).
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Figure 2.6: The concentration-dependent absorption spectra of R6G in water solu-
tion. The concentration of dye varies from 1 nM to 500 nM. Notice of the quality
of the spectra down to 1 nM.
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Figure 2.7: Calibration of the integrating sphere absorbance for R6G in water.
The relation of the maximum absorbance (at 526 nm) and R6G concentration is
shown in a logarithmic coordinate system. The experimental data (Blue points)
(AR6G, Concentration) are fitted well with an exponential function.



Chapter 3

Adsorption properties of
molecules on NPs

The adsorption of dyes to the metallic nanoparticle surface is the precondi-
tion for the enhancement to happen. A careful assessment of the adsorbed
dyes not only is necessary for the deduction of enhancement factor but
also provide an insight into the exact mechanism behind the enhanced
signal.

In many studies that require a low concentration of adsorbate to avoid
the formation of J-aggregates and multilayer on the particles, the adsorp-
tion quantification can be difficult and prone to error. A common approach
for dyes involves centrifugation of the colloidal solution, followed by a flu-
orescence or absorption measurement of the supernatant to quantify the
concentration of non-adsorbed molecules. We here demonstrate explicitly
that this method results in large mistakes in some situations.

We focus specifically on the much-studied case of Rhodamine 6G (R6G)

21
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adsorbed on silver nanoparticle (AgNP). We show that the type of con-
tainer used during centrifugation has a dramatic influence on the con-
clusions, and the discrepancies are related to adsorption of R6G onto the
container wall. With a careful choice of container and experimental proce-
dure, we were able to measure the adsorption isotherm of R6G on AgNP
at low concentration (down to nM). It is notable that for the dye concen-
trations and the type of nanoparticles we used here, aggregations of dyes
and colloids are not expected and for the convenience of discussion, we
assume the effects of dyes/colloids aggregations are negligible. Dye ag-
gregation may nevertheless still be possible on the nanoparticle surface.

3.1 Experimental method

3.1.1 Sample preparation

The low concentrate R6G solutions were prepared from the 100 µM stock
solution by successive dilutions by factors of 10 to obtain final concentra-
tions from 5 nM to 500 nM. The colloidal silver nanoparticles with φ60 nm
silver nanospheres was initially stabilized in the citrate solution, and it is
then activated by 1 mM halide solutions (KCl, KBr, and KI) before mixing
with the R6G solution. The mixed samples were always left in vessels for
5 minutes to establish adsorption equilibrium. After that, a Bench-top mi-
crocentrifuge was applied to separate the metal-adsorbed molecules from
the volume. The supernatant was finally taken for absorption measure-
ment in an integrating cavity (see schematic in Fig.3.1)

The silver colloid was purchased from nanoComposix. R6G (99% pu-
rification) and halide salts were purchased from Sigma Aldrich.
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3.1.2 Absorption measurement

The concentration of R6G dyes in the supernatant was estimated from
its corresponding absorbance with the equation shown in Fig. 2.7 (chap-
ter 2). The schematic of the adsorption measurement on the R6G-colloid
sample is shown in Fig.3.1. The supernatant obtained after centrifugation
was taken for absorbance measurement in the integrating sphere. The ab-
sorbance is calculated with equation 2.3, where the Ireference and Isample are
the intensities of the collected light for the supernatant solution containing
R6G dyes and pure water.

Figure 3.1: Schematic of R6G adsorption quantification. (a) Mixing dyes with
halide salts and AgNP. (b) Centrifuging for 10mins at the speed of 14500 rpm.
(c) The sample after centrifugation is separated into a transparent supernatant
phase and a settlement phase. (d) (f) Measuring absorbance of water (reference).
(e) (f)Taking the supernatant from sample, and measuring its absorbance.
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3.2 Results and discussions

3.2.1 Unneutral molecules wall adsorption

When considering the adsorption process in a system that contains un-
neutral molecules, one should carefully take the vessel wall-adsorption
into account. The adsorption competition between the vessel wall and the
adsorbent would have a substantial influence on the adsorption outcome
and limits the maximum packing density of molecules.

Peter Hildebrandt has reported the phenomenon of the migration of
R6G to the vessel walls [27]: for a bare 1 nM R6G solution, they observed
a 30% to 70% retention of dyes depending on the pretreatment on the ves-
sel. This may also happen in our case and misleads the quantification. To
verify this, we examined the concentration of R6G dyes in a wide range
of commonly used vessels in the lab. Surprisingly, it turns out that the
concentration was also different in the top and the bottom parts of the ep-
pendorf for some commonly used microcentrifuge tubes, which we also
attribute to wall adsorption effects.

Table 3.1 summarizes our result. The local concentration distributions
of 50 nM R6G solution in various vessels were evaluated, and the effect of
centrifuging on the distribution was also tested.

The plain Eppendorf is a standard type of microcentrifuge tube made
with Polypropylene, while the Lo-Bind Eppendorfs are known as the type
of protein or DNA low retention Eppendorfs and differentiated by a two-
component polymer modified inner surface [28]. Among the three Eppen-
dorfs, the plain one shows an ’incompatibility’ to R6G molecules, since
there is twice the amount of R6G on top (31%) compared to the bottom
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Table 3.1: The local percentage composition of 50 nM R6G solution in various
bottles and Eppendorfs. The solution in the latter cases were also centrifuged.
The concentration was estimated both from the 1 mL solution taken from the top
and the 1 mL left bottom half of the container. Note that for glass and plastic
bottles, the ’Volume’ value is the sum of ’Top’ and ’Bottom’.

(15%), and over half of molecules end up on the wall (54%). The situation
even gets worse after centrifuging for 10 minutes: with 81% of R6G ending
up on the container wall. Contrasting with the normal one, the protein Lo-
Bind Eppendorf presents small retention of dyes on the wall, regardless of
whether it is centrifuged or not. On the contrary to the plain type, the
centrifugal force is instead beneficial for thorough mixing in the Protein
Lo-Bind Eppendorf, as indicated by the smaller concentration difference
across space. It is also observed that the dyes have a strong tendency of
migrating to walls in both glass and plastic bottle: with 29% and 100%
adsorption after one day.
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A possible explanation for the uneven distribution in some vessels is
the positive surface charge of R6G. To verify this, we used eosin, an elec-
trically negative dye molecule to repeat the measurement in the plain Ep-
pendorf. It turned out that it has equal concentrations over the Eppen-
dorf. This verifies the conjecture that the positive charge in R6G, probably
together with the negative surface charge of the wall, results in the inho-
mogeneity in solution. The exact reasons why this happens has not yet
been elucidated.

3.2.2 Adsorption of R6G to Silver Nanoparticles

Centrifugation provides a straightforward way to quantify the adsorption
of molecules in solid suspensions. By applying the centrifugal force, the
adsorbed molecules on the solid can be separated from those suspended
in the liquid phase. The liquid supernatant is taken for further quantita-
tive analysis using techniques such as absorption and fluorescence spec-
troscopy. The adsorbed amount is then inferred from the supernatant mea-
surement by taking the difference: cAdsorption=cTotal-cSupernatant.

One specific case we studied is the adsorption of R6G on silver nanospheres
in the presence of various halide anions. Halides (Cl−, Br−, and I−) have
good affinities to silver and tend to form a negatively charged coating on
the silver. Driven by the electrostatic force, the positively charged R6G
molecules are attracted and attach to the silver surface within a short time
scale

The adsorption with halide anions was evaluated with three typical
vessels: the plain Eppendorf, the Protein Lo-Bind Eppendorf, and the Plas-
tic Bottle. Centrifugation was applied to samples in the plain and Lo-Bind
Eppendorfs, as illustrated in Fig.3.1. The plastic bottle has the interesting
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property that all the R6G ends up on the wall (table 3.1). So, besides the
method of centrifugation, we can utilize the plastic bottle to separate non-
AgNP-adsorbed molecules from the bulk phase, as they all adsorbed on
the wall.

Figure 3.2 schematically presents the quantifying method by using a
plastic bottle. Typically, a long time (6 hrs or longer) is required so that all
suspended dyes end up on the container wall. We can then flush the dyes
off the wall with ethanol and deduce how much R6G was suspended in
the volume (non-adsorbed), and hence by difference the metal-adsorbed
amount. For convenience, we denote this approach as ’displacement’ method
(Fig. 3.2).

Figure 3.2: Schematic of quantifying the adsorption of R6G on NP using the
displacement method. Step (a), (b), (c): mixing the dyes and halides-coated silver
colloid. (d): Waiting for 6 hrs until all the non-adsorbed dyes have been ’captured’
by plastic bottle walls. (f): Using ethanol to rinse empty bottle. The dyes on wall
should be all flushed with ethanol.

Table 3.2 summarizes the adsorbed Rhodamine concentrations mea-
sured with the two methods: centrifugation or displacement. In partic-
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ular, the adsorptions of dyes in different halide solutions (KCl, KBr and
KI) were evaluated. For situations of high adsorptions (i.e in KI and KBr),
the Plain and the Lo-Bind Protein Eppendorfs give similar results, where
the dyes show the largest adsorption in KI: with a 100% adsorption in
both Eppendorfs. The adsorption of R6G is slightly lower in KBr: with
98% adsorbed in the Plain and the Lo-Bind Protein Eppendorfs, and 84%
adsorbed in the Plastic Bottle. However, for low adsorption cases (i.e in
KCl or without salts), the measured results by different Eppendorfs differ
greatly from each other. For KCl case, we notice an 88% adsorption in the
plain Eppendorf, and 49.2% adsorption in Lo-Bind Eppendorf. The same
sample has been measured using the ’displacement’ method as reference:
with a 55% adsorption in plastic bottle. For bare R6G in the Plain tube, we
have noticed a large wall retention (table 3.1). This is very likely to happen
in the colloids as well, where some suspended dyes migrate to the walls
from the supernatant. As a result, the adsorption calculated from the su-
pernatant appears higher than it is because it does not take into account
all the dyes that adsorbed to the wall.

Overall, from the results, we conclude that the distribution and ad-
sorption of molecules in suspensions strongly depend on the vessels that
used for centrifuging. Especially for studies using charged molecules, we
strongly recommend using containers with specialized coating or pretreat-
ment to avoid large wall migration. Based on the above experiment re-
sults, we select the Protein Lo-Bind Eppendorf in our subsequent experi-
ments, as it gives the best tradeoff between the accuracy and experiment
time.
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Table 3.2: Adsorption of R6G on silver nanoparticle with and without the presence
of KCl, KBr and KI measured in various vessels. Initial concentrations of R6G,
AgNP, and salt are 50 nM, 8 pM and 1mM respectively.

3.2.3 Adsorption isotherms in halide solutions

Adsorption isotherm expresses the amount of molecules adsorbed by the
adsorbent at equilibrium state. In our case, this equilibrium would be
achieved very fast due to the electrostatic attraction by the anions-coated
AgNPs. Typically, the mixtures were left for five minutes to establish the
adsorption equilibrium before centrifugation. The adsorption isotherms
were measured as a function of dyes concentration, varying from 5 nM to
300 nM.

Protein Lo-bind Eppendorf Tubes were used for measuring the isotherms
during the whole preparation and centrifugation processes. The concen-
tration of supernatant Cfree was obtained by measuring its absorbance in
the integrating cavity as described in the chapter 2.
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The key adsorption parameters are described in the Langmuir isotherm:

P = Pmax ·
K · Cfree

1 +K · Cfree

(3.1)

where P [molecules/nm2] and Pmax [molecules/nm2] are the packing densi-
ties at the equilibrium and maximum. K is the adsorption constant [nM−1];
Cfree is the concentration of free (non-adsorbed) adsorbate species. Lang-
muir expression is widely applied to describe the monolayer adsorption
processes in which the adsorbates have equal chance to be adsorbed to ev-
ery single site on the adsorbent. In this case, we exclude the situation that
dimers forms, as in the low-concentration range, dyes should be isolated
from each other.

Knowing the exact concentration of supernatant Cfree, we can calcu-
late the packing density of adsorbed R6G by subtracting the R6G in su-
pernatant from the total number. We conduct concentration-dependent
experiments to collect the (P, Cfree) points, and fit them to Langmuir equa-
tion by adjusting the value of the maximum packing density Pmax and the
adsorption constant K.

Figure 3.3 shows the adsorption isotherms in the three salts and their
key parameters are summarized in Table 3.3. Over the whole concentra-
tion range, which corresponds to a submonolayer to the monolayer cover-
age, the addition of KI (fig 3.3 (c)) promotes the adsorption process most:
with the adsorption constant of 0.904 nM−1. This is 25 times larger than
the case of KCl (0.00623 nM−1), and about 5.6 times larger than the case
of KBr (0.160 nM−1). This explains why R6G has the least adsorption in
KCl and the largest adsorption in KI at 50 nM (as shown in Table.3.2). The
packing capacities (Pmax) of silver in the three cases are similar: with the
value of 1.27, 1.47 and 1.08 molecules/nm2 for KCl, KBr and KI respec-
tively.
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Figure 3.3: Adsorption isotherm of R6G on silver nanoparticles with the addition
of KCl (a), KBr (b), and KI (c): circle points are experimental data. The total dye
concentration (Cfree) ranges from 5nM to 300nM. Experimental data are further
fitted with Langmuir relation (see eq.3.1).

Knowing the adsorption constant K, we can further calculate the ad-
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Pmax[molecule/nm2] K[nM−1]

KCl 1.27 0.00623
KBr 1.47 0.160
KI 1.08 0.904

Table 3.3: Pmax and K are simulated with Langmuir equation. Results are with
confidences larger than 95%.

sorption energy (∆G) with the related equation:

∆G = −RTln(K) (3.2)

The ∆G are -47.1 kJ/mol, -54.8 kJ/mol and -59.1 kJ/mol for KCl, KBr,
and KI at room temperature (i.e. 15◦C). These energies are much higher
than what is expected in the physisorption process driven by van der
Waals force (i.e. approximatly 20 kJ/mol ) [29]. This implies that the
halide activated R6G adsorption is a chemisorption process. This obser-
vation is consistent with the previous findings in [27]. In this paper, Pe-
ter Hildebrandt proposed one possibility that the positively charged R6G
molecules bind to the silver surface through N+-Cl−-Ag+ covalent bond.
Rather than orient flatly, R6G molecules are more likely tilted with an an-
gle on the sphere via N-Ag bonds.

Another interesting finding is that R6G has such different affinities to
silver in the presence of various salts. The fact that R6G has the largest ad-
sorption in KI and least adsorption in KCl is different from our expectation
in a plasmonics or SERS context. Because normally, the optical response
of R6G has the least enhancement in KI, but the largest enhancement in
KCl [30]. This, however to some extent, confirms that it is not the pack-
ing density, but other factors, such as orientation and dyes interaction that
contribute to the enhancement and spectral change. In the subsequent
chapter we will give more discussion regarding this.



Chapter 4

Modified absorbance of R6G on
silver

Another focus of this project is understanding the origins of the modi-
fied absorption of molecules on metallic nanoparticles. This is studied by
measuring the differential absorption of dyes at submonolayer coverage,
where the dye-NP and dye-dye interaction effects on the absorption mod-
ifications can be differentiated. Specifically, we focus on one problem: the
electromagnetic and chemical effects involved in the spectral modification
of R6G dyes adsorbed to AgNPs in the presence of halide ions.
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4.1 Experimental method

4.1.1 Surface absorbance measurement in the integrating

cavity

Figure 4.1 shows the basic idea to obtain the surface absorbance of dyes
on nanoparticles. A systematic process consists of measuring the trans-
mitted light for both NP+dye and bare NP colloid sample. The differen-
tial absorbance of dyes is then retrieved by subtracting the reference (bare
NP) spectrum from sample (NP+dye) spectrum (see the yellow curve on
Fig.4.1), which can also be calculated by equation below:

A = − log
INP+dye

INP

(4.1)

where INP+dye is the intensity of transmitted light through the (NP+dye)
sample, and INP is the intensity of transmitted light through the bare NP
sample. Note that the intensities, as well as absorbance, are functions of
wavelength. The real absorbance [cm−1] can then be obtained by correct-
ing with the effective path length L [cm] as discussed in chapter 2.

4.2 Results and discussions

4.2.1 Low-coverage surface absorption

To study the intrinsic effect of the nanoparticle on the R6G optical re-
sponse, we need to access very low dye coverage where the dye-dye inter-
actions are negligible and have little effect on the final absorption spectra.
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Figure 4.1: Schematic of a differential absorption measurement.

By using the integrating cavity, we are able to measure 5 nM R6G in col-
loid sample, which corresponds to a surface coverage of 0.05 dye/nm2.
This should be a safe concentration to avoid dye-dye interactions.

Figure 4.2 shows the modified absorption spectra of R6G on silver
nanoparticle. The spectra at low concentration are red-shifted by differ-
ent extent depending on the activating anions: with a 13 nm redshift for
KCl, 18 nm redshift for KBr, and 22 nm redshift for KI compared to the
original absorption of R6G in water (dash line), which peaks at 526 nm.
Since there is no dye-dye interaction, one may instead explain the spec-
tral shift with the electromagnetic self-reflected field (image dipole effect).
But this has been proved not to be the case in [22]: artificially adjusting the
dipole-sphere distance to 0.5 nm to match the observed spectral shift of the
main peak does not reproduce well the spectral line shape. An alternative
explanation of the spectral shift is the chemical change of R6G molecule,
that is, the modification of electronic structure by the silver surface and
halide anions. As the results in chapter 3.2.3 indicate, the halide activated
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R6G adsorption is a chemisorption process, during which the positively
charged dyes likely bind to the silver surface through N+-Cl−-Ag+ cova-
lent bond, causing an internal electrons reconfiguration and therefore a
change in the polarizability.

Figure 4.2: Surface absorption spectra of 5 nM R6G in silver colloid in the pres-
ence of KCl (blue plot), KBr (red plot) and KI (yellow plot), referenced against
R6G in water (dashed purple plot). Plots are normalized for the convenience of
comparison.

One can also observe an enhancement or quenching in the absorp-
tion intensities: with a factor the order of 2 for KCl, 1 for KBr and 0.7
for KI. The difference in the magnitude could be explained by the dif-
ferent tilted angles of the dyes on the sphere. According to the theoret-
ical modelling in [22], the orientation of a dipole decides how much it is
subjected to the electromagnetic field enhancement created by the sphere:
radially-oriented dipoles exhibit a much larger enhancement than those
tangentially-oriented dipoles. Comparing with our experimental results,
it is reasonable to propose that the halide-induced dipole tilted angle (with
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respect to the tangent) follows an order of KCl > KBr > KI. However, we
note here that the Surface Enhanced Raman (SERS) response of R6G in
silver colloid shows the largest enhancement in KBr instead of KCl. This
disagreement might be attributed to the different aggregation state of the
colloid: Br− tends to aggregate colloids whereas the low Cl− concentration
does not induce any aggregation in our experiments. The silver clusters
formed in the former case are of an advantage to create hot spots, and thus
produce an intense local field enhancement.

4.2.2 Concentration-dependent surface absorption

For many studies that apply plasmon/dye interaction, the concentration
of adsorbed molecules need to be sufficiently high to achieve a detectable
signal. The absorption spectrum of the dyes in such high coverage sit-
uation is therefore being influenced significantly by the dye-dye interac-
tions (i.e electromagnetic coupling between dyes). Experimentally, this
dipole-dipole interaction was studied by varying the concentration of sur-
face dyes. The concentration of R6G varies from 5 nM to 100 nM, cor-
responding to the surface coverage between 0.05 to 1 molecule/nm2. The
concentration-dependent absorption results are shown in Fig. 4.3. The raw
absorption spectra (panel (a)(b)(c)) are also normalized with the number
of dyes for the convenience of comparison (panel (d)(e)(f)).

When considering of a simple dimer system consisting of two dipoles,
the effect of one dipole on the other would cause a spectral shift depend-
ing on the relative distance and orientations of these two dipoles: typically
a blue-shift for H-aggregates (side by side coupling) and a red-shift for J-
aggregates (head to tail coupling) [22]. At decreasing separations, their
electromagnetic interactions become stronger, resulting in further spectral
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Figure 4.3: Surface absorption spectra of R6G, with concentrations varied from
5 nM to 100 nM, in KCl (a), KBr (b) and KI (c). Normalized surface absorption
spectra of R6G in KCl (d), KBr (e) and KI (f)

shifts. On a metal surface we expect J-aggregates type interaction if the
dyes are adsorbed flat (in plane) on the surface and H-aggregates type if
they are upright or even slightly tilted, because the plasmonics enhance-
ment is much larger for the perpendicular component.

From panel (d) - (f) in Fig. 4.3, the main peaks in all three cases show
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tendencies of blue-shift at increasing dye concentration. This confirms the
intepretation that the dyes are tilted with an angle on the silver surface,
producing a partly side-by-side (H-aggregates liked) interaction between
neighbouring dipoles.

We also observe a clear increase in the relative intensity of the short-
wavelength absorption peak at increasing dye concentration. This increase
of the intensity follows the order of KCl > KBr > KI and can be attributed
to the strong dye-dye interaction. One natural explanation for the dif-
ferences is that the dyes adsorbed the most in KCl, and least in KI. As
predicted in [22], the shoulder peak goes higher with more dyes on silver.
But this is not the case because our findings in chapter 3 show that R6G
adsorbs the most in the presence of I− rather than Cl−. An alternative ex-
planation is the tilt angle difference, i.e. a modification of anions induced
dipole orientations. Such orientation induced spectral changes can be well
predicted by the electromagnetic model recently developed by our group
[22]. It theoretically shows that the growth of the shoulder peak strongly
depends on the dipoles tilted angle: with a higher peak for dyes that are
sitting more upright on the particle, and a weaker peak for dyes that more
tangential to the sphere. By comparing it with our experimental results we
can deduct that R6G molecules lay more vertically on the sphere in KCl as
it has the strongest shoulder peak, and more flatly in KI. This intepretation
would also explain the fact that the dyes on the Cl−-coated AgNP exhibit
the largest enhancement factor and the least enhancement in KI (Fig.4.2).

4.2.3 Could it be chemical etching?

So far our interpretation regarding the spectral modifications was more
focus on the electromagnetic interaction effects: dye-dye coupling, and
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dye-NP orientation effect. The latter is considered to have a close rela-
tion with the presence of halide anions, which we believe help connect the
dyes to the sphere through a strong N+-Cl−-Ag+ covalent bond. The exact
mechanism has not been evidenced though, but one thing for sure is that
the addition of halide anions largely enhances the intensities of Raman
scattering. Such enhancement partly comes from the standard plasmonic
induced strong field near sphere, namely the electromagnetic effect. This
may also arise from the chemically induced changes of the surface such as
surface roughness/sculpturing and adatoms formation [31–33]. The latter
applies only for species that can react to the surface, so it cannot explain
the observed signal enhancement in all cases.

The system consisting of R6G and colloidal silver in the presence of
halide anions has been studied a lot in the context of SERS. However, the
exact mechanism behind the enhanced signal in SERS is still a matter of
debate in the literature [21, 27, 34]. There are studies indicating that the
halide anions (Br−, Cl−) can sculpture the corners of silver nanoprisms
into nanodisks [18, 32]. The dissolved silver atoms or ions may further
form small clusters, which were proposed to enlarge the signal [33, 35,
36]. These reactions may result in halide-induced roughness, which could
affect our interpretations.

To check whether the etching affects our results, we designed simple
measurements based on consecutively switching the salt species according
to their different affinities to silver. Two salts are tested at once, and the
second salt species is added with a time delay (10min) after the first salt,
ensuring that the first species has enough time to diffuse to the NP surface
and make its effect. The reversibility of the salt effect on the sphere can
be checked by the evolution of the absorption spectrum of R6G during the
salt switching. The ’switching’ results are shown in Fig.4.4.
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Figure 4.4: Differential absorption spectra of 50 nM R6G in the bi-anions acti-
vated colloidal silver: (a) with KCl and KI added at different time in a sequence.
(b) with KBr and KI added at different time in a sequence.

In Fig.4.4 (a), one can see that for samples with KI, regardless of the
adding sequence, the absorption spectra all resemble each other, showing
a peak at 544 nm. Comparing with the (KCl+KCl) sample, which peaks at
533 nm, we can infer that the Cl− is always replaced by I− when KI exists,
which means KI has a better affinity to the silver surface. This is consistent
with the results of chapter 3 and the fact that AgI has lower solubility in
water [37]. Moreover, the fact that the spectrum of (KI+KI) overlaps with
(KCl+KI) indicates that the previously added chloride in the later sample
does not cause any irreversible change to the sphere, such as etching and
roughening.

We can come to similar conclusions from Fig.4.4 (b) that the iodide has
better affinities to silver surface compared with bromide, and KBr does not
do any irreversible change to the silver sphere. It should be noted that the
peculiar band shown at 650 nm may due to the silver colloid aggregation
during the addition of the second salt. All in all, we can conclude that both
the chloride and bromide do not have etching or roughening effect on the
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spherical silver particle or if they do, it does not affect the R6G adsorp-
tion spectral intensity or shifts. We can therefore exclude the possibility of
roughening-induced spectral changes and be confident with the argument
given in the previous sections.



Chapter 5

Conclusion

In this thesis, systematic measurements of the surface absorbance spectra
of dyes adsorbed on silver nanoparticle were carried out with an integrat-
ing cavity. Our results highlight the great potential of this method for
the ultra-low absorbance measurement in the strongly scattering media
such as metal colloids. We specifically focus on an R6G and halide anions
activated colloidal silver system, which is of important relevance to the
studies of plasmonics and surface enhanced spectroscopies.

Our results of the low-coverage absorption measurements indicate that
modifications of the intrinsic dye polarizability by silver sphere appear to
occur in the presence of halide anions. We believe this ’chemical’ modifica-
tion is related to the formation of the covalent bond Ag+-Cl−/Br−/I−-N+.
More realistic situations where the surface coverage approaches mono-
layer are also considered and experimentally achieved by a concentration-
dependent measurements. Our results indicate that the effect of dye-dye
interaction is actually significant on the spectral changes even at relatively
low surface coverage. Both of these effects (dye-metal and dye-dye inter-
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action) should be carefully considered for the studies involving adsorbed
molecules on metal particles.

We are planning to write up the results of Chapter 4 into a manuscript
entitled ”Studying adsorbate orientation and molecule/surface interac-
tions using surface absorbance measurements” by Xiaohan Chen, Johan
Grand, Brendan L. Darby, Matthias Meyer, Baptiste Auguie, and Eric C.
Le Ru, which we will submit to ACS Nano or ACS Photonics. An ear-
lier version of this paper was drafted in the course of my study, but the
submission was delayed while the theoretical models to explain the ex-
perimental results were developed in parallel (by other members of the
group).

Another aspect of the study lays in the quantification of dyes adsorbed
on the particle. The quantification of adsorption is of vital importance
in the estimation of key parameters such as the enhancement factor of
SERS, and the reaction rate of a reaction. We have shown that the selection
of vessels for centrifugation and stocking has a significant impact on the
quantification results. Especially for unneutral molecules, using an inap-
propriate container for keeping and separating would cause molecules to
accumulate on the wall, and even leads to non-uniform local distribution.
Besides that, we measured the adsorption isotherms of R6G in the pres-
ence of KCl, KBr, and KI, and identified the adsorption difference between
each case. Up to now, the experimental determination of SERS enhance-
ment factors in such systems had assumed a 100% adsorption. In view
of our results, this assumption should clearly be revisited in the common
case of Cl− even at low dye concentration.

The results of Chapter 3 will form the basis for a manuscript entitled
”Wall adsorption effects in the centrifugation method for the quantifica-
tion of adsorption isotherms on nanoparticles” by Xiaohan Chen, Johan
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Grand, Eric C. Le Ru, which we intend to submit to a journal such as Lang-
muir of Phys. Chem. Chem. Phys.
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