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The attractive optical properties of metallic nanoparticles include the optically interesting but surprisingly
not well understood dichroic effect, defined in this research as when particle colloids display different
in transmitted and reflected light. Here we use a systematic experimental approach
supplemented by theoretical Mie theory analysis to study the origin of this effect. The CloudSpec
spectrophotometer has been utilised to produce quantitative scattering and absorption spectra for

colours

monodisperse spherical gold nanoparticles, allowing precise links to be made between the optical
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Accepted 11th May 2021 spectra and the colours observed. The source of the dichroic effect has been conclusively linked to

particle size with no special particle shapes or size distributions required. These results experimentally

DOI: 10.1039/d1na00148e demonstrate the relationship between particle size and the ratio of scattering to absorption predicted by
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Introduction

For centuries gold nanoparticles have been well-known and
often utilised for their optical properties. Deviating from their
17th century use to provide red shades to glass for decorative
purposes,”* today gold nanoparticle colour is regularly
employed in valuable sensing and imaging applications.>* This
colour arises from localised surface plasmon resonance (LSPR)
effects; incoming light induces a displacement of the particle's
negatively charged free conduction electrons away from the
positively charged core, and this net charge difference acts as
a restoring force resulting in oscillation of the electron cloud.>®
When the frequency of the electromagnetic radiation is reso-
nant with the electron oscillation then the light absorption and/
or scattering at this energy is greatly enhanced, dictating the
colour that the nanoparticles display.

The interaction between light and spherical nanoparticles
that undergo LSPR can be described using Mie theory. With
input parameters of nanoparticle size, the dielectric function of
the metal, and the dielectric function of the medium, Mie
theory can be used to calculate the extinction cross section of
a particle and effectively describe its theoretical colour. Mie
theory calculations are also regularly used to determine the
theoretical absorption and scattering cross sections, the sum of
which is equal to the total extinction. A highly referenced report
by El-Sayed and co-workers has solved Mie theory calculations
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Mie theory, which has important implications for users of Mie theory calculations.

to compute the theoretical ratio of scattering to absorption for
spherical gold nanoparticles of three different sizes, and shown
that this ratio increased with increasing particle size.” Knowl-
edge of the relative magnitude of scattering compared to
absorption is critical to many gold nanoparticle applications.
For example, particles that strongly absorb are required for
photothermal therapies,®*** as well as for types of cell and tissue
imaging including photoacoustic imaging,'*** whereas those
that scatter strongly are useful in biological imaging such as
optical coherence tomography.'>*> A thorough understanding
of the relative contributions of absorption and scattering for
specific particles can indicate their usefulness in particular
applications.

The ability of gold nanoparticles to both scatter and absorb
light results in the observation in of the dichroic effect for some
particle systems. The most famous example of this effect is the
4th century Lycurgus cup, currently on display in the British
Museum, which appears red in transmitted light but green in
reflected light.>® The glass of the cup has been found to contain
alloyed nanoparticles 50-100 nm in diameter, with a composi-
tion of 66.2 £ 2.5 at% silver, 31.2 £ 1.5 at% gold, and 2.6 £ 0.3
at% copper, which effectively absorb and scatter light to
produce the effect. However due to the small number of parti-
cles able to be examined, and the precious nature of the cup
precluding any further study, the exact nature between the size,
shape, and composition of the particles and the observation of
the two different colours is still poorly understood. Although
the dichroic effect in gold nanoparticles has been observed and
described a number of times,** > explanations for the source of
the effect have ranged from the presence of specific unique
particle shapes (e.g. elliptical***** and hexagonal®), to bimodal
size distributions,”*** to the presence of large scattering

© 2021 The Author(s). Published by the Royal Society of Chemistry
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particles.”” The exact nature of the origin of the dichroic effect
has not before been comprehensively demonstrated.

Typically, when information on the magnitude of absorption
and scattering is required for spherical nanoparticles it is esti-
mated using Mie theory calculations. Experimental analysis is
possible but is much rarer due to its complexity. For example,
techniques utilising photoacoustic imaging,*® darkfield
microscopy,*»* integrating sphere technology,***
others,**** have been developed to measure absorption and
scattering spectra of nanoparticle systems. Despite the signifi-
cant and valuable information obtained with these techniques,
they have not yet achieved widespread use. Therefore, lacking
from the area of metallic nanoparticle optical research is
a fundamental and systematic experimental investigation of the
relationship between nanoparticle size and the relative contri-
butions of absorption and scattering to the total extinction,
linked to the colours displayed by the particles.

In the presented work we have utilised the CloudSpec spec-
trophotometer** to accurately measure the quantitative
absorption and scattering spectra of synthesised spherical gold
nanoparticles of different sizes. The spectrophotometer, which
utilises integrating sphere technology, is simple to use and
provides immediate results with trivial sample preparation.
This has allowed links to be made between the obtained spectra
and the colours displayed by dichroic samples in transmitted
and reflected light, systematically demonstrating the origin of
the dichroic effect for these samples. An experimental rela-
tionship between particle size and the ratio of scattering to
absorption has further been developed. The excellent compar-
ison of these results to the theoretical relationship produced
with Mie theory has provided confidence in both the use of the
CloudSpec spectrophotometer to obtain scattering and
absorption information about experimental systems, and
equally in the use of theory to estimate this information when
measurement is not possible. This work effectively acts as
a fundamental experimental proof of this aspect of Mie theory.

and

Experimental
Materials

Hydrogen tetrachloroaurate trihydrate (HAuCl,-3H,0), triso-
dium citrate dihydrate (TSC), sodium borohydride (NaBH,),
polyvinylpyrrolidone (PVP) (average mol weight 40 000), and -
ascorbic acid were all purchased from Sigma-Aldrich. Potas-
sium iodide (KI) was purchased from Pure Science. All chem-
icals were used as received without further purification.
Distilled water was produced in-house using a laboratory water
distiller and was used throughout.

Synthesis of spherical gold nanoparticles

Spherical gold nanoparticles were synthesised using a reported
seed-mediated methodology with few changes.”” All glassware
was cleaned prior to synthesis using aqua regia.

First a gold seed solution was prepared. Solutions of HAuCl,
(20 pL, 0.25 M) and TSC (1 mL, 5 mM) were added to 18.98 mL of
distilled water at room temperature. With vigorous stirring,
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a freshly prepared NaBH, solution (600 pL, 0.1 M) was then
added. An immediate colour change to red/brown was observed.
The seed solution was allowed to stir at room temperature for
a further five hours. Seed synthesis resulted in a red/brown
coloured solution of particles with an average diameter of 6 +
3 nm (determined using TEM and DLS analysis, Fig. S17).

In a typical synthesis, solutions of PVP (500 pL, 5 wt%), L-
ascorbic acid (250 pL, 0.1 M), and potassium iodide (200 pL,
0.2 M) were added to 2 mL of distilled water. The resulting
solution was set stirring vigorously at room temperature before
adding a HAuCl, solution (60 pL, 0.25 M) followed immediately
by a volume of the seed solution (200, 20, 5, 2.5, or 1.5 pL for
samples A, B, C, D, and E respectively). A colour change was
observed within one minute and the colour grew darker over the
next five minutes. The colloid was allowed to stir for 10 minutes
following the seed addition. Particles were then immediately
centrifuged and re-dispersed in water via sonication.

Characterisation

Extinction spectra were measured using a Shimadzu UV-2600
spectrophotometer. A JEOL 2010 transmission electron micro-
scope (TEM), operated at 200 kV, was used to visualise the
particles. Colloids were drop cast onto 200 mesh copper grids
and plasma treated with a JEOL EC-52000IC ion cleaner prior to
TEM analysis. A Zetasizer Nano ZS instrument was used for
dynamic light scattering (DLS) measurements.

Extinction and absorption spectra were measured simulta-
neously using the CloudSpec-UV spectrophotometer (version v-
0.8), developed by Marama Labs (New Zealand).** The use of
CloudSpec to measure extinction and absorption spectra of
nanoparticle solutions is described elsewhere.*®** Briefly, the
CloudSpec employs two optical pathways to collect both the
extinction and the absorption spectrum of the sample. The
instrument measures the sample in a standard extinction
(transmission) mode and an absorption mode respectively,
against a suitable solvent blank. The absorption mode uses an
integrating sphere to remove any contribution of scattering
from the measurement. The transmission then depends non-
linearly on the absorption coefficient of the sample.** The
CloudSpec utilises a proprietary calibration algorithm to
transform the measured absorbance in the integrating sphere
mode to an absorbance normalised to a path length of 1 cm.
Both extinction and absorption are then given in units of cm ™,
allowing the scattering spectrum to be calculated by taking the
difference between extinction and absorbance. The validity of
the CloudSpec calibration has been investigated in previous
studies.’®

Mie theory simulations

The program Mieplot (v4.6.13, Philip Laven)* was used to
simulate the extinction, scattering, and absorption cross
sections of spherical gold nanoparticles embedded in water at
20 °C. The refractive index of gold (Johnson and Christy)* and
water (The International Association for the Properties of Water
and Steam)" were applied. For disperse particle calculations,
the mean particle diameter, standard deviation, and type of

Nanoscale Adv, 2021, 3, 3530-3536 | 3531
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distribution function, were obtained via TEM analysis and used
as input parameters.

Results and discussion
Particle size and morphology

To confidently make connections between particle features and
the observed optical properties, it was necessary to obtain well
characterised and highly monodisperse particles of only one
morphology. Five gold nanoparticle colloids containing spher-
ical particles of different sizes (samples A to E) were synthesised
using a methodology based off a previously reported seed-based
synthesis.*”” TEM analysis has shown that the particles increased
in size from sample A to E, with direct size analysis of more than
500 individual particles per sample giving average diameters of
32+3,53+4,81+6,94+9,and 127 4+ 10 nm for samples A, B,
C, D, and E respectively (Fig. 1). The particle size distributions
were normal (as confirmed via normal probability plots with the
condition R* > 0.9), and narrow with coefficient of variation
values of less than 10% for all samples. DLS has provided bulk
data to complement the TEM results, showing a consistent
increase in hydrodynamic diameter for samples A to E
(Fig. S27). It should be noted that the average hydrodynamic
diameter values were larger than the average diameters ob-
tained from TEM analysis (Table S1%), due to the adsorption of
large PVP molecules on the surface of the nanoparticles. TEM
data have also confirmed the spherical/quasi-spherical
morphology of the particles, with no other shapes observed
via microscopy.

Optical characterisation

Gold nanoparticle colloid sample A appeared pink in colour in
transmitted light, and as the particle size increased (from
sample A to E) the colour changed from pink to purple to blue
(Fig. 2(a)). The measured extinction spectra were consistent
with these colour changes (Fig. 2(b)). Sample A, containing
32 nm diameter nanoparticles, gave a narrow peak with a A, of
528 nm which corresponds to green light. Consumption of
green light has rendered the sample the complementary colour,
i.e. red/violet or pink. As the particle size increased (sample A to
E), the extinction spectrum peak has red-shifted and broadened
significantly to that for sample E (average particle diameter
127 nm) (Apax = 612 nm corresponding to orange light and
therefore consistent with the complementary blue colour dis-
played). The peak in the extinction spectrum of sample E was
also not symmetrical but possessed a small shoulder at
approximately 535 nm which has been attributed to the quad-
rupole resonance that appears for large particles.*®

This dependence of the LSPR peak and the resulting colour
on the size of the particles was first proposed for gold nano-
particles in 1857, and then shown systematically in 1954, in
seminal works by Faraday and Turkevich respectively.*>* Since
then it has been observed and reported countless times and has
become a fundamental nanoparticle study often taught to
students.*® Interestingly, the colour observed in reflected light
has been reported on considerably less. Fig. 2(a) shows that an
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Fig. 1 Representative TEM micrographs (left) and corresponding
histograms (right) showing size and morphology of synthesised gold
nanoparticle samples A to E.

orange/brown colour appeared in reflected light at a certain
nanoparticle size and then increased in intensity with
increasing size. We believe this visible phenomenon is well
known amongst gold nanoparticle chemists and it can often be
seen in photographs included in articles, however it is very
rarely explicitly commented on. This change in colour between
transmitted and reflected light, also shown in Movie S1,} is an
example of the dichroic effect made famous by the 4th century
Lycurgus cup. In this report we demonstrate that this colour can
be directly explained by the scattering of light by the particles,
which increases with increasing particle size.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Photograph showing colours of synthesised gold nano-

particle colloid samples A to E in transmitted light (samples observed
under daylight) and reflected light (samples held against a dark back-
ground, illuminated by fluorescent lighting). Also see Movie S1.1 (b)
Extinction spectra of synthesised gold nanoparticle colloid samples A
to E, normalised at 400 nm to facilitate comparison.

The extinction spectra shown in Fig. 2(b) are often referred to
as absorption spectra, however what is actually being measured
is the sum of both absorption and scattering. Therefore an
extinction spectrum is only equivalent to an absorption spec-
trum for small particles where scattering is negligible. For larger
particles, the CloudSpec spectrophotometer quantitatively
measures the absorption spectrum of a solution, which when
combined with the extinction spectrum (measured simulta-
neously) allows the calculation of the scattering spectrum. In
this work this instrument has enabled the experimental
extinction spectrum of each colloid to be effectively divided into
its absorption and scattering components (Fig. 3(a)). For sample
A (the smallest 32 nm diameter particles), the scattering spec-
trum has shown a small peak but the extinction was mostly
dominated by absorption. As the particle size increased (sample
A to E), the peak in the absorption spectrum decreased in effi-
ciency and the scattering peak grown, until sample E (127 nm
diameter particles) where the extinction was largely dominated
by scattering. By transforming the extinction, absorption, and
scattering data for each sample such that the extinction effi-
ciency at Amax Was normalised, the absorption and scattering of
each sample can be quantitatively compared (Fig. 3(b)). It can
clearly be seen that the absorption has fallen and the scattering
increased with increasing nanoparticle size. This increase in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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scattering processes explains the increasing intensity of the
orange/brown colour observed in reflected light and the
resulting dichroic effect. In the absence of any unique particle
shapes or bimodal size distributions, the dichroic effect can be
exclusively linked to particle size.

From CloudSpec data, and considering a simplification of
visible light in which it is divided into six colours according to
wavelength, the colours of the colloids observed in reflected and
transmitted light have been rationalised (Fig. 4). Consider
sample C which appeared purple in transmitted light but
orange in reflected light (Fig. 4(a)). The peak in the scattering
spectrum of sample C consisted mostly of yellow light, which
when combined with smaller amounts of orange, green, and red
light, gave the orange colour observed in reflected light. The
colloid also absorbed light, and the peak in the absorption
spectrum consisted primarily of green light. The colour that was
then observed in transmitted light consisted of the light that
was not scattered or absorbed, which is equivalent to the inverse
of the extinction spectrum. For sample C, red, blue, violet, and
orange light were not absorbed or scattered which combined to
give the colour purple. Sample E scattered orange, red, and
yellow light (Fig. 4(b)), giving the orange/brown colour observed
in reflected light, however the absorption was overall too low to
contribute significantly to the colours displayed. Blue, violet,
and green light were not absorbed or scattered, giving a blue
colour in transmitted light. This colour analysis has included
significant approximations and simplifications, in that it has
not considered the fractions of colours that were absorbed or
scattered as represented by the heights of the peaks, or colours
that were partially absorbed/scattered and were on the fringes of
peaks. Additionally, the division of visible light into colours is
itself an approximation. Despite this, it has worked well to
explain the colours that were observed in these dichroic
colloids.

Comparison to theory

Because the synthesised gold nanoparticles were spherical with
a narrow size distribution, their interaction with light could be
modelled using Mie theory. The standard deviation of the
particle diameter calculated from TEM analysis was incorpo-
rated into the Mie theory calculations to better model the
experimental colloidal samples. The resulting theoretical
extinction, scattering, and absorption spectra have compared
well to those experimentally measured using the CloudSpec
spectrophotometer (Fig. S3 and Table S27). A small red-shift was
observed in the majority of the experimental spectra compared
to the theoretical spectra. This is commonly observed and often
attributed to inaccurately measured particle diameters/
distributions or particle imperfections (the presence of non-
spherical or imperfectly spherical particles in the experi-
mental samples will red-shift the spectra as compared to theory,
which models a perfect sphere).*****> Further, the conjugation
of large molecules to gold nanoparticles is known to influence
the LSPR peak position,* but the PVP molecules adsorbed onto
the surface of the particles synthesised in this research are not
accounted for in the theoretical calculations. The PVP effectively

Nanoscale Adv., 2021, 3, 3530-3536 | 3533
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increases the refractive index in the immediate vicinity of the
nanoparticle, red-shifting the position of the peaks as
compared to in the theoretical spectra. Lastly, the refractive
index for gold utilised in this research was that measured by
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(a) Absorption (red dot), scattering (blue dash), and extinction (black solid line) spectra of synthesised gold nanoparticle samples A to E

ption, and scattering spectra normalised at the A« Of the extinction

Johnson and Christy, and was chosen because of its extensive
use in gold nanoparticle Mie theory calculations.”** However it
should be noted that various other refractive index profiles have
been measured for gold which disagree with the Johnson and
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Fig. 4 Absorption, scattering, and extinction spectra of synthesised gold nanoparticle samples C (a) and E (b) obtained using the CloudSpec
spectrophotometer with visible spectrum colours overlaid, and schematic illustrations rationalising the colours observed in transmitted and
reflected light for these samples. Sca = scattered, Abs = absorbed, and Trans = transmitted.
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Christy values, and which if utilised would result in theoretical
LSPR peaks with different positions.**** Determination of the
most appropriate refractive index data to use for gold nano-
particle calculations is unresolved.

By the same method as El-Sayed and co-workers,” the ratio of
the scattering cross section to the absorption cross section has
been calculated for the theoretical Mie theory results (red
crosses and black circles in Fig. 5). Briefly, C(sca)/C(abs) was
calculated for each sample as the ratio of the scattering effi-
ciency at Apax (in the scattering cross section) to the absorption
efficiency at A (in the absorption cross section). As was found
in the referenced report,” the C(sca)/C(abs) ratio increased with
increasing particle size up to a diameter of ~100 nm. However
above this size the relationship has changed in that there was
a smaller increase in C(sca)/C(abs) with each increase in
diameter, until it remained approximately constant between
130 nm and 135 nm. This is due to the appearance of the
quadrupolar resonance mode for large nanoparticles, for which
the ratio of scattering to absorption is lower than for the
respective dipolar resonance mode.

Because of the ability to quantitatively extract the absorption
and scattering spectra from the extinction spectrum, a C(sca)/
C(abs) ratio was also able to be calculated for the experimental
spectra (blue squares in Fig. 5). A plot of these ratios against
particle size shows that experimental and theory are in good
agreement (Fig. 5), effectively acting as an experimental proof of
this aspect of Mie theory and providing validation of the anal-
ysis and the conclusions drawn from experimental results. The
small mismatch between experiment and theory at small and
large particle sizes may have resulted from imperfectly spherical
particles, the presence of PVP, or the choice of refractive index
used in calculations (as previously discussed), however, the
influence of these factors on the magnitude of scattering and
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! ! ! !
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Fig. 5 Theoretical and experimental relationship between the ratio of
scattering to absorption (C(sca)/C(abs)) and the particle diameter for
gold nanoparticle samples A to E. Theoretical results when the stan-
dard deviation (obtained from TEM analysis) was applied to the Mie
theory calculation are shown as red crosses. The black circles, con-
nected by a line, are the theoretical results for a single particle of
various sizes. Experimental results are shown as blue squares.
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absorption is not well understood and requires further inves-
tigation. The overall good agreement between theory and
experiment shown in Fig. 5 has consequences for researchers
who need accurate scattering information and who can be
confident that the application of Mie theory gives reliable and
accurate results for bulk nanoparticle colloids. Additionally, it
has provided evidence that the CloudSpec spectrophotometer
accurately measures the absorption and scattering profiles of
a nanoparticle colloid. The instrument could therefore be uti-
lised to measure the spectra of non-spherical nanoparticles that
cannot be modelled using Mie theory and would usually require
more complicated numerical calculations using, for example,
finite-difference time-domain (FDTD) or discrete dipole
approximation (DDA) methods.

Conclusions

In this article, the optical properties of synthesised spherical
gold nanoparticle colloids with narrow size distributions have
been extensively characterised. The extinction spectrum of each
colloid has quantitatively been divided into its absorption and
scattering components, which has enabled a systematic expla-
nation of the different colours displayed by dichroic samples.
The colour displayed in reflected light corresponds to the
wavelengths of light that are scattered, whereas the colour in
transmitted light corresponds to the wavelengths of light
neither scattered nor absorbed.

A relationship between the ratio of scattering to absorption
and the particle size has been developed from experimental
results and compared to the theoretical relationship with good
agreement. This simultaneously gives confidence in the use of
the CloudSpec spectrophotometer to gain this information, and
in the use of Mie theory to estimate this information in the
absence of the instrument.
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