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ABSTRACT: The size distribution of gold hydrosol aggregates induced by ascorbic
acid has been characterised by small angle x-ray scattering (SAXS). The results are used
to compute the extinction coefficients around the localised surface plasmon resonance
(LSPR) wavelengths and verified by comparing experimental extinction spectra obtained
via spectrophotometry. Citrate refluxed gold nanoparticles with initial ionic ratio of 0.94
measured by fitting an averaged intensity profile from two scattering lengths exhibit log-
normal distribution with mean diameter of 27.4 nm (od = 14.4 nm), while ascorbic acid
induced agglomeration on gold nanoparticles at pH of 3.2 has mean diameter of 51.2 nm
(od = 19.2 nm). Both experiment and simulated optical extinction shows agreement in
LSPR peak wavelength corresponding to their respective mean particle sizes.

Keywords: Gold nanoparticles, small angle x-ray scattering (SAXS), induced
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1. INTRODUCTION

Many application studies on gold nanoparticles (AuNPs) utilise their fascinating
optical tunability due to size-dependent shift of localised surface plasmon resonance
(LSPR) frequency.!* One of the greatest drawbacks for consistent performance in
photo-thermal conversion or molecular sensing is the agglomeration behaviour of
the particles.*® The consequences often involve irregular heat distribution for the
case of photo-thermal applications or poor sensitivity as chemical markers. More
so than often, changes in particle sizes and dispersity are the result of instability of
the ionic species in the medium especially for liquid dispersed AuNPs synthesised
via Turkevich-Frens protocols.”®

Small angle x-ray scattering (SAXS) characterisation with intense synchrotron
light source is a powerful technique to extract full size distribution and form
factors of nanomaterials of various physical phases through elastic scattering of
intense x-rays. It has advantages over electron microscopy for being energetically
softer and describes a comparatively larger sample population. However, the
cost of operation and degree of sophistication in experimental setup for SAXS
often limits the technique to institutions with advanced light source facility.
Since optical extinction of any colloid carries convoluted information on its size
distribution, chemical behaviour and particle densities; identifying the effects of
size distribution on the profile of LSPR peak contributes to the development of a
rapid, sample-specific characterisation instrument by calibrating spectral profile to
a colloidal sample with known size dynamics.

In this study, we utilise SAXS to provide rapid size distribution of citrate stabilised
AuNPs in two agglomeration states when pH of the medium is altered by
diluted ascorbic acid. The resulting particle sizes are used to compute theoretical
frequency-dependent extinction coefficients and are verified by experimental
optical extinction spectra around LSPR regime.

2. EXPERIMENTAL
2.1 Sample Preparation

The glassware involved in the experiment was prewashed with 3:1 molar fraction
of hydrochloric and nitric acid followed by sonification in isopropyl alcohol and
ultrapure deionised water (13.6 MQ, PURELAB Ultra) for 30 min to remove
undesired nucleation sites prior to synthesis. Two colloidal AuNP samples with the
same citrate to gold ionic ratio of 0.94 is produced following standard Turkevich-
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Frens method.”® Upon cooling to room temperature, 500 pl of 5.64 x 102 M of
ascorbic acid (95%, Aldrich) was added into one of the colloidal samples which
caused its pH to change from 4.6 to 3.2 as measured by a calibrated digital pH
meter; addition of ascorbic acid induces particle agglomeration where increment
of size is apparent by characteristic shift of colloidal colour.

Both samples were allowed to age for 18 h before 10 ml of each sample was
purified by centrifugation (Sartorius Sigma 2-16K) at 8000 RPM followed by
redispersion into 5 ml of 1.05%w/v of polyethylene glycol (PEG), M,, = 3350. The
resultant colloids were immediately sonicated for 30 min to prevent secondary
agglomeration during adhesion of PEG to the particle surface. Optical extinction
of both AuNP samples are measured in 1 cm quartz cuvette with spectrophotometry
setup (Avantes) attached to a fibre spectrometer (OceanOptics USB4000) shortly
before characterisation with SAXS.

2.2 SAXS Measurement

In synchrotron SAXS setup, the samples were exposed to a tightly focused
monochromatic soft x-ray beam in vacuum where small fraction of the radiation
is elastically scattered in the shape of a cone onto a cooled planar charge coupled
device (CCD) detector orthogonal to the incident beam. To avoid exposure
saturation, the central transmitted radiation is filtered with an opaque beam stop as
shown in Figure 1, leaving an intensity profile of scattered radiation for analysis.
Our experimental measurements were carried out at beamline 1.3 W Synchrotron
Light Research Institute (SLRI), Thailand. Monochromatic soft x-ray beam of
8 keV (AE/E = 0.93%) was used throughout the measurements.” The scattered
intensity profiles were obtained with 100 pl sample filled into copper cells with
x-ray transparent Kapton window.

CCD detector
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Figure 1: SLRI SAXS 1.3W beamline overview.

Two sample-detector distances, 1607.47 mm and 4497.21 mm calibrated by
scattering intensity profile of solid styrene ethylene butylene styrene (SEBS),
were applied on each sample to obtain averaged scattering vector function. For
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each sample, 3 sets of data were taken corresponding to empty cell with Kapton
window, cell filled with suspending media (i.e., PEG dilution) and the sample itself
for background subtraction. All experimental intensity images were converted to
numerical values via circular averaging background-subtraction by homebuilt
SAXSIT software and size distribution was obtained with SASfit V0.93.5. The
size distributions obtained from SAXS are used to compute theoretical extinction
coefficients; the values are then compared with experimental spectrophotometry.

2.3 Mie Extinction Coefficients

Liquid dispersed AuNPs has long been known to exhibit vibrant colours attributed
to absorption and scattering of incident light'® due to collective excitation of
surface plasmons.!! Exact solution of Mie Theory quantifies the optical extinction
of colloidal suspensions by solving Maxwell's equations for electromagnetic waves
interacting with small conducting spheres taking macroscopic dielectric constant
of the material. The extinction and scattering coefficients, C. and C,., follow an
expansion series:!?

Ci = %i (2n+ 1)Rela.+ b.] (1)
Co =230+ (| a.|*+ .| )

where 4 is the extinction cross-sectional area, x is a size parameter given by 2nNa/A;
both a, and b, are variables dependent on particle size @ and N the refractive
index of medium chosen as 1.33. Absorption coefficient can thus be obtained by
subtracting scattering term from extinction. Using frequency dependent complex
permittivity of gold experimentally found by Johnson and Christy,'* a 200-step
extinction coefficient spectra from wavelength of 450 nm to 800 nm was computed
based on 50 bin particle size distribution histogram determined through SAXS.

3.  RESULTS AND DISCUSSION

For diluted small scatterers, surface inhomogeneity of nanoclusters require
spatial resolution of detectors as small as 2.5 x 1073 degree. In order to increase
the resolution, the scattering lengths were increased to thousands of millimetres.
As a consequence, compensation of longer acquisition time is required to obtain
intensities sufficient for analysis. The scattering image at two lengths for both
AuNPs samples shown in insets of Figure 2(a) and 2(b) are averaged by intensity
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counts over 2n with SAXSIT which produce a negative exponential scattered
intensity plot against 26.
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CCD scattered x-ray images (inset) at 4497 mm and 1067 mm used in
conversion to scattered intensity plot for (a) undisturbed AuNPs and (b) pH

adjusted AuNPs.

At scattering length of 4497.21 mm, the scattered intensity plot shows
indistinguishable peak values for both AuNP samples. For shorter scattering
length of 1607.47 mm, pH adjusted AuNPs shows lower peak intensity relative to
undisturbed colloid indicating extinction due to large particles. The extraction of
size distribution requires intensity profiles converted to scattering vector function,
q given by:

q =4 sin <%)
where 0 is half the scattering angle and wavelength L. Averaging vector functions
from two scattering lengths for both AuNP samples are shown in Figure 3.
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Log-log scattering vector function of undisturbed AuNPs (a); pH adjusted
AuNPs (b); corresponding residuum plots for undisturbed AuNPs (c); and pH
adjusted AuNPs indicate general agreement between experiment and fitting
functions in g-space (d).
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It is found that the length averaged scattering vector functions for both AuNP
samples exhibit curve characteristics described by small angle scattering of
non-uniform particulates. At lower ¢ region, both samples shows rapid decay
edged towards ¢ = 0.3 nm™' where intensity drops in steep gradient. Considering
polydisperse population with mostly spherical geometry, the scattering profile at
low and high q shows transition properties between Guinier and fractal regimes.'
The configuration of scattering vector plots are best fit to phenomenological
function described by Beaucage unified exponential-power law where intensity is
given by: !

¢'R;
3

I(q) = G exp 4)

oo et}

V6

where constants such as G, B and exponent P are experimentally obtained while R,
is the radius of gyration. The fitting was performed by least square minimisation via
SASfit!® shown as red solid lines in Figure 3 (a) and 3 (b). The parameters obtained
from best fit have R-value of 0.97 for citrate reduced AuNPs while ascorbic added
sample at 0.92. Residuum plots in Figure 3 (c and d) shows general acceptance of
the fitting with slight persistence of disturbance for both samples at ¢ = 0.3 nm,
suggesting polydispersity. Following Beaucage et al., a monomodal lognormal
size distribution function of the nanoparticles can be expressed as:!’

_ 1 [In(R/p)*]
) =)

where R is the mode of particle radius and both median x and shape parameter 0
can be obtained from equation (4) by fitting scattering vector functions:

_ | ®R;
K= 3 exp(146?) (6)

BR,;/1.62G
= ntBA162C) o

The term (BR,*/1.62G) in Equation 7 containing the value 1.62 is the scale of
polydispersity index where 1 denotes monodisperse spherical particles. Mean
particle diameter, <d> and standard deviation, ¢ of the nanoparticles can be
calculated from the log-normal distribution function by relating x« and ¢ such as:

)

2

dy=2pexp( %) ®
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o = 244/ exp(8”)[exp(6?)— 1] 9)

The log-normal distribution curves for both samples illustrated in Figure 4(a) shows
comparatively smaller particle sizes in undisturbed AuNPs at mean diameter at
27.4 nm; adding ascorbic acid into the medium pushed the population of particles
into larger sizes with mean at 51.2 nm as well as degradation in dispersity indicated
by the increase of standard deviation from 14.4 nm to 19.2 nm. Furthermore, the
decreasing integral number concentration suggests that the size changes did not
involve addition of nucleation sites by ascorbic acid since ascorbic acid was added
after initial particle forming phases where well-stabilised AuNPs were already in
existence from double action of citrate reduction and capping. Thus, the shift of
size distribution can be seen as agglomeration or clumping of the particles.

It is well known that the sizes of citrate reduced and stabilised AuNPs are pH
sensitive due to electrostatic interactions of mobile charges on the double layer
formed between carboxyl ends of the citrate ions electrostatically attracted to the
AuNP core and sodium ions in the immediate vicinity.'* Adding ascorbic acid into
the medium rapidly alters the chemical equilibrium established by the counterion
species'? and as a result depletes the double layer and the repulsive electrostatic
potential 2’ forming agglomerates and thus reduces the total number concentration
of the sample. Although the electrochemical behaviour between dissociates of
ascorbic acid and citrate ions lies beyond the scope of this report, the size dynamics
due to agglomeration can be verified by optical extinction especially by peak LSPR
values. Exact solution of Mie extinction using real data from SAXS yield both
scattering and absorption coefficient for a given wavelength where planar white
light was used as a source.

Calculated extinction coefficient spectra show an intense surface plasmon
resonance peak at 522.3 nm for undisturbed gold colloid, this peak redshifted to
531.5 nm accompanied by a decrease of extinction intensity for agglomerated
AuNPs. For citrate capped AuNPs, the particle sizes are well within the 1/10A
regime where incoming light is almost completely absorbed by strong dipole
plasmon oscillations.?! The simulated extinction spectrum approximates absorption
at the LSPR band and inter-band region and are consistent with the profile
experimentally measured by spectophotometry, confirming the size distribution
by SAXS. Increased mean AuNPs sizes induced by ascorbic acid above the
1/10A approximation limit result in overall increase of scattering coefficient. This
effect coupled with the decrease of absorption for intraband transition result in
redshift broadening of LSPR band and increase of extinction intensities at longer
wavelengths.
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Log-normal particle size distribution, mean diameter and standard deviation
obtained from SAXS for (red) undisturbed AuNPs and (blue) pH adjusted
AuNPs by ascorbic acid (a); calculated absorption, scattering and extinction
coefficient as a function of wavelength based on particle size distribution
obtained by SAXS (b); and comparison of extinction profiles around LSPR
wavelength with experimental spectrophotometry measurements (c).

Compared to experimentally measured extinction spectra, the LSPR band matches
the simulation profile but poor agreement was found after 550 nm. The matching
of peak profile can be attributed to dipole LSPR from primary population of
AuNPs with <d> = 51 nm. At longer wavelengths beyond plasmon peak, the
inconsistencies could be attributed by the existence of very small fractional
concentration of sub-micrometer sized gold particles with large standard deviation,
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giving rise to multipole plasmon oscillations that contributes to an increase of
extinction coefficient?? between 570 nm to 750 nm. In addition, the secondary size
distribution of large particles also increases the scattering contribution dominant in
the extinction coefficient at wavelength longer than 600 nm.

4. CONCLUSION

Two samples of citrate reduced colloidal gold were produced via Turkevich-Frens
method at citrate to gold ratio of 0.94. Upon addition of ascorbic acid, the AuNPs
increased in mean size about twice the diameter with respect to undisturbed particles.
The changes of the particle number and size can be explained by agglomeration due
to weakening of stabilising electrostatic potential. The size distributions obtained
from SAXS are verified by comparing consequential theoretical optical extinction
with experimentally measured extinction spectra. It is found that for both cases,
the LSPR peak profiles corresponding to major population of the particles matches
considerably. However, the increased deviation towards red-end of the extinction
band around 570 nm to 750 nm in agglomerated AuNP sample can be attributed to
presence of large non-uniform particles.
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