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Absolute extinction and scattering cross sections of gold nanoparticle dimers

were determined experimentally using a chemometric approach.
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Abstract

Absolute extinction and scattering cross sections for gold nanoparticle dimers were
determined experimentally using a chemometric approach involving singular-value
decomposition of the extinction and scattering spectra of slowly aggregating gold
nanospheres in aqueous suspension. Quantitative spectroscopic data on plasmonic
nanoparticle assemblies in liquid suspension are rare, in particular for particles larger than 40
nm, and in this work we demonstrate how such data can be obtained directly from the
aggregating suspension. Our method can analyse, non invasively, the evolution of several
sub-populations of nanoparticle assemblies. It may be applied to other self-assembling
nanoparticle systems with an evolving optical response. The colloidal systems studied here
are based on 20, 50 and 80 nm gold nanospheres in aqueous solutions containing sodium
lipoate. In these systems, the reversible dimerisation process can be controlled using pH and
ionic strength, and this control is rationalised in terms of DLVO theory. The dimers were
identified in suspension by their translational and rotational diffusion through scattering
correlation spectroscopy. Moreover, their gigadalton molecular weight was measured using
electrospray charge-detection mass spectrometry, demonstrating that mass spectrometry can
be used to study nanoparticles assemblies of very high molecular mass. The extinction and
scattering cross sections calculated in the discrete-dipole approximation (DDA) agree very

well with those obtained experimentally using our approach.

1 Introduction

The aggregate of two spherical plasmonic nanoparticles (henceforth referred to as
nanosphere (NS) dimer, or simply dimer) is a fundamental building block in the construction
of plasmonic assemblies.'® Additionally, the formation of dimers represents the first step in
the aggregation of colloidal particles in suspension.”" When mediated by suitable
(bio)molecules or (bio)chemical stimuli, such aggregation is at the basis of a large variety of

biological and chemical sensing schemes using suspensions of small latex particles,'""

or
gold or silver nanoparticles.” ™ In the case of plasmonic nanoparticles, the interaction of the

optical resonances of the constituent particles in the dimer leads to radical changes in the
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132172 as a result of the formation of a longitudinal

optical absorption and scattering spectra
plasmon resonance at longer wavelengths. This is illustrated by the well-known colour
change from red to blue upon salt-induced aggregation of citrate-stabilised gold NS in

suspension.***’

In the past, particle dimers have been synthesised and separated from the monomers and
trimers present in the mixtures.”** These dimeric objects can be redispersed in aqueous
suspension for further spectroscopic study. However, quantitative measurements of optical
cross sections on such samples have not been obtained due to the lack of precise knowledge
of the concentrations of the objects. Absolute optical cross sections of individual objects can
be measured by nanospectroscopic techniques applied to samples deposited on a suitable
substrate,” but this does not give access to the optical response of the objects in their native
homogeneous and isotropic liquid environment, and requires measurement of many

individual objects for statistical comparison.

Here, we present a physicochemical and optical spectroscopic study of dimers in aqueous
systems containing colloidal plasmonic nanospheres of various diameters and lipoic acid (LA,
also called thioctic acid) at varying pH. The functionalization of gold NS with LA®" yields
particles that we demonstrated” to undergo reversible aggregation in acidic environment
(typically, at pH values below the pK, value of lipoic acid). The colloidal chemistry of this
system is studied in more detail by varying pH, ionic strength, and also ligand (LA)
concentration. The aqueous gold nanosphere-lipoic acid system turns out to be a highly
versatile plasmonic colloidal system demonstrating controllable and reversible aggregration
of nanospheres over a wide range of NS diameters (15 ... 80 nm). Assembly of gold particles
with diameters larger than 40 nm is relevant for biosensing using plasmonic light scattering,
and is at present not readily achieved by other nano-assembly strategies such as DNA-based
assembly.”***”” The aggregation is considered in the light of the DLVO theory, and we suggest
a modified potential energy curve to account for the lipoic ligand shell that confers

reversibility to the aggregation of the gold nanoparticles.

By applying chemometric multicomponent analysis to the optical spectra of aggregating NS
suspensions, we obtain absolute extinction and scattering cross section spectra of all species
present as well as information on the relative populations of monomers and dimers. Such
spectroscopic data is valuable for confronting theoretical models of plasmonic interactions

and for the evaluation of the analytical performance of aggregation-based plasmonic
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biosensing schemes. At present, quantitative data on optical cross sections of plasmonic
nanoparticle assemblies have only been obtained for individual dimers deposited on dry

substrates,” and not for such objects in liquid suspension.

In previous studies on gold’® and silver' sols, a steady-state spectrum for each aggregation
state was considered, which does not allow for extracting detailed information on the
composition and optical properties of the aggregates. The method presented in the present
work relies on chemometric analysis of a set of optical spectra (i.e. a spectrotemporal matrix)
of a slowly aggregating suspension evolving over time, which does allow for the spectra of

dimers to be identified and measured.

Two additional analytical techniques have been applied for the identification of nanoparticle
dimers in the sample. The first technique is light scattering fluctuation correlation
spectroscopy (LS-FCS) which analyses the composition of the colloidal mixture at the single
particle level, and yields the diffusion coefficient of each species present. The second
technique, charge-detection mass spectrometry (CD-MS), is used to analyse the mass
distribution of the colloidal mixture at the level of individual particles in the megadalton to
gigadalton mass range.”* In particular, the composition of complex colloidal mixtures can be
determined using CD-MS, in good agreement with conventional TEM analyses, as was
demonstrated recently.”* The advantage of both LS-FCS and CD-MS (which uses
electrospray ionisation) is that these methods directly probe the composition of the liquid
suspension at the time of measurement in contrast to electron microscopies where it is

difficult to obtain samples that are representative of the composition of the sampled liquid.

2 Materials and Methods

2.1 Aqueous suspensions of gold nanospheres

Spherical citrate-stabilized gold nanoparticles, with an average diameter of 20 nm, were
synthesized following the Turkevich-Frens citrate-reduction method.””* Particles of 20, 50
and 80 nm diameter were obtained from Sigma-Aldrich (stabilized suspension in 0.1 mM
phosphate buffer, "reactant free") or British Biocell International (BBI, Cardiff, Wales, UK).
The initial aqueous gold nanosphere (GNS) suspensions had concentrations corresponding to
an optical density of approximately 1 at the maximum of the plasmon extinction band ('OD
1'). Particle concentrations were calculated from the optical densities measured at the

maximum of the plasmon band, using extinction coefficients derived from the nominal
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particle diameter (d), according to a simple, experimentally verified relation (Eqn. 1) based on

Mie theory.”
Emax = A(d/nm)” (1)

For gold nanospheres of diameters smaller than 85 nm in water, A =4.7 x 10* M cm™ and 7y =

3.30.

2.2 Functionalisation of the colloids with lipoic acid

Racemic (+)-a-lipoic acid (1 mM) and NaOH (2 mM) were dissolved in water to yield an
aqueous solution of sodium lipoate (NaLA) at pH 11. This LA solution was added to the initial
GNS suspensions. The amount of NaLA solution was chosen such so that the concentration
of LA was twice the estimated concentration of binding sites on the GNS. This concentration
was estimated by multiplying the particle concentration with the number of potential thiol
binding sites Ngjtes calculated” using a semi-empirical formula, Eqn. 2.

2
Naitos = 77.9 <(d/2ﬂ) (2)

The mixtures were then left in the dark overnight. Subsequently, the samples were purified
by three centrifugation-redispersion cycles in order to eliminate residual reactants, excess of
citrate ions, ligand, and other stabilizers. Typically, the samples were centrifuged for 30 min.,
at accelerations ranging from 4500 x g for 20 nm GNS to 600 x g for 80 nm. The supernatant
was removed and replaced by pure 1 mM aqueous NaOH. Typically, in each run ~95% of the
liquid volume was replaced by fresh aqueous NaOH, removing most of the remaining excess
ligands and salts. The final aqueous stock solutions used in the aggregation experiments
contained LA-coated gold nanospheres (LA-AuNS) at a concentration corresponding to OD 1
in 1 mM NaOH(aq). In a separate series of preparations, the 1 mM NaOH(aq) used in the
washing procedure contained additional NaLA at concentration varying from 1 pM to 1 mM.

The suspensions prepared in this manner thus contain an excess of NaLA.

2.3 Optical spectroscopy

Optical spectroscopy was carried out at ambient temperature (296 (+ 2) K) on air-equilibrated
samples contained in standard 1 cm quartz or plastic fluorescence cuvettes. UV-visible
absorption spectra were measured using an optical fiber-based system (Ocean Optics)
incorporating a USB4000-VIS-NIR CCD spectrometer and a LS-1 tungsten halogen light
source (6.5 W, 3100 K) equipped with a BG34 colour correction filter.
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Resonant light scattering (RLS) measurements were performed according to the methodology
that we described previously.””” The samples were illuminated with white light (LS-1
tungsten halogen light source with a BG34 colour correction filter), the scattered light was
collected at a fixed angle of 90°, and analysed using a back-thinned CCD spectrograph
(QE65000). A solvent blank background was subtracted from all spectra, and spectra were
corrected using Ludox as the perfect Rayleigh scatterer.* All samples were diluted such that
the optical density remains well below 0.05. The corrected light scattering spectra were
obtained by calibration of the raw spectrum against the raw spectrum of Ludox, according to

Equation 3.

Iraw()\)
T () 9

raw

Is(\) =A%

The Ludox sample consisted of the supernatant of a Ludox SM30 (Aldrich) suspension
centrifuged for 1 h at 9700 x g, diluted 200 times in 0.05 M NaCl. For each measurement
series, three Ludox reference samples were prepared, and each was characterised using its py
value, by fitting ODp ydox(A) = po)\_4 + p1 to the experimental Ludox extinction spectrum.
The baseline value p; should be very close to zero, else a new reference sample is prepared.
Finally, it was verified that all three Ludox samples gave identical scattering spectra, and the
average of the po was used to calculate the scattering cross sections (in cm?) from the

corrected scattering spectra (with c the concentration of particles in mol L™).

2303pg
cNa

Usca(>\) = ILS(A) (4)

2.4 Method for extraction of the pure dimer spectrum from a sequence of
optical spectra

Optical spectra of particle dimers are obtained from suspensions of monomers undergoing
slow and controlled aggregation. Aggregation of the suspended nanospheres was in general
induced by adding a small volume of a concentrated 100 mM or 200 mM pH 5.0 acetate buffer
to a suspension of LA-AuNS in 1 mM NaOH. Final pH was calculated including the 1 mM
NaOH, and verified using an ISFET pH meter. Ionic strength was calculated on basis of weak

acid dissociation and ions present at the final suspension composition.

The time evolution of the optical spectra of the samples was recorded using the extinction or
the scattering spectrometers. Each set of spectra obtained was analysed using a chemometric

procedure. As the first step of this chemometric analysis, the series of spectra are represented
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as a numerical matrix, of which the columns contain the data points representing the time-
evolution of the spectral response (optical density, scattering intensity) at a particular
wavelength, and the rows the data points representing the optical spectrum at a particular

)** an indication of the number of

time. By applying singular value decomposition (SVD
species present is obtained, purely based on the information content of the matrix, without

any supplementary (chemical) knowledge.

In the case of only two principal components, we use the following simple approach, which
leads unambiguously to a realistic decomposition of the individual contributions after the
optimization procedure for each dataset. It consists in subtracting a fraction of the reference
monomer spectrum from each acquired spectrum. The temporal evolution of the fraction to
be subtracted is governed by a kinetic equation. This kinetic equation can be purely empirical
(single or multiple exponentials) or result from a kinetic model assuming a "bi-molecular”
aggregation process. The basic idea behind the procedure is that after subtraction of the
fraction of the monomer spectrum, the resulting candidate dimer spectrum should have a

shape that does not change over time.

The optimization procedure searches for the parameters (pg, p1 ... pas) of the kinetic model
that minimize a cost function, which in this case is the wavelength-averaged standard
deviation of the reconstructed dimer spectrum over time. It is a measure how much the
estimated candidate dimer extinction spectrum varies over the set of reconstructed spectra

using the kinetic model.

L N

1 av

COSt(pmpl .. -pM) = g N E (dnl - dl g)2 (5)
=0 n=0

N is the number of time-steps for which a spectrum was acquired. L is the number of
measured wavelengths for each spectrum. d,,; is the estimated extinction of the dimers for
time step n (corresponding to time ?,) and wavelength element [ (corresponding to

wavelength \;),
1 N
d;"® is the time average of the dimer response for the wavelength \;: d7"® = N Z dni
n=0

The dimer spectra d,,; are calculated according to Equation 6.

7/ 39



exp (m)
g = 5,1 — Mmicn 6
nl — (d) ( )
Cn
where, for each time step n, s**Prepresents the measured spectra, m; is the reference
monomer spectrum, (™) is the time evolution of the concentration of monomers, @ is the

corresponding time evolution of the dimer concentration. The concentrations at each time

step n are calculated from the kinetic model using parameters (pg, p1 - . . par)-

{ cew™ = f(tn,po,p1 .. par) (7)

d
D = g(tn, posp1 - - par)

The values of functions f and g either come from an analytical expression describing the
concentration kinetics or evaluated numerically from differential equations. The
chemometric procedures were implemented in the Python programming language (Python
2.7), with the numpy (version 1.8.1) and scipy (0.14.0) modules. In certain cases (spectra taken
at low concentrations), a Savitsky-Golay filter was applied to the spectral data in order to
obtain a smoother extracted experimental spectral profile for comparison with theoretical

spectra.

2.5 Light scattering fluctuation correlation spectroscopy

The setup for light-scattering fluctuation spectroscopy (LS-FCS), which has previously been
described® in detail, is built around an inverted microscope. The excitation is provided by a
tunable (700 nm-1000 nm) femtosecond laser with a repetition rate of 80 MHz and a pulse
width of 100 fs. If necessary, the excitation light is frequency-doubled using a B-barium
borate (BBO) crystal. The laser beam is focused by a water-immersion objective (NA= 1.2, 60x
Nikon). A 25 pm pinhole was used for confocal filtering. The detection was done using a
50/50 beamsplitter and two avalanche photodiodes (APDs, SPCM-AQRH, Perkin Elmer).
Cross-correlation of the photon counts between the two detectors allows for elimination of
after-pulsing and to exploit the microsecond domain. Scattering is an elastic process, and
therefore no optical filters were used in the detection channel. As a consequence, the laser
power was set at a relatively low level (2 nW on the sample) in order to avoid saturation of
the APDs. Since no optical filter is used, there is a residual background due to the light
scattered by the solvent and the light reflected at the interface between the glass coverslip

and the solvent. This latter source of noise can be attenuated by confocal filtering by working
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at a distance of 30 um above the glass coverslip. The acquisition and processing of data, and

the calculation of the correlation functions are performed by home-written software.

2.6 Charge Detection Mass Spectrometry

Experiments were performed on a custom-built charge detection mass spectrometer with an
electrospray ionisation (ESI) source. This instrument is described in detail elsewhere.* Gold
nanospheres of 80 nm diameter were first investigated in their monomeric form by injecting
an as-supplied BBI suspension (see Fig. S11, Supporting Info). Then an aqueous suspension of
80 nm AuLA in 1 mM NaOH was acidified with dilute HCI to reach a pH close to the pK, of
lipoic acid (4.7) in order to induce dimerisation. As higher ionic strengths of the medium may
be detrimental for the electrospray ionisation process, careful direct acidification of the
suspension was applied instead of ionic-strength control. Dimerisation was monitored with
UV-visible spectrometry. After two hours of dimerisation, the sample was injected into the
CD-MS device. The samples were injected at flow rates of typically 150 pL/h, and entered the
electrospray chamber through a 0.1 mm internal diameter stainless steel capillary tube
located inside the needle tip. Nitrogen drying gas was injected between the end cap and the
transfer glass capillary and flew through a heater typically set at 200°C. The vacuum interface
was composed of a glass transfer capillary that passes the ions into the first stage of the
vacuum system, an end cap, a skimmer between the first and second vacuum stages, an
hexapole ion guide and an exit lens. The charge detection device was used in a single pass
mode. The signal induced on the tube was picked up by a JFET transistor and was amplified
by a low-noise, charge-sensitive preamplifier and then shaped and differentiated by a home-
built amplifier. The signal was recorded with a waveform digitizer card that recorded the
entire waveform for each ion passing through the detector tube at a sampling rate of 10 MHz.
The data were transferred to a desk-top computer where they were analyzed to compute the
charge and mass of each ion. Internal calibration in charge was performed using a test
capacitor that allowed a known amount of charge to be pulsed onto the pick-up tube. In
addition, an external calibration was performed using NIST traceable size standards (70, 100,
150, 200, 250, 300, 350, 400, 450 and 500 nm polystyrene nanospheres supplied by
Polysciences Europe GmbH). Further details of the calibration can be found in the supporting
information of Ref. * . Mass histograms are built from the collection of a statistically relevant

number of single mass measurements for each sample (>2000 typically).
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2.7 Theoretical modeling of extinction and scattering spectra

The optical cross sections of the spherical 'monomer' particles were obtained from analytical
Mie theory expressions, as described by Bohren and Huffman®. Numerical evaluation of the
analytical expressions (which involves summing over series of Bessel functions) was done
using the Python code reported in previous work.” The dielectric function of gold was by
Johnson and Christy,” with corrections for limited mean free path for electrons in small

particles.”

For the dimers, theoretical calculation of extinction and scattering cross sections as a
function of wavelength, and interparticle gap, was performed using DDSCAT (version 7.3.0)
which implements the discrete-dipole approximation (DDA).* A plane wave of linearly
polarised light was assumed. The dimers were represented by a large number of discrete
dipoles: N = 6.7 x 10* (20 nm particle diameter), N =1 x 10°(50 nm), and N = 5.5 x 10> (80
nm). The number of dipoles was chosen such that the relation |m|kd < 1 was amply satisfied
(here, m is the ratio of the refractive index of the particle to the refractive index of the
medium, k is the wavevector of the incident light and d is the spacing between elementary
dipoles). In fact, we used |m|kd < 0.02 for 20 and 50 nm particle dimers and |m|kd < 0.04

for 80 nm particle dimers.

An additional relation, |m — 1| < 2, is often evoked as a criterion for obtaining satisfactory
accuracy in the calculations, in relation with the polarizability of the elementary dipoles
close to the gap of the dimers. This criterion is difficult to satisfy for metals even if an
increased number of dipoles is considered.” However, it has been recently demonstrated that
DDA can be still applied for metals if the filtered coupled dipoles (FCD) approach is used
rather than the usual lattice dispersion relation (LDR).”® In the FCD approach, the electric
field generated by each elementary dipole is 'smoothed' by filtering out its high spatial
frequencies. This alleviates problems for wavelengths for which gold has a large refractive
index. The FCD method contributes also to reduction of the computational time,* which is

further reduced by using the Fourier transformation-based solver in DDSCAT.

The extinction, absorption and scacttering cross-sections for non-polarised light were
averaged over all orientations because of the random orientation of the dimers in the
suspending liquid medium. It can be demonstrated® that for this object with axial symmetry
the orientational average of the cross sections of extinction, absorption, and scattering,

assuming a linearly polarized incident light along y is exactly equal to
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1
o= §(0$+0y~|—az)

where the x, y and z subscripts represent orientation of the long axis of the dimer along one
of the three axes of the orthogonal laboratorium frame. The reported theoretical cross

sections are orientational averages calculated using this relation.

3 Results and discussion

3.1 Analysis of time-series of optical spectra of an aggregating suspension

The determination of the absolute extinction cross section spectra relies on the measurement
of the evolution of the optical spectra of a sample of suspended nanospheres as it evolves in
time from an unaggregated to a partially aggregated state. The sample, initially at
equilibrium in a non-aggregated state, is submitted to a sudden change in physicochemical
conditions (change in pH and/or in ionic strength). Spectra are recorded as the sample
evolves towards a new equilibrium state, in which a fraction of nanospheres will have
aggregated into dimers. The series of spectra obtained for each experiment are readily
analysed using chemometric methods that decompose the series of spectra into the spectra of
the individual components present, together with the time-evolution of the concentration of

each component.

The analysis method is illustrated using the spectral data of a typical experiment. Figure 1
shows the time-evolution of the UV-visible extinction spectrum of an aqueous suspension of
20 nm lipoic-acid functionalised gold nanospheres. At t = 0, a small volume of concentrated
pH 5.0 acetate buffer was added to the initial LA-functionalised AuNS suspension (1 mM
NaOH(aq)) to yield a suspension in 6 mM acetate buffer at pH 5.1 (this takes into account the
1 mM NaOH initially present). The combination of a pH near the pK, of lipoic acid with an
increased ionic strength induces a slow, well-controlled aggregation leading to the formation
of an aggregation-related new plasmon resonance near 600 nm. For comparison, native

citrate gold NS were found not to aggregate under the same conditions.
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Figure 1. Evolution over 4000 seconds of the extinction spectrum of 20 nm gold
nanospheres functionalised with LA in 6 mM pH 5.1 acetate buffer (ionic strength I =
4.8 x 107). The blue dashed line represents the initial spectra of the 20 nm LA-AuNS
prior to dimerisation. Inset: Time-evolution of the optical density at 700 nm (red
circles). The blue line is a fit of Eqn. 9 (¢g) to the data, with kinetic constant k; = 4.4 x
10 s™. This constant serves as the initial guess in the iterative spectral decomposition

procedure.

A distinct isosbestic point is observed around 545 nm. An isosbestic point occurs in the case
that a chemical species is converted into an other one in a reaction that has constant
stoichiometry,” and where initial species and the reaction products have distinct spectra.
Here, the initial species are particle monomers, and for entropic reasons,” the product should
necessarily be particle dimers. The isosbestic point survives only in the initial stages of the
aggregation. Under the conditions used, this initial ("monomer-to-dimer conversion") stage

lasts over more than an hour.

This interpretation is confirmed by the decomposition of the spectrotemporal matrix using
singular-value decomposition (SVD, Fig. S1, Supporting Info), which indicates two principal
components. For this particular dataset, that was chosen for illustrating our method and
which spanned the first 4000 s of the aggregation process, we found that the quality of the
data (i.e. "chemometric purity" of the two components) further improved when the first 500
seconds were not included in the analysis. This may be due to sub-optimal mixing conditions,
as a small volume of a highly concentrated buffer solution is added to the initial volume,

leading to a slight perturbation of the kinetics and the optical spectra in the first 500 s. In
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further experiments, where milder mixing conditions were used (larger volumes of less

concentrated buffers were added), this artifact was not present.

For the reconstruction of the individual component contributions to the overall spectrum
using the method described in the Materials and Methods section, a kinetic model is needed
that describes the evolution of the concentrations of nanoparticle monomers and dimers. We
found that simple dimerisation kinetics (Eqn. 8) gives an accurate description of the initial

stage of the slow aggregation process.
9 AR 4, 8)

The evolution of concentration of monomers and dimers can be written analytically as Eqn.
9, where ¢, and ¢4 are the concentrations of monomer and dimer, respectively, and kinetic
constant k1 = kdqimCiot, With kqim the bimolecular dimerisation rate constant, and cit the

initial concentration of monomer.

{ Cm(t) = (133?11:)

otk 9
calt) = 3 tth ¥

An initial confirmation that this model describes the experimental kinetics very well comes
from a fit of the model to the evolution of the absorbance (Figure 1, inset) at a wavelength
where the principal contribution comes from the dimer (e.g. 700 nm in Fig. 1, which is at the
red edge of the dimer extinction, and far away from any monomer extinction). The value for

k1 obtained from this simple curve fit is used as an initial guess for the full analysis.

The total concentration of particles c;qt is identical to ¢, at t= 0. This initial concentration of
monomer nanoparticles was calculated from the absorbance of the suspension using Eqn. 1,
as described under 'Materials & Methods'. The values of the absorbance spectrum of the
monomer were furthermore scaled by dividing by ¢t to represent the extinction coefficients,

thus supplying the m; elements (see Materials & Methods).

The optimisation finally relies on only one parameter, the kinetic constant k;. The cost
function displays a clear minimum, in this particular case for k1 = 4.4 x 10* s™. The
optimisation yields the spectral and kinetic profiles corresponding to the monomer and the
dimer (Fig. 2). We obtain absolute concentrations, and therefore also absolute cross sections.
These cross sections are for the monomers and dimers randomly oriented in the liquid, and

represent the orientational averages.
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Figure 2. Left: Concentration evolution of the monomer (blue line) and the dimer (red
line) obtained from the data in Fig. 1 by the data analysis procedure. Right: Extracted
extinction spectra of the monomer (dashed blue) and dimer (solid red), considering the

spectra recorded between 500s and 4000s after the initiation of the aggregation.

The shape of the dimer extinction spectrum extracted from the series of spectra is in good
agreement with numerical calculations (detailed below) as well as with spectra reported in
the literature for dimers composed of gold particles of similar diameters.”* (see also Fig. S4,
Supporting Info). The spectra in the literature do not give the absolute extinction coefficients,
since the concentration of dimers after purification was not known. The chemometric
approach used here yields absolute extinction coefficients, since the concentration of dimers
at any stage in time is known, from the initial concentration of monomers, and the kinetic

model.

3.2 Identification of dimers at the single object level with fluctuation
correlation spectroscopy

Slowly aggregating suspensions of LA-AuNS were studied using light scattering fluctuation
correlation spectroscopy (LS-FCS, also called SCS, scattering correlation spectroscopy™). LS-
FCS is similar to fluorescence correlation spectroscopy but uses the scattering of light by the
nanoparticles instead of fluorescence. LS-FCS yields diffusional and rotational correlation
times and is used here to confirm that the slowly aggregating suspensions contain practically
only monomers and dimers. The dimers can be identified by their diffusion times. This
diffusion time should be slightly less than twice the diffusion of the monomer. Additionally,
whereas GNS monomers are isotropic and display no rotation-related intensity fluctuations

in their scattered light, the dimers are anisotropic and do display intensity fluctuations due to
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Brownian rotation. The associated rotational correlation times can be used for further

characterisation.

For LS-FCS we worked with 50 nm AuNS monomers. The aggregation of 50 nm LA-AuNS is
triggered by adding concentrated pH 5.0 acetate buffer to obtain a mixture of 9 mM of buffer
and 1 mM of NaOH (yielding pH 5.1, ionic strength I = 8.6 x 107). The aggregation is then
very slow and proceeds over a period of several hours. The experimental correlation curve is
shown in Fig. 3. The correlation curve does not display bumps or other artifacts. The
presence of large aggregates beyond dimers would give very strong scattering signals and

lead to a correlation curve that would be difficult to analyse.

Correlation

10> 10* 10
Lag time / ys

Figure 3. Normalized correlation curve (red dots) of light scattering signal of GNS
dimers measured at 760nm. The fit (blue line) gives a diffusion time of 3.8 ms and a
rotation time of 70 ps. Black dashed line: the predicted correlation curve of a
monomeric 50 nm GNS at 760 nm, obtained by adapting experimental data obtained at

520 nm (see Figure S10, Supporting Info)

The experimental correlation curve is well described by a theoretical curve corresponding to
a single population with a diffusion time of 3.8 ms and a rotational component of 70 ps. At
the wavelength used, 760 nm, the scattering by dimers dominates the signal. The observed
diffusion time is larger than the diffusion time of the monomer (2.55 ms), and in good
agreement with the expectations for a dimer. The experimental ratio of the equivalent
hydrodynamic radius of monomer and aggregates is 1.5. The diffusion time of the monomer
at 760 nm has been derived from a light-scattering FCS measurement made at 520 nm where

the scattering of the monomer is resonant (the monomer does not respond at 760 nm), and
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adapting this value to correct for the differences in focal volume between 520 nm and 760 nm

(see Supporting Info, Figure S10).

The presence of a rotational contribution in the light-scattering FCS curve indicates their
geometric anisotropy. Spheres do not display such a rotational contribution. The measured
rotational diffusion time of the dimers is 70 ps. This experimental value lies between the
theoretical value (88 ps) obtained for a 20 nm x 40 nm rod using theory by Tirado et
al.,”* and the value (56 ps) obtained for a dimer of spheres by simulation with the "hydro++"

* The rotational diffusion time depends on the volume of the

computer program.
nanoparticle. Hence, the measured value confirms the absence of aggregates beyond dimers,

such as trimers that would have rotation times beyond 100 ps.

3.3 Identification of dimers at the single-object level by charge-detection
mass spectrometry

Dimers of gold nanospheres in the aggregating suspensions were furthermore identified in
charge-detection mass spectrometry (CD-MS). This MS-based technique appeared recently as
a powerful analytical tool to study complex mixtures of very high-molecular weight
components such as late intermediates in virus capsid assembly” or composite clusters of
nanoparticles.”* Here, CD-MS provides further proof of the existence of gold dimers. The
experimental mass spectrum of freshly prepared dimers of 80 nm LA-AuNS is shown in Fig.
4. At a first glance and having in mind that 80 nm diameter gold nanospheres in their
monomer state are characterized by a mean molecular weight of around 2.4 GDa (see Figure

S11), the shape of the distribution is compatible with the presence of a majority of dimers.
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Figure 4. Experimental mass spectrum (black line) of freshly prepared 80 nm LA-
AuNS dimers. Proposed combination (red line) of monomers, dimers and trimers
populations (blue lines) that best fit the experimental mass distribution. Experimental
mass spectrum of the monomer (see Fig. S11) was used as a basis for the analytical

description (log-normal distribution) of monomer, dimer, and trimer populations.

Beyond this qualitative analysis, the mass spectrum can be further deconvolved as a
combination of monomer, dimer, and trimer populations, the experimental mass distribution
of the monomer serving as a basis. Once the weight of each population is adjusted to best fit
the experimental distribution, it gives relative proportion of around 88 % dimers (4.9 GDa), 10
% trimers (7.3 GDa), and below 2 % monomers. This distribution represents the aggregation
state of the (evolving) suspension at the time that it is injected into the electrospray source. It
corresponds to an aggregating suspension that has already evolved to the point that trimers
are being formed from the dimers present. The electrospray ionisation required conditions of
low ionic strength, high acidity for the aggregation, allowing less precise control of the
aggregation process, in contrast to the optical spectroscopic measurements where the data
acquisition was stopped before any observable trimers were formed (as evidenced from the
persistence of the isosbestic point and two principal components in singular value
decomposition). No further mass spectrometric monitoring or control of the kinetics was

attempted at this stage.
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3.4 Physicochemical behaviour of the aqueous colloidal gold - lipoic acid
system

3.4.1 DLVO-based modeling

The stability and aggregation of colloidal suspensions can be considered in the light of
DLVO theory.”” Recently, this theory has been applied to the study of the kinetics of
(irreversible) aggregation of gold nanoparticles induced by ligand exchange.® In the DLVO
model, the potential energy of the interaction of two colloidal particles of the same type is

composed of a repulsive electrostatic term and an attractive Van der Waals term.

Vorvo = Velee + Vvaw (10)

The electrostatic term is related to the surface charge and the electric double layer of each
particle. The typical length scale of the electrostatic interaction is represented by the Debye

length r, and its inverse k, according to Equation 11 (see Appendix for definition of

1 coerkpT
_ _ B 11
TR T 2pe N Tb (1)

The ionic strength is calculated from the molality of the dissolved ions and their charge

symbols).

numbers. In our experiments, the Debye length typically varies between 9.6 nm (I = 1.0 x 107)

and 3.0 nm (/= 1.0 x 10? e.g. 15 mM acetate buffer at pH 5.1).

The potential for the electrostatic interaction is approximated by one of two expressions,

depending on the interparticle separation with respect to the Debye length. When s/rp < 5,

we have
kgT —
Velee = 47r505ra2Y2 ( B ) exp(—s/rp) (12)
e s+ 2a
where
Yy — 8tanh(€0€rw0/4kBT) 13
14 [—2ka/(ka + 1)2 tanh®(ege,tho /4kpT)] /2 13)
When s/rp > 5, we have
Vetee = 2meperipaln [1 4 exp(—s/rp)] (14)

The attractive Van der Waals interaction between two particles can be described using the

following potential:
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This potential can be reliably approximated® by Eqn. 16. A Hamaker constant Ayof 2.5 x 107
J for gold was taken.?

AHCL

—_2HZ 16
Waw 15 3 (16)

However, the DLVO model of Eqn. 10 does not explain the fact that the aggregation state of
suspensions of LA-coated gold colloids can reversibly be switched by changing the pH of the
suspension,” and that the individual colloidal particles in the aggregates thus should retain
their integrity instead of becoming glued together. To account for this, a repulsive term is
added to the DLVO potential that dominates at very short interparticle surface-to-surface
distances. This term accounts for the steric stabilisation by the lipoic acid ligand shell

surrounding the particles, as indicated in Eqn. 17.
V:cot = ‘/elec + VVdW + ‘/steric (17)

We chose a Lennard-Jones style repulsive term (Eqn. 18), with adjustable parameters Kij
corresponding to the strength of the steric repulsion, and s,, determining the thickness of the
molecular layer around the particle.
S\ 12

Vsteric = K1LJ (?m) (18)
In absence of more precise knowledge, values for K1,5 and sy, were chosen (10?' J and 1.5 nm,
respectively) such that the final potential energy curves generated were in qualitatitve
agreement with: (1) the observation of reversible aggregation of the AuLA nanoparticles
when switching between low and high pH, (2) the observation of control of the aggregation
by changing the ionic strength at a pH near the pKa of lipoic acid, and (3) an interparticle

distance (shortest surface-to-surface distance) on the order of 1 nm.

With this set of parameters, the potential energy curve (Eqn. 17) does indeed reflect the
observed reversible aggregation of the particles under influence of pH (see Fig. 5). At high pH
(i.e. pH >> pK,), we assume a highly negative surface potential of 1)y =-120 mV in order to
account for the negative charges of the deprotonated lipoate ligands. This generates a
repulsive curve, according to which the colloidal suspension is stabilised in an unaggregated
state. Switching to low pH << pK,, the neutralisation of lipoate anions via protonation is

modeled by setting the potential to ¥y = -30 mV or even less negative. This yields a curve
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whose minimum corresponds to a dimer of particles with an interparticle separation of
~1 nm. This distance, which results directly from our guesses for the values of s,, and K7, is
roughly in line with the interparticle distance suggested from the position of the longitudinal
plasmon band in DDA modeling (see below). Note that between the two calculated curves,
only the surface potential was varied; other parameters (such as ionic strength) were kept

constant.

energy / kT
o
I

PH << pKy

107 107 107 10
interparticle distance / m

Figure 5. Two-particle potential energy curves according to Eqn 17, for 20 nm
diameter gold nanoparticles in water at a constant ionic strength of I = 6.4 x 10®. For
pH>>pK, a surface potential Yy = -120mV was taken, for pH<<pK, {9 = -30mV. T =
298.15K, kyT = 4.12 x 10* J. The dotted curves present the standard DLVO potential,

without the steric term.

The present DLVO-based model also shows how the aggregation rate can be controlled by
varying the ionic strength at a constant pH just above pK, using a monovalent (acetate)
buffer at different buffer concentrations. The condition of a pH just above pK, was modeled
by setting the surface potential to an intermediate value, ¥9 = -65 mV. The two-particle
potential energy curves at this intermediate surface potential display a diminishing barrier to
aggregation on going from ionic strength I = 0.001 to I > 0.008 (Fig. 6). Near I =0.006, a small

remaining barrier (~ several ksT) is consistent with slow ("reaction-limited") aggregation.

20/ 39



101 0,001 ]

energy / kT

- ool ]
"0.02 .

sl PR | PR | — .....T
10 10°® 107 10°®
interparticle distance / m

|
N
o
T

Figure 6. Two-particle potential energy curves (Eqn. 17) as a function of ionic
strength, for 20 nm diameter gold nanoparticles in water, at intermediate surface
potential (g = -65 mV), which was taken to model pH ~ pKa. T = 298.15K, kT = 4.12
x 1072 ].

Figure 6 further suggests that under certain circumstances the system may exist with a
double-well potential, which would translate into dimers that thermally switch between two
distinct interparticle distances. Barriers for switching between the two states depend on
parameters such as the relative strength of the steric repulsion Kj; and the surface potential

1o to which we have no direct access. We used realistic, but estimated surface potentials.

While the DLVO model has been reported to have limitations,””* it does give a plausible, and
semi-quantitative, explanation of the experimental observations. It also suggests the interest
of a more detailed study of aggregation rates, and their dependence on temperature, ionic
strength and pH for further control of particle dimerisation. For instance, controlled particle
dimerisation is crucial for building up nanostructures using DNA-modified

nanoparticles,” and rational control of interparticle forces may aid successful self-assembly.

3.4.2 Effects of pH, ionic strength and ligand concentration. Comparison with experiments
In the aqueous lipoic acid/gold nanosphere (LA-AuNS) system, decreasing the pH of the
solution below the pK, leads to dimerisation of the gold nanospheres, rapidly followed by the
formation of larger aggregates. As explained above, at decreasing pH, protonation of the
lipoate anion at the surface of the AuNS leads to a less negative surface potential, and the

disappearance of the energetic barrier against nanosphere aggregation

The pK, of lipoic acid in aqueous solution has been reported between 4.76 and 5.3.°' Its pK,

has been determined to be 5.6 in a self-assembled monolayer on the surface of 15 nm gold
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nanospheres deposited onto a silica substrate.®” For these particles, the surface potential was
estimated to be -173 mV with respect to zero in the bulk of the solution, at high pH with all

lipoic acid groups deprotonated.

We determined the initial rates of dimerisation from the kinetic profiles obtained from
extinction spectroscopy for various values of pH, while keeping the ionic strength
approximately constant. There is a sudden and steep increase in the aggregation rate for pH
< 4.9 (see Figure S2, Supporting Info). For 20 nm NS below pH 5, the aggregation becomes

difficult to control, progressing quickly beyond dimerisation.

Control of the dimerisation using solely the pH is not very precise. As suggested by the
analysis of the system using DLVO theory, the aggregation rate can be "fine-tuned" by
varying the ionic strength while keeping the pH constant. One way to achieve this is by
changing the buffer concentration (see Figure S3, Supporting Info) as demonstrated.
Alternatively, salt (e.g. NaCl) may be added to create a saline buffer, which is the preferred
method, since the ionic strength of a non-saline buffer at constant pH increases sublinearily

as a function of buffer concentration.

The ionic strength of the medium provides a precise way of controlling the dimerisation
kinetics. We found, however, that also the optical spectrum of the dimer is affected by the
ionic strength. This is illustrated by Fig. 7, which shows how the extinction spectrum of
dimers of 20 nm diameter AuLA changes as the acetate buffer concentration is changed.
These dimer spectra were obtained using the chemometric method from the sets of optical
spectra of the aggregating suspensions, under conditions where only two principal

components appear in SVD, and a clear isosbestic point exists.
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Figure 7. Absolute extinction spectra determined for dimers of 20 nm LA-AuNS

formed at pH 5.1 at different ionic strengths.

The red shift and increasing intensity of the long-wavelength longitudinal plasmon indicates
that the plasmonic coupling between the particles in the dimer becomes stronger at higher
ionic strength. Similar observations of ionic-strength dependence of plasmonic coupling have
been made in gold nanoparticle dimers constructed using DNA." For most experiments in
this work, we used low ionic strength conditions, and indicate the ionic strength used where

necessary.

The experiments reported here were carried out using LA-AuNS in aqueous solutions
containing just the amount of lipoic acid that is associated with the functionalisation of the
particle surface. Interestingly, we found that when excess lipoic acid is added, both the
dimerisation kinetics and the dimer extinction spectrum are affected. For instance, the
presence of 10 uM of LA prevents 20 nm GNS from dimerising in 6 mM acetate buffer.
Aggregation can still be triggered by going to higher ionic strengths or to a lower pH. At 1
mM of LA, aggregation only starts significantly below pH 4. The aggregation was therefore
induced by adding 2.5 mM HCI to the solution, bringing the pH to 3.3.

In addition to providing a greater barrier against aggregation, an excess of lipoic acid also
leads to a dimer spectrum that is different from the dimer spectrum without additional lipoic
acid (Fig. 8). The dimer extinction spectra (obtained chemometrically from sets of spectra of
slowly aggregation suspensions, under conditions where only two principal components
appear in SVD) show only a single, broad resonance when higher concentrations of lipoic
acid are present, which indicates that the longer-wavelength longitudinal plasmon resonance

is blue-shifted compared to dimers formed at low LA concentration, and that it merges into
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the shorter-wavelength transverse resonance as an almost indescernable shoulder into the

shorter-wavelength transverse resonance.

2

1.5x10° 600 =

- 1
% 500 5
- 1.0 - 400 &
g 2
= 300 ©
5 2
2 05+ 200 £
Q ]
o 100 >
0.0 - 0o 3

| T I I I
400 500 600 700 800
wavelength / nm

Figure 8. Spectra of 20 nm LA-AuNS dimers formed (a) without additional LA, (pH 5.1,
I=4.8x107,red dashed curve) and (b) excess LA (1 mM LA, pH 3.3, I = 2.5 x 107, solid

blue curve)

This blue shift of the longitudinal dimer resonance indicates a larger separation between the
two GNS composing the dimer.*” The position of the maximum of absorbance of the dimer is
very sensitive to the separation length of the dimer. The plasmonic shift A\ due to the

interaction between the two GNS is empirically described® by:
A

AA = 19
Y aexp 7D (19)
where N is the fractional plasmon shift, s is the interparticle edge-to-edge separation, D

the monomer diameter. fis a coefficient so that fD gives the characteristic distance of the
interaction. This coefficient fis almost independent of the monomer size or shape and is close
to 0.2 for gold, a is the plasmon shift amplitude which depends on the monomer diameter
and the dielectric constant of the medium. In the present case, we do not have access to the

absolute value of the interparticle distance since we have no knowledge of a.

The difference of interparticle distances As between the case without free LA ("minLA")

and the case with an excess of LA ("xsLA") can be calculated as

_ A)\minLA
As =1In ( Ahors ) fD (20)
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Taking 0.2 for f, we find that the monomers in dimers formed with an excess of LA are 1.5nm
closer than without the excess. This effect may be explained by assuming that particles in
solutions not containing an additional (‘excess'’) amount of LA are covered by less than a full
monolayer of extended LA molecules. Indeed, such a partial coverage would allow the
monomer to be closer during the aggregation process. At high free LA concentration (more
than several pM), the GNS surface is saturated and steric effects prevent the monomers from
approaching, resulting in a dimer spectrum that is blue-shifted with respect to the samples

that do not contain an excess of LA.

3.5 Extinction cross sections of gold nanosphere dimers in water

The physicochemical conditions for slow dimerisation of GNS having been established, the
absolute, orientationally averaged extinction spectra of dimers of GNS of various diameters
were determined from sets of extinction spectra evolving over time, using the methodology
described above. The data sets concerning the evolution of the extinction spectra for 50 and
80 nm LA-AuNS can be found in the Supporting Information (Figures S6 and S7), the data for
20 nm LA-AuNS is found in Figure 1. In all cases, the extracted extinction spectrum of the
dimer contains two plasmonic resonances (Figure 9). The resonance at shorter wavelengths
(maximum between 520 and 580 nm) is the so-called transverse resonance (i.e. polarised
perpendicularly to the long axis of the dimer). The longer-wavelength resonance is the
longitudinal resonance which has its transition dipole oriented along the long axis of the

dimer.
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Figure 9. Absolute extinction cross section spectra of dimers of 20 nm, 50 nm and 80
nm gold nanospheres in water, obtained chemometrically from sets of extinction
spectra of slowly aggregating suspensions evolving in time (solid black lines). Blue
dotted lines: numerically calculated absolute extinction cross section spectra (dipole-
dipole approximation, see below) for idealised dimers in water, with a fixed

interparticle gap of 1 nm.

The longitudinal resonance of the dimers shifts to longer wavelength for larger particle
diameters. As we already mentioned, the spectra of the 20 nm dimers are in good agreement
with spectra reported in the literature for dimers composed of gold particles of similar

diameters.??’

(see also Fig. S4, Supporting Info). For dimers of 50 nm and 80 nm no
comparable spectra have been reported. Most importantly, here we report absolute extinction
cross sections, which can be used for quantitative comparisons, calculation of dimer
concentrations, and prediction of optical properties for dimer-doped materials. Using the

method explained here these absolute cross sections are obtained without chemically

separating the dimers from the monomers.

Table 1 collects the positions of the resonance maxima for different particle dimers. For the
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20 nm dimers, the results at different ionic strengths are included (see Figure 7), as a
reminder of the sensitivity towards this experimental parameter. For 50 nm and 80 nm the
effect of varying ionic strength was not studied. These particles aggregate more slowly.

Lower pH and/or higher ionic strength were used to induce aggregation for these particles.

Table 1. Light extinction by gold nanosphere dimers: wavelength maxima and

extinction cross sections for both the transverse ("green") and longitudinal ("red")

resonances.
transverse resonance longitudinal resonance
NS diam.  pH ronic Amax  Oet(nm?®) € M7 em™)  Apax  Oewe (nm?) € (M cm’™)
(nm) strength
(nm) (nm)

20 nm 5.1 48x 107 524  6.0x10* 1.6x10° 590 4.4 x10? 1.2 x10°
5.1 6.7 x 107 525 6.2x 10> 1.6x10° 600 6.1 x 10 1.6 x 10°
5.1 8.6 x 107 526 6.0x 10> 1.6x10° 630 6.0 x 10 1.5 x 10°
50 nm 3.6 1.1x 107 535 1.2x10* 3.1x10" 690 8.2x10° 2.1x10"
80 nm 5.0 2.7x10° 552  4.4x10* 1.1x10" 745  2.7x10*  6.9x 10"

As an illustration of the strength of the optical response of plasmonic nanoparticles and their
aggregates, it is interesting to compare the optical cross sections determined here to the
physical dimensions of the particles. For plasmonic particles, the optical cross sections can be
significantly larger than their physical cross sections, demonstrating that these small
conducting structures indeed act as antennae at optical frequencies. The ratio of the optical
and physical cross sections is given by ) = 0gptical/Tphysical- These relative cross sections )
are calculated for the total extinction, the absorption and the scattering cross sections. They
are sometimes referred to as "Mie efficiencies’, since the results of calculations of optical
cross sections using Mie theory® are typically expressed in terms of these dimensionless

numbers.

The physical cross section of spherical particles is the area of a circle with the same radius as
the sphere (0pnysical = 7Ta2). For anisometric objects, such as particle dimers, it is less trivial
to define an effective physical cross section, since the physical cross section the object
presents depends on its orientation with respect to the incoming light. We use here the

convention that the physical cross section of a dimer corresponds to that of an effective
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sphere that occupies the same volume as the dimer (0pnysical = 22/ 371'&2). This convention,
which is also used by the DDSCAT* code, gives relative cross sections that are smaller than
simply the sum of the cross sections of each constituent particle. This other convention (

Ophysical = 2ma?) is used for exemple by Khlebtsov et al.**

and gives values for the relative
cross sections that are systematically 26% lower than the "effective sphere" values. Obviously,
these relative values can be readily interconverted, and the absolute optical cross sections

remain unaffected by the choice of physical cross section convention.

The relative cross sections (‘Mie efficiencies') for overall light extinction by monomers and
dimers are collected in Table 2. For the monomers, the values are obtained from analytical
Mie calculations, numerically evaluated. These have previously been shown to be in excellent
agreement with experimental values.”**>* These relative cross sections significantly exceed
unity, in particular for the larger particles, demonstrating the strength of their interaction
with light at the plasmon resonance. For comparison, the Q. values for molecular dyes are
without exception inferior to 0.1, even for potent light absorbers such as porphyrins (their
Soret bands having extinction cross sections up to 0.15 nm? for a molecular radius of
approximately 9 A). The calculated monomer cross sections were used in this work to
reliably calibrate the absolute concentrations of monomers in each sample prior to

aggregation, which serve to fix the ¢t parameter (Eqn. 9) in the chemometric procedure.

Table 2. Comparison of the ratios of optical-to-physical cross sections (Qex) for light
extinction between the monomers and the dimers. The values reported for the 20 nm
LA-AuNS samples are for ionic strength 6.7 x 10°. The extinction cross sections for the
monomers were calculated using Mie theory (see text). Calculations for dimers are

results from numerical calculations in the discrete-dipole approximation (see text).

NS monomer dimer (longitudinal)

diam. ./ nm? Qext Oext / NN’ Oext / NM’ Qext Qext
(exp.) (DDA) (exp.) (DDA)

20nm  3.5x 10° 1.1 6.0 x 10° 6.0 x 10° 1.3 1.3

50nm 7.3x10° 3.7 8.2 x 10° 11.5 x 10° 2.6 3.7

80 nm 3.4 x 10* 6.8 2.7 x 10* 3.79 x 10* 3.3 4.8

The relative extinction cross sections () of the dimers follow a similar trend as those for the

monomer. These relative cross sections are one way for representing these experimentally

28 /39



determined cross sections in an illustrative manner. Relevant comparisons with theoretical
calculations for these experimentally determined cross sections are possible, as long as the
convention used for the relative cross section () is taken into account. Obviously, comparison

with theory may also directly involve the absolute cross section.

The experimental absolute extinction cross sections can be compared to results of numerical
calculations. As will be detailed below we used an open-source software implementation of
the dipole-dipole approximation (DDA) method, DDSCAT.* In the calculations we used
idealised dimers of perfectly spherical particles of a single precise diameter held at a fixed
distance, whereas the experimental spectra are ensemble averages over population
distributions, where heterogeneities (in shapes, sizes and interparticle distances) contribute
to broadening of the spectral bands. Taking this into consideration, the agreement between
the experimental spectra (black solid lines) and the numerical results (blue dotted lines)
shown in Figure 9 is good. The extinction cross sections are well reproduced by DDSCAT,
taking into account the experimental uncertainties. Also, the positions of the resonance
maxima are reliably calculated. An interparticle gap of 1 nm was used for the calculated
spectra in Figure 9. This value was found to give the closest general agreement with
experiment after comparing results for calculations using various interparticle gaps (see
Supporting Info, Section SI-7.2). This 1 nm gap is well in line with a gap expected for

particles functionalised with lipoic acid.

DDA, a frequency-domain method, was chosen since a robust, and well-tested open-source
software implementation, DDSCAT,* exists. The use of DDSCAT for the calculation of
plasmonic nanostructures is well documented.**”*” Other numerical and analytical methods
for calculating the interaction of electromagnetic waves with non spherical plasmonic
assemblies have been described: frequency-domain methods such as the Boundary Element
Method (BEM)® and Generalised Multiparticle Mie theory®®” (GMM, with MESME" as a
particular implementation), and time-domain methods such as Finite Difference Time

Domain (FDTD).”>"”

It is essential to compare results of different theoretical methods,” since even for
conceptually simple assemblies such as dimers problems with the wvalidity of the
approximations used in the models may arise. DDA is a method for which the particle under
study is discretized into small cubes, each containing a (discrete) dipole. The calculations

become more accurate when the mesh is fine compared to the structure of the particle (i.e. a
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large number of discrete dipoles). Nevertheless, the curvature of the surface cannot be
perfectly reproduced whatever the number of dipoles and this is also the case for the
structure of the dimer near the gap. As a result, as the particles in the dimers get closer to
each other, the accuracy decreases. Moreover, in the case of very small gaps (~0.5 nm),
effects such as electron tunneling come into play and quantum-corrected calculations are

needed.” Such effects were not considered here.

A comparison was made between results from DDA (using DDSCAT) and results published
by Khlebtsov et al.”” obtained using GMM. This comparison was done for dimers of 30 nm
particles, a choice imposed by the literature data. Details of the comparison are provided in
the Supporting Info (Section SI-7.1). There is good agreement between the results for GMM
and DDA with respect to the absolute cross sections, with slight differences in the positions
of the resonance maxima, AX = 15nm. The results are coherent between different numerical

methods, and between the numerical results and experimental data.

3.6 Scattering cross sections of gold nanosphere dimers in water

The time-evolution of the plasmon resonances of dimerising nanosphere suspension is also
evident in resonant light scattering (RLS) spectra. This is illustrated in Figure 10 for the case
of the dimerisation of 80 nm diameter LA-coated gold nanospheres. RLS spectroscopy
requires low optical densities (< 0.05 throughout the spectrum), and the corresponding low
particle concentrations lead to slower aggregation. Hence, the aggregation conditions were
adapted by strongly increasing ionic strength using NaCl, while staying at pH 5.0. The time-
resolved RLS spectral data are readily analysed using the same chemometric procedure as
used for the extinction spectra. This was done for gold nanoparticles of 20 nm, 50 nm and 80

nm diameter (Fig. 10, and Figs. S8 and S9, Supporting Info).
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Figure 10. Left: Time-evolution of the resonant light scattering spectrum of
dimerising 80 nm LA-AuNS. Aggregation was induced by changing the pH of the
suspension to 5.0 and the ionic strength to 0.05 by adding 1 mL of concentrated saline
acetate buffer to 2 mL of 2.2 x 10™ M AuLA (80 nm) suspension in 1 mM NaOH. Right:
decomposition into individual components, i.e. experimental spectra with absolute
scattering cross sections for monomers and dimers (solid lines). The dotted lines are
theoretical absolute cross sections for ideal 80 nm diameter gold spheres in water
obtained using analytical Mie theory (monomer) and numerical DDA calculation

(dimer interparticle gap 1 nm).

Compared to the light extinction cross sections, the relative cross-sections (Q.., Table 3) for
resonant light scattering by monomers and dimers of spherical gold particles are much more
strongly dependent on the particle diameters. Moreover, the contrast in light scattering cross
section between monomer and dimer is higher, in particular for the smaller particles, and at

the wavelengths near the maximum of the longitudinal plasmon of the dimer.
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Table 3. Comparison of the ratios of optical-to-physical cross sections for light
extinction between the monomers and the dimers. The Q... (Mie) for monomers were
calculated using Mie theory (see Text). Q.. (DDA) for dimers were calculated using
DDSCAT 7.3 (see Text) using an interparticle gap of 1 nm. The values reported for the
20 nm LA-AuNS samples are for ionic strength 6.7 x 107

NS diameter monomer (max.) dimer (longitudinal, max.)
Owa/ NM* Qg Qwa Owa/NmM’ O/ nm’ Qe Qsca
(exp.) (Mie) (exp.) (DDA) (exp.) (DDA)
20 nm 4 0.01 0.01 33 14 0.08 0.03
50 nm 1.0 x 10° 0.51 0.47 4.1x10° 4.1x10° 1.2 1.2
80 nm 1.5 x 10* 3.0 2.7 2.9 x 10* 2.4x10* 3.6 3.0

Good agreement exists in general between the experimental and the calculated cross
sections, which is not only illustrated by Table 3, but also by the theoretical scattering
spectra included with the experimental spectra in Figure 10 (right). The numerical
calculations consider idealised dimers consisting of spherical gold nanoparticles of exactly
the same precise diameters with constant interparticle gap in a pure water-like dielectric
environment. Heterogeneities in size and shape were not considered at this stage. These
heterogeneities are most likely the source of the broadening of the observed spectral
resonances. Also, the effect of the ligand shell was not modeled. Since we work with small
molecule ligands, only a small effect of the ligands on the plasmon resonances of the particles
and dimers is expected. This is evidenced by the agreement in absolute cross sections and
spectral positions of the plasmon resonance between the experimental data and the

numerical modeling.

This agreement between theory and the values deduced from chemometric analysis of the
experimental data, both for light extinction and scattering, further strengthens our
quantitative spectroscopic analysis of these gold nanoparticle dimers, and validates our
experimental approach to the point that it now becomes feasible to study more complex
colloidal plasmonic objects, and to consider the more subtle effects of the ligand shell on the

optical properties of the assemblies.

From the extinction and scattering cross sections we can furthermore calculate the quantum
efficiencies of light scattering by the dimers at the plasmon maximum 1, = Osa/Oext , i.€. the

fraction of interacting photons that is scattered (Table 4). The remainder, 1 - 1., is absorbed
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by the dimer and is practically completely converted into heat (except for a tiny fraction of

37778) This is relevant for

the energy that may escape in the form of photoluminescence
photothermal™® applications, as this provides a quantitative measure of how much of the

light interacting with the nanoparticles is finally transformed into heat.

Table 4. Scattering efficiencies Nwa = Owa/Oext at the wavelengths of the maxima
corresponding to the transverse and longitudinal resonances, respectively. The values

reported for the 20 nm LA-AuNS samples are for ionic strength 6.7 x 107

transverse resonance longitudinal resonance
N.S Amax (NM)  Oea (NmM?) Msca Amax Osea (NM?) MNsea
diam.
(nm)

(nm)

20 nm 550(sh) 16 0.02 690 33 0.05
50 nm 550 2.5x 10° 0.21 681 4.1x 10° 0.50
80 nm 568 1.9 x 10* 0.43 752 2.9x 10* 1.0

Interesting is the difference in scattering efficiencies between the shorter-wavelength
transverse plasmon band and the long-wavelength longitudinal plasmon band. Photothermal
heating in these dimers can be expected to be more efficient for shorter wavelengths,
whereas resonant light scattering is more efficient at longer wavelengths. This shows that a
combined quantitative study of extinction and scattering spectra will help in identifying the
degree of tunability between different light-induced effects (here, photothermal vs. light
scattering) within a particular colloidal plasmonic structure. Such information is of particular
relevance for the development of plasmonic materials for combined cell imaging and

photothermal therapy using near-infrared light.*

4 Conclusion

The spectrometric analysis of suspensions of slowly aggregating colloids provides a
convenient method for obtaining quantitative data on the spectroscopic behaviour of small
assemblies of plasmonic nanoparticles. This method may be useful for identifying
combinations of nanoparticles with desired optical properties prior to more elaborate
synthesis and purification of assemblies (e.g. using DNA as a scaffold®). In the present work,
the chemometric analysis (which with present-day computational power is readily and

rapidly carried out) was applied to the study of plasmonic dimers in an aqueous system
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containing lipoic acid as a proton-sensitive ligand. This colloidal system provides an
interesting plasmonic playground, enabling dimer formation for particles up to (at least) 80
nm. It was found that ionic strength and stabilising ligand concentration influences to some
extent the optical spectra of the dimers, which is of relevance for the design of plasmonic

biosensors based on dimers.

The identification of gold nanoparticle dimers in this work relies on four independent
observations. First, the occurrence of an isosbestic point in the optical spectra indicates that
the aggregation reaction takes place at constant stoichiometry. Since it would be very
unlikely for the initially monomeric gold nanoparticles to directly assemble exclusively into
trimers or higher aggregates, the constant stoichiometry should be the monomer-to-dimer
conversion. We emphasize that this optical spectroscopic identification relies on the
chemometric analysis of the evolution of a series of spectra of the same sample evolving over
time, not exclusively on a single spectrum of the final aggregated state. Singular-value
decomposition of the spectrum vs time matrix for the time ranges of initial aggregation

always indicates only two principal components.

Second, the diffusion of the newly formed species coefficient as measured by light scattering
correlation spectroscopy correspond to that expected for a dimer. In addition, the light
scattering correlation of the dimer samples contains a rotational component compatible with
a dimer (and incompatible with a monomer, which does not have scattering fluctuations due

rotation).

Third, mass spectrometry shows that the aggregating samples contain mainly objects that
have a mass that is double the mass of a single particle. This is the first time that plasmonic

nanoassemblies have been characterised directly by mass spectrometry.

Finally, the close agreement between experimental absolute absorption and scattering cross
section spectra and those calculated numerically for idealised dimers corroborates the

identification of the gold nanoparticle dimers.

The method presented here allows for extraction of absolute cross sections for light
extinction and scattering from the spectra of simple mixtures of self-assembling plasmonic
objects. It may likely be extended to more complicated systems, provided that the spectra of
the individual components are sufficiently distinct, and the chemistry of the system is well-

defined. The absolute values for the optical cross sections obtained are of use for designing
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15,23

and evaluating detection schemes based on plasmonic shifts,”* and in other applications of

colloidal plasmonics.
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6 Appendix: definition of symbols
An Hamaker constant. [2.5 x 10™"°] for gold *]

a particle radius [m]

b° 1 mol kg™

c particle concentration [mol L]

d particle diameter (d = 2a x 10%) [nm]

E0Er medium permittivity [78 x 8.854-10"*F m™', water]

€max  Mmaximum extinction coefficient [M™" cm™]

g gravitational acceleration [9.81 m s7]

I ionic strength

s instrument-corrected light-scattering intensity

ks Boltzmann constant [1.381 x 10 J K]

Ky strength of the steric repulsion due to the molecular layer []]
A wavelength [nm]

Np Avogadro constant [6.022 x 10* mol™]
Niites number of thiol binding sites per particle
R center-to-center distance between two particles, R = s + 2a [m]

D Debye length [m]
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Sm
Oext

Gsca

Yo

7
1

10

11

12
13
14

mass density of medium [kg m™]

closest distance between two particle surfaces [m]
thickness of the molecular layer around colloid particle [m]
optical extinction cross section [cm?]

optical scattering cross section [cm?]

temperature [K]

interparticle potential energy [J]

particle surface potential [V]
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SI-1 Singular-value decomposition of an experimental
spectrotemporal extinction matrix

900

800

~
o
o

wavelength / nm

(o2}
o
o

500

0.192 10 1 I I | 1
0.168 I full time range
' [ 500...4000 s
0.8 i
10.144
>
40.120 [@)] 0.6 ]
e)
Q
(2]
10.096 5
£ 04 _
40.072 c
0.048 0.2 |
0.024
0.0 1 - . !
0.000 1 2 3 4 5
1000 2000 3000 4000 component #

time/s

Figure S1. SVD analysis of the experimental data set from Figure 1 of the main text.
Left: Time-evolution of the extinction spectra of 20 nm LA-AuNS in acetate buffer at
pH 5.1, ionic strength I = 4.8 x 107 Right: Normalised singular values (SV) obtained
from singular-value decomposition: blue: SVD over the entire data range, showing a
very weak 3rd component; white: SVD over a selected time range (500...4000s)

showing only 2 principal components.
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SI-2 Control of the aggregation kinetics by pH and ionic strength

SI-2.1 Effect of pH on the aggregation kinetics of LA-AUNS, 20 nm diameter

T T T

0.15 8
1=0.0064
—<— pH46
—&— pH4.9
0.1 —e— pH51 |

—— baseline

avg. OD (570-700 nm)

0 2(I)0 460 6(I)0 800

time/s
Figure S2. Effect of the pH on the kinetics of the aggregation, at a constant ionic
strength, I = 6.4 x 10°. The reaction was monitored by means of the optical density in
the region 570...700 nm corresponding to extinction by gold NS aggregates. A t =0, a
concentrated stock of buffer was added (1:2 v/v) to a AuLA suspension in 1 mM NaOH.
The baseline trace was recorded by adding pure water (1:2 v/v) to the basic AuLA

suspension.

SI-2.2 Effect of ionic strength on the aggregation kinetics of LA-AuNS, 20 nm
diameter
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Figure S3. Effect of the ionic strength on the kinetics of the aggregation, at constant
pH 5.1. The ionic strength was changed by changing the buffer concentration. The

experimental procedure was identical to Fig. S3.
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SI-3 Extinction spectroscopy

SI-3.1 Comparison of extracted LA-AuUNS-20nm dimer spectrum with literature
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Figure S4. Comparison of extracted dimer extinction spectrum with literature. Red:
extinction spectrum of a purified sample of 15 nm gold nanosphere dimers reported in
literature.” Black: Scaled extinction spectrum for dimers of 20 nm LA-coated gold
nanospheres. The literature spectrum was digitised from the published article using
the Engauge software package (http://digitizer.sourceforge.net/). The literature

spectrum consists only of relative values (i.e. it only represents the spectral shape and

does not give absolute cross section values).

SI-3.2 Time-evolution of the extinction spectrum LA-AuNS in presence of excess
LA
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Figure S5. Time-evolution of the extinction spectrum of 20 nm LA-AuNS in presence
of an additional 1mM of LA at pH 4. In blue dotted line the initial spectrum of the LA-

AuNS. The dimer spectrum extracted from these data is in Figure 8 of the main text.
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SI-3.3 Extinction spectra of the formation of dimers of 50 nm godld
nanospheres
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Figure S6. Evolution over time of the extinction spectra of 50 nm LA-AuNS at pH 3.6
(I=11x107

SI-3.4 Extinction spectra of the formation of dimers of 80 nm gold
nanospheres
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Figure S7. Time-evolution of the extinction spectrum for the slow dimerisation of 80

nm LA-AuNS at pH 5.0, I = 2.7 x 102
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SI-4 Resonant light scattering spectroscopy

SI-4.1 Resonant light scattering from dimerising 20 nm gold nanospheres
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Figure S8. Right: Absolute RLS cross sections for monomers (blue) and dimers (red)
of 20nm AuLA gold nanospheres, extracted from the spectral evolution data set for

nanospheres slowly aggregating in 10 mM acetate buffer (pH 5.1, I = 6.7 x 107).

SI-4.2 Resonant light scattering from dimerising 50 nm gold nanospheres
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Figure S9. Left: Time-evolution of the resonant light scattering spectrum of dimerising
50 nm LA-AuNS. Right: decomposition into individual components, spectra with
absolute scattering cross sections for monomers and dimers. Aggregation was induced
by changing the pH of the suspension to 5.0 and the ionic strength to 0.05 by adding 1
mL of concentrated saline acetate buffer to 2 mL of 1.0 x 10" M AuLA (50 nm)

suspension in 1 mM NaOH.
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SI-5 Correlation curve of the RLS signal of 50 nm gold
nanospheres measured at 520 nm
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Figure S10. Correlation curve of the light scattering signal from a suspension of 50
nm gold nanospheres in water, measured at 520 nm. The blue line is a fit to the data
using a diffusion time of 1.20 ms. Taking into account the different focal volumes for

520 nm and 760 nm light, this diffusion time scales to 2.55 ms at 760 nm.
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SI-6 Charge-detection mass spectrometry of 80 nm gold sphere

monomers
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Figure S11. Experimental mass spectrum of 80 nm diameter gold nanospheres (black
line) as measured by CD-MS together with the corresponding log-normal fitting curve
(red line). The analytical parameters of the fitting curve give a mean molecular weight
of 2.44 GDa. In inset is provided the diameter distribution of the sample (black line)
assuming a spherical shape for nanoparticles and a density of 19.3 for gold. Similarly
the experimental distribution is fitted with a log-normal curve (red line) that gives a

mean diameter of 74 nm.
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SI-7 Theoretical calculation of optical cross sections

SI-7.1 Comparison between DDA and GMM for dimers of gold spheres of 30
nm

Optical cross sections calculated for gold nanosphere dimers using DDA (dipole-dipole
approximation) theory were compared with data from literature® for 30 nm gold nanosphere
dimers calculated using GMM (generalised multiparticle Mie) theory. The published cross
section  spectra  were  digitised with the  Engauge  software  package
(http://digitizer.sourceforge.net/). The digitalisation reproduces the numerical values of all

literature data points with sufficient accuracy.

The data used for the comparisons in Figures S13 and S14 concerns the absorption and
scattering cross sections calculated for the excitation polarised along the long axis of the
dimer ('longitudinal’). Note that here absorption is considered (Tans = Text — Tsca), instead of
extinction. Also, the values are for a particular orientation (light electric field oriented
parallel to long dimer axis), not for random orientation as is the case elsewhere in this work.
The cross sections from DDSCAT (which use the 'effective sphere' convention, i.e.
Ophysical = 22/ 37Ta2) have been converted to the GMM convention (0pnysical = 21a’, see
Main Text). The number of discrete dipoles used for the DDA calculations are 763095, 225915
and 226109 for gaps of 0.6 nm, 1.5 nm and 3 nm, respectively. This corresponds to a discrete

dipole every 0.34 nm, 0.5 nm and 0.5 nm, respectively.
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Figure S12. Comparison between the relative absorption cross sections (Qus = Qext -
Qs) calculated with DDSCAT (solid curves) and GMM (dashed curves) for the
longitudinal plasmon resonance of dimers of 30 nm diameter gold spheres for different
interparticle gaps (no orientational average, field polarisation oriented along the long

dimer axis).

The absolute values for the absorption cross sections (Figure S13) agree very well between
both methods. The peak positions are at slightly shorter wavelengths in the GMM resonances
than the DDA resonances. Similar observations hold for the scattering cross sections (Figure
S14). For shorter interparticle distance (0.6 nm), there are differences both in maximum

wavelength and in intensity, in particular for scattering.
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Figure S13. Comparison between the scattering efficiencies calculated with DDSCAT
(solid curves) and GMM (dashed curves) for the longitudinal plasmon resonance of
dimers of 30 nm diameter gold spheres for different interparticle gaps (no orientational

average, field polarisation oriented along the long dimer axis).
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SI-7.2 Comparison between DDA calculations and experiment for dimers of
gold spheres of 20 nm, 50 nm and 80 nm.
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Figure S14. Comparison between the experimental extinction cross sections and the

corresponding average DDA extinction cross sections for dimers of 20 nm gold

spheres, for various interparticle gaps, calculated using DDSCAT.
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Figure S15. Comparison between the experimental extinction cross sections and the

corresponding average DDA extinction cross sections for dimers of 50 nm gold

spheres, for various interparticle gaps, calculated using DDSCAT.
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Figure S16. Comparison between the experimental extinction cross sections and the
corresponding average DDA extinction cross sections for dimers of 80 nm gold

spheres, for various interparticle gaps, calculated using DDSCAT.

SI-7.2.2  Scattering cross section spectra of dimers
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Figure S17. Comparison between the experimental scattering cross sections and the
corresponding DDA average scattering cross sections for dimers of 50 nm gold

spheres, for various interparticle gaps, calculated using DDSCAT.
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Figure S18. Comparison between the experimental scattering cross sections and the
corresponding DDA average scattering cross sections for dimers of 80 nm gold

spheres, for various interparticle gaps, calculated using DDSCAT.
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