Www.acsnano.org

Extinction-to-Absorption Ratio for Sensitive
Determination of the Size and Dielectric
Function of Gold Nanoparticles
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ABSTRACT: Gold nanoparticles (AuNPs) have become an
essential tool for a variety of fields across the biological,
physical, and chemical sciences. The characterization of AuNPs
by UV—vis spectroscopy is simple and commonly used but
remains prone to error because of size and shape polydispersity
and uncertainties in the dielectric function. We here propose
and demonstrate a method to significantly improve this routine
characterization technique by measuring not only the extinction
but also the absorption spectrum. Specifically, we show that by
considering the ratio of the extinction to absorption spectra,
denoted 7, we are able to determine the volume of AuNPs with
a significant increase in accuracy compared to the UV—vis extinction method. We also prove an important property of 7: it is
independent of particle shape within the quasi-static/dipolar approximation, typically for particle sizes up to 100 nm. This
shape independence results in very strong constraints for the theoretical predictions to agree with the experiments. We show
that the spectral shape of # can therefore be used to discriminate between different proposed data sets for the dielectric
function of gold, a long-standing challenge in plasmonics research.
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old nanoparticles (AuNPs) are an essential and

ubiquitous tool in nanotechnology, owing largely to

their localized surface plasmon (LSP) resonance'”
but also to their biocompatibility,”* chemical stability, and ease
of conjugation and functionalization.’ As such, they have found
diverse applications as biomarkers’ and building blocks in
nanotechnology but also in medical detection and diagnostics,7
therapeutics,® drug delivery,” catalysis,' Raman and fluo-
rescence spectroscopy, ' and optical sensing.”'” These
applications often rely on a well-defined size, shape, and
concentration of the AuNPs, which themselves determine the
optical, electrical, chemical, and biological properties.'”'* As a
result, the characterization of these properties is critical and has
been the focus of much effort.

Various tools have been developed for delicate size and
shape control of AuNPs as well as for their characterization.
While transmission electron microscope (TEM) imagingls’16 is
the defacto well-established primary method, there have been
efforts to measure NP size through methods that are faster,
more easily accessible, and less expensive. Among those,
dynamic light scattering'’ ™' and nanoparticle tracking
analysis””*" are routinely used, but they measure the
hydrodynamic diameter, which is nontrivially related to the
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shape and also depends on surface adsorbates. These
techniques, as well as TEM, are also not well suited to
concentration estimates. The other common characterization
tool is UV—vis extinction spectroscopy,”'* which can be used
in conjunction with electromagnetic theoretical simulations to
determine both NP size and concentration, providing the
shape is defined. This approach largely alleviates the need for
TEM imaging once the shape-controlled synthesis has been
optimized. It is however not as precise as TEM for size
measurement, by a long way. The agreement between
experimental extinction spectra and theory also tends to
show some discrepancies in the peak position or overall
spectral shape, which are commonly attributed to effects such
as a distribution of particle size and shape,” aggregation, or
uncertainty on the gold dielectric function. With careful
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accounts of these effects, some success has been demonstrated
in quantitatively predicting particle size and concentration in
the special case of nanospheres®'* and nanorods.””> Never-
theless, the extinction spectrum alone remains too insensitive
to size to provide a high level of accuracy, reliability, and
convenience in the size determination, especially for non-
spherical particles.

To overcome this issue, we recently proposed to comple-
ment the extinction spectrum with an additional absorption
spectrum measurement.”” Such a measurement is in practice
possible by measuring the optical transmission of the sample
embedded in an integrating sphere.”* > In ref 23, it was in
particular shown that the combined absorption/extinction
spectra analysis provided insight into shape imperfections of
silver NPs. In this work, we focus more specifically on gold
NPs and on the extinction-to-absorption ratio spectrum 7(4),
which is a concentration-independent quantity that can be
readily derived from the combined extinction/absorption
measurement. We show experimentally, and explain theoret-
ically, that the wavelength-dependent extinction-to-absorption
ratio 77(A) is extremely sensitive to NP volume and can be used
to determine the volume of AuNPs and, therefore, its
dimensions if the shape is defined, which is significantly better
than using solely extinction. It can clearly differentiate between
50 and 60 nm gold nanospheres even in the presence of size
and shape distribution. Interestingly, we show that #(4) is in
fact independent of shape in the small size regime
(approximately up to a volume equivalent radius of ~100
nm) and therefore provides a general method for determining
NP volume in this range. Finally, the large sensitivity to volume
of the ratio 7, together with the shape independence, results in
very strong constraints for theoretical predictions to agree with
the experiments, which can be exploited to test several gold
dielectric function models against the experiments. This
provides direct insight into this crucial parameter, which
cannot be easily inferred from any other techniques. Using
spherical NPs with high uniformity in size and shape, we are
able to show that only some models of the gold dielectric
function are compatible with the measured spectral shape of 7.
This provides an experimentally-based approach to choose the
correct gold dielectric function to use in theoretical
calculations of AuNPs, which has been a long-standing
challenge in plasmonics research.

RESULTS AND DISCUSSION

Extinction-to-Absorption Ratio as a Metric for Gold
Nanosphere Size. UV—vis extinction spectroscopy has long
been used to infer gold nanosphere size. However, extinction
spectra commonly do not show an exact agreement with
electromagnetic theory predictions (see Figure la). This
discrepancy is often ignored and attributed to particle
imperfections and size distribution.”'* Another particular
issue when comparing experimental extinction data to
theoretical predictions is the choice of NP material dielectric
function. This issue has recently become even more evident
with several literature reports of newly measured sets of data
for the dielectric function of gold,"'o"?’z’33 which differ from each
other and from the commonly used Johnson and Christy
data.’** The different choices of dieletric function can lead to
different plasmon resonance position and therefore different
size predictions, as exemplified in Figure le. This is
compounded by the fact that the overall extinction spectrum
is not strongly sensitive to size. As shown in Figure le, the

b 60nm

—
[=)
]
=
2 ~
K] M""“‘-m...y’: e,
q:; e
a
= 80nm
= d
2
a Extinction
o Absorption

Scattering

|
300 400 500 600 700 300 400 500 600 700

Wavelength [nm]

T T
e Extinction vs Mie theory (50nm)
0.35 [

=)
e
>
£
[
S  03F
[
a
= Exp50nm
o / Exp60nm
a 7 — — —2012Ts
O (25 s — — —20128C

7 2012EV

/
2, 7 ——=JC
/4/ A — — —2015
Al 2014
02 . . ‘ . N
500 510 520 530 540 550

Wavelength [nm]

Figure 1. Measured extinction, absorption, and scattering spectra
of gold NPs of (a) 50, (b) 60, (c) 70, and (d) 80 nm diameter. The
measured extinction spectra are compared in (e) to the theoretical
predictions from the Mie theory for a 50 nm gold sphere using a
selection of dielectric functions of gold reported in the literature:
Template-stripped (2012TS), single crystal (2012SC), and
evaporated (2012EV) gold from ref 30, Johnson and Christy
(JC),*" and two other recent measurements from ref 32 (2015)
and ref 33 (2014).

resonance shifts by only 7 nm between the diameters of 50 and
60 nm, which is about the same shift as observed for 50 nm
NPs modeled with two different dielectric functions. The
extinction spectrum cannot therefore provide an accurate
method to infer size and, therefore, concentration. We will
come back at the end to the issue of choice of the dielectric
function, and for now, we will use the dielectric function for
single crystal gold (2012SC) from ref 30 for all further
calculations, as it does not affect our conclusions.

We here aim to overcome this problem by exploiting the
additional information obtained from concurrently measuring
absorption spectra. This can be achieved with an integrating
sphere setup,”***>***? as described in the Methods section.
Experimental extinction and absorption and, therefore,
scattering spectra were measured for spherical citrate-reduced
AuNPs with nominally 50, 60, 70, and 80 nm diameter and are
summarized in Figure la—d. It is interesting to note that the
absorption resonances are slightly blue-shifted from those of
the scattering, as predicted by the Mie theory, but the size
dependence of the resonance position is not more pronounced
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than for extinction. What is clear from Figure la—d, however,
is that the relative intensity of the extinction and absorption
spectra changes significantly over this size range.

This suggests that we should consider the extinction-to-
absorption ratio spectra 7(1), which are shown in Figure 2.

25 T
O \=600nm
A=550nm P B
O A=400nm P
.
2
.
- .
.
= 7’
a
¢
.
2 Exp 80nm ,u' _=-0
Exp 70nm , L4 0- - -
Exp 60nm z O-
Exp 50nm Volume

Mie 84nm
= = = Mie 76nm
= = = Mie 65nm
= = =Mie 51nm

Ext/Abs

7

Wavelength [nm]

Figure 2. Experimentally derived extinction-to-absorption ratio
for nominally 50, 60, 70, and 80 nm AuNPs. These are compared
to Mie theory predictions for the best fitting size in each case: 51,
65, 76, and 84 nm. Note that, beyond 600 nm, both absorption and
extinction are small (under 0.01 OD), and their ratio therefore has
large uncertainties and cannot be obtained reliably. The inset
shows 77 — 1 at selected wavelengths as a function of NP volume V
(using the Mie-derived diameter).The straight lines are linear fits
through the origin.

One first advantage of this ratio is that it is intrinsically
independent of concentration. Moreover, in contrast to
extinction, the 7(4) spectra clearly differentiate particle size
across almost the entire spectrum and particularly in the region
above the main plasmon resonance (530—600 nm). The
extinction-to-absorption ratio spectrum, 7(1), therefore
provides a much more sensitive size determination method
for spherical AuNPs in this size range compared to using solely
extinction spectra. Note also that the 7(1) spectrum, contrarily
to extinction and absorption, does not exhibit any feature
associated with the LSP resonance. The experimental data are
compared in Figure 2 to Mie Theory predictions, where the
only free parameter, the NP diameter, was adjusted to obtain
the best fit to the experimental data. We observe excellent
agreement between the model and experiment in the spectral
shape across the entire window of interest. We will explain the
reasons for the small remaining discrepancy between the
nominal and fitted sizes in the following.

The strong dependence of 1 on size can be simply
understood in the quasi-static/dipolar approximation to EM
scattering."" First, let us note that 1 can be expressed as

— (Cext> — 1 + (CSC3>

]7 =
<Cabs> <Cabs> (1)
where < Cext)) < Cabs)) and < Csca> = < Cext> - < Cabs> denote the

orientation-averaged extinction, absorption, and scattering

cross sections. For very small particles with negligible
scattering compared to absorption, we therefore expect  ~
1. More quantitatively, the optical response of the NP can be
modeled as that of an induced dipole with a polarizability a
proportional to the NP volume V.'"*>* Absorption is then
proportional to Im(a), ie, to V, whereas scattering is
proportional to lal, ie, V* and thus one, expects 7 — 1 to
be proportional to the NP volume V. This linear dependence
on volume is confirmed experimentally as shown in the inset of
Figure 2. Because the volume is proportional to the cube of the
NP size, this results in a very strong dependence of # on NP
size.

From this dependence, we can also infer the expected size
range where the method will work best. For spheres below 25
nm in diameter, 7 is less than 1.1 over the entire spectral range,
so both absorption and extinction spectra would have to be
measured with an accuracy of a few percent to get meaningful
results in this range, which is beyond what we can achieve with
the method we used. We note that this is also the size regime
where surface scattering effects must be taken into account in
the dielectric function to obtain quantitative predictions.® In
the size range of 25—150 nm, # is very sensitive to size and
varies approximately linearly with volume, especially for the
smaller sizes. This is the optimal size range for the application
of this method. For sizes above 150 nm, the relationship
between # and size becomes more complicated and becomes
dominated by retardation effects.

Effect of Size Distribution on the Extinction-to-
Absorption Ratio. We now investigate the effect of a
distribution of NP sizes on # using predictions from the Mie
theory. We use nanospheres of 50 nm diameter for illustration,
but the conclusions are general. Representative extinction,
absorption, and extinction-to-absorption ratio spectra are
shown in Figure 3a—c. The dispersion of NP diameters is
taken as a Gaussian distribution centered on 50 nm with
standard deviation ¢ of 3, S, or 10 nm. The corresponding size
distributions are plotted in Figure 3d—f. These are also
compared to the predictions for perfectly monodisperse 50, 52,
and 55 nm nanospheres. The first observation is that a typical
distribution of particle sizes (like the ones considered here)
will only result in small changes in extinction, absorption, and
1. Nevertheless, we see in Figure 3c that the size dispersity
does result in a small increase in predicted size when using the
ratio 7 as the determination metric. This is understandable, as
the larger particles contribute more than the smaller ones to
the extinction and absorption spectra due to the V* and V/
dependence; 7 is therefore biased toward the large-size side of
the distribution. This effect is small: even for a relatively large
size distribution with ¢ = 10 nm (Figure 3f), the 7 spectrum
resembles that of a 55 nm-diameter monodisperse sphere, i.e., a
10% overestimate. More realistic distributions result in closer
to a 5% overestimate; for example, S0 + S nm is close to a 52
nm monodisperse sphere. We do observe a secondary effect of
the size distribution: it introduces subtle changes in the
wavelength dependence of 7 with the monodisperse case being
slightly larger in the 500—500 nm range and below 400 nm.
Despite this, we conclude that the # ratio is to a good
approximation independent of the size distribution, but in
cases where high-accuracy size determination is required, it
should be accounted for explicitly using the Mie theory, or a
5% overestimate can be assumed for typical size distributions
of gold nanosphere solutions. This explains the apparent
discrepancy between nominal and fitted diameter in Figure 1.
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Figure 3. Predicted extinction (a), absorption (b), and extinction-
to-absorption ratio # (c) for spherical AuNPs with mean Gaussian
size distributions of 50 nm and standard deviation 6 of 3, 5, and 10
nm. These distributions are shown in panels d—f. Also included for
comparison in panels a—c are the predictions for perfectly
monodisperse spheres of diameters 50, 52, and 55 nm.

More quantitative fits of these experimental data will be further
discussed later.

Extension to Nonspherical Particles. As discussed for
spheres, the dependence of # on volume V can be explained
simply within the quasi-statics approximation. We now re-
examine this argument for a general nonspherical particle. The
dipolar approximation can also be applied, and the polar-
izability remains proportional to V, resulting in y — 1 ~ V,
albeit, a priori, with a shape-dependent proportionality
coefficient. In order to be more quantitative, we restrict
ourselves to axi-symmetric particles (around z) for which
simsple analytic expressions exist for the polarizability tensor
a’ Using SI units, we first define the normalized adimensional

polarizability tensor § such that
a = ey VP 2)

We then have (extending the results of ref 35 to a general
embedding medium with dielectric constant €y;):

€—€
b=, = M
” ey + (e — eM)(é - 1) 3)
B € — €y
Foey+ (e - eM)(é + 21) 4)

where €(1) is the dielectric function of gold and I is a shape-
dependent real constant, which can be expressed as an integral

on the particle surface® but whose value will be irrelevant

here. The orientation-averaged cross sections within the quasi-
static/dipolar approximation are then obtained from'"*%*’

(Cod =~ [1m(a,.) + 2Im(a,)]
3€0en (5)

4
MZU%P + 2la ]
187(€q4€yr) (6)

<CSC6> =

where ky; = (27/1) /€y is the wavevector in the embedding
medium. We then notice the important property (for u = «, y,

z):

Im L = Im(e—M]
B €= ey )

which is independent of I and therefore of shape, from which
we also deduce that

€
Im(ﬁuu) = —Im(—M]|ﬁW|2
€ — €y (8)
Combining it all together, we deduce that # is also
independent of shape and obtain an explicit expression:

_ <Csca> _ |4 (kM)3

 (Cp)  6m Im(i)

€—ey

-1

)

Equation 9 is a universal property in the quasi-static/dipolar
approximation, independent of shape. It fully specifies the
volume and wavelength dependence of 7 in this approximation,
which should be valid in the limit of small size. This has several
implications. First, for all shapes, # — 1 is proportional to
volume and therefore very sensitive to size. More importantly,
n — 1 should be shape independent in the regime where the
quasi-static approximation is valid. It therefore provides an
absolute measurement of NP volume in this regime. Another
corollary is that 7 is independent of the LSP resonance of the
NP, which is therefore not visible (as a peak or trough) in the
spectrum of 7(4), as confirmed for nanospheres in Figure 2.
To illustrate these further, we carried out numerical
computations of the orientation-averaged optical properties
of particles of various shapes and sizes: spheres, prolate
spheroids of aspect ratio h = 2 and h = 5, nanorods of aspect
ratio 3, and nanocubes. We compare in particular particles of
different shapes but the same volume V, identified by the
equivalent radius 7., or diameter d. of a sphere of the same
volume. The results are summarized in Figure 4 where 7(4) is
compared to the quasi-statics approximation expression, eq 9.
As seen in Figure 4a,b, the extinction and absorption spectra
for d.; = 60 nm are strongly shape dependent, as expected.
Because of the orientation averaging, elongated NPs exhibit
two dipolar LSP resonances associated with transverse and
longitudinal excitations, the latter being strongly red-shifted."’
For the high-aspect ratio spheroid, we also observe a
quadrupolar LSP resonance around 700 nm.’* When one
ignores this higher-order resonance, the ratio #7(1) remains for
all shapes very close to, but always smaller than, the simple
quasi-statics prediction; see Figure 4c. To be more precise, we
observe that # for all shapes falls between that predicted by eq
9 for d., = 60 nm (the actual size) and deq = 54 nm (10% less).
In other words, if we use the simple expression, eq 9, to
determine the NP volume, the equivalent diameter is
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Figure 4. Calculated extinction coefficient (a), absorption coefficient (b),

and extinction-to-absorption ratio 7 (c, d) spectra for gold NPs of

various shapes: sphere, prolate spheroids of aspect ratio h = 2 and h = 5, nanorod with rounded ends (h = 3), and nanocube with rounded

edges. In panels a—c, all NPs have the same volume corresponding to a sphere of equivalent diameter d,

q = 60 nm. The dependence on d. is

studied in panel d, where the graphs for the spheroid with h = § are omitted in the spectral region of the quadrupolar resonance for clarity.

In panels ¢ and d, dashed lines indicate the region where the absorption

spectrum is small (less than 1/50 of its maximum), as these would

be difficult to measure experimentally. Note that the small oscillations/noise are due to imperfections/discretization of the dielectric

function data.

overestimated by approx 5%, and with that small correction, it
should be correct within +5% for any particle shape. One small
caveat is that this is not true at wavelengths where quadrupolar
(or higher order) resonances dominate, as evident for example
in the case of the spheroid of aspect ratio h = S. In such
situations, the method should only be applied around the
dipolar (most red-shifted) plasmon resonance (above 800 nm
for this spheroid).

While Figure 4c demonstrates that this method works for a
fixed size d.; = 60 nm, we investigate in Figure 4d the size
dependence. The quadrupolar region of the more elongated
spheroid was removed for clarity. At smaller sizes (40 nm
diameter for example), the shape independence and agreement
with eq 9 become even better, as expected given that it relies
on the quasi-statics approximation valid in the limit of small
sizes. For larger sizes, more spread is observed in 7, but at d., =
100 nm, the predictions remain between that of eq 9 for d,, =
100 nm (the correct value) and d.q = 90 nm (10% less). Thus,
we expect the method to work up to around d.; = 100 nm;
beyond that, the quasi-statics approximation is no longer
expected to be valid and more deviations are observed. Figure
4d also clearly shows again the strong sensitivity of # to size,
here independently of shape up to d., ~ 100 nm.

Using 7 to Infer the Dielectric Function of Gold
Nanoparticles. We now return to the issue of the choice of
dielectric function. The optical properties of gold may vary
depending on the quality and preparation methods of the NPs
or films.””** Different dielectric functions have been proposed,
some of which are plotted in Figure Sa)b: Experimental data
from Johnson and Christy’s 1972 ellipsometric measure-
ments’' (labeled JC), values measured for an optimized
preparation method of gold** (2015), an analytical model for

17601

gold—silver alloys from ref 33 (2014), and a variety of
experimentally measured values depending on the gold film
preparation method from ref 30, namely, for template-stripped
(2012TS), a single crystal sample (2012SC), and evaporated
(2012EV) gold. While the dielectric function for gold films and
single crystals can be measured experimentally, albeit with
some complications, doing so for AuNPs is even more difficult,
and the choice of dielectric function used for the comparison
with the theory is usually arbitrary. However, as shown in
Figure le, different choices of dielectric function lead to
significantly different NP size estimates when inferred from the
extinction spectrum only.

In contrast, because # is not sensitive to shape or to the
position of the plasmon resonance, it provides a fairly
constrained experimental test of the theory over the entire
spectral range where it can be measured, typically from 400 to
600 nm for gold nanospheres. We show that this can be
exploited to make inferences on the dielectric function. In fact,
for small particles, eq 9 in principle provides a direct expression
for Im(ey/(e — €y)) in terms of V, 4, and (1) — 1. In
practice, however, measuring # — 1 accurately for the smallest
particles is difficult as # is too close to 1. It is therefore better
to use intermediate-size particles (typically S0—80 nm), but eq
9 is then not accurate enough to make inferences on the
dielectric function. For spherical particles, we can use the Mie
theory instead, especially given that small shape imperfections
should have negligible effects given the shape independence of
1. According to our earlier discussion and Figure 3, the size
distribution may have a small effect on the wavelength
dependence. As this is likely comparable to the dielectric
function effect, it is important to account for it in our
calculations, which can be done by measuring the size
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Figure S. Effect of the dielectric function. Comparison of different data sets for the real (a) and imaginary (b) part of the dielectric:
Template-stripped (2012TS), single crystal (20128C), and evaporated (2012EV) from ref 30, Johnson and Christy (JC),*" and two other
recent measurements from ref 32 (2015) and from ref 33 (2014). (c) TEM and size distribution for the ultra-uniform AuNPs of diameter
47.8 + 1.8 nm used for this measurement. Experimental results for the extinction (d) and extinction-to-absorption ratio (e) are compared to
the Mie theory for the different dielectric function models. The proposed model corresponds to the 2012SC model with 0.3 subtracted from

the real part.

distribution with TEM. To further minimize any possible effect
of the size distribution, we here use ultra-uniform 50 nm gold
nanospheres. From TEM images, these exhibit an ultra-narrow
size distribution centered at 47.8 nm with a standard deviation
of only 1.8 nm; see Figures 5c and SS. The Mie theory was
used, accounting for this measured size distribution, with
various models of the gold dielectric function. The predictions
are compared to the experimentally measured extinction and
absorption spectra, as well as their ratio, in Figure Sd,e. We
obtain a range of extinction spectra with small peak shifts
(Figure Sd). These shifts are primarily determined by the exact
value of the dielectric function at the plasmon resonance of
around 525 nm, so extinction cannot be used to discriminate
strongly between these dielectric functions over the full
wavelength range.

The situation is different for # (Figure Se): 5(1) shows
variations across the spectral region for different dielectric
functions, and these cannot be explained simply by small
changes in size or shape. It is clear from Figure Se that the
predictions using dielectric functions labeled JC, 2014, and
201S disagree with our experimental data. Those reported in
ref 30 (2012TS, 2012EV, and 2012SC) appear to provide the
closest agreement. From a single measurement, it is difficult to
argue in favor of or against one of these three data sets. There
is a hint that SC data provide the closest fit to 7(4) since the
other two tend to overestimate # slightly above ~#550 nm. The
same consistent picture is in fact observed for all the other NP
sizes considered before (50—80 nm citrate AuNPs, not ultra-
uniform) as shown in Figures S1—S4. Note that all these

predictions have no free parameters, as the size distribution is
directly taken from the TEM measurements of 100 particles as
shown in Figures S5—S9. These additional fits also favor the
SC data as the most accurate for # predictions. The SC data
however also consistently predict an extinction spectrum that is
slightly red-shifted compared to the experiments, which is
clearly not satisfactory. The EV and TS data are better in this
respect. We propose an even better alternative: to slightly
modify the SC data to correct the extinction shift without
affecting # too much. A simple way to achieve this, which does
not compromise the Kramers-Kronig consistency in the
wavelength range of interest, is to subtract a small constant
from the real part of e. We found that taking

Re(€ye,) = Re(egc) — 0.3
Im(eNew) = Im(€SC) (10)

achieved the required shift in extinction without affecting # too
much. The corresponding predictions are shown in Figures
5d,e and S1—S4. We speculate that such an offset could be the
result of surface charges or surface roughness slightly affecting
the plasma frequency,” but given the magnitude of the effect,
other alternatives would result in comparable corrections, for
example, if we accounted for the thin solvated shell
surrounding the NPs and affecting the local refractive index.
This aspect would require further investigations. In any case,
this proposed dielectric function results in an extremely good
agreement for both extinction and # for the ultra-uniform S0
nm AuNPs. It should be emphasized that it is highly
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uncommon to observe such a good agreement over the full
spectral range for the extinction spectrum for gold nano-
spheres, which we attribute here to the ultra-low shape and size
polydispersity, as discussed previously for nanorods.”” The
same agreement is not observed for standard NPs (see Figures
S1—S4), especially in the region of 400—S00 nm, which
confirms our recent study showing that this region is
particularly affected by shape polydispersity.”® 5(4) is much
less sensitive to this problem, which only appears for the larger
size NPs (70 and 80 nm) and even then remains very small.

CONCLUSIONS

Using a combination of experiments and theory, we have
demonstrated that the extinction-to-absorption ratio # is an
extremely powerful tool to determine the volume of gold NPs
in the range of 25—150 nm (volume-equivalent diameter). If
the shape is well-defined, the NP dimensions can therefore be
deduced. Moreover, this ratio becomes independent of shape
in the regime where the quasi-static/dipolar approximation is
valid, i.e, when the particles are small enough, typically less
than 100 nm, and in the spectral region away from the
quadrupole or higher order resonance peaks. Note that these
constraints still encompass the majority of NPs used in
biological and chemical applications. We believe the
conclusions of this work will readily extend to other types of
metallic NPs, such as silver NPs. The use of the ratio # to
determine NP size is a significant improvement compared to
solely using extinction spectroscopy and can be implemented
relatively simply, for example, using an integrating sphere-
based transmission setup. The benefits of the method therefore
greatly outweigh the additional experimental effort and will
enable the routine accurate size characterization of the
nanoparticles.

An equally interesting, more fundamental, aspect of this
work is that the shape insensitivity of # provides very strong
constraints when comparing its spectrum to theoretical
predictions. By measuring ultra-uniform gold nanospheres
characterized with TEM, we were able to further reduce any
uncertainty in size distribution to the point where the only
remaining “free” parameter in the theoretical predictions is the
dielectric function of gold. This allowed us to discriminate
between various dielectric function data sets reported in the
literature, thereby tackling a long-standing challenge in
plasmonics research. Three data sets are clearly incompatible
with our results, including the commonly used Johnson and
Christy data.”’ The three data sets that are favored by our
analysis are all from the same publication” and correspond to
three different preparation procedures. This suggests that the
problem with the other three nonfavored sets lies in systematic
errors in the measurements rather than in different sample
preparations. An accurate measurement of the dielectric
function of metal is indeed notoriously difficult because of
the complications due to the metal/dielectric interface. Among
the three favored data sets, the experimental results appeared
to agree most with the single crystal data, which suggests that
chemically synthesized gold NPs exhibit a relatively good
crystallinity.

METHODS

Gold Nanoparticles. S0 nm Ultra-Uniform PEG,-carboxylic-
acid-coated gold nanopsheres and 50, 60, 70, and 80 nm citrate-
stabilized gold nanospheres were obtained from NanoComposix
(USA). TEM images (see Figures SS—S9) and size distributions were

17603

provided by NanoComposix. The size distributions were inferred
from the TEM images of 100 particles and are shown in Figures 5c
and S1b—S4b. The corresponding mean and standard deviations are
47.8 + 1.8 nm (ultra-uniform) and 49 + 5, 63 + 7,70 + 8, and 78 +
9 nm, respectively.

Absorption/Extinction Measurements. The optical properties
of the AuNP solutions were measured using the CloudSpec-UV
instrument from Marama Labs (New Zealand). This instrument
simultaneously collects the extinction and absorption spectra of the
sample using Xenon flash lamp excitation. The absorption measure-
ment uses an integratin§ sphere to remove any scattering interference
from the transmission.”* >****° The latter can be calibrated to return
to the absolute absorption,”****? with both extinction and absorption
then given in units of [cm™], i.e,, in optical density normalized to a 1
cm path length. The scattering spectrum is, therefore, obtained from
the difference of the two. Note that this method is different from
diffuse reflectance/transmittance spectroscopy where the scattering or
effective-scattering spectrum is directly inferred. Like standard UV—
vis spectroscopy, this method is therefore not affected by the inner
filter effect that may affect fluorescence and other methods. The
instrument was recalibrated before the measurements, and the stock
NP colloidal suspension was diluted by a factor of 4 for all
measurements. The same cuvette is used for the sample and reference
(water). The main source of error in the calculation of 7 comes from
the reference (baseline) in the extinction spectra and is estimated to
be of the order of a few 107> OD. Because the absorption
measurement benefits from a path length enhancement in the
integrating sphere, it is less sensitive to this problem. The fixed noise
observed in the spectra of 5 (for example at 480 nm) corresponds to
xenon lamp peaks and is the result of slight nonlinearities (of the
order of 0.1%) in the detector response. These tiny glitches become
apparent in the ratio because of the scale at which it is plotted.

Electromagnetic Calculations. Mie theory calculations were
performed using the SPlaC package.'** New routines were written to
account for the size distribution. The optical properties of the
spheroidal AuNPs were computed using SMARTIES,"" a Matlab
implementation of the T-Matrix method including recently developed
improved algorithms especially developed for spheroidal NPs.>****
An estimate of the accuracy of the results is returned by the
computation, and high accuracy (comparable to the Mie theory,
better than 107'2)** is achieved for all the examples considered here.
The T-matrix method is particularly suited to calculate orientation-
averaged cross sections. For other nonspherical particles, namely, the
gold nanorods (AuNRs) and the gold nanocubes, the surface integral
equation formalism was used.**** We have used an implementation
specially developed (and tested) for plasmonics and in particular
plasmonic metallic NPs.** Accuracies in the cross sections better than
1% are expected with the mesh we used. The nanorod was modeled as
a cylinder with hemispherical caps with an overall height-to-width
ratio of 3. The nanocube’s edges were rounded to represent more
realistic particles.”® Exact volumes were calculated directly from the
meshes. The orientation averaging was performed using a Gaussian
quadrature of 91 incident angles and using the fact that these shapes
had a symmetry of revolution with two perpendicular polarizations for
each incidence. In all the calculations, the wavelength-dependent
refractive index for water was taken from ref 46. Different dielectric
functions for gold were used as discussed in the text. Linear
interpolations were used to obtain wavelength-dependent dielectric
functions from discrete data.
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FIG. S1. Same as Fig. 5, but for the 50 nm citrate-reduced NPs.
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FIG. S2. Same as Fig. 5, but for the 60 nm citrate-reduced NPs.
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FIG. S3. Same as Fig. 5, but for the 70 nm citrate-reduced NPs.
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FIG. S4. Same as Fig. 5, but for the 80 nm citrate-reduced NPs.
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FIG. S5. TEM images of the 50 nm UltraUniform AuNPs.
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FIG. S6. TEM images of the 50 nm NanoXact AuNP

'.i'*..

4

JSF0065.50k0ch JSF0065-50 — JSFO065-1200: 21
PrintMag: 413000x@7.0in Panthig: 415006 @70n S PrintMag: 852000x @ 7.0in
1012511 101330 17222019 HV=1000KV 102636 1212019
Microscopist AMT Drecthiay 50000 Wicroscopist AMT Direct Mag: 50000x Miroscopist AMT

AMT Gamera Systom AMT Camera Systom
Gamera X6t Expoouron): 840 Gan 1,80 1 ‘Camera: XR41, Exposure(ms): 640 Gain: 1, Bin: 1 mers: X1, Bgosurne) 840G 8. 1
G100 o Srrpeing ol Cor mma: 1,00, No Sharpening, Normal Conirast Carre 105, No Srapaing. o Gt

FIG. S7. TEM images of the 60 nm NanoXact AuNP
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TEM images of the 70 nm NanoXact AuNPs
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FIG. S9. TEM images of the 80 nm NanoXact AuNPs
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