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Photoacoustic signal detection has been used to build a new strategy to determine the mesoscale self-
assembly of metal nanoparticles in terms of size distribution and aggregate packing density (metal
nanoparticle filling factor). A synergistic approach integrating photoacoustic signal and theoretical
studies, validated by conventional light scattering and electron microscopy techniques, allows us to
obtain a well-defined morphological interpretation of nanoparticle-based super-aggregates. By pumping
light in a complex system, the acousto-thermal effect was listened to, providing information on the
aggregation phenomena. Super-aggregates of covalently interconnected silver nanoparticles (AgNPs)
functionalized with an organometallic dithiol are identified in solution, as a proof of concept for the
versatility of the photoacoustic approach. According to our results, tiny AgNPs (size less than 10 nm)
assembled into a 3D-network of super-aggregates (SA-AgNPs) with sizes in the range 100-200 nm and
a filling factor in the range of 30-50%. Low-cost, rapid, and easy photoacoustic measurement in the low
frequency range (less than 100 Hz) was revealed to be an innovative method to characterize the
fundamental structure/property correlation of metal nanoparticle super-aggregates. This morpho-optical
approach, which uses the absorption and scattering properties of nanoparticles in the liquid phase,
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1. Introduction

Nanomaterials bring together different scientific approaches
arising from physics, chemistry, and materials science, with the
common goal of improving the living conditions of the world’s
population.” Some of the innovative applications of nanotech-
nology are not only in nanodevices, sensors, photonic and
optical engineering,> and nanomedicine,® but also well beyond
in sustainable energy.* In this regard, nanoparticles play
a crucial role in tailoring physico-chemical properties for
improving performances in the above-mentioned applications.
Among others, metal-based nanoparticles (MNPs),> whose
average size falls in the range from units to hundreds of
nanometres, show interesting optical and electrical properties
which can be tuned by varying synthesis parameters.®* MNPs and
the corresponding covalent or non-covalent bioconjugates,
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opens new perspectives for advanced biomedical and structural applications.

obtained by interaction with drugs, enzymes, proteins,
biomarkers, and antibodies,” are leading materials in emerging
fields such as nanomedicine including studies on bio-
distribution,®**° cancer treatment,'* and drug delivery."*** The
structural and morphological characterization of MNPs and
bioconjugates is of fundamental interest to understand the
interaction mechanism, where aggregation phenomena play an
important role in understanding the controlled nanoparticle-
drug interaction.” Non-covalent aggregation is a dynamic
process that occurs in suitable solvents, and covalently inter-
connected MNPs are also studied in the literature due to their
intrinsic stability.*>"”

A common approach for the fabrication of functionalized
nanoparticles is based on the reduction of metallic ions in
solution in the presence of a reducing agent and of a ligand.
Among others, thiol ligands show an intrinsic high covalent
binding to metallic surfaces and bifunctional thiols can be used
for the preparation of covalently interconnected nano-
particles.” Our attention recently oriented towards MNPs
functionalized with bifunctional organometallic thiols, con-
taining Pt(u) centres and tributylphosphine ligands (among
others trans,trans-4,4'-diethynyl(bistributylphosphine-Pt(u)thio-
acetyl) biphenyl, (Pt-DEBP)), to enhance solubility and achieve
promising optoelectronic properties.’®>* The presence of two
thiol terminal groups induces the interconnection into

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a superstructure network of MNPs.”?>** Optical and electrical
properties are strongly affected by the proximity of nano-
particles, and the fine morphostructural characterization of
interconnected networks of MNPs is challenging.**?®

A conventional strategy for characterizing large nanometric
agglomerates formed in a selective self-assembly process
involves different techniques, such as transmission electron
microscopy (TEM), small angle X-ray scattering (SAXS), dynamic
light scattering (DLS), and others. However, as the size of the
super-aggregate increases, it becomes difficult to understand
the self-assembly growth of the nanoparticles. Indeed, three-
dimensional determination is challenging, and deep expertise
is needed for SAXS and TEM techniques. The direct imaging
method of electron microscopy techniques not only lacks in the
elaboration of the size distribution because of the limited
statistical analysis based on nanometric or micrometric region,
but also might cause radiation damage.>®

The indirect methods of X-ray diffraction techniques may
provide more reliable size-shape information from the statis-
tical point of view, and spatial averaging occurs due to the
randomized orientation of the objects. X-ray diffraction is
sensitive to the presence of the amorphous phase, enlarging the
experimental diffraction peaks and consequently changing the
size-shape structural information. The DLS method uses visible
laser scattered light with a typical wavelength of several
hundred nanometers, compromising the resolution with an
overestimated average size of the aggregates appearing too large
and hiding small particles; furthermore, impurities increase
polydispersity formation,” thereby DLS needs a very pure
dispersion. However, these techniques need either expensive
instruments with high energy consumption or complicated
fabricating processes, making them unfavourable for industrial
applications. Since the different single methods present some
limitations, an approach based on a combination of different
characterization techniques might yield realistic and complete
information on the size-shape and the photonic properties of
the investigated object. Although these techniques enable us to
determine the dimensions of objects at the micron- and nano-
scale, none of them is intrinsically suited for gaining both
spectroscopy and shape-size information.

As an alternative, photoacoustic spectroscopy (PAS) can
provide quantitative information for establishing the morpho-
optical nature of the mesoscopic assemblies of aggregates,*
strictly correlated to their photonic and size-shape intrinsic
properties.”*?° This represents an indisputable advantage for
assessing  their  physical, chemical, and biological
applications.**~**

The nanoarchitecture investigated here by the non-
destructive PAS technique highlights another important issue
for reliable nanostructured particle analysis. Freely diffusing
nanoparticles in suspension undergo constant Brownian
motion when probed using a heating focused beam, making it
difficult to quantify their dimensions and limiting the achiev-
able resolution. Therefore, expensive and complicated optical
and mechanical systems are needed to obtain reliable analyses
of nanoscale objects during long periods of data acquisition
processes. Currently, there is significant interest in science and
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technology towards the development of a new method that
allows us to obtain statistically meaningful information and
that can be used to derive new principles on studying freely
moving nanoparticles in suspension with single particle
sensitivity.

For all these reasons, it would be highly beneficial to intro-
duce the evolution of photoacoustic spectroscopy developed
here which includes two steps: easy handling experiments and
theoretical simulation.

Photoacoustic signal and theory have been employed in this
work to build a novel strategy for determining well-defined
nanostructured interconnected MNPs and their interesting
optical behaviour. To better validate this complex superstruc-
ture governed by self-assembling mechanisms of a wet-
synthesis approach, TEM imaging has been employed to visu-
alize the silver nanoparticles covalently linked by the Pt-DEBP
organometallic ligand forming a well-dispersed,” stable
super-aggregate network in the solid state. Moreover, DLS
characterization in the solution phase was used to perform the
statistics at a macroscopic scale on the NP diameter and super-
aggregate sizes, as a comparison. Herein, an innovative evolu-
tion of photoacoustic spectroscopy (PAS) has been applied to
characterize the structure/property correlation of AgNP super-
aggregates (SA-AgNPs) in chloroform. This work aims at pool-
ing information from an appropriate morpho-optical investi-
gation by merging experimental and theoretical methods,
taking advantage of photoacoustic signal.

2. Results and discussion

Photoacoustic spectroscopy combined with a theoretical
approach is herein used to characterize AgNP super-aggregates
and compare with TEM and DLS data. Photoacoustic spectros-
copy (PAS) measurements in the UV-Vis region were carried out
on SA-AgNPs in a chloroform suspension using variation of light
diffusion and absorption across the plasmonic resonances.
Fig. 1 presents a schematic illustration of the experimental
setup of a PAS measurement system, showing the functional-
ized AgNP chemical structure, prepared according to our
previous studies in the presence of the Pt-DEBP ligand.*

A source of light is used to pump light; a monochromator
allows the selection of the pump beam at a desired wavelength
modulated by a mechanical chopper at a fixed frequency. The
beam is focused through a photoacoustic cell onto the sample
of AgNPs in chloroform placed inside a quartz cuvette. The PAS
signal generated by light absorption induces primarily thermal
waves to produce also an acoustic signal detected by a micro-
phone; thereby the sample behaves as a “thermal piston” in
which the intensity of the photoacoustic signal is proportional
to the sample absorbance.

2.1 Photoacoustic spectroscopy experimental data
compared with theoretical results

2.1.1. Signal from scattering media: experimental results.
The experimental photoacoustic spectra of the functionalized
AgNP sample in chloroform solution are displayed in Fig. 2. PAS
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Fig.1 Experimental setup of photoacoustic spectroscopy (PAS). The light absorbed by the AgNPs is converted into heat, generating an acoustic
pressure finally detected by a microphone. In the inset, the chemical structure of the functionalized AgNP sample used in this work is shown.

amplitude signals at frequencies of 81 Hz and 256 Hz are
compared with the optical absorbance (OA) obtained from the
transmittance spectra. Optical absorbance A is calculated as the
complement of the optical transmittance T'as A = 1 — T
(Fig. 2a), neglecting optical reflectance (A = log(1/7) used in
spectrophotometry is not adopted here). The absorption
contributions of both OA and PAS signals generated by the Pt-

3

1l- —
6abs 1 - 36abs/6sca

terms of number and distribution, while the total heat
production decreases with multiple scattering concerning
absorption phenomena, tending to decrease the signal
compared to the case of non-scattering samples.

In this work, we follow the approach used by Helander et al.
by which the photoacoustic signal for scattering media is
proportional to eqn (1):*®

3 1+ 4

1- 3ﬂabs/ﬂsca 8 1+4 V 3:6abs/6sca

S AS =~ 1
" ? p+ﬂabs+ﬂsca

DEBP ligand and AgNPs have similar amplitudes and profile
peaks measured in the 300-400 nm window. By comparing OA
and PAS spectra over 400 nm, PAS exhibits an increase of the
amplitude profile due to its higher sensitivity to the scattering
phenomena in which the scattered light is re-absorbed gener-
ating a significant photoacoustic signal. Interestingly, PAS
provides further information by the contribution of the signal
phase useful to determine separately both absorption (8,5s) and
scattering (Bs.a) coefficients, as reported in Fig. 2c. It is note-
worthy that a signal phase jump of about 45° corresponds to the
switch from an optically opaque (<400 nm) to an optically
transparent sample (>400 nm), and in our case, a lower phase
jump (30°) was observed (see Fig. 2b) due to scattering
processes.>*

2.1.2. Signal of scattering media: theoretical basis. The
theory of photoacoustic spectroscopy has been substantially
modified for scattering media by Helander et al., using a diffu-
sion equation for the photon density distribution.*® It was
demonstrated that the photons scattered inside the media are
shifted towards the surface, increasing the measured signal in
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V4 + (6abs + 65«:3) V Sﬁabs/ﬂsca

where I, is the light intensity, B,ps is the absorption coefficient,
Bsca is the scattering coefficient, p = \/2mif /o is the wave-
number of the thermal wave, fis the modulation frequency, and
« is the thermal diffusivity of the media. The sample has been
assumed to be optically and thermally thick. The thermal
expansion of the sample has been neglected, and the photon
scattering is assumed to be uniformly distributed in each of the
forward and backward directions. Furthermore, the quantity 4
=2(1 + 2r) determined by the boundary condition of the photon
distribution function depends on the reflection r at the sample
surface of the backward light. By considering the experimental
parameters of chloroform thermal diffusivity (¢ = 7 x 107® m*
s~ 1), at modulation frequencies (f = 81 and 256 Hz), and of
internal reflection (r = 0.035), p and 4 have been calculated. In
accordance with the sample proposed, the PAS signal in eqn (1)
allowed us to determine separately both (.55 and (s, quanti-
ties.’” Instead, optical transmittance spectra can only be deter-
mined from the total extinction coefficient Bex: = Babs T Bsca, aS
reported in Fig. 2c.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Photoacoustic spectroscopy experimental results of AgNPs in
a chloroform solution (1 mg mL™): (a) normalized amplitude of PAS at f
=81Hz(O)andf= 256 Hz (O) compared with the optical absorbance
(O); (b) phase of PAS at f = 81 Hz (O) and f = 256 Hz (O); (c)
absorption and scattering coefficient spectra reconstructed from the
PAS signal in Fig. 2 by using egn (1): (O) Bscald) from PAS, (O) Baps(A)
from PAS, (O) ﬁext = 6abs + Bsca from PAS, (D) 6e><t = ﬁabs + 5sca from
OT. Lines stand for numerical simulations.

2.1.3. Determining the set of absorption and scattering
coefficients. By following the theory reported in the previous
section, the experimental scattering Bs..(4) and absorption

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Babs(A) coefficients extrapolated from eqn (1) have been plotted
in Fig. 2c (as calculated by fitting eqn (1)). By observing the
entire profile curves, the AgNPs in a chloroform solution show
an optically opaque property under 400 nm due to the
predominant absorption coefficient curve (Baps > Bsca); @ domi-
nant optically transparent property exists for wavelengths
greater than 400 nm (B,ps = Bsca)- The extinction coefficient Bex;
calculated using PAS (Bext = Babs * Bsca) Shows an excellent
agreement with the extinction coefficient obtained from optical
absorbance.

The maximum of both absorption and extinction curves is
reached at 350 nm, arising from the light strongly absorbed by
the Pt-DEBP thiols. The absorption peak of the AgNPs at around
410 nm is less intense and overlapped by the thiol absorption
band. Instead, a broad scattering peak at around 500 nm has
been observed which enabled us to unambiguously provide
information on the morphometric features of super-aggregates.

2.1.4. Size effect of metal nanoparticles on optical spectra.
The optical properties of isolated colloidal particles and their
dependence on the particle size effect have been intensively
investigated through Mie scattering theory.**** Mie theory is
a mathematical and physical description of the scattering of
electromagnetic radiation by spherical particles immersed in
a homogeneous medium.**** The general solution of the
diffraction problem of a single sphere of an arbitrary material
within the framework of electrodynamics was first given by Mie
in 1908.* He applied Maxwell's equations with appropriate
boundary conditions in spherical coordinates, using multipole
expansions of the incoming electric and magnetic fields, which
determined an exact electrodynamic calculation of the light
interacting with spherical metallic nanoparticles.

The extinction, scattering, and absorption cross-sections
have been here calculated for a sphere using the following
mathematical series:*****

S -
Oext = TnmzRe ; (2k +1)(a; + bk)]

& (2)

sy 2 k4 D) (Jaf + 1)

Tabs = Oext — Osca

Osca =

where coefficients a;, and b; are given by the following
equations:

e (mox) [ ()] — ik () [mogic (mx)
2 ) [l ()] = i () (mx) !

. Jie(mx) [ ()] — i (x) [moxji (mx))'
Jietmx) [k D ()] = e () [ (mox))!

where ji is the spherical Bessel function of the first kind and 7,
is the spherical Hankel function.

The diameter D of a sphere has been extrapolated using the
dimensionless parameter x = 7n,,,D/A obtained from eqn (3).
Furthermore, the quantities ng and n,, are the refractive indices
of the sphere and surrounding medium, respectively; m = ny/n,
is their refractive index ratio (n for metal is a complex number),

Nanoscale Adv., 2021, 3, 4692-4701 | 4695
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Fig. 3 Absorption and scattering theoretical analysis applied to AgNPs: absorption cross-sections calculated from egn (2) and (3) for AQNPs with
diameters (a) 5-20 nm, (b) 80-120 nm, and (c) 160-220 nm; (d) schematic drawing illustrating the effect of size on absorption and scattering; (e)
(red @) experimental data; (black cont. lines) theoretical cross-section ratio osca/aaps for a single Ag nanosphere as a function of wavelength and
for different diameters D according to the exact theory in eqn (2); (f and g) (red @) scattering coefficient normalized to absorption coefficient
Bscal Bans calculated using PAS from Fig. 2c. (black curve) Best fit corresponding to the ensemble of nanoparticles with D = 100 nm (f) and D =
200 nm (g). The cont. lines correspond to different silver filling fractions.

primes indicate derivatives with respect to the argument in
parentheses in eqn (3), and 2 is the wavelength in a vacuum.

In Fig. 3a-c the absorption cross-sections of AgNPs calculated
from eqn (2) and (3) with size in the 5-20 nm, 80-120 nm and
160-220 nm ranges are presented. The scattering cross-section
has not been plotted in Fig. 3a due to it being much smaller
than the absorption cross-section. Indeed, subwavelength
nanospheres with D < A in the Rayleigh scattering condition are
physically not evaluable. In such a case, eqn (2) can be calculated
by using one term only (k = 1) corresponding to the dipole
oscillation and neglecting the multipole contributions, so as to
converge to the following expressions for the cross-sections
normalized to the NS geometric section § = wD?/4.

4696 | Nanoscale Adv, 2021, 3, 4692-4701
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where e, = ng” and e, = ny,” are the relative permittivity of
spheres and the surrounding medium.

For the sake of clarity, a summary of the key features that
emerged from Mie theory has been highlighted in the following
statements:

(i) The surface plasmon resonance satisfies the condition Re
[es(A)] = —2¢n, at a specific wavelength, which minimizes the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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denominator of eqn (4) and maximizes the extinction peak. For
AgNPs in air (¢, = 1), Re(eg) = —2 at A = 354 nm, while in
chloroform (e, = 2.1), Re(es) = —4.2 at A = 410 nm.

(if) Two normalized cross-sections exhibit different behav-
iour with the nanosphere diameter D: in particular ggq ™ o (D/
A) and oha™ o« (D/A)*. Therefore, the cross-section ratio oo™
oo (or equivalently o5en " /oaps ) is extremely sensitive to the
nanosphere diameter D, showing a strong increase with the
power law D°.

Fig. 3a-c show both normalized cross-sections
aaps y0sen " for silver nanospheres calculated from the theory
in eqn (2). In Fig. 3d a schematic drawing illustrates the effect of
size on absorption and scattering. Moreover, the quantity Gsc./
Babs is also plotted in Fig. 3e, for which the scattering coefficient
normalized to the absorption coefficient has been calculated
from the PAS in Fig. 2c. Although the corresponding experi-
mental curve is poorly fitted by the theoretical expectation for
nanospheres, the presence of NPs with a diameter of about
100 nm seems to be closer to the experimental data, probably
the best effective size of the clustered nanospheres (see Fig. 3e).
An accurate theoretical analysis leads to the best fit in agree-
ment with the experimental one, corresponding to an ensemble
of nanoparticles with size and density as shown in Fig. 3f and g.

Fig. 3a shows the absorption cross-sections calculated from
eqn (2) and (3) for silver nanospheres of 5, 10, 15, and 20 nm
diameter, both in air and in chloroform. The cross-sections are
normalized (o,,s/S) with respect to the nanosphere geometrical
section S. Interestingly, surface plasmon resonance at around
350 nm (air medium) is shifted at 410 nm due to the silver
nanospheres floating in chloroform solution, as calculated from
eqn (4). By increasing the diameter of the sphere, the increasing
absorption peaks also exhibit a weak redshift of a few nano-
metres (see blue and red curves in Fig. 3a). It should be asserted
that the peak at about 410 nm due to AgNPs is overlapped by the
dominant thiol absorption broadband, whose absorption coef-
ficient B,ps is equal to 300 cm ™" at 410 nm (see Fig. 3¢ and ESI-
11). Such a hiding effect limits the proposed method to deter-
mine the size of a few nanometres of the AgNPs with a concen-
tration lower than N = (,ps/0aps = 10 000 bil per mL; thereby
the scattering phenomenon is negligible for small nanospheres.
Further analysis reveals the presence of spheroidal super-
aggregates of a few hundred nanometres in size, providing
a broad scattering peak centered at a wavelength of 500 nm
(Fig. 3).

The numerical simulations, considering large diameter
silver nanospheres, confirmed a compatible maximum of the
scattering cross-sections. By considering these outcomes, the
interpretation of the simulations clarifies the following points:

(i) Scattering cross-sections become dominant over the
absorption (Fig. 3b and c).

(ii) A resonant phenomenon is theoretically observed for the
scattering cross-section: the broad scattering of the primary
peak increases with the nanosphere diameter (Fig. 3b and c).

(iif) Secondary peaks appear for large diameters corre-
sponding to higher order resonances (see Fig. 3c).

(iv) The peak at A = 500 nm does not correspond univocally
to one diameter only. In Fig. 3b and c for example two diameters

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(D =100 nm and D = 200 nm) exhibit a different behaviour but
the same maximum at A = 500 nm, due to higher order
resonances.

(v) The scattering spectra in Fig. 3 may be expressed as
a superposition of the curves in Fig. 3b and ¢, and the decon-
volution of the data can allow us to determine the size distri-
bution of the super-aggregates.

2.2 Determination of the size and density statistics of super-
aggregates

The aggregation process generally causes a coupling of the
silver nanoparticle plasma modes, which results in a redshift
and broadening of the longitudinal plasma resonance in the
optical spectrum.*® Since the interparticle coupling is stronger
than the coupling within the surrounding medium, Mie's
theory developed for very dilute solutions and isolated particles
fails to describe the optical spectra. So far, the best approach is
the effective-medium theories, predicted by J. C. Maxwell Gar-
nett, which have been successfully applied to the evaluation of
the optical absorbance behaviour of densely packed self-
assembled metal nanoparticles.”*® The Maxwell Garnett
Theory (MGT) is strictly valid under the quasistatic limit (D < A)
of the smallest interparticle distances and can be generalized to
various shapes of the particles.

According to such an approach, the super-aggregates may be
modelled as a spheroidal composite material. By assuming that
the super-aggregates float in chloroform solution the effective
optical properties of the inhomogeneous compound can be
obtained from a weighted combination of the optical properties
of the two major components i.e. the functionalizing thiol and
the AgNPs; in particular, the effective permittivity e.¢s may be
calculated according to MGT as follows:*”*!

8Ag(1 +2f}%g) + 2€Th(1 _f;%g)
eAg(l *ng) + &t (2 +ng)

where erh(4) and exg(4) are the wavelength dependent permit-
tivities of thiol ligands and silver, respectively, fi, is the silver
volume fraction of spheroidal super-aggregates, and 1 — fj, is
the remaining volume fraction of the thiol ligands. Once e is
obtained from eqn (5) and the permittivity of chloroform ecy, is
set, the ratio m = neg/ncn = V(eet/ecn) in eqn (2) and (3) has
been employed for calculating both scattering ogca(4, D, fag) and
absorption caps(4, D, fag) cross-sections of the spectra, repre-
senting single spherical aggregates immersed in chloroform for
any diameter D and composition fj,.

To improve the fit in Fig. 3e with the experimental ratio Bgca/
Babs, the comparison with the theoretical cross-section ratio
Oscal0aps computed for different silver volume fractions has
been shown for the two classes of possible diameters: D =
100 nm (see Fig. 3f) and D = 200 nm (see Fig. 3g).

In both Fig. 3f and g, the theoretical data lost the best fit at
A = 600 nm, suggesting that a more complete interaction is
formed in the diluted solution, assuming an ensemble of
aggregates with high variations in size and density. For these
fundamental reasons, the scattering and absorption coefficients

(5)

Eeff (ng) = &Th
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have been expressed, here, by a weighted superposition of the
cross-sections of the different aggregates:

ﬁsca(k) = ZZNi,/asca (Ay Duﬁ)

J
i6abs(a) = ZZNi:/aubs (A7Dfa.]_(}) (6)
l J
where one summation is over the diameters D; ranging from
60 nm to 240 nm with 10 nm steps (for D < 60 nm, scattering
phenomena in the visible range are negligible, see Fig. 3a),
while the second summation is over the silver volume fraction f;
ranging from 0.2 to 0.7 (note that the volume fraction cannot
exceed the maximum value of 0.74 for close-packing of equal
spheres); wherein the quantity N;; is the concentration of
specific species of the super-aggregates with D; and f;. From the
experimental data of B¢, and Bans, by applying the singular
value decomposition technique (SVD) to eqn (6),>>* as well as
other known inverse techniques, it is possible to retrieve the
concentrations N;; that are the weights of the superposition.***
In our case, we restrict the analysis to the wavelengths ranging
from 450 nm to 630 nm which are more sensitive to the scat-
tering of the SA-AgNPs.

Fig. 4 shows the first evidence of the results obtained by
using SVD for resolving the inverse problem of eqn (6). In
particular, Fig. 4a shows the reconstructed concentration
N; =) N;; as a function of different diameters D (for any silver
volumbe fraction). The ensemble contains two groups of super-
aggregates with diameters ranging from 70 to 120 nm (green
histogram) and from 180 to 220 nm (orange histogram) with
similar concentrations. This measurement does not reveal
aggregates in the range of 130-170 nm, probably due to a loss of
assembly in this specific sample of SAs. Moreover, Fig. 4b
highlights the composition of two groups, showing for each
group the percentage of aggregates with a specific silver volume
fraction. For instance, the group with diameters ranging from
70-120 nm has a wide distribution of silver filling factors
centered at an f,, of about 50% (green histogram), while the
group with larger diameters ranging from 180-220 nm exhibits
a maximum percentage of cases with a filling factor f,, of about
30% (orange histogram) corresponding to a lower density of
silver. This may be justified considering that the larger the
aggregate, the less probable is its formation. Fig. 4c shows the
experimental data of the scattering coefficient spectra fitted
with SVD in the range of interest 450-630 nm (cont. red line),
corresponding to the concentrations reported in Fig. 4a. The
best fit between theoretical and experimental data allows us to
determine not only the maximum scattering at 500 nm, but also
the minimum at 600 nm. The best agreement of the fit is also
confirmed by the cross-section ratio in Fig. 3. DLS results are
reported in Fig. 4d: it is possible to observe the presence of
a population of aggregated AgNPs with a mean size (Ry) of
about 100 nm, in good agreement with PAS based calculations
and a less intense population of AgNPs with (2Ry) = 10 nm due
to dimers and low interconnected NPs. In Fig. 4e a schematic
drawing of the SA-AgNPs is shown.

In conclusion, PAS seems the most appropriate technique to
measure experimentally both absorption and scattering
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Fig. 4 PAS results of nanoaggregate population with sizes around 100
and 200 nm: (a) distribution of concentration vs. size and (b)
concentration of the population with sizes of 100 (green color) and
200 nm (orange color) vs. silver filling factor; (c) scattering coefficient
vs. wavelength (black dots are experimental, red line is the best fit, from
Fig. 4a and b); (d) DLS results; (e) drawing of isolated NPs and SA-
AgNPs, from dimers to 3D covalent aggregates.

coefficients, separately in a single measurement. A new meth-
odology is also given with PAS to analyse the (gs.a/Babs ratio
allowing us to reveal the presence of super-aggregates giving
a quantitative statistic of their size together with the metallic
volume fraction.

2.3 Transmission electron microscopy studies

The morphology and morphometric characterization of well-
separated super-aggregates of metal nanoparticles (SA-AgNPs)
have been extensively investigated through electron micros-
copy techniques supported by quantitative imaging analysis
(QIA), as shown in Fig. 5. The bright-field (BF) TEM image shows
a monolayer of separated dark SA-NPs acquired at low magni-
fication to improve the fundamental statistical observation/
analysis of the nanostructured aggregates (Fig. 5a). To obtain
structural information of the SA-AgNPs, selected area electron
diffraction (SAED) measurements were performed in order to
identify the atomic and structural compositions of the observed
hybrid aggregates.®>® The corresponding electron diffraction
pattern (EDP) exhibits diffraction rings produced by random
orientation of the polycrystalline material (Fig. 5b). By

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Transmission electron microscopy to evaluate the SA-AgNP morphology. (a) Bright-field image of the SA-AgNPs. (b) EDP taken from
figure (a) belonging to the face-centered cubic (fcc) silver structure (blue arcs) and extra diffraction crystalline rings of the Pt-DEBP complex
(yellow arcs). (c) Dark-field image of figure (a) obtained by selecting both reflections of (111) and of (144) Debye rings of the Ag and Pt-DEBP
identified using a red circle in figure (b). (d) Medium magnification of a single SA. (e) A 2D contour map of SA-AgNP distribution. (f) Form-factor
plots of SA-AgNPs, a measure of super-aggregate circularity calculated from figure (e).

measuring the d-spacing of the diffraction rings, we were able to
identify a superimposition of two different diffraction patterns.
The strong signal of the diffraction rings indicated by blue arcs
belongs to the typical Ag crystallites with a face-centered cubic
(fcc) structure of the space group Fm3m, confirmed also by the
intensive ring signal at d,;; = 0.239 nm. The second EDP has
been identified by considering the crystalline phase of the Pt-
DEBP complex.” The calculated d-spacing of a triclinic struc-
ture well matched with our experimental interplanar spacing of
the diffraction rings (yellow arcs), wherein the highest intensity
signal belongs to the (111) diffraction plane with an interplanar
spacing of d;11 = 0.470 nm. To visualize the crystalline feature
of the SA-AgNPs, dark-field (DF) imaging was applied. DF
images have been obtained by placing the objective aperture
around a diffracted beam of the EDP (red circle of Fig. 5b),
corresponding to both (111) and (144) Debye rings of the Ag and
Pt-DEBP contents. The DF image shows bright dots in the SA-
AgNPs consisting of silver crystallites interacting with the
crystalline trans,trans-4,4'-diethynyl(bistributylphosphine-Pt(i)
thioacetyl) biphenyl, indicated with yellow-blue arrowheads in
Fig. 5c.

Furthermore, the DF method was able to light up also the
smallest or single Ag-Pt-DEBP nanoparticles located outside the
SA-AgNPs (marked by blue circles).

This feature also allows us to confirm that the smallest dark
spots observed in Fig. 5b correspond to well-separated silver-
organic nanoparticles forming a sub-monolayer of a bi-

© 2021 The Author(s). Published by the Royal Society of Chemistry

dimensional network previously studied.”® These two types of
crystalline architectures have been acquired at relative medium
magnification for showing the potential ability of the Pt-DEBP
organometallic bridge to assemble AgNPs covalently into both
bi-dimensional and three-dimensional networks driven by wet-
chemistry, as shown in Fig. 5d. A single SA-AgNP of more than
180 nm in dimension seems to be constituted of silver nano-
particle colloidal subunits with size less than 10 nm, while the
bi-dimensional network of AgNPs-Pt-DEBP deposited on the
carbon amorphous film can also be noticed.

Therefore, the wet-chemical synthesis via a reduction of the
metal precursors was able to create an early intermediate bi-
dimensional network of AgNPs which evolved into more
complex agglomerates of metallic-organic quasispherical SAs
consisting of self-assembled colloidal subunits. Appropriate
QIA imaging analyses have been exploited to estimate the size-
shape of the individual SA-AgNPs, paying attention to the
statistical analysis. A 2D contour map of the distribution of 63
SA-AgNPs (black numbers) has been quantified on a probed
area of 4.202 x 3.136 um?, as displayed in Fig. 5e. The estimated
size of the SAs provided a main average value of 116.07 =+
7.32 nm, having a low polydispersity of about 6.3%. The
morphometric analysis exhibited a further formation of SAs
with sizes of 176.08 + 15.32 nm and polydispersity of about
8.7% in low amount.

In this regard, the estimated particles size allows direct
quantitative comparison of the TEM experimental data with
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theoretical prediction based on the photoacoustic signal. The
different size of about 20 nm among the two SA populations can
be attributable to the different volume of the investigated
sample, wherein PAS, similar to the DLS techniques, analyses
a millimetric volume of the sample, providing average dimen-
sional information. Instead, TEM is capable of analysing a local
micrometric region with nanometric determination in terms of
size-shape analyses. To evaluate the shape of the SA-NPs, the
form-factor, a measure of the SA circularity (47 area/perimeter?),
has been estimated in the histogram reported in the top part of
Fig. 5f. The histogram profile exhibits a preferential high
counting after the main bin centered at 0.86 + 0.01 toward the
direction of the circularity shape (form-factor equal to 1), con-
firming the quasi-spherical shape of the SA-AgNPs. Furthermore,
the volume of the SA-AgNPs related to the form-factor has been
reported at the bottom of Fig. 5f. The SA volumes show a linear
increase with a similar form-factor of around 0.85 (blue dot line),
indicating that the self-assembling wet chemistry is capable of
growing SAs with a quasi-spherical shape, while the other two
regions indicate the presence of a few SAs grown with a slightly
elongated shape between 0.70 and 0.80 (green dot line).

3. Conclusion

Photoacoustic investigation revealed to be a robust and non-
destructive technique for determining self-assembled nano-
structures, with an improvement of the proposed methods in
the literature.’”* This study opens up prospects for PAS
application for example in biomedical imaging. The use of
a straightforward approach based on photoacoustic detection
allows us to listen to both the absorption and scattering
phenomena generated by nanoparticle suspensions.

The extrapolated absorption and scattering spectra together
with a theoretical study favour a quantitative method for
determining the size of three-dimensional super-aggregates
with nanometric accuracy. Well beyond the morpho-chemical
characterization, these insights have been useful in devel-
oping new methods based on smart de-convolution of the data,
providing quantitative size and filling factor (metal content)
morpho-parameters. The photoacoustic results were compared
with dynamic light scattering and local transmission electron
microscopy measurements, allowing a well-defined interpre-
tation of super-aggregates. DLS measurements highlighted
a broad population of nano-objects ranging from 10 to 200 nm.
The PAS main results evidenced the presence of different
super-aggregates with mean sizes of 100 nm and 200 nm,
whose mean filling factors are 50% and 30%, respectively.
These morphological achievements are supported by local
TEM imaging to evidence two similar size populations of
nanoparticles self-assembled into nanostructured super-
aggregates. Following the steps of A. G. Bell, who said “I
heard the articulate speech by sunlight”,** we can conclude
that we have listened to the whispering of nanoparticles and
their super-aggregates.
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4. Experimental section

Materials synthesis is reported in the ESI,T together with spec-
troscopic characterization.

The experimental PAS setup is described in Fig. 1. The
measurements were carried out on a SA-AgNP chloroform
suspension (1 mg mL™") in the range from 300 to 600 nm. A Xe
lamp (400 W) was used as a source to pump light. A mono-
chromator (Jobin Yvon) and a mechanical chopper at a fixed
frequency (in the 10 Hz to 100 Hz range) modulated the beam
which was focused with a mirror onto the liquid sample in
a quartz cuvette. Acquisition of the microphone signal (Briiel &
Kjeer 4166) was done with a lock-in amplifier (Briiel & Kjaer 2660)
and a preamplifier (EG&G 7260). Dynamic Light Scattering
(DLS) measurements were acquired from suspensions of func-
tionalized AgNPs in chloroform solution (1 mg mL™") using
a Zetasizer instrument (Malvern) at a temperature of 25.0 +
0.2 °C. Transmission electron microscopy observations were
performed using a ZEISS EM10 at 80 kV.
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