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Introduction

Impact of solvent and ligand density on the
self-assembly and optical properties of metal
nanocrystalsy

@ Junaid Alj,2P
*a,b

Alessandro Cangiano,®® Noemi Gallucci,® Antonella Giarra,
Leonardo Chiappisi,© Nathan P. Cowieson® and Luigi Paduano

Metal nanocrystals (M-NCs) and their supramolecular assemblies have attracted significant interest from
the scientific community due to their wide range of applications arising from the possibility of accurately
tuning the M-NCs properties through self-assembly into supramolecular aggregates. In this study, we
investigate the complex interplay between capping agent surface coverage and solvent-capping agent
interactions in the self-assembly process of M-NCs into supramolecular structures. Specifically, we
explore the self-assembly behavior of gold (Au-NCs), silver (Ag-NCs), and platinum (Pt-NCs) nanocrystals
upon functionalization with oleic acid (OA) in water using a microemulsion approach. Through a multi-
technique analysis, we demonstrate the critical role of ligand density and solvent choice in driving the for-
mation of highly ordered supramolecular structures. By increasing the surface coverage of the M-NC
ligands, we observed a transition to more organised assemblies, with the interaction between the oleyla-
mine alkyl chain and the functionalization medium further modulating the type of supramolecular
arrangement. Moreover, we highlight the profound influence of both the external environment and supra-
molecular aggregation on the optical properties of the M-NCs. This work provides crucial insights into
the factors that govern nanocrystals’ self-assembly and optical behavior, with broad implications for the
design and application of nanomaterials in nanotechnology and materials science.

Various methodologies have been explored to optimize the
properties and functionality of these NCs. One of the most

Metal nanocrystals (M-NCs), such as those of gold (Au), silver
(Ag), and platinum (Pt),"”* have garnered particular attention
due to their peculiar properties that have paved the way for
their use in several fields including sensing, energy conver-
sion, and medical diagnostics, highlighting the growing
importance of M-NCs in addressing both scientific challenges
and industrial needs.””

These nanostructures are characterised by a high specific
surface area and a significant number of surface atoms, which
collectively impart a broad spectrum of unique and valuable
properties, including enhanced -catalytic activity, tunable
optical behaviours, and improved electronic characteristics.®°
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widespread strategies involves the careful design and synthesis
of M-NCs with tailored shapes and sizes.'”'" Researchers have
devoted considerable effort to understanding how geometric
factors, such as shape, size, and the influence of the ligand on
these structural aspects, influence the physico-chemical pro-
perties of M-NCs. These structural features also determine
how the NCs interact with the environment, which in turn
impacts their overall performance.'*"?

Additionally, an emerging strategy for tailoring the physico-
chemical properties of M-NCs involves the creation of three-
dimensional nanoscale-ordered assemblies."

These ordered systems offer a wealth of new possibilities, as
the spatial arrangement and orientation of nanocrystals within
a structured assembly can significantly influence their collec-
tive behaviour, particularly their plasmonic properties. The
plasmonic band, a key feature of metal nanocrystals, can be
altered and tuned by inducing specific ordered structures,
such as face-centred cubic (FCC) or hexagonal close-packed
(HCP) phases, which can result in enhanced or distinct optical
and electronic behaviors.">'® This approach opens new
avenues for the development of advanced materials with
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custom-designed optical responses, which could be applied to
areas such as sensing, imaging, and energy harvesting.

For this approach, understanding how the interaction
between solvents,'” capping agents,'® and metal nanocrystals
affect their aggregation and ordering is essential for the design
of systems in which the nanocrystals can be organized into
predictable and functional structures.'®? The density and
type of coating agent can significantly impact the formation of
nanocrystal aggregates, with potential effects on the optical
and plasmonic properties of the material.>'**

In this study, we examined the physico-chemical properties
of gold (Au-NCs), silver (Ag-NCs), and platinum (Pt-NCs) nano-
crystals, each coated with oleylamine as a capping agent. Our
primary objective was to explore how different organic sol-
vents, specifically cyclohexane, toluene, ethyl ether, and
chloroform, influence the optical properties and aggregation
behaviour of these M-NCs. Additionally, we focused on how
the ligand extension in the organic solvent and the ligand
density on the NCs surface affect the spatial distribution and
organisation of nanocrystals during the aggregation process,
which was achieved using an emulsion method. This process
involved transferring the nanocrystals into aqueous solutions
through oleic acid (OA) coating, which facilitated the for-
mation of nanocrystal supramolecular aggregates with distinct
structural characteristics. The findings from this work offer
valuable insights into the optimisation of M-NCs for various
applications, providing a deeper understanding of how mole-
cular interactions and assembly processes can be controlled to
design materials with tailored properties.

Results and discussion

Parameters such as the surface capping density of metal nano-
crystals and the nature of the solvent in which they are dis-
persed to form superlattice structures will be discussed in the
following sections. These structures are, in fact, obtained
through the emulsion method, which entails transferring the
nanocrystals from an apolar solvent to an aqueous medium.
The discussion will first focus on characterizing the chemical
and physical properties of the synthesized NCs, particularly in
relation to the polarity of the dispersing medium.

Influence of solvent dielectric constant and ligand density on
the physico-chemical properties of nanocrystals

The oleylamine capping shells of gold (Au-NCs), silver (Ag-
NCs), and platinum (Pt-NCs) nanocrystals were qualitatively
and quantitatively characterised, given their crucial role in
defining the physico-chemical properties of nanocrystals and
their influence on the self-assembly process. FTIR analysis,
presented in Fig. 1A, verified the successful formation of oley-
lamine (whose chemical structure is presented in Fig. 1C)
capping shells on the surface of all the NCs.>*** The peaks
located at about 2850 cm™" and 2930 cm™" correspond to the
-C-H stretching of the capping agent carbon chain.>® Notably,
the intensity of these peaks decreased systematically from Au-
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Fig. 1 FTIR Spectra of oleylamine-coated Au-NCs (pink line), Ag-NCs
(blue line), and Pt-NCs (black line) (A), TGA curve of free oleylamine
(green line) and oleylamine-coated Au-NCs (pink line), Ag-NCs (blue
line), and Pt-NCs (black line). Left y-axis is for free oleylamine, and right
y-axis is for oleylamine-coated M-NCs (B), oleylamine (CHsz(CH2)
7CH=CH(CH2)8NH2) chemical structure (C).

NCs to Ag-NCs and further to Pt-NCs, suggesting a reduced
quantity of oleylamine on the surfaces of the NCs. These
results were confirmed by TGA analysis as shown in Fig. 1B.
Oleylamine coating decomposition occurred at higher temp-
eratures and over a broader range of temperatures than free
oleylamine, implying the formation of strong bonds between
the capping agent and the NCs surfaces.”>*” Moreover, the
ligand density on the NC surfaces was determined using the
formula in eqn (3) (see Materials and method section), yield-
ing values of 4.0 + 0.2 chains per nm?> (~94% surface coverage)
for Au-NCs, 2.8 + 0.5 chains per nm” (~70% surface coverage)
for Ag-NCs, and 1.4 + 0.4 chains per nm” (~35% surface cover-
age) for Pt-NCs, respectively. These results confirm that Au-
NCs exhibit the highest ligand density, followed by Ag-NCs,
while Pt-NCs show the lowest coverage.

These findings confirm that the amino group exhibits low
affinity for the surface of Pt nanocrystals, while showing a
stronger affinity for gold surfaces compared to
surfaces.”® "

Despite variation in ligand density among the M-NCs, the
synthetic protocols employed yielded spherical NCs, as illus-

silver

This journal is © The Royal Society of Chemistry 2025
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trated by the TEM images reported in Fig. S1.1 Statistical ana-
lysis of several TEM images revealed a mean radius of 4.5 +
0.8 nm for Au-NCs, 4.0 + 0.9 nm for Ag-NCs, and 4.4 + 0.8 nm
for Pt-NCs.

The external environment’s effect on the physico-chemical
properties of the M-NCs was investigated by varying the nature
of the solvent in which the M-NCs were dispersed. Particularly,
four solvents were selected: cyclohexane, toluene, ethyl ether,
and chloroform, whose properties are detailed in Table S1.t

DLS data in Fig. 2 indicate a decrease in the hydrodynamic
radius of individual NCs as the solvent’s dielectric constant
increases from 2.02 C* (N m*)™" for cyclohexane to 4.81 C* (N
m?)~" for chloroform.

The experimental evidence revealed that the smallest hydro-
dynamic radius was observed in the case of NCs dissolved in
chloroform. Moreover, the DLS data shows a bimodal distri-
bution of hydrodynamic radius for Ag-NCs and Pt-NCs when
dispersed in chloroform. Particularly, the second observed
population is centred at 30 nm and 180 nm for Ag-NCs and Pt-
NCs respectively, pointing out the tendency for these two
M-NCs species to aggregate when dispersed in chloroform.
This is related to two main aspects. First, the Ag-NCs and Pt-
NCs have a lower ligand density compared to Au-NCs. Second,
in chloroform, the oleylamine alkyl chain adopts a less
extended conformation, which diminishes the steric stabilis-
ation of the M-NCs.

In general, the comparison of the hydrodynamic radii and
the average size of the inorganic nuclei obtained from TEM
analysis to which is added a length of about 2.5 nm of the oley-
lamine chain (calculated using the Tanford equation®?), a sys-
tematic decrease of the alkyl chains is observed as the dielec-
tric constant of the solvent increases.

This correlation between the hydrodynamic radius and the
solvent dielectric constant can be understood in terms of
solvent-ligand interactions. In low dielectric constant solvents,
favourable interactions promote an extended conformation of
the oleylamine alkyl chain, maximizing its steric barrier to
aggregation. In contrast, in solvents with higher dielectric con-
stant, the diminished solvation of the hydrophobic chain
induces a more compact conformation that minimizes solvent
exposure.*?

Moreover, the propensity for aggregation observed in Ag-
NCs and Pt-NCs dispersed in chloroform is closely related to
their lower ligand density. Insufficient surface coverage
reduces steric repulsion, allowing attractive van der Waals
interactions to predominate, which leads to enhanced aggrega-
tion of these nanocrystals.**

In addition to aggregation behavior, the medium in which
they are dispersed also has a huge impact on the optical pro-
perties of these systems.?>%¢

The UV-Vis spectra reported in Fig. S21 show that the
absorption maxima position (4ya) Of oleylamine-coated
M-NCs is influenced by changes in the surrounding media,
particularly the solvent’s refractive index across all systems.

Notably, we observed a red shift in 1,.x as the refractive
index increased, with an 8 nm shift for Au-NCs, 14 nm for Ag-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Hydrodynamic radii distribution of oleylamine-coated Au NCs
(A), oleylamine-coated Ag-NCs (B), and oleylamine-coated Pt-NCs (C)
dispersed in increasing dielectric constant solvents: in cyclohexane,
toluene, ethyl ether, and chloroform.

NCs, and 30 nm for Pt-NCs (see Table S2} for An.x values for
all systems). In general, such a shift can be attributed to
various factors, including NCs’ shape and size, the nature of
the amphiphilic coating, and the refractive index of the sur-
rounding medium.*”

In our study, we ruled out any effect of size, shape, and
coating because we utilize particles of approximately the same
size, which are monodisperse and have a spherical shape and

Nanoscale, 2025,17,15829-15840 | 15831
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the same coating. Our analysis showed that the shift of Ay,
was influenced by the medium, particularly the refractive
index of the solvent, which alters the local electromagnetic
field of the NCs based on the medium’s density and
polarization.%3°

A clear and effective way to analyze the impact of solvent
nature on the optical properties of NCs is through a compara-
tive study of refractive index sensitivity. The refractive index
sensitivity, S, is defined as:

_ d/1max
T (1)

where Anax represents the max of the localized surface
plasmon resonance (LSPR) wavelength, and n denotes the
refractive index of the dielectric environment surrounding the
metal NCs. The unit of refractive index sensitivity is nm per
RIU, where RIU stands for refractive index unit.*°"**

We derived S by plotting 4.« as a function of the refractive
index of the solvent and performing a linear fit of the experi-
mental data points (Fig. 3).

S, the slope of this fit, characterizes the variation in Anax
per unit change in the refractive index.*>**

A higher S value indicates greater sensitivity to changes in
the refractive index. As illustrated in Fig. 3, Pt-NCs exhibit
the highest sensitivity to changes in the refractive index
(S =214 nm per RIU), while Au-NCs display the least sensitivity
(S =54 nm per RIU).

Our measured refractive index sensitivity values align with
previous theoretical predictions for gold and silver nanocrys-
tals within the 20-80 nm size range. Specifically, our results
confirm that silver NCs demonstrate higher sensitivity than
their gold counterparts and that sensitivity decreases with
smaller NC dimensions.*’ For instance, M. Hamamoto et al.**
reported a refractive index sensitivity of 33 nm per RIU for
9 nm Au-NCs, which closely matches the values observed in
our study (about 2.5 nm of radius). This agreement not only
validates our experimental approach but also highlights the
potential significance of the NCs presented herein.

£ 540-
= SAu=54+2 nm/RIU .
< 5201 o v ©
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400
i °
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Fig. 3 Amax as a function of the solvent refractive index, and the linear
fit to determine the sensitivity. Au-NCs (pink), Ag-NCs (blue), and Pt-
NCs (Black).
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Experimental evidence clearly shows that the stability of
individual NCs is closely linked to their ability to form a dense
molecular layer, covering at least 70% of the surface in this
case, which prevents disordered aggregation (as will be dis-
cussed below). Furthermore, the solvent in which the hybrid
nanocrystals are dispersed prior to their assembly into a super-
lattice plays a crucial role in this process.

Factors that affect the self-assembly of individual nanocrystals
into supramolecular ordered aggregates

The self-assembly of NCs into supramolecular aggregates is a
complex process influenced by multiple factors, primarily the
dielectric constant of the dispersing solvent, which influences
the configuration and extension of the oleylamine alkyl chain,
and the ligand density on the NC surfaces.*®™*®

To provide a clear understanding of these interdependen-
cies, we present the results by sorting the NCs based on their
ligand density. This systematic approach allows for a detailed
exploration of how solvent properties interact with surface
chemistry to influence self-assembly outcomes.

Influence of solvent dielectric constant on high ligand density
NCs self-assembly: Au-NCs

As seen in the previous sections, Au-NCs have a higher ligand
density than Ag-NCs and Pt-NCs. This was also the only system
that could be functionalised in water, with OA from all the
organic solvents being the only monodisperse system in all of
them. The dispersion of Au-NCs in cyclohexane and toluene pro-
motes in both cases a C14 Frank-Kasper phase organisation
within the supramolecular aggregate in water (Fig. 4 and 5).
SAXS analysis revealed a characteristic Q/Q; ratio
(Table S31). Notably, in Fig. 4B, the presence of three pre-
peaks further confirms this arrangement, as there are key fea-
tures of C14 Frank-Kasper (C14 FK) phases.*>*® These find-
ings are strongly corroborated by high-resolution imaging tech-
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Fig. 4 SAXS pattern for OA@AuU-NCs in water from cyclohexane, and
3D schematic representation of the supramolecular C14 Frank—Kasper
arrangement (A), enlarged view of the scattering profile presented in (A),
emphasizing the three characteristic peaks that identify the Frank-—
Kasper phase.(B), cryo-EM image for OA@AuU-NCs from cyclohexane,
scale bar 20 nm (C), cryo-EM image for OA@AuU-NCs from cyclohexane,
scale bar 20 nm (D), FTT obtained on the (D) area (E).

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 SAXS pattern for OA@Au-NCs in water from toluene, and 3D schematic representation of the supramolecular C14 FK arrangement (A), TEM
image for OA@AuU-NCs from toluene, scale bar 50 nm (B), TEM image for OA@AuU-NCs from toluene, scale bar 50 nhm (C), TEM image for OA@Au-

NCs from toluene, scale bar 20 nm (D) FTT obtained on the (D) area (E).

niques. Cryo-EM images of OA@Au-NCs dispersed in cyclo-
hexane (Fig. 4C-E) and TEM images of OA@Au-NCs dispersed
in toluene (Fig. 5B-E) show the characteristic honeycomb-like
structure, where 12 neighbouring NCs surround one central
nanocrystal. Additionally, angular alignments of ~120°
between NC rows were observed, consistent with the expected
geometry of C14 FK arrangements.**>"

Supramolecular aggregates obtained from a solvent with a
higher dielectric constant, such as ethyl ether, in which the
alkyl chain of oleylamine is not fully extended, resulted in the
formation of a different organization within the supramolecu-
lar aggregate in water, as shown in Fig. 6. In particular, due to
the consideration of ~90° angle between the NC rows and
characteristic peak ratios, Q/Q; (Table S47), of the SAXS, it was
possible to identify an FCC phase of the aggregate in water.
When it comes to chloroform, Au-NCs do not exhibit order
within the supramolecular aggregate, as shown in Fig. S3.t

A rigorous quantitative analysis of the SAXS data from the
ordered supramolecular assemblies enabled the precise deter-
mination of the unit cell parameters, which are comprehen-
sively summarized in Table 1.

The analytical relationships employed in this derivation are
detailed in the Materials and methods section.

The results presented in this section show that increasing
the dielectric constant of the organic solvent in which the NCs
are dispersed, and the consequent modifications of the oleyla-
mine alkyl chain interactions with the solvent has a strong
influence on the type of structuring observed in the supramo-
lecular aggregate upon functionalization in water with OA,
arriving to the point where carrying out the functionalization
in water of Au-NCs in chloroform the particles are less inclined
to arrange themselves in ordered supramolecular aggregates.

This journal is © The Royal Society of Chemistry 2025

Fig. 6 SAXS pattern for OA@Au-NCs in water from ethyl ether, and 3D
schematic representation of the FCC supramolecular structure (A), TEM
image for OA@QAuU-NCs, scale bar 50 nm (B), TEM image for OA@Au-
NCs, scale bar 10 nm (C), FTT obtained on the (C) area (D).

Influence of solvent dielectric constant on intermediate ligand
density NCs self-assembly: Ag-NCs

Ag-NCs present an intermediate degree of coverage compared to
the other M-NCs under analysis in the present study. Upon
functionalization with OA in water, we observed that the results
varied a lot from one solvent to another. Supramolecular aggre-
gates in water, obtained from the functionalization of Ag-NCs dis-
persed in cyclohexane, exhibit features of a C14 Frank-Kasper
organization (Fig. 7). The SAXS Q/Q; in Table S31 and the angular
alignment of ~123° between the NC rows corroborate this
arrangement. This is further confirmed by the presence of the

Nanoscale, 2025, 17,15829-15840 | 15833
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Table 1 SAXS derived unit cell parameters. d: smallest distance
between neighbouring NCs, e: minimum thickness of the ligand shell

System Order a/nm b/nm c¢/nm d/nm e/nm
OA®@Au-NCs 21.5 21.5 351 10.7 1.7
from

cyclohexane

OA@Au-NCs 21.7 21.7 354 10.8 1.8
from Toluene

OA@Au-NCs T 191 191 19.1 13.5 4.5
from Ethyl ether @ [+

Fig. 7 SAXS pattern for OA@Ag-NCs in water from cyclohexane, and
3D schematic representation of the C14 Frank—Kasper supramolecular
structure (A), TEM image for OA@Ag-NCs, scale bar 50 nm (B), TEM
image for OA@Ag-NCs, scale bar 20 nm (C), FTT obtained on the (C)
area (D).

typical honeycomb structure, where one central NC is surrounded
by 12 NCs.

By applying the equations reported in the Materials and
methods section and considering the OA@Au-NCs C14 Frank-
Kasper phases, we also determined, in this case, the lattice
parameters that were @ = b = 20.0 nm, ¢ = 32.7 nm, d =
10.0 nm, and e = 2.0 nm.

On the other hand, clusters of OA@Ag-NCs in water
obtained from Ag-NCs dispersed in toluene and diethyl ether
(Fig. 8) did not show any typical features of an ordered supra-
molecular aggregate. for both samples, SAXS
measurements allowed the determination of a typical inter-
particle pattern distance of ~10 nm.

These results indicate that a reduced ligand density on the
surface of M-NCs hinders their ability to self-assemble into
supramolecular especially when an

However,

ordered structures,
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Fig. 8 SAXS pattern for OA@Ag-NCs in water obtained from toluene,
and schematic representation of the core-core distance between the
NCs (Al), TEM image for OA@Ag-NCs from toluene, scale bar 50 nm
(A2), SAXS pattern for OA@QAg-NCs in water obtained from ethyl ether,
and schematic representation of the core—core distance between the
NCs (B1), TEM image for OA@Ag-NCs from ethyl ether, scale bar 50 nm
(B2).

increase in the dielectric constant of the dispersing solvent
alters the conformation of the oleylamine alkyl chains due to
less favorable solvent-chain interactions.

Influence of solvent dielectric constant on low ligand density
NCs self-assembly: Pt-NCs

The results of the Pt-NCs functionalization from all three sol-
vents, presented in Fig. 9, highlighted the formation of dis-
ordered aggregates. This lack of organization is attributed to
the comparatively lower ligand density on Pt-NCs surface
(~35% surface coverage), reducing interparticle interactions
necessary for ordered self-assembly.

For the OA@Pt-NCs in water obtained from both cyclo-
hexane and toluene, SAXS curves (Fig. 9A1 and B2) were suc-
cessfully fitted using the model described in eqn (10) (see
Materials and methods section), or both samples, the low-q
region was characterised by a power-law decay of g3, charac-
teristic of mass fractal aggregates.

At higher-q values, the core-shell sphere model allowed us
to fit the curve and obtain structural parameters. For OA@Pt-
NCs in water obtained from cyclohexane, we obtained a core
radius = 4.3 + 0.5 nm and a shell thickness = 2.5 + 0.1 nm, and
for OA@Pt-NCs in water obtained from toluene, we obtained a
core radius = 4.6 = 0.5 nm and a shell thickness = 2.0 +
0.1 nm. These results align with the Pt-NC core size derived
from the statistical analysis of the TEM images and the oleyla-
mine chain length estimated via the Tanford equation.

In the case of OA@Pt-NCs obtained from ethyl ether
(Fig. 9C1 and C2), we have the formation of a disordered aggre-
gate. In this case, it was only possible to determine the SAXS

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 SAXS pattern for OA@Pt-NCs in water from cyclohexane (A1),
TEM image for OA@Pt-NCs from cyclohexane, scale bar 50 nm (A2)
SAXS pattern for OA@Pt-NCs in water from toluene (B1), TEM image for
OA@Pt-NCs from toluene, scale bar 50 nm (B2), SAXS pattern for
OA@Pt-NCs in water from ethyl ether (C1), TEM image for OA@Pt-NCs
from ethyl ether, scale bar 50 nm (C2). In all cases, the functionalisation
of Pt-NCs leads to the formation of disordered supramolecular struc-
tures, independently from the dispersing solvent, as illustrated in the 3D
schematic representations in the SAXS panel.

intensity decrease as a function of g as a ¢—* power law, typical
of a mass fractal.

Supramolecular aggregates’ optical properties

An interesting aspect of these systems is their optical pro-
perties, particularly the effect that the nature of the structuring
within the supramolecular structure has on them.>>™>*

Our investigation of the optical properties of OA@M-NCs in
water yielded significant results. First, the reported spectra in
Fig. 10 shows, significant differences in the spectra profile with
respect to the individual M-NCs in organic solvents. This is
linked to the fact that the localized surface plasmon resonance
(LSPR) of M-NCs is strongly influenced by the presence of other
M-NCs in their vicinity.>® For instance in an FCC structure, the
minimum distance between two neighboring the minimum dis-
tance between two neighbouring nanocrystals is greater rather
than in a C14 FK structure, as determined for the OA@Au-NCs
system in the structural characterisation section.

These findings underscore the intricate relationship
between the structural configuration and optical properties of
M-NCs, which is crucial for the fine design of nanomaterials
with specific properties.
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Fig. 10 UV-Vis Spectra for OA@Au-NCs includes, in violet, the UV-Vis
absorption spectrum of the FCC ordered assembly (with a 3D schematic
representation); in light violet, the absorption spectrum of the C14 FK
phases assemblies, which, independently of the functionalization
solvent, give rise to the same absorption properties (with a 3D schematic
representation); and in magenta, the UV-Vis spectra for the disordered
assembly of OA@AuU-NCs with its 3D schematic representation (A). The
UV-Vis Spectra for OA@Ag-NCs shows, in dark orange, the absorption
spectrum of the C14 FK phase assembly (with a 3D schematic represen-
tation) and in orange, the UV-Vis spectra for the repetitive core—core
distance assembly of OA@Ag-NCs with its 3D schematic representation
(B). Lastly, the UV-Vis spectra for the OA@Pt-NCs disordered assembly
and their schematic 3D representation highlight the formation of a dis-
ordered aggregate in all cases, which resulted in the same optical pro-
perties, independently of the functionalization solvent (C).

Tuning order: how solvent polarity and ligand density shape
nanocrystal self-assembly

Understanding the combined influence of the solvent’s dielec-
tric constant and the ligand density on the surface of NCs is
crucial for modulating their self-assembly into supramolecular
structures. In the previous sections, we highlighted how vari-
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ations in these parameters govern the spatial organization and
packing efficiency of NCs, ultimately dictating whether
ordered aggregates can form.

Moreover, understanding how these parameters can be
leveraged to modulate the formation of specific ordered aggre-
gates is crucial for the rational design of structures with tai-
lored optical properties, as discussed in the previous section.

The results illustrated in this study showed that higher
ligand density enhances steric stabilization and facilitates the
formation of ordered aggregates. In our study, we proved that
Au-NCs exhibit the highest ligand density, enabling robust
packing and consistent ordering across various solvent con-
ditions. In contrast, Ag-NCs, with intermediate ligand density,
form ordered aggregates in low-polarity solvents but struggle
to achieve similar organization in polar environments. Pt-NCs,
characterized by the lowest ligand density, fail to establish
ordered arrangements under most conditions, as reduced
steric repulsion leads to aggregation dominated by van der
Waals interactions.>®

The study of all systems reveals a profound interdepen-
dence between the dielectric constant of the dispersing solvent
and the ligand density on the NC surface, collectively govern-
ing supramolecular organization. The dispersing solvent pri-
marily dictates the spatial conformation and flexibility of the
ligand shells, modulating interparticle interactions and assem-
bly dynamics. Conversely, ligand density exerts a decisive influ-
ence on steric stabilization, dictating the NCs’ ability to resist
attractive forces and achieve ordered packing. These insights
underscore the necessity of a dual-parameter optimization
strategy, balancing solvent properties with surface chemistry,
to precisely control self-assembly processes.

To better elucidate the influence of the oleylamine ligand
shell on the self-assembly of M-NCs into ordered supramolecu-
lar structures, we calculated the e/L ratio, where e is the
minimum thickness of the ligand shell, and L is the oleyla-
mine carbon chain length. This parameter is crucial in under-
standing how the ligand shell characteristics influence the
self-assembly into ordered supramolecular structures.

In the case of the OA@Au-NCs exhibiting FCC organization,
the calculated e/L was 1.8, which denotes little to no interpenetra-
tion of the ligand chain. This finding is consistent with the pre-
dictions of the Optimal Packing Model (OPM), which describes
close-packing arrangements without significant ligand
interdigitation.>’° The FCC organization was observed when the
supramolecular aggregate in water was obtained from the
functionalization of Au-NCs dispersed in ethyl ether, where it was
found that the oleylamine alkyl chain was in a different confor-
mation, due to the less favourable interaction with the solvent,
which inhibited interdigitation during the self-assembly process.

In the case of the C14 FK supramolecular structures, we
obtained an e/L equal to 0.7, 0.75, and 0.8 for OA@Au-NCs
obtained from cyclohexane, OA@AuU-NCs obtained from
toluene, and OA@Ag-NCs obtained from cyclohexane, respect-
ively. These values are consistent with the Overlapping Cone
Model (OCM), which describes a densely interdigitated ligand
shell arrangement.®”~>°

15836 | Nanoscale, 2025, 17, 15829-15840

View Article Online

Nanoscale

Interestingly, a solvent-dependent increase in e/L was
observed within the C14 FK structures. For Au-NCs C14 FK
assemblies, the higher ratio obtained in OA@Au-NCs in water
obtained from the functionalization of Au-NCs dispersed in
toluene, compared to the OA@AuU-NCs in water obtained from
the functionalization of Au-NCs in cyclohexane, is due to the
conformational changes of oleylamine alkyl chain in toluene,
which prevents optimal packing. This variation underscores
the interplay between ligand flexibility and solvent interactions
in modulating structural organization. Additionally, the
observed differences in packing efficiency between Au-NCs and
Ag-NCs are attributed to the lower ligand coverage on Ag-NCs.
Reduced ligand density on Ag-NCs limits steric stabilization
and introduces structural heterogeneity, affecting the overall
supramolecular arrangement.

The e/L ratio values reported in this study are consistent
with findings by Pansu et al.*® where alkane-thiol-capped Au-
NCs exhibited hexagonal packing when e/L < 1, while FCC
arrangements were observed for e/L values between 1.0 and
1.8. This agreement reinforces the validity of the observed
trends and highlights the utility of the e/L ratio as a predictive
metric for supramolecular assembly behavior across different
capping ligands and solvent conditions.

Conclusions

In summary, this study thoroughly explored the impact of sol-
vents with increasing dielectric constant and different refractive
index, such as ethyl ether, chloroform, cyclohexane, and toluene,
on the properties of coated metal nanocrystals. The difference in
refractive index differentially affects the optical properties of syn-
thesized NCs. Specifically, our results confirm that silver NCs
demonstrate higher sensitivity than their gold counterparts and
that sensitivity decreases with smaller NC dimensions.

We also investigated how the dialectic constant of the disper-
sing medium (solvent polarity) and the degree of surface coating
of alkyl molecules, which is strongly influenced by the interaction
of the amine group with respect to the metal,’*®* can influence
the formation of ordered supramolecular aggregates, including
FCC and C14 FK phases. Our comprehensive approach revealed
that metal nanocrystals with high ligand density can form
different ordered supramolecular structures, and that the type of
structure can be modulated by varying the dielectric constant of
the dispersing solvent. These findings highlight the importance
of the ligand alkyl chain conformation in the self-assembly. The
obtained results underscore the importance of optimizing both
the solvent environment and surface chemistry to control the
structural assembly of M-NCs.

Materials and methods

Materials

Gold(u) chloride solution (99.99% trace metal basis, 30 wt%
in dilute HCI), silver nitrate (AgNO3) (>99.0%), platinum acetyl-

This journal is © The Royal Society of Chemistry 2025
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acetonate (97%) (Pt(CsH,O,),), oleylamine (technical grade
70%), chloroform (>99.5% contains 100-200 ppm amylenes as
a stabilizer), toluene (>99.7%), ethyl ether (>99.8% contains
BHT as inhibitor), cyclohexane (>99.5), acetone, ethanol 96%
were purchased from Merck (Germany) and used without
further purification. All aqueous solutions were prepared
using double-distilled Milli-Q water and filtered using 0.20 um
filters.

All the NC syntheses were conducted in such a way as to
have the same nanocrystal precursor and oleylamine ratio
(equal to 0.01).

Au-NCs synthesis

50 pL of HCI solution of HAuCl, and 1.5 mL of oleylamine
were added in a 25 mL three-neck flask. First, the mixture was
heated up to 60 °C for 10 minutes to allow the homogenization
of the reaction mixture, then it was heated to 140 °C and kept
at this temperature for 30 minutes, at the end of which it was
heated up to 230 °C and kept in this condition for
60 minutes.®> The whole process was carried out under Argon
atmosphere to prevent the occurrence of unwanted secondary
reactions. At the end of the synthesis, 10 mL of ethanol was
added to the mixture and centrifugated for 10 minutes at 8000
rpm; the procedure was repeated three times to wash out all
the unreacted starting reagents. The final product was stored
in cyclohexane, toluene, ethyl ether, or chloroform.

Ag-NCs synthesis

0.1013 g of AgNO; and 20 mL of oleylamine were added in a
three-neck 100 mL flask. The reaction mixture was heated up
to 60 °C for 10 minutes to favour the homogenization of the
reaction mixture, then it was heated up to 190 °C and kept at
this temperature for 60 minutes.”® The whole process was
carried out under an inert Argon atmosphere to prevent the
occurrence of secondary unwanted reactions. At the end of the
synthesis 40 mL of acetone was added to the mixture and cen-
trifugated for 10 minutes at 8000 rpm; the procedure was
repeated three times. The final product was stored in cyclo-
hexane, toluene, ethyl ether, or chloroform.

Pt-NCs synthesis

0.02 g of Platinum acetylacetonate and 5 mL of oleylamine
were added to a 25 mL three-neck flask. First, the reaction
mixture was heated up to 80 °C for 15 minutes to favour the
homogenization of the reaction mixture, and then it was
heated up to 190 °C for 60 minutes.®® The system was kept
under argon atmosphere for the whole process to prevent the
occurrence of unwanted secondary reactions. At the end of the
process 10 mL of ethanol was added to the mixture and centri-
fugated for 10 minutes at 8000 rpm; this step was repeated
three times. The final product was stored in cyclohexane,
toluene, ethyl ether, or chloroform.

Nanocrystals functionalization

The NCs were functionalized using a microemulsion
functionalization approach, where the oleic acid (OA) was used

This journal is © The Royal Society of Chemistry 2025
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as a functionalization agent. A certain amount of Au, Ag, or Pt-
NCs was placed in a glass vial and then a specific amount of
OA was added to the NCs and well mixed in such a way to have
a 10:1 (NCs: OA) molar ratio. Particularly, in the present work
we used 1 mM M-NCs suspensions and a stock solution of
1 mM OA. OA was added to the organic suspension of M-NCs
since it is not well soluble in water. At this point, water was
added driving the formation of a biphasic system. Such
sample was then tip sonicated for 5 minutes to allow the for-
mation of a monophasic system, and after that, the samples
were left under magnetic stirring for 24 hours to allow the
evaporation of the organic solvent.®

Dynamic light scattering (DLS)

Dynamic Light Scattering (DLS) experiments were carried out
to determine the sizes of the supposed monodispersity and
the effect of the solvent on the hydrodynamic radius of the
NCs here obtained. The measurements were carried out
employing an LSI spectrometer composed of a fibre-coupled
laser operating at 638 nm. The experiments were recorded at a
constant temperature of (25.0 + 0.1) °C using a thermostatic
bath, with a scattering angle 6 of 90°.

The experiments were carried out for each system on at
least 3 independent samples. The correlation functions were
analyzed with the CORENN algorithm, and the obtained
diffusion coefficient was used to estimate the hydrodynamic
radius, Ry, using the Stokes-Einstein equation:

kT

Ry=—
67174(D)

(2)
where k is the Boltzman constant, 7T is the absolute tempera-
ture, and 7, is the solvent viscosity. This allowed us to obtain
the hydrodynamic radius of the scattering object.®®*”

Transmission electron microscopy (TEM)

Morphology and core dimensions of the NCs were studied by
Transmission Electron Microscopy (TEM) using a FEI TECNAI
G2 200 kV microscope (FEI Company, Dawson Creek Drive
Hillsboro, OR, USA). The samples were prepared by placing
5 pL of a given sample onto a carbon-coated grid and allowed
to air dry before imaging. All the acquired images were ana-
lysed using the Image] software.®®

Cryo-EM sample preparation and data collection

For Cryo-EM experiments, sample vitrification was carried out
using a Mark IV Vitrobot (Thermo Fisher Scientific). 3 pL of
OA@AuU-NCs suspension was placed on a C-Flat 1.2/1.3-300 Cu
grid previously glow discharged at 30 mA for 30 s in a GloQube
(Quorum Technologies). The sample was blotted and plunge-
frozen into liquid ethane. The vitrified sample was transferred
to a Talos Artica transmission electron microscope (Thermo
Fisher Scientific) and EPU 2.8 (Thermo Fisher Scientific) soft-
ware. All acquired images were analysed using Image]
software.
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Fourier transform infrared spectroscopy (FTIR)

Fourier-transform Infrared Spectroscopy was employed to
evaluate the capping agent surface coverage of the NCs. The
experiments were carried out using an FTIR 4700LE (Jasco
Europe Stl, Lecco, Italy) in the range 400-4000 cm™'. Spectra
were recorded in ATR mode by accumulating 128 scans with a
resolution of 2 cm™". Particularly, to be able to compare the
results obtained from this analysis to get a relative coating
degree of the M-NCs we prepared Au-NCs, Ag-NCs, and Pt-NCs
suspension at the same concentration of 1 mM, and then the
same amount of such suspensions (100 pL) were transferred
onto a KBr pellet, let dry and then analysed.

UV-visible spectroscopy

UV-visible spectroscopy measurements were performed using
a Jasco V-750 instrument (Jasco Europe Srl, Lecco, Italy)
equipped with a deuterium lamp (190-350 nm) and a halogen
lamp (330-900 nm) to study the absorption properties of the
here studied NCs. The experiments were performed using a
quartz cuvette with an optical path of 1 cm, using a bandwidth

of 1 nm and a scanning speed of 200 nm min™~".

Thermogravimetric analysis (TGA)

TGA analyses were conducted using a PerkinElmer Pyris
Diamond TG/DT Analyser. A sample of approximately 20 mg
was analysed in the temperature range of 50 °C to 550 °C at a
10 °C per minute under nitrogen flow.

Ligand density was calculated applying the following
equation:

s P

My AnT core®

(3)

where N, is the Avogadro number, p.ore is core bulk density,
Teore 1S M-NCs core radius, and M, is the oleylamine molecular
weight.®’

Small angle X-ray scattering (SAXS)

The ordered structuring of the functionalized NCs was investi-
gated by Small Angle X-ray Scattering (SAXS) experiments.
Such experiments were conducted at the Diamond Light
Source B21 beamline (Didcot, United Kingdom). B21 beamline
configuration consisted of a beam energy of 13.018 keV and a
sample-to-detector distance of 3.7 m. With this setup, we col-
lected data for the scattering vector modulus Q = 4x sin(6/2)A
between 0.0045 A™" and 0.34 A™', where 0 is the scattering
angle.”®

C14 FK phase unit cell parameters were derived using the
following equations:

2 2n

“= 75%00
c= \/ga (5)
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d=— 6
; (6)
€= 2rcore — d 7)
FCC unit cell parameters were derived as:
2
a=3-L (8)
q111
a
d=— 9
7 ©)

OA@Pt-NCs data were analysed using the appropriate
model to fit the data. In the present work, experimental data
were fitted with the SASView v5.0.6 Software (https:/www.
sasview.org/) using a plugin model that combines the Power
Law and the Core-Shell Sphere models.

I(q) = scale - g~ PO + &aleFZ(q) + background (10)
where
3 sin(gr.) — gr. cos(qr.
F(q) = — | Velpe — ps) (gre) —q 63 (gre)
Vs (qre)
. (11)
sin(grs) — qrs cos(qgr.
+ VS(/)S _/)solv) (q S) 1 53 (q S)
(grs)

where Vy is the volume of the whole particle, V. is the core
volume, r; = radius + thickness is the radius of the particle, r.
is the core radius, p. is the core scattering length density, ps is
the shell scattering density, pgnen is the solvent scattering
length density.”*
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