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We report on High Pressure Small Angle X-ray Scattering (HP-SAXS) measurements on 3D face-centered
cubic (FCC) supracrystals (SCs) built from spherical gold nanoparticles (NPs). Dodecane-thiol ligands are
grafted on the surface and ensure the stability of the gold NPs by forming a protective soft layer. Under
a hydrostatic pressure of up to 12 GPa, the SC showed a high structural stability. The bulk elastic
modulus of the SC was derived from the HP-SAXS measurements. The compression of the SC
undergoes two stages: the first one related to the collapse of the voids between the NPs followed by the
second one related to the compression of the soft matrix which gives a major contribution to the
mechanical behavior. By comparing the bulk modulus of the SC to that of dodecane, the soft matrix
appears to be less compressible than the crystalline dodecane. This effect is attributed to a less
optimized chain packing under pressure compared to the free chains, as the chains are constrained by

Received 5th June 2022
Accepted 19th July 2022

DOI: 10.1039/d2ra03484k both grafting and confinement within the soft matrix. We conclude that these constraints on chain
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Nanocrystals, used as building blocks, may self-assemble in
long-range ordered assemblies, so-called supracrystals (SCs).
They are a good example of a meta-material as their structural
architectures induce collective properties. Due to the plasmonic
optical properties of gold nanoparticles (NPs), gold supra-
crystals are attractive candidates for optical applications. Their
optical properties are reported to depend on both the structure
and the distance between the particles within the supra-
crystals.” The cohesion of these supracrystals is ensured by the
interaction between the gold cores, mainly via van der Waals
attraction, but it is also related to the stiffness of the soft shell
around each gold core.”> Different structures - face-centered
cubic (FCC) phases, body-centered cubic (BCC) phases as well
as Frank-Kasper phases — have been observed. However, to our
knowledge, no experimental study on the role of the soft matrix
stiffness on the self-assembly process has been reported yet. In
this respect, it is crucial to investigate in depth the stiffness of
the ligand shell within SCs. The study of the mechanical prop-
erties of gold SCs provides valuable information about the soft
matrix: this is the main objective of this paper. The elastic
properties of SCs can be determined from nano-indentation
measurements performed with an atomic force microscope on
films or on bulk domains.** Another way to apply stress is to use
diamond-anvil cells (DACs), standard devices for applying high
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packing within the soft matrix enhance the stability of SCs under pressure.

pressure (several GPa) to classical or geoscientific materials, but
also to the soft matter field.” The ordered structures can be
probed by in situ High Pressure Small Angle X-ray Scattering
(HP-SAXS) measurements under hydrostatic pressure. Due to
the thickness of the diamond windows, short X-ray wavelengths
and large intensities as provided by synchrotron facilities are
required.® Such experiments have been mainly performed on
ordered films of spherical gold NPs organized in an FCC phase,
under compression using a diamond anvil cell (DAC).”® In situ
HP-SAXS measurements showed that gradual elevation of the
external pressure from ambient to 8.9 GPa caused reversible
shrinkage of the dimensions of the lattice unit cell. As a result,
fine tuning of the interparticle spacing could be achieved. While
pressures between 8.9 and 13 GPa drove the NPs to coalesce to
form 1D nanostructures (nanorods or nanowires) and ordered
hexagonal arrays of the nanostructures with Pémm symmetry.
Such mechanical behavior has been reported for other types of
particles.®** Simulations have also been conducted® to under-
stand the mechanism that induces this structural change and to
emphasize the role of the ligands."”® HP-SAXS measurements
applied on bulk PbS nanocrystals® stabilized with oleic acid,
between ambient pressure and 12.5 GPa, revealed nearly perfect
structural stability of the SCs in an FCC phase.

This letter presents experimental results on the mechanical
behavior under hydrostatic pressure of an FCC SC built by
spherical gold NPs (Fig. 1), similar to those used in a simulation
study.'> These NPs consist of a gold core of diameter D, = 4.88 &
0.40 nm grafted with dodecane thiols. These particles self
assemble into large FCC SCs by a slow evaporation of volatile
oil. Then, they are loaded into a DAC cell with transmitting
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Fig. 1 (a) Schematic experimental set-up, (b) supracrystals FCC
structure.

medium (silicon oil). Synchrotron-based HP-SAXS measure-
ments were performed to monitor directly the in situ structural
evolution under hydrostatic pressure. When applying a pressure
up to 12 GPa, X-ray scattering has revealed a continuous
decrease of the parameter of the FCC cell. The bulk modulus of
the soft matrix surrounding the gold cores has been measured,
showing a large increase upon pressure. The comparison with
the bulk modulus of pure dodecane, with the same chain length
as that of the ligands (dodecane-thiols) is also made.
Considering the core size of the NPs and the length of the
ligands that were used, the expected structure, without any
solvent, is FCC."* The scattered pattern shown in Fig. 2a
confirms this structure. Upon applying pressure, a shift of the
peaks towards larger q is clearly observed (see Movie in ESIT). In

a)

log(l) (a.u.)

Q(A™)

Fig.2 (a) 2D scattered pattern at P = 0 GPa, (b) radial integration of the
intensity /(q) for different pressures.
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Fig. 2a, four domains with different orientations (see ESIT) have
been detected, all containing a three fold axis (111). The
domains slightly rotate at least at the beginning as revealed by
the change of the relative intensity of spots belonging to
different domains. The determination of the structure and the
value of the cell parameter was done from the radial integration
of the scattered intensity I(g).

Fig. 2b reports the radially integrated intensity I(q) as
a function of the wave vector g for different pressures. One
recovers the typical peaks of an FCC phase: 111, 200, 220, 311,
222, 400, 331, 420,.... Upon pressure, all peaks shift towards
larger g indicating a decrease of the cell parameter a. No
structural transformation has been observed in the investigated
pressure range.

The variation of the FCC cell parameter a as a function of the
increasing pressure a(P) is shown in Fig. 3a. When the pressure-
transmitting medium PDMS" is introduced in the cell,
a minimum of pressure is applied to fix it in the cell. By
increasing the pressure up to 0.2 GPa, one notices that the
decreasing slope of the a(P) curve is steep, revealing a drastic
decrease in the cell parameter from 96.5 A to about 94 A. Then,
in a second stage, above 0.2 GPa, the slope of the a(P) curve
becomes considerably less steep indicating a slower decrease in
the cell parameter.

Fig. 3b gives a crude interpretation of this behavior. At null
pressure, there is void in between the gold NPs. One can notice
that the PDMS gyration radius (2 nm) is too large to let the
PDMS penetrate into the supracrystals. When pressure is
applied, the soft shell is deformed and the void collapses: this is
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Fig.3 (a) FCC cell parameter in A upon pressure in GPa with insight at
low pressure. (b) Sketch of the behavior of the soft particles in the cell
upon increasing pressure.
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the first stage. However, below 0.2 GPa, the pressure control is
not precise enough in order to measure the bulk modulus in
this first stage.

At the end of this first stage, the void between the particles
vanishes. In a second stage, the variation of the cell parameter is
associated to the compression of the NPs. This behavior, which
involves two stages, is predicted through simulation studies.*>**
It shows that voids are present between the NPs, without any
trapped solvent.

Extracting the bulk modulus, above 0.2 GPa, from the data
requires a defined model. The behaviour and properties of earth
materials at high pressure and temperatures have been
described by different theoretical equation of state (EOS) P(V),
such as the Vinet model.** These models are based on the
interaction between atoms in solids. Several parameters are
introduced: the volume at vanishing pressure V,, the bulk
modulus at vanishing pressure B, and its derivative with respect
to pressure Bj. Even if soft matter systems behave as classical
solids, the interaction may be quite different. For polymeric and
glass systems, J. Rault'” has proposed another EOS based on
three parameters V,, V* and P*. V* is the limit volume at high
pressure and P* is related to the bulk modulus at vanishing
pressure:

Vo
By=pPr—2
0 Vo— V*
The EOS established by J. Rault is expressed in eqn (1) as
follows:

1

V— V= (Vy— V)
re= )1+P/P*

(1)

The bulk modulus at pressure P is expressed in eqn (2) as

follows:
V*+(V0—V*)/<1+§> o

Vo—V*

B(P) :P*<1 +If*>2

One can deduce from this expression that:

, Vo+ V*
BO: W

Both models have been tested and the Rault's one clearly
gives the better results over the whole pressure range applied in
this experiment. This model has been applied on the volume
per particle to extract the supracrystal bulk modulus.

The matrix volume per particle, where the matrix is defined
as the medium in between the gold cores (ligands + possible
void) is clearly an important variable in order to investigate the
behavior of the ligands. The matrix volume per particle is ob-
tained by subtracting the core volume from the volume per
particle. But the core is also compressed and its volume V.
depends on the pressure. This variation can be estimated using
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the bulk modulus of the gold core. This bulk modulus has been
measured'®" but for larger particles: Bg, = 167 GPa, B, being
estimated to 5.72. Recent AFM nanoindentation experiments on
small gold nanoparticles* have revealed an increase of the gold
stiffness for particles smaller than 7 nm. But, since the value of
the gold bulk modulus for small nanoparticles is not well
known, we have used the gold bulk modulus of large particles to
estimate the gold core volume upon pressure. V.(P) has thus
been approximated using a linear decrease upon pressure:
Ve(P) = Vc(0)(1 — P/(Bgp + B,P)). Then the bulk modulus of
the matrix can be determined in the same way as the supra-
crystal bulk modulus. However, in SI, we show that a larger bulk
modulus (300 GPa), as estimated from the AFM experiments,
would lead to close values for the matrix stiffness and does not
change the main result of this paper.

The two fits concerning the volume per particle and the
matrix volume per particle, obtained by subtracting V,(P) from
the volume per particle, are shown in Fig. 4. The error on the
pressure value measured in situ using the fluorescence of small
ruby crystals is less than 0.1 GPa.** The different parameters
extracted from the fits are detailed in Table 1.

The relationship between the two bulk modules, B, for the
supracrystal, for the matrix, is given by

BOM

1 . . .
¢oBo X gy where ¢, is the volume fraction occupied

1 - v
By /Bgold
. Vi
by the matrix at room pressure, ¢, = % and Bgolg, the gold
0

core bulk modulus. Since Bg,4 is large compared to By, one can
estimate that By = ¢oBo.

The mechanics of thiol-coated gold NPs supracrystals has
already been studied experimentally mainly by AFM, using
either AFM tips, colloidal probe or nano-indenter,® as well as by
simulation studies.'® For supracrystals built by gold NPs with
approximately the same NPs as studied in this paper (same core
diameter coated with dodecane-thiol ligands), the measured
bulk modulus is in full agreement with the literature. However,
it is about twice as large as that obtained by simulation studies
but the error on the experimental value is too large to really
compare the two values.
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Fig. 4 (red) Volume per particle upon pressure, (blue) volume of the
matrix only and (black dotted line) the fit using the Rault model.
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Table 1 Parameters deduced from the Rault Model relative to the
supracrystal (bulk) and the matrix only (bulk without gold cores)

Vo (nm®)  v*(nm®)  P*(GPa) B, (GPa) B,
Bulk 208 £1.5 1635+1 114+0.2 53+12 83=%0.,5
Matrix 150 £+ 1.5 108.5 £ 1 1.144+01 4141 6.2 £ 0.5

For a better understanding of the ligand behavior (dodeca-
nethiol), pure dodecane mechanics, under isotropic pressure,
have been investigated in the same experimental conditions.
Pure dodecane crystallizes under pressure at room temperature.
The crystalline structure of dodecane is triclinic (see ESIT). The
six crystallographic parameters have been measured from the
scattering patterns and the volume of the cell upon pressure has
been computed. The Rault's model has also been applied in
order to determine the bulk modulus (Table 2).

The mechanical behaviour of liquid dodecane below the
crystallization pressure (0.2 GPa) has been investigated by
Regueira et al.** By fitting their results with the help of the Rault
model, it is possible to compute the bulk modulus of liquid
dodecane just before crystallization: Byjy(P = 0.2 GPa) = 3 GPa.
At “low” pressure, close to 0.2 GPa, the matrix bulk modulus has
an intermediate value between disordered dodecane and crys-
tallized one. At this point, one can notice that no evidence of
crystallization inside the ligand matrix was detected in the
scattering pattern.

The behavior of the bulk modulus upon hydrostatic pressure
of the ligand matrix built with dodecane chains and pure
dodecane are compared in Fig. 5. Two different graphs are
shown: the ratio V/V, as a function of P (Fig. 5a) or the bulk
modulus B(P) computed with the Rault model (Fig. 5b) for both
systems.

In Fig. 5, the increase of the matrix bulk modulus upon
pressure is larger than the increase of pure dodecane bulk
modulus. Surprisingly, the matrix bulk modulus becomes close
to that of the gold core upon high pressure. This large increase
of the bulk modulus is not predicted by simulations.” The
matrix is built by ligands that are grafted on the NP surface,
with a large grafting density (5.2 ligand per nm?), as measured
using TGA, in perfect agreement with standard values.® The
ligands are confined between neighboring cores and the matrix
is not homogeneously filled. Upon high pressure, the matrix
restructuring is more difficult than for crystallized dodecane. In
the supracrystals, the ligands are grafted on the NP surface and
cannot shift along the backbones. The ligands are also con-
strained in a confined zone in between the gold cores. This
effect of confinement on the matrix bulk modulus is much
studied at present.* Ultrasonic experiments with a broader
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Fig. 5 Comparison of the mechanical response of matrix and
dodecane under pressure: (a) V/V(P) (b) B(P).

family of liquids are useful tools to explore how molecular
properties affect the compressibility of confined fluids. Never-
theless experiments are needed for fluids that have practical
importance for geophysics, ie., water or hydrocarbons. HP-
SAXS experiments on supracrystals give access to information
on the solvent compressibility in another pressure range, closer
to earth materials conditions.

This large value of the matrix bulk modulus at high pressure
prevents from coalescence of the gold cores. From this point of
view, the behavior of thin films with similar nanoparticles is
totally different since coalescence has been experimentally
proved. One may suspect that some ligands may detach from
the gold surface under pressure and diffuse to the film surface,
which is not possible in a 3D crystal. Therefore, a higher pres-
sure greater than 12 GPa should be applied to potentially
promote coalescence between the NPs inside 3D supracrystals.

A 3D FCC supracrystal built by spherical gold nanoparticles
grafted with dodecane-thiol has been investigated by HP-SAXS.

Table2 Parameters deduced from the Rault model relative to the pure dodecane in the crystalline phase (above 0.2 GPa) and in the liquid phase

(below 0.2 GPa) at room temperature

At room T Vo (A%) v* (A% P* (GPa) B, (GPa) B,
Cryst. dodecane P > 0.2 GPa 297 £ 2 209 £5 3.6 £0.5 52+ 1.2 5.8 £ 0.6
Liquid dodecane P < 0.2 GPa 378 £ 0.5 296 £ 7 0.23 = 0.03 1.05 £ 0.25 8+1
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In a first stage, the voids between the particles collapse, as
predicted by Liu et al.,” leading to a rapid decrease in the cell
parameter. In a second stage, the variation of the cell parameter
is dominated by the compression of the soft matrix surrounding
the gold cores. No structural transitions have been observed,
showing a strong structural stability under hydrostatic pressure
up to 12 GPa. The mechanical behaviour of the ligands was then
compared to that of pure dodecane. A large increase in the
matrix bulk modulus has been measured, larger than for pure
dodecane. This result is attributed to the fact that it is more
difficult to optimize the chain packing under pressure when the
chains are constrained by both grafting and confinement
compared to free chains. As a result, these constraints on the
chain packing inside the soft matrix enhance the stability of the
SCs under pressure. In further studies, higher pressure over
12 GPa should be applied in order to promote either structural
change or coalescence between the gold cores inside the
supracrystals. Since the rearrangement of the thiol ligands
under pressure may depend on the gold core interface curva-
ture, changing the gold core size and performing further
experiments with smaller or larger particles would be highly
valuable.
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