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Colloidal nanocrystals (NC) are known to self-organize into superlattices that promise many applications
ranging from medicine to optoelectronics. Recently, the formation of high-quality PEGylated gold NC
was reported at high hydrostatic pressure and high salt concentrations. Here, we study the formation
kinetics of these superlattices after pressure jumps beyond their crystallisation pressure by means of
small-angle X-ray scattering with few ms experimental resolution. The timescale of NC formation was
found to be reduced the larger the width of the pressure jump. This is connected to an increase of
crystal quality, i.e., the faster the NC superlattice forms, the better the crystal quality. In contrast to the
formation kinetics, the melting of the NC superlattice is approximately one order of magnitude slower

rsc.li/pccp and shows linear kinetics.

Highly ordered 3D assemblies of nanocrystals (NC), so called
supercrystals or superlattices, attract ongoing research interest
because they allow for designing new materials with properties
tunable via their geometry and composition." In the case of
gold nanocrystals (AuNC), especially their plasmonic properties
are of interest.*” In AuNC superstructures, interparticle plas-
monic coupling results in new emerging modes and strongly
enhanced electric fields on the nanoscale that can be utilized
for high performance enhanced spectroscopies and optical
metamaterials.” Plasmonic properties strongly depend on the
geometry of the superstructures. A well defined, crystalline
geometry results in well defined optical properties (e.g., sharper
absorption peaks compared to a less ordered system) and light-
matter coupling strengths, field enhancements and energies
of plasmonic modes are dictated by the crystal structure and
lattice constant among others.*” In consequence, a proper
understanding of superlattice formation is essential to control
such parameters.

The most common way of producing such superlattices is
the self-organisation from nanocrystal suspensions.®*™* This
process is usually based on solvent evaporation, precipitation
or the addition of a non-solvent'' and consequently has to
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be slow to obtain high-quality superlattices. The in situ NC
self-assembly processes are usually studied by X-ray scat-
tering methods at synchrotron radiation sources, allowing for
different experimental environments and geometries."*™®
However, as many studies focus on the structure and structural
transitions little is known about the kinetics of the superlattice
formation.'®™>*

We have recently demonstrated that pressure can trigger the
assembly of PEGylated AuNC into highly ordered superlattices
in solution.>” While the majority of high-pressure experiments
on NC assemblies investigate pressure effects on pre-ordered
assemblies,> we observed the formation of superlattices from a
liquid state. A striking feature was that superlattices were
formed fast, within seconds, and reversibly, indicating a phase
transition. This could be explained by the combined effect of
salt and pressure on the PEG ligand shells of the AuNC. Here,
we study the kinetics of superlattice formation in more detail.
To this end we performed different pressure jumps around the
transition pressure and monitored the response of the system
with time-resolved small-angle X-ray scattering (SAXS). Experi-
ments at modern synchroton radiation sources provide high-
quality SAXS data of soft matter samples with time resolution in
the (sub-)ms regime thus allowing to monitor the structure
evolution and kinetics of superlattice formation and dissolu-
tion in situ. We find a clear dependence, structurally and
kinetically, on the magnitude Ap of the pressure jump. The
formation kinetics of the superlattice exhibits an exponential
trace with a growth rate determined by the increase of attractive
interparticle interaction due to deswelling of the PEG shell.
In contrast, the dissolution of the superlattices upon reducing
the pressure follows an initial linear kinetics.
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Experimental
Sample preparation

We employed gold nanocrystals with a radius of about 6 nm
and with a low dispersity of less than 7% that were prepared
following earlier studies.>**> The nanocrystals were coated
with o-methoxypoly(ethylene glycol)-o-(11-mercaptoundecanoate)
(PEGMUA) ligands with M =~ 5000 g mol . The NC were
dispersed in an aqueous solution with 2 M RbCl. The particle
concentration was 500 nM corresponding to a volume fraction of
about 1 vol% AuNC. This system is known to self-assemble after
solvent evaporation®>”” and is supposed to form a superlattice
around p & 3000 bar.?*

X-ray scattering experiment

The SAXS experiment was conducted at beamline 122, Diamond
Light Source (Didcot, UK).”® We used a hydrostatic high-
pressure set-up®® which is sealed with two diamond windows.
This environment was designed for performing pressure jumps
within 5 ms. The X-ray energy was set to 18 keV, corresponding
to a wave-length of 1 = 0.68 A, allowing to penetrate the
windows of the pressure cell. The sample suspensions were
filled into polycarbonate capillaries, sealed and placed into the
pressure chamber before the measurements. SAXS patterns
were recorded by a PILATUS 3-2M detector 6.7 m downstream
the sample. The beam size (FWHM) was 140 um x 230 um
(v x h). First, we carefully checked for radiation damage of the
sample by using different absorbers attenuating the beam
intensity on the sample. Second, we verified the crystallisation
pressure of the suspension by taking SAXS patterns at pressures
above 2000 bar in steps of 100 bar. We observed crystallisation
at a pressure p. between 2900 bar and 3000 bar which coincides
with our previous results for the salt and particle concentration
used here.”” For studying structural variations after a pressure
jump, we first set the pressure below the crystallisation pressure
to po. We measured a sequence of SAXS patterns of 30 s duration
with the maximum repetition rate of the detector of 250 Hz,
i.e. tmin = 4 ms resolution. After ¢ = ¢;= 1 s (250 SAXS patterns), the
pressure jump took place to the final pressure py. This procedure
allows us to compare the sample before and after the pressure
jump with decent counting statistics. In the following, data was
averaged over five frames to improve the statistics, leading to an
effective time resolution of Zyin efr = 20 ms.

Results

In SAXS experiments on spherical particles, the intensity is
given by I(q) oc P(q)S(q), with the wave vector transfer g =
4rnsin(0/2)/4 and scattering angle 0. The particle form factor P(q)
contains information about the particle size, dispersity and
shape and can be measured using a dilute dispersion. The
structure factor S(g) as the Fourier transform of the radial
distribution function reflects interparticle interactions, e.g.,
Bragg reflections in case of crystalline samples. SAXS patterns
taken at 2900 bar and 3100 bar are shown in Fig. 1(a), suggesting
the transition from the liquid to the crystal phase between both
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Fig. 1 (a) Two dimensional SAXS patterns from the liquid (2900 bar) and
crystal (3100 bar) phase. (b) SAXS profiles /(g) at different times t for the
pressure jump to ps = 3220 bar averaged over 200 ms exposure time.
Curves are shifted vertically for clarity.

pressures. Exemplary SAXS profiles measured in a pressure jump
series from p, = 2700 bar to p¢ = 3220 bar are shown in Fig. 1(b).
The scattering signal is dominated by the form factor of the gold
core expressed by the oscillations with increasing g. This form
factor does not show any variation with pressure.*® With increasing
¢t after the pressure jump at ¢t = 1 s, a peak appears around
g = 0.23 nm ™', accompanied by modulations at larger g. As the
form factor does not vary with p, we concentrate here on the
structure factor S(g) highlighting such modulations.

Fig. 2 shows the development of the structure factors S(q) =
I(g)/P(q) for different pressure jumps starting at p, = 2700 bar
and p, = 2900 bar, respectively, both below the crystallisation
pressure p.. At short times (¢ < 1 s) the structure factor is
S(g) ~ 1, i.e., we do not observe any significant difference from
a form factor as expected for the particle concentration used in
this study. After the pressure jump at ¢ = 1 s, all measurements
show similar trends. First, the intensity for g — 0 nm ™" grows,
suggesting formation of agglomerates. Second, a peak appears
around ¢ ~ 0.23 nm~ ' which is accompanied by modulations
at larger g. Note that both features are not observed for pr < p..
While this observation proves the formation of ordered super-
structures after the pressure jumps, the structure factor peaks
appear faster and more pronounced the higher pr. This suggests
different kinetics of the superstructure nucleation and growth
depending on p¢ and can be analyzed in more detail by tracking the
peak value Sp,ax of S(g) over the experimental time ¢, see Fig. 3(a).
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Fig. 2 Structure factor S(q) variation forg < 0.5 nm~! after the pressure jumps. The pressure jump took place at t ~ 1s. The initial and final pressure pg

and py are labeled in each subfigure. The curves are shifted vertically for clarity, successively by 0.5.

Therein, the results are shown from the four S(g) series discussed
in Fig. 2. For all pr the data shows strong fluctuations that resemble
the statistical accuracy of the SAXS measurement due to the short
exposure time. Nevertheless, an increase of Sy« with ¢ is found for
all py, indicating increasing degree of order in the system. For the
two highest pressures shown S, strongly increase after the
pressure jump whereas the two lower pressures result in a slow
increase. This was modeled by a limited exponential growth
model as

S (1) — 1 = Sac — S exp(J - ”'), (1)
T

with #;=1 s as the time of the pressure jump. It is important to note
that the fit was limited to the t-values for which the black lines were
plotted in Fig. 3(a). In general, Sy shows a second slower
relaxation at longer times suggesting, e.g., that Sy for pr =
3220 bar will approach the value of p¢ = 3580 bar for t — 0.

As already visible from Fig. 2, the characteristic time
decreases with py, i.e., the higher the pressure jump, the faster
the formation of order in the sample system. The resulting
growth limit S, is compared to the characteristic formation
time 7 in Fig. 3(b). Therein results from an additional dataset
with po = 2700 bar and p¢ = 2960 bar very close to p. are shown
as well. The characteristic time scale 7 of the growth of S;,.
varies between (2960 bar) ~ 25 s and t(3580 bar) ~ 0.3 s and

This journal is © the Owner Societies 2019

roughly follows an exponential decay. The growth limit
S = Smax(t & ) increases from 1.14 to 2.55. Obviously, the
shorter the time scale t to reach S, - and consequently the
larger Ap - the higher S, and thus the degree of order in the
sample. We modeled this behavior by an exponential relation
between S, and t (solid line in Fig. 3(b)) which suggests a limit
of S, (r = 0) = 2.6. However, due to the limited number of
pressure jumps, other relations may describe the data as well
fulfilling S..(t - o) — 1.

In order to gain more insight into the structural variation
after the pressure jump, we extracted the position gm.x where
S(gmax) = Smax as well as the width w of the first structure factor
peaks shown in Fig. 2. The values have been obtained from
Gaussian fits to the S(g) peaks and are shown in Fig. 3(c). For
t < t;=1 s the data show a large spread because no significant
peak can be found. Therefore, we concentrate the discussion to
t > t;. Depending on py, the first measurable values of gpax vary
between ~0.227 nm ! and ~0.235 nm™'. Furthermore, we
found the higher py, the higher gn.x. With increasing time ¢,
gmax continues to grow and hardly saturates within our experi-
mental time of ¢,,,x = 30 s. The position gnax can be associated

to the particle-particle distance d = 2m/3/2 / Gmax assuming

that it represents the position of the (111) fcc Bragg reflections.
This assumption is supported by our previous publication,”?

Phys. Chem. Chem. Phys.


https://doi.org/10.1039/C9CP04658E

Published on 12 September 2019. Downloaded by EUROPEAN MOLECULAR BIOLOGY LABORATORY on 9/18/2019 2:56:45 PM.

Paper
a
I p; (bar)
255 o 3040 e 3220
; 3130 e 3580 .
2k y = > y

5 10 15 20 25 30
b t(s)

25} +#+ data from Eq. 1
——exponential decay

1 2 1 L M M 1

0 5 10 15 20 25 30
T(s)

View Article Online

PCCP

(wu) p

10 15 20 25 30
t(s)

Fig. 3 (a) Structure factor peak value Syax as function of t. The dashed line marks the pressure jump at t ~ 1s. Solid lines are fits of egn (1). (b) Growth
limit S, as function of time scale 7 from fits shown in panel (a) for part of the data. Solid line is an exponential decay as guide to the eye. (c) Position
QGmax (top) and width w (bottom) of the first S(q) peak. The dashed line marks the pressure jump att ~ 1s.

where we studied the structure of the fcc superlattices formed
at high pressures. The interparticle distance d is also given on
the right axis of Fig. 3 (c,top). Our results demonstrate, that
d shrinks by approximately 1 to 1.5 nm during the 29 s after
the pressure jump depending of p¢, revealing as well a slow
compression of the formed superstructures.

The peak width w shown in Fig. 3 (c,bottom) exhibits a
different behavior. While w drops with ¢ with a rate that
depends on p¢ — the higher p¢ the higher the rate - it saturates
at different values wy. The characteristic time 1,, and saturation
width w¢ are modeled by an exponential assuming a constant
value of wy, ~ 0.6 nm™' for ¢ = ¢; and are given in Table 1.
In general, 7, is found to be shorter than 7. Thus, the distribu-
tion of interparticle distances is defined first, afterwards the
number and size of crystallites grows (increase of Spax)-
Furthermore, wy is higher for small p;. Remarkably, the two
highest studied pressure jumps do not differ significantly in
wr. As widths of Bragg reflections are typically reciprocally
connected to larger superstructures with higher crystallinity,
we conclude that the quality of the superstructure formed by
pressure jumps can be tuned by py.

Table 1 Characteristic time 7,, and saturation width ws of the peak width
for different pressure jumps

Pressure py (bar) Time 7y (S) Wwidth we (nm™1)
3040 6.1 £ 0.9 0.138 £ 0.013
3130 3.1+0.2 0.078 £+ 0.002
3220 0.51 £ 0.02 0.0492 + 0.0006
3580 0.07 £ 0.02 0.0458 £ 0.0003

Phys. Chem. Chem. Phys.

As reported earlier,?” the superstructures were found to melt
once the pressure dropped to 1 bar. To study the kinetics of this
melting process, we performed a pressure jump from 3220 bar
to 2770 bar. The sample shown in Fig. 2 (bottom, left) was kept
at 3220 bar for few minutes to allow the crystal to grow.
Afterwards, the pressure jump protocol was used in the same
way as before, ie., at t = 1 s of the SAXS pattern series the
pressure jump to 2770 bar has been performed, see Fig. 4(a).
Consequently, the structure factors measured at ¢ < 1 s show
a narrower and asymmetric structure factor peak around
gmax & 0.22 nm™' together with well-developed peaks at
larger g. This resembles well the structure factor of a fcc lattice,
covering the (111) reflection at g,ax With the (200) as shoulder
at 0.25 nm™ " as well as the (220) and (311) reflection at 50 &
0.37 nm ' and ¢z;; X 0.43 nm ', respectively. After the
pressure jump at ¢; = 1 s, the peaks become less pronounced.
This is demonstrated by tracking S,.x as a function of ¢, see
Fig. 4(b). Remarkably, at ¢; Sy, suddenly drops from approxi-
mately 3.4 to 2.6, which resembles the maximum observed S,
in Fig. 3(b). Afterwards, we observe a linear drop of Spax with a
rate of ASp. = —0.10 s ', which levels off for t > 10 s,
empirically modeled by an exponential decay. In Fig. 4(c) the
variation of the corresponding gmax and w are shown. At ¢;, both
rapidly drop similar to Sy,ax. The drop of gmax and the increase
of w reflect a sudden increase of the lattice constant with a
reduced crystallinity due to swelling of the PEG shells. Afterwards,
w relaxes slightly, before it continues to grow as expected for crystal
melting. In contrast, gmax grows as well suggesting further com-
pression. However, the remaining peak is very weak (¢f Fig. 4a)
which we interpret as a fingerprint from remaining agglomerates

This journal is © the Owner Societies 2019
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Fig. 4 Kinetics of pressure release. (a) Structure factors S(q) before and after pressure release from 3220 bar to 2770 bar. (b) Structure factor peak value
Smax Variation after pressure release at t; = 1 s (dashed line). (c) Evolution of peak position gmax and peak width w after the pressure release (dashed line).

with less defined inter-particle distance. Such agglomerates were
found to disappear after further waiting.**

Discussion

We have studied the kinetics of superlattice formation following
pressure jumps. The crystallisation pressure for our PEGylated
AuNC system at 2 M RbCI resembled the values reported earlier.>?
We associate the difference between the structure factors reported
here and in ref. 22, namely the smaller number of Bragg
reflections visible, mainly to the different experimental protocol.
In our previous study the pressure was increased significantly
slower. Furthermore, we added waiting times allowing the crystal
to grow as represented by a high number of Bragg reflections.
As we focused on the formation kinetics in this study we chose
short exposure times which challenges a more detailed analysis of
Bragg reflections as performed in ref. 22. By tracking the evolution
of the structure factors after pressure quenches above the crystal-
lisation pressure, we were able to follow the superlattice growth
with few ms time resolution. First, the peak of the structure
factors representing the superlattice growth was found to follow
an exponential and saturates at a certain value S, . The higher the
pressure jump Ap, the faster the superlattice formation.

This can be rationalized with a change of particle-particle
interaction at higher pressure. With increasing pressure, the
interaction potential becomes attractive.***! When the critical
pressure is reached, the solubility of the PEGylated AuNC is
reduced®” and water is expelled from the PEG shell,** similar to
temperature changes in thermoresponsive gels.>® This results
in an increasing attractive interaction dominated by the less
hydrated and less swollen PEG shells. Furthermore, it supports
our interpretation of the superlattice formation as a phase
transition that can be attributed to the solubility properties of
the PEG shells,?* which exhibit - analogue to the lower critical
solution temperature LCST - a lower critical solution pressure
LCSP, that is, the critical pressures reported herein. The larger
the pressure jump, the more attractive the interaction. Conse-
quently, the superlattice forms faster because of higher
probability of particles to interact and bind.** Although the
interparticle interaction is attractive, the PEG-shells prevent
sintering. The fecc structure of the crystallites indicates that the
attractive interactions are weak, allowing for some reorganisation

This journal is © the Owner Societies 2019

of the assembled NC. In contrast, a strong interparticle binding
would favor fractal assemblies without fcc structure.®*

Second, the faster the superlattice grows (small 1), the better
the crystal quality, expressed by the value of S, and the width
of the structure factor peaks w. Furthermore, the superlattices
were found to continuously compress after the pressure jump,
showing a reduction of next-neighbour distance of about 1 nm
within 30 s after the pressure jump. Third, while the super-
lattice formation was found to be exponential, melting after
fast pressure release was found to follow linear kinetics and
happens approximately one order of magnitude slower than the
superlattice formation.

Our results indicate that modification of Ap allows tuning
the crystalline quality of the assembled superlattice. In parti-
cular, fine-tuning of the next-neighbour distance is possible
within fraction of the particle size. This paves the way towards
preparation of high-quality NC assemblies directly from con-
centrated nanocrystal solutions by “freezing” the NC assembly
at a certain selection of the width of pressure jump Ap and time
t. It should also be possible to reversibly ‘“capture” analytes
within the superlattices for enhanced spectroscopy studies and
applications. Our study demonstrates that pressure allows for
extremely fast formation of high quality plasmonic superlattices,
and could therefore help producing defined superlattices in
various matrices (e.g. polymer melts). Future studies are encour-
aged to understand the role of this parameter in superlattice
synthesis and modification and to explore possible applications.
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