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Coarsening is a ubiquitous phenomenon' ® which underpins countless processes in Nature includ-
ing epitaxial growth>*; the phase separation of alloys, polymers, and binary fluids?; the growth of
bubbles in foams®; and pattern formation in biomembranes®. Here we show, in the first real time
experimental study of the evolution of an adsorbed colloidal nanoparticle array, that tapping mode
atomic force microscopy can drive the coarsening of Au nanoparticle assemblies on silicon surfaces.
Although the growth exponent has a strong dependence on the initial sample morphology, our ob-

servations are largely consistent with modified Ostwald ripening processes” °.

To date, ripening

processes have been exclusively considered as thermally-activated but we show that nanoparticle as-
semblies can be mechanically coerced towards equilibrium, representing a new approach to directed
coarsening. This strategy enables precise control over the evolution of micro- and nanostructures.

In our experiments, tapping mode atomic force mi-
croscopy (TM-AFM) is used to both drive and moni-
tor the evolution of 2D nanoparticle arrays (see Meth-
ods). Self-organisation in colloidal nanoparticle systems
gives rise to a panoply of intricate patterns'®'® and
the dynamics of the self-organisation process have been
investigated' 1416 In one case, a quench-and-observe
strategy has been used to ascertain the value of the coars-
ening exponent, «y for the time-dependent growth of clus-
ters of PbSe nanoparticles''. As compared to that study,
the mechanically driven evolution we observe (via a 'real
time’ study)) is associated with a markedly different scal-
ing exponent. Moreover, we show that the value of the
growth exponent arising from probe-driven coarsening
has a strong dependence on whether the initial sample
morphology comprises isolated clusters or ”labyrinthine”
assemblies.

Octanethiol-passivated Au nanoparticles were pre-
pared in toluene using the method pioneered by Brust
et al.!”. Small angle X-ray scattering at the XMaS
beamline of the European Synchrotron Radiation Facility
(ESRF) was used to characterise the average nanoparti-
cle diameter (2.0 nm) and size distribution (+8%). The
solvent was then allowed to evaporate from a small vol-
ume of the nanoparticles-in-toluene solution and the par-
ticles re-dissolved in nonane. (We find that the coars-
ening effect we observe is much more pronounced for
nanoparticles dissolved in simple alkanes as compared to
toluene. Tentatively, we ascribe this effect to the pres-
ence of tetra-octylammonium bromide impurities in the
original toluene-based solution'® which are not soluble in
nonane. Recent experiments with purified toulene-based
nanoparticle solutions appear to support this tentative
proposal). A 25 ul droplet of an appropriately diluted
solution was then placed on a native oxide-terminated
Si(111) substrate and the sample subsequently span at
4 krpm. The nanoparticle concentration was varied to
produce either ’spinodal’ or ’islanded’ sample morpholo-

gies. An Asylum Research MFP-3D atomic force micro-
scope (AFM) system operating in intermittent contact
mode with closed loop control was used to image (and
drive) the evolution of the resulting nanoparticle assem-
blies. Olympus AC240 silicon probes (spring constant:
2 Nm~! and resonant frequency: 70 kHz) were used to
acquire the data shown in Figs. 1 and 2. Stiffer Olympus
cantilevers (AC160) were also used in some experiments
(see Supplementary Information).

We first focus on the evolution of spinodal/labyrinthine
assemblies. Figs. 1(a)-(d) show snapshots from a TM-
AFM movie (Supplementary Information (SI), Video 1)
where a striking coarsening of the assembly, qualitatively
identical to that expected for an exclusively thermally-
driven process, is seen to occur. For dynamic scaling to
hold, the morphology of the system at a given point in
time is characterised by a single length scale, L(t). The
evolution of the radially averaged Fourier transform of
the system, S(k,t), following an initial transient, should
then be of the form®®:

S(k7t) = kmam(t)_2F(k/kma:r(t)) (1)

where, k;,q. is the peak position of the structure function
and F(k/kmaz(t)) is a time-independent master func-
tion. To check for the presence of dynamic scaling we
have therefore plotted S(k,t) taken throughout the ex-
perimental run of Figure 1 (see also SI Video 2) according
to Equation 1. As shown in Fig. 1(f), the structure func-
tions each collapse almost perfectly onto a single time-
invariant master curve.

That the system evolution we observe is not simply due
to natural - i.e. solely thermal - coarsening and arises
from probe-induced nanoparticle transport is clear from
Fig. 1(e). In this image we show the boundary between a
continuously scanned surface region and the surrounding
region (which has been scanned only once to acquire Fig.
1(e)). The boundary is seamless. Use of a higher spring
constant cantilever produces a much more rapid evolu-
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FIG. 1: Coerced coarsening of a nanoparticle assembly. a -
d are frames (1 pm?) from an AFM movie (Supplementary
Material, Movie 1) of the evolution of a 0.55 monolayer (ML)
coverage of nanoparticles over the course of 8 hours of scan-
ning. Each frame is separated in time by ~ 2 hours. The
labyrinthine morphology results from solvent evaporation in
the spinodal limit and is thus associated with a well-defined
spatial correlation. In e, a striking delineation between the
probe-coarsened region following a total of 8 hours imaging
and the surrounding surface (scanned once, left hand side
of the image) is observed. Dynamic scaling is clear from f
where radially-averaged Fourier transforms taken at various
intervals can be re-scaled to collapse onto a time-independent
master curve.

tion of the system (SI, Video 3). It is also important to
note that the total mass of the nanoparticle assembly is
conserved throughout the coarsening process.

The probe-induced dynamic we observe is noteworthy
from a number of perspectives. The system retains a re-
markable level of self-similarity throughout its coarsening
meaning that a given length scale can be selected simply
by halting the imaging process at an appropriate point. It
is also striking that in very many cases the system mor-
phology remains isotropic (see Fig. 1). Given the raster
nature of the scan process, however, one might ask why
strongly anistropic structures (see SI, Videos 4 and 5)
are not exclusively formed? We find that well-defined
anisotropic structure forms only in spinodal assemblies
and, even then, qualitatively similar initial morphologies
lead to very different levels of anisotropy (compare SI
Videos 1 and 4). We return to the question of anisotropy
in the final paragraph.

The inset to Fig. 1(f) shows that the coarsening ex-
ponent, -, asymptotically approaches a value of 0.25 +

0.01 for the morphological evolution in Figs. 1(a)-(d)
and SI Video 1. Rabani et al.'! have shown that the
coarsening of PbSe nanoparticle islands follows a t1 de-
pendence consistent with a cluster diffusion-coalescence
process. We have used the Rabani et al. Metropolis
algorithm'3 to investigate the dynamics of coarsening of
a ’spinodal’ nanoparticle assembly. The simulation yields
a scaling exponent of ;11, in excellent agreement with the
experimental data. Importantly, however, an exponent
of i has also been attributed to Ostwald ripening!® - the
net transfer of monomers from smaller to larger islands -
of a spinodal structure mediated by mass transport along
domain boundaries®.
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FIG. 2: Evolution of an ensemble of nanoparticle islands.
Each of frames a - d is 1 pm? in area with a total of ~
2 hours of scanning between frames. (All frames are taken
from Supplementary Material, Movie 4). Note the presence
of substantial streaking in c.

As the form of the island size distribution function can
be more sensitive to the coarsening mechanism than a
power law exponent alone, deeper physical insight can
be obtained from a consideration of the evolution of sam-
ples comprising an ensemble of isolated islands. (Fig 2
and SI, Movie 6). As shown in Fig. 3(a), the value of ~
exhibits an abrupt change from a value of ~ 0.1 to, at ap-
proximately scan number 20, a value of 0.49 +0.02. This
transient behaviour betrays an important contribution
to the probe-induced coarsening mechanism. In Fig.3(b)
we plot data for a sample having an initial morphology
close to that of Fig. 2 but where a transition to a coars-
ening exponent of ~ % is not observed. This apparent
inconsistency in the experimental data can be explained
by reference to the insets of Fig. 3(a) and Fig. 3(Db).
As, in our case, the tip radius of curvature is substan-
tially greater than that of a single nanoparticle, individ-
ual particles comprising the aggregates are not resolved.
The average height thus provides a measure of the de-
gree of close-packing within an island. In Fig. 3(a) the
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FIG. 3: Change in the position of the peak in the radially
averaged Fourier transform of images of evolving ensembles of
nanoparticle islands. a shows the data associated with Fig. 2
(and Movie 4) whereas b was acquired from a different sample
with a morphology very similar to that shown in Fig. 2(a). A
sharp transition in the value of 7y is seen in the inset to a which
correlates very closely with an abrupt change in the gradient
of mean island height vs scan number. This threshold island
height (i.e. nanoparticle density) is not reached in

sharp transition in the value of v is matched directly by
an abrupt change in the slope of the average height vs.
scan number curve. This occurs for Fig. 3(a) at ~ scan
number 20 and at a ”threshold” apparent height of ~ 3.2
nm. For the data of Fig. 3(b), the threshold height is not
reached and the system remains in the transient regime.
We can therefore infer that a significant percentage of the
force exerted by the AFM probe in the initial scans drives
the nanocrystals into more densely packed arrangements.
Only when this initial packing phase induces a threshold
density can the coarsening models described above be
reliably applied.

The exponent of % from Fig. 3(a) is expected
on the basis of detachment/attachment-limited Ostwald
ripening?®. Detachment-limited kinetics are fully consis-
tent with the mechanical coarsening process we observe:
the rate-limiting step is not (probe-induced) diffusion but
the detachment(attachment) of a nanoparticle from(to)
the edge of an island. Furthermore, a close examination

of SI Movie 6 shows that two key processes occur: (i)
a gradual shrinkage of smaller islands until they disap-
pear (with no obvious collisions occurring), and (ii) co-
alescence of islands via the growth of neighbouring (and
expanding) clusters ”into” each other. As pointed out
by Wen et al.?! these observations are consistent with an
Ostwald ripening process.
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FIG. 4: Scaled island size distributions for a nanoparticle is-
land ensemble subject to mechanically-driven coarsening. a
shows the distributions at a number of different points (in
time) in the coarsening of the ensemble. The averaged scaled
distribution (shown as the data points in b) can be fit with
an approximate form proposed by Conti et al.® for Ostwald
ripening which takes into account binary coalescence events.
Note that the standard Lifshitz-Slyozov>? (solid blue line) and
Wagner?® (dashed line) distribution functions lack the pro-
nounced tail produced by binary coalescence.

Further evidence for Ostwald ripening is provided by
a consideration of the distribution of the (linear) sizes of
the nanoparticle islands. Normalised size distributions,
F(s/ < s>)vss/ <s>, (where < s > is the average
linear island size for a given image) for various frames
of Movie 6, following the transition at scan number 20
discussed above, are shown in Fig. 4(a). Although there
is significant scatter in the data, it is clear that the func-
tional form of the distribution curve is preserved through-
out the coarsening process. To improve the statistics we



have therefore averaged the island size distributions for
the final ten frames and plotted this as the data points
in Fig. 4(b). Note that the experimental data exhibit a
long tail towards higher values of the normalised radius.
This long tail is not predicted by Wagner’s mean-field
theory of detachment-limited Ostwald ripening?® (shown
as the dashed line in Fig. 4(b)).

We can account for the skew towards higher values of
normalised radius by realising that the island ensemble of
Fig. 2 (and SI Movie 6) is far from the limit of vanishing
area fraction required for the mean-field approximation.
Conti et al.” have shown that an approximate solution
for the scaled island distribution arising from Ostwald
ripening combined with binary coalescence is as follows:

Sn

Flsn) = =355 727

X

arctan

exp __ 28 (M) 2)
Ny Ny

where s,, is the normalised radius, and (3 is a constant.
We have fitted Equation 2 to our experimental data with
the result shown in Fig. 4(b). Given that Eqn. 2 rep-
resents an approximate solution to the distribution func-
tion, the fit is reasonable and certainly describes the tail
to high values of normalised radius very well.

Finally, we return to the question of anisotropy. Ex-
traction of growth exponents in orthogonal directions re-
quires, in our case, a determination of the mean width
and length of very irregular worm-like domains (see SI
Movie 4). This is problematic at best as the islands do
not conform to the simple rectangular shape considered
in previous work on anisotropic coarsening®*24. Crude
estimates of mean island lengths and widths suggest that

the growth exponents for the major and minor axes of the
islands do not differ substantially (within experimental
error) although there is some evidence to suggest that the
island width saturates in the latter stages of coarsening?®.
From the measurements of ensembles of isolated islands
with close to circular symmetry (SI Movie 6) it is clear
that with a suitable starting morphology nanoparticle
clusters can relax to a less elongated configuration dur-
ing coarsening, despite the highly anisotropic nature of
the probe-induced diffusion process. Future work will
focus on elucidating the relative roles of probe-driven
anisotropic diffusion and relaxation dynamics using fast
(MHz) sampling of the SPM cantilever signal.
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