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ABSTRACT: Solution-phase self-assembly of anisotropic nanoparticles into complex 2D and 3D assemblies is one of the most
promising strategies toward obtaining nanoparticle-based materials and devices with unique optical properties at the macroscale.
However, controlling this process with single-particle precision is highly demanding, mostly due to insufficient understanding of the
self-assembly process at the nanoscale. We report the use of in sifu environmental scanning transmission electron microscopy
(WetSTEM), combined with UV/Vis spectroscopy, small angle X-ray diffraction (SAXRD) and multiscale modelling, to draw a
detailed picture of the dynamics of vertically aligned assemblies of gold nanorods. Detailed understanding of the self-
assembly/disassembly mechanisms is obtained from real-time observations, which provide direct evidence of the colloidal stability
of side-to-side nanorod clusters. Structural details and the forces governing the disassembly process are revealed with single particle
resolution as well as in bulk samples, by combined experimental and theoretical modeling. In particular, this study provides unique
information on the evolution of the orientational order of nanorods within side-to-side 2D assemblies, and shows that both electrostatic
(at the nanoscale) and thermal (in bulk) stimuli can be used to drive the process. These results not only give insight into the interactions
between nanorods and the stability of their assemblies, thereby assisting the design of ordered, anisotropic nanomaterials, but also
broaden the available toolbox for in situ tracking of nanoparticle behavior at the single particle level.

INTRODUCTION
Ordered assemblies of gold nanorods (AuNRs) offer

In situ electron microscopy (EM) observation of nanoparticle
dispersions under dynamic conditions has recently allowed for

extraordinary properties with potential applications in various
technologies, such as chemical and biological sensing'=3, in vivo
medical  studies*, catalysis®®, data storage’® and
optoelectronics!®. The main reason for such a broad
applicability is that these materials translate the anisotropic
functionality of single particles into micro-/macro-(ensemble)
scale anisotropy. However, building ordered structures out of
AuNRs still poses a significant challenge, due to our limited
knowledge regarding the dynamics of the self-assembly
process. This limitation largely results from our current
inability, either to monitor in sifu the behavior of thousands of
nanoparticles at the macro-scale (e.g. via UV/Vis
spectroscopy)'! or to take ex situ snapshots at the single particle
level from static structures (e.g. via electron microscopy)'?.
Development of methods for in situ monitoring the behavior of
single AuNRs in solution should bring us closer to a complete
understanding of the self-assembly mechanism and achieving
full control over this process.

real-time visualization of chemical and physical events at the
single nanoparticle level. Some remarkable examples include
the observation of how spherical'® and anisotropic nanoparticles
grow'*, nanoparticle surface oxidation's, or dehydrogenation'®.
More recently, in situ EM has also been used to investigate self-
assembly processes. It allowed e.g. to analyze the influence and
contribution of hydrophobic'’, van der Waals'®, and
electrostatic forces!® on the kinetics and the outcome of the self-
assembly process. However, most of the reported in situ
investigations are concerned with the assembly of spherical
nanoparticles, and the acquired knowledge cannot be directly
translated to the self-assembly principles of anisotropic
nanoparticles, since the latter exhibit anisotropic interactions
and yield complex 3D architectures with orientational order, as
well as potential polymorphic behavior?0-22,

Recent reports have focused on in situ imaging of the self-

assembly of anisotropic nanoparticles, providing insight into
the behavior of nanocubes!’, branched nanooctapods?, and
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nanoprisms?#?, In the case of NRs two reports on in situ
imaging should be highlighted. Alivisatos et al?¢ analyzed
trajectories  of  hexadecyltrimethylammonium  bromide
(CTAB)-coated AuNRs, revealing long-range and highly
anisotropic electrostatic repulsion forces that lead to tip-
selective nanorod attachment. Mirsaidov et al.?’ followed the
assembly of cysteamine-coated AuNRs at different
concentrations of linker molecules, leading to the selective
formation of either tip-to-tip or side-to-side clusters. These
reports confirm that studying anisotropic nanoparticle
interactions at the single particle level provides useful
information on their self-assembly. However, these reports
focus only on the formation of 1D, few-nanoparticle clusters.
Of more general interest but also significantly more challenging
is the in situ characterization of assembly and disassembly
processes within larger, long-range-ordered assemblies of
higher dimensionality. An interesting example in this direction
has been recently reported for the case of triangular Au
nanoprisms, which revealed new information on the
crystallization of such nanoparticles, further confirming the
importance of single-particle level observations of the self-
assembly of anisotropic nanoparticles?®. This is especially
important regarding vertical assemblies of nanorods!®!2,
Although early in situ EM studies enabled the observation of
large, vertical assemblies of AuNRs, the timescale of the
experiments did not allow the observation of single particle
events or any qualitative and/or quantitative analysis of the
behavior in solution?®.

In this work, we demonstrate the use of environmental
scanning transmission electron microscopy (WetSTEM?®) to
characterize in situ the dynamics of relatively large, 2D, vertical
assemblies of AuNRs in the wet state. We were able to monitor
the dynamics of single nanoparticles and track the self-
assembly and disassembly pathways, for orientationally
ordered AuNR aggregates. By combining results of in situ EM,
atomistic modelling and ensemble measurements (small angle
X-ray diffraction, UV/Vis spectroscopy), we can describe the
colloidal stability of side-to-side organized nanorod clusters in
solution, thereby gathering insights into the self-assembly
mechanism. Additionally, we observe that AuNRs can preserve
their orientational order during disassembly, and confirm
through both experiments and theoretical modeling that, both
electrostatic and thermal stimuli can play a major role in the
process.

RESULTS AND DISCUSSION

Synthesis and static characterization of
AuNR@MUDOL assemblies. Gold nanorods are arguably the
most widely used nonspherical nanoparticles, due to the relative
simplicity of their synthesis and to their outstanding plasmonic
properties. The AuNRs used in this work were synthesized by
following a seed-mediated method?’, synthetic details are given
in the Experimental section. As-obtained AuNRs, 52 x 16 nm
(Supporting Information Figure S1), were stabilized by CTAB
(AuNR@CTAB)*. Although some reports have demonstrated
the formation of 3D oriented arrays of AuUNR@CTAB?!, the
formation and stability of extended supercrystals is known to be
enhanced upon exchanging CTAB molecules with (1-
mercaptoundec-11-yl)hexa(ethylene glycol) (MUDOL) ligands
(Figure 1a)*>3. AuNR@MUDOL have lower surface charge
and display lower colloidal stability in aqueous dispersions as

compared to AuNR@CTAB and, as a consequence, stronger
side-to-side interactions have been proposed to lead to parallel
aggregation and subsequent deposition as vertical assemblies
(induced by the Marangoni effect)!’. Under the same
experimental conditions, we confirmed that TEM images of
drop-casted AUNR@CTAB resulted in horizontally oriented
AuNR assemblies (Figure 1b), whereas for AuUNR@MUDOL,
multiple vertically oriented AuNR domains were evidenced
(Figure 1c). The measured center-to-center distance between
nanorods within the observed vertical domains was ~20 nm,
which is reasonable given the diameter of AuNRs (~16 nm) and
the thickness of the organic coating (~2 nm)'>. To further
confirm successful ligand exchange, and to get insight into the
colloidal behavior of Au nanorods, we carried out UV/Vis
spectroscopy measurements. AuNR@CTAB exhibit two
localized surface plasmon resonance (LSPR) bands,
corresponding to transverse and longitudinal modes, with
maxima at 511 nm and 707 nm, respectively, which are
characteristic of non-interacting, well-dispersed particles. After
ligand exchange, the AuUNR@MUDOL dispersion exhibits two
maxima at 536 and 695 nm, suggesting the formation of
colloidal AuNR clusters®* When the same dispersion was
measured 2h after completing ligand exchange, we observed a
further blue shift and damping of the longitudinal LSPR band,
along with a redshift of the transverse band, resulting in a single,
broad band with a maximum at 562 nm (Figure 1d). To
understand the origin of the observed changes in the plasmonic
properties of AUNR@MUDOL, in terms of their assembly
state, we performed electromagnetic modelling of side-to-side
ordered AuNR clusters. Extinction spectra for AuNRs (with
dimensions corresponding to those used in the experiments)
were modeled using the finite difference time domain (FDTD)
method (see Experimental section for details)*. We focused on
five different scenarios: a single AuNR and aggregates
comprising two, three, seven and nineteen AuNRs. As shown in
Figure le, the modeled spectra reveal a gradual blue-shift and
broadening of the LSPR band for a growing number of particles
in the cluster. This is in agreement with our experimental results
(Figure 1d) and with previous examples in the literature, so
we can conclude that the observed changes in absorbance
spectra for AuNR@MUDOL result from the gradual
aggregation of nanorods into parallel clusters, in the aqueous
phase. The above discussed results from bulk characterization
of AUNR@MUDOL dispersions confirm their tendency to form
side-to-side assemblies in solution, which would result in the
formation of vertically aligned assemblies on a substrate.
Although the latter is known from the literature'®?, the
reversibility of such an aggregation process has not been
reported.

Bulk investigation of the dynamic self-assembly of
AuNR@MUDOL. Compounds comprising polymeric and
oligomeric ethylene glycol moieties are known to exhibit
thermoresponsive behavior’’ . In the case of self-assembled
monolayers, a temperature increase can lead to change of intra-
and intermolecular interactions and enable more efficient
interactions with water molecules*®’. Thus, when the formation
of a precipitate was observed by eye (Figure 2a) in an aged
sample of AUNR@MUDOL, we proceeded to heat it and watch
whether the nanoparticles get thereby redispersed. Indeed, after
heating for 10 min we observed that the color of the dispersion
turned purple — similar to that observed right after ligand
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34 Figure 1. Synthesis and characterization of AuNRs. (a) Scheme of the ligand exchange reaction performed on AuNR@CTAB, to obtain
35 AuNR@MUDOL. (b) Representative TEM image of horizontally deposited AuNR@CTAB assemblies. (¢) Representative TEM image of
36 vertical AUNR@MUDOL assemblies. (d) UV/Vis spectra of AUNR@CTAB, AuUNR@MUDOL directly after ligand exchange and 2h after
37 completing the ligand exchange reaction; spectra were normalized at 400 nm. (e) FDTD — modeled UV/Vis spectra for AuNR assemblies
38 comprising two, three, seven, and nineteen parallel nanorods.
39 exchange, thus confirming the reversibility of self-assembly. This pattern was fitted using a 2D hexagonal unit cell, with a
40 The time required to observe AuNR disassembly was of only dimension (nearest neighbor distance between nanoparticles)
41 tens of seconds if sonication was used additionally to heating. of ~22 nm. This is slightly longer than the value derived from
42 Importantly, our experiments confirm that the assembly TEM (~20 nm), in agreement with the dry state of the samples
43 process can be reversed, however after 3 consecutive cycles in TEM, while glycerol as a solvent may infiltrate in between
44 UV/Vis measurements revealed a 4 nm redshift and 20% the nanoparticles*!. Hexagonal packing of AuNRs within
45 decrease of intensity of the longitudal LSPR band vertical assemblies has been previously reported, for both
46 (Supplementary Note 1). monolayers and complex, 3D smectic assemblies!>. In our
47 To study in detail the reversibility of the self-assembly of SAXRD  measurements, we d‘fl not  observe peaks
48 AUNR@MUDOL, we used small angle XRD (SAXRD). corresponding to mu}tlle.lyer stacking of nanorods, but it
49 AuNR@MUDOL were initially dispersed in water, which should b.e.npted that thls signal would appear at angles beyond
intrinsically limited the temperature range for the the sensitivity of our in-house SAXRD instrument.
30 measurements. Therefore, we transferred AUNR@MUDOL We then performed temperature-dependent SAXRD
51 into glycerol, which has similar dielectric properties to water, measurements. The sample was heated from 30 °C up to
52 but a higher boiling point. AUNR@MUDOL in glycerol were 200 °C and diffractograms were collected every 10 °C (Figure
53 allowed to precipitate and then carefully transferred to a glass 2¢). To prevent heat-induced nanoparticle degradation, the
54 capillary for temperature-dependent SAXRD measurements. acquisition time was kept relatively short (60 s), and therefore
55 We first collected 1D diffractograms at 30 °C, (Figure 2b) we focused on following the evolution of the main (10) Bragg
56 which revealed the presence of several Bragg peaks, peak, which was visible up to ~135 °C. When approaching
57 indicating the formation of long-range ordered assemblies.
58
59
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Figure 2. Dynamic self-assembly of AuNR@MUDOL. (a) Photographs of an Eppendorf tube containing precipitated AUNR@MUDOL,
2h after ligand exchange and the same vial after heating and sonication, evidencing redispersion of AuNR aggregates. (b) 1D SAXRD
diffractogram of AuNR@MUDOL, collected at 30 °C. (¢) Temperature evolution of SAXRD diffractograms for AuUNR@MUDOL
aggregates in a 30 — 150 °C temperature range; two distinct areas can be distinguished: low temperature phase (2D, hexagonal, 30 — 120 °C)

and isotropic phase (120 — 150 °C).

this temperature, the peak intensity lowered, indicating a slow
disintegration of the aggregates (lower nanoparticle
correlation length). Above 135 °C no sharp Bragg peaks were
observed but only a broad scattering around the primary beam,
which evidenced an isotropic distribution of nanoparticles in
the solvent, without orientational order. These results confirm
our initial bulk-scale observations.

Nanoscopic investigation of the dynamic self-assembly
of AuNR@MUDOL. To study the self-assembly of
AuUNR@MUDOL in more detail, we employed in situ electron
microscopy imaging of the particles in a liquid. In contrast to
TEM-based methods for the examination in liquid, WetSTEM
does not require the use of microfluidic devices. We simply
drop-casted a dispersion of AuNR@MUDOL in
water/glycerol (1:1 v/v) on top of a standard carbon-coated
TEM grid and placed it inside a precooled STEM device. The
use of a water/glycerol suspension ensured similar conditions
to those previously used in bulk SAXRD measurements.
However, a much lower temperature of 2 °C and a reduced
pressure of 700 Pa were used in WetSTEM experiments,
which made the comparison with bulk measurements less
accurate. As a first observation, we confirmed the tendency of
AuNR@MUDOL to self-assemble into vertically-oriented
arrays (Figure 3), in agreement with TEM imaging of samples
prepared at ambient pressure. Second, we consistently
observed fluctuations of the nanoparticles within the solvent
— trembling, twisting, assembling, and disassembling — often
similar to previous reports based on the in situ TEM method?’.
Third, we could monitor the displacement of individual
nanorods (see schematic drawings in Figure 3a, still images
from WetSTEM recordings in Figure 3b, and Movie S1 in
Supplementary Information), in particular those which were
located at the edges of vertical aggregates. These observations
correlate well with the bulk-scale observations of thermally-
driven disassembly for AuUNR@MUDOL aggregates and

confirm that we can analyze the process with single-particle
precision. In summary, we can safely assume that the
WetSTEM experimental conditions are suitable to monitor the
dynamic behavior of Au nanorods, which is similar to their
macroscale behavior.

Close observation of the vertical assemblies of
AuNR@MUDOL allowed us to register, apart from the
displacement of individual AuNRs, the detachment, and
movement of side-to-side ordered clusters comprising tens of
nanoparticles (Figure 3c-d, Movie S2). Importantly, despite
the clusters’ dynamic behavior (twisting / turning, finally
‘swimming’ away), AuNRs therein maintained their initial
orientational order. Schematic models and images from three
such events are shown in Figure 3c-d (see more examples in
the SI, Figure S3a-b, SI Movie S3-S4). This is a striking in
situ observation of the colloidal behavior of ordered, relatively
large (more than 10 nanoparticles) AuNR clusters. The
colloidal stability of such clusters is in agreement with the
above UV/Vis spectra (Figure 1d) and with the proposed
mechanism for the formation of vertical AuNR assemblies, in
which side-to-side aggregates are first formed, followed by
precipitation from the dispersion and arrangement on a
substrate. This behavior also indicates that in our experimental
conditions the solvent layer is thick enough to fully cover
vertically aligned AuNRs.

We thus conclude that observations of the dynamic
behavior of AuNRs in the wet state, at the bulk- and the
nanoscale, can be correlated. In both cases, disassembly of
AuNR aggregates can be monitored, even though the
underlying principles differ. In the SAXRD measurements,
disassembly is induced by an increase in temperature (thermal
energy), whereas in WetSTEM measurements electrostatic
interactions (electron beam induced charging of the sample)
are likely to provide the main driving force for disassembly,
since electron beam induced heating effects are negligible.*>*
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Figure 3. WetSTEM characterization of AUNR@MUDOL. (a) Schematic model of vertically aligned AUNR@MUDOL and single
nanoparticle displacement events. (b) WetSTEM images of an AuUNR@MUDOL vertical aggregate, showing a single nanoparticle detaching
from the aggregate. In the first three frames, we highlight an area containing three AuNRs; after 5s one AuNR is seen to leave the aggregate
(Movie S1). (¢) Schematic representation of the observed AUNR@MUDOL behavior — displacement and movements of vertically ordered
AuNR clusters. (d) WetSTEM images of an AUNR@MUDOL vertical aggregate, showing an example of AuNR cluster displacement; the
apparent changes in cluster appearance are due to variations in the orientation of nanorods in respect to the observation direction; this effect
evidences dynamic movements of small side-to-side, 2D ordered clusters (Movie S2).

(Supplementary Note 2). Given the observed similarities, we
investigated the disassembly process of AuNR vertical
aggregates from WetSTEM movies. We noted a gradual
increase in the distance between AuNRs, under the influence
of the electron beam. AuNRs were consistently seen to drift
apart from each other prior to rapid disassembly of the clusters
into individual AuNRs. Although a detailed analysis of this
process within a moving cluster (previously discussed) proved
challenging, we could monitor the evolution of larger
assemblies.

Therefore, we focused on disassembly events occurring in
2D wvertical assemblies, for which AuNRs keep their
orientation with respect to the electron beam axis. To
minimize differences between observations of separate events
we identified assemblies comprising well-ordered clusters
made of seven hexagonally arranged nanorods. A schematic
model for the process and selected time-lapse frames from
sample recordings are shown in Figure 4. These in situ
WetSTEM observations allowed us to draw two main

conclusions. First, the process of increasing interparticle
spacing can be commonly observed in the prepared samples.
Second, after reaching a critical interparticle distance, AuNRs
start to tremble rapidly and end up losing orientational
correlation within their original cluster (Figure 4, multiple
such events can be found in Movie S5). We can, therefore,
image the evolution of orientational order in clusters of
anisotropic nanoparticles, using an in situ EM method. To get
a more detailed picture, we quantified our observations by
monitoring 2D, hexagonally close-packed structures and
calculated the mean separation distance (surface-to-surface)
between a central AuNR and six surrounding neighbors
forming a 2D hexagonal close-packed structure in the initial
state (Figure 4b, d, f, Movies S6-S8). The starting distance, 3
— 5 nm (Figure 4c, e, g), correlates well with the interparticle
distances calculated from SAXRD measurements after
subtracting the AuNRs diameter. Under the electron beam, we
witnessed an increase of interparticle distance within seconds,
accompanied by trembling of AuNRs, while
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Figure 4. WetSTEM characterization of orientational order within AuNR@MUDOL aggregates. (a) Schematic model of the observed
phenomena. (b,d,f) Time-lapse images from in situ WetSTEM recordings of the disassembly of an AUNR@MUDOL aggregate; AuNR
clusters for which calculations of interparticle distances were performed are highlighted with red circles; green circles highlight tilted AuNRs,
which lost their initial orientational correlation with respect to the rest of the cluster (Movies S6-S8). (¢,e,g) Evolution of interparticle distance
(surface-to-surface) within the clusters imaged in (b,d,f). Red dots represent distances between pairs of AuNRs, while the solid black line is

the averaged value.

their average positional order was maintained. The loss of
orientational correlation between AuNRs was observed at
interparticle distances of 7 - 12 nm, which are slightly larger
than twice the length of an extended MUDOL ligand.
Although several factors, such as the presence of neighboring
AuNRs, electron beam intensity (at different imaging
magnifications), and thickness of the solvent layer, may
influence the distance at which positional order is lost, the
values estimated on the basis of different recordings are in
good agreement.

To understand better the self-assembly and disassembly of
the experimental AuUNR@MUDOL, we performed hybrid
multiscale (MS) modelling of large AuNRs (52 x 16 nm) and
separate molecular dynamics (MD) simulations of the

disassembly dynamics in small model AuNRs@MUDOL (13
X 4 nm).

MS modeling in Figure S4a shows that the large AuNRs
have a significant bulk vdW attraction, giving a potential well
of ~22 kcal/mol at their surface distances of 3-4 nm. In
contrast, small AuNRs have a rather small vdW barrier of a
few kcal/mol, which means that their short-range attraction
mostly originates from ligand-ligand coupling. These results
suggest that AuNRs should self-assemble in water at room
temperature due to bulk vdW coupling, and it is unlikely that
they would separate without additional repulsion, discussed
below.

In Figure S4a, we show the coupling potential energies of
large AuNRs with 10 to 130 electron charges per NR.
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Figure 5. Mean-field modeling of the interactions between AuNRs and MD simulations of stimuli-driven disassembly of small
AuNR@MUDOL clusters. (a) Total interaction free energy (Eyqw + Ec + Ejigand-tigand> red dots) at 300 K between AuNRs (52 x 16 nm) with
water as solvent and 130 e charge on the NRs. Solid lines are given for eye guidance. In the right inset two 5 nm-thick slices from 52 x 16
nm AuNRs at a surface distance of 3.6 nm are shown, which were considered in the MD simulation to estimate the ligand-ligand coupling.
Solvent molecules are removed for clarity. (b) Total interaction free energy (Evaw + Ec + Eligand-ligand) at two different temperatures (27 °C
and 150 °C), between AuNRs (52 x 16 nm) in glycerol, assuming 130 e charge on the NRs. Solid lines are given for eye guidance. (¢) Corner-
view of small AuNRs fully submerged in glycerol at 25 °C. (d) Disassembly of small neutral AuNRs at high temperature (150 °C) in glycerol
(snapshots from Movie S9). (e) Time evolution of distances between AuNRs (surface-to-surface) within an AuNR cluster at high temperature
(150 °C) in glycerol (data corresponding to the simulation shown in panel d). Blue dots represent distances between pairs of AuNRs, while
the solid black line is the averaged value. (inset) The same time-dependent averaged distances are shown separately for the top and bottom
ends of AuNRs. (f) Corner-view of the small AuNRs on the surface of water at 25 °C. (g) Disassembly of small charged (50 ¢) AuNRs in
bulk water at 25 °C (snapshots form Movie S10). (h) Time evolution of the distances between charged AuNRs (surface-to-surface) within
an AuNR cluster in bulk water at 25 °C. (inset) The same time-dependent averaged distances are shown separately for the top and bottom
ends of AuNRs (data corresponding to the simulation shown in panel g).

Figure S4b shows that the repulsive Coulombic coupling simplicity, the coupling energies are calculated from 5 nm
between large charged NRs can decrease the above vdW slices of two 52 x 16 nm AuNRs solvated in water (T=300 K)
barrier. To examine how the potential energy wells shown in and glycerol (T =300 K and 423 K), as shown in Fig. 5a (inset
Figure S4b change when ligand-ligand coupling is included, on the right).
we performed molecular modeling of large AuNRs coated Figure 5a shows the total interaction free energies (Eyqw +
with MUDOL ligands. The ligand-ligand coupling free energy Ec + Ejgang.igand) Of AuNRs (with 130 e charge) submerged in

between two AuNR at different surface distances (2.4 — 5.4 water at 27 °C (300 K). In this case, a potential well of
nm), submerged in both water and glycerol, were calculated
using solvation free energy calculation with MM/GBSA. For
a given NRs distance, the ligand-ligand coupling energies
depend on the ligand density and the NRs spatial overlap. For

~220 kcal/mol is detected, which needs to be overcome for the
disassembly process to occur. In Fig. 5b, we also show
calculated total potential energies for AuNRs submerged in
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glycerol. Note that the potential energy well of the system at
150 °C is reduced by 25%, as compared to the system at 27 °C.
This clearly indicates a temperature-induced entropic
repulsion of the ligands, which can promote disassembly.

To examine more closely the disassembly dynamics of
AuNRs, we performed MD simulations of a hexagonal cluster
made of seven small model AuNR@MUDOL, while
neglecting their bulk vdW coupling (Supplementary Note 3,
Figure S5). The simulations were performed at different
temperatures and in different solvents.

The experimental AuNR@MUDOL solvate better in
glycerol, where they disassemble above 135 °C. The
disassembly AuNRs might be promoted by entropic effects
and NRs charging, leading to a relatively strong repulsion in
glycerol. On the other hand, small neutral AuNRs, with partly
hydrophobic ligands self-assemble at 25 °C on the water
surface, with their tips partly exposed and a surface-to-surface
distance of 3 nm, stabilized by ligand-ligand coupling. This
AuNR arrangement was used as the starting point for our
stimuli-driven disassembly simulations in which we heated
the system or charged the small AuNRs to understand their
disassembly dynamics and compare it with the experimental
results (Supplementary Note 4-6).

We simulated small neutral AuUNRs@MUDOL submerged
in glycerol at 25 °C and 150 °C (Supplementary Note 4).
Whereas in the former case we did not observe disassembly
of AuNRs (Figure S6), in the latter (after 28 ns) we did
observe their gradual disassembly (Figure 5d, Movie S9).
Figure Se shows that the distance between AuNRs increases
from ~3.0 to 4.3 nm. From the experimental point of view, the
increased separation distance (5 nm) at higher temperatures
(due to entropic ligand repulsion) could be sufficiently
advantageous (energetically) for them to overcome the
combined vdW and Coulombic barrier (Figure S4b). Larger
thermal fluctuations also participate in this process, which can
be seen from the evolution of interparticle distances between
the top and bottom parts of the nanorods (inset, Figure Se).

Finally, we addressed the effect of AuNR charging on the
self-assembly process. Therefore, we simulated the process
for in situ WetSTEM experiments, where we would not expect
heating of the solution, so we could investigate the
disassembly of AuNRs induced by e-beam-induced charging
(Supplementary Note 5). When considering a charge of 20 e
per small AUNR@MUDOL partly or fully submerged in
water, no disassembly was observed (Figure S7a-d).
However, when charged with 50 ¢ per AuNR@MUDOL, for
the fully submerged case, gradual disassembly occurred
(Figure 5g, Movie S10). Their average surface-to-surface
distance increased from the initial ~3.0 up to 6.1 nm (Figure
5h), while trembling similarly to our in situ experimental
observations (inset, Figure 5h). The AuNRs orientation
became more disorganized when their separations became
roughly twice the ligand length. A similar outcome was
observed for AuNRs with the same 50 e charge, which were
partially submerged in water (Figure S7e,f). In this case, a
radial, more symmetrical path toward AuNRs disassembly
was evidenced, which allows AuNRs to keep a hexagonal
order during disassembly. In contrast, a more chaotic behavior
was evidenced for fully submerged AuNRs, in which the
hexagonal order is lost. The latter was observed in real
electron microscopy measurements, suggesting that we could
probe the dynamics of assemblies that were fully submerged

in the solvent. To maximize the generality of our theoretical
framework, we performed additional simulations of
AuNR@MUDOL partly or fully submerged in water at 100
°C and observed that these systems did disassemble
(Supplementary Note 6, Figure S8a-d, Supplementary Table
S1). We should keep in mind that despite the dynamics of
experimental (large) and MD-simulated (small) NRs are
qualitatively similar at the same temperatures and in the same
solvents, the disassembly timescales and necessary NRs
charging might be much larger in the experimental (large)
NRs. That can be clearly expected from the deep potential
wells shown in Fig. 5 a,b.

It is intriguing to think that, in the context of the
experimentally confirmed reversibility of the disassembly
process (Figure 2), reversing time in our recordings would
enable us to get insight into the assembly process — assembly
of single particles as well as clusters of ordered AuNRs
(Supporting Information — Movie S11-S12), which is similar
to the pre- and post-attachment alignment pathways?’
previously reported in the literature for side-to-side
assemblies of AuNRs.

CONCLUSIONS

In summary, we carried out a comprehensive study of the
(stimuli-responsive) self-assembly of gold nanorods
functionalized with MUDOL ligands, into vertical arrays. In
situ WetSTEM imaging provided us with a unique, direct
insight into this process, showing strong evidence (formation
of vertical arrays, and movements of AuNRs) that in situ
observations at the single particle level are in agreement with
bulk measurements. Notably, we obtained direct proof of the
colloidal stability of side-to-side, 2D assemblies of AuNRs,
even when in motion. Our approach also allowed us to
monitor the disassembly process, which first proceeds with
AuNRs keeping orientational order, subsequently losing order
after separating to distances larger than double the length of
MUDOL ligands. Multiscale modeling enabled us to in silico
recreate the thermal- and charge-driven disassembly of
AuNRs, and to analyze these processes in the context of vdW,
Coulombic and thermal interactions between AuNRs. In
conclusion, this work highlights the versatility of the
WetSTEM imaging technique for in situ EM studies of NP
dynamics and provides insight into the stability
orientationally ordered NR assemblies.

EXPERIMENTAL

Materials. All chemicals were used as received, with no further
purification. Gold (IIT) chloride hydrate (HAuCl,;-H,O, 99.995%
trace metals basis), hexadecyltrimethylammonium bromide (CTAB,
>=98%), sodium borohydride (NaBH,, powder >=98%), silver nitrate
(AgNO;, ACS  reagent, >99.0%), 1-mercaptoundec-11-
yDhexa(ethylene glycol (MUDOL, 90%), and glycerol (ACS reagent,
>99.5%), were all purchased from Sigma Aldrich. Milli-Q water
(resistivity 18.2 MQ-cm at 25 °C) was used in all experiments. All
glassware was washed in aqua regia.

Synthesis of gold nanorods: AuNR@CTAB. Gold nanorods
were prepared following a previously reported seed-mediated
method?. In the first step, seeds were prepared as follows: 25 uL of
a 0.05 M HAuCl, solution was added to 4.7 mL of 0.1 M CTAB
solution and, after 5 min, 300 pL of a 0.01 M NaBH, (freshly
prepared) solution was injected under vigorous stirring. Then, 120 uL
of seed solution was injected to the growth solution containing
CTAB 100 mM, HAuCl, 0.5 mM, AgNO; 0.04 mM and ascorbic acid
0.75 mM (total volume: 10 mL). The reaction was allowed to proceed
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undisturbed for 2 h at 30 °C. The obtained AuNRs were on average
51 nm inside length and 15 nm in thickness.

Ligand exchange on AuNRs: AuNR@MUDOL. 1 mL of
MUDOL solution (0.5 mM) was added to 10 mL of Au NRs
dispersion (1 mg/mL) in 5 mM CTAB. The reaction mixture was
sonicated for 30 minutes and left under mild stirring overnight. Then,
the solution was centrifuged at 3000 rpm for 10 minutes and the
precipitate was re-dispersed in 2 mL of 5 mM CTAB solution. To
transfer AUNR@MUDOL to glycerol, the aqueous dispersion was
centrifuged at 3000 rpm for 10 minutes, and the precipitate re-
dispersed in glycerol under sonication.

Assemblies of nanorods. For  structural analysis,
AuNR@MUDOL precipitate was placed in a glass capillary for small
angle X — ray diffraction (SAXRD) analysis. Measurements were
performed with a Bruker Nanostar system (Cu Ka radiation, parallel
beam formed by cross-coupled Goebel mirrors, and a 3-pinhole
collimation system, VANTEC 2000 area z detector). Fitting of the
obtained diffractogram and simulation of the patterns was performed
with Topas 3 software (Bruker). Transmission electron microscopy
analysis of AuNRs was performed using TEM model JEM-1400
(JEOL, Japan), available in Nencki Institute of Experimental
Biology, Laboratory of electron microscopy. Samples were prepared
by drop-casting small aliquots of the as obtained dispersions of
AuNRs onto TEM grid, then left to dry under ambient conditions.
Spectroscopy in the UV-Vis range studies was performed using
GENESYS 50 UV-VIS spectrophotometer, available at University of
Warsaw.

Modelling plasmonic properties of AuNR assemblies. The
Finite-Difference Time-Domain (FDTD) method30 (Lumerical
Solutions, Inc.) was used to model the optical properties of single Au
NRs and small clusters thereof. All simulations were performed in
water (refractive index 1.33). The nanorod dimensions were selected
to fit the experimental sample. Dielectric data for gold were obtained
by fitting experimental data from Johnson and Christy*” (0.220 RMS
error). All simulations were terminated after reaching a shutoff level
of 10-.

In situ electron microscopy (WetSTEM) observations. The Wet
Scanning Transmission Electron Microscopy (WetSTEM) system is
tailored for high-resolution imaging under conditions of mild
pressure and provides the opportunity for in situ dynamic imaging of
liquid samples. We used a QUANTA SEM 250 FEG/FEI, equipped
with a field emission gun (FEG) system, containing detectors tailored
for scanning and transmission imaging in bright- and dark-field. The
grid holder is designed for standard 3 mm TEM grids. Furthermore,
it provides the possibility to fully control the conditions in the
specimen chamber, in terms of temperature and pressure. Our
observations were usually carried out at 2 °C, with pressure between
700 — 1000 Pa, at a landing voltage of 30 kV and low electron flux
ranging from 2 to 17e (A2s)! (Supplementary Note 2), which makes
the effect of water radiolysis negligible®®#. Since the study was
performed on TEM grids, we minimized the impact of electrons
backscattered from the support, which could be expected in a regular
SEM setup. In a typical experiment, to 100 pL of dispersion of
AuNR@MUDOL we added 15 pL of glycerol. Then, an aliquot of
the mixture was drop-casted onto a TEM grid previously fixed on the
cold (0 °C) WetSEM holder, to make sure that water would not
evaporate before closing the equipment and lowering the pressure.
After equilibration of the grid for 1 min, the specimen chamber was
sealed and pressure inside was quickly lowered to 1200 Pa, then
slowly (10 Pa step) lowered to 700 Pa, to acquire optimal conditions
for imaging (lowest obtainable pressure with water remaining in the
liquid state on top of the TEM grid). After stabilizing the conditions
inside the chamber, the electron beam was turned on for imaging.
Videos were recorded at a rate of 50 ns per pixel, with a GSED
detector.

Simulation methods. Self-assembly and disassembly processes of
AuNRs were described by hybrid multiscale (MS) modelling for
realistic AuNRs, as well as molecular dynamics (MD) simulations for
smaller AuNR@MUDOL. Different competing interactions act
between solvated AuNRs, such as bulk van der Waals (vdW)
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coupling, mean electrostatic coupling, ligand-ligand coupling, etc.
The effects associated with long-range interactions between AuNRs
are captured by the MS method, while their short-range interactions
are better described by the MD method.

Multiscale modelling: Using multiscale methods, we calculated
bulk vdW coupling energies E,qw (bulk material of AuNRs), mean
electrostatic interaction energies E. (overall AuNR charging), and
atomistic ligand-ligand coupling energies Ejigand-ligand between pairs of
realistic AuNRs (52 x 16 nm) as a function of their separation in
different solvents.

The bulk vdW coupling energy, Evaw, between two AuNRs (52 x
16 nm) was calculated by the Hamaker summation (1) over their
volume elements,

(1) Evaw= —%ff

Here, 4 is the Hamaker constant for Au-Au interaction in water (A

mdrldrz.

=1.80€V), and 71,72 are the position vectors of volume elements on
both NRs.

The electrostatic interaction energy, E., was calculated by
summing over pairs of charged elements, each taken from one of the
considered AuNRs, homogeneously distributed on the AuNR surface

(modelled as a cylinder) with a thickness 0.5 nm (2),
p(r1)p(ry)

@) Ec.= ffmdrldrz-

Here, € = 80 is the dielectric constant of water, P(7'1,2) is a charge
density at the position 71,2, and |71 — 72| is the distance between both
charged elements.

Atomistic Molecular Dynamics Simulations: We have
separately simulated the disassembly dynamics in small AuNRs (13
x 4 nm) covered with 300 neutral MUDOL molecules and solvated
in water (bulk or surface) and glycerol (400x400x200 A3 or
400x400x340 A3 boxes). AUNR@MUDOL were simulated with
Nanoscale Molecular Dynamics (NAMD)* in NVT (partially
exposed AuNRs, 3 simulations) or NPT (fully submerged AuNRs, 5
simulations) ensembles at 7 = 300, 373 and 423 K, using the
Langevin dynamics with a damping constant of Cja,, = 0.1 ps! and a
time step of 2 fs. The CHARMM general force field**’' was
implemented for the bond, angle, and dihedral parameters of the
ligands and solvent molecules. The electrostatic coupling between
ions and partially charged atoms (non-bonding interactions) has a cut-
off of 1 nm, but the long-range part of this coupling was calculated
by the PME method? (under periodic boundary conditions). Non-
bonding vdW attraction and steric repulsion between molecules were
described by Lennard-Jones (LJ) potentials (3),

i) 12 SN

@ vy =) -2(7)

where € is the minimum (negative) energy of this coupling and
Tmin is a distance at which Uj(Tmin) has a local minimum, as
provided by the CHARMM force field. The LJ potential implemented
in NAMD has a typical cut-off distance of 1 nm (within the solvent).

We also used the atomistic molecular dynamics simulations to
track the free energies derived from coupling of segments in large
NRs, including ligand-ligand interactions. Toward this end, we
constructed a 5 nm-thick slice from two 52 x16 nm (right inset,
Figure 5a) AuNRs coated with MUDOL ligands and submerged in
either water (300 K) or glycerol (300 K and 423 K). The solvent box
in the simulation had dimensions of 320x320x50 A3, The system was
first constructed with a surface distance of 5.4 nm. Then, we applied
force on one slice, fixed the other slice, and let them approach each
other in short simulations. At the desired surface distances, we saved
the systems, froze the slices (bulk material) except ligands and
performed MD simulations (described above) on each system for
another 10 ns. We then calculated ligand-ligand coupling free
energies between the slices (height — 5 nm, diameter — 16 nm) at
different surface distances (2.4 — 5.4 nm) between NRs using
solvation free energy calculations with the MMGB-SA method.>3*
The free energies were averaged over the last 5 ns of the trajectory.

Free energies were estimated from separate MMGB-SA
calculations for three systems (two separate AUNR@MUDOL and

)
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the self-assembled AuUNR@MUDOL complex) in the configurations
extracted from the MD trajectories of the whole complex in the given
solvent. Then, coupling free energies of NRs were calculated from,

AGying = Ggpsa(complex) - Ggpsa(separate NRs1) - Ggpsa(separate
NRsl).

Free energies were calculated using NAMD 2.13 package
generalized Born implicit solvent model,>® with a dielectric constant
of the solvent of 80 and 46.5. The non-polar contribution for each
system configuration was calculated in NAMD as a linear function of
the solvent-accessible surface area (SASA), determined using a probe
radius of 1.5 A with a surface tension of y = 0.00542 kcal/mol A2,
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