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

25 ■ INTRODUCTION

26 Ordered assemblies of gold nanorods (AuNRs) offer
27 extraordinary properties with potential applications in various
28 technologies, such as chemical and biological sensing,1−3 in
29 vivo medical studies,4,5 catalysis,6−8 data storage,9 and
30 optoelectronics.10 The main reason for such a broad
31 applicability is that these materials translate the anisotropic
32 functionality of single particles into micro/macro-(ensemble)
33 scale anisotropy. However, building ordered structures out of
34 AuNRs still poses a significant challenge, due to our limited
35 knowledge regarding the dynamics of the self-assembly
36 process. This limitation largely results from our current
37 inability, either to monitor in situ the behavior of thousands
38 of nanoparticles at the macro-scale (e.g., via UV/vis spectros-
39 copy)11 or to take ex situ snapshots at the single particle level
40 from static structures (e.g. via electron microscopy).12

41 Development of methods for in situ monitoring the behavior
42 of single AuNRs in solution should bring us closer to a
43 complete understanding of the self-assembly mechanism and
44 achieving full control over this process.
45 In situ electron microscopy (EM) observation of nano-
46 particle dispersions under dynamic conditions has recently

47allowed for real-time visualization of chemical and physical
48events at the single nanoparticle level. Some remarkable
49examples include the observation of how spherical13 and
50anisotropic nanoparticles grow,14 nanoparticle surface oxida-
51tion,15 or dehydrogenation.16 More recently, in situ EM has
52also been used to investigate self-assembly processes. It
53allowed, e.g., to analyze the influence and contribution of
54hydrophobic,17 van der Waals,18 and electrostatic forces19 on
55the kinetics and the outcome of the self-assembly process.
56However, most of the reported in situ investigations are
57concerned with the assembly of spherical nanoparticles, and
58the acquired knowledge cannot be directly translated to the
59self-assembly principles of anisotropic nanoparticles, since the
60latter exhibit anisotropic interactions and yield complex 3D
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61 architectures with orientational order, as well as potential
62 polymorphic behavior.20−22

63 Recent reports have focused on in situ imaging of the self-
64 assembly of anisotropic nanoparticles, providing insight into
65 the behavior of nanocubes,17 branched nanooctapods,23 and
66 nanoprisms.24,25 In the case of NRs two reports on in situ
67 imaging should be highlighted. Alivisatos et al.26 analyzed
68 trajectories of hexadecyltrimethylammonium bromide
69 (CTAB)-coated AuNRs, revealing long-range and highly
70 anisotropic electrostatic repulsion forces that lead to tip-
71 selective nanorod attachment. Mirsaidov et al.27 followed the
72 assembly of cysteamine-coated AuNRs at different concen-
73 trations of linker molecules, leading to the selective formation
74 of either tip-to-tip or side-to-side clusters. These reports
75 confirm that studying anisotropic nanoparticle interactions at
76 the single particle level provides useful information on their
77 self-assembly. However, these reports focus only on the
78 formation of 1D, few-nanoparticle clusters. Of more general
79 interest but also significantly more challenging is the in situ
80 characterization of assembly and disassembly processes within
81 larger, long-range-ordered assemblies of higher dimensionality.
82 An interesting example in this direction has been recently

83reported for the case of triangular Au nanoprisms, which
84revealed new information on the crystallization of such
85nanoparticles, further confirming the importance of single-
86particle level observations of the self-assembly of anisotropic
87nanoparticles.25 This is especially important regarding vertical
88assemblies of nanorods.10,12 Although early in situ EM studies
89enabled the observation of large, vertical assemblies of AuNRs,
90the time scale of the experiments did not allow the observation
91of single particle events or any qualitative and/or quantitative
92analysis of the behavior in solution.28

93In this work, we demonstrate the use of environmental
94scanning transmission electron microscopy (WetSTEM28) to
95characterize in situ the dynamics of relatively large, 2D, vertical
96assemblies of AuNRs in the wet state. We were able to monitor
97the dynamics of single nanoparticles and track the self-
98assembly and disassembly pathways, for orientationally ordered
99AuNR aggregates. By combining results of in situ EM,
100atomistic modeling and ensemble measurements (small-angle
101X-ray diffraction and UV/vis spectroscopy), we can describe
102the colloidal stability of side-to-side organized nanorod clusters
103in solution, thereby gathering insights into the self-assembly
104mechanism. Additionally, we observe that AuNRs can preserve

Figure 1. Synthesis and characterization of AuNRs. (a) Scheme of the ligand exchange reaction performed on AuNR@CTAB, to obtain AuNR@
MUDOL. (b) Representative TEM image of horizontally deposited AuNR@CTAB assemblies. (c) Representative TEM image of vertical AuNR@
MUDOL assemblies. (d) UV/vis spectra of AuNR@CTAB, AuNR@MUDOL directly after ligand exchange and 2 h after completing the ligand
exchange reaction; spectra were normalized at 400 nm. (e) FDTD-modeled UV/vis spectra for AuNR assemblies comprising two, three, seven, and
19 parallel nanorods.
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105 their orientational order during disassembly and confirm
106 through both experiments and theoretical modeling that both
107 electrostatic and thermal stimuli can play a major role in the
108 process.

109 ■ RESULTS AND DISCUSSION

110 Synthesis and Static Characterization of AuNR@
111 MUDOL Assemblies. Gold nanorods are arguably the most
112 widely used nonspherical nanoparticles, due to the relative
113 simplicity of their synthesis and to their outstanding plasmonic
114 properties. The AuNRs used in this work were synthesized by
115 following a seed-mediated method,29 and synthetic details are
116 given in the Experimental Section. As-obtained AuNRs, 52 ×
117 16 nm (Supporting Information, Figure S1), were stabilized by
118 CTAB (AuNR@CTAB).30 Although some reports have
119 demonstrated the formation of 3D oriented arrays of
120 AuNR@CTAB,31 the formation and stability of extended
121 supercrystals is known to be enhanced upon exchanging CTAB

f1 122 molecules with (1-mercaptoundec-11-yl)hexa(ethylene glycol)
f1 123 (MUDOL) ligands (Figure 1a).32,33 AuNR@MUDOL have

124 lower surface charge and display lower colloidal stability in
125 aqueous dispersions as compared to AuNR@CTAB, and as a
126 consequence, stronger side-to-side interactions have been
127 proposed to lead to parallel aggregation and subsequent
128 deposition as vertical assemblies (induced by the Marangoni
129 effect).10 Under the same experimental conditions, we
130 confirmed that TEM images of drop-casted AuNR@CTAB
131 resulted in horizontally oriented AuNR assemblies (Figure 1b),
132 whereas for AuNR@MUDOL, multiple vertically oriented
133 AuNR domains were evidenced (Figure 1c). The measured
134 center-to-center distance between nanorods within the
135 observed vertical domains was ∼20 nm, which is reasonable
136 given the diameter of AuNRs (∼16 nm) and the thickness of
137 the organic coating (∼2 nm).12 To further confirm successful
138 ligand exchange, and to get insight into the colloidal behavior
139 of Au nanorods, we carried out UV/vis spectroscopy

140measurements. AuNR@CTAB exhibit two localized surface
141plasmon resonance (LSPR) bands, corresponding to transverse
142and longitudinal modes, with maxima at 511 and 707 nm,
143respectively, which are characteristic of noninteracting, well-
144dispersed particles. After ligand exchange, the AuNR@
145MUDOL dispersion exhibits two maxima at 536 and 695
146nm, suggesting the formation of colloidal AuNR clusters.34

147When the same dispersion was measured 2 h after completing
148ligand exchange, we observed a further blue shift and damping
149of the longitudinal LSPR band, along with a redshift of the
150transverse band, resulting in a single, broad band with a
151maximum at 562 nm (Figure 1d). To understand the origin of
152the observed changes in the plasmonic properties of AuNR@
153MUDOL, in terms of their assembly state, we performed
154electromagnetic modeling of side-to-side ordered AuNR
155clusters. Extinction spectra for AuNRs (with dimensions
156corresponding to those used in the experiments) were modeled
157using the finite difference time domain (FDTD) method (see
158the Experimental Section for details).35 We focused on five
159different scenarios: a single AuNR and aggregates comprising
160two, three, seven, and 19 AuNRs. As shown in Figure 1e, the
161modeled spectra reveal a gradual blue-shift and broadening of
162the LSPR band for a growing number of particles in the cluster.
163This is in agreement with our experimental results (Figure 1d)
164and with previous examples in the literature,36 so we can
165conclude that the observed changes in absorbance spectra for
166AuNR@MUDOL result from the gradual aggregation of
167nanorods into parallel clusters, in the aqueous phase. The
168above-discussed results from bulk characterization of AuNR@
169MUDOL dispersions confirm their tendency to form side-to-
170side assemblies in solution, which would result in the
171formation of vertically aligned assemblies on a substrate.
172Although the latter is known from the literature,10,12 the
173reversibility of such an aggregation process has not been
174reported.

Figure 2. Dynamic self-assembly of AuNR@MUDOL. (a) Photographs of an Eppendorf tube containing precipitated AuNR@MUDOL, 2 h 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. (c) Temperature evolution of SAXRD diffractograms for AuNR@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).
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175 Bulk Investigation of the Dynamic Self-Assembly of
176 AuNR@MUDOL. Compounds comprising polymeric and
177 oligomeric ethylene glycol moieties are known to exhibit
178 thermoresponsive behavior.37−39 In the case of self-assembled
179 monolayers, a temperature increase can lead to change of intra-
180 and intermolecular interactions and enable more efficient
181 interactions with water molecules.40 Thus, when the formation

f2 182 of a precipitate was observed by eye (Figure 2a) in an aged
183 sample of AuNR@MUDOL, we proceeded to heat it and
184 watch whether the nanoparticles get thereby redispersed.
185 Indeed, after heating for 10 min, we observed that the color of
186 the dispersion turned purple, similar to that observed right
187 after ligand exchange, thus confirming the reversibility of self-
188 assembly. The time required to observe AuNR disassembly was
189 of only tens of seconds if sonication was used additionally to
190 heating. Importantly, our experiments confirm that the
191 assembly process can be reversed, however, after 3 consecutive
192 cycles of UV/vis measurements revealed a 4 nm redshift and
193 20% decrease of intensity of the longitudal LSPR band
194 (Supplementary Note 1).

195To study in detail the reversibility of the self-assembly of
196AuNR@MUDOL, we used small angle XRD (SAXRD).
197AuNR@MUDOL were initially dispersed in water, which
198intrinsically limited the temperature range for the measure-
199ments. Therefore, we transferred AuNR@MUDOL into
200glycerol, which has similar dielectric properties to water but
201a higher boiling point. AuNR@MUDOL in glycerol was
202allowed to precipitate and then carefully transferred to a glass
203capillary for temperature-dependent SAXRD measurements.
204We first collected 1D diffractograms at 30 °C (Figure 2b),
205which revealed the presence of several Bragg peaks, indicating
206the formation of long-range ordered assemblies. This pattern
207was fitted using a 2D hexagonal unit cell, with a dimension
208(nearest neighbor distance between nanoparticles) of ∼22 nm.
209This is slightly longer than the value derived from TEM (∼20
210nm), in agreement with the dry state of the samples in TEM,
211while glycerol as a solvent may infiltrate in between the
212nanoparticles.41 Hexagonal packing of AuNRs within vertical
213assemblies has been previously reported, for both monolayers
214and complex, 3D smectic assemblies.12 In our SAXRD
215measurements, we did not observe peaks corresponding to

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 AuNR@MUDOL vertical aggregate, showing a single nanoparticle detaching from the aggregate.
In the first three frames, we highlight an area containing three AuNRs; after 5 s one AuNR is seen to leave the aggregate (Movie S1). (c) 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 evidence dynamic movements of small side-
to-side, 2D ordered clusters (Movie S2).
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216 multilayer stacking of nanorods, but it should be noted that
217 this signal would appear at angles beyond the sensitivity of our
218 in-house SAXRD instrument.
219 We then performed temperature-dependent SAXRD meas-
220 urements. The sample was heated from 30 °C up to 200 °C
221 and diffractograms were collected every 10 °C (Figure 2c). To
222 prevent heat-induced nanoparticle degradation, the acquisition
223 time was kept relatively short (60 s), and therefore we focused
224 on following the evolution of the main (10) Bragg peak, which
225 was visible up to ∼135 °C. When approaching this
226 temperature, the peak intensity lowered, indicating a slow
227 disintegration of the aggregates (lower nanoparticle correlation
228 length). Above 135 °C no sharp Bragg peaks were observed
229 but only a broad scattering around the primary beam, which
230 evidenced an isotropic distribution of nanoparticles in the
231 solvent, without orientational order. These results confirm our
232 initial bulk-scale observations.

233Nanoscopic Investigation of the Dynamic Self-
234Assembly of AuNR@MUDOL. To study the self-assembly
235of AuNR@MUDOL in more detail, we employed in situ
236electron microscopy imaging of the particles in a liquid. In
237contrast to TEM-based methods for the examination in liquid,
238WetSTEM does not require the use of microfluidic devices. We
239simply drop-casted a dispersion of AuNR@MUDOL in water/
240glycerol (1:1 v/v) on top of a standard carbon-coated TEM
241grid and placed it inside a precooled STEM device. The use of
242a water/glycerol suspension ensured similar conditions to
243those previously used in bulk SAXRD measurements.
244However, a much lower temperature of 2 °C and a reduced
245pressure of 700 Pa were used in WetSTEM experiments, which
246made the comparison with bulk measurements less accurate.
247As a first observation, we confirmed the tendency of AuNR@
248MUDOL to self-assemble into vertically oriented arrays
249 f3(Figure 3), in agreement with TEM imaging of samples

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). (c,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.
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250 prepared at ambient pressure. Second, we consistently
251 observed fluctuations of the nanoparticles within the
252 solvent−trembling, twisting, assembling, and disassembling−
253 often similar to previous reports based on the in situ TEM
254 method.27 Third, we could monitor the displacement of
255 individual nanorods (see schematic drawings in Figure 3a, still
256 images from WetSTEM recordings in Figure 3b, and Movie S1
257 in the Supporting Information), in particular those which were
258 located at the edges of vertical aggregates. These observations
259 correlate well with the bulk-scale observations of thermally
260 driven disassembly for AuNR@MUDOL aggregates and
261 confirm that we can analyze the process with single-particle

262precision. In summary, we can safely assume that the
263WetSTEM experimental conditions are suitable to monitor
264the dynamic behavior of Au nanorods, which is similar to their
265macroscale behavior.
266Close observation of the vertical assemblies of AuNR@
267MUDOL allowed us to register, apart from the displacement of
268individual AuNRs, the detachment, and movement of side-to-
269side ordered clusters comprising tens of nanoparticles (Figure
2703c,d, and Movie S2). Importantly, despite the clusters’ dynamic
271behavior (twisting/turning, finally “swimming” away), AuNRs
272therein maintained their initial orientational order. Schematic
273models and images from three such events are shown in Figure

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 (EvdW + EC + Eligand−ligand, red dots) at 300 K between AuNRs (52 × 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 × 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 (EvdW + EC + Eligand−ligand) at two different temperatures (27 and 150 °C), between AuNRs (52 × 16 nm) in
glycerol, assuming 130 e charge on the NRs. Solid lines are given for eye guidance. (c) 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 e) 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).
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274 3c, d (see more examples in the SI, Figure S3a-b and SI Movies
275 S3−S4). This is a striking in situ observation of the colloidal
276 behavior of ordered, relatively large (more than 10 nano-
277 particles) AuNR clusters. The colloidal stability of such
278 clusters is in agreement with the above UV/vis spectra (Figure
279 1d) and with the proposed mechanism for the formation of
280 vertical AuNR assemblies, in which side-to-side aggregates are
281 first formed, followed by precipitation from the dispersion and
282 arrangement on a substrate. This behavior also indicates that in
283 our experimental conditions the solvent layer is thick enough
284 to fully cover vertically aligned AuNRs.
285 We thus conclude that observations of the dynamic behavior
286 of AuNRs in the wet state, at the bulk- and the nanoscale, can
287 be correlated. In both cases, disassembly of AuNR aggregates
288 can be monitored, even though the underlying principles differ.
289 In the SAXRD measurements, disassembly is induced by an
290 increase in temperature (thermal energy), whereas in
291 WetSTEM measurements electrostatic interactions (electron
292 beam induced charging of the sample) are likely to provide the
293 main driving force for disassembly, since electron beam
294 induced heating effects are negligible42,43 (Supplementary
295 Note 2). Given the observed similarities, we investigated the
296 disassembly process of AuNR vertical aggregates from
297 WetSTEM movies. We noted a gradual increase in the
298 distance between AuNRs, under the influence of the electron
299 beam. AuNRs were consistently seen to drift apart from each
300 other prior to rapid disassembly of the clusters into individual
301 AuNRs. Although a detailed analysis of this process within a
302 moving cluster (previously discussed) proved challenging, we
303 could monitor the evolution of larger assemblies.44,45

304 Therefore, we focused on disassembly events occurring in
305 2D vertical assemblies, for which AuNRs keep their orientation
306 with respect to the electron beam axis. To minimize differences
307 between observations of separate events we identified
308 assemblies comprising well-ordered clusters made of seven
309 hexagonally arranged nanorods. A schematic model for the
310 process and selected time-lapse frames from sample recordings

f4 311 are shown in Figure 4. These in situ WetSTEM observations
312 allowed us to draw two main conclusions. First, the process of
313 increasing interparticle spacing can be commonly observed in
314 the prepared samples. Second, after reaching a critical
315 interparticle distance, AuNRs start to tremble rapidly and
316 end up losing orientational correlation within their original
317 cluster (Figure 4, multiple such events can be found in Movie
318 S5). We can, therefore, image the evolution of orientational
319 order in clusters of anisotropic nanoparticles, using an in situ
320 EM method. To get a more detailed picture, we quantified our
321 observations by monitoring 2D, hexagonally close-packed
322 structures and calculated the mean separation distance
323 (surface-to-surface) between a central AuNR and six
324 surrounding neighbors forming a 2D hexagonal close-packed
325 structure in the initial state (Figure 4b,d,f and Movies S6−S8).
326 The starting distance, 3−5 nm (Figure 4c,e,g), correlates well
327 with the interparticle distances calculated from SAXRD
328 measurements after subtracting the AuNRs diameter. Under
329 the electron beam, we witnessed an increase of interparticle
330 distance within seconds, accompanied by trembling of AuNRs,
331 while their average positional order was maintained. The loss
332 of orientational correlation between AuNRs was observed at
333 interparticle distances of 7−12 nm, which are slightly larger
334 than twice the length of an extended MUDOL ligand.
335 Although several factors, such as the presence of neighboring
336 AuNRs, electron beam intensity (at different imaging

337magnifications), and thickness of the solvent layer, may
338influence the distance at which positional order is lost, the
339values estimated on the basis of different recordings are in
340good agreement.
341To understand better the self-assembly and disassembly of
342the experimental AuNR@MUDOL, we performed hybrid
343multiscale (MS) modeling of large AuNRs (52 × 16 nm) and
344separate molecular dynamics (MD) simulations of the
345disassembly dynamics in small model AuNRs@MUDOL (13
346× 4 nm).
347MS modeling in Figure S4a shows that the large AuNRs
348have a significant bulk vdW attraction, giving a potential well of
349∼22 kcal/mol at their surface distances of 3−4 nm. In contrast,
350small AuNRs have a rather small vdW barrier of a few kcal/
351mol, which means that their short-range attraction mostly
352originates from ligand−ligand coupling. These results suggest
353that AuNRs should self-assemble in water at room temperature
354due to bulk vdW coupling, and it is unlikely that they would
355separate without additional repulsion, discussed below.
356In Figure S4a, we show the coupling potential energies of
357large AuNRs with 10 to 130 electron charges per NR.
358Figure S4b shows that the repulsive Coulombic coupling
359between large charged NRs can decrease the above vdW
360barrier. To examine how the potential energy wells shown in
361Figure S4b change when ligand−ligand coupling is included,
362we performed molecular modeling of large AuNRs coated with
363MUDOL ligands. The ligand−ligand coupling free energy
364between two AuNR at different surface distances (2.4−5.4
365nm), submerged in both water and glycerol, were calculated
366using solvation free energy calculation with MM/GBSA. For a
367given NRs distance, the ligand−ligand coupling energies
368depend on the ligand density and the NRs spatial overlap.
369For simplicity, the coupling energies are calculated from 5 nm
370slices of two 52 × 16 nm AuNRs solvated in water (T = 300 K)
371 f5and glycerol (T = 300 and 423 K), as shown in Figure 5a (inset
372on the right).
373Figure 5a shows the total interaction free energies (EvdW +
374EC + Eligand−ligand) of AuNRs (with 130 e charge) submerged in
375water at 27 °C (300 K). In this case, a potential well of ∼220
376kcal/mol is detected, which needs to be overcome for the
377disassembly process to occur. In Figure 5b, we also show
378calculated total potential energies for AuNRs submerged in
379glycerol. Note that the potential energy well of the system at
380150 °C is reduced by 25%, as compared to the system at 27 °C.
381This clearly indicates a temperature-induced entropic repulsion
382of the ligands, which can promote disassembly.
383To examine more closely the disassembly dynamics of
384AuNRs, we performed MD simulations of a hexagonal cluster
385made of seven small model AuNR@MUDOL, while neglecting
386their bulk vdW coupling (Supplementary Note 3 and Figure
387S5). The simulations were performed at different temperatures
388and in different solvents.
389The experimental AuNR@MUDOL solvate better in
390glycerol, where they disassemble above 135 °C. The
391disassembly AuNRs might be promoted by entropic effects
392and NRs charging, leading to a relatively strong repulsion in
393glycerol. On the other hand, small neutral AuNRs, with partly
394hydrophobic ligands self-assemble at 25 °C on the water
395surface, with their tips partly exposed and a surface-to-surface
396distance of 3 nm, stabilized by ligand−ligand coupling. This
397AuNR arrangement was used as the starting point for our
398stimuli-driven disassembly simulations in which we heated the
399system or charged the small AuNRs to understand their

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c06446
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

G

http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06446/suppl_file/ja0c06446_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06446/suppl_file/ja0c06446_si_004.mp4
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06446/suppl_file/ja0c06446_si_004.mp4
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06446/suppl_file/ja0c06446_si_005.mp4
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06446/suppl_file/ja0c06446_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06446/suppl_file/ja0c06446_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06446/suppl_file/ja0c06446_si_006.mp4
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06446/suppl_file/ja0c06446_si_006.mp4
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06446/suppl_file/ja0c06446_si_007.mp4
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06446/suppl_file/ja0c06446_si_009.mp4
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06446/suppl_file/ja0c06446_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06446/suppl_file/ja0c06446_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06446/suppl_file/ja0c06446_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06446/suppl_file/ja0c06446_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06446/suppl_file/ja0c06446_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06446/suppl_file/ja0c06446_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c06446?ref=pdf


400 disassembly dynamics and compare it with the experimental
401 results (Supplementary Notes 4−6).
402 We simulated small neutral AuNRs@MUDOL submerged in
403 glycerol at 25 and 150 °C (Supplementary Note 4). Whereas
404 in the former case we did not observe disassembly of AuNRs
405 (Figure S6), in the latter (after 28 ns) we did observe their
406 gradual disassembly (Figure 5d and Movie S9). Figure 5e
407 shows that the distance between AuNRs increases from ∼3.0
408 to 4.3 nm. From the experimental point of view, the increased
409 separation distance (5 nm) at higher temperatures (due to
410 entropic ligand repulsion) could be sufficiently advantageous
411 (energetically) for them to overcome the combined vdW and
412 Coulombic barrier (Figure S4b). Larger thermal fluctuations
413 also participate in this process, which can be seen from the
414 evolution of interparticle distances between the top and
415 bottom parts of the nanorods (inset, Figure 5e).
416 Finally, we addressed the effect of AuNR charging on the
417 self-assembly process. Therefore, we simulated the process for
418 in situ WetSTEM experiments, where we would not expect
419 heating of the solution, so we could investigate the disassembly
420 of AuNRs induced by e-beam-induced charging (Supplemen-
421 tary Note 5). When considering a charge of 20 e per small
422 AuNR@MUDOL partly or fully submerged in water, no
423 disassembly was observed (Figure S7a-d). However, when
424 charged with 50 e per AuNR@MUDOL, for the fully
425 submerged case, gradual disassembly occurred (Figure 5g
426 and Movie S10). Their average surface-to-surface distance
427 increased from the initial ∼3.0 up to 6.1 nm (Figure 5h), while
428 trembling similarly to our in situ experimental observations
429 (inset, Figure 5h). The AuNRs orientation became more
430 disorganized when their separations became roughly twice the
431 ligand length. A similar outcome was observed for AuNRs with
432 the same 50 e charge, which were partially submerged in water
433 (Figure S7e,f). In this case, a radial, more symmetrical path
434 toward AuNRs disassembly was evidenced, which allows
435 AuNRs to keep a hexagonal order during disassembly. In
436 contrast, a more chaotic behavior was evidenced for fully
437 submerged AuNRs, in which the hexagonal order is lost. The
438 latter was observed in real electron microscopy measurements,
439 suggesting that we could probe the dynamics of assemblies that
440 were fully submerged in the solvent. To maximize the
441 generality of our theoretical framework, we performed
442 additional simulations of AuNR@MUDOL partly or fully
443 submerged in water at 100 °C and observed that these systems
444 did disassemble (Supplementary Note 6, Figure S8a-d, and
445 Table S1). We should keep in mind that despite the dynamics
446 of experimental (large) and MD-simulated (small) NRs are
447 qualitatively similar at the same temperatures and in the same
448 solvents, the disassembly time scales and necessary NRs
449 charging might be much larger in the experimental (large)
450 NRs. That can be clearly expected from the deep potential
451 wells shown in Figure 5 a,b.
452 It is intriguing to think that, in the context of the
453 experimentally confirmed reversibility of the disassembly
454 process (Figure 2), reversing time in our recordings would
455 enable us to get insight into the assembly process−assembly of
456 single particles as well as clusters of ordered AuNRs
457 (Supporting Information, Movies S11−S12), which is similar
458 to the pre- and postattachment alignment pathways27

459 previously reported in the literature for side-to-side assemblies
460 of AuNRs.

461■ CONCLUSIONS

462In summary, we carried out a comprehensive study of the
463(stimuli-responsive) self-assembly of gold nanorods function-
464alized with MUDOL ligands, into vertical arrays. In situ
465WetSTEM imaging provided us with a unique, direct insight
466into this process, showing strong evidence (formation of
467vertical arrays, and movements of AuNRs) that in situ
468observations at the single particle level are in agreement with
469bulk measurements. Notably, we obtained direct proof of the
470colloidal stability of side-to-side, 2D assemblies of AuNRs,
471even when in motion. Our approach also allowed us to
472monitor the disassembly process, which first proceeds with
473AuNRs keeping orientational order, subsequently losing order
474after separating to distances larger than double the length of
475MUDOL ligands. Multiscale modeling enabled us to in silico
476recreate the thermal- and charge-driven disassembly of AuNRs
477and to analyze these processes in the context of vdW,
478Coulombic, and thermal interactions between AuNRs. In
479conclusion, this work highlights the versatility of the
480WetSTEM imaging technique for in situ EM studies of NP
481dynamics and provides insight into the stability orientationally
482ordered NR assemblies.

483■ EXPERIMENTAL SECTION
484Materials. All chemicals were used as received, with no further
485purification. Gold(III) chloride hydrate (HAuCl4·H2O, 99.995% trace
486metals basis), hexadecyltrimethylammonium bromide (CTAB,
487≥98%), sodium borohydride (NaBH4, powder ≥98%), silver nitrate
488(AgNO3, ACS reagent, ≥99.0%), 1-mercaptoundec-11-yl)hexa-
489(ethylene glycol (MUDOL, 90%), and glycerol (ACS reagent,
490≥99.5%), were all purchased from Sigma-Aldrich. Milli-Q water
491(resistivity 18.2 MΩ cm at 25 °C) was used in all experiments. All
492glassware was washed in aqua regia.
493Synthesis of Gold Nanorods. AuNR@CTAB. Gold nanorods
494were prepared following a previously reported seed-mediated
495method.29 In the first step, seeds were prepared as follows: 25 μL
496of a 0.05 M HAuCl4 solution was added to 4.7 mL of 0.1 M CTAB
497solution and, after 5 min, 300 μL of a 0.01 M NaBH4 (freshly
498prepared) solution was injected under vigorous stirring. Then, 120 μL
499of seed solution was injected to the growth solution containing CTAB
500100 mM, HAuCl4 0.5 mM, AgNO3 0.04 mM and ascorbic acid 0.75
501mM (total volume: 10 mL). The reaction was allowed to proceed
502undisturbed for 2 h at 30 °C. The obtained AuNRs were on average
50351 nm inside length and 15 nm in thickness.
504Ligand Exchange on AuNRs. AuNR@MUDOL. A total of 1 mL
505of MUDOL solution (0.5 mM) was added to 10 mL of Au NRs
506dispersion (1 mg/mL) in 5 mM CTAB. The reaction mixture was
507sonicated for 30 min and left under mild stirring overnight. Then, the
508solution was centrifuged at 3000 rpm for 10 min and the precipitate
509was redispersed in 2 mL of 5 mM CTAB solution. To transfer
510AuNR@MUDOL to glycerol, the aqueous dispersion was centrifuged
511at 3000 rpm for 10 min, and the precipitate redispersed in glycerol
512under sonication.
513Assemblies of Nanorods. For structural analysis, AuNR@
514MUDOL precipitate was placed in a glass capillary for small angle
515X − ray diffraction (SAXRD) analysis. Measurements were performed
516with a Bruker Nanostar system (Cu Kα radiation, parallel beam
517formed by cross-coupled Goebel mirrors, and a 3-pinhole collimation
518system, VANTEC 2000 area z detector). Fitting of the obtained
519diffractogram and simulation of the patterns was performed with
520Topas 3 software (Bruker). Transmission electron microscopy
521analysis of AuNRs was performed using TEM model JEM−1400
522(JEOL, Japan), available in Nencki Institute of Experimental Biology,
523Laboratory of electron microscopy. Samples were prepared by drop-
524casting small aliquots of the as obtained dispersions of AuNRs onto
525TEM grid, then left to dry under ambient conditions. Spectroscopy in
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526 the UV−vis range studies was performed using GENESYS 50 UV−vis
527 spectrophotometer, available at University of Warsaw.
528 Modeling Plasmonic Properties of AuNR Assemblies. The
529 Finite-Difference Time-Domain (FDTD) method30 (Lumerical
530 Solutions, Inc.) was used to model the optical properties of single
531 Au NRs and small clusters thereof. All simulations were performed in
532 water (refractive index 1.33). The nanorod dimensions were selected
533 to fit the experimental sample. Dielectric data for gold were obtained
534 by fitting experimental data from Johnson and Christy47 (0.220 RMS
535 error). All simulations were terminated after reaching a shutoff level of
536 10−6.
537 In Situ Electron Microscopy (WetSTEM) Observations. The
538 wet scanning transmission electron microscopy (WetSTEM) system is
539 tailored for high-resolution imaging under conditions of mild pressure
540 and provides the opportunity for in situ dynamic imaging of liquid
541 samples. We used a QUANTA SEM 250 FEG/FEI, equipped with a
542 field emission gun (FEG) system, containing detectors tailored for
543 scanning and transmission imaging in bright- and dark-field. The grid
544 holder is designed for standard 3 mm TEM grids. Furthermore, it
545 provides the possibility to fully control the conditions in the specimen
546 chamber, in terms of temperature and pressure. Our observations
547 were usually carried out at 2 °C, with pressure between 700−1000 Pa,
548 at a landing voltage of 30 kV and low electron flux ranging from 2 to
549 17e (Å2 s)−1 (Supplementary Note 2), which makes the effect of
550 water radiolysis negligible.48,49 Since the study was performed on
551 TEM grids, we minimized the impact of electrons backscattered from
552 the support, which could be expected in a regular SEM setup. In a
553 typical experiment, to 100 μL of dispersion of AuNR@MUDOL was
554 added 15 μL of glycerol. Then, an aliquot of the mixture was drop-
555 casted onto a TEM grid previously fixed on the cold (0 °C) WetSEM
556 holder, to make sure that water would not evaporate before closing
557 the equipment and lowering the pressure. After equilibration of the
558 grid for 1 min, the specimen chamber was sealed and the pressure
559 inside was quickly lowered to 1200 Pa and then slowly (10 Pa step)
560 lowered to 700 Pa, to acquire optimal conditions for imaging (lowest
561 obtainable pressure with water remaining in the liquid state on top of
562 the TEM grid). After stabilizing the conditions inside the chamber,
563 the electron beam was turned on for imaging. Videos were recorded at
564 a rate of 50 ns per pixel, with a GSED detector.
565 Simulation Methods. Self-assembly and disassembly processes of
566 AuNRs were described by hybrid multiscale (MS) modeling for
567 realistic AuNRs, as well as molecular dynamics (MD) simulations for
568 smaller AuNR@MUDOL. Different competing interactions act
569 between solvated AuNRs, such as bulk van der Waals (vdW)
570 coupling, mean electrostatic coupling, ligand−ligand coupling, etc.
571 The effects associated with long-range interactions between AuNRs
572 are captured by the MS method, while their short-range interactions
573 are better described by the MD method.
574 Multiscale Modeling. Using multiscale methods, we calculated
575 bulk vdW coupling energies EvdW (bulk material of AuNRs), mean
576 electrostatic interaction energies Ec (overall AuNR charging), and
577 atomistic ligand−ligand coupling energies Eligand−ligand between pairs of
578 realistic AuNRs (52 × 16 nm) as a function of their separation in
579 different solvents.
580 The bulk vdW coupling energy, EvdW, between two AuNRs (52 ×
581 16 nm) was calculated by the Hamaker summation (1) over their
582 volume elements,
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584 Here A is the Hamaker constant for Au−Au interaction in water (A =
585 1.80 eV), and r1 and r2 are the position vectors of volume elements on
586 both NRs.
587 The electrostatic interaction energy, Ec, was calculated by summing
588 over pairs of charged elements, each taken from one of the considered
589 AuNRs, homogeneously distributed on the AuNR surface (modeled
590 as a cylinder) with a thickness 0.5 nm (2),
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592Here ε = 80 is the dielectric constant of water, ρ(r1,2) is a charge
593density at the position r1,2, and |r1-r2 | is the distance between both
594charged elements.
595Atomistic Molecular Dynamics Simulations. We have
596separately simulated the disassembly dynamics in small AuNRs (13
597× 4 nm) covered with 300 neutral MUDOL molecules and solvated
598in water (bulk or surface) and glycerol (400 × 400 × 200 Å3 or 400 ×
599400 × 340 Å3 boxes). AuNR@MUDOL were simulated with
600Nanoscale Molecular Dynamics (NAMD)46 in NVT (partially
601exposed AuNRs, 3 simulations) or NPT (fully submerged AuNRs,
6025 simulations) ensembles at T = 300, 373, and 423 K, using the
603Langevin dynamics with a damping constant of CLang = 0.1 ps−1 and a
604time step of 2 fs. The CHARMM general force field50,51 was
605implemented for the bond, angle, and dihedral parameters of the
606ligands and solvent molecules. The electrostatic coupling between
607ions and partially charged atoms (nonbonding interactions) has a
608cutoff of 1 nm, but the long-range part of this coupling was calculated
609by the PME method52 (under periodic boundary conditions).
610Nonbonding vdW attraction and steric repulsion between molecules
611were described by Lennard-Jones (LJ) potentials (3),
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613where ε is the minimum (negative) energy of this coupling and rmin is
614a distance at which ULJ (rmin) has a local minimum, as provided by the
615CHARMM force field. The LJ potential implemented in NAMD has a
616typical cutoff distance of 1 nm (within the solvent).
617We also used the atomistic molecular dynamics simulations to track
618the free energies derived from coupling of segments in large NRs,
619including ligand−ligand interactions. Toward this end, we constructed
620a 5 nm-thick slice from two 52 × 16 nm (right inset, Figure 5a)
621AuNRs coated with MUDOL ligands and submerged in either water
622(300 K) or glycerol (300 and 423 K). The solvent box in the
623simulation had dimensions of 320 × 320 × 50 Å3. The system was
624first constructed with a surface distance of 5.4 nm. Then, we applied
625force on one slice, fixed the other slice, and let them approach each
626other in short simulations. At the desired surface distances, we saved
627the systems, froze the slices (bulk material) except ligands, and
628performed MD simulations (described above) on each system for
629another 10 ns. We then calculated ligand−ligand coupling free
630energies between the slices (height = 5 nm, diameter = 16 nm) at
631different surface distances (2.4−5.4 nm) between NRs using solvation
632free energy calculations with the MMGB-SA method.53,54 The free
633energies were averaged over the last 5 ns of the trajectory.
634Free energies were estimated from separate MMGB-SA calculations
635for three systems (two separate AuNR@MUDOL and the self-
636assembled AuNR@MUDOL complex) in the configurations extracted
637from the MD trajectories of the whole complex in the given solvent.
638Then, coupling free energies of NRs were calculated from

G G G

G

(complex) (separate NRs1)

(separate NRs1)
bind GBSA GBSA
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−

639Free energies were calculated using NAMD 2.13 package
640generalized Born implicit solvent model,55 with a dielectric constant
641of the solvent of 80 and 46.5. The nonpolar contribution for each
642system configuration was calculated in NAMD as a linear function of
643the solvent-accessible surface area (SASA), determined using a probe
644radius of 1.5 Å with a surface tension of γ = 0.00542 kcal/mol Å−2.
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667 Video from MD simulations (Movie S9) (MPG)
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