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ABSTRACT: We report on the assembly of polymer-grafted nanostructures at the
vapor/aqueous interface and in bulk solutions using synchrotron X-ray diffraction
methods. Triangular- and octahedral-shaped gold nanostructures are synthesized
and grafted with poly(ethylene glycol) (referred to as PEG-AuNTs and PEG-
AuNOb, respectively), and their suspensions are manipulated with salts,
(poly)electrolytes that induce interpolymer complexation and HCI to achieve
organized assemblies. The assemblies at the vapor/liquid interface are explored by
X-ray reflectivity and grazing-incidence small-angle X-ray scattering. Results show
that PEG-AuNTs and PEG-AuNOh populate the interface, with some degree of
orientation with respect to the liquid surface. The resulting assemblies can be
tuned by the regulating electrolyte and pH levels of the suspensions. Similar
suspension manipulations also induce three-dimensional assemblies that are
revealed with solution small-angle X-ray scattering. In addition to controlling the
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three-dimensional (3D) aggregates by regulating the (poly)electrolytes and pH levels, we show that raising the temperature of the
suspensions from 20 to above 50 °C induces and even improves the ordering of the assemblies. Our findings provide tools that can
be used to assemble and orient anisotropic nanostructures for potential applications in photonics and plasmonics.

KEYWORDS: assembling nanostructures, salt-induced self-assembly, interpolymer complexation, PEG-grafted gold nanostructures,
X-ray reflectivity (XRR), grazing-incidence small-angle X-ray scattering (GISAXS), small-angle X-ray scattering (SAXS)

B INTRODUCTION

Progress in the synthesis of nanoparticles has led to the
fabrication of functional nanoscale building blocks for ordered
assemblies with novel collective properties that are applicable
in photonics, plasmonics, electronics, catalysis, and sens-
ing.'~"* Owing to their unique and appealing properties,
various strategies for nanostructure assembly and crystalliza-
tion have been developed through the interplay of electrostatic,
hydrogen bonding, van der Waals (vdW) interactions,
hydrophobic effect, antigen—antibody (i.e., lock-and-key)
recognition, and DNA hybridization."”™" Recently, a series
of systematic studies demonstrated the assembly and
crystallization of gold nanoparticles (AuNPs) that are grafted
with water-soluble polymers, such as poly(ethylene) glycol
(PEG),”** and poly(N-isopropylacrylamide) (PNIPAM).*
The PEG-grafted AuNPs are soluble and well dispersed in
aqueous solutions in the absence of electrolytes at or near
neutral pH. However, adding salts to the suspensions induces
assembly and ordering at the vapor/liquid interface and at
higher concentrations creates ordered three-dimensional (3D)
aggregates.23’24 In addition to the salt-mediated strategy,
interpolymer complexation (IPC), using poly(acrylic acid)
(PAA) in the suspension below its isoelectric point (pI), has
been recently developed for the two-dimensional (2D) and 3D
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assembly of PEG-AuNPs.’>*' Beyond traditional spherical
nanoparticles, new opportunities are provided by developing
strategies for self-assembly and crystallization of anisotropic
nanostructures.””~*' The advantage of using anisotropic nano-
objects is that their distinct properties can be achieved by
manipulating their shape and/or size. The desired local
properties of the individual particles can be furthermore
exploited in their collective behaviors as assembled ordered
structures, potentially in optical devices and metamateri-
als.””~** Recently, DNA-mediated gold nanocube arrays have
been investigated to control the structural and optoelectronic
properties with respect to nanostructure shape, size, and
spacing of particles for advanced photonic metamaterials.
Nevertheless, the assembly of anisotropic nanostructures
remains a challenge, compared to the assembly of isotropic
nanoparticles.”*® Here, we report on the assembly of PEG-
grafted nanotriangles (NTs) and nano-octahedra (NOh) in
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salt or PAA suspensions at the vapor/liquid interfaces”’ and in
the bulk, as illustrated in Figure 1.
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Figure 1. Schematic illustration of 2D and 3D assemblies of PEG-
AuNTs and PEG-AuNOh at the vapor/liquid interface and in the
bulk mediated with salt or interpolymer complexation (IPC).

B EXPERIMENTAL DETAILS

Materials and Methods. Gold(III) chloride trihydrate (HAuCl,:
3H,0, >99.9%), benzyldimethylhexadecylammonium chloride
(BDAC), hexadecyltrimethylammonium chloride (CTAC, >98.0
%), 3-butenoic acid (BA, >97 %), and poly(acrylic acid) with an
average molecular weight (M,,) of ~2 kDa (referred to as PAA2k or
PAA without specification) were purchased from Sigma-Aldrich and
used as received. Poly(ethylene glycol) methyl ether thiol (mPEG-
SH) with M,, of ~5 and ~10 kDa (referred to as PEGSk and PEG10k,
respectively) were obtained from CreativePEGWorks.

Gold nanotriangles (AuNTs) and nano-octahedra (AuNOh) are
fabricated following the procedure described in the literature.**™° In
a typical synthesis, HAuCl, and BDAC are mixed in a 20 mL glass vial
to give 10 mL of a solution containing 0.5 mM HAuCl, and 5 mM
BDAC. The thoroughly mixed solution is heated to ~75 °C on a hot
plate to which 10 uL of BA is added followed by a stirring process.
Subsequently, the color of the solution changes to dark pink,
indicating the formation of gold nanostructures. The solution vial is
then removed from the hot plate and cooled to room temperature.
UV—visible spectra of the solution measured with a Nanodrop One is
used to verify the formation of gold nanostructures. The as-prepared
nanoparticles solution is then centrifuged at 10000 rpm in a
Eppendorf MiniSpin Plus to remove the excess of BA and BDAC. We
note that at this stage, the as-synthesized nanostructure solution
contains both AuNTs and AuNOh. To separate the AuNTs and
AuNObh, 350 mM CTAC is added to the mixture and then kept
overnight on a bench, during which a precipitate of AuNTs and
supernatant of AuNOh are formed. The supernatant is transferred to a
fresh centrifuge tube, and AuNTs are resuspended in nanopure water.

It is notoriously difficult to perfectly separate AuNTs and AuNOh at
this stage. However, the major nanostructures in the precipitate and
supernatant are AuNTs and AuNOb, respectively (see more detail in
Table 1). Both AuNTs and AuNOh are nanosized structures (NSt)
and are referred to as AuNSts in general without context. Synthesized
AuNTs and AuNOh are grafted with PEG10k and PEGSk through a
ligand exchange process and centrifugation as described elsewhere®’
and are referred to as PEG-AuNTs and PEG-AuNOb, respectively.

Dynamic light scattering (DLS; Nano ZS$90, ZEN3690) is used to
determine the hydrodynamic size distribution of the nanoparticles in
bulk solutions (Figure S1). The calculated hydrodynamic size
distribution of AuNTs and AuNOh is hindered because of the
inevitable entanglement of translational and rotational diffusion of
nonspherical nanostructures. Therefore, the measurement does not
provide direct information of their actual sizes.>’ Nevertheless, DLS
measurements show significant changes between the bare and the
PEG-grafted nanostructures manifested by an effective increase in
size. This confirms the grafting of PEG on the facets of AuNSts and
also that PEG-AuNSts are well dispersed in the suspensions (see more
details in the Supporting Information, Figure $1).*” Figure S2 shows
the UV—visible spectra (SpectraMax M3, Molecular Devices) of PEG-
AuNSts dispersed in the bulk solution. The surface plasmon
resonance peaks (4,.) of PEG-AuNTs and PEG-AuNOh are at
~580 and ~550 nm, respectively, in agreement with previous
reports.*” The shift to the longer wavelength ~380 nm for PEG-
AuNTs is consistent with their average size being larger than PEG-
AuNOh,*” which is also confirmed by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). UV—visible
spectra are also used to estimate the concentration of PEG-AuNSts
using Beer’s law.

For characterization of the morphology and size distribution, PEG-
AuNSts are deposited on RCA cleaned n-type silicon.”® Then, a field
emission scanning electron microscopy (FE-Teneo, operated at 20
kV) in high-vacuum mode is used to image PEG-AuNSts.
Representative SEM images of PEG-AuNTs and PEG-AuNOh are
shown in Figure 2a,b after the separation process and grafting. Due to
the PEG polymer covering the nanostructure surface, the SEM
resolution is slightly diminished (see Figure S3 for more details on the
morphology of gold nanostructures). PEG-AuNTs and PEG-AuNOh
aqueous solutions contain ~68% AuNTs of 45 + 5.8 nm length and
~76% AuNOh of 28 + 3.4 nm size (the largest vertex-to-vertex
distance), respectively (see more details in Table 1). TEM (FEI
Tecnai G2 F20) is also used to image the morphology of PEG-
AuNSts by depositing them on a TEM grid (Carbon type-B, 300
mesh, copper). TEM images for the representative individual
nanostructures of PEG-AuNTs and PEG-AuNOh are shown in
Figure 2¢,d, respectively.

Synchrotron X-ray structural studies were performed at the
Advanced Photon Source (APS), Argonne National Laboratory.
The aqueous surface measurements, ie, liquid surface X-ray
reflectivity (XRR) and grazing-incidence small-angle X-ray scattering
(GISAXS) were carried out at the liquid surface spectrometer at

Table 1. Overview of the Information of AuNTs and AuNOh Used in This Study

size and shape distribution™”

triangles (~68%)
45 + 5.8 nm
octahedra (~31%)
35.5 £ 4.5 nm
triangles (~23%)
36 + 3.6 nm
octahedra (~76%)
28 + 3.4 nm

AuNTs PEG10k

AuNOh PEGSk

functionalization of PEG

concentration X-ray characterization self-assembly method
~0.32 nM XRR, GISAXS salt, IPC
SAXS IPC
~0.42 nM XRR, GISAXS salt, IPC
~1.08 nM SAXS salt, IPC

“Quantification is based on the analysis of scanning electron microscopy (SEM) images. bSize of the AuNTs refers to its triangular base edge length
as measured by SEM. Thickness (<23 nm) of the AuNTs is estimated using atomic force microscopy. Size of the AuNOh refers to the largest
vertex-to-vertex distance. In the Supporting Information, the small-angle X-ray scattering (SAXS) data analysis provides an alternative estimate on

overall dimensions.
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Figure 2. Representative SEM images of (a) PEG-AuNTs and (b)
PEG-AuNOh. TEM images for individual (c) PEG-AuNT and (d)
PEG-AuNOh.

beamline 15ID-C (APS), NSF’s ChemMatCARS with X-ray energy
10 keV. The bulk characterization of the suspensions by small-angle
X-ray scattering (SAXS) at X-ray energy 13.3 keV was conducted at
beamline 12ID-B (APS). The experimental protocols in the two
beamlines are similar to those already described elsewhere,*>%3%3147
Briefly, the measured X-ray reflectivity, R(Q,), is a function of the
vertical component of the scattering vector Q and displayed in our
figures after normalization to the calculated Fresnel reflectivity, R, for
an ideally sharp and flat surface of the bulk solution. From the
reflectivity, we determine the electron density (ED) profile, p(z),
across the interface by refining the parameters of p(z) to obtain the
best calculated fit to the measured reflectivity using the Parratt’s
recursive method (z-axis being along the surface normal).’* The
lateral packing structure of the NSts on the aqueous surface is probed
via GISAXS.”" For the GISAXS, the incident angle of the X-ray
beam, ¢, is kept below the critical angle for total reflection, .. Here,
the intensity versus Q,, the horizontal component of Q, is integrated
over Q, from 0.02 to 0.1 A™%,

For SAXS measurements, the solutions are loaded in quartz
capillaries and the sample temperature is controlled and monitored.
Temperature is raised from 20 to 80 °C and then lowered back to 20
°C at a constant rate of 10 °C/min. At each 10 °C increment (or
decrement), the temperature is maintained for 10 min to stabilize the
sample. The SAXS intensity is expressed as a function of the
magnitude of the scattering vector, Q = |Ql, owing to the isotropy of
the scattering pattern. The suspended NSts and their aggregates in the
bulk of the solutions are characterized with SAXS following
established procedures.”**"

B RESULTS AND DISCUSSION

Two-Dimensional Interfacial Assembly of PEG-AuNTs
and PEG-AuNOh. X-Ray Reflectivity (XRR). Normalized X-
ray reflectivity data, R/Ry, are shown in panels (a) and (c) in
Figure 3 for PEG-AuNTs and in Figure 4 for PEG-AuNOh
under various controlled solvent conditions as indicated.
Panels (b) and (d) show the corresponding electron density
(ED) profiles that produce the best-fit to R/Rg data in (a) and
(c), respectively. For both systems, in the absence of K,CO; or
PAA (and HCIl), R/R; is close to unity, indicating a liquid
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Figure 3. Log—log plot of R/R; data for PEG-AuNT suspensions in
response to varying concentration of (a) K,COj; or (c) HCl in the
presence of 2 mM PAA2k. Their corresponding ED profiles (b, d)
generate the best-fitting (solid lines) for R/Ry data in (a) and (c),
respectively.
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Figure 4. Log—log plot of R/R; data for PEG-AuNOh suspensions in
response to varying concentration of (a) K,CO; or (c) HCl in the
presence of 2 mM PAA2k. Their corresponding ED profiles (b, d)
generate the best-fitting (solid lines) for R/Ry data in (a) and (c),
respectively.

surface with no accumulation of NSts. As more salt or PAA
and HCl are added, R/Ry increases above 1, indicating surface
electron enrichment due to a higher density of AuNSts at the
vapor/liquid interface.””***” The extracted ED profiles show
the same trend, namely, enhancement in the region
immediately adjacent to the vapor/liquid interface (ie., z =
0), indicating the migration of PEG-AuNSts to the aqueous
surface in response to the addition of either salts (i.e., K,CO;)
or PAA to the suspensions.

The ED enhanced segment along the z-axis extends within a
depth that is comparable to the size of the AuNSts estimated
by SAXS and SEM, as listed in Table 1 (see the Supporting
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Table 2. Summary of XRR and GISAXS Analysis

nanostructures conditions I,
(e/A%)
PEG-AuNTs S mM K,CO, 16.1
PEG-AuNTs 500 mM K,CO;, 32.8
PEG-AuNTs PAA 18.7
PEG-AuNTs PAA + 10 mM HCI 29.6
PEG-AuNOh S mM K,CO; 14.3
PEG-AuNOh 500 mM K,CO, 232
PEG-AuNOh PAA 18.4
PEG-AuNOh PAA + 10 mM HCI 15.2

XRR“ GISAXS
CM-to-surface dimension skewness peak presence
distance (nm) 26 (nm) i

15.8 17.6 —0.50 no
15.8 17.6 —0.61 no
15.8 18.6 —-0.43 no
13.3 17.8 —0.82 yes
12.5 12.8 -0.17 no
13.6 132 —0.28 no
16.0 16.4 0.16 yes
10.5 14.0 -0.33 yes

“The meaning of each of these four parameters derived from the XRR analysis is briefly described in the main text and the detailed discussion can

found in the Supporting Information.

Information for more details). This reveals that a single layer of
PEG-AuNSts is formed at the vapor/liquid interface.”””> We
also observe that the shapes of the ED profiles (defined in the
Supporting Information) exhibit asymmetry as may be
expected from nonspherical AuNSts. The shape of the ED
distribution can be quantified by their nth moments
(mathematically defined in the Supporting Information), as
summarized in Table 2. The zeroth moment is the surface
electron density excess, I, that is proportional to the surface
excess of PEG-AuNSts.”® We note that the enhancement in the
ED profile is primarily due to the AuNSts as the PEG has
much lower ED than that of solid Au. The higher-order
moment of distributions can be associated with the
orientations of the specific AuNSt (e.g, Figures S4 and SS).
Our XRR analysis can be summarized as follows. (1) Adding
salts (i.e, K,CO;) to the bulk solutions increases the surface
activity of the PEG-AuNSts in suspension. In the presence of 5
mM K,CO,;, the ED profile for PEG-AuNSt suspensions
exhibits some ED enrichment compared to that of suspensions
with no salt, indicating the onset of NSts interfacial
aggregation. Increasing salt concentration by 2 orders of
magnitude further doubles the surface excess of PEG-AuNSts
(see Table 2). Such a qualitative trend of linear increase of
surface-bound PEG-AuNSts concentration versus the loga-
rithmic of bulk salt concentration has been observed for PEG-
grafted sgpherical gold nanoparticles (PEG-AuNPs) in earlier
studies.”” The derived first moment (the center of mass, CM)
and the second moment (6*) show that both PEG-AuNTs and
PEG-AuNOh layers are very close to the average NSts size,
thus validating a single-layer formation at the interface.
Compared to the ED profile for a PEG-AuNP monolayer,23
ED profiles for PEG-AuNTs exhibit asymmetry that can be
associated with a partial preferred orientation at the surface.
Here, the asymmetry is quantified with the third central
normalized moment of the ED profile, known as skewness (see
definition in the Supporting Information). The skewness of the
ED profile for PEG-AuNTs is negative (£-0.5; in accordance
with our chosen coordinate), indicating that the triangular
prism orients at the surface (see Figure S6). We examine two
orientations with respect to the surface. One orientation is
“face-on” and the other is “base-on,” as depicted in the
Supporting Information. Based on simulations of the resulting
ED profiles for thin triangular prisms adopting this binary
orientation (see Figure S7), we suggest that salt/electrolyte
induces PEG-AuNTs to adopt a face-on orientation, even for a
denser monolayer at higher salt concentrations. The scenario
that all AuNTSs adopt a base-on orientation at the vapor/liquid
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interface is less plausible; otherwise, it should lead to a more
symmetric ED profile, namely, with much less skewness (i.e.,
close to zero). Although oriented, these salt-induced, surface-
anchored, face-on favored PEG-AuNTs are randomly arranged
on the horizontal plane, lacking any sort of preferred in-plane
ordering (see Grazing-Incidence Small-Angle X-ray Scattering
discussion below and Figure S9). The skewness for PEG-
AuNOh is much closer to zero, indicating much less deviation
from spherical symmetry for octahedra. (2) Adding PAA/HCI
to the bulk solution increases the surface activity of the PEG-
AuNSts via IPC, and we suggest that NSts orientation is driven
by maximizing vdW interparticle interfacial interactions. It has
been shown that PAA, by tuning the bulk pH, promotes either
two-dimensional assembly by IPC at the vapor/liquid interface
or three-dimensional assembly in the bulk.’”" At neutral pH,
PAA acts as a polyelectrolyte, thus mimicking the role of salts
in driving the PEG-AuNSts to the aqueous surface. At low pH
(below the pI of PAA, <4.5),°** PAA—PEG complexation,
initiated by hydrogen bonds, develops into more of vdW
interaction and leads to the formation of stable aggregates void
of water molecules in the PEG-corona.”” Figures 3 and 4 show
that IPC affects the orientations of the constituent PEG-
AuNSts in the monolayers. Prior to lowering the pH, the
electron distribution (and equivalently, mass distribution) is
more distributed in the z-direction, leading to a larger CM-to-
surface distance (for PEG-AuNOh in particular) and larger o.
The IPC formed at low pH leads to a distorted ED with
shorter CM-to-surface distance, smaller o, and larger negative
skewness. These effects demonstrate that IPC is more efficient
than simple salts at orienting anisotropic NSts at the vapor/
liquid interface. The narrow peak in the ED enhancement
closer to the vapor interface is unusual, and we speculate it is
likely due to a denser dehydrated PAA—PEG/IPC region. In
general, IPC-induced surface assembly favors particulate
alignment as shown in Grazing-Incidence Small-Angle X-ray
Scattering below.

Grazing-Incidence Small-Angle X-ray Scattering (GISAXS).
Two-dimensional GISAXS patterns provide information on the
lateral packing of PEG-AuNSts at the vapor/liquid interface.
Figure S shows GISAXS intensity versus Q,, profiles for PEG-
AuNSts suspensions in the presence of PAA2k for which IPC is
enhanced at low pH.

For PEG-AuNTs, a diffraction peak corresponding to partial
2D ordering (Qxy ~ 0.0171, 0.0188 A™') emerges only after
lowering the pH level by the addition of HCI to the suspension
with 2 mM PAA2k (Figure Sa). We use the peak position to
estimate that the average interparticle distance (d = 27/Q)
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Figure S. GISAXS intensity profiles integrated over Q, = 0.02—0.1
A7 for (a) PEG-AuNTs and (b) PEG-AuNOh suspensions with 2
mM PAA2k in response to the varying concentration of HCI. Red
arrows indicate the diffraction peak.

among the PEG-AuNTs with 1 and 10 mM HCl is at ~37 and
~33 nm, respectively, given the length and thickness of AuNT
(length ~ 45 nm, thickness < 23 nm). These values and the
estimated thickness of the PEG-corona surrounding the
NSts*”> suggest that the PEG-AuNTs are mostly anchored
face-on at the vapor/liquid interface (as illustrated in Figure 1)
and consistent with the aforementioned XRR analysis. Figure
Sb shows similar GISAXS patterns for PEG-AuNOh, implying
only short-range order with ~33 to 32 nm interparticle
distances at the increased HCI concentration in the presence of
PAA2k. We note that GISAXS measurements with varying
K,COj concentrations do not show any diffraction features for
PEG-AuNSts, consistent with our conclusion based on the
XRR that IPC is more effective at aligning and ordering PEG-
AuNSts at the vapor/liquid interface (Figure S9).

Three-Dimensional Assembly of PEG-AuNTs and
PEG-AuNOh in the Bulk. We explore the 3D assembly of
PEG-AuNSts in bulk solutions using SAXS measurements. To
analyze the diffraction patterns, the structure factor is extracted
by dividing the SAXS intensity by the form factor of PEG-
AuNSts (see form factors of both NSts in Figure $8).°° Figure
S10 shows the SAXS structure factor profiles for PEG-AuNTs
suspensions at 2 mM PAA2k at various pH levels. Short-range
order is extracted from the patterns at 0 and 1 mM HCl
concentrations in the presence of PAA2k, and the interparticle
distance decreases with the increase of HCI, similar to the
behavior at the vapor/liquid interface (Figure S10, see more
details in the Supporting Information).

Effect of Temperature on the 3D Assembly of PEG-
AuNOh. Salt Induced. For 50 mM K,CO;, no features are
observed in the structure factor profiles of PEG-AuNOh at the
temperature range of 20—80 °C (Figure S11). Figure 6a shows
the SAXS structure factor for PEG-AuNOh suspensions at 500
mM K,COj; at various temperatures. Temperature is raised
from 20 to 80 °C and then lowered back to 20 °C at a constant
rate. A strong diffraction pattern emerges at about 50 °C
signaling the formation of 3D assemblies in the bulk.
Interestingly, as the temperature increases further, the primary
peak (Q;) gradually shifts to larger values, indicating the
counterintuitive contraction of the interparticle distance (see
Figure S12a). Lowering the temperature back to 20 °C, the
fundamental peak at Q, is still intense but shifts to lower values
(sky blue square profile in Figure 6a), evidence of the
irreversibility of the assemblies, albeit at a looser packing. This
result is consistent with the recent report on the effect of
temperature on gold nanorod assembly.”® By cycling the
temperature to 80 °C and back to 20 °C (see Figure 7a), we
notice two main effects: (i) the structure is robust in all
thermal cycles resembling the one created in the first cycle and
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Figure 6. (a) SAXS structure factor profiles for PEG-AuNOh
suspensions with S00 mM K,COj at 20 °C (black circles, sky blue
squares) and 80 °C (red triangles). Temperature is raised from 20 to
80 °C and then lowered back to 20 °C (which is labeled with ¢20).
(b) SAXS structure factor profiles for PEG-AuNOh suspensions with
2 mM PAA2k at various pH levels at 80 °C.
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Figure 7. Interparticle distances (d-spacing = 27/Q) obtained from
SAXS data for 3D assemblies of PEG-AuNOh with (a) 500 mM
K,CO; or (b—d) 2 mM PAA2k at various pH levels. One thermal
cycle is implemented by raising the temperature from 20 to 80 °C and
lowering it back to 20 °C. This is repeated five times for each PEG-
AuNOh suspension.

exhibits almost identical thermal response; (ii) each consec-
utive cycle makes the 3D assemblies pack slightly denser (see
the detail in Figure S12). Control experiments without K,CO,
are provided in Figure S13.

IPC Induced. Figure 6b shows the SAXS structure factor
profiles for PEG-AuNOh suspensions at various pH levels in
the presence of PAA2k at 80 °C. As is apparent in Figure 6b,
the most intense and distinctive diffraction peaks are obtained
from PEG-AuNOh suspensions with PAA2k at the lowest pH
(~2, with 10 mM HCI). Moreover, with the increase of HCI
concentration (the lowering of the pH level), Q, increases,
indicating a denser packing of 3D assemblies with improved
crystalline quality. This is consistent with previous reports that
show that lower pH enhances IPC processes.’””” Figure 7b
shows that in the presence of PAA2k (without adding HCI),
the change in interparticle distance exhibits a similar trend to
that of the one of PEG-AuNOh with 500 mM K,CO; (see
more details in Figure S14). This behavior is preserved down
to ~pH 3 (with 1 mM HC], see Figure 7c and more detail in
Figure S15). However, for 10 mM HCI (at pH ~ 2), the
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interparticle distance does not recover when the temperature is
lowered from 80 to 20 °C. Overall, interparticle distance
monotonically decreases in repeated temperature cycles. This,
we argue, suggests that PEG-AuNOh assemblies are initially
induced by PAA—PEG hydrogen bonds that by proximity
develop into vdW interactions, leading to PEG dehydration
and more stable and denser assembly. This is different than the
observations for salt-mediated assembly (see Figure 7d and
more details in Figures S16 and S17).>> We note that
interparticle distance as a function of temperature shown in
Figure 7 reveals that PEG-AuNOh/PAA2k assemblies formed
at 10 mM HCI are the most stable with the closest interparticle
distance. In the Supporting Information, we examine the likely
crystal structures for PEG-AuNOh (see Figure S18).

B CONCLUSIONS

Using synchrotron-based XRR, GISAXS, and SAXS techni-
ques, we demonstrate that PEG-AuNTs and PEG-AuNOh are
assembled as monoparticle layers at the vapor/liquid interface
and as 3D assemblies in bulk solutions (as illustrated in Figure
1). Our results show that nonspherical, aqueous surface-
anchored PEG-AuNSts acquire preferred orientations and
alignment depending on the assembly driving forces and
particulate geometry. Interestingly, IPC processes induce face-
to-face interactions among the PEG-AuNSts at the interface.
We also demonstrate temperature-induced 3D assembly of
PEG-AuNOh in the bulk with both salt-mediated and IPC
strategies. We find that IPC, in general, is more effective in
orienting and ordering anisotropic nanostructures, presumably
by enhancing vdW interactions. These findings demonstrate
that nonspherical nanostructures can be assembled to form
ordered 2D or 3D structures via grafted PEG corona and
induced by salts or IPC, provided the shape and size of the
nanostructures are well controlled. Thus, it is anticipated that
this work extends the boundaries of self-assembly of
nanostructures, beyond that of isotropic nanoparticles, with
potential applications in photonics and plasmonics.
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