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ABSTRACT: Assembly of silver nanoparticles (AgNPs) grafted with thiolated
poly(ethylene glycol) (PEG-SH) with various molecular weights is reported.
Synchrotron-based X-ray surface-sensitive diffraction methods are used to determine
the nature of two-dimensional (2D) assemblies at liquid/vapor interfaces, and small-
angle X-ray scattering (SAXS) is used to monitor the three-dimensional (3D)
assemblies in bulk suspensions. We find that assembly can be induced either by the
addition of K,COj or polyacrylic acid (PAA) to the PEG-AgNP aqueous suspensions.
The addition of K,COj; induces a 2D hexagonal structure at the liquid/vapor interface
and a 3D hexagonal columnar structure in solutions, where the columns consist of
tethered PEG-AgNP chains. On the other hand, the addition of PAA leads to the
formation of a 2D lamella-like distorted hexagonal sheet at the liquid/vapor interface
and a 3D lamellar superstructure formed by stacked 2D sheets in the PEG-AgNP
suspension. Effects of the core type of nanoparticles on the assembly can be used to
control structures for potential applications in plasmonics and photonics.
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B INTRODUCTION

Major developments in nanotechnology emerged with the
demonstration of grafting oxides or noble metals with silane-
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Figure 1. Conceptual illustration of PEG-grafted AgNPs that are
water-soluble and manipulated for assembly by adding either K,CO;
or PAA to the suspensions. Our results indicate that the addition of
K,CO; to PEG-AgNP suspensions induces a hexagonal structure,
whereas the addition of PAA induces the formation of chain structures
that eventually pack into lamella-like structures.

or thiol-modified polymers, biopolymers, or lipids.'~” Such
grafting of nanoparticles allows for the modification of their
surfaces such that assembly can be induced and controlled. A
challenge in the assembly of nanoparticles is to identify reactive

© 2022 American Chemical Society
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groups that can be attached to polymers, lipids, or DNA so that
they can be grafted to specific nanoparticles (e.g., Si, quantum
dot, and Au nanoparticles).s_14 Indeed, thiolating single
strands of DNA has revolutionized the assembly of nano-
particles, producing a plethora of superstructures in a
controlled manner, albeit mostly limited to gold nano-
particles.””™"” A similar strategy has been employed for
grafting nanoparticles with soluble polymers such as poly-
(ethylene glycol) (PEG), poly(N-isopropylacrylamide) (PNI-
PAM), polyacrylic acid (PAA), polystyrene (PS), and many
others. The assembly using this approach is robust and yields
relatively simple superstructures, i.e., 1D chain structures, 2D
hexagonal structures, and 3D clusters or even fcc-like
structures in bulk suspensions, resulting mainly from the
intricate balance of the ligand steric repulsion, van der Waals
attraction, and hydrogen bonding.'*™*" Most of these studies
have been conducted using gold nanoparticles (AuNPs). Here,
we extend the studies on the use of PEG as a surface modifier
to the assembly of silver nanoparticles (AgNPs) and compare
the results with AuNPs. Indeed, the use of Au versus Ag cores is
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Figure 2. (a) DLS intensity-weighted distribution profiles of the hydrodynamic diameter (Dy) for bare-surface AgNPs (citrate-stabilized) and
PEG-grafted AgNPs with various PEG molecular weights as indicated. (b) Grafting density (¢) of PEG-AgNPs as a function of PEG molecular

weights determined by TGA.
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Figure 3. (a) 2D GISAXS images of PEG40k-AgNPs with 100 and 500 mM K,COj; aqueous solutions. (b) In-plane diffraction patterns obtained
by horizontal line-cut intensity profiles from GISAXS images in (a). Profiles are shifted vertically for clarity. (c) Extracted structure factor profile
(I (ij,) / P(Qx},)) for PEG40k-AgNPs with 500 mM K,CO;. The red solid line represents the best-fit profile using Lorentzian-type line shapes, and
black arrows indicate the Q positions of higher-order Bragg diffraction peaks of an ideal hexagonal lattice. (d) Normalized reflectivity, R/Rg, data for
PEG40k-AgNPs with 0, 100, and 500 mM K,COj; aqueous solutions. (e) Electron density (ED) profiles obtained from the best-fit to the R/R; data
shown in (d). The bell shape of ED is dominated by the core AgNPs, indicating surface density saturation at 100 mM K,CO;.

particularly interesting as they highlight a potential handle for
leveraging the core type to control PEG-mediated assembly.
Such assembled systems are sought for applications in
plasmonics or photonics. There is evidence that the thiol
group interacts with gold and silver differently.**™*° Indeed,
theoretical models show that the metal—thiol bond is partially
electrostatic and covalent and that the covalent bond decreases
in the order of Au > Cu > Ag.32 Our approach toward grafting
and assembling silver nanoparticles is illustrated in Figure 1.
We note that the assembly of PEG-grafted AgNPs (PEG-
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AgNPs) is induced by manipulating the salinity of the
suspensions, adding PAA, and/or varying their temperature.

B EXPERIMENTAL SECTION

Material Preparation. Citrate-stabilized silver nanoparticles
(AgNPs) of ~20 nm diameter were purchased from NanoComposix
Inc. Their size and dispersity are further verified by small-angle X-ray
scattering technique (see Figure S2). AgNPs are grafted with
poly(ethylene glycol) (PEG) by a ligand-exchange protocol from
citrate to thiolated PEG (PEG-SH; purchased from Creative
PEGWorks). Briefly, citrate-stabilized AgNPs in aqueous solutions
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Figure 4. (a) 2D GISAXS images of PEGSk-AgNPs with 100 and 500 mM K,CO; aqueous solutions. (b) Horizontal line-cut intensity profiles
from GISAXS images in (a). Profiles are shifted vertically for clarity. (c) R/Rg data of PEGSk-AgNPs with 0, 100, and 500 mM K,COj; aqueous
solutions. Note: the discontinuity in the R/Rg (black circles) is due to some random cause such as surface inhomogeneity when PEG-AgNPs
sporadically populate the surface in the absence of salts. (d) One of the best-fit ED profiles corresponding to the R/R; data shown in (c).

Table 1. Summary of GISAXS and XR Results for PEG-AgNPs under Various Solvent Conditions

nanopatrticle type solvent condition lattice type d-spacing (nm)? I,(e/A %)
PEG40k-AgNPs in pure water lamella-like 94 (3) ~6.7
with 0.2 mM PAA2k lamella-like 76 (4) ~10.3
with 2 mM PAA2k lamella-like 61 (3) ~17.2
with 100 mM K,CO, 2D hexagonal 57 (1) ~182
with 500 mM K,CO; 2D hexagonal 54 (2) ~19.3
PEG20k-AgNPs in pure water lamella-like 60 (3) ~6.1
with 2 mM PAA2k lamella-like 54 (3) ~23.6
with 100 mM K,CO, 2D hexagonal 48 (1) ~14.7
with 500 mM K,CO; 2D hexagonal 47 (2) ~26.7
PEGSk-AgNPs in pure water n/a (background-like)
with 2 mM PAA2k n/a (form factor-like) ~9.2
with 100 mM K,CO; 2D hexagonal 38 (1) ~35.1
with 500 mM K,CO, 2D hexagonal 36 (2) ~40.5

“Interparticle distance from the best-fit profile using Lorentzian-type line shapes; d = 277/Qy, for the (10) peak. bExcess surface electron density in

ED profiles, T, = [[p(z)

- psub(z)]dz'

are incubated with PEG-SH for about 4 h at a concentration of ~4
molecules of PEG-SH per nm?” of AgNP surface area.”” Assuming that
the cross-section of PEG-SH is of the order of 0.3 nm? the
concentration of PEG-SH is approximately 1.3 times that required for
the complete coverage of each AgNP. Subsequently, grafted AgNPs
are separated from the suspension by repeated centrifugation at
10000g three times each for 1 h. To characterize the grafting of
AgNDPs, we use UV—vis absorption methods, dynamic light scattering
(DLS), and thermogravimetric analysis (TGA), as described else-
where.””*° DLS was conducted with a NanoZS$90 using its associated
data-processing software Zetasizer (Malvern, UK.). DLS data were
processed into intensity percentage versus hydrodynamic size
distribution profiles.*® In this study, we use these size distribution
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profiles as a qualitative means to verify the success of grafting as
nanoparticles grafted with a longer PEG manifest a larger hydro-
dynamic size on average.””*°Figure 2a shows the distribution of the
hydrodynamic diameter of as-purchased and grafted AgNPs with
different PEG molecular weights. It shows that the intensity
distribution profile shifts to a larger hydrodynamic size on average
with higher PEG molecular weight as expected from grafted
nanoparticles, i.e., the longer the ligand chain, the thicker the PEG
corona. More quantitative measurements of the PEG grafting density
were performed with a TGA Netzsch STA449 Fl. For TGA
measurements, dried PEG-grafted AgNPs were prepared on alumina
crucibles and gradually heated up to 625 °C under a nitrogen
atmosphere. The mass change of AgNP samples was measured over
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Figure 5. (a) 2D GISAXS images of PEG40k-AgNPs with 0, 0.2, and 2 mM PAA2k aqueous solutions. (b) Horizontal line-cut intensity profiles
from GISAXS images in (a). Profiles are shifted vertically for clarity. (c) Extracted structure factor profile (I(Q.,)/P(Q,,)) for PEG40k-AgNPs with
0.2 mM PAA2k. The red solid line is the best-fit profile using Lorentzian-type line shapes. Inset: peak position, Q,,, as a function of the peak order
with a linear fit with a slope estimation of interparticle distance, d. (d) R/Ry data for PEG40k-AgNPs with 0, 0.2, and 2 mM PAA2k aqueous
solutions. (e) One of the best-fit ED profiles corresponding to the R/Rg data shown in (d).

the heating process. As a result of the thermal degradation of PEG
around 300—450 °C, the mass loss of AgNP samples was used to
determine the PEG grafting density. Figure 2b shows the grafting
density of PEG-AgNPs as a function of the PEG molecular weight.
This is consistent with former studies that showed that the §raftin
density of AgNPs is not as high as that of gold nanoparticles.””**™>
The final concentration of PEG-AgNPs is determined by UV—vis
absorption methods, calibrated and standardized with vendor-
provided information (Molecular Devices, SpectraMax M3).***’
PEG molecules of molecular weight (MW) S, 20, and 40 kDa are
grafted onto the AgNP surface as ligands. PEGxk-AgNP denotes the
silver nanoparticle grafted with PEG with MW x kDa. Based on earlier
reported studies, it is expected that the larger the MW of the ligand
PEG, the lower the threshold (e.g., salt concentration and solution
temperature) to induce the assembly of PEG-grafted nano-
particles, 2023262529

X-ray Experimental Setup. In this study, we use surface-sensitive
X-ray diffraction methods to determine the structures of the films at
the liquid/vapor interface in situ. Small-angle X-ray scattering (SAXS)
is used to investigate the 3D structures of the assembly in bulk
suspensions. These methods employ synchrotron-based X-ray
scattering, which was conducted at the Advanced Photon Source,
Argonne National Laboratory. For the liquid surface-sensitive 2D X-
ray diffraction, X-ray reflectivity (XR) and grazing-incidence small-
angle X-ray scattering (GISAXS) were conducted on beamline 15 ID-
C, NSF’'s ChemMatCARS, with a liquid surface spectrometer (X-ray
energy, E = 10 keV). For the 3D assembly, SAXS measurements were
carried out at beamline 12 ID-B with X-ray energy, E = 13.3 keV. Both
beamlines use area detectors to record scattering intensities as a
function of (_i, the scattering vector. At 15ID-C, a Pilatus 200K is
placed 1040 mm away from the sample center to collect XR and
GISAXS signals. For SAXS at 12ID-B, a Pilatus 2M is used at a
distance of 2010 mm from the sample. The intensities are further
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reduced into intensity profiles on-site with beamline correction
protocols accordingly. Below is a brief description of the method-
ologies. For the liquid surface X-ray scattering measurements (XR and
GISAXS), the sample solution is placed in a shallow trough of 1.5 mL
volume and approximately 2 X 10 cm® surface area. A highly
collimated and monochromatic X-ray beam is incident on the surface
at an angle of a; with respect to the air/water interface. For XR, the
exit angle, oy, of the reflected beam is maintained at o = @; for a series
of a;’s. The reflectivity, R, is recorded as a function of Q,, where Q, is

the vertical component of the scattering vector, and Q | = 47” sin o; (4

being the X-ray wavelength). Here, we display the normalized
reflectivity R/Rg, where Rp is calculated for an ideal solution/air
interface. The R/R is fitted to an electron density (ED) profile, p(z),
across the interface as a function of depth z in the vertical direction
using the Parratt recursive method.**** The GISAXS intensity data
are recorded as a function of Q, and Q,,, where Q,, is the horizontal
component of the scattering vector.*”** It is performed at incident
beam angle a; = 0.0906°, approximately 0.74a,, where a. is the critical
incident angle for total reflection for an air/solution interface and is
~0.1227° for pure water in this study. The line-cut intensity profile
along Q,, that is integrated over Q, = 0.018—0.05 A7, typically
featuring Bragg-reflection-like peaks, is used to extract the in-plane
ordered arrangement of the particles.

SAXS is aimed at unraveling the structure of the assembly in the
suspensions that are contained in capillaries normal to the incident X-
ray beam. The intensity is recorded as a function of Q, the magnitude
of the scattering vector. The SAXS intensity profiles for PEG-AgNP
suspensions are denoted as I(Q). The structure factor of the
assemblies, S(Q), is proportional to I(Q)/P(Q).*P(Q) is the
intensity from well-dispersed AgNPs that are stabilized in citrate
solution (see scaled P(Q) in Figure S2). P(Q) is proportional to
If(Q)I*, where f(Q) is the form factor amplitude of a solid sphere of
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known diameter. Additional details on the experimental setups and
analysis of X-ray scattering measurements can be found in previously
reported studies.”>**>’

B RESULTS AND DISCUSSION

2D Crystallization. Figure 3a,b displays examples of 2D
GISAXS intensity colormaps and corresponding 1D intensity

6 nearest neighbors (NN)

(a) e o 2D hexagonal
© ©  (in registry)
() ®

@ ) Silver NP core

(b) 5NN

6 NN 7NN
© o ® Ce °

Distorted hexagonal (lamellar-like)

(C) 2D Hexagonal structure formation

Figure 6. (a and b) Schematic illustration of the 2D hexagonal and
distorted hexagonal structures of PEG-AgNPs at the liquid/vapor
interface induced by K,CO; or PAA, respectively. The distorted
hexagonal structure can be viewed as unregistered chains of AgNPs
(registered chains produce a 2D hexagonal structure). Another way to
view the distorted hexagonal structure is that the nearest neighbor
(NN) of a typical nanoparticle varies between S and 7 distribution (in
the hexagonal structure, NN is exactly 6). (c and d) Schematic
illustrations of the proposed formation mechanism for 2D hexagonal
and lamella-like structures of PEG40k-AgNPs at the liquid/vapor
interface. Note: these drawn schemes have been exaggerated for
visualization purposes.

profiles. Other than the extremely low Q,, and low Q, regions
in the 2D map that are dominated by the reflected beam, the
scattering is concentrated near Q. ~ 0.019 A" and peaked at a
discrete set of Q,, positions. Figure 3a shows GISAXS images
for PEG40k-AgNPs with 100 and 500 mM of K,COj; aqueous
solutions. Figure 3b shows the horizontal line-cut intensity
profiles (integrated over a Q, range of 0.018—0.05 A™") from
GISAXS images in (a), displaying diffraction patterns that
indicate ordering. The line-cut intensity is normalized to P(Q)
(the scattering intensity of a single AgNP), I( Q,Cy) / P(Q,cy), and
is shown in Figure 3c. A fit to the diffraction peaks using
Lorentzian-type line shapes reveals that the diffraction peaks
are most consistent with a 2D hexagonal structure based on a
relative peak position ratio of ~1: 3:\/ 4:\/ 7 with the lattice
constant a ~ 62 nm.

X-ray reflectivity (XR) is used to determine the thickness of
the ordered film, as shown in Figure 3d for the same sample
used in GISAXS measurements. R/Rg data show a higher first
maximum and stronger oscillations with an increase in the
K,COj; concentration from 0 to 100 mM at which saturation is

reached. This shows that PEG40k-AgNPs spontaneously
migrate to the liquid/vapor interface and form a Gibbs
monolayer. For quantitative analysis, electron density (ED)
profiles are obtained from R/Ry data in (a) by following
standard analysis in terms of a box-model.**~** The enhanced
ED profile over the z range from —200 to 0 A is close to the
core size of a silver nanoparticle (the nominal diameter of
purchased AgNPs is close to 20 nm), proving the formation of
a monolayer. We note that the overall ED profile is dominated
by the core silver nanoparticle due to a much higher electron
density of silver than the grafted PEG. PEG has an ED very
close to that of water and thus cannot be readily distinguished
from the surrounding medium in XR measurements. The size
distribution of AgNPs in citrate solution has also been
determined by SAXS measurements, as shown in Figure S2,
yielding an average diameter of 21.0 + 2.9 nm. Similar GISAXS
and XR observations are made for the shorter PEG chains (i.e.,
PEG20k and PEGSk), albeit with smaller lattice constants (see
Figures 4, S3, S4, and SS). As shown in Figures 4a,b, the
diffraction patterns consist of broad peaks implying inferior
crystal quality for PEGSk-AgNPs. This is consistent with
previous results using PEG-grafted gold nanoparticles (PEG—
AuNPs), showing that the PEG chain length affects the
conditions under which assembly is induced or crystal quality
formation.”***” XR data and analysis of PEGSk-AgNPs also
show the formation of a Gibbs monolayer at the liquid/vapor
interface (see Figure 4c,d). Additional data for PEG20k-AgNPs
are available in the SI (see Figures S3 and S6).

Using the GISAXS data in combination with XR, the surface
coverage of the ordered NPs can be estimated as described in
detail previously.”* Our results show that the coverage of PEG-
AgNPs is of the order of 55—60%, which is smaller than that of
PEG—AuNPs for which the coverage is close to 100%. Table 1
lists the extracted parameters for the above-mentioned systems.

Figure Sab shows the diffraction patterns for PEG40k-
AgNPs in pure water and in PAA solutions. As PAA is added,
the Bragg peaks get more intense and sharper, indicating
improved crystallinity (see Figure Sa,b). Interestingly, adding
PAA to the PEG-AgNP suspensions, instead of K,COj, yields a
2D assembly with a different diffraction pattern. Figure Sc
shows that the diffraction pattern consists of equidistant peaks,
characteristic of lamella-like structures. The inset in Figure Sc
shows that the higher-order peaks are integer multiples of the
fundamental peak position of ~1:2:3:4, typically seen in the
diffraction patterns from lamellar structures. A more detailed
illustration can be seen in the SI (e.g., Figure S5). We argue
that such a 2D diffraction pattern can arise from a distorted
hexagonal structure that can be viewed in two ways."**> One,
where chains of PEG-AgNPs are formed, featuring a
longitudinal interparticle correlation; however, unlike the
perfect 2D hexagonal structure, the registry between adjacent
chains is irregular (no registry in the transverse direction).
Another, and similar, view is that the number of nearest
neighbors (NN) for a typical nanoparticle varies randomly
between S and 7 NN, as illustrated in Figure 6ab (in the
hexagonal structure, NN is exactly 6).

R/Rg data and extracted ED profiles for PEG40k-AgNPs
show that the increase in PAA in the suspension increases the
PEG-AgNPs at the interface (Figure Sd,e). For relatively long
PEG chains, such as PEG40k and PEG20k, spontaneous
interfacial assembly of PEG-AgNPs is observed, even without
any electrolytes added, as shown in Figures S and S3. This is
likely due to a significant increase in the number of PEG
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Figure 7. (a) 2D GISAXS images of PEGSk-AgNPs with 0 and 2 mM PAA aqueous solutions. (b) Horizontal line-cut intensity profile from
GISAXS images in (a). The red solid line represents the best-fit profile using the form factor of a sphere with ~21 nm diameter. (c) R/Rg data for
PEGSk-AgNPs with 0, 0.2, and 2 mM PAA aqueous solutions. Note: the discontinuity in R/R, (black circles) is due to some random cause such as
surface inhomogeneity when PEG-AgNPs sporadically populate the surface in the absence of PAA. (d) One of the best-fit ED profiles

corresponding to the R/R; data shown in (c).

monomers per nanoparticle, leading to spontaneous film
formation as previously observed in long-chain PEG-grafted
AuNPs.”” Such a 2D lamella-like film is presumably the
building block that forms the 3D layered structure described in
the 3D Crystallization Section, below. Table 1 lists the
extracted parameters for PEG-AgNPs in suspensions that
include PAA at different concentrations. AgNPs grafted with
relatively shorter PEG chains (molecular weight 20 kDa) show
a distorted hexagonal structure in the presence of PAA with
slightly smaller unit cells (see more details in Figure S3).
However, for PEGSk-AgNPs, only dispersed NPs accumulate
at the liquid/vapor interface in the presence of 2 mM PAA.
This is based on the GISAXS line-cut intensity that decreases
monotonically, with no feature that indicates diffraction, as
shown in Figure 7. Figure 7b shows the line-cut intensity
obtained from (a) along with a fit to a spherical form factor of
~21 nm diameter, consistent with the silver core size obtained
by SAXS measurements. Although dispersed at the surface,
further evidence of partial surface enrichment by PEGSK-
AgNPs is obtained from the XR and extracted ED profile
shown in Figure 7. Figure 7c shows R/Ry data for PEGSk-
AgNPs at 0, 0.2, and 2 mM PAA. At low PAA concentrations,
there is almost no evidence of film formation at the surface. At
2 mM PAA, a film is formed, but there is no in-plane ordering
as indicated by the GISAXS. This again demonstrates that PAA
is less effective in promoting an ordered close-packed 2D
interfacial assembly of PEG-AgNPs as compared with K,CO;.

We surmise that the low grafting density of AgNPs
compared with AuNPs is responsible for the inferior/distorted
hexagonal structure at the liquid/vapor interface. The lower
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grafting density is inferred from TGA measurements that show
significant differences in the grafting density between AgNPs
and AuNPs.”” As examined in other polymer-grafted nano-
particle studies, the packing symmetry can be affected by the
grafting density.** We thus propose that the lower grafting
density of PEG-AgNPs induces mainly bidirectional inter-
actions between nanoparticles forming chains upon assembly
that are not transversally registered. Indeed, the weaker thiol—
Ag binding interface may be dynamic and mobile, as inferred
from recent studies on the nature of the thiol—Au interface,
which likely promotes the rearrangement of the PEG brush on
the Ag surface to favor the longitudinal alignment of PEG-
AgNPs mediated by PAA.*”*® Thus, the anisotropic arrange-
ment proposed here is analogous to other polymer-grafted
nanoparticles that assemble in various manners including
chains, sheets, etc. Such directional binding has been attributed
to ligand grafting mobility and density.”” ™' In contrast, the
addition of K,COj which promotes strong PEG phase
separation (by salting out), leads to close-packing interfacial
assembly.”*”® This concept is illustrated in Figure 6¢,d.*” In
the SI, Figures S8 and S9 show simulations of 2D X-ray
scattering interference patterns (i.e., S(Qxy)) for the
amorphous assembly of dimers, trimers, and more ordered
2D lamellar structures (can also be viewed as distorted
hexagonal structures) that give rise to equidistant interference
peaks, indicating that there is a single dominant interparticle
correlation length. Relevant parameters of the extracted
structures using K,CO; or PAA are listed in Table 1.

3D Crystallization. In addition to the 2D assembly at the
liquid/vapor interface, we also investigate the 3D assembly of
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Figure 8. Extracted structure factor profiles (I1(Q)/P(Q)) for PEG40k-AgNPs with (a) 500 mM K,COj5 at 50 °C, (b) 0 mM PAA2k, and (c) 2 mM
PAA2k, respectively. The solid line represents the best-fit profile using Lorentzian-type line shapes. In (a), red arrows indicate the Q positions of
higher-order Bragg diffraction peaks of a hexagonal lattice. Insets in (b) and (c): peak position, Q, as a function of the peak order with a linear fit
with a slope estimation of the interparticle distance, d. (d) Schematic illustration of the self-assembly of PEG40k-AgNPs under specific solvent

conditions.

Table 2. Summary of SAXS Results for PEG-AgNPs under
Various Solvent Conditions

nanoparticle Ay

type solvent condition lattice type (nm)“
PEG40k-AgNPs in pure water lamellar 90 (2)
with 2 mM PAA2k lamellar 88 (2)
with 500 mM K,CO;”  columnar hexagonal 33 (1)
PEG20k-AgNPs in pure water lamellar 76 (3)
with 2 mM PAA2k lamellar 75 (1)
with 500 mM K2C03b columnar hexagonal 33 (1)

PEGSk-AgNPs in pure water n/a (form factor-

like)

with 2 mM PAA2k short-range order 59 (1)
with 500 mM K,CO," short-range order 25 (1)

“Interparticle distance from the best-fit profile using Lorentzian-type
line shapes; dj = 27/ Qy b60 °C.

PEG-AgNPs in bulk suspensions using solution SAXS. In the
presence of K,COj, the diffraction pattern, I(Q)/P(Q), shown
in Figure 8a has a relative peak position ratio of 1:1/3:1/4.
Such a pattern suggests a columnar 3D hexagonal structure, as
depicted in Figure 8d. We propose that each cylinder consists
of PEG-AgNP chains that are formed by the bidirectional
interactions mentioned above. Similar results are also obtained
for PEG20k and PEGSk, as shown in Figure S7. Relevant
structural parameters extracted from the SAXS data are listed
in Table 2.
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It is interesting to note that in pure aqueous solution, the
diffraction pattern consists of peaks with a relative position
ratio of 1:2:3:4:5, as shown in Figure 8b. However, a more
enhanced structure factor profile is obtained in the presence of
PAA, as shown in Figure 8c. Such a pattern is generally
associated with a lamellar structure, as illustrated in Figure 8d.
As argued above, we suggest that each layer consists of a sheet
of distorted hexagonal structure as discussed above. Additional
3D SAXS data analytical results for AgNPs grafted with
relatively short PEG chains are provided in the SI (Figure S6).

B CONCLUSIONS

We successfully grafted silver nanoparticles with thiolated PEG
of various molecular weights. Our TGA measurements indicate
a low grafting density of PEG-AgNPs compared with PEG—
AuNPs. Adding either K,CO; or PAA in suspensions induces
the assembly of the grafted PEG-AgNPs at the liquid/vapor
interface and in the bulk. However, the addition of K,CO,
leads to the formation of a 2D hexagonal structure and the
addition of PAA leads to a lamella-like structure at the liquid/
vapor interface. We argue that due to the lower grafting density
for AgNPs compared with AuNPs, AgNPs tend to form chains
that are not registered as ideal hexagonal structures. The
addition of K,CO; promotes phase separation and interfacial
crystallization more efficiently (by salting out). PAA may form
a hydrogen bond with PEG-AgNPs, disrupting the crystal-
linity.”>*® The bulk assembly determined by SAXS measure-
ments shows a significant difference between the addition of
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K,CO; and PAA. The addition of K,COj likely leads to a
columnar 3D hexagonal structure, and the addition of PAA
induces a 3D lamellar structure. We propose that due to the
low grafting density, PEG-AgNPs are inclined to form
bidirectional interactions that lead to the formation of chains.
These chains are the building blocks for the observed 2D
structures and the 3D columnar and lamellar structures. These
findings show that the effect of the core type of nanoparticles
can be employed to facilitate direction-mediated assembly,
which can be used for assembly in applications involving
plasmonics or photonics.
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