Effect of Grafting Density on the
Two-dimensional Assembly of Nanoparticles

Binay P. Nayak,” James Ethan Batey,?* Hyeong Jin Kim,T Wenjie Wang,* Wei
Bu,T Honghu Zhang,%# Surya K. Mallapragada,™ and David Vaknin®!|

TAmes National Laboratory, and Department of Chemical and Biological Engineering, lowa
State University, Ames, lowa 50011, United States
I Division of Materials Sciences and Engineering, Ames National Laboratory, U.S. DOE,
Ames, Towa 50011, United States
YNSF’s ChemMatCARS, Pritzker School of Molecular Engineering, University of Chicago,
Chicago, Illinois 60637, United States
§Center for Functional Nanomaterials, Brookhaven National Laboratory, Upton, New York
11973, United States
||Ames National Laboratory, and Department of Physics and Astronomy, Iowa State
Unwversity, Ames, lowa 50011, United States
1 Department of Chemistry and Biochemistry, University of Arkansas, Fayetteville,
Arkansas 72701, United States
# National Synchrotron Light Source II, Brookhaven National Laboratory, Upton, New York
11973, United States

E-mail: suryakm@iastate.edu; vaknin@ameslab.gov

Abstract

Employing grazing-incidence small-angle X-
ray scattering (GISAXS) and X-ray reflectiv-
ity (XRR), we demonstrate that films com-
posed of polyethylene glycol (PEG)-grafted sil-
ver nanoparticles (AgNP) and gold nanoparti-
cles (AuNP), as well as their binary mixtures,
form highly stable hexagonal structures at the
vapor-liquid interface. These nanoparticles ex-
hibit remarkable stability under varying envi-
ronmental conditions, including changes in pH,
mixing concentration, and PEG chain length.
Short-chain PEG grafting produces dense, well-
ordered films, while longer chains produce more
complex, less dense quasi-bilayer structures.
AuNPs exhibit higher grafting densities than
AgNPs, leading to more ordered in-plane ar-
rangements. In binary mixtures, AuNPs dom-
inate the population at the surface, while Ag-
NPs integrate into the system, expanding the

lattice without forming a distinct binary super-
structure. These results offer valuable insights
into the structural behavior of PEG-grafted
nanoparticles and provide a foundation for op-
timizing binary nanoparticle assemblies for ad-
vanced nanotechnology applications.
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Introduction

The assembly of colloidal nanoparticles (NPs)
into well-ordered superstructures is essential in
fabricating advanced materials and devices with
novel properties.!™ The metal composition of
colloidal NPs significantly influences their op-
tical, electronic, and catalytic behaviors, mak-
ing them vital for applications ranging from op-
toelectronics to catalysis. The ability to fine-
tune the electromagnetic responses of NP lat-
tices based on their composition provides ver-
satility in designing functional materials and
devices.®® To accomplish the goal of creat-
ing functional devices based on the assembly
of NPs, a variety of techniques have been de-
veloped.® !t Among these methods, the solvent
evaporation technique stands out for its effec-
tiveness in creating ordered structures, particu-
larly when leveraging alkane-thiols with a high
grafting density.21® Another route involves the
incorporation of biopolymers, such as proteins
or DNA, as well as water-soluble synthetic poly-
mers. %17 This approach takes advantage of the
unique properties of these biological and syn-
thetic macromolecules that are responsive to
various aqueous conditions (electrolytes, pH,
and temperature).

Robust methods for assembling metal
nanoparticles, particularly gold nanoparticles
(AuNPs), by functionalizing them with water-
soluble polymers such as polyethylene glycol
(PEG) and poly(N-isopropylacrylamide) (PNI-
PAM) have been established.!® 2! These poly-
mers facilitate phase separation under specific
electrolyte conditions or thermal stimuli, guid-
ing the self-assembly of NPs into well-ordered
two-dimensional (2D) at the vapor/liquid inter-
faces and three-dimensional (3D) structures in
bulk solutions.'® 2! This assembly technique is
central for developing materials with enhanced
optical, catalytic, and electronic properties for
use in next-generation devices.

Building on geometric principles that favor bi-
nary lattice formation methods to create binary
superlattices with well-defined stoichiometries
such as AB, AB,, A;B, and AB3 have been de-
veloped.??2* These superlattices offer superior
tunability and unique properties that cannot be

achieved with single-component assemblies. By
grafting AuNPs with PEG chains of varying
lengths or modifying their surface charge, the
interparticle interactions can be precisely con-
trolled, creating diverse superstructures.

It has been documented that silver nanopar-
ticles (AgNPs) exhibit lower grafting densities
with thiolated PEG compared to AuNPs due to
the weaker or selective affinity of Ag for thiol
groups.?> 2 This variation in grafting density
may lead to assembling more complex binary
superstructures, as the differences can be lever-
aged to drive selective inter-particle interac-
tions, including directional binding.?® Such in-
teractions may lead to novel properties in com-
posite binary systems. Additionally, previous
studies have shown that the core size of AgNPs
affects grafting density due to surface curva-
ture. Larger AgNPs, with a core size of 20 nm,
tend to form less ordered structures at the va-
por/liquid interface.?® In this study, we employ
smaller AgNPs with a 10 nm core to reveal dis-
tinct interfacial arrangements between the two
core sizes. Additionally, we investigate the ef-
fect of shorter PEG chain lengths compared to
those explored in previous studies.

Here, we present our findings on the ef-
fect of grafting density on the assembly of
PEG-AgNPs, as well as binary systems com-
posed of PEG-AuNPs and PEG-AgNPs. Us-
ing surface-sensitive synchrotron X-ray diffrac-
tion techniques, we characterize the structures
of films formed from these grafted NPs at the
vapor-liquid interface. By systematically ad-
justing suspension conditions, particularly pH
and salinity, we demonstrate how the assembly
and ordering of PEG-AgNPs and PEG-AulNPs
can be controlled to create stable, well-ordered
superstructures. These findings expand on pre-
vious work and offer a pathway for engineering
complex nanoparticle assemblies with tailored
properties, paving the way for potential appli-
cations in advanced devices.



Methods

Preparation of Materials

Citrate-stabilized AgNPs with a nominal core
diameter of ~10 nm were purchased from
Nanocomposix. Citrate-stabilized AuNPs with
a nominal core diameter of ~ 5 and 10 nm
were purchased from Ted Pella Inc. The parti-
cle size of AuNPs was determined using small-
angle X-ray scattering (SAXS), as detailed in a
previous study.?! For AgNPs, the particle size
was examined using Transmission Electron Mi-
croscopy (TEM) and SAXS, as discussed in the
SI. Thiolated poly(ethylene glycol) (HS-PEG)
with molecular weights (MW) of 2, 5, 20, and
40 kDa were purchased from Creative PEG-
Works. Poly(acrylic acid) (PAA) with a MW of
2 kDa was purchased from Sigma-Aldrich. Hy-
drochloric acid (HCI) and potassium carbonate
(K5CO3) were purchased from Fisher Scientific
and used without further purification. Milli-
Q water (resistivity 18.2 MQ-cm at 25 °C) was
used in all experiments. AgNPs and AuNPs
were functionalized with HS-PEG by the lig-
and exchange method described elsewhere. 225
Briefly, PEG ligands were dissolved in Milli-Q
water and thoroughly mixed. An excess amount
of PEG suspension was mixed with NPs, using
specific ratios: 1 part of 10 nm AuNPs/AgNPs
to 6000 parts of PEG, and 1 part of 5 nm AuNP
to 1500 parts PEG. The resulting mixture was
incubated for at least 24 hours with continuous
mixing (~ 35 RPM) using a Roto-Shake Genie
(Scientific Industries, NY, USA). The unbound
PEG of the resulting PEG-grafted AuNPs was
removed by centrifugation three times at a rel-
ative centrifugal force (RCF) of 21000 g for 90
minutes. In this study, the term PEG-AuNPs
represents PEG-grafted AuNPs, whereas PEG-
AgNPs represent PEG-grafted AgNPs. PEGz-
AgNPy represents AgNPs with a core diam-
eter y (i.e., y = 10 nm) grafted with PEG
chains of molecular weight z (i.e., 2, 5, 20,
or 40 kDa). To prepare PEG-AuNP / PEG-
AgNP for experiments, the concentration of
the suspension of NP was determined using
ultraviolet-visible (UV-Vis) spectroscopy (Nan-
oDrop One Microvolume, Thermo Fisher Scien-

tific) and then adjusted to ~12 nM for PEG-
AgNP10, ~ 20 nM for PEG-AuNP10 and ~60
nM for PEG-AuNP5. Subsequently, to confirm
successful grafting, the hydrodynamic diame-
ter (Dy) of the grafted nanoparticles was de-
termined using dynamic light scattering (DLS)
with a NanoZS90 and its associated software:
Zetasizer (Malvern, United Kingdom). Zeta
potential ({) measurements are performed us-
ing the same instrument to quantify the surface
charge of PEG-grafted NPs. Figure 1 shows
the Dy distribution of these nanoparticles, in-
dicating a systematic increase in Dy for the
PEG-NPs with MW of PEG. This confirms the
successful grafting of PEG to the NPs. The
measured (—potential values are summarized
in Table S1, increasing with the length of the
PEG chains. To determine the average graft-
ing density of PEG on each NP surface, ther-
mogravimetric analysis (TGA) was conducted
using a Netzsch STA449 and its associated soft-
ware, Proteus. The grafted NPs were degraded
in a temperature range of 100 to 600 °C un-
der argon gas. PEG grafted on AuNP/AgNP
surfaces was found to thermally degrade be-
tween 350 to 450 °C (as shown in Figure S2).
The grafting density (o) was calculated using
the method described in Ref. 29 and is summa-
rized in Figure 1. Prior to X-ray experiments, a
sufficient amount of stock solutions of KyCOs,
HCl, and PAA were prepared at high concen-
trations. These stock solutions were added in
small amounts to the NP suspensions to achieve
the desired electrolyte concentrations for the X-
ray diffraction experiments.

For the X-ray diffraction experiments, single
NP systems were directly loaded into a stain-
less steel trough. For binary systems, the NP
suspensions were mixed in a desired molar ra-
tio and incubated for 15 minutes before load-
ing onto the trough. The trough containing
the sample was placed in an enclosed chamber
purged with water-saturated helium.? A calcu-
lated amount of stock electrolyte solutions was
added incrementally to the same suspension of
the mixture to achieve a sequence of target elec-

trolyte concentration values, as reported in Ta-
ble 2.



Table 1: Summary of hydrodynamic diameters from dynamic light scattering (DLS) and grafting densities
from thermogravimetric analysis (TGA). The data presented in this table were used to generate Figure 1

DLS TGA
NP MW of grafted Hydrodynamic | Initial weight Changed Grafting density
type PEG (kDa) size (nm)! (mg) weight? (chains/nm?)
n.a.>2 16.1£0.5
2 41.2+0.8 1.84 23% 1.85+0.19
AgNP10 5t 54.4£1.0 2.30 28% 0.87 £0.08
20 95.5+1.4 1.18 26% 0.22 £0.02
40 114.4+1.4 0.94 30% 0.14 +0.15

1 Only the modal size on the distribution profile is reported.

2 The bare surface AgNPs, stabilized with citrate ligands.

3 The changed weight was calculated from Fig. S2 and is relative change with respect to initial weight.
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Figure 1: (a) DLS intensity percentage versus hydrodynamic
size distribution for aqueous suspensions of bare AgNPs with a
nominal size of approximately 10 nm (dashed line) and PEG-
grafted AgNPs (solid lines) at room temperature. The peak posi-
tions in the DLS measurements shift to larger hydrodynamic sizes
as the MW of the PEG increases, indicating successful grafting of
PEG to the AgNP surfaces. (b) Grafting density of PEG-grafted
AgNPs and AuNPs as a function of the molecular weight of the
grafted PEG obtained from TGA measurements (see SI for de-
tails). The grafting density decreases as the PEG chain length
(MW) increases, which is consistent with the behavior expected
due to polymer folding and fanning out on the nanoparticle sur-
faces. The grafting-density vs. PEG MW plot is divided into two
regions: a shaded area representing higher densities, which gen-
erally produce highly ordered hexagonal structures, and a lower-
density region, where the structures are poorly ordered. A power
law fit (as a guide to the eye) is applied to the data, repre-
sented by dotted lines for the AgNPs and dot-dashed lines for
the AuNPs.(refer to Figure S2).

X-ray Diffraction Setup

Synchrotron-based in-situ liquid surface X-
ray scattering experiments were performed at
NSF’s ChemMatCARS Sector 15, Advanced
Photon Source (APS), Argonne National Lab-
oratory, and at SMI beamline open plat-
form liquid surfaces (OPLS) end station, Na-
tional Synchrotron Light Source II (NSLS-II),

Brookhaven National Laboratory with an inci-
dent X-ray energy 10 and 9.7 keV, respectively.
Pilatus area detectors were used to record scat-
tered X-ray beams.

Liquid-surface specular X-ray reflectivity
(XRR) was conducted to determine the elec-
tron density (ED) profile, p(z), along the axis
normal to (the z direction, orthogonal coordi-
nates) the vapor-liquid interface. Grazing inci-
dence small-angle X-ray scattering (GISAXS)
was used to analyze the nanoparticle assem-
bly’s in-plane (x,y directions) arrangement at
the aqueous surface. In both cases, the col-
limated monochromatic X-rays of wavevector
k; are incident on the liquid surface at grazing
incident angles, and the scattered X-rays with
wavevector kf are recorded Wlth an area detec—
tor. The scattering vector, Q, is equal to kf—k
Q. and (), denote the vertical and horizontal
components of Cj, respectively. For XRR, the
reflectivity R(Q,) profiles, normalized to the
Fresnel reflectivity Ry, are analyzed in terms of
electron density (ED) profiles via Paratt’s re-
cursive method.3! The GISAXS intensities are
mapped as a function of (Q,y, Q.), and charac-
teristic rod-like scattering patterns are typical
of two-dimensional ordered superlattices. Line-
cut intensity profiles, obtained by integrating
intensities over a narrow (), range and denoted
as I(Qyy) correspond to 2D in-plane arrange-
ments and, for crystalline systems, are labeled
with 2D Miller indices (h, k). X-ray data col-



lection and processing were conducted on-site
according to each beamline’s protocols. De-
tails about the instrumental setup and mea-
surement protocols are detailed in previous
reports. 18:20,22:25

Results and Discussions

AgNPs pose unique challenges when it comes
to grafting SH-PEG due to the lower affinity
of silver for thiol groups compared to AuNPs.
The weaker Ag—S bond makes it more difficult
to achieve stable grafting, unlike the stronger
Au-S bond observed in AuNP systems.?52® To
confirm successful PEG grafting onto AgNPs,
we first conducted DLS measurements. These
measurements revealed an increase in the Dy
of PEG-AgNPs compared to bare AgNPs, as
shown in Figure 1, indicating successful surface
functionalization.

We measured the grafting density of PEG-
AgNPs with varying MWs. As anticipated,
the grafting density decreased with increasing
PEG MW, likely due to polymer folding on the
nanoparticle surface (see Table 1 and Figure
1). Figure 1 further confirms that the graft-
ing density of PEG on AgNPs is consistently
lower than that on AuNPs. This is consistent
with previous results that show PEG grafting
AgNPs (20 nm core size) is less efficient when
compared to AuNPs.?

We begin by examining the influence of dif-
ferent electrolytes (either K,CO3 or PAA with
HCI) on the structural ordering of AgNPs
grafted with PEG. The goal is to better under-
stand how the PEG chain length (MW) affects
the in-plane ordering of PEG-AgNPs under
these suspension conditions. Figure 2 presents
GISAXS line-cut profiles, showing the intensity
of scattering (1(Q,,)) as a function of in-plane
momentum transfer (Q,,) for PEG-AgNPs of
different MWs. Panel (a) shows the results for
suspensions in 100 mM K,COj3, and panel (b)
for 2 mM PAA with 10 mM HCl. K,CO3; was
chosen for its significant effect on phase sep-
aration of PEG in aqueous solutions,3? while
PAA under acidic conditions was used to pro-
mote interpolymer complexation (IPC) by hy-

drogen bonding between PAA and PEG.®:33:34
The solid lines in the figures represent best-fit
Lorentzian-shaped peaks, which provide insight
into the in-plane ordering of the nanoparticles.
The parameters extracted from these analyses

and associated structural parameters are listed
in Table 2.
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Figure 2: GISAXS linecut profiles displaying intensity

(I(Qzy)) versus in-plane momentum transfer (Quy) for PEG-
AgNPs with various MW in suspensions as indicated. (a) in 100
mM K,COg, (b) in 2 mM PAA in the presence of 10 mM HCI.
The solid lines represent the best-fit Lorentzian profiles to the ex-
perimental data. The plots are vertically shifted for clarity, and in
some cases, the intensity of the plots is multiplied by a constant,
as indicated, to enhance visibility.

In Figure 2 (a), for AgNP suspensions in 100
mM K,COj3; we observe that PEG-AgNPs with
MWs of 2 and 5 kDa form a clear hexagonal
structure, with sharp diffraction peaks. This
indicates a regular spacing between particles,
driven by strong van der Waals interactions in-
fluenced by the short PEG chains. As the PEG
MW increases beyond 5 kDa, the profiles ex-
hibit a transition to a less ordered hexagonal
structure, likely due to increased steric hin-
drance or lower grafting density of the longer
polymer chains.

In Figure 2 (b), for suspensions in 2 mM
PAA with 10 mM HCI, we observe that PEG



chains with MWs between 2 and 20 kDa main-
tain a 2D hexagonal arrangement, similar to the
K,COj3 system. However, for PEG chains with
a molecular weight of 40 kDa, the profiles in-
dicate the formation of two distinct structural
phases, which are discussed in more detail be-
low. This induced phase separation is likely
driven by complex interparticle interactions and
low or irregular grafting density from long-chain
PEG, balancing steric effects from the PEG
with electrostatic interactions from PAA/PEG
and HCI.

A key trend in both electrolyte conditions is
that the primary diffraction peaks shift to lower
Qzy values as the PEG MW increases. This
shift corresponds to an expansion of the lat-
tice unit cell, as longer PEG chains increase
the spacing between nanoparticles (see Table
2). This shows that the length of the PEG chain
directly controls the assembly of the nanoparti-
cles by adjusting the nearest-neighbor distance
(dxn), which is consistent with the reported lit-
erature.® The length of the PEG chain and the
electrolyte environment play crucial roles in the
structural organization of AgNPs at the vapor-
liquid interface. Shorter PEG chains lead to
well-ordered hexagonal structures, while longer
chains cause disorder and phase separation.

XRR and ED Analysis of PEG-
AgNP Film

XRR measurements were conducted on the
same PEG-AgNP films to examine the film
profiles formed at the vapor-liquid interface.
These measurements serve to corroborate the
GISAXS results discussed above, providing ad-
ditional information on the particle distribution
and structural arrangement at the vapor-liquid
interface. Figure 3 presents normalized XRR
scans (R/Ry) for PEG-AgNP films, with (a)
showing films in 100 mM K,COs3, and (b) de-
picting films in a 2 PAA solution with the ad-
dition of 10 mM HCIL. The MW of PEG used
in each case is indicated. The corresponding
ED profiles derived from the fitting of the XRR
data are shown in (c) and (d), respectively.
Qualitatively, the normalized XRR for films
with short-chain PEG exhibits significantly
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Figure 3: Normalized X-ray reflectivity profiles (R/Rp) for
the same films shown in Figure 2, representing: (a) PEG-AgNPs
in a 100 mM K,COj solution, and (b) PEG-AgNPs in a 2 mM
PAA solution with the addition of 10 mM HCI, with PEG MWs
as indicated. The ED profiles that are used to fit the XRR data
(solid lines) in (a) and (b) are presented in (c) and (d).

higher reflectivity compared to those with
longer PEG chains. This enhanced reflectivity
can be intuitively attributed to a greater surface
particle density at the vapor-liquid interface, as
shorter PEG chains allow for denser packing of
NPs at the surface. Indeed, the strongest en-
hancement is seen for PEG-AgNPs grafted with
the shortest chain (2 kDa), confirming that the
surface density is highest for these systems.
Quantitatively, this trend is supported by fit-
ting the XRR data to the corresponding ED
profiles shown in Figures 3 (¢) and (d). The
bell-shaped peaks in these profiles, located near
the vapor-liquid interface, are characteristic of
the metallic AgNPs, which have ED higher than
that of the surrounding water or grafted PEG.
The width of these peaks provides an estimate
of the average particle diameter, while the inte-
gral of the peak offers a measure of the particle
density at the vapor-liquid interface (see Table
2). As expected, the ED profiles confirm that
films formed with short-chain PEG exhibit a
higher particle density at the vapor-liquid inter-
face, consistent with the structural information
obtained from GISAXS data, where the unit
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Figure 4: (a) GISAXS line-cut profiles showing intensity (I(Quy)) versus in-plane momentum transfer (Quy) for PEG40k-AgNPs
in a suspension containing 2 mM PAA and 10 mM HCI. The solid lines represent the best-fit Lorentzian profiles to the experimental
data. The diffraction pattern analysis suggests the formation of two distinct phases, represented by the solid and dashed lines, each
corresponding to a hexagonal structure. One phase exhibits a higher-quality crystal structure with a smaller lattice constant compared
to the other. (b) Normalized X-ray reflectivity profiles (R/Ry) for the same film depicted in (a), with the best-fit solid line derived from
the electron density (ED) profiles shown in (c). The inset illustrates the enhanced ED profile relative to the subphase, indicating that
the film thickness is greater than the diameter of a single PEG-AgNP. (d) Schematic depiction of the two-dimensional structures formed
at the vapor-liquid interface, where the two crystalline phases are likely induced by the presence of PAA in the suspension.

cell dimensions also suggest denser nanoparti-
cle packing for shorter PEG chains. The con-
sistency between XRR and GISAXS results in-
dicates the presence of uniformly ordered struc-
tures at the interface, with no evidence of iso-
lated patches of ordered NPs on the surface.!'®

In the K;COj solution, the AgNP films form a
well-defined single-layer structure at the vapor-
liquid interface. In contrast, when PAA and
HCl are added to the system, the ED pro-
files suggest the formation of incomplete bi-
layer structures for PEG with MWs of 20 and
40 kDa. However, these bilayer structures ex-
hibit a lower surface density compared to the
single-layer formations observed with shorter
PEG chains. This transition to a bilayer struc-
ture may be attributed to the lower grafting
density for longer PEG chains facilitating poly-
mer interdigitation, leading to a looser in-plane
packing.

The XRR data, along with the electron den-
sity profiles, offer complementary insights into

how PEG chain length and the electrolyte en-
vironment influence the arrangement of AgNPs
at the vapor-liquid interface. Short-chain PEG
leads to higher surface densities and more uni-
form monolayer structures, while longer PEG
chains induce the formation of more com-
plex but less dense bilayer structures. This
is consistent with previous results of PEG-
AuNPs and PNIPAM-AuNPs under similar
conditions. 182035 We also observe that integrat-
ing the X-ray results with the grafting density
data in Figure 1 reveals two distinct regions.
These regions are separated by a shaded area,
representing the threshold density required to
achieve superior superstructures at the inter-
face.

Quasi-bilayered ordering from

PEG40k-AgNPs

We now proceed to a more detailed analysis
of PEG40k-AgNP immersed in a solution of



2 mM PAA and 10 mM HCI, as described
earlier, where the system exhibits ordering
into two distinct phases. Figure 4 (a) shows
the GISAXS line-cut profiles of the intensity
(I(Qsy)) versus in-plane momentum transfer
(Quy) for PEG40k-AgNPs in this suspension.
The solid lines represent the best-fit Lorentzian
profiles derived from the experimental data.
From the diffraction pattern, we identify two
distinct hexagonal phases: one with a smaller
unit cell and better crystallinity, represented
by the solid line, and another with a larger
unit cell, represented by the dashed line. These
two phases likely correspond to structural dif-
ferences within the presumptive quasi-bilayer of
the film. The phase with the smaller lattice
constant likely arises from nanoparticles with
collapsed PEG chains, while the phase with the
larger lattice constant is consistent with an ex-
panded PEG configuration, leading to greater
dxn. Figure 4 (b) displays the normalized X-
ray reflectivity profiles (R/Ry) for the same
film shown in panel (a). The best-fit solid line
is derived from the ED profiles shown in Fig-
ure 4 (c¢). The ED profile inset illustrates a
distinct enhancement at the vapor-liquid inter-
face relative to the subphase, indicating that
the film thickness exceeds the diameter of a sin-
gle PEG-AgNP (~ 10 nm). This suggests that
the film consists of two (likely incomplete) or-
dered layers (a quasi-bilayer). The top layer,
with a larger lattice constant, is associated with
an expanded PEG structure, while the bottom
layer, with a smaller lattice constant, consists of
nanoparticles with collapsed PEG chains. We
further support this interpretation by compar-
ing these results to control experiments per-
formed with PAA but without HCI, as shown in
Figure 5. In the absence of HCl, the GISAXS
profile is very similar to the dashed-line profile
from Figure 4 (a), corresponding to the phase
with a larger lattice constant. This similarity
suggests that only a single ordered phase forms
in the absence of HCI, with PEG chains adopt-
ing a more open configuration. The XRR data
in Figure 5 (b) further corroborate this and its
corresponding ED profile in Figure 5 (c), which
shows that the film consists of a single layer
at the vapor-liquid interface, with a thickness

of approximately 10 nm, corresponding to the
core diameter of a single AgNP.

Thus, the presence of HCI induces the forma-
tion of a second, more collapsed phase, likely
due to changes in the electrostatic interactions,
interdigitation processes, and PEG chain con-
formations. This dual-phase structure is a
unique feature observed for PEG40k-AgNPs in
the presence of 2 mM PAA and HCI, highlight-
ing the role of the acidic environment in modu-
lating nanoparticle ordering at the vapor-liquid
interface.

Binary Systems of AuNPs and Ag-
NPs

The results above underscore the distinct be-
haviors of PEG-grafted AgNPs and AuNPs (the
latter of which are briefly presented here for
completeness). Extensive studies have previ-
ously reported on the influence of PEG MW
on PEG-AuNPs under various electrolyte con-
ditions, as well as on binary systems formed
from PEG-AuNPs. 8222335 Given the observed
differences in grafting densities between AuNPs
and AgNPs (Figure 1), we aim to explore the as-
sembly of binary systems combining both types
of nanoparticles. Here, we present prelimi-
nary findings on molar mixing ratio conditions,
which offer initial insights into the broader im-
plications of such binary assemblies.

Figure 6 presents the GISAXS and XRR re-
sults for PEG5k-AuNP5 and PEG2k-AgNP10
as control experiments in a 1:1 mixing ra-
tio (100 mM KyCO3). Our results show that
both PEG-AuNPs and PEG-AgNPs form well-
ordered hexagonal structures. The XRR and
ED profiles confirm the formation of a single
layer at the vapor-liquid interface, while the ED
profiles reveal a higher surface density for Ag-
NPs, likely due to their shorter PEG chains.
The GISAXS and XRR results for the mixture
of these particles suggest that the binary system
of PEG-AuNPs and PEG-AgNPs forms a hy-
brid structure, as both the XRR and GISAXS
patterns differ from those of the individual com-
ponents, as illustrated schematically in Figure 6
(f). While the overall system remains ordered,
it exhibits defects and is primarily composed of
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Figure 5: Control expiements to justify the interpretation of Figure 4. (a) GISAXS line-cut profiles showing intensity (I(Quy))
versus in-plane momentum transfer (Qyy) for PEG40k-AgNPs in a suspension containing water () and 2 mM PAA (0O) (without HCI).
The solid line is the best-fit Lorentzian profiles for the diffraction data, assuming a short-range hexagonal structure. The second and
third harmonic peaks are broadened due to inplane irregularities. (b) Normalized XRR profiles (R/Rg) for the same film depicted in
(a), with the best-fit (solid line) derived from the ED profiles shown in (c). The inset illustrates the enhanced ED profile relative to the

subphase, indicating that the film thickness consists of a single layer of PEG-AgNPs.

AuNPs with dispersed AgNPs, lacking a well-
defined binary superstructure. This interpreta-
tion is further supported by the ED profiles in
Figure 6 (e), where AgNPs show a higher sur-
face density compared to AuNPs. In the mix-
ture, the ED profile shows a superposition of
ED profiles of the individual components, al-
though PEG-AgNPs are present at a lower con-
centration.

This trend, where AuNPs populate the sur-
face more than AgNPs, is further confirmed in
a 1:1 mixture of PEG5k-AuNP10 and PEG2k-
AgNP10. Figure 7 presents the GISAXS and
XRR results for PEG5k-AuNP10, with PEG2k-
AgNP10 as control in a similar mixing ratio.
The XRR and ED profiles continue to show that
AgNPs, due to their shorter PEG chains, are
enriched at the surface. As observed in the pre-
vious case, the binary system forms a hybrid
structure. However, the diffraction pattern in
this system shifts to lower (),, values, suggest-
ing an expanded lattice constant or short-range
order due to the inhomogeneous formation of
the binary lattice. This is further supported by
the lattice constant values listed in the Table 3,
indicating the formation of a more disordered
superstructure. The ED profiles, as shown in
Figure 6 (e), reveal a higher surface density for
AgNPs, with the mixture displaying a super-

position of both nanoparticle types, albeit with
PEG-AgNPs present at a lower concentration.

We further explore another combination of
NPs, PEG5k-AuNP5 and PEG5k-AgNP10, by
examining their structures and comparing them
with the binary systems that are typically
seen in PEG-AuNPs system.?*?® Figure 8
presents the GISAXS and XRR results for these
nanoparticles, showing well-defined hexagonal
lattices for both systems. The size of the core
plays a key role in determining the lattice con-
stants, with AuNP5 exhibiting a significantly
smaller lattice constant than AgNP10, despite
both being grafted with the same molecular
weight PEG. The XRR and ED profiles, shown
in Figures 8 (d) and (e), confirm these find-
ings and highlight a higher surface density for
AgNPs due to their larger core NP. In the
mixed system, the structure appears to favor
the AgNP lattice, as seen in the GISAXS data
in Figure 8 (c), although both the GISAXS
and XRR results suggest that AuNPs are in-
corporated into the AgNP matrix, disrupting
the overall order of the superlattice. The bi-
nary system exhibits less order compared to the
individual components, indicating a disruption
of the lattice structure when the two types of
nanoparticles are combined.

The investigations into binary systems of
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Figure 6: GISAXS line-cut profiles showing intensity

(I(Quzy)) versus in-plane momentum transfer (Qzy) for (a)
PEG5k-AuNP5, (b) PEG2k-Agl0, and (c) for a 1:1 binary mix-
ture of PEG2k-AgNP10 and PEG5k-AuNP5 under 100 mM
K5COj5 suspension conditions. The solid lines represent the best-
fit Lorentzian profiles to the experimental data. (d) Normalized
X-ray reflectivity profiles (R/Rp) for the same films depicted in
(a~c), with the best-fit solid line obtained from the ED profiles
shown in (e). (f) Schematic illustration of the lattices formed af-
ter mixing AuNPs and AgNPs.

PEG-grafted AuNPs and AgNPs reveal dis-
tinct behaviors between the two nanoparticle
types, influenced by differences in PEG chain
length and nanoparticle core size. Both in-
dividual systems form well-ordered hexagonal
structures, but in mixed systems, the binary
assemblies exhibit hybrid structures with dis-
rupted order and expanded lattice constants.
In most cases, AuNPs dominate the surface ar-
rangement, while AgNPs fuse into the system,
contributing to the formation of a less ordered
hybrid structure.

This investigation is preliminary, and further
work is required to achieve more complex bi-
nary assemblies. Future studies could focus
on varying the concentration of AgNPs in the
mixture to promote superstructure formation,
as seen in AuNP-only systems.?? Additionally,
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Figure 7: GISAXS line-cut profiles showing intensity

(I(Qzy)) versus in-plane momentum transfer (Qgy) for (a)
PEG5k-AuNP10 (b) PEG2k-AgNP10, and (c) for 1:1 a binary
mixture of PEG2k-AgNP10 and PEG5k-AuNP10, under 100 mM
K5COj3 suspension conditions. The solid lines represent the best-
fit Lorentzian profiles to the experimental data. (d) Normalized
X-ray reflectivity profiles (R/Rp) for the same films depicted in
(a~c), with the best-fit solid line obtained from the ED profiles
shown in (e).

grafting nanoparticles with charged terminal
PEG chains could introduce ionic interactions,
potentially forming ionic-like superlattices, as
demonstrated in recent studies.?® These ap-
proaches may refine the structural control of
AuNP-AgNP binary systems and enhance their
overall ordering. It is important to note that
these results suggest a critical grafting density,
above which highly ordered hexagonal struc-
tures are achieved, as illustrated in Figure 1

(b).

Conclusions

In this study, we successfully grafted PEG onto
AgNP surfaces and investigated the effects of
PEG chain length, electrolyte environment, and
grafting density on the structural ordering of
PEG-grafted AgNPs. The grafting density of
thiolated PEG is lower for AgNPs compared to
AuNPs. Using synchrotron-based GISAXS and
XRR measurements, we examined the in-plane
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shown in (e).

ordering and surface distribution of nanopar-
ticles at the vapor-liquid interface under dif-
ferent suspension conditions. Previous studies
on AgNPs with a 20 nm core in K,CO3 have
shown the formation of a 2D hexagonal struc-
ture at the liquid /vapor interface, while the ad-
dition of PAA induces a transition to a lamellar-
like structure. It has been suggested that the
lower grafting density of AgNPs, compared to
AuNPs, causes AgNPs to form chains that de-
viate from ideal hexagonal packing, resulting
in less ordered structures. Our findings using
10 nm core and including shorter PEG chain
length (2 kDa) reveal that shorter PEG chains
lead to well-ordered hexagonal structures with
higher surface densities for both AgNPs and
AuNPs, while longer chains induce phase sep-
aration and result in less dense quasi-bilayer
structures. This behavior is driven by steric
hindrance and interparticle electrostatic inter-
actions. We identify a critical grafting den-
sity, regardless of particle type, that marks
the threshold between highly ordered NPs and
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poorly ordered ones. When exploring binary
systems of PEG-AuNPs and PEG-AgNPs, the
results show hybrid structures with disrupted
ordering. In most cases, AuNPs dominate the
surface arrangement, while AgNPs fuse into the
AuNP- matrix, leading to expanded lattice con-
stants but lacking the ordering seen in individ-
ual systems.

Although this study offers important insights
into nanoparticle assembly, further work is
needed to achieve more ordered binary super-
structures. Future investigations should focus
on varying AgNP concentrations and exploring
the use of charged PEG chains to induce ionic
interactions and superlattice formation. These
strategies could provide better control over the
structural ordering of binary nanoparticle sys-
tems, enhancing their potential for various ap-
plications.
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Table 2: Summary of the lattice constants (a), nearest-neighbor distances (dxn), and FWHM for different
PEG-AgNP assemblies induced under various electrolytes as indicated.

MW of grafted Solvent Lattice a® dxn® FWHMC rd
PEG (kDa)  Condition Type (nm) (nm) (A71)  (e/A?)
Water n.a. - = —— < 0.5
K,CO3 1 mM MRO (1D like) na ~34 ~0012 ~7
K,CO3 10 mM  MRO (1D like) na. ~26 ~ 0006 ~ 14
9 KyCO3 100 mM  Hexagonal ~24 ~24 ~0.004 ~29
PAA 0.2 mM n.a. - - —— < 0.5
PAA 2 mM n.a. - - —— < 0.5
fﬁiﬁ ?gﬁ MRO (Hexagonal) ~20 ~20 ~0.004 ~ 2
Water n.a. - —— —— < 0.5
KyCO3 1 mM Hexagonal ~40 ~40 ~0.003 ~9
K,CO3 10 mM  Hexagonal ~36 ~36 ~ 0003 ~13
5 K,CO3 100 mM Hexagonal ~36 ~3 ~0.003 ~ 15
PAA 0.2 mM n.a. - - —— ~ 3
PAA 2 mM n.a. - —— —— ~ 4
EOAﬁﬂ\%[ El(\l/[l + Hexagonal ~29 ~29 ~0003 ~8
Water SRO na. ~72 ~0006 ~1
K,CO3 1 mM SRO na. ~63 ~0006 ~1
K,CO3 10 mM  SRO na. ~69 ~0006 ~1
20 K,CO3 100 mM  SRO na. ~72 ~0.006 ~2
PAA 0.2 mM SRO na. ~78 ~0.007 ~2
PAA 2 mM SRO na. ~69 ~0.007 ~3
1;?2324 ?gl* MRO (Hexagonal) ~ 37 ~37 ~0.005 ~5
Water SRO (Hexagonal) ~ 83 ~83 ~0.002 ~1
Ky,CO5 1 mM SRO (Hexagonal) ~76 ~76 ~0.002 ~1
K,CO3 10 mM  SRO (Hexagonal) ~70 ~ 70 ~ 0.002 ~2
40 K,CO3 100 mM  SRO (Hexagonal) ~ 70 ~70 ~ 0.002 ~ 2
PAA 0.2 mM SRO (Hexagonal) ~82 ~82 ~0.001 ~3
PAA 2 mM SRO (Hexagonal) ~72 ~72 ~0.002 ~5
PAA2mM +  SRO (Hexagonal)* ~59 ~59 ~0.005 9
10 mM HCI Hexagonal® ~ 42 ~ 42 ~ 0.002

@ For 2D hexagonal structure, a = 47/(v/3Q1).
b

For 2D hexagonal structure, dyn = 47/(v/3Q1). For MRO and SRO, dyn = 27/Q1.

¢ FWHM - Full Width at Half Maximum is estimated from the Lorentzian-fitting function of the first peak.

4 The excess of surface electron density in ED profiles, T'e = [[p(2) — psub(2)]dz.

%
The structure in the presence of 2 mM PAA and 10 mM HCI sub-phase condition is separated. Both the phases are

hexagonal and structural parameters are listed in the particular row.
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Table 3: Summary of the lattice constants (a), nearest-neighbor distances (dnn), and FWHM for various
individual Au/AgNP and 1:1 binary mixtures of PEG-AgNP and AuNP assemblies formed in 100 mM

K,COs.
Lattice Parameters
NP1 NP2 Lattice type a® dyy® FWHMC T
(nm) (nm) (A (e/A?)
PEG2k-AgNP10 —— Hexagonal ~25  ~25 ~0.002 ~35
—— PEG5k-AuNP5 Hexagonal ~29  ~29 ~0.001 ~9
PEG2k-AgNP10 PEG5k-AuNP5 Hexagonal® ~29  ~29 ~0.002 ~12
—— PEG5k-AuNP10 Hexagonal ~27  ~27  ~0.001 ~22
PEG2k-AgNP10 PEG5k-AuNP10 Hexagonal ~30 ~30 ~0.002 ~24
PEG5k-AgNP10 —— Hexagonal ~36 ~36 ~0.002 ~18
PEG5k-AgNP10 PEG5k-AuNP5  Hexagonal (SRO) ~36 ~36 ~0.003 ~8

& For 2D hexagonal structure, a = 47 /(v/3Q1).

b

For 2D hexagonal structure, dyn = 47/(v/3Q1).

¢ FWHM - Full Width at Half Maximum is estimated from the Lorentzian-fitting function of the first peak.

4 The excess of surface electron density in ED profiles, I'e = [[p(2) — psub(2)]dz.

*
The hexagonal ordering formed here is heterogeneous.
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