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ABSTRACT: Controlling interactions among nanoparticles is
paramount to achieving assemblies vital to technologies seeking
to exploit their cutting-edge collective properties. Although various
techniques have been advanced, robust ones are necessary for
upscaling nanoparticle assembly and crystallization. Here, we show
that by grafting gold nanoparticles (AuNPs) with charge-end-
group-thiolated poly(ethylene glycol), we control the charge of
each AuNP. Such control facilitates the formation of various two-
dimensional structures of oppositely charged binary constituents at
vapor/liquid interfaces. Using surface-sensitive synchrotron X-ray
diffraction techniques, we established the formation of distinct
checkerboard square lattice structures at a range of pH values and
molar ratios of the constituents. By regulating pH, the superlattices
can transform from a square to a hexagonal lattice, or vice versa, and to a single-component superstructure at the interface. Our
recipe for the control of charges and their consequent interactions among nanoparticles can be readily exploited in the assembly of

photonics and plasmonics devices in two and three dimensions.
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1. INTRODUCTION

Recent advancements in the self-assembly of metallic
nanostructures into ordered lattices have garnered significant
attention by virtue of their potential applications in
optoelectronics,"”” plasmonics,” > photonics,”’ catalysis,*’
and energy storage devices.'”'' Binary nanoparticle super-
lattices (BNSLs), consisting of individual nanoparticles that
mimic atoms, add a plethora of unique structures with the
desired properties sought for these applications.”™"" Surface
grafting of nanoparticles with ligands (e.g, alkyl chains, ss-
DNA, polymers, etc.) is commonly used to mediate
interparticle interactions in a suitable solvent to achieve
assembly and crystallization.'”'”?°"** Recent studies have
achieved the assembly of small (~4 nm) gold nanoparticles
(AuNPs) through micelle or covalent bond induction,
particularly under conditions of extreme nanoparticle densifi-
cation.”**> Furthermore, the construction of multicomponent
BNSLs in both two- and three-dimensional arrays has been
successfully demonstrated using polymer-grafted inorganic
spherical NPs.”® Coulombic interactions have been employed
to assemble AuNPs (~5 nm) grafted with short positively
charged ligands using charged molecules in aqueous solution
after multiple separation processes from organic solvents.”” In
addition, ferritin-coated anionic protein cages have been
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assembled into large crystallites using electrostatic interaction
induced by adding cationic dendrimers.””**

Here, we explore the self-assembly of charged BNSLs at
vapor/liquid interfaces by grafting AuNPs with poly(ethylene
glycol) (PEG) terminated with either —COOH or —NH,
groups. The advantage of this method lies in its ability to
manipulate surface charges on the particles, thereby facilitating
targeted assembly. However, the challenge lies in fine-tuning
the interactions to ensure precise control over the assembled
superstructures. In order to achieve the novel desired BNSLs,
we control the charge of each nanoparticle (referred to as
“superion”) by manipulating the pH of the aqueous
suspensions and the mixing ratios of the constituents.
Theoretical models demonstrate that the dissociation behavior
of charge-terminated NPs is influenced by the size and surface
curvature of the nanoparticles, as well as by the presence of
counterions in the surrounding medium. These factors
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Table 1. Summary of Notations for AuNPs Used in This Study with Their Hydrodynamic Size and {-Potential Values”

End group of  Diameter of Symbolic Illustrative Hydrodynamic pH ¢ potential
grafted PEG ~ AuNPs (nm)® notation used notation used size (nm)® (mV)

n.a.c 10 n.a O 17.0(2) ~5.7 —40.5+1.9

e\\? )
-COOH 10 A o ko 39.5(2) ~5.8 —357%£14

O

)

o0 0
-NH, 10 B Q%ﬁ%@ 57.7(4)¢ ~8.1 +23.0+1.9

@ ° @
n.a.¢ 5 n.a. ) 10.1(23) ~5.5 —30.4£3.9
-COOH 5 A 34.0(4) ~5.3 —33.3%21
-NH, 5 B’ 40.0(4)¢ ~7.8  +11.6+1.2

AuNP 10 JAUNP5 4 NH-PEG = COOH-PEG

“Columns 3 and 4summarize all the symbolic and illustrative notations used for AuNPs in the article. Columns S, 6, and 7 summarize the
corresponding nanoparticles’ hydrodynamlc size, pH values, and {-potential values. “The diameter is from the vendor. “The bare-surface AuNPs are

stabilized with citrate ligands.

discussion. “Only the modal size on the distribution profile is reported.

9Only the diffusional component of the DLS size is reported. Refer to Supporting Information for a detailed

collectively affect the apparent acid dissociation constant (pK,)
of the grafted NP, which lies between that of free ligands and
ligands assembled on a flat surface.”” In previous studies, it has
been shown that BNSLs can be created by mixing charge-
neutral PEG-grafted AuNPs with two different molecular
weights of PEG. '* We use AuNPs of nominal core size, 5 and
10 nm, to enhance electron-density contrast between the two
~5 kDa-PEG-grafted particles."*

We hypothesize that oppositely charged PEG-grafted
AuNPs, acting as superions, form ionic superlattices akin to
ionic crystals. Unlike these ionic crystals, this approach allows
for the manipulation of the relative surface charge between the
two constituents. The relative charge on each particle is tuned
by the manipulation of the pH of the suspension. We note that
the net charge of a nanoparticle is substantlally influenced by
the charge of the terminal group®® and the residual charge
inherent to the AuNPs.”"*> Three key interactions mediate the
population and crystallization at the interface: the hydrophobic
and van der Waals interactions among PEG chains and the
Coulombic interactions due to the charged terminals.

Here, we employ surface-sensitive synchrotron-based X-ray
diffraction methods to determine the crystal structures of
BNSLs at the vapor/liquid interface. The surface assembly
approach has been used extensively with liquid-surface
diffractometers, both at X-ray synchrotron facilities and lab-
based diffractometers, as described in detail in refs 14, 33—35.
Our findings reveal intriguing pseudostoichiometries and novel
symmetries present for the charged BNSLs, which are distinct
from those observed in neutral PEG systems.'**>%*!

2. METHODS

2.1. Materials Preparations. Unconjugated citrate-capped bare
AuNPs (nominal core diameters of S and 10 nm) were purchased
from Ted Pella Inc., and their size distributions were independently
validated by small-angle X-ray scattering.'*** PEG of average
molecular weight S kDa, with one end terminated with thiol (SH)
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and the other terminated with either amine(—NH,) or carboxyl(-
COOH), was purchased from Creative PEGworks (NC, USA).
AuNPs were functionalized with HS—PEG—COOH or HS—PEG—
NH, by the ligand exchange method, as described below.'*** PEG
ligands were first dissolved in a 1 M sodium chloride (NaCl) solution
and mixed thoroughly. An excess amount of PEG—NaCl solution was
mixed with AuNPs using specific ratios: 1 part of 10 nm AuNPs to
6000 parts PEG and 1 part of 5 nm AuNPs to 1500 parts PEG.>® The
pH of § and 10 nm suspensions was measured as approximately at 5.5
and 5.7, respectively. The resulting mixture was incubated for at least
24 h with continuous mixing with a Roto-Shake Genie (Scientific
Industries, NY, USA). The unbound PEG in the PEG-grafted AuNPs
suspension was removed by centrifugation three times at 21,000 RCF
for 90 min. In this study, the term PEG—AuNP represents PEG-
grafted AuNPs in general, while x-PEG—AuNPy indicates AuNPs of y
core diameter (i.e,, y = 10 or 5 nm) terminated with the x group (i.e,,
x = —COOH or —NH, groups) of PEG. For instance, COOH—
PEG—AuNPI10 refers to AuNPs of an average diameter of 10 nm,
functionalized with carboxyl-terminated PEG. For convenience, we
represent each grafted nanoparticle as shown by letters and symbols in
Table 1. The final concentration of the PEG—AuNPs was determined
by measuring their absorbance using ultraviolet—visible (UV—vis)
spectroscopy (NanoDrop One Microvolume instrument from
Thermo Fischer Scientific) and then adjusted to ~15 and ~60 nM
for 10 and S nm nanoparticles, respectively. Subsequently, the
hydrodynamic diameter (Dy) of the grafted nanoparticles was
determined using dynamic light scattering (DLS) with a NanoZS90
and its associated software Zetasizer (Malvern, United Kingdom). To
quantify the surface charge of the PEG-grafted AuNPs, {-potential
measurements were conducted by using the NanoZS90 instrument.
The results of these measurements are listed in Tables 1 and S1 and
Figure S1. The grafting density of the PEG—AuNPs can be found in a
published article (ref 30). The COOH—PEG—AuNPs and NH,—
PEG—AuNPs were characterized by opposite electrical charges and
enlarged hydrodynamic sizes, indicating the successful grafting of
PEG with distinct terminal groups. More detailed information on
PEG grafting and characterization is provided in the Supporting
Information and a previously published article.”’
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Table 2. Summary of GISAXS Analysis Based on Data Collected at the APS and NSLS-II for the Binary Mixture of Charged

AuNPs”
AuNP size (nm) mixing ratio [HCI] (mM) lattice type (stoichiometry) unit cell edge length a (nm)?
COOH-PEG NH,—-PEG
A’ B A'/B
S 10 1:1 0 V2x/2 square (A'B) 49.6 +£2.3
0.1 V2x2 square (A'B) 473 + 2.1
1 V2x2 square (A'B) 453 + 2.0
10 1x1 hexagonal (likely A”) 315 + 12
S 10 2:1 0 V2x2 square (A'B) 50.9 £ 2.5
0.1 V2xy2 square (A'B) 433 + 1.8
1 J3xJ/3 hexagonal (A,'B) 493 + 1.6
10 1x1 hexagonal (likely A”) 285 + 1.0
S 10 4:1 0
0.1
1 NEPNE] hexagonal (A,'B) 532+ 19
10 SRO
AuNP size (nm) mixing ratio [HCI] (mM) lattice type (stoichiometry) unit cell edge length a (nm)®
COOH-PEG NH,-PEG
A B’ A/B’
10 S 1:1 0
0.1
1 NEYSE) hexagonal (AB,’) 54.6 + 2.0
10 1x1 hexagonal (likely A) 30.5 £ 1.1
10 S 1:2 0
0.1
1 V2x\V2 square (AB’) 38.6 + 1.4
10 1x1 hexagonal (likely A) 293 + 1.0
10 S 1:4 0
0.1
1 V2xy2 square (AB’) 41.6 + 1.7
10 NEPNE] MRO hexagonal (uncertain) 547 £ 2.0

“GISAXS suggests LRO for most of the structures, while SRO and MRO are observed in a few cases. Refer to Supporting Information for more
details. ’For the 2D 1 X 1 hexagonal structure, lattice constant a = 47/ (3 Qlo); for the 2D /3 X /3 hexagonal structure, lattice constant a =

475/(Qy;); and for the 2D square structure, lattice constant a = 2+/2 7/ Q,,- The error-bar estimation is described in the Supporting Information

section.

For the liquid surface X-ray diffraction experiments, the nano-
particle suspensions were mixed in the desired molar ratio and
incubated for approximately 1S min before loading onto a stainless
steel trough. The trough with the sample was contained in an
enclosed sample chamber purged with water-saturated helium on the
X-ray liquid surface spectrometer.>® A calculated amount of stock HCI
solution was added incrementally to the same mixture suspension for
a sequence of target pH values and incubated for about 20 min before
X-ray measurements. It should be noted that changing the pH is
entangled with the ionic strength. A schematic representation of the
working method is represented in Figure 1.

2.2. X-ray Diffraction Measurements. Synchrotron-based in-
situ liquid surface X-ray scattering experiments were performed at
NSF’s ChemMatCARS Sector 15, Advanced Photon Source, Argonne
National Laboratory, and at SMI beamline open platform liquid
surfaces (OPLS) end station, National Synchrotron Light Source II
(NSLS-II), Brookhaven National Laboratory, with incident X-ray
energies of 10 and 9.7 keV, respectively. Liquid-surface specular X-ray
reflectivity (XR) and grazing incidence small-angle X-ray scattering
(GISAXS) were conducted to determine the density profile across the
vapor/liquid interface and the in-plane arrangement of nanoparticle
assembly at the aqueous surface. The experimental instrumental setup
and measurement protocols at these two beamlines are detailed in
previous reports.s’m“?’é’39

Below is a brief description of the data collection and presentation.
Incident X-rays of the wavevector k; were incident upon the aqueous

surface at grazing angles, and scattered X-rays of the wavevector k;
were recorded using an area detector, where the scattering intensity

was recorded as a function of the scattering vector (_i, (_i = kf - k. Q.

and Q,, denote the vertical and horizontal components of Q,
respectively. The scattered intensities in GISAXS are presented as 2D
images in terms of Q,, and Q.. All the GISAXS 2D images (Q,vs Qxy)
are provided in the Supporting Information: Figures S2—S5. A linecut
intensity profile of GISAXS as a function of Q,, is integrated over the
Q, range 0.01-0.03 A™" (see Figure S2), denoted as I(Qxy). The
diffraction peaks are marked with Miller indices (h, k) for the
identified 2D lattice type. GISAXS linecut intensity profiles for
controlled GISAXS measurements on PEG—AuNPs of each size are
provided in Figures S6—S8. Two-dimensional structure factor
considerations based on GISAXS are illustrated in Figure S9.
Examples of linecut intensity profiles for long-range order (LRO),
meso-range order (MRO), and short-range order (SRO) are provided
in Figure S10. For XR, the reflectivity R(Q,) was normalized to the
Fresnel reflectivity, Ry, calculated for the corresponding ideal flat
surface solutions. The electron density (ED) profiles along the vertical
direction z, p(z), were obtained using Parratt’s recursive method from

3222 https://doi.org/10.1021/acsanm.3c05566
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Figure 1. Schematic illustration of lattice transition and experimental procedure. The two vials contain suspensions of AuNPs that are grafted
with thiolated PEG and terminated with either —NH, or —COOH. The core (S or 10 nm) is chosen to enhance the X-ray scattering contrast
between the two constituents. The two constituents are mixed with a desired molar mixing ratio into a secondary vial and spread into a stainless-
steel trough. Surface-sensitive X-ray scattering, including XR and GISAXS, is conducted on the filled-trough surface. By adjusting the pH and
molar-mixing ratio, we obtain various structures, including checkerboard-like and binary hexagonal structures, as summarized in Figure S.

fitted R/Rg data.*® Detailed XR analysis is demonstrated in the
Supporting Information, including Figures S11—S15 and Table S3.

3. RESULTS AND DISCUSSION

3.1. Charge-Balanced Superstructures. We begin by
investigating the mixtures of 1:1 molar ratio of oppositely
charged particles, symbolically (A and B’) and (A’ and B) (see
Table 1 for nomenclatures). We note that at neutral pH, the
net charge per particle differs according to the specific PEG
end group; manipulating the pH controls the net charge per
particle and the resultant superstructure. At near-neutral pH,
the (A/B’) system does not exhibit an accumulation of
particles at the interface. In contrast, (A’/B) exhibits surface
accumulation with the formation of a square lattice at a SRO.
This finding is also based on XR analysis, which shows the
presence of AuNPs at the surface (see Figures S7, S8, and S11
and the detailed discussion on SRO in Supporting
Information). To balance the charges on the NPs, we lowered
the pH values from neutral to as low as pH 2. Intriguingly, for
both the A’/B and A/B’ systems, we observe two novel
structures at pH 3, as shown in Figure 2. Figure 2a shows a 1D
diffraction pattern (see Methods) of the (A’/B) with Bragg
peaks that can be indexed by a v/2 X +/2 square lattice with
the unit cell edge @ ~ 50 nm. This notation (i.e, V2 X +/2) is
used to indicate that the structure consists of a checkerboard-
like structure of oppositely charged particles and with the unit
cell edge length a ~ \2ayy, where ayy is the nearest
neighbor (NN) distance between particles (approximately
sum of half of the Dy; of two individual constituents) of a PEG-
grafted particle. On the other hand, Figure 2b shows a 1D
diffraction pattern for the (A/B’) structure with Bragg peaks
that can be indexed by a J3 x /3 hexagonal lattice with a =~
55 nm. This notation (i.e., v3 X +/3) is used to indicate a
hexagonal lattice with unit cell edge length a ~ J3 ayy having
a cell basis pseudoformula AB,’. Illustrated depictions of the
two observed structures and their development by variation of
pH are included as insets in Figure 2a,b and schematically in
Figure 2al,bl (see rationalization of the DLS of particles in

3223

Supporting Information). We note that the formation of single-
orderly particles at pH 2 (depicted schematically in Figure
2al,bl) is likely formed by the —COOH-grafted AuNPs (A’
and A). This can be rationalized by the fact that collectively,
the —NH, groups transform to —NH;" at pH 2, and
consequently, the whole particle is sufficiently water-soluble
that it does not populate the surface.

Upon lowering the pH, the —COOH terminal particles get
less charged by the transformation of —COO~ groups to —
COOH, while the —NH, terminal group particles become
more positively charged by transforming to —NH;". Based on
the {-potential values from Table 1, we estimate that the
effective charge ratio of A’ to B is greater than 1 at neutral pH.
As the pH is lowered, there is a decrease in the net charge of A’
and an increase in the net charge of B. This adjustment in
charge distribution leads to an effective charge ratio that
approaches 1, whereupon a neutral A'B checkerboard square
lattice is formed. For the A/B’ system, in contrast to the
previous scenario, the relative charge ratio of A to B’ is
estimated to be approximately 3 based on the {-potential. As
we decrease the pH, the effective charge distribution on these
two species converges to a ratio of 2, whereupon an AB,’
hexagonal lattice is formed. More details on {-potential values
at different pH values can be found in the Supporting
Information Table S1.

To corroborate and complement the nominal structures
deduced from GISAXS, XR experiments on the same samples
under the exact same conditions have been performed. The
analysis of the XR provided the characteristic thickness of the
film and the surface density of AuNPs. Figure S11 in the
Supporting Information shows normalized XR scans and the
corresponding extracted ED profiles. The bell-shaped peak in
the ED profiles represents the excess ED due to the AuNP film,
confirming a single layer of the constituent AuNPs, i.e., 5 and
10 nm. As shown in the Supporting Information Table S3, the
surface densities of AuNPs are consistent with the above
GISAXS analysis. This shows that the XR properly estimates
the pseudostoichiometry of the ionic-like crystals at the
interface. The experiments shown in Figure 2 demonstrate

https://doi.org/10.1021/acsanm.3c05566
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Figure 2. Formation of 2D checkerboard-like and hexagonal
lattices of binary charged mixtures tuned by the effective surface-
charge density. GISAXS line-cut profiles of an equimolar mixture of
(a) A’ and B and (b) A and B’ at 1 mM HCI. Vertical bars represent
the calculated peak positions for the corresponding lattices with the
respective Miller indices mentioned below. Insets depict ideal lattices
(refer to Table 1 for key notations). (al,bl) show the schematic
illustration of lattice transitions with the addition of HCI (depicted by
the red arrows). The HCI addition is dynamic and done in-situ. At a
given pH (pH = 3), the mixture of A’ and B forms a~/2 X /2 square
lattice structure. By interchanging the core diameters of AuNPs, the
system changes from a square lattice to a /3 X /3 hexagonal lattice
due to the differences in total surface charge, which are dominated by
the surface area of each particle. On further lowering the pH (pH 2),
the surface is occupied with the —COOH-terminated particles due to
an increase in the solubility of the —NH,-terminated particles.

control over the constituents” total charge by manipulating the
pH. Below, we show that the same and other superstructures
can be formed by manipulating the mixing ratio of the various
constituents.

3.2. Bulk Mixing-Ratios-Induced Superstructures. As
previously demonstrated, the formation of a more exotic
structure is observed at a pH of 3. Consequently, we delve into
a more comprehensive exploration of the influence exerted by
the bulk mixing ratios at this specific pH level. Figure 3 shows
the GISAXS profiles of the A’/B and A/B’ systems at different
molar mixing ratios for a fixed pH of 3. Figure 3a shows a
diffraction pattern from a 2:1 molar mixing ratio of A’/B that is
consistent with the formation of a /3 X /3 hexagonal
structure. The unit cell of this structure is similar to the one
depicted in Figure 2b, but with a pseudostoichiometric formula
of A,'B in contrast to AB,”. We note that the lattice constant
for the AB,’ structure in Figure 2b a ~ 55 nm, but for A,'B in
Figure 3a a ~ 49 nm, which is consistent with the Coulombic
repulsion between the B’ particles since at the specified pH,
the two B’ particles within the AB, unit cell maintain a high
charge. This leads them to repel each other, causing the
formation of a unit cell marginally larger than that observed for
A,'B. This disparity can be linked to the two A’ particles,
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Figure 3. Mixing-ratio-induced lattice transitions from an A'B
square lattice to an A,'B hexagonal lattice and from an AB,’
hexagonal lattice to an AB’ hexagonal lattice. GISAXS line-cut
profiles and schematic lattice representations of binary mixtures of A’
and B at (a) 2:1 and (b) 4:1 molar ratios, and binary mixtures of A
and B’ at (c) 1:2 and (d) 1:4 molar ratios, at 1 mM HClI as indicated.
Insets depict ideal lattices (refer to Table 1 for key notations). Vertical
bars represent the calculated peak positions for the corresponding
lattices with their respective Miller indices mentioned below. (e,f)
Schematic illustration of lattice transitions. At a given pH (pH = 3),
the equimolar mixture of A’/B forms a 2D +/2 X <2 AB square
lattice (Figure 2a). The red arrows indicate the addition of S nm
particles, which was performed externally and solely for illustrative
purposes. On further increasing the molar ratio to 2:1, the lattice
transforms to a 3 X /3 A,B hexagonal lattice, which remains
unchanged at a 4:1 molar ratio, indicating the structural resistance to
increasing ratios. Similarly, the equimolar mixture of A/B’ forms a 2D
V3 X /3 AB, hexagonal lattice (Figure 2b). By further increasing

the molar ratio to 1:2, the lattice transforms to a J2 x 2 AB'
square lattice, which remains unchanged at a 1:4 molar ratio. These
results emphasize the tunability of lattice structures in binary
mixtures, showcasing their structural robustness.

which display an almost neutral charge state. This A,'B
structure is also corroborated by XR analysis, as discussed in
reference to Figure 2a and in the Supporting Information. As
noted above, a 1:1 mixing ratio of the same A’/B constituents

leads to the formation of a /2 X /2 square lattice. As the
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molar ratio is increased (by increasing the amount of the A’
constituent), the system undergoes a transition from a square
lattice to a hexagonal lattice, and this hexagonal lattice remains
robust as the molar ratio is further increased to 4:1. Similarly,

Figure 3c shows the formation of a J2 X 2 square-lattice
originating from the 1:2 mixture of A/B’ constituents. The unit
cell of this structure is similar to the one mentioned in Figure
2a but has a pseudostoichiometric formula of AB" due to its
individual constituents. Figure 3 shows the formation of a
similar AB’ square lattice with an increase in the molar mixing
ratio to 1:4 from 1:2, indicating the robustness of the square
lattice with the increase in mixing ratios. Unlike the earlier case
of the A’/B system, in the A/B’ system, the transition from a
1:1 ratio leads to a change from a J3 x /3 hexagonal lattice
to a2 X /2 square lattice.

A central conclusion from the present and previous sections
is that the surface charge density created by the —COOH
group is larger than that of the —NH, terminal group,
consistent with {-potential values and published results.”” Also,
the total charge on each particle scales with the surface area of
the core. These differences can be taken advantage of by
manipulating the pH in the suspension to vary the net surface
charge. Next, we present the effect of varying the pH on the
crystallization of the same system with fixed molar mixing
ratios.

3.3. pH-Controlled Superstructures. Figure 4 shows the
GISAXS measurements of A’/B at a 2:1 molar ratio at four
different pH values. At neutral pH, the system spontaneously
forms a checkerboard crystal structure with a relatively large
lattice constant of 4 ~ 51 nm, which is depicted schematically
in the inset. Such a large lattice constant is unusual for a LRO
of a neutral 5§ kDa PEG/AuNP system.'* To rationalize this,
we note that previous results indicate that the —NH, (B
particles)-terminated particles spontaneously populate the
surface due to a lower positive surface charge, while the —
COOH (A’ particles)-terminated particles carry a higher total
negative charge density.’” This results in a repulsion between
the A’ particles, leading to the increased unit cell size, as
depicted schematically by a halo of the A’ particles with an
enlarged effective cross-section. To counteract this effect, we
add HCI to the system, which balances the net charge on A’
and B particles, and as a result, the lattice constant is reduced
by ~20% to a ~ 43 nm, as deduced from the diffraction
patterns in Figure 4ab. Consistently, decreasing the pH
increases the propensity of A" particles to populate the surface
as the B particles become more soluble due to an increase in
positive charge density. Here, we note the relative enrichment
of A’ particles at the interface, compelling the system to settle
into a pseudostoichiometric A,’B hexagonal unit cell, as
extracted from Figure 4c and shown schematically in the inset.
This formulation suggests the occupation of relatively two
surface-rich A’ particles in coordination with each B particle.
To validate the proposed pseudostoichiometry of the emergent
nominal structures, we conducted a thorough XR analysis on
the aforementioned samples. The findings from this analysis
are summarized in Figure S1S. A summary of the average
surface coverage, as inferred from XR with that derived from
GISAXS, is presented in Figure S15 and Table S3. Remarkably,
at pH 3, the computed surface coverage of the A, B structure
aligns perfectly with the coverage inferred from XR profiles.
This concurrence unequivocally corroborates our proposed
pseudostoichiometry A,’B, thereby underscoring its relevance

~
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Figure 4. pH-induced symmetry transition in a 2:1 mixture of
COOH-PEG—AuS and NH,—-PEG—Aul0. GISAXS line-cut
profiles and schematic lattice representations of a binary mixture of
A’ and B at a 1:2 molar ratio at (a) 0, (b) 0.1, (c) 1, and (d) 10 mM
HCl molar concentrations. Insets depict ideal lattices (refer to Table 1
for key notations). Vertical bars represent the calculated peak
positions for the corresponding lattices with their respective Miller
indices mentioned below. The mixture forms a 2D /2 X /2 square
lattice at [HCI] = 0.1 mM and transforms to a /3 X /3 hexagonal
lattice at [HCI] = 1 mM and further to a 1 X 1 hexagonal lattice at
[HCI] = 10 mM, indicating the pH sensitivity of the formed lattices.
The HCl addition is dynamic and done in-situ. (e) represents a
schematic illustration of lattice transformation from a <2 X /2
square lattice to a J3 x 3 hexagonal lattice and further to a 1 X 1
hexagonal lattice (the HCI addition is depicted by the red arrows).

and validity in this system. This trend of lowering the charge
on the —COOH group of A’ particles continues by lowering
the pH and finally leading to a simple hexagonal structure
consisting of the A’ particles, as shown in the diffraction
pattern and depicted in Figure 4d.> We rationalize that the
surface predominance of particles A’ can be attributed to the
enriched charge density of particle B, which potentially
augments its solubility, thereby encouraging their bulk
presence. To summarize, the effect of lowering the pH and
the progression of structural transitions are conceptually
illustrated in Figure 4e.

4. CONCLUSIONS

In this study, we control the total surface charge of PEG-
grafted AuNPs by adding carboxylic or amine terminal groups
and by varying the pH. Based on previous results and (-
potential measurements, we expect the carboxylic group to be
negatively charged and the amine group to be positively
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charged. Previous experiments”” and {-potential measurements
(see Table 1) have shown that at near-neutral pH, —COOH
groups are negatively charged by deprotonating into —COO",
resulting in the grafted AuNPs being fully dispersed in the
suspension. By contrast, the —NH,-terminated AuNPs are near
charge-neutral, making them spontaneously migrate to the
vapor/liquid interface at near-neutral pH.”° It has been
observed that for charge-neutral particles, the primary driving
force is attributed to the morphological changes in the PEG-
corona and its hydrophobic properties.*® Therefore, in order to
take advantage of ordering by Coulombic interactions, we
controlled the pH of the suspension and manipulated the
charges of both end groups. In general, our results show that
lowering the pH reduces the total charge in the —COOH-
terminated AuNPs and increases the total charge in the —NH,-
terminated AuNPs. Our {-potential measurements confirm this
finding (see Table S1) and provide a quick path for predicting
the possible structures of such BNSLs. Using surface-sensitive
X-ray diffraction techniques (GISAXS and XR), we tested the
above hypotheses and determined the actual structures of
AuNPs under various conditions. The main results of our study
are summarized in a pH-mixing-ratios phase diagram in Figure
S and are as follows: (1) a checkerboard square lattice can be
achieved by either lowering the pH and/or manipulating molar
mixing ratios. (2) By further lowering the pH or increasing the
molar ratio, the system transforms from a checkerboard
structure to a hexagonal structure with a pseudostoichiometry
of A'B and AB’ to A,’B and AB,’. This tunability enables the
tailoring of material properties by manipulating the molar
ratios of the constituents. (3) In the extreme case of low pH,
one of the constituents (likely, COOH-terminated PEG—
AuNPs) forms a single-particle hexagonal structure akin to
neutral PEG-grafted AuNP structures at the vapor/liquid
interface. Our study elucidates self-assembly mechanisms that
organize nanostructures through bottom-up approaches,
offering promising pathways for potential applications in
photonics and plasmonics.
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