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Abstract

Controlling interactions among nanoparticles
is paramount to achieving assemblies vital to
technologies seeking to exploit their novel col-
lective properties. Although various techniques
have been advanced, robust ones are necessary
for upscaling nanoparticle assembly and crys-
tallization. Here, we show that by grafting gold
nanoparticles (AuNPs) with charge-end-group-
thiolated polyethylene-glycol, we control the
charge of each AuNP. Such control facilitates
formation of various two-dimensional structures
of oppositely charged binary constituents at va-
por/liquid interfaces. Using surface-sensitive
synchrotron X-ray diffraction techniques, we es-
tablish the formation of distinct checker-board
square lattice structures at a range of pH and
molar ratios of the constituents. By regulating
pH the superlattices can transform from square
to the hexagonal lattice or vice versa and, to
a single component superstructure at the inter-
face. Our recipe for the control of charges and
their consequent interactions among nanoparti-
cles can be readily exploited in the assembly of
devices in two and three dimensions.

Main

Recent advancements in the self-assembly of
metallic nanostructures into ordered lattices
have garnered significant attention by virtue
of their potential applications in optoelec-
tronics, »? plasmonics,®® photonics,%7 cataly-
sis,®Y and energy storage devices.'®!! Binary
nanoparticle superlattices (BNSLs), consisting
of individual nanoparticles that mimic atoms,
add a plethora of unique structures with desired
properties sought for these applications.'? 17
Surface grafting of nanoparticles with ligands
(e.g., alkyl chains, ss-DNA, polymers, etc.) is
commonly used to mediate inter-particle inter-
actions in a suitable solvent to achieve assembly
and crystallization. 14172

Here, we explore the self-assembly of charged
BNSLs at a vapor/liquid interface by grafting
gold nanoparticles (AuNPs) with polyethylene
glycol (PEG) terminated with either —COOH
or —NH, groups. In order to achieve the novel
desired BNSLs, we control the charge of each
nanoparticle (referred to as "super-ion") by ma-
nipulating the pH of the aqueous suspensions
and mixing ratios of the constituents. In pre-



Table 1: Summary of notations for gold nanoparticles used in the manuscript with their DLS
and ( potential values. Column 2 and 3 summarizes all the symbolic and illustrative notations used
for AuNPs in the manuscript. Columns 5 and 6 summarize the corresponding nanoparticles’ DLS and (

potential values.

End group of  Diameter of Symbolic Illustrative Hydrodynamic ¢ potential
grafted PEG ~ AuNPs (nm)! notation used notation used size (nm)** (mV)
n.a.2 10 n.a. o 17.0(2) —40.5+1.9
®
)
-COOH 10 A a%s 39.5(2) 357+ 14
o e
S
NH, 10 B oo 57.7(4)* 1+23.0+1.9
®e
n.a.2 5 n.a. 10.1(23) -30.4+3.9
S
-COOH 5 A e <4 34.0(4) —333+2.1
)
o0
-NH, 5 B’ e 40.0(4)* +11.6 £ 1.2
@
QAUNP 10 AuNP5 <+ NH,-PEG = COOH-PEG

1 The diameter is from the vendor.

2 The bare surface AuNPs, stabilized with citrate ligands.

* Only diffusional component of the DLS size is reported. Refer to SI for a detailed discussion.

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

vious studies, it has been shown that BNSLs
can be created by mixing charge-neutral PEG-
grafted AuNPs having two different molecular
weights of PEG.'* In the present study, we use
AuNPs of nominal core size (5 nm and 10 nm)
that both are grafted with ~5 kDa PEG. The
rationale behind selecting AuNPs of different
core sizes but with the same PEG chain length
is to generate a scattering power contrast for X-
ray diffraction measurements while having com-
parable hydrodynamic radi (Figure S1).

We hypothesize that oppositely charged PEG
grafted AuNPs, acting as super-ions, form ionic
superlattices akin to ionic crystals. Unlike these
ionic crystals, this approach allows for the ma-
nipulation of the relative surface charge be-
tween the two constituents. The relative charge
on each particle is tuned by the manipula-
tion of the pH of the suspension. We note
that the net charge of a nanoparticle is influ-
enced substantially by the charge of the termi-
nal group,?? and the residual charge inherent to
the AuNPs.?2* Three key interactions mediate
the population and crystallization at the inter-

face: the hydrophobic and Van der Waals inter-
actions 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 average crystal structures of BNSLs at the
vapor/liquid interface, as reported in previous
studies. % 2"0Qur findings reveal intriguing
pseudo-stoichiometries and novel symmetries
present for the charged BNSLs which are dis-
tinct from those observed from neutral PEG
systems. 14:27:28

A. Charge balanced super-structures

We begin by investigating the mixtures of 1:1
molar ratios of oppositely charged particles,
symbolically (A/B’) and (A’/B) (see Table 1
for nomenclatures). We note that at neutral
pH, the net charge per particle differs accord-
ing to the specific PEG end group; manipulat-
ing the pH controls the net charge per particle
and the resultant superstructure. At neutral
pH, the (A : B’) system does not exhibit an ac-



cumulation of particles at the interface. In con-
trast, the (A’ : B) exhibits surface accumula-
tion with the formation of a square lattice with
short-range order (SRO). This finding is also
based on XR analysis which shows the presence
of AuNPs on the surface(see Figures S5, S6,
and S8 and detailed discussion on SRO in SI).
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’ sys-
tems, we observe two novel structures at pH
3, as shown in Figure 1. Figure 1(a) shows
a 2D diffraction pattern of the (A’ : B) with
Bragg peaks that can be indexed by a v/2 x /2
square lattice with the unit cell edge a ~ 50 nm.
This notation (i.e., V2 x \/5) is used to indicate
that the structure consists of a checkerboard-
like structure of oppositely charged particles
and with the unit cell edge length ¢ ~ v2any,
where any is the nearest neighbor (NN) dis-
tance between particles (approximately half of
the average Dy of two individual constituents)
of a PEG grafted particle. On the other hand,
Figure 1(b) shows a 2D diffraction pattern for
the (A : B’) structure with Bragg peaks that
can be indexed by a V3 x/3 hexagonal lattice
with @ ~ 55 nm. This notation (i.e., V3 x \/3)
is used to indicate a hexagonal lattice with unit
cell edge length @ ~ v/3axy having a cell ba-
sis pseudo-formula AB). Illustrated depictions
of the two observed structures and their devel-
opment by variation of pH are included as in-
sets in Figure 1 (a and b) and schematically
in Figure 1 (al and bl) (See rationalization
of the DLS of particles in SI). We note that
the formation of single-orderly particles at pH
2 (depicted schematically in Figure 1(al) and
(b1)) are likely formed by the —COOH grafted
AuNPs (A" and A). This can be rationalized
by the fact that —NH, groups become more
charged 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
group tends to become less negatively charged,
while the —NH, terminal group becomes more
positively charged. Based on the (-potential
values from Table 1, we estimate that the ef-
fective 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 adjust-
ment in charge distribution leads to an effec-
tive charge ratio that approaches 1, whereupon
the 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
a AB! hexagonal lattice is formed.

COOH-PEG-AU10 (A)
—O= &NH,-PEG-AUS (B)
1:1 +1mM HCI

COOH-PEG-AU5 (A) (b)
—0— &NH,-PEG-Au10 (B)
1:1 +1mM HCI
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Figure 1: Formation of 2D checkerboard-like and hexag-
onal lattices of binary charged mixtures tuned by the ef-
fective surface-charge density. GISAXS line-cut profiles of
an equimolar mixture of (a) A’ & B (b) A & B’ at 1lmM HCL
Vertical bars represent the calculated peak positions for the cor-
responding lattices with their respective Miller indices mentioned
below them. Insets depict ideal lattices (Refer to Table 1 for key
notations). (al) and (bl) shows the schematic illustration of lat-
tice transitions with the addition of HCl. At a given pH (pH=3),
the mixture of A’ & B forms a v/2 X v/2 square lattice structure.
By interchanging the core diameters of AuNP, the system changes
from a square lattice to a V3 x V3 hexagonal lattice due to the
differences in total surface charge which is dominated by the sur-
face area of each particle. On further increasing the pH (pH=2),
the surface is occupied with the —COOH terminated particles
due to an increase in solubility of —NH, terminated particles.

To corroborate and complement the nominal
structures deduced from the GISAXS, XR ex-
periments on the same samples under the exact
conditions have been performed. Analysis of
the XR provides the characteristic thickness of



the film and surface density of AuNPs. Fig-
ure S8 in the SI shows normalized XR scans
and the corresponding extracted electron den-
sity (ED) profiles. The bell-shaped peak in the
ED profiles represents the excess ED due to the
AuNPs film confirming a single layer of the con-
stituents AuNPs, i.e., 5 and 10 nm. As shown in
the SI Table S2, the surface densities of AuNPs
are consistent with the GISAXS analysis above.
This shows that the X-ray reflectivity properly
estimates the pseudo-stoichiometry of the ionic-
like crystals at the interface. The experiments
displayed in Figure 1 demonstrate control over
the total charge of the constituents through ma-
nipulation of the pH and core size (dominated
by the total number of end groups). Below, we
show that the same and other superstructures
can be formed by manipulation of the mixing
ratio of the various constituents.

B. Bulk mixing-ratios induced super-
structures

As previously demonstrated above, the forma-
tion of a more exotic structure is observed at
a pH level of 3. Consequently, we delve into
a more comprehensive exploration of the influ-
ence exerted by the bulk mixing ratios at this
specific pH level. Figure 2 shows the GISAXS
profiles of A : B and A : B’ systems at different
molar mixing ratios for a fixed pH of 3. Fig-
ure 2 (a), diffraction pattern from a 2:1 molar
mixing ratio of A’ : B that is consistent with
the formation of a V3 x v/3 hexagonal struc-
ture. The unit cell of this structure is similar
to the one depicted in Figure 1 (b), but with
a pseudo-stoichiometric formula of A} B in con-
trast to AB;. We note that the lattice constant
for the AB) structure in Figure 1 (b) a ~ 55
nm, but for A,B in Figure 2 (a) a ~ 49 nm is
consistent with the Columbic repulsion between
the B’ particles, since at the specified pH, the
two B’ particles within the AB unit cell main-
tain a high charge. This leads them to repel
each other, causing the formation of a unit cell
marginally larger than what is observed for the
A, B unit cell. This disparity can be linked to
the two A’ particles, which display an almost
neutral charge state. This A} B structure is also

COOH-PEG-Au10 (A") & NH,-PEG-Au5 (B)
A"B+1mM HCI

COOH-PEG-AU5 (A) & NH,-PEG-Au10 (B')
A:B'+1mM HCI
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Figure 2: Mixing-ratio-induced lattice transitions from a
A’B square lattice to A, B hexagonal lattice and from a
AB!, hexagonal lattice to AB’ hexagonal lattice. GISAXS
line-cut profiles and schematic lattice representations of binary
mixtures of A’ and B at (a) 2:1 (b) 4:1 molar ratios, and binary
mixtures of A and B’ at (c) 1:2 (d) 1:4 molar ratios, at 1mM HCI
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 them. (e) and (f) represents a schematic illus-
tration of lattice transitions. At a given pH (ph=3), the equimolar
mixture of A’ : B forms a 2D v/2 x v/2 A’ B square lattice (Figure
1 (a)). On further increasing the molar ratio to 2:1, the lattice
transforms to a v/3 X V3 A’QB hexagonal lattice, which remains
unchanged at a 4:1 molar ratio, indicating the structural resis-
tance to increasing ratios. Similarly, the equimolar mixture of
A': B’ forms a 2D /3 x v/3 AB} hexagonal lattice (Figure 1 (b)).
By further increasing the molar ratio to 1:2, the lattice transforms
toa V2 x V2 AB’ square lattice, which remains unchanged at a
4:1. These results emphasize the tunability of lattice structures
in binary mixtures, showcasing their structural robustness.

corroborated by XR analysis as discussed in ref-
erence to Figure 1 (a) and in the SI. As noted
above, a 1:1 mixing ratio of the same A’ : B con-
stituents, leads to the formation of a V2 x V2
square lattice. As the molar ratio is increased
(by increasing the amount of A’ constituent),



the system undergoes a transition from a square
lattice to a hexagonal lattice, and this hexago-
nal lattice remains robust as the molar ratio is
further increased to 4:1. Similarly, Figure 2 (c)
shows the formation of a /2 x /2 square-lattice
originating from the 1:2 mixture of A : B’ con-
stituents. The unit cell of this structure is simi-
lar to the one mentioned in Figure 1 (a) but has
a pseudo-stoichiometric formula of AB’ due to
its individual constituents. Figure 2 (d) 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 ra-
tios. Unlike the earlier case of the A" : B sys-
tem, in the A : B’ system, the transition from
a 1:1 ratio leads to a change from a V3 x V3
hexagonal lattice to a V2 x V2 square lattice.

A central conclusion from the present and pre-
vious sections is that the surface charge density
created by the —COOH group is larger than
the —NH, terminal group, consistent with ¢ po-
tential values and published results.?? Also, the
total charge on each particle scales with the sur-
face 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.

C. pH-controlled super-structures

Figure 3 shows GISAXS measurements of A’ :
B at a 2:1 molar ratio at four different pH
values. At neutral pH, the system sponta-
neously forms a checkerboard crystal struc-
ture with a relatively large lattice constant of
a ~ 51 nm and is depicted schematically in
the inset. Such a large lattice constant is un-
usual for a long-range order (LRO) of a neu-
tral 5KDa PEG/AuNP system.!? To rationalize
this, we note that previous results indicate that
—NH, (B particles) terminated particles spon-
taneously 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
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Figure 3: pH-induced symmetry transition in 2:1 mix-
ture of COOH-PEG-Au5 & NH,-PEG-Aul0. GISAXS
line-cut profiles and schematic lattice representations of a binary
mixture of A’ & B at a 1:2 molar ratio, at (a) OmM (b) 0.1mM
(¢) ImM (d) 10mM HCI molar concentration. Insets depict ideal
lattices (Refer to Table 1 for key notations). Vertical bars repre-
sent the calculated peak positions for the corresponding lattices
with their respective Miller indices mentioned below them. The
mixture forms a 2D v/2 X /2 square lattice at [HC1] = 0.1 mM,
transforms to a v/3 X v/3 hexagonal lattice at [HCY] = 1 mM,
and further to a 1 x 1 hexagonal lattice at [HCI| = 10 mM, indi-
cating the pH sensitivity of the lattice formed. (e) Represents a
schematic illustration of lattice transformation from a v/2 x v/2
square lattice to a V3 x /3 hexagonal lattice and further to a
1 x 1 hexagonal lattice.

the increased unit cell size, as depicted schemat-
ically 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 3 (a) and (b).
Consistently, decreasing the pH increases the
propensity of A’ particles to populate the sur-
face as the B particles became more soluble
due to an increase in positive charge density.
Here we note that the relative enrichment of A’
particles at the interface, compelling the sys-
tem to settle into a pseudo-stoichiometric A, B



hexagonal unit cell as extracted from Figure
3(c) and shown schematically in the inset. This
formulation suggests an occupation of two rel-
ative surface-rich A’ particles in coordination
with each B particle. To validate the proposed
pseudo-stoichiometry of the emergent nominal
structures, we conducted a meticulous XR anal-
ysis on the aforementioned samples. The find-
ings from this analysis are encapsulated in Fig-
ure S12. A summary of the average surface cov-
erage, as inferred from XR with that derived
from GISAXS, is presented in Figure S12 and
Table S2. 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 cor-
roborates our proposed pseudo-stoichiometry
A, B, thereby underscoring its relevance and va-
lidity in this system. This trend of lowering the
charge on the —COOH group of A’ particles,
continues by lowering the pH and finally lead-
ing to a simple hexagonal structure consisting of
the A’ particles as shown in the diffraction pat-
tern and depicted in Figure 3(d).* We rational-
ize that the surface predominance of particles
A’ can be attributed to the enriched charge den-
sity of particle B, which potentially augments
the solubility of particles B, thereby encourag-
ing their bulk presence. To summarize, the ef-
fect of lowering the pH, and the progression of
structural transitions are illustrated in Figure
3(e) conceptually.

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 mea-
surements, we expect the carboxylic acid group
to be negatively charged, while the amine group
to be positively charged. Previous experiments
have shown that under neutral pH conditions,
—COOH seems to be totally charged by dis-
sociating into —COQ , resulting in the grafted
AuNPs in neutral pH fully dispersed in the sus-
pension. By contrast, the —NH, is partially
charged by protonation, which makes them

migrate to the vapor/liquid interface sponta-
neously at neutral pH. Therefore, in order to
take advantage of ordering by Coulombic in-
teractions, we modified the pH of the suspen-
sion and control the charges of both end groups.
In general, our results show that lowering the
pH reduces the charge in the —COOH group
and increases the charge in the —NH, group.
Our Zeta potential measurements confirm this
finding and provide a quick path for predicting
the possible structures of such BNSLs. Using
surface-sensitive X-ray diffraction techniques
(GISAXS, XR) we test the above hypotheses
and determine 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 4 and as follows: (1)
A checker-board square lattice can be achieved
by either lowering the pH and/or manipulat-
ing molar mixing ratios. (2) By further lower-
ing the pH or increasing the molar ratio, the
system transforms from a checkerboard struc-
ture to a hexagonal structure with a pseudo-
stoichiometry of A'B, and AB’ to, A}B and
ABj. This tunability enables the tailoring of
material properties by manipulating the mo-
lar ratios of the constituents. (3) In the ex-
treme case of low pH, one of the constituents
(likely —COOH terminated PEG-AuNP) forms
a single-particle hexagonal structure akin to
neutral PEG-grafted AuNPs structures at the
vapor/liquid interface.

Methods

Materials Preparations

Unconjugated citrate-capped bare AuNPs
(nominal core diameter 5 and 10 nm) were
purchased from Ted Pella Inc., and their size
distributions were independently validated by
small-angle X-ray scattering.'4?® PEG of av-
erage molecular weight 5 kDa, with one end
terminated with thiol (HS) and the other with
either carboxyl (—NH,) or amine(—COOH),
were purchased from Creative PEGworks (NC,
USA). AuNPs were functionalized with HS-
PEG-COOH or HS-PEG-NH, by the ligand
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Figure 4: Schematic phase diagram of all structures reported in Table 2.Left figure shows a schematic phase diagram of a
binary mixture of A’ and B, and the right figure shows a schematic phase diagram of a binary mixture of A and B’ as a function of
molar mixing ratio and HCI concentration. The axes are not to be scaled, and the phase boundaries are hypothetical.

exchange method as described below. 4?8 PEG
ligands are first dissolved in 1 M sodium chlo-
ride (NaCl) solution and mixed thoroughly.
The PEG-NaCl solution in excess is mixed with
a certain amount of AulNP suspensions and
incubated for at least 24 hours with continu-
ous mixing with a Roto-Shake Genie(Scientific
Industries, NY, USA).The unbound PEG
from the resulting PEG-grafted AuNPs was re-
moved by centrifugation thrice at 21000 RCF
for 90 minutes. In this study, the term PEG-
AuNP represents PEG-grafted AuNPs in gen-
eral, while z-PEG-AuNPy indicates AuNPs of
y core diameter (i.e., y = 10 and 5 nm) termi-
nated with z group (i.e., z = either —COOH,
or —NH, groups) of PEG. For instance, COOH-
PEG-AuNP10 refers to gold nanoparticles 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 fi-
nal concentration of the PEG-AuNPs was de-
termined by measuring their absorbance us-
ing ultraviolet-visible (UV-vis) spectroscopy
(NanoDrop One Microvolume instrument from
Thermo Fischer Scientific) and then adjusted
to ~ 15 nM and ~ 60 nM for 10 and 5 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, zeta potential mea-
surements were conducted using the NanoZS90
instrument. The results of these measurements
are listed in Table 1. The COOH-PEG-AuNPs
and NH,-PEG-AuNPs were characterized by
opposite electrical charge and enlarged hydro-
dynamic size, indicating the successful grafting
of PEG with distinct terminal groups. More
detailed information on PEG grafting and char-
acterization is provided in the SI.

For the liquid surface X-ray diffraction experi-
ments, the nanoparticle suspensions were mixed
for desired molar ratio and incubated for ap-
proximately 15 minutes before loading onto a
stainless steel trough. The trough with the sam-
ple was contained in an enclosed sample cham-
ber purged with water-saturated helium on the
x-ray liquid surface spectrometer.? Calculated
amount of stock HCI solution was added incre-
mentally to the same mixture suspension for a
sequence of target pH values and incubated for
about 20 minutes before X-ray measurements.



Table 2: Summary of GISAXS analysis based on data collected at APS and NSLS-II for the binary mixture of charged AuNPs. GISAXS
suggests long-range order (LRO) for most of the structures, while short-range order (SRO) and meso-range order (MRO) are observed

in a few cases. Refer to the SI for more details.

AuNP size (nm) | Mixing | [HCI]| Lattice type Unit cell
COOH-PEG | NH,PEG | ratio | (mM) (Stoichiometry) edge length*
a (nm)
A | B | A:B| |
0 V2 x V2 Square (A’'B) 49.6 +£2.3
. 0.1 | vV2x+2 Square (A'B) 473+ 2.1
5 10 1:1
1 V2 x /2 Square (A'B) 45.3+2.0
10 1x1 Hexagonal (likely A’) 31.5+1.2
0 V2 x /2 Square (A'B) 50.9 £2.5
0.1 | vV2x+2 Square (A’'B) 43.3+1.8
5 10 2:1 :
1 V3 x V3 Hexagonal (A,B) 493+£1.6
10 1x1 Hexagonal (likely A’) 285+1.0
0 , -
5 10 4:1 01 . ]
1 V3 x V3 Hexagonal (A, B) 53.2+1.9
10 - SRO -
A B | A:B | |
0 , -
0.1 - -
10 5t 1:1
1 V3 x V3 Hexagonal (AB)) 54.6 £ 2.0
10 1x1 Hexagonal (likely A) 305+ 1.1
0 -
10 5 1:2 0.1 R i
' 1 V2 x /2 Square (AB') 38.6+1.4
10 1x1 Hexagonal (likely A) 29.3+1.0
0 .
0.1 - -
1 1:4
0 ) 1 V2 x /2 Square (AB') 41.6 + 1.7
10 V3 xv/3 MRO Hexagonal (Uncertain) 54.74+ 2.0

*
For 2D 1 x 1 hexagonal structure, lattice constant, a = 47/(v/3Q10), for 2D /3 x /3 hexagonal structure, lattice constant, a = 47/(Q11)

and for 2D square structure, lattice constant, a = 2\/§7T/Q11. The error-bar estimation is described in the supplementary section.

X-ray Diffraction Measurements

Synchrotron-based in-situ liquid surface X-
ray scattering experiments were performed
at NSF’s ChemMatCARS Sector 15, Ad-
vanced Photon Source, Argonne National
Laboratory, 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.
Liquid-surface specular X-ray reflectivity (XR)
and grazing incidence small-angle X-ray scat-
tering (GISAXS) were conducted to determine
the density profile across the vapor/liquid inter-
face and the in-plane arrangement of nanoparti-
cle assembly at the aqueous surface. The exper-
imental instrumental setup and measurement



protocols at these two beamlines are detailed
in previous reports. %1428

Below is a brief description of data collection
and presentation. Incident X-rays of wavevec-
tor EZ are incident upon the aqueous surface
at grazing angles, and scattered X-rays of
wavevector lgf are recorded using an area detec-
tor, where the scattering intensity is recorded
as a function of the scattering vector Ci Cj =
Ef - /Zz Q). and )y, denote the vertical and
horizontal components of @, respectively. For
XR, the reflectivity R(Q.) is normalized to the
Fresnel reflectivity Rp calculated for the corre-
sponding ideal flat surface solutions. The elec-
tron density (ED) profiles along the vertical di-
rection z, p(z), are obtained using Paratt’s re-
cursive method from fitted R/Rp data.® The
scattered intensities in GISAXS are presented
as 2D images in terms of (), and @).. A line-
cut intensity profile of GISAXS, as a function of
Q.y is integrated over Q, range 0.01-0.03 A~
(see Figure S2), denoted as 1(Q,,). The diffrac-
tion peaks are marked with Miller indices (h, k)
for the identified 2D lattice type.

Supporting Information

The Supporting Information is available free of
charge on the Nature Publications website at
DOI: xxxxx/yyyyy

Data Availability

The findings of this study are supported by data
found within the article and the provided Sup-
plementary Information. Further relevant in-
formation and source data can be obtained from
the corresponding author upon making a rea-
sonable request.
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Figure 5: Schematic illustration of lattice transition and experimental procedure The two vials contain suspensions of AuNPs
that are grafted with thiolated PEG and terminating with either —NH, or —COOH. The core (5 or 10 nm) is chosen to enhance the
scattering contrast between the two constituents. The two constituents are mixed with desired molar mixing ratio into a secondary vial
and spread into a stainless-steel trough. Surface-sensitive X-ray scattering, including X-ray reflectivity and grazing incidence small-angle
X-ray scattering, is conducted on the filled-trough surface. By adjusting the pH and molar-mixing ratio, we obtained various structures,
including checker-board-like structures and binary hexagonal structures, summarized in Figure 4.
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