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T
he assembly of nanoparticles into
highly ordered arrays (superlattices)
has opened an exciting new avenue

toward the realization of metamaterials and
nanodevices.1�8 To obtain nanoparticle
superlattices, two distinct approaches have
been demonstrated:9 (1) DNA-programma-
ble crystallization in solution10�13 and (2)
drying-mediated nanoparticle crystallization
on solid or liquid interfaces.1�8,14�19 The
former approach takes advantage of the
unique Watson�Crick base-pairing of DNA
to program interparticle forces (enthalpic
effects); the latter achieves superlattices by
optimizing like-charge repulsion or steric
hindrance during solvent evaporation
(entropic effects). Notably, each approach
alone suffers limitations. The DNA-program-
mable approach has been able to form only
stable ordered structures in solution, a po-
tential problem for solid-state device integra-
tion. The drying-mediated approach typically
relies on alkyl molecule spacers, ultimately
restraining the structural and functional
properties due to synthetic limitations on
longer molecular ligand length.
Recently, we have combined the afore-

mentioned strategies by using DNA as a
“dry ligand” under unusually low ionic
strength and successfully obtained 2D and
3D nanoparticle superlattices in the dehy-
drated state.20�23 The highly extendable
and controllable molecular lengths of DNA
ligands enable tailoring of both structural
(interparticle spacing) and functional prop-
erties (plasmonic and mechanical) over a
wide window. In particular, the edge-to-
edge interparticle spacing for DNA-based
monolayer superlattice sheets can be ad-
justed up to 20 nm,21 which is a significantly
wider range than has been achieved with

alkyl ligands.24 More importantly, such
superlattices are highly customizable into
single-particle-width corrals,20 single-parti-
cle-thickness superlattice discs,20 and free-
standing superlattice membranes.21 Thus,
our strategy may constitute a promising
step to enable the integration of bioinspired
superlattices into solid-state nanodevices.
DNA-capped nanoparticles provide an

ideal testing system for exploring nanoscale
self-assembly. Recent research efforts by
several groups including ours have em-
ployed synchrotron radiation to reveal the
nature of such interactions. For example,
Gang and Mirkin have each reported tem-
perature-dependent nanoparticle crystalli-
zation in bulk buffered solutions.10,11 In
parallel, our group has revealed the crystal-
lization dynamics of DNA-capped nanopar-
ticles in real-time using a drying-mediated
self-assembly process.22 While these pre-
vious studies utilized transmission small-
angle X-ray scattering (SAXS) to uncover
temperature dependence and temporal dy-
namics of 3D nanoparticle crystallization,
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ABSTRACT Using grazing-incidence small-angle X-ray scattering in a special configuration

(parallel SAXS, or parSAXS), we mapped the crystallization of DNA-capped nanoparticles across a

sessile droplet, revealing the formation of crystalline Gibbs monolayers of DNA-capped nanoparticles

at the air�liquid interface. We showed that the spatial crystallization can be regulated by adjusting

both ionic strength and DNA sequence length and that a modified form of the Daoud�Cotton model

could describe and predict the resulting changes in interparticle spacing. Gibbs monolayers at the

air�liquid interface provide an ideal platform for the formation and study of equilibrium

nanostructures and may afford exciting routes toward the design of programmable 2D plasmonic

materials and metamaterials.
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here we utilized a technique we termed parallel SAXS
(parSAXS) to reveal spatial crystallization events of
DNA-capped nanoparticles over a microliter-scale dro-
plet. Notably, we observed 2D nanoparticle crystal-
lization into Gibbs monolayers at the air�liquid
interface. In contrast with crystalline monolayers
formed upon drying,21 these Gibbs assemblies are in
dynamic equilibriumwith the bulk solution and can be
obtained under high-salt conditions.
While extensive studies have been performed on

amphiphilic or hydrophobic ligand-capped nanoparti-
cles assembled into Langmuir layers,1,25�27 the inter-
facial assembly of hydrophilic nanoparticles in aqueous
solvent into Gibbs layers is not well understood. Unlike
a Langmuir layer, a Gibbs layer is an equilibrium system
in which surface coverage is driven by the solute con-
centration and is independent of solvent volume.28,29

In the case of DNA-capped nanoparticles, base-pairing
and the charge of the DNA ligands provide additional
parameters for controlling the assembly of Gibbs
layers. Our results revealed the formation of crystalline
Gibbs monolayers at the air�liquid interface under
optimized ionic strengths. Furthermore, the effect
of ionic strength on interparticle spacing could be
described by a modified form of the Daoud�Cotton
model.30

RESULTS AND DISCUSSION

In this work, we investigated the spatial DNA-
mediated crystallization process across a sessile drop
using transmission SAXS in a raster scanningmode.We
studied the interparticle interactions by varying spacer
length, concentration, and ionic strength to under-
stand their roles inmediating the interactions between
particles. All single-stranded DNA (ssDNA) used in our
system were comprised of a polythymine spacer with
variable length and a palindromic base-pairing region
(50-SH-C6-(dT)N-CTCATGAG, where N = 7, 15, or 30), as
shown in Figure 1a. This base-pairing region was
necessary to facilitate rapid crystallization of DNA-
capped nanoparticles, as demonstrated by our pre-
vious work.22 We developed a “lab-on-a-drop” tech-
nique in which a microliter-scale drop of solution was
placed on a clean silicon wafer, which is particularly
useful for when sample quantity is limited. In a typical
experiment, a 1.5 μL droplet of DNA-capped gold
nanoparticles was placed on a cleaned silicon substrate
on a sample stage such that the plane of the substrate
was parallel to the incident beam (Figure 1b). The
parSAXS configuration is a special case of grazing-
incidence SAXS (GISAXS) in which the angle of inci-
dence is 0�. Notably, parSAXS is uniquely capable of
observing interfacial phenomena while avoiding scat-
tering effects that result from X-ray reflection off of the
supporting substrate. As the beam skimmed the apex
of the droplet, the scattering cross section resulted

from the air�liquid interface, providing information
about the air�liquid interface directly. When the re-
lative beam position was decreased in the z-direction,
the beam passed through less of the interface and the
scattering signal was instead dominated by mobile
particles dissolved in the bulk, as well as precipitates
when in close proximity to the substrate.
In order to minimize solvent evaporation, the sam-

ple droplet was housed in a sealed chamber containing
a reservoir filled with a sodium chloride solution of the
same concentration as the droplet, thus maintaining a

Figure 1. (a) Schematic illustrating how nanoparticles are
distributed in the Gibbs system.Wemodel the nanoparticle
spacing as a sumofflexible coronaheights and the lengthof
the rigid hybridized region. (b) Experimental setup of
parSAXS experiments. The DNA-NP droplet is placed on a
cleaned Si substrate within a sealed chamber. The sample
stage is positioned such that the X-ray beampasses through
the droplet parallel to the plane of the substrate. The
specular reflection due to the incident beam is indicated
and is not included in the subsequent analysis. We define
the coordinate systemof the scattering vector such thatqz is
parallel to the specular reflection of the incident beamoff of
the droplet surface and qx is perpendicular to qz and thus
parallel to the local surface segment.
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similar vapor pressure (Figure 2). A raster scan of the
droplet obtained by incrementally stepping the sam-
ple stage in the x and y directions provided valuable
information regarding the state of the nanoparticles. In
particular, streaks that were observed perpendicular to
the air�liquid interface were indicative of nanoparticle
monolayers, analogous to GISAXS measurements of
both ordered and amorphous FePt nanocrystal mono-
layers on silicon.31 Multiple parallel streaks arise from
scattering off of a two-dimensional monolayer with
long-range order, while a single continuous streak
indicates short-range order only (Figure S2, Supporting
Information). On the other hand, a ring pattern indi-
cates the formation of a three-dimensional aggregate
with short-range order. In some instances, a composite
spectra can result from simultaneous scattering off of
both a crystalline monolayer and an aggregate due to
the finite size of the beam, as shown in Figure 3. The
diffuse background in the spectra obtained from the
droplet interior corresponded to dilute scattering from
freely dispersed nanoparticles in solution (Figure S1,
Supporting Information). Although monolayers were
observed over a wide range of salt concentrations,
ordered monolayers were observed only over a nar-
rower range of salt concentrations, particularly at the
droplet apex. A parSAXS spectrum obtained close to
the droplet apex is shown in Figure 2. Notably, up to
fifth-order peaks were observed, which are indicative
of well-defined crystalline monolayers (Figure 3). The
Bragg diffraction pattern consists of parallel lines in
which the angle with the horizontal corresponds to the
normal of the droplet. This is true of any spectra
measured along the droplet edge, suggesting flexible
crystalline formations dependent on the droplet
curvature.
By varying the salt concentration in the colloidal

droplet, we observed that the formation of Gibbs
nanoparticle monolayers at the air�liquid interface

occurred within a range of salt concentrations. Figure
4 shows the formation of Gibbs layers at the droplet
apex over a salt concentration range of 100 to
1000 mM. Below 100 mM NaCl, only the form factor
was observed, likely due to strong electrostatic repul-
sion between poorly screened nanoparticles, which
prevented accumulation at the air�liquid interface.
Above 750 mM NaCl, streak-like scattering patterns
disappeared and only a faint ring-like pattern was
present, suggesting the formation of a precipitate.
Both short-range ordered and crystalline monolayers
formed between 100 and 750 mM NaCl. At 500 mM,
crystalline order was optimal in terms of peak width
and intensity of higher order scattering peaks (up to
third-order).
The crystalline order was modeled using a static De-

bye�Waller factor, σDW (see Supporting Information),32

which was fit to the experimental form factor using grain
size diameter, Dg, and σDW as fitting parameters. In this
model, the grain size is inversely proportional to the
widths of theBraggpeaks in theone-dimensional spectra.
The static Debye�Waller factor is of the form D(qx) =
exp(�σDW

2qx
2) and accounts for local deviations of in-

dividual nanoparticles fromperfect crystallineorder.High-
er order Bragg reflections are more sensitive to local
disorder, and their intensities diminish very quickly with
increasing σDW. After correcting for resolution effects,33 a
fit of the 500mMNaCl spectra from Figure 4 yieldedDg =
365 nm and σDW = 2.87 nm, which were the optimal

Figure 2. Schematic diagram of the experimental setup. A
droplet of DNA-capped nanoparticle solution with a well-
defined volume is placed onto a clean silicon wafer. The
droplet volume can be stabilized by using a salt solution of
the same concentration in the reservoir to control the vapor
pressure inside the closed chamber. In order to dynamically
control the concentration inside the droplet, the water
vapor concentration in the chamber can be reduced by
flowing dry helium gas through the cell. A thermohygrom-
eter monitors temperature and relative humidity in the
chamber.

Figure 3. Example spectrum showing a high degree of
crystalline order (N = 7, [NaCl] = 500 mM). The relative
positions of the Bragg peaks with respect to the first-order
peak indicate a simple hexagonal lattice.
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values of any salt concentration obtained (Figures S3, S4
and Table S1, Supporting Information). These results
indicate that, while Gibbs layers can be achieved over a
range of salt concentrations, crystalline order is highly
sensitive to ionic strength.
The interparticle forces in DNA-capped nanoparticle

colloids are dominated by DNA�DNA interactions,
rather than by the core�core interactions of gold
nanoparticles. At 25 �C, kbT = 25.6 meV, which is five
times greater than the van der Waals attractive force
between cores at the smallest spacing value of DNN,
VvdW(22.1 nm) = 5.7 meV (see Supporting Information).
Our analysis of interparticle spacing by varying both
nanoparticle concentration and spacer length revealed
that no compression occurred between the adjacent
DNA coronas. In a Langmuir system, themonolayer will
be compressed with increasing nanoparticle mono-
layer concentration, while in a Gibbs layer the surface
density is controlled by the bulk concentration. How-
ever, it was found that varying the bulk concentration
while holding the ionic strength constant did not result
in any significant compression in terms of interparticle
spacing and corona height (Figure 5a). This result
indicates that the density in the Gibbs layer per se is

too small to lead to crystallization. However, crystalline
islands can be formed by virtue of Watson�Crick base-
pairing.
We further demonstrated that theDNA corona height

in our system can be modeled by polymer brush
theory.34 Figure 5b shows how the corona height varies
withDNA spacer length. Previously, we used anentropic
spring model to describe the compression between
densely packed DNA-capped nanoparticles.22 On the
basis of this analysis, the corona height was modified
with a compressive force term to account for defor-
mation that might occur between nanoparticle coronas
packed together at the interface (see Supporting Infor-
mation). We would then expect the compressed cor-
ona height to scale as h00 = aN3/5σ1/5R2/5� (Nb2F/3kBT),
where a is a proportionality constant, N is the number
of DNA bases, σ is the DNA coating density, R is
the nanoparticle radius, b is the Kuhn length, and F is
the equilibrium compressive force acting on the cor-
ona. Assuming constant density and using a and
F as fitting parameters (Figure 5b), the best fit was
achieved using F = 0, which simplified to the equation

Figure 4. Effects of ionic strength on monolayer formation
for a 15-base spacer. Monolayers are observable at the
droplet apex from 250 to 750 mM and are crystalline at
500mM. At 100mM, only form factor scattering is observed,
so at best there is a dilute monolayer without short-range
order. At 1000 mM, only short-range order remains. The
experimental form factor was removed from each one-
dimensional spectra.

Figure 5. The corona height was computed from the aver-
age interparticle spacing at three separate locations along
the air�liquid interface of an individual colloidal droplet.
The small variation, as indicated by the error bars, suggests
that the interparticle spacing was fairly uniform along the
droplet profile and that the effect of the air�liquid�sub-
strate meniscus was negligible. (a) Nearest neighbor spa-
cing was not significantly affected by changes in nano-
particle concentration. (b) The corona height at constant
density is dependent only on spacer length and is consis-
tent with that of an uncompressed corona as described by
polymer brush theory.
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predicted by uncompressed brush theory. Further-
more, because the DNA corona height scales only
with N, we can assume that the ligand density is
independent of DNA length. This thermodynamic
description of our system implies that the interpar-
ticle spacing of the Gibbs nanoparticle monolayers
can be readily controlled simply by engineering
the lengths of DNA spacers used to functionalize
nanoparticles.
We next investigated the effects of ionic strength on

the interparticle spacing within the monolayers. It was
expected that higher concentrations of monovalent
salt ions would decrease the interparticle spacing by
screening, thus reducing intrastrand repulsive charges
(Figure 6a). On the other hand, reducing the salt
concentrationwould increase the intrastrand repulsion
and consequently the interparticle spacing. This rever-
sible behavior was previously observed in three-di-
mensional crystals as reported by Gang and co-
workers.35

The effect of ionic strength on nearest neighbor
spacing in the crystalline monolayers can be best
described by the Daoud�Cottonmodel. We previously
defined and characterized the nanoparticle corona
softness χ = h0/R, which was used to model the corona
compression after solvent evaporation.22 We will then
express the softness in terms of the Daoud�Cotton
model36,37 as

χ ¼ h0=R ¼ (1þkNbR�1(νσ=LK)
1=3)3=5 � 1

where k is a proportionality constant typically taken as
unity, N is the number of bases, b is the length per base
(0.65 nm/base for ssDNA), σ is the surface density of
polyelectrolyte chains, ν is the excluded volume para-
meter, and LK is the Kuhn length. As proposed by Guo
and Ballauff,30 modifications may need to be made to
this model in order to have quantitative agreement
with experimental data. Thus, we will apply the theory
of Argillier and Tirrell,38 which approximates the ex-
cluded volume as ν ≈ LK

3. Furthermore, Barrat and
Joanny39 showed that the persistence length varies
linearly with the Debye screening length, LK ≈ κ

�1, for
flexible polyelectrolytes. TheDebye screening length for
water at 25 �C is given by κ�1 = 1/(8πNALBI)

1/2, where I is
the ionic strength (mol/m3) and LB is the Bjerrum length
(0.714 nm), which simplifies to κ�1(nm) = 0.304C�1/2 for
added concentrations, C (mol/L), of NaCl. By applying
these two arguments, the corona height will scale as h0
≈ C�2/5 when R is small. The corona height can now be
expressed as

h0=R ¼ (1þkNeffbR
�1(σ=K2)1=3)3=5 � 1

after making the appropriate substitutions and allowing
the constant k to absorb any additional multiplicative
constants. We also modified the expression with Neff =
N þ N0, where N0 is an empirical additive term to

account for an effective increase in the spacer segment.
This increase can be attributed to limited conforma-
tional freedom of the single-stranded spacer in the
vicinity of the more densely charged hybridization
region,40 as well as to the contribution from single-
stranded regions that are only partially hybridized. An
estimate of k≈ 2.7 can be made from the parameters
reported by Gang and co-workers41 (h0 = 8 nm, R =
6 nm, N = 30, b = 0.65 nm/base, σ = 0.145 chains/nm2,
Ca = 0.3 M). Using σ and N0 as the only adjustable
parameters (based on a constant oligonucleotide den-
sity, as discussed above), we observe in Figure 6b an
excellent fit of the model to our experimental data for
the three different ligands, which yieldedN0 = 2.45 and
σ = 0.17 chains/nm2 for all three nanoparticle systems.
The oligonucleotide footprint was σ�1 = 5.88 nm2 for
when R= 6.8 nm, which compares reasonably well with
the experimentally measured footprint of 6.0 ( 1 nm2

for nanoparticles in which R = 7.5 nm.42 This model
shows the relative importance of the parameters that
regulate interparticle spacing and could easily be
extended to 3D crystals. Increasing the ionic strength
effectively decreases the persistence length of the
ssDNA spacers. Consequently, this is an important
consideration in the design of DNA nanostructures,
particularly those that exploit the flexibility of ssDNA
components under various buffer conditions and local
environments.
We further demonstrated that the formation of

crystalline nanoparticle monolayers were controlla-
ble by dynamically varying the ionic strength via

evaporation and rehydration of the colloidal droplet
(Figure 7). For this experiment, we used pure water in
the sample cell reservoir, which caused diffusive
transport of water through the vapor phase to the
droplet due to its salt concentration. In order to dry
the droplet, dry helium gas was flown through the cell
to dilute the water vapor content in the cell. The
helium flow was then stopped and the droplet
swelled again. Since the particle and salt content
within the droplet are fixed, water vapor uptake and
evaporation caused both particle and salt concentra-
tions to vary according to the water content in the
drop.
Crystalline monolayers were obtained by evaporat-

ing the droplet to 25% of the original volume (Figure
S5, Supporting Information), resulting in a 4-fold in-
crease in salt and nanoparticle concentration. These
monolayers were maintained upon rehydration of the
droplet. While the nanoparticle concentration also
increased upon evaporation, it did not seem to play a
significant role in monolayer formation as described
earlier. However, if the droplet was evaporated such
that the salt concentration exceeded the crystallization
threshold, the nanoparticles precipitated out, and thus
no monolayers were observed when the droplet re-
covered to its original volume. These results were in
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agreement with our previously report on the cycling
phenomena of interparticle spacing in nanoparticle

colloidal droplets,22 which is attributed to volume-
driven changes in ionic strength.

CONCLUSION

In summary, spatial mapping of a solution droplet
profile with parSAXS revealed the formation of Gibbs
monolayers of DNA-capped nanoparticles at the air�
liquid interface. Crystalline and short-range ordered
monolayers of nanoparticles were obtained depend-
ing on the ionic strength of the solution. The change in
interparticle spacing for different salt concentrations
was shown to be described by ourmodified formof the
Daoud�Cotton model. Our findings reveal that DNA-
programmability is not limited to bulk solution but is
extendable to the air�liquid interface. Due to its
dynamic nature with particles freely exchanging be-
tween bulk and surface reservoirs, the air�liquid inter-
face provides a unique lab-on-a-drop platform for the
preparation of equilibrium nanostructures. The ability
to control spatial crystallization of biofunctionalized
nanoparticles, particularly at 2D interfaces, may open
up exciting routes to design programmable 2D plas-
monic materials, facilitating the integration of bioder-
ived wet structures into dried solid-state devices.

METHODS

Nanoparticle Preparation. Gold nanoparticles with diameters
of ∼14 nm were synthesized according to the literature.14,43

Thiolated oligonucleotides (Integrated DNA Technologies, Inc.)
were deprotected using dithiothreitol and incubated with na-
noparticle solutions at a DNA-to-nanoparticle ratio of 1000:1.
Charge screening was performed by adding sodium chloride
at 30 min intervals to a final concentration of 0.3 M to generate
densely capped nanoparticles. The mixture was aged at room
temperature for another 10�12 h and centrifuged and
exchanged in Milli-Q water.

X-ray Scattering Experiments. Most parSAXS experiments were
performed at the D1 station at the Cornell High Energy
Synchrotron Source (CHESS). The D1 station receives a high-
flux X-ray beam (typically 1012 photons s�1 mm�2) with a

wavelength of 1.22 Å at a bandwidth of 1.5% using a multi-
layer monochromator. A MedOptics CCD detector was used
to capture the scattered images at a beam energy of 10 keV
and with a beam size of 0.3 mm (H) � 0.2 mm (V). Some
parSAXS images were also obtained at the SAXS/WAXS beam-
line of the Australian Synchrotron. A 1.5 μL droplet of
DNA-capped nanoparticles was placed on a cleaned silicon
substrate on the sample stage, which was oriented parallel to
the incident beam. The sample was housed in a closed chamber
containing a reservoir filled with a NaCl solution of the same
concentration as the droplet tomaintain a similar vapor pressure
to minimize evaporation effects (see Supporting Information).

Data Processing. The nanoparticle size distribution was mea-
sured to be 13.6 ( 0.7 nm by fitting the experimental form
factor obtained from bulk scattering at the center of the droplet

Figure 6. (a) Positive counterions can screen negative repulsive charges between DNA strands to reduce the interparticle
spacing. Only one strand per particle is shown for illustrative purposes. (b) Fit of the Daoud�Cotton model to brush height
versus salt concentration for droplets containing nanoparticles with different spacer lengths.

Figure 7. parSAXS raster scans of a nanoparticle droplet
kept in a chamber with variable humidity (N = 7, [NaCl] =
1000 mM). (a) At 100% relative humidity (RH), the droplet
grew slowly via water vapor uptake due to the salt con-
centration in the droplet. (b) At 68% RH the droplet was
almost dried after 2 h. (c) Back at 100% RH for an additional
80 min the drop regained its former shape.
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to

F(q) ¼
Z ¥

0
N(R) P(q, R)R6 dR

where

P(q, R) ¼ (3[sin(qr) � qR cos(qR)]=(qR)3)2

for spherical nanoparticles of radius R, and

N(R) ¼ exp[�(R � R0)
2=(2σ2)]=

ffiffiffiffiffiffiffiffiffiffiffi
2πσ2

p

assuming a Gaussian size distribution with amean radius R0 and
standard deviation σ.

Scattering patterns fromGibbs layers result from a product of
the form factor and structure factor.31 The structure factor, S(qx),
was obtained by extracting the experimental form factor, F(q),
obtained by a scan taken away from the droplet edge (Figure 3).
For a two-dimensional hexagonal lattice, the nearest neighbor
spacing for a given set of Miller indices (hk) can be determined
fromDNN=4π(h

2þ hkþ k2)1/2/(q(
√
3)). Basedon the schematic in

Figure 1a, the corona height, h0, can be expressed as h0 = (DNN�
2R� LBP� 2L6C)/2, where LBP = 2.72 nm (8 bases at 0.34 nm/base)
and L6C = 0.5 nm for the alkyl spacers.
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