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Structural reordering in monolayers of gold nanoparticles during transfer from water
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Structural reordering in monolayers of gold nanoparticles during transfer from water surface to solid substrate
has been studied by synchrotron x-ray scattering techniques. Grazing incidence diffraction (GID) and grazing
incidence x-ray off-specular scattering (GIXOS) measurements were performed as a function of time to track
the in-plane and out-of-plane structural reordering in the transferred monolayers. GID measurements show shift
in the in-plane particle-particle correlation peak toward the lower in-plane momentum transfer value, signifying
possible expansion of triangular lattice formed on the water surface. However, GIXOS data and supportive
microscopy measurements clearly show compactification in the in-plane structure and associated out-of-plane
movements. A model that assumes the possibility of a two-dimensional short-range structural reordering from
triangular to square-like lattice as a function of time could explain all the data. The observed change in the electron
densities of the nanoparticles before and after the structural reordering matches well with the expected change
in the calculated electron densities of the nanoparticles arranged in triangular (pretransition) and square-like

(post-transition) symmetry.
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I. INTRODUCTION

Structural reordering in solids proceeds via complicated
phases covering a range of stable and metastable config-
urations [1]. Detailed investigations have revealed that the
thermodynamic properties guiding the evolution and phase
stability of nanostructures are distinctly different from their
bulk counterparts [2,3]. Ordering and dynamics of self-
assembling colloidal nanosystems leading to morphological
and/or structural transitions in two dimensions is governed
by the growth equations [4] as well as the experimental
parameters associated with the process and has propelled re-
search activities with the advent of state-of-the-art techniques
like scattering and microscopy. Self-assembling processes are
universal in nature, and a lot of materials with vastly different
physical properties are known to self-assemble in a very similar
fashion [5]. The understanding and control of such mechanism
promises implementation of smart technologies in nanodevice
fabrication. It is known that during the self-assembling
processes of colloidal systems like thiol-encapsulated gold
nanoparticles, internal stress is generated by drying/dewetting
forces as well as the underlying interfacial interactions [6],
which induces patterning in monolayers of such colloids when
transferred over solid substrate [7-9].

Thiol-encapsulated gold nanoparticles have been known to
posses unique structural [10], electrical [11-13], optical [14],
and magnetic properties [15] and are competent candidates for
fabrication of modern miniature devices. Recent investigations
have shown pattern formation by tracking the evolution in
the structure of transferred monolayer of gold nanoparticles
by time-resolved x-ray reflectivity (XRR) and atomic force
microscopy (AFM) measurements [3]. The monolayer exhib-
ited an instability in structure immediately after transfer and
systematic XRR and AFM measurements gave insight into the
gross in-plane and out-of-plane morphological restructuring
induced by drying/dewetting forces. However, to the best
of our knowledge, microscopic details about the structural
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reordering in the transferred monolayer as a function of drying
time has not been probed so far. Various synchrotron x-ray
scattering techniques, such as grazing incidence diffraction
(GID) and grazing incidence x-ray off-specular scattering
(GIXO0S), have been used extensively to study both in-plane
and out-of-plane structure of monolayers of fatty acids [16]
and nanoparticles on water surface [10,17]. In this paper, we
report the results of in situ GID and GIXOS measurements on a
monolayer of gold nanoparticles transferred from an air-water
interface to a Silicon substrate. The results obtained from
scattering and microscopy measurements of the transferred
monolayer is consistent with an in-plane structural reordering
from triangular (A) to square([J)-like lattices.

It is known that colloidal nanosystems are prone to
structural phase transitions under the influence of external pa-
rameters such as temperature [18,19], confinement [1,20,21],
shear [22,23], and electrical and magnetic fields [24-26].
Structural phase transitions and/or restructuring in colloidal
systems have been probed by reflectance spectroscopy [27]
and in situ GID measurements [28]. Sequence of structural
transformation from nA — (n 4+ 1)l — (n + 1)A of such
colloidal systems when trapped within optically flat, wedge-
like surfaces have been observed with increasing separation
between the surfaces [29,30]. Here, n is the number of layers,
and A and [J are layers corresponding to triangular and
square symmetry, respectively. In our present system, n is
1 since we are dealing with monolayers of gold nanoparticles
that tend to form an overlayer as a function of time during
the process of transfer from water to a solid surface. For
small n, the sequence of structural reordering is expected to
become continuous following the transition 1A —1B— 20,
where B is the buckled phase [31]. On the basis of scattering
and supportive microscopic measurements, we propose that
the two-dimensional (2D) structure of the gold nanoparticles
undergoes similar structural reordering, wherein the 2D A or
hexagonal ordering gradually assumes a buckled phase and
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is then rearranged into a 2D [-like ordering as a function of
time.

II. EXPERIMENTAL

Thiol-encapsulated gold nanoparticles were synthesized by
the method of Brust ef al. [32]. The metallic core of average
diameter was determined to be 2.9 £ 0.55 nm by transmission
electron microscopy (TEM) measurements [3]. The thiol-
encapsulated gold nanoparticles used in our experiments are
neutral. Generally, gold nanoparticles are produced by “liquid
chemical methods” (the Brust Method in our case) by reduction
of chloroauric acid (H[AuCly]). After dissolving H[AuCly],
the solution is rapidly stirred while a reducing agent is added.
This causes Au®" ions to be reduced to neutral gold atoms. As
more and more of these gold atoms form, the solution becomes
supersaturated, and gold gradually starts to precipitate in the
form of subnanometer particles. Such nanoparticles are known
to show unique electronic [11-13] and magnetic properties
[15] at low temperatures. However, here we have carried out
all our measurements at room temperature (20°C) and assumed
that long-range forces like electrical and magnetic forces is not
affecting the monolayer structure. About 200 nL aliquot of the
solution containing nanoparticles in toluene at a concentration
of 10" nanoparticles/mL (or 0.44 mg/mL) was spread on a
Langmuir trough (KSV Minimicro), placed on an antivibration
device over the spectrometer, and a pressure-area isotherm was
recorded at 20 °C.

The x-ray scattering experiments were performed on a
liquid spectrometer at ID 10B beamline at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, using a
high-energy (8 KeV, A = 1.54 A) synchrotron source. To facil-
itate measurements from the transferred film of nanoparticle
on a substrate, a bare hydrophillized Si substrate mounted
on the dipper unit of the Langmuir trough was aligned with
respect to the incident x-ray beam. The prealignment ensured
that once the monolayer is transferred, the measurements
could be performed instantaneously. After the alignment, the
substrate was submerged below the air-water interface and
the aliquot was spread carefully on the water surface. Once
the toluene evaporated, the barriers were compressed slowly
(at a speed of 1 mm/min) to attain a target pressure of
3 mN/m much below the collapse of the monolayer to a bilayer.
A slow compression speed (1 mm/min or less) is always
desirable for the formation of compact monolayers of gold
nanoparticles in the Langmuir trough. Faster compression rates
make the monolayer susceptible to premature collapse and/or
aggregation of the nanoparticles, since the energy required for
a gold nanoparticle to flip up and form a bilayer is only kgT.
All isotherm measurements, as well as sample transfer, have
been carried out at slower compression speed. On achieving
the target pressure, scattering measurements were performed
on the monolayer of nanoparticles at the air-water interface.
The monolayer was then transferred to the substrate at the
same pressure by the horizontal deposition technique [3,33],
and scattering measurements were performed repeatedly at
frequent intervals of time during the drying process of the
transferred monolayer on the substrate.

The scattered intensity from the monolayer was collected
from water surface/Si substrate, as a function of in-plane (¢)
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FIG. 1. (Color online) Schematic representation of the exper-
imental setup. Initially, data was collected from the compressed
monolayer at air-water interface, and then data was taken from the
monolayer transferred on Si substrate as a function of time. Details
have been discussed in the text.

and out-of-plane (6) angles, by using a linear position sensi-
tive detector (PSD). Incident angle (6;) for all measurements on
water surface as well as Si substrate were fixed at 0.13°, which
is less than the critical angles (0,.) for both water (0.15°) and Si
(0.22°) at this energy. Low angle of incidence ensured that
the scattering information obtained is primarily from the
surface due to low penetration of x-rays below the critical
angle. The scattered intensities were then plotted as function
of in-plane and out-of-plane components (g, g;) of the mo-
mentum transfer vector (7), which are related to the in-plane
and out-of-plane angles, respectively [10,34], as shown in
Fig. 1. GID patterns (which provide in-plane correlation of the
nanoparticles) were obtained by integrating the data over the
whole length of the PSD (i.e., integrated over the entire range
of 6 or q.) and plotting the integrated intensities as a function
of gj. GIXOS measurements, where scattered intensity is
obtained as a function of 6 or g, around a fixed ¢ or gy, are
sensitive to distribution of electron density in the out-of-plane
direction across the surfaces/interfaces. For our measurements,
GIXOS data were collected at a fixed in-plane angle (¢ = 0.3°
or g = 0.064 A~") using linear PSD, and since data acquisition
is relatively faster using this technique, time-dependent studies
of structural reordering in transferred monolayers could be
performed.

III. X-RAY SCATTERING RESULTS

Two-dimensional-scattering profiles and GID plots of
selected scattered data collected from monolayer of gold
nanoparticles on both water surface and Si substrate as a
function of time have been shown in Fig. 2. The peak
corresponding to the in-plane correlation between nanopar-
ticles on water surface was found to gradually change its
position after transfer of the monolayer to the Si substrate,
from g =0.197£0.001 A~! (after 0.2 h of transfer) to
0.180+0.001 A~! (after 5 h of transfer). The peak remained
stationary immediately after transfer of the monolayer from
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FIG. 2. (Color online) Left panel: (al)—(a3) Selected 2D x-ray scattering profile of the monolayer of gold nanoparticles on substrate as a
function of g, and ¢.. Right panel: (b) GID plots obtained from the 2D scattering profiles by integrating the data over ¢,. The interparticle
correlation peak shifts toward lower g value and becomes stronger with time.

the water surface to the Si surface for approximately 0.2 h
but started shifting toward the lower g value with time (right
panel of Fig. 2).

In general, for any 2D lattice, correlation peaks in the GID
plots correspond to the 2D interplanar spacing (d) and appears
at g = 2w /d. Gold nanoparticles prefer a local hexagonal-
closed-pack or triangular (A) structure when floating over
water as a monolayer [17,18,28]. The interplanar spacing of
the nanoparticles on the water surface (djiq) corresponding
to the peak position at g =0.197 A~! comes out to be 32 A.
The correlation peak position remained fixed for about 0.2 h
of transfer (i.e., djiq & d%™) but systematic changes were
observed at 1, 2, 3, 4, and 5 h. The observed peak, after proper
background subtraction [17,28], could be analyzed assuming
that it is a superposition of two correlation peaks represented
by a pair of Lorentzians. Reasonable fits were obtained by
the sum of these Lorentzian functions with fixed centers at
0.197 A=! (say L1) and 0.180 A~! (say L2) and a fixed width
of 0.1 A= (refer to Fig. 3). The GID peaks for the two extreme
conditions, namely immediately after transfer and about 5 h
after transfer, have also been fitted using a single Lorentzian,
and a width of 0.1 A~ has been obtained for both individually.
This width corresponds to a correlation length of 6.3 nm, which

is the length scale corresponding to about two nanoparticles.
This result clearly indicates a short-range (nearest-neighbor)
ordering, signifying that any peak width larger than this
peak width (0.1 A=) is not physically meaningful here. It
is also to be noted that gradual increase (or decrease) in
the domain size is not expected as both the extreme phases
have only nearest-neighbor ordering. Thus, we have kept the
width constant for both the Lorentzians throughout the fitting
process. The fits suggest that immediately after transfer, the
major contribution to the peak comes from L1 with very
small contribution from L2; however, the contribution from
L2 increases with time until it is dominant after 5 h of transfer.
The factors determining the height of the two Lorentzian
functions L1 and L2 are labeled as f; and f;, respectively
(refer to Table I for details). After 5 h, the correlation peak
(primarily represented by L2) remained stationary at a g value
of 0.180 A~!, and there was no more observable shift in the
peak position even after 12 h. The interplanar spacing of the
nanoparticles after 5 h of transfer to Si (dss(ﬁ) corresponding
to the peak position at ¢; =0.180 A~! comes out to be 35 A.
Thus, djiq/d28 =0.91.

The GIXOS data also show systematic changes as a function
of time [refer to Fig. 4(a)]. For the analysis of GIXOS data,
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FIG. 3. (Color online) The GID peaks (black open circles) fitted with the sum of a pair of Lorentzians (black solid line) with centers fixed
at0.197 A~' (L1) and 0.180 A~! (L2). The contribution to the peak just after transfer from L1 [(J blue (gray) squares and line] is dominant in
(a) but with time it becomes weak and the contribution from L2 [A orange (light gray) triangles and line] becomes stronger with time (b)—(e)

until it is dominant in (f).

we have used the expression for the scattering cross-section
(under nonspecular condition), assuming conformality among
interfaces [10,35-37] given by

do 27 [e 7" T1-2) , .,
— = AGF( .)—[ } —dl )
dQ 7 qzz Gmax F(%) %

where F(q,) is given by

2
F(q;) =

1 [dp@) ;..
N T ,lq: d
w/ dz e

A is the area of scattering volume projected on the surface
(determined by the fixed angle of incidence and slits), G =
rezpi |t(9i)|2|z‘(9f)|2 cos> ¢ is a geometric function where r, is
classical electron radius, I', (=0.5772) is the Euler constant,
the transmission coefficients #(6;) (#(6)) represent the scat-
tering intensity as the incident (scattered) angle approaches
the critical angle, the 005245 term accounts for the beam
polarization, and p,, is the electron density of water. n is
given [36] by n = Bq?/2 with B =kpT/(wy), where y
is the surface tension and T the temperature. The capillary
correlation survives up to at most gm.x, the maximum wave
vector, which is 27 times the reciprocal of the size of the
nanoparticle. p(z) is the electron density along out-of-plane
depth (z).

TABLE I. The factors f; and f, determining the height of the two
Lorentzian functions L1 and L2 used to fit the GID data as described
in the text.

Time (h) 0.2 1 2 3 4 5

£1(1075 arb. units) from L1 0.85 0.58 041 0.27 0.17 0.10
£2(1073 arb. units) from L2 0.15 042 0.59 0.73 0.83 0.90

Incidentally, the above formalism works quite well while
fitting the GIXOS data of transferred monolayers on Si
substrate, hinting at the presence of logarithmic in-plane
interfacial correlation (characteristic of capillary waves on
liquid surfaces) in the monolayers even after transfer [38]. We
have approximated the electron density profile (EDP) (p(z))
with four stratified layers having finite interfacial roughness
over the Si substrate. The four stratified layers are (a) Si
native oxide 15 A, (b) thiol bottom layer 8.8 A, (©) gold core
layer 12.1 A, and (d) thiol top layer 9.7 A. The position of
the displaced nanoparticles above the lower monolayer has
uncertainty in the out-of-plane direction. The AFM results
(which shall be discussed later on) show that the percentage of
particles in the upper layer (height > 7 nm, excluding buckled
positions) is only about 3%. In view of this we have not
included any additional upper layer for the GIXOS analysis.
In any case, the inclusion of an upper layer almost doubles
the thickness of the film and does not represent the observed
GIXOS data. The electron density profile of the monolayer
changes with time as the monolayer buckles under lateral
pressure. The EDPs extracted from the fits of the GIXOS
profiles [Fig.4(b)] demonstrate that the monolayer which
was initially transferred to the substrate starts restructuring,
inducing material movement in the out-of-plane direction as
a function of time. The average thickness of the gold core
layer increases (so the average thickness of the monolayer
increases), but the electron density of the gold core decreases.
Such an increment in the thickness of the gold core layer as
well as decrement in the electron density of the gold core layer
as a function of time happens because the centers of the gold
cores are shifted up/down with respect to the nearest neighbors
as the monolayer buckles. Similar trends in the EDP have been
reported earlier using time-resolved x-ray reflectivity studies
on similarly transferred monolayers of gold nanoparticles, and
detailed documentation of the model and parameters used to
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FIG. 4. (Color online) (a) GIXOS profiles (scattered graph) of the monolayer measured as a function of time at fixed g value of 0.064 AL
Solid lines are corresponding fits. (b) EDP obtained from fitting the GIXOS data. (c) Models used to calculated the EDP of a spherical
nanoparticle in A and [J packing. The ratio of the observed changes in the EDP of gold nanoparticle in the 1st hour and 5th hour of transfer
match well with the calculated EDP for a nanoparticle in A and [J arrangements. The dip in all the GIXOS profiles around g, =0.2 A~!

(marked by arrow) are due to an instrumental problem.

fit the reflectivity data at different surface pressures can be
found in Ref. [3]. We have used the same model here for our
GIXOS analysis. Now, the ratio of the peak values of the EDP
obtained from fitting the GIXOS data [Fig. 4(b)] for the Ist
(pA1) and 5th h (p31) EDP profiles comes out to be

Pau
5, = 1.049. 2)
Pau

The intensity of the correlation peak is more toward the low
qy value (left panel of Fig. 2 and also in Fig. 3) due to the
form factor [F(q,R) = [{sin(gR) — gRcos(gR)}/q°T*] of
the nanoparticles of radius R [see Fig. 5(a)], which cuts out
the peak intensity at higher g values.

A simple explanation of the shift in the peak position of
the GID profiles (Fig. 2) toward lower g; value (g;'" > ¢;°")
can be dilation of lattice. The decrease in the peak value of
electron density (pi" > p3) as a function of time, as seen in
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FIG. 5. (Color online) (a) The form factor of the nanoparticles (of
radius R) cuts out the peak intensity at higher ¢, values. (b) Schematic
model representing the initial, intermediate, and final configuration
of the nanoparticles in sequential steps, as a result of structural
reordering from A to [-like lattice. It is to be noted that there
is positional uncertainty (in both in-plane as well as out-of-plane
direction) in the particle in the upper layer. Refer to text for
details.

the EDP extracted from the GIXOS measurements [Fig. 4(b)],
also supports the idea of lattice expansion. However, assuming
that A lattice remains unchanged during this drying process,
the ratio of the electron densities as a result of lattice dilation
would come out to be

0.2h d5h 2
’OATL}; - [Lﬂ] = 1.208, 3)
Pau  Ldiiq

but our observed ratio is 1.049, which is much lower [refer
to Eq. (2)]. This clearly indicates that dilation in the lattice
cannot explain our observation, so an alteration of the lattice
that is different from the initial A lattice may have to be
invoked.

We propose here a model to explain all the x-ray data. This
model is also consistent with the microscopy data, which we
shall address later on. We assume that the A lattice present
on the water surface retains the structure until ~0.2 h (dso(;l2h ~
diiqg = da) and undergoes a structural reordering to a [-like
lattice within 5 h of transfer (d3 = dr). The observed ratio of

diq/d3h is 0.91, which is different from the expected value

for the ratio dx/do=0.87 (+/3/2) if the nearest-neighbor
distance of the nanoparticles remains unchanged. This leads us
to infer that the nearest-neighbor distance of the nanoparticles
on a water surface having a A lattice (an) is slightly different
from the nearest-neighbor distance on the Si surface having
a [ lattice (ap) after 5 h of transfer. Thus,

dn  V3aa

— =—— =091,

.. an
— = 1.046. 4
i > ag giving P 4)

O

The number density (packing fraction) of the particles in
a triangular lattice is different from the number density of
particles in a square lattice; obviously, the number of particles
arranged in a triangular lattice is more than that accommodated
in a square lattice. For a gold nanoparticle lattice that reorders
from a 2D A to a 2D [J arrangement, the expected ratio of
the electron density [refer to Fig. 4(c) for models used in the
calculation] can be written [using Eq. (4)] as

PA Arean an?

= = = 1.05. 5
po Areap NEP) ©®)
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FIG. 6. (Color online) Successive AFM images of the monolayer acquired as a function of time. (a) After 1 hour, (b) after 3 hours, and (c)
after 6 hours of transfer. The area occupied by the monolayer on the substrate decreases with time, but the fraction of particles constituting the

bilayer increases. Shown below are the typical line profiles of the scans.

Equation (5) is valid for a single particle organized in two
Wigner-Seitz cells, corresponding to 2D hexagonal and 2D
square phases, respectively. It has been mentioned already that
the GIXOS and GID data collected here is insensitive to the up-
per layer due to its positional uncertainty. Hence Eq. (5) is used
here to discuss the packing fraction of the lower monolayer
only. This value agrees well with the ratio of the observed peak
electron densities obtained from fitting of the GIXOS data [see
Eqg. (2)]. Besides, the form factor of the nanoparticles, which is
responsible for cutting the intensity of the GID peaks at higher
qy values [Fig. 5(a)], indicates that only the distances between
the nanoparticles have changed as a consequence of structural
reorganization.

IV. SUPPORTIVE MICROSCOPY RESULTS

In the scattering experiment, we could not detect any
higher-order peaks to prove directly the change in structural
symmetry due to the short correlation length of the lattice.
A peak corresponding to the in-plane arrangement of the
nanoparticles in the second layer could not be detected in
the GID measurements, neither could we detect a second layer
in the out-of-plane direction using GIXOS measurements. As
evident from the model shown in Fig. 5(b), there is positional
uncertainty in the displaced upper particle in both in-plane
and correspondingly out-of-plane directions. This fact and
the lower density of particles in the upper layer are perhaps
responsible for not giving any signature of lateral arrangement
of the particle in the upper layer. Successive atomic force
microscopy (AFM) measurements (NTEGRA Scanning Probe
Microscope, NT-MDT), as shown in Fig. 6, were performed
on the monolayer after 1 h, 3 h, and 6 h of transfer. The
AFM measurements were done in the tapping mode using
etched SizNj cantilevers to minimize tip-induced damages.
A large island of gold nanoparticles was seen initially, but
after some time, voids started appearing within them which
grew in dimension, and at later stages the island assumed

a patterned look. From AFM analysis [39], it was observed
that the coverage of the monolayer was 76% in the first hour,
67% in the third hour, and 63% in the sixth hour, suggesting
compactification (17% shrinkage) in the monolayer. The AFM
images also clearly indicated [39] an increment in the fraction
of particles constituting the upper layer as a function of time
(refer to the line profiles in the lower panels of Fig. 6). Results
of systematic AFM measurements were found to be consistent
with the results obtained from scattering measurements. The
effect of shrinkage in the occupied area can be understood if
we assume that initially the nanoparticles in the monolayer
were arranged in a hexagonal lattice (having six A structures
holding 3 nanoparticles on an average), and in about six hours
they reorganize into a rectangular structure (formed out of two
adjacent [ structures holding 2 nanoparticles on an average
and 1 nanoparticle in the upper layer) due to reorganization
in the lattice [see schematic in Fig. 5(b)]. The percentage
shrinkage in the occupied area then comes out to be (6 x
Areap — 2 x Areap)/(6 x Areap) x 100=15%. This
value is similar to the observed shrinkage (about 17%) in
the monolayer obtained from AFM measurements. However,
although the shrinkage in the monolayer during drying could
be explained on the basis of our model, direct real-space
information of the actual restructuring of the lattice from
triangular to square-like lattice could not be achieved in the
AFM measurements and we have performed Transmission
Electron Microscopy (TEM) measurements to probe the actual
restructuring.

Transmission electron microscopy measurements (using
a JEOL JEM-2010 microscope operating at 200 kV) were
performed on samples to obtain direct real-space evidence of
the structural reorganization during the process of drying of
the gold nanoparticle monolayer. TEM measurements were
performed on two samples deposited on carbon-coated TEM
grids, one having a high concentration (0.3 mg/mL) of
nanoparticles (in toluene solution) that mimics the compressed
phase obtained during transfer of the monolayer from water
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FIG. 7. (Color online) TEM images for two samples on carbon-coated grid. (a) and (b) are for a nanoparticle monolayer with high
concentration and mimics the compressed phase obtained during transfer of the monolayer from water surface to solid substrate. Majority of
the nanoparticles are in 2D [J-like phase. (c) FFT image obtained clearly indicates the 2D [J-like phase. (d) and (e) are for a nanoparticle
monolayer with very low concentration, which represents a less-compressed phase on water surface. Majority of the nanoparticles are in 2D
A phase. (f) FFT image indicates a 2D A symmetry. The FFT of the images were extracted by using only the coordinates of the nanoparticles
to avoid distortion due to differences in shape and size of individual nanoparticles.

surface to solid substrate and the other with a much lower con-
centration (0.05 mg/mL) of nanoparticles, which represents a
less compressed phase on water surface.

The first sample represents a compressed phase obtained
after drying and corroborates x-ray findings in showing a
predominantly 2D [-like symmetry in the TEM images and
the corresponding fast Fourier transform (FFT) [Figs. 7(a)—
7(c)], while the second sample shows a predominantly 2D
A symmetry in the TEM images and the corresponding FFT
[Figs. 7(d)-7(f)]. TEM images [Figs. 7(a) and 4(b)] clearly
show that during the process of drying the nanoparticles are
squeezed between expanding holes. It is further seen that
the nanoparticles lose their A ordering as a result of such
inhomogeneous in-plane pressure and reorganize into a [J-like
phase as has been obtained in the x-ray scattering results (see
Figs. 2, 3, and 4) of the monolayer that goes through the
drying process on a solid substrate after transfer from water
surface.

V. DISCUSSION

A model that invokes the coexistence of two phases (A
as well as [J-like phase) could explain all the experimental
observations, including the observed change in the peak
position of interparticle correlation peak in the GID profiles
toward a lower g value (Fig. 3). Calculations of the expected
change in the electron densities of the nanoparticles arranged
in A (pretransition) and [l-like (post-transition) symmetry
based on this model matches well with the observed change in
the electron densities of the nanoparticles before and after

the structural reordering as evidenced in the GIXOS data
[Fig. 4(b)]. Supportive microscopy measurements clearly show
compactification in the in-plane structure of the transferred
monolayer as a function of time. Time-resolved AFM measure-
ments on similarly transferred monolayers indicate shrinkage
(refer to Fig. 6) in the coverage area of the monolayer (i.e.,
particles come closer to each other) continuously after transfer.
Compactification in the nanoparticles is also seen in the TEM
images of the sample with higher concentration [refer to
Figs. 7(a) and 7(b)] of nanoparticles. The FFT results show a
Ul-like symmetry for the sample with higher concentration of
nanoparticles [Fig. 7(c)] and presence of a A symmetry for the
sample with lower concentration of nanoparticles [Fig. 7(f)].
Thus, we see that the model advocating the possibility of
structural reordering in the nanoparticle lattice during transfer
from water to solid surface seems quite rational and is
successful in justifying the observations in GID, GIXOS, as
well as supportive microscopy measurements. Existence of a
correlation peak with almost unchanged rod profile, even after
5 h of transfer, signifies that short-range order of 2D lattice
survives this restructuring. The scattering as well as TEM
measurements essentially probe the gold core (gold being a
good scatterer) and are rather insensitive to the organic shell.
We have assumed that the thiol shell remains unaffected during
the drying process.

A monolayer of the colloidal nanosystem is expected to
undergo a sequence of structural transition from 1A —1B—
201, where B is the buckled phase [29-31]. In the model
proposed here, we assumed that a 2D structure of the
monolayer of gold nanoparticles undergoes similar structural
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reordering [refer to the model in Fig. 5(b)]. The 2D A or
hexagonal ordering gradually assumes a buckled phase and
is then rearranged into a 2D [-like ordering as evidenced
by the relative intensities of the in-plane correlation peaks at
0.197 A" and 0.180 A~!, respectively. The correlation length
(domain size) obtained from the width of the fitted Lorentzian
corresponding to these peaks remained small and almost
unchanged. We observed that immediately after transfer, the
major contribution to the peak comes from L1, where the
particles are in a 2D A ordering with very small contribution
from L2, where the particles are in a 2D [J ordering
(refer Fig. 3). The fraction of domains corresponding to the
A symmetry (estimated from value of f;) were seen to decrease
and the fraction of domains corresponding to [J symmetry
(estimated from value of f,) were seen to increase with time
until domains corresponding to [l symmetry were dominant
with very small contribution from domains corresponding to
A symmetry after 5 hours of transfer (see Table I). This implies
that the small domains of A lattice, which were retained in the
solid surface immediately after transfer from water surface,
undergo a reordering to U-like lattice.

The experimental results and observations based on x-ray
scattering, AFM, and TEM measurements suggest that a
monolayer of nanoparticles transferred from a liquid surface
to a solid surface undergoes a continuous structural reordering
from 2D A to 2D [-like symmetry during the process
of transfer of the monolayer from water to Si surface.
All measurements were carried out at room temperature
without special arrangements to control or tune the humidity.
Since the reorganization essentially is driven by the drying
process, slower evaporation rates (expected in a more humid
atmosphere) may play an important role is determination of the
final structure. However, we have not investigated this aspect
here.
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VI. CONCLUSION

Time-resolved synchrotron x-ray scattering (viz. GID and
GIXOS) measurements were performed to probe the structural
reordering in transferred monolayers of gold nanoparticles.
The interparticle correlation peak obtained from GID mea-
surements gradually shifted toward lower g value with
time signifying expansion of lattice. However, GIXOS data
and supportive microscopy measurements clearly show com-
pactification in the in-plane structure. The anomaly in the
observations could be explained by a model based on the
possibility of a 2D short-range structural reordering from A to
U-like symmetry (via a buckled phase) as a function of time.
Detailed analysis of GID peaks support our model of structural
reordering in the nanoparticle lattice during transfer from
water surface to solid substrate. The change in the observed
electron densities of the nanoparticles before and after the
structural reordering obtained from fitting of the GIXOS data
matches well with the expected change in the calculated
electron densities of the nanoparticles arranged in 2D A and
U symmetry. TEM and AFM results are found to be consistent
with the scattering results. The lateral diffusion processes
play an important role in the structural reordering. The lateral
pressure generated due to these diffusion processes, which is
intimately connected with inhomogeneous drying [3,7], brings
about a structural reorganization of the nanoparticles from A
to [J-like symmetry.
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