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Wedeveloped a cheap and rapidmethod for the fabrication of 3Dnanoparticle superlattices (SLs) of
Au@SGAN and Au@MSA (N-acetyl glutathione (SGAN) and mercaptosuccinic acid (MSA)
protected gold nanoparticles, respectively) in gram scale, at a liquid-liquid interfaces under flowing
nitrogen gas. While available methods take several weeks to make crystalline SLs, the present route
makes them in a day. Morphology of these crystals was examined with scanning electron microscopy
(SEM), and their structures were probed using transmission electron microscopy (TEM). The surface
enhanced Raman scattering (SERS) studies of these crystals were done using crystal violet (CV)
molecules as the analyte which exhibited a detection limit of 10-8 M. The SERS spectrum was used to
map the Raman images of the superlattce crystals. SERS from the edges of the crystal showed more
enhancement than from the flat surfaces, which is in good agreement with theoretical reports of such
anisotropic structures. The sides of the crystals are not sharp, and they show corrugations at the
nanometer scale.This helps toproducemore “hot spots” at the edges,which result in larger electric field
enhancement from these locations. The enhancement factors (EF) forAu@MSAandAu@SGANSLs
were calculated to be around 1.47 � 106 and 3.60 � 105, respectively. More enhancements from
Au@MSA SL compared to that of Au@SGAN could be attributed to the smaller chain length of the
MSA molecule, which allows closer analyte approach to the nanoparticle surface.

Introduction

Surface enhanced Raman scattering (SERS) promises
extraordinary potential for the detection of a range of
molecules such as pesticides1 and explosives2 as well as
biological objects such as DNA3,4 and anthrax spores.5 It
is widely used in areas such as enzyme immunoassay,6

detection of protease activity,7 etc. Single molecule sur-
face enhanced Raman scattering (SMSERS) was first
observed by Nie, Emory, and Kneipp.8,9 For the detec-
tion of a single molecule, a very high enhancement factor

of about 1014-1015 is required.10-16 One of the promising
approaches for the design of SERS substrates is the
fabrication of nearly adjacent metallic nanostructures
with a nanoscale gap. A possible system to build such
structures is self-assembled monolayers of gold and silver
nanoparticles. SERS from a 1D assembly of silver nano-
particles was studied.17 Fabrication of periodic self-as-
sembled three-dimensional (3D) superlattices (SLs)
and the investigation of their collective properties have
been fascinating developments in the science of nanoma-
terials.18-22 SL formation of metal or semiconductor
nanoparticles is being achieved by a simple bottom-up
assembly, which includes the electrostatic self-assembly*Corresponding author. Fax: þ 91-44 2257-0545. E-mail: pradeep@iitm.
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of oppositely charged nanoparticles of narrow size distri-
bution,23 evaporation of the solvent on a substrate,24-35

self-organization of nanoparticles at interfaces,36-39 crys-
tallization of nanoparticles from nanoparticle dispersions
by precipitation or sedimentation,40,41 wet deposition by
supramolecular interactions between the nanoparticles and
a surface,42-44 and self-assembly of nanoparticles into
microdimensions through hydrogen bonding.45-49 Among
these methods, self-assembly through hydrogen bonding
has achieved more attention since it provides uniform 3D
SL crystals at the interface.45-49

Recently, we synthesized fluorescentmolecule-tagged gold
nanoparticle 3DSLsat air-water interfacewitha fluorescent
dye, SAMSA (5-((2-(and-3)-S-(acetylmercapto)succinoyl)-
amino)-fluorescein) covered nanoparticles.50 But, the studies
were limited due to the cost and unavailability of SAMSA.
Toovercome thisproblem,wesynthesizeddansyl glutathione
(DGSH) from easily available dansyl chloride.51 We per-
formed numerous spectroscopic and microscopic studies on
the Au@SGAN-SGD (N-acetyl glutathione (SGAN)) SL

system and utilized the fluorescence of SLs for the selective
detection of Bovine Serum Albumin (BSA) in nanomolar
concentrations.52

These crystals could be newmaterials for SERS studies.
This is because, in such an SL, nanometer scale voids exist
in a periodic fashion due to the periodic arrangement of
nanoparticles. In these locations, the electric field due to
the surface plasmon resonance of the nanoparticles is
expected to be large. It presents a new possibility for
creating SERS active substrates through self-assembly.
There have been attempts to obtain SERS fromorganized
assemblies of gold and silver nanopartilces.53,54 But, one
of the drawbacks of this method is the time required for
crystal formation; it is on the order of 2 months for the
formation of high quality crystals at the air-water inter-
face.45-49 But to bring these 3D nanostructures into
application levels, materials should be available in gram
scale and the method should be cheap. In this context, we
developed a new method for the large scale synthesis of
3D SL of gold nanoparticles in a short time period.
Although this approach is rapid for nanoparticles of this
kind, there have been other approaches in which nano-
particle SL crystals have been made in a period of hours
by hydrothermal and solvothermal methods.55,56

In this article, we present a simple and rapid method
for the fabrication of 3D SLs at a liquid-liquid interface
under flowing nitrogen gas. This method can be used to
fabricate the 3D SLs in gram quantities in a short time
scale. We also studied the SERS of these crystals using
crystal violet (CV) as an analyte. We were able to detect
CV up to a concentration of 10-8 M. The SERS spec-
trum collected from CV molecules adsorbed on the
surface of the crystals was used tomap the Raman image
of the SL triangular crystals. The Raman image shows
more enhancement at the edge of the triangular crystal
compared to that at the surface, which is in good
agreement with the theoretical reports.57,58 The micro-
scopic images of the SL crystals shows corrugations at
the edges. This is due to the fact that crystals are formed
by the layer-by-layer assembly of nanoparticles in a
periodic fashion. This will make the edges of the trian-
gles rougher, or in other words, it will create more hot
spots accessible at the edges. This will make the SL
triangles an interesting group of new materials, which
can act as good platform for SERS studies with reason-
ably good enhancement. We note that an account of the
efforts to synthesize quantum dots and nanoparticle
films at liquid-liquid interfaces,37,38,59 a field pioneered
by Rao, has been presented recently.60
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Materials and Methods

Materials.All the chemicals were commercially available and

used without further purification. HAuCl4 3 3H2O, methanol

(GR grade), ethanol (GR grade), and glutathione, (GSH,

γ-Glu-Cys-Gly, MW = 307) were purchased from SRL Che-

mical Co. Ltd., India. NaBH4 (>90%) and mercaptosuccinic

acid (MSA, MW = 106) were purchased from Sigma Aldrich.

Acylation of GSH leading to N-acetyl GSH (NAGSH) was

performed using a reported procedure.61 Deionized (DI) water

with resistivity >18 MΩ cm was used for all the experiments.

Synthesis of Au@SGAN. The acronym Au@SGAN refers to

Au nanoparticles protected with -SGAN groups. The proce-

dure used here for the synthesis of Au@SGAN follows the

reported protocol with a few modifications.49 To a 200 mL

methanolic solution of (5 mM) HAuCl4 3 3H2O, 5 mM ligands

were added. The mixture was cooled to 0 �C in an ice bath for

30 min. Then, an aqueous solution of NaBH4 (0.2 M, 50 mL),

cooled to 0 �C,was injected rapidly into the abovemixture under

vigorous stirring. The mixture was allowed to react for another

hour. The resulting precipitate was collected and washed

repeatedly with methanol through centrifugal precipitation.

Finally, the Au@SGAN precipitate was dried and collected as a

dark brown powder. This makes 8.5 nmmean diameter particles.

Synthesis of Au@MSA.Au@MSAnanoparticleswere synthe-

sized using a reported protocol with few modifications.47,50

To make 8.5 nm mean diameter particles, we followed the

following procedure. To a 50 mL methanolic solution of

(5 mM) HAuCl4 3 3H2O, 5 mM MSA was added (1:1 ratio, total

volume ofmethanol was 200mL). Themixturewas cooled to 0 �C
in an ice bath for 30 min. Then, an aqueous solution of NaBH4

(0.2M, 50mL), cooled to 0 �C,was injected rapidly into the above
mixture under vigorous stirring. Themixture was allowed to react

for another hour. The resulting precipitate was collected and

washed repeatedly with methanol through centrifugal precipita-

tion. Finally the Au@MSA precipitate was dried and collected as

a dark brownpowder.47,50 3.5 nmparticles can bemade by using a

different Au:S ratio.

Setup Used for the Fabrication of SL Crystals in Gram Scale.

We developed a simple setup for the easy fabrication of SLs,

which is shown in Scheme 1. It consisted of an airtight plastic

box with an inlet and outlet. A nitrogen cylinder was connected

to the inlet through a silicon tube. The gas exit was fitted with a

paraffin oil filled trap.

Synthesis of Au@SGAN and Au@MSA SLs.Here, we used a

modified method for the synthesis of Au@SGAN and Au@

MSA SLs. The method is described below. We used two

different sizes (3.5 and 8.5 nm) of Au@MSA and Au@SGAN

nanoparticles (in each case) for the fabrication of SLs. For both

the SLs, the procedure was the same. About 10 mg of Au@

SGAN and Au@MSA nanoparticles were dissolved in 5 mL of

water in separate beakers and the pH of the solutions was

adjusted to 0.7-0.9 by adding 12 M HCl into the nanoparticle

solution dropwise. To this acidic nanoparticle dispersion, 5 mL

of toluene was added and solution was kept inside the setup

described above under nitrogen atmosphere (stage 1). The

paraffin oil-filled bubbler indicated a flow of two bubbles per

second. The samples were left undisturbed for 2 days, in the dark

at a temperature below 25 �C. The crystal formation started

within a few hours at the toluene-water interface. Within 24 h,

all the toluene evaporated and the SL films begin to form on top

of the aqueous layer (stage 2). A thick film with mirrorlike

appearance was seen within 48 h, indicating the formation of

gold nanoparticle SLs with micrometer dimensions (stage 3).

Different stages of the crystal formation have been photo-

graphed and are given along with the setup in Scheme 1. The

top views of the grown SL film were also photographed and one

picture is given in Scheme 1 (stage 3). The first step of the SL

formation is the creation of an island having an ordered

arrangement of nanoparticles. In the second step, other nano-

particles will get attached to the island to form a second layer.

This will continue to yield morphologically different crystals.

After the formation of SLs, SEM measurements were done by

transferring the film onto polished silicon wafers. Raman

measurements were done by transferring the film onto thin

cover glass slips. Film samples were transferred on carbon

coated copper grids and dried at room temperature forHRTEM

measurements. A photograph of the setup is given in the

Supporting Information (Figure S1).

We also tried to construct the SLs under a flow of air instead

of nitrogen gas. But, we did not observe any crystal formation at

the same time scale, under the same flow rate. The reason for the

formation of the crystals at the water-toluene interface with

nitrogen gas flow is not known exactly. However, it appears that

increased humidity retards crystal growth. Nanoparticles will

form an island at the interface when the system is kept without

disturbance. At the liquid-liquid interface, this occurs in a short

period. The nanoparticles have a propensity to come to the

interface as they are protected with surfactants. The rapid

evaporation of the organic phase is likely to produce a reduced

temperature at the interfacewhichmay also aid in crystallization

around the islands. In the normal method, the process of the

island formation occurs only within a period of 7-9 days. This

has been checked in the same experimental setup in the absence

of the toluene layer with nitrogen flow. At this condition, we

could not see any crystal formation. But in the absence of

nitrogen flow, we could see slow crystal formation after the

evaporation of the toluene over layer. This is comparatively

slow as in case of the old method. This clearly shows that gas

Scheme 1. SchematicRepresentation of the Setup used for the SL
Formationa

aThephotographs showdifferent stages of crystal formation. The top
view of the SL crystals (stage 3) clearly shows a continuous film at the
interface.

(61) Levy, E. J.; Anderson,M. E.;Meister, A.Anal. Biochem. 1993, 214,
135.
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flow on the top of the nanoparticle dispersion will disturb the

island formation. But we can avoid it by having an organic over

layer. Instead of toluene, we tried other fast evaporating sol-

vents such as hexane, diethyl ether, etc. The quality of the

crystals formed using toluene as an interface was far better.

Variation of the atmosphere above the liquid phase is known to

affect SL formation.48

Methods. The Raman spectrum and corresponding imaging

were done using a Witec GmbH confocal Raman spectrometer

equippedwith 514.5 and 532 nm sources with a spot size<1 μm.

The laser had amaximum power of 40mW. The excitation laser

was focused using a 100� objective, and the signal was collected

in a backscattering geometry and guided to a Peltier-cooled

charge-coupled device (CCD) detector. The sample was

mounted on a piezo-equipped scan stage to enable spectral

imaging. Single-spot spectra were also acquired using the same

grating but with larger integration times. For improved resolu-

tion and to ascertain the peak positions, a grating with 1800

grooves/mm was also used while acquiring single-spot spectra.

The effective scan range of the spectrometer was 0-9000 cm-1

(amounts to a wavelength maximum of 958.2 nm for 514.5 nm

excitation and 1020.70 nm for 532 nm excitation), with detection

efficiency falling above 750 nm. For spectral imaging, the

desired area was partitioned into 10 000 squares (an imaginary

100� 100matrix drawn over it), with each square representing a

sampling point and consequently a pixel for the image. Typical

signal acquisition time at each pixel of the image was 0.1 s. The

intensities of the desired portion of the spectra, collected over all

the pixels, were compared by Scan CTRL Spectroscopy Plus

version 1.32 software to construct a color-code image. Spectral

intensities acquired over a predefined area were automatically

compared to generate color-coded images. In the images, re-

gions coded yellow are with maximum intensities and regions

shown in black are with minimum signal intensities. High-

resolution transmission electron microscopy (HRTEM) images

were collected using JEOL 3010 UHR instrument. The SL films

were lifted on carbon coated copper grids and dried in ambience.

The sample was observed at 200 keV to reduce electron beam

induced damage. Scanning electron microscopy (SEM) and

energy dispersive analysis of X-rays (EDAX) were carried out

with a FEI QUANTA 200. We carefully lifted the SL film by

using a copperwire loop and placed it on a polished siliconwafer

or clean conducting glass. The samples were carefully washed

with ethanol and left for drying for a few hours in the ambient

air. The dried samples were mounted on the SEM stub, and

conduction between the sample and the stubwas facilitated with

a conducting carbon tape. All the SEM measurements were

done at 30 kV. Small angle X-ray spectroscopy (SAXS) mea-

surements were performed with a Bruker-AXS NanoSTAR

instrument. The instrument has an X-ray tube (Cu KR radia-

tion, operated at 45 kV/35 mA), cross-coupled G
::
obel mirrors,

three-pinhole collimation, evacuated beam path, and a 2D

gas-detector (HI-STAR).62 Energy minimization of MSA and

SGAN has been done using B3LYP functional63 using the

6-31G* basis set.64 For all of the studies, including HRTEM,

SEM, SAXS and SERS, we used SLs of 8.5 nm diameter

nanoparticles. Raman images presented in the text are from

SLs of 3.5 nm diameter collected at 514.5 nm excitation,

although SLs of 8.5 nm diameter were also used. Data were

also collected with 532 nm excitation.

Results and Discussion

All the SL crystals were synthesized using gold nano-
particles with an average diameter of 8.5 nm. HRTEM
images of Au@MSA and Au@SGAN nanoparticles are
given in the Supporting Information (Figure S2). The
particles are highly uniform. The morphology of the SLs
was examined in great detail with SEM. Figure 1 shows
one of the large area images of Au@SGAN SL crystals
showing a large number of triangles (marked by circles
and ellipses). In addition to triangles, we observed other
morphologies also. In this large area image, we can see a
few broken crystals too. Most of the crystals are trian-
gular in morphology as reported earlier.52 The typical
edge length of these triangles is 6-8 μm. There are also
irregular particles; long-range periodicity of particles was
seen in them as well. Amorphous regions were rare. The
large area SEM image of Au@MSA SLs was also exam-
ined, and it is given in the Supporting Information
(Figure S3).
To understand the details of particle arrangements in

the SL crystals, we analyzed the films by HRTEM.
Figure 2A and B shows the TEM images of Au@SGAN
and Au@MSA SLs, respectively. Due to the thickness of
the crystal, we could analyze the particle arrangement
only at the edges of the triangles, in contrast to our earlier
papers where wider areas could be imaged.50,52 In both
cases, the particles show a truncated octahedral (TO)
shape with {100} and {111} facets which are shown in
the insets of the figures. In the images, a [110]SL projection
of the unit cell of the SL is represented by a rectangular
box, where the subscript SL refers to the SL. Figure 2
reveals that no further growth of nanoparticles occur
in the SL crystal. The particle size is the same as that
shown in Figure S2. The [111]SL spacing was found to be
12.3 and 10.4 nm in the SGAN and MSA SLs, respec-
tively. The [220]SL spacing was found to be 7.5 and 6.4 nm
in the SGAN and MSA SL crystals, respectively. All
these values are in good agreement with the SAXS data.

Figure 1. Large area SEM image of Au@SGAN SL triangles. The
triangular morphologies are marked by circles and ellipses.

(62) Pedersen, J. S. J. Appl. Crystallogr. 2004, 37, 369.
(63) Becke, A. D. J. Chem. Phys. 1993, 98, 5648.
(64) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon,

M. S.; Defrees, D. J.; Pople, J. A. J. Chem. Phys. 1982, 77, 3654.
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Superlattice images presented here are similar to the
fringes shown in recent reports.65,66

Stacking of the nanoparticles in the 3D superlattices
was characterized by SAXS. The superlattice samples
were transferred to a thin mica sheet and dried in ambient
conditions. As SAXS is a bulk measurement, different
types of superlattice morphologies were investigated
together. After the measurement, contribution of the
mica background was subtracted. The data were mea-
sured overnight for each sample. Figure 3 shows intensity
vs 2θ data obtained after background and baseline

corrections (Au@SGAN and Au@MSA SLs). We see
that the constituent gold nanoparticles are stacked in a
fcc pattern rather than hcp in the 3D array in both cases.
All the expected reflections are seen. In the case of
Au@MSA, (111), (220), and (222) reflections appear as
expected, and the (200) and (311) reflections are weak.
For Au@SGAN, the crystals show preferential (111)
orientation as expected from a majority of triangular
morphologies shown in Figure 1 (note that the surfaces
of all these crystals are (111)). Expected reflections and
positions are indicated with sticks in Figure 3. While
interplanar spacing for (111) and (220) of Au@MSA
SL are 10.5 and 6.4 nm, respectively, for Au@SGAN
SLs the values are 12.4 and 7.5 nm, respectively. All these
parameters are in good agreement with HRTEM data as
mentioned above.
Even though the particle size is the same in both

nanoparticles, the interparticle (particle-particle) spa-
cing is different (by 1.9 nm). This difference in the
spacing is due to the difference in the dimensions of
SGAN and MSA and also the variation in their mole-
cular interactions. The effective molecular dimensions of
SGANandMSA are 1.8 and 0.7 nm, respectively (energy
minimum structures calculated by density functional
theory (DFT) are given in the inset of Figure 3). Varia-
tion in the length of the molecules itself contributes to a
difference of 1.1 nm. Besides this, there is a possibility of
different extent of water inclusion in these samples.
Au@MSA SLs are known to contain water.47 It is
expected that there is greater anisotropy in the mono-
layer order in SGAN SLs in view of their greater
molecular freedom.
In order to study the spatial distribution of gold in the

SL film, elemental mapping of a single crystal was carried
out using energy dispersive analysis of X-rays (EDAX).

Figure 2. (A andB)HRTEMimages ofAu@SGANandAu@MSASLs, respectively. The inset of each figure shows the truncated octahedral (TO) shape
of the nanoparticles with {100} and {111} facets.

Figure 3. Background and baseline corrected intensity vs 2θ data of
Au@SGAN and Au@MSA SLs, respectively. The indexing is done for
a fcc unit cell in both cases. The inset shows the energyminimum structure
of MSA and SGAN.

(65) Zhuang, J.; Wu, H.; Yang, Y.; Cao, Y. C. J. Am. Chem. Soc. 2007,
129, 14166.

(66) Zhuang, J.; Wu, H.; Yang, Y.; Cao, Y. C. Angew. Chem., Int. Ed.
2008, 47, 2208.
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Figure 4 shows the EDAX spectrum collected from the
SL triangle shown in Figure 4A. EDAX mapping was
done using AuMR, Au LR, and S KR and the images are
given in Figure 4B-D. We also measured the SEM and
elemental mapping of Au@MSA nanoparticle crystals
and the data are given in the Supporting Information
(Figure S4).
Surface Enhanced Resonance Raman Studies (SERS).

The SERS studies were done using a Witec GmbH con-
focal Raman spectrometer. The SL crystals were trans-
ferred to a thin glass plate, washedwith ethanol, and dried
under ambient conditions. All the SERS measurements
were done using crystal violet (CV) as the Raman marker
molecule. The CV solutions were prepared in water at
different concentrations (10-5-10-8 M). The sample
plates were dipped in CV solution of required concentra-

tion for 1 h. The plates were washed three times with
distilled water and dried under ambient conditions and
were used for Raman measurements. This procedure will
result the uniform coating of CV molecules over SL films
and ensured that excess molecules, if any, were washed
away.WecoulddetectCVclearly even at 10-8M.Figure 5
shows the SERS spectrum of CV collected from the
surface of Au@MSA SL using 532 nm excitation with
an acquisition time of 4 s.
All the peaks have been assigned in Table 1 of the

Supporting Information (T1). Here ( )) and (^) mean the
in-plane and out-of-plane vibrations, respectively. None
of the Raman features of MSA are manifested.
We also imaged the crystals using theRaman spectrum.

For imaging, first we selected an SL triangle ofAu@MSA
and focused the laser beam on the surface of the triangle.
The white light image of the crystal, selected for Raman
imaging, was collected (Figure 6A). The edge length of the
SL triangle was around 6 μm. The corresponding Raman
image of the triangle was mapped using the same excita-
tion laser. The integration time used for imaging was
0.04 s for a scan width of 12 μm� 12 μm. Figure 6B shows
the Raman image. In this image, yellow regions are
having maximum Raman intensity and red regions have
minimum intensity. One of the interesting observations
noted here is the difference in the intensity of Raman
signal at the surface and at the edge of the crystal.
Theoretical studies of triangular nanoparticles (or nano-
triangles) have shown that the Raman enhancement is
more at the edges compared to the flat surfaces.57,58 This
is because of the larger electric fields at the edges. In our
case, besides this effect, we believe that there could be
more hot spots at the edges than on the flat surface. This
could be due to the reason that a stacked array of the
spherical nanoparticles will be exposed at the edges. Note
that more interparticle sites will be exposed at the edges,

Figure 4. EDAX spectrum of Au@SGAN nanoparticle SL crystal shown in part A. (B-D) EDAX mapping of the triangle using Au MR, Au LR, and
S KR. The Si, Sn, and In peaks are due to the conducting glass substrate used.

Figure 5. SERS spectra of CV collected from the surface of Au@MSA
SL crystals excited using 532 nm, with an acquisition time of 4 s. The
detection limit of CV was ∼10-8 M.
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which will create more hot spots there. In our knowledge,
this is the first report showingRaman enhancement in 3D
SL crystals. We collected the Raman spectra from the
edge and the flat surface of the triangle shown in
Figure 6B. Figure 6D shows the corresponding Raman
spectra. The intensity of the spectrum collected from the
surface is lower than that compared to that collected from
the edge, with identical conditions. The Raman spectrum
from SL alone, without the adsorbed CV, is very weak
and only faint images could be collected using the inte-
grated intensities.
To understand the difference in the enhancement at the

edge, we converted the same image into a color coded
Raman image. One of the interesting things with color
coding is that it can give a different color even for a very
small intensity difference. Figure 6C shows the color
coded Raman image of same triangle shown in part B.
The intensity is in the order: green>blue>pink>black.
In this particular crystal, at specific areas of the surface
(marked by green circle), we can see larger enhancement.
This could be due to the hot spots created by the defects,
such as overgrowth or depression. Such defects are seen in
SEM images. The color coded Raman image is more
informative than the normal Raman image. It may be
mentioned that the algorithm faithfully reproduces the
features well as long as the spectral intensities are sig-
nificant as in this case. Such color coded images have to be
used with caution so that they are not overinterpreted.

The analyte molecules were adsorbed on SLs by a
solution phase deposition method. This ensured uniform
adsorption of the molecules. All the Raman measure-
ments were done using the confocal mode. In this, we
collect signals from analyte molecules at one plane and
all the other layers do not contribute to the data. If there is
no field enhancement at the edges, we expect uniform
intensity throughout the entire surface of the SL crystals,
including edges. Also we observed different intensities
from the three different edges of the triangular SL. The
Raman intensity collected from the edge “c” is lesser than
that from the other two edges: “a” and “b” (see the
Supporting Information Figure S5). Theoretical studies
suggest that electric field enhancement near the triangular
nanoparticles is prominent at the corners and edges.57,58

Depending on the simulation condition, enhancement
could vary at edges and corners.67 The observed experi-
mental results are in good agreement with the previously
reported simulations,67-70 which confirm the electric field
enhancement at edges. These explanations confirm that
field enhancement at the edges of the SL triangles is
responsible for the larger Raman intensity observed at

Figure 6. (A) Optical image (under white light illumination) of the Au@MSA SL triangle. (B) Raman image of the same crystal (at 514.5 nm excitation)
collected fromanarea of 12μm� 12 μmusing the intensities ofCV features in the 200 to 2000 cm-1 window.The concentration ofCVexposedwas 10-5M.
(C) Color coded Raman image of Au@MSASL triangle shown in part A. The intensity is in the order: green> blue> pink> black. (D) Raman spectra
collected from the edge (blue) and surface (green) of the crystal shown in part B.

(67) Hao, E.; Schatz, G. C. J. Chem. Phys. 2004, 120, 357.
(68) Kurg, J. T. II; Sanchez, E. J.; Xie, X. S. J. Chem. Phys. 2002, 116,

10895.
(69) Kottmann, J. P.; Martin, O. J. F.; Smith, D. R.; Schultz, S.New. J.

Phys. 2000, 2(27), 1.
(70) Previte, M. J. R.; Aslan, K.; Gedder, C. D. Anal. Chem. 2007, 79,

7042.
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the edges and this is not due to higher concentration of the
analyte molecules at the edges.

We also studied the SERS of CV by adsorbing it on the
surface of Au@SGAN SL triangles. Here also, we could
detect CV even at 10-8 M. The Raman spectra of CV at
different concentrations collected from the surface of
Au@SGAN SL are given in Figure 7. The Raman signals
are weaker compared to those in Figure 5. No -SGAN
feature was detected as in the case of Au@MSA SL.
Using the Raman spectrum, we mapped the correspond-

ingRaman imageofAu@SGANparticle crystal. Figure 8A
shows the image of a triangle shown in the inset (optical
image under white light illumination). We collected the
spectrum from different spots shown in Figure 8A. All the
spectra collected are shown in Figure 8B. As in the case
of Au@MSA, here also we got minimum intensity from
the surface and maximum intensity from the edges. Au@
SGAN crystals with depression or overgrowth show
better enhancement at these locations than the flat surfaces.
The images are given in the Supporting Information
(Figure S6).
Enhancement Factor (EF) Calculation. In order to cal-

culate the enhancement factor (EF) of these nanoparticle
crystals, we compared the measured SERS intensities with
thoseofnormalRamanscattering.TheEFwas calculatedas

EF ¼ ðISERS=InormÞðNbulk=N surfÞ ð1Þ

Where ISERS, Inorm,Nbulk, andNsurf are themeasured SERS
intensities for a monolayer of probe molecules (CV) on the
Au nanoparticle SL surfaces, the measured intensity of
nonenhanced or normal Raman scattering from a bulk
sample, the number of the probe molecules under laser
illumination for the bulk sample, and the number of the
probe molecules on SL, respectively. ISERS and Inorm are the
integral intensities of theN-phenyl stretching peak (at 1379
cm-1).Nbulk andNsurf values were calculated on the basis of
the estimated density of the surface species or bulk sample
and the corresponding sampling areas.Nsurf andNsurf canbe
calculated from Nsurf = 4πr2CAN and Nsurf = AhF/M,
where r, C, A, and N are the average radius of the nano-
particles in the SL crystal, surface density of the CV mono-
layer, the area of the laser spot, and the surface coverage of
the Au nanoparticles (particles/μm2) in the SL crystal,
respectively. A, h, F, and M are the area of the laser spot,
the penetration depth, the density of solid CV (∼0.83
g cm-3), and the molecular weight of CV, respectively.
For the SL formation, we used 8.5 nm diameter particles,
and therefore, the radius is 4.25 nm. The surface coverage of
nanoparticles in the SL crystals was measured from the
corresponding FESEM images, and it comes around 1000
nanoparticles per squared micrometer. The area of the laser
spot used was around 1 μm2.
The values of EF for Au@MSA and Au@SGAN SLs

came around 1.47� 106 and 3.60� 105, respectively. The
EF of Au@MSA is of the order of 106, and it is higher
than that of Au@SGAN SLs. This could be due to the
small size of the MSA molecule compared to HSGAN.
This is reflected in the SL lattice parameters, which were
larger for Au@SGAN. This reduces the electromagnetic
field experienced by the analyte species for this SL.

Figure 7. SERS spectra of CV collected from the surface of Au@SGAN
SL crystals, excited using 532 nm, with an acquisition time of 4 s. The
detection limit of CV was ∼10-8 M.

Figure 8. (A) Color coded Raman image (at 514.5 nm excitation)
of Au@SGAN SL triangle shown in the inset, acquired using the
intensities of the CV in the 200-2000 cm-1 window. The CV concentra-
tionwas 10-5M.The intensity is in the order: green>blue>pink.At the
surface, it shows black color having the least intensity. (B) Raman spectra
collected from different points shown in part A. Black color is used
between two distinctly colored regions at the sides to enhance the image.
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Conclusions

We developed a cheap and rapid method for the for-
mation of 3D SLs of Au@SGANandAu@MSA in gram
scale at a liquid-liquid interface under nitrogen gas flow.
The morphologies and structures of these crystals were
characterized using SEM and HRTEM, respectively.
Stacking of nanoparticles in these SLs was measured
using SAXS. Interplanar spacing for the (111) and (220)
planes of Au@MSA SLs are 10.5 and 6.4 nm, respec-
tively, and for Au@SGAN SLs, the values are 12.5 and
7.5 nm, respectively. The lattice parameters are in good
agreement with HRTEM data. These crystals were used
as SERS substrates for the detection of crystal violet (CV)
with a detection limit of 10-8 M. SERS spectra were used
to map the corresponding Raman images of these crys-
tals. SERS enhancement was found to be more for the
edges of the triangles compared to the flat surfaces which
are in agreement with theoretical reports. The enhance-
ment factors were of the order of 1.47 � 106 and 3.60 �
105 for Au@MSA and Au@SGAN SL triangles, respec-
tively. Larger enhancement from the Au@MSA SL
trianlges could be explained by considering the small
chain length of MSA compared to HSGAN. This will
help in the closer approach CV molecules to the hot
spots created by the adjacent nanoparticles in the SL

triangles. To increase the enhancement factors in SLs,
three possible approaches may be used: (1) silver vs gold
superlattices, (2) smaller chain length molecules to have
greater contact between the particles, and (3) anisotropic
particles and their superlattices. All of these approaches
are being pursued in the group currently.
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