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Mercaptosuccinic acid protected gold nanoparticles (Au@MSA) self assemble to form superlattice (SL)
crystals at the air—water interface. These have been used for gas adsorption. The current—voltage (I-V)
characteristics of the SL film with embedded SL crystals, obtained by four probe measurements, show
Ohmic conduction. The conductance observed was proportional to the polarizability of the adsorbed
gases. The current through the SL decreases on adsorption of the gas along with decrease in the SERS
intensity of a probe molecule from the crystals. We rationalise our observation of the linear dependence
of the conductance on the polarizability of the adsorbed gas using a simple model calculation. Variation
of the conductance may be useful in designing electrical switches operating at the nanometre length

scales.

Introduction

One of the fastest developing areas in nanotechnology over the
last several years is the fabrication of well defined two or three
dimensional (2D or 3D) nanoparticle superlattices (SLs). Since
the creation of 3D assemblies of semiconducting quantum dots
(QD)," manipulation of such hierarchical self-assemblies to
create enhanced and tunable quantum confinement effects has
been an active research area.? These structures may be called
“artificial solids”! which belong to a new class of materials and
open up a variety of applications in solar cells,® light emitting
diodes,* molecular electronic architectures,® high-density data
storage,® catalysis,” biochemical sensors,® bio-compatible
materials,’ etc.

Gold nanoparticle SLs are distinctly different from corre-
sponding QD systems. When grown at air-water interfaces, SL
crystals of tens of micrometres in dimension are formed with
interesting morphologies.'®!" These SL crystals are embedded on
SL films which float at the air-water interfaces and can be
scooped out for examination. New functionalities such as fluo-
rescence'? can be introduced in such materials. Such induced
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functionalities can be harnessed for a variety of applications,
including the detection of biomolecules' and size dependent'*?
and temperature dependent'® electrical charge transport, to name
a few. Recently, we reported a rapid method for the fabrication
of mercaptosuccinic acid protected gold nanoparticle super-
lattices (Au@MSA SLs) under N, gas flow.'” Hydrogen bonding
between the adjacent ligands in nanoparticles builds up
a network of channels in the crystal. The constituent nano-
particles in these types of SLs follow fcc stacking along with
nanometre voids. Further, the superlattice provides rough and
porous surfaces due to the periodic long range order of constit-
uent particles spanning over micrometres, and thus can act as an
excellent platform for surface enhanced Raman scattering
(SERS) studies.”” We reported Raman imaging of a single
Au@MSA SL crystal which showed more enhancement of the
Raman intensity from the edges than from the flat surfaces due to
the enhanced electric field at the former regions.'” There are
several experimental and theoretical results dealing with the
transport properties of nanoparticle arrays.'®*2°

The porous structure of Au@MSA SL can be utilized to tune
various properties of the SL crystal. For instance, the SL has
a highly inhomogeneous dielectric property: It is a periodic
arrangement of metallic nanoparticles, embedded in a network of
ligand molecules of very low dielectric constant along with ample
void spaces. The electrical polarization in the presence of an
external electric bias can be tuned, if the void spaces are filled up
with guest molecules. The polarization in the medium would
affect the transport of a charge carrier and thus the electrical
conductance in the SL. The SERS intensity should reflect the
changes in the local polarization. With this backdrop, we focus
here on the simultaneous changes in the electrical transport and
SERS of an Au@MSA SL crystal due to the presence of adsor-
bed gases in the voids. We perform four probe measurements of
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the I-V characteristics and find that the conduction is Ohmic and
is proportional to the polarizability of the adsorbed gas. We
substantiate the coupling between the polarization field and the
conductance by observing decrease in the SERS intensities on
exposure to gases for a given bias voltage across the sample.
Further, we show that the current through the SL can be
controlled by exposure to gases due to changes in the conduc-
tance. All these changes are brought about reversibly. Finally, we
calculate via simple electrostatics® the changes in the polariza-
tion of the medium in the presence of adsorbed gas atoms/
molecules to rationalize the qualitative features of the changes in
conductance. We thus provide a molecular level understanding
for the measured SL conductance, paving the way to control the
electrical transport properties of the SL which is essential for
different applications.

Experimental
Materials

All the chemicals were commercially available and used without
further purification. HAuCl,-3H,0, methanol (GR grade) and
ethanol (GR grade) were purchased from SRL Chemical Co.
Ltd, India. NaBH, (>90%) and mercaptosuccinic acid (MSA,
M. W. = 106) were from Sigma Aldrich. Deionized (DI) water of
resistivity > 18 MQ cm was used for all the experiments.

Synthesis of Au@MSA

Au@MSA nanoparticles were synthesized using a reported
protocol'” with a few modifications. To a 50 mL methanolic
solution (5 mM) of HAuCl,-3H,0, 5 mM MSA was added (1 : 1
ratio, total volume of methanol was 200 mL). The mixture was
cooled to 0 °C in an ice bath for 30 min. Then, an aqueous
solution of NaBH,4 (0.2 M, 50 mL), cooled to 0 °C, was injected
rapidly into the above mixture 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@MSA
precipitate was dried and collected as a dark brown powder.
Synthesis of Au@MSA SLs was done using our reported
protocol.'”

Sample characterization

The samples have been characterized by different physical tech-
niques. High resolution transmission electron microscopy
(HRTEM) images have been collected using JEOL 3010 UHR
instrument. The samples were 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 instrument.

Electrical measurements

Electrodes were fabricated on a silicon wafer by mask-assisted
chemical vapour deposition of gold (four probes). Electrical
leads were fixed onto gold pads using silver paste (SPI Supplies
Inc). The SL film, scooped out from the air-water interface, was
placed over the electrode with four probes spaced at ~70

micrometres. Several SL crystals of ~5 micrometre edge length
are embedded on a typical SL film. The entire electrode set-up
was kept in a glass tube with a vacuum seal. The current response
before and after the exposure of gas at constant voltage was
monitored using a Keithley 2700 digital multimeter-data acqui-
sition system. The entire assembly is shown in Scheme 1. The I-V
characteristics were studied using the four probe method. Gases
were admitted through the gas line shown in the schematic and
pressures were monitored through a manometer. A constant
probe voltage, ranging from 0.0 to 2.0 V, was applied across the
contacts labelled A and B by adjusting the probe tips in the
desired direction and the current was measured across the other
two contacts C and D at constant temperature (room tempera-
ture). An optical image of SL crystals sitting on the surface of the
four probe electrode is given in the electronic supplementary
information (Fig. S11). A photograph of an entire electrode is
also shown (inset of Fig. S17). The current through several SL
crystals and the extended SL film is measured in this set-up. In
the experiment, we measured current not potential, as we
considered the possibility of using such materials for hand-held
applications using battery sources.

Raman measurements

All the SERS measurements were done using crystal violet (CV)
as the Raman marker molecule. The CV solutions were prepared
in water at 10~°> M concentrations. The electrode containing the
SLs was dipped in the CV solution of required concentration for
one hour. It was washed carefully three times with distilled water
and dried under ambient conditions and was used for Raman
measurements. This procedure results in the uniform coating of
CV over SL films and ensured that excess molecules, if any, were
washed away. After this, the electrical leads were fixed onto gold
pads using silver paste (SPI Supplies Inc). The Raman spectrum
and corresponding imaging have been done using a Witec GmbH
confocal Raman spectrometer equipped with a 532 nm source
with a spot size <1 um. The laser has a maximum power of
40 mW. The excitation laser was focused using a 100x objective
and the signal was collected in a back-scattered 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. All data presented throughout the
manuscript are collected from the same electrode and same
sample. Moreover, we have repeated the same set of experiments
several times to ensure the reproducibility of the experimental
set-up and the device. We have successfully obtained the same
results more than five times in each crystal investigated. To
ensure reproducibility in SERS measurements, we choose a SL
crystal and capture an optical image at the specific location.
After each Raman measurement, the position of the SL crystal
was rechecked using the optical microscope. In such cases the
data points are comparable. Original spectra were recovered at
the end of the experiments ensuring stability of the Raman
probe.

Results and discussion

We present below the most essential characteristics of the SL
crystals. Detailed analysis of these are presented elsewhere.>13:17
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Scheme 1 Representation of the set-up used for measuring /-V characteristics of SLs. Triangles shown are SLs.

Fig. 1A shows a large area SEM image of SL crystals prepared
from monodisperse truncated octahedral particles of ~8.5 nm in
diameter, showing several triangular morphologies. The SL
crystals, marked with circles, are placed over an SL film.
Arrangement of the nanoparticles in the SL film, analyzed by
HRTEM, shows cubic close packing with an interparticle

spacing of 10.4 nm (inset al in Fig. 1A). The same arrangement
exists in the crystal also. The electron beam transmission is
adequate only at the edges of the crystal and the lattice is clearly
visible there. In the images, a [110]s.. projection of the unit cell of
the SL is represented by a rectangular box, where the subscript
SL indicates the reflections from the SL. The particles are of

5000 CCD cts

Fig.1 (A) Large area SEM image of Au@MSA SLs embedded on an SL film. Inset (al) shows HRTEM image of the edge of a SL crystal showing the
periodic arrangement of nanoparticles with an inter-particle distance of 10.4 nm. [110]s; projection of the unit cell of the SL is represented by a rect-
angular box, where the subscript SL indicates the reflections from the SL. (B) The EDAX spectrum of SL crystal is shown in Fig. 1B. Si and Sn lines are
due to the ITO substrate used for SEM/EDAX imaging. The corresponding EDAX maps of the same triangle using Au Ma and S Ko are given in insets
(b2 and b3). (C) The color coded Raman image of SL crystal collected from an area of 12 pm x 12 pm using the intensities of CV features in the 200 to

2000 cm~! window.
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8.5 nm core diameter and, considering a length of 0.7 nm for the
MSA monolayer, the effective diameter of the particle including
the monolayer is ~9.2 nm. This suggests that there are tetrahe-
dral and octahedral voids of 1.0 and 1.9 nm radii, respectively.
These pores are adequate to accommodate small molecules.
Stacking of the nanoparticles in the 3D superlattices has been
characterized by small angle X-ray scattering (SAXS), which is
reported elsewhere.’” The constituent gold nanoparticles are
stacked in a fcc pattern rather than hep. The inter-planar spacing
for (111) and (220) of Au@MSA SL are 10.5 and 6.4 nm,
respectively, which is in good agreement with the HRTEM data,
as mentioned above. The spatial distribution of gold in the SL
film was analyzed by elemental mapping of a single crystal using
energy dispersive analysis of X-rays (EDAX). Fig. 1B shows the
EDAX spectrum collected from the triangular SL, shown in
Fig. 1B-bl. EDAX mapping has been done using Au Ma, and S
Ko and the images are shown in Fig. 1B-b2 and b3. The SL
crystals are Raman active!” and SERS from them was used to
obtain corresponding Raman images. The Raman image of
a single crystal (of ~7 pm edge length) is shown in Fig. 1C. The
integration time used for imaging was 0.04 s and the area imaged
was 12 um x 12 pm. In this image, yellow regions have maximum
Raman intensity and black regions have minimum intensity. The
SERS intensity of the SL crystals is different at edges and
surfaces due to the difference in the enhancement of electric field
at these locations."’

We measured the /-V characteristics of the SL samples upon
exposure to different gases at 500 torr. The -V characteristics
(Fig. 2) show a linear response for all the four gases (O,, Ar, N,
and CO,). Details of the response for all the gases are given in
alog-log plot in Fig. 2A. The log-log plots show a slope of nearly
1.0 ensuring a linear dependence of 7 on V. The linear response
ensures Ohmic conduction in the system, the slope of the I-V
trace being the conductance. The polarizability values of all the
gases used for the experiments are given in the table (inset in
Fig. 2B). The conductance vs. polarizability of the gas is shown in
Fig. 2B. This clearly indicates that the conductance decreases
linearly with the polarizability of the adsorbed gases.

The SERS intensity should show sensitivity to the polarization
induced by different adsorbed gases. To this end, we performed
SERS studies of Au@MSA SL crystals at two different pres-
sures, namely 500 and 100 Torr of CO,, using CV as an analyte at
a bias voltage of 1.5 V. The data in Fig. 3A show a decrease in
intensity of Raman signals with gas pressure. Clearly, at 10~2
Torr (vacuum), there is no CO, gas for adsorption and hence
SERS intensity from the SL crystals is high. But upon exposing
the SL crystals to the gas, the SERS intensity decreases with gas
pressure and time; the drop in Raman intensity is more
substantial at 500 Torr. The change in intensity follows the
reverse trend upon evacuation of the set-up as well. Thus, gas
exposure and consequent change in SERS is reversible. Note that
the Raman peak positions show no change. We collect the time
dependent SERS from the same crystals under 500 Torr CO,
with exposure time; the data are given in Fig. 3B. The Raman
spectral intensity changes with time and a steady intensity is
observed after 800 s. We measured the Raman spectra under 500
Torr of different gases and plotted the Raman intensity of the
1170 cm™! peak at the steady value vs. polarizability of the gases
(Fig. 3C). The repeated exposures of gases and complete
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Fig.2 (A) Plot of log current (mA) vs. log voltage (V) of the SL crystals
upon exposure to gases, O,, Ar, N,, and CO, at 500 torr. (B) Conduc-
tance (slope of I vs. V, in mA V') vs. polarizability (cm* V') of the
corresponding gases. Table in the inset shows the polarizability of all the
four gases under consideration.

reversibility of signal suggest that there is nothing significantly
changing with the CV-nanoparticle interaction. If there were
substantial effects on the interactions as a result of gas molecules,
some of the CV molecules may have desorbed and that would
have caused some change in the Raman intensity. As this has not
happened, we believe that no change has occurred near the
particles. Several measurements have been conducted on the
same crystals over extended periods, spread over several days,
and no measurable change was seen. All the changes are
instantaneous and completely reversible. All of these point to
a screening effect and not a change in the nature of adsorption of
CV. The plot shows that the intensity decreases linearly with
polarizability of adsorbed gases, following the same trend as the
conductance. We also observed some sensitivity of the Raman
intensities to the applied potential (data given in electronic
supplementary information, Fig. S27).

The change in conductance under gas adsorption implies that
current through the SL can be controlled by exposing it to gases.
The current upon exposure to different gases, at a given pressure,
is shown in Fig. 4A for an applied potential of 1.5 V. SLs were
initially maintained in vacuum and a were then exposed to
a series of gases at a pressure of 100 Torr and at a potential of
1.5V, over several cycles with an exposure time of 5 min per cycle
(Fig. 4A). The set-up was evacuated again for 5 min and then
exposed to gas repeatedly. We find a small drop in the current
upon gas exposure. However, the current does not seem to
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Fig. 3 (A) SERS spectrum collected at different concentrations of CO,.
(B) Change in SERS intensity of Au@MSA SL crystals under 500 Torr of
CO, at different time intervals. (C) Change in Raman intensity vs.
polarizability of gases at 500 Torr (O,, Ar, N, and CO,).

saturate with exposure time. The same experiment was con-
ducted with 500 Torr for all the gases. The current drops
substantially within a very short time (~10 s), eventually
reaching a steady value, the magnitude being dependent on the
gas. This steady state value obtained at 500 Torr is used in
Fig. 2A. The current drops more for CO, than for other gases,
the sequence being carbon dioxide, nitrogen, argon and oxygen,
as can be seen in the data in Fig. 4B. Raman spectra of adsorbed
CV were measured simultaneously as the current was monitored.
The variation in the spectral intensity for the peak at 1170 cm™'
and current follow the same trend as shown in Fig. 4C. In the
Figure, the Raman intensities have been scaled to bring them to
the same range as the current. Similar responses were found for
the other bands too. This observation clearly establishes that

changes in the polarization in the crystal that leads to the vari-
ation in the SERS intensity causes the observed effects in the
electrical conductance as well. At a low voltage (0.5 V), the
response was very poor for all the gases and the data are given in
the ESI (Fig. S37).

Theory

Simple electrostatics® gives insight into the experimental obser-
vations. Let us calculate how the polarization in the medium is
affected by that of the adsorbed gases. We consider for simplicity
a situation, schematically shown in Fig. 4D, where a unit cell
consists of a metal sphere of diameter «, representing a gold
nanoparticle which is surrounded by a coating of monolayer of
spatial extent /, followed by adsorbed gas molecules of diameter
d. The schematic diagram in Fig. 4D does not represent the
actual number of the adsorbed molecules. The electrodes are
infinitely removed along the z-axis, generating a uniform external
electric field, E, parallel to the z-axis. The polarization of the
monolayer protected gold nanoparticles is given by a*e{(exy —
eo)(ey + 2e0)|Ep; en and ec are the dielectric constants of the
nanoparticle and the monolayer chains. For a metal, the dielec-
tric constant can be taken to diverge, ¢y > ec (ref. 30), in which
case the polarization dipole due to the metal sphere is simply
given by (a’e/2)Ey. The polarization is large for spheres of a few
nanometres in size. The polarization field modifies the local field
in the system. The electric field at a point (r, @) is given by E(r,
Q) = Egcos (O)(1 — a’e/2r?). The gas molecule adsorbed in the
system is polarized by this modified electric field. Let us consider
the situation close to the z-axis for simplicity. The polarized
dipole moment of the adsorbed molecule produces an extra
electric field that opposes this local electric field, and is given by p
= a.Ep, where Ej is the polarization field, E at r =a/2 + [ + d/2.
We set cos (©) = 1 for the electric field along the z-axis. o is the
polarizability of the gas molecule. Considering the contribution
due to the polarizations of n such adsorbed molecules in the
vicinity of the nanoparticle, we get the net electric field given by
Eoe. = E(r =2z, © = 0) — 3npec/[z’(2 + ec)]. The second term is
due to the extra polarization of the adsorbed molecules that
opposes the existing electric field and is proportional to the
polarizability of the adsorbed molecule. This term can be
appreciable due to a couple of factors: (1) The term depends on
the local polarization field which could be large for nanometre
sized particles. (2) It depends on n, which in turn depends on the
density of the adsorbed molecules and the volume of the porous
region. The density of the adsorbed molecules is given by the
fugacity of the adsorbed molecules in the pore which must be the
same in equilibrium as that in the reservoir where from adsorp-
tion takes places, the latter being proportional to the pressure.
Note that n can be large for large pressures and large porous
volumes. These two factors make the additional polarization due
to the adsorbed molecules not negligible compared to the local
field due to the capped metal nanoparticles. The net field E,, is
appreciable to overcome the thermal motion of the charged
carrier to result in the drift velocity v = —eFE,./v, v being the
damping coefficient in the medium. Note that the drift velocity is
proportional to E,, implying Ohmic conduction of the charge,
the proportionality factor being the conductance. Several qual-
itative features are noteworthy: (1) The conductance decreases
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Fig.4 Conductance changes of SLs (1.5 V) under the exposure of (A) 100 Torr and (B) 500 Torr of O,, Ar, N, and CO,, respectively. (C) Comparison of
change in Raman intensity of the 1170 cm~' band and current upon exposure to 500 Torr CO,, performed simultaneously. The Raman intensities have
been scaled so that the data points are comparable with current and on the same scale. (D) Cartoon representation of gas molecules adsorbed on the

surface of nanoparticles in SLs.

due to the polarization of the adsorbed gas, the decrease being
proportional to «, as observed in the experiments. (2) The local
electric field E,., depends on n. n could be determined from the
adsorption isotherm at a given chemical potential. One expects n
to increase with the external pressure, implying that the change in
conductance would be larger for a larger pressure. The change in
current in the experiments is significant at higher gas pressures
(500 Torr). At lower exposures (100 Torr) we find that there is
significant variation of current with the time of exposure. This
suggests that there could be additional factors responsible for the
current response at lower exposures, which may be occupancy of
different sites, diffusion in the lattice, etc. (3) The Raman
intensity depends on the local electric field, E,,.;. Thus the change
in the Raman intensity with pressure and different gases can be
understood from the variation of E,.; with « and n.

Conclusions

We have shown that the conductance of Au@MSA SL crystals is
sensitive to adsorption of gases. The conductance, obtained from
the -V characteristics via four probe measurements, is propor-
tional to the polarization of the adsorbed gases. The change in
conductance is reflected in the change in current and its coupling
to the polarization of the medium is demonstrated by the changes
in the SERS intensity. The proportionality between the
conductance and the polarization has been rationalized on the
basis of simple electrostatic calculations where the charge carrier
upon biasing experiences the polarization fields of different
constituents of the system. The change in conductance with
polarization of the adsorbed gas may be useful in finding new
applications of such artificial solids. Direct measurement of the
incorporation of molecules by Raman spectra of the probe
molecules and their sensitivity to very small pressure variations is

interesting. This may prove Raman spectroscopy as a sensitive
tool for gases which are not by themselves Raman active. As
nanoparticle dimension can be varied with proper choice of the
core and the monolayer shell, solids with variable pore sizes may
be created allowing sensing and detection of specific gases.
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