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ABSTRACT: We report on the facile fabrication of efficient
porous alumina membrane-based SERS substrates that avoid
the cumbersome stages of chemical surface modification of the
pores and premixing/infiltration of nanoparticles with analytes.
The design relies on higher light transmission through the
SERS substrates by widening the cylindrical pore diameter to
355 nm and in situ growth of uniform silver nanoparticles on
the inner walls. Electromagnetic simulations confirm that the
interaction of excitation light with the nanoparticles along the
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pore walls can be maximized in such a membrane when the nanoparticles are placed within the first 14 ym of the pore depth. For
common benchmark Raman analytes such as benzenethiol and Rhodamine 6G, nanomolar detection limits are readily obtained
without any additional chemical surface functionalization and/or additional premixing and preconcentration of metal
nanoparticles and analytes. Moreover, a high enhancement of 10° and a micromolar detection limit are achieved for nonresonant,
Raman-stealthy perchloric acid molecules. Quantum mechanical calculations of perchloric acid bound to nanostructured silver
clusters with different sizes and binding sites suggest that the maximum chemical enhancement is achieved for molecules located
at the tips of the (111) planes of silver lattices, which are abundantly available on the nanoparticles grown in this study.

B INTRODUCTION

SERS has attracted much attention recently as a highly sensitive
probe for the trace level detection of small organic molecules,
since the demonstration of single-molecule detection.' It has
also been shown that the SERS technique has great potential
for monitoring the fine chemical composmon, inner stresses,
and trace detection of hazardous molecules. "> The SERS
phenomenon is caused by the large electromagnetic field that
exist in the small gaps between metal nanostructures, which are
called hot spots."* The design of the substrate on which the
SERS phenomenon becomes significant is the most critical
aspect of a sensitive probe for small molecules or biomolecule
analytes. Various design strategies have been suggested in order
to provide dramatic enhancement for the SERS response with
efficient SERS substrates including roughened metal nano-
particle films,">'® metallic and bimetallic nanostructures,” ">
and three-dimensional (3D) porous substrates.”* >’ The highly
specific and sensitive detection of liquid and plastic explosives,
hazardous chemicals, and biomolecules has been demonstrated
using SERS as the detection mechanism, which underlines the
significance of this sensing technique.'®*%*!

For practical applications of SERS-active substrates, the
sensitivity of planar metal structures remains modest due to the
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limited concentration of hot spots available within the laser-
activated footprint.*"** In contrast, 3D porous substrates show
a great potential for increasing the level of enhancement for
SERS detection. By extending the sensing substrate into the
third dimension, a much greater surface area for particle
coverage compared with planar substrates and longer pathway
for light propagation are both realized, which could provide
opportunities for a greater degree of interaction between hot
spots and the incident beam as well as more binding sites for
probing molecules.

Efficient 3D SERS substrates have been fabricated using
different methods that include the decoration of porous
morphology with sﬂver nanostructures on gold-supported
polyaniline membranes.>® Fabrication of periodic 3D metal
nanostructures with nanoporosity via colloidal crystal templates
was demonstrated in another study,®* and the resulting
structure showed higher SERS activity compared to the two-
dimensional (2D) counterpart. Recently, Lee et al. have shown
that a variety of 3D nanoparticle structures deposited from

Received: January 27, 2012
Revised: ~ May 31, 2012
Published: June 4, 2012

dx.doi.org/10.1021/jp300902u | J. Phys. Chem. C 2012, 116, 13917—-13927


pubs.acs.org/JPCC

The Journal of Physical Chemistry C

charged aerosols exhibit enhanced SERS efficiency.*® Photonic
crystal fibers®® and porous membranes with cylindrical
nanopores decorated with different metallic nanostructures®”
and periodic nanohole arrays®® have also attracted great
attention due to their large SERS enhancement.

Porous alumina membranes (PAMs) formed by the
anodization of aluminum have been used in the fabrication of
many functional materials for a number of years because of
their unique nanostructures and high density of straight
cylindrical pores.®® The geometrical structures of the PAMs
(pore diameters, pore spacings, and membrane thicknesses) can
be controlled by the anodization voltage and the electrolytic
solution used in the process.*” PAMs are ideal host templates
for metallic nanostructures because of their optical transparency
over a wide range of wavelengths.*' The incident beam can be
directed more deeply into the substrate through the wave-
guiding properties of ultrathin alumina walls and widely open
straight pores,””** adding another element to increase the
Raman signal enhancement.

The efficiency of a PAM-based SERS substrate decorated
with gold nanoparticles has been previously demonstrated in
the label-free detection of plastic explosive materials such as
2,4-dinitrotoluene and 2,4,6-trinitrotoluene down to a record
low parts per trillion level.>® A general design principle has been
demonstrated recently to improve the SERS activity of PAM-
based SERS substrates with a common Raman marker
benzenethiol.** Based on the experimentation with PAMs of
different pore sizes (100, 255, and 355 nm) decorated with in
situ grown silver nanoparticles bound to the pore walls, we have
found that SERS substrates with 355 nm pore diameters show
higher light transmission compared to that of 100 nm. Higher
light transmission results in much improved SERS activity due
to multiple photons interactions along the cylindrical pores
with a very high enhancement factor, several orders of
magnitude better than that reported for traditional 2D
substrates.*~*

However, the previously discussed procedures for the
utilization of efficient planar or porous SERS substrates is
overly complex because it includes a cumbersome and not very
reliable deposition/filling of nanopores with metal nanostruc-
tures and their further functionalization with selectively binding
polymer coatings. Moreover, frequently for SERS tests,
premixing with analytes is used, which might lead to a gross
excess of analytes bound to nanoparticles. Therefore, ways to
eliminate these additional steps while preserving high SERS
efficiency should be further sought and facilitated by careful
analysis of both of the electromagnetic and chemical enhance-
ment mechanisms involved.

Hence, herein, we discuss efficient porous SERS substrates
that do not require nanoparticle infiltration and additional
polyelectrolyte coating, by applying direct electroless silver
nanoparticle growth inside cylindrical pores (Figure 1). These
substrates demonstrated high detection efficiency for traditional
analytes such as benzenethiol (BT) and Rhodamine 6G (R6G)
as well as for a nonresonant molecule, perchloric acid (PA)
(Figure 1d); low detection limits were achieved within
nanomolar concentration for BT and R6G and micromolar
concentration for PA. Electromagnetic simulations using finite
element methods (FEM) suggested that the placement of silver
nanoparticles within the first 14 pm beneath the surface is
critical for the achievement of high efficiency. Furthermore,
density functional theory (DFT) calculations demonstrated
that the selective chemical binding of PA molecules to the
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Figure 1. Schematic diagram of the geometries used for the simulation
studies (a) dimers at the pore wall and (b) dimers at the center of the
pore. The laser light with a wavelength of 514 nm is incident from
above, with its polarization parallel to the line joining the centers of the
nanoparticles. (c) Porous alumina membrane with pore a diameter of
355 nm synthesized from phosphoric acid electrolyte. (d) Molecular
structure of the analytes studied in this work.

edges of (111) facets of bare silver nanoparticles can facilitate
high chemical enhancement. Moreover, since the electroless
deposition method does not involve any molecule or polymer
as an adherent layer to bind the nanoparticles to the pore walls,
the possibility of overlap of the Raman bands of the binding
layer with those of the analyte, a common problem for
functionalized substrates, is avoided.

B EXPERIMENTAL SECTION

Synthesis of Porous Alumina Membranes with Differ-
ent Pore Diameters. A detailed discussion on the PAM
fabrication has been reported in the literature (see the
Supporting Information).**™>° Synthesis of the PAMs with
different pore diameters (100, 255, and 355 nm) studied here
was conducted by using oxalic acid and phosphoric acid as the
electrolytes to achieve different pore diameters. Synthesis of
PAM with larger pore diameters is damped by the limitations of
the electrochemical process. The pore diameter variation at the
surface of the membranes is between 7% and 10%, and the
ordered domains extend over several micrometers as seen in
Figure S1 of the Supporting Information.

Electroless Deposition of Silver Seed and Nano-
particles inside PAMs. Silver nanoparticles were grown on
the pore walls following a two-step process.”’ In the first step,
the PAMs were immersed in an aqueous solution of SnCl,
(0.02 M) and HCI (0.02 M) for 2 min to deposit Sn>* on the
pore walls. The PAMs were then rinsed in Nanopure water and
subsequently in acetone and dried. Growth of silver seeds on
the pore walls was carried out in the second step by immersing
the PAMs in a 0.02 M aqueous solution of AgNO; for 2 min
followed by a second washing step. The deposition of silver
nanoparticle seeds was carried out three times to obtain
uniform and dense particle coverage on the pore walls. The
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PAMs with silver seeds were immersed in 0.5 mL of 10 mM
AgNO; and 1 mL of 100 mM ascorbic acid for 28 min with
shaking. The PAMs were then removed from the solution and
rinsed thoroughly with Nanopure water so as to remove the
particles adhered on the top surface of the PAMs and then
dried using nitrogen gas. A detailed growth mechanism and
time dependence of particle size distribution were reported
elsewhere.>">>

Characterization. Substrates were characterized using
Hitachi-3400 and Zeiss Ultra60 scanning electron microscopes
(SEMs) at an operating voltage of S—10 keV. High-resolution
transmission electron microscopy (HRTEM) images of silver
nanoparticles were recorded using a FEI Tecnai F30 TEM with
an operating voltage of 300 kV. The TEM samples were
prepared by dissolving the SERS substrate in 0.1 M NaOH
solution and then subjected to dialysis. The resulting solution
was drop cast on a Formvar carbon coated TEM grid.

Atomic force microscopy (AFM) images of the cross section
of the PAM (Supporting Information, Figure S3) were
collected in tapping mode according to the procedures adapted
in our laboratory on a Dimension-3000 microscope
(Bruker).>>>% Silicon nitride tips were used with spring
constants of around 50 N m™ and tip radii around 20 nm.
AFM scanning was conducted with the rate of 1.0 Hz for
surface areas of several micrometers across.

SERS measurements were performed using a WiTec confocal
Raman microscope (Alpha 300R) with an Ar* ion laser (1 =
514 nm) with 1 mW of intensity of the excitation source
according to the usual procedure adapted in our laboratory.*®
The required concentration of R6G and PA solutions was
prepared by dissolving the corresponding amount of materials
in water, whereas BT was dissolved in the proper amount of
ethanol. The SERS substrates with R6G and BT were prepared
by immersing the substrate in the solution with a proper
concentration for 30 min followed by rinsing. After rinsing, the
substrate was dried at room temperature before the measure-
ments. In contrast, the PA solution was drop cast on the SERS
substrates and allowed to evaporate for 30 min and not rinsed
before the SERS measurements.

Each SERS spectrum was collected with 10 s of exposure
time, and at least two exposures were averaged to ensure
accurate spectra were recorded. Mapping images were acquired
with a lateral resolution of about 300 nm and a vertical
resolution of about 1 ym with a 50X objective lens. The UV—
vis absorption and transmission spectra of the SERS substrates
and neat PAMs were collected using a Craic QDI 202 micro
spectrophotometer attached to a Leica microscope.

Electromagnetic Modeling. Simulation studies were
carried out by considering silver nanoparticles of 40 nm
diameters that are placed in alumina pores with 10 nm wall
thickness; parameters close to our experimental values (see the
Supporting Information). In all cases, nanoparticle dimers have
been considered as these will dominate the maximum response
seen for such a system. Nanoparticle dimers have been modeled
at various depths within the pores and for two positions: (1) at
approximately 1 nm from the pore wall and (2) in the center of
the pore (Figure 1). Various pore widths have also been
considered. The polarization of the incoming radiation (at 514
nm) was in the incident plane to ensure excitation of the
surface plasmons and orthogonal to the line joining the centers
of the nanoparticles in the dimers. A schematic diagram of the
structures used for the simulation studies is shown in Figure

1.%° The effect of light waveguiding has not been included in

the simulation.

DFT Simulation of the SERS Spectra of Perchloric
Acid. Initial silver cluster geometries were taken from the
Cambridge Cluster Database”” and optimized at the B3LYP/
LANL2DZ level of theory using the quantum chemistry
package Gaussian 09.°® The geometries of the complex systems,
that is, perchloric acid bound to silver clusters of various size
(PA—Ag,, n = 2, 10, 18, and 20), were optimized at the
B3LYP/LANL2DZ level of theory for the Ag atoms and at the
B3LYP/6-31+G(d) level for the atoms of PA, without the use
of vibrational frequency correction factors. Peak assignment
was carried out by comparison of the experimental SERS
spectra with the theoretical normal Raman intensities (that is,
Raman activities) calculated using the same hybrid functional
and basis set. This calculation was performed by numerical
differentiation of dipole derivatives with respect to the electric
field; thus, the theoretical intensity peaks do not involve
contributions from factors related to temperature dependence
or dependence on the excitation frequency of the laser pulse.>
We stress that our main goal here is to better understand the
trends related to the nonresonant chemical enhancement rather
than to perform an extensive theoretical investigation of the
various chemical SERS contributions in detail.

B RESULTS AND DISCUSSION

3D PAM-Based SERS Substrates with in Situ Grown
Silver Nanoparticles. High-resolution SEM images of the
cross section of the SERS substrates show the distribution of
immobilized silver nanoparticles with average diameter of 30 +
10 nm on the inner walls of the membranes (particle diameter
varied within standard deviation for different pores and was 29,
28, and 25 for PAMs with 100, 255, and 355 nm, respectively)
(Figure 2; Figures S2 and S3 of the Supporting Information).
Nanoparticles with smaller sizes observed on the pore walls are
initial silver seeds with a diameter of around 5 nm predeposited
for the growth of silver nanoparticles. Although for smaller pore
diameters individual nanoparticles are predominantly observed,
PAMs with larger pore diameter facilitate the aggregation of
silver nanoparticles on the pore walls with predominantly
dimers (about 60 nm) formed in addition to individual
nanoparticles. The distribution of nanoparticles inside the
membranes is not as homogeneous as that observed for
substrates fabricated with micro-*° and nanofabrication®!
techniques, which are limited by high cost and low surface
area.”” High reliability and reproducibility of our SERS
substrates is demonstrated in this study (see below).

Analysis of HRTEM images of grown silver nanoparticles
shows the presence of (111), (200), (220), and (311)
crystallographic planes®® of the face-centered cubic silver with
the edges of the (111) planes mostly exposed at the surface
(Figure 3 and Figure S4 of the Supporting Information). The
interplanar distance of 023 + 0.01 nm measured here
corresponds to the (111) spacing.

Optical Properties of the SERS Substrates. UV—vis
absorption spectra and transmission spectra of the silver
nanoparticle decorated PAMs with different pore diameters are
shown in Figure SS of the Supporting Information. The optical
absorption centered at 460—530 nm is due to the surface
plasmon resonance (SPR) of silver nanoparticles with nano-
particle aggregation, as can be concluded from the red shift in
plasmon frequency.®* In addition, the alumina membrane
material with refractive index of ~1.63 may also be responsible
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Figure 2. SEM images of silver nanoparticles grown on the porous
alumina membranes (cross-sectional view) of (a) 100 nm, (b) 255 nm,
and (c) 355 nm pore diameters.

Figure 3. High-resolution TEM image of electroless-deposited silver
nanoparticles. Inset image shows the crystallographic planes in the
silver nanoparticles.

for the observed red shift.”>° The typical plasmon band of 30
nm individual silver nanoparticles in solution is located near
430 nm.”’

The transmission of silver-decorated PAMs is relatively high
in the near-IR range and decreases in the visible region because
of scattering.®® The transmission of the SERS substrates
decreases as the pore diameter decreases; SERS substrates
with 355 nm pore diameters show the higher transmission in
the visible region compared with smaller pore diameters
(Supporting Information, Figure SS). SERS substrates with 355
nm pore diameters exhibit transmission of approximately 50%
at 514 nm while the substrates with smaller pore diameters
show lower transmission (15% and 10% for SERS substrates
with 255 and 100 nm pore diameters, respectively).

SERS Activity of Silver Nanoparticle-Decorated PAM-
Based Substrates. The SERS activity of the substrate exhibits
a strong dependence on the pore diameter of the membranes
(Figure 4). The characteristic SERS bands are at 1571 cm™ for
BT, related to phenyl ring stretching; 1360, 1504, and 1644
cm™! for R6G, from modes related to the aromatic benzene
rings; and 932 cm™" for PA, due to the symmetric stretching
mode of Cl—O bonds.****® The SERS activity of the
substrates is found to be enhanced as the pore diameter
increases from 100 to 355 nm as evidenced by the increase in
relative intensity of the characteristic peaks of the analyte
molecules BT, R6G, and PA adsorbed on the substrates (Figure
4).

The Raman enhancement factor was estimated following the
usual procedures reported earlier.’®’®”" The enhancement
factor, EF, has been calculated using the following equation:

EF = Isgrs % [REF]

Lgr  [SERS]

where Iggpg and Iggp are the measured Raman intensities and
[SERS] and [REF] are the concentrations of analyte molecules
in the SERS and reference samples, respectively. For
determining the enhancement factor, the SERS intensity of
the characteristic peaks of each analyte (1571 cm™ for BT,
1644 cm™ for R6G, and 932 cm™ for PA, respectively) at
different pore depths were extracted from the z-mapping
experiments, except for R6G. It was found that the R6G signals
are diminished during z-mapping because of decomposition
evidenced by the Raman spectra; thus, the Raman intensity
from the normal SERS spectra was used for the EF calculation.
Iggr for the analytes was measured using solid R6G and BT
specimens and PA liquid deposited on a silicon wafer. The
enhancement factor was estimated using the solution
concentration (g/mL) of the analyte and reference sample
used for the measurements. As known, this approach
underestimates the enhancement factor, since only an unknown
fraction of the molecules actually end up on silver nano-
particles, and hence, the numbers reported here actually
represent a lower-bound, very conservative estimate.

The enhancement factor obtained for BT and R6G is about
~10' on substrates with 355 nm pore diameters. The observed
enhancement factor lower-bound value is four orders of
magnitude higher than that commonly reported for traditional
2D substrates of gold and silver nanostructures.**~*"7>77* The
enhancement factor for nonresonant PA molecules is close to
10® and is about two orders of magnitude better than what is
reported for traditional 2D silver substrates.”
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Figure 4. SERS spectra of (a) 10 M BT, (b) 1077 M R6G, and (c) 107> M PA on each of the porous alumina membranes. (d) SERS spectra of
107 M BT and R6G and 10~ M PA (the spectra were recorded using substrates of 355 nm pore diameters).

Correspondingly, a low detection limit observed for these
substrates was 10~ M for BT and R6G and 10™° M for PA
without using any binding agent and special sample
preparations to facilitate the adsorption of analytes that are
usually exploited in literature. Again, we emphasize that, in
contrast to most of the reported studies, analytes were
deposited on the substrate from solution instead of premixing
the nanoparticles and analyte to control the surface coverage
and dramatically increase local presence of analytes.”*®®”” It is
important to note that, in most of the perchlorate detection
studies, the nanoparticle surface is functionalized with positively
charged molecules to facilitate the adsorption of perchlorate
ions on the nanoparticle surface in contrast to our substrate
with direct adsorption of the PA molecules onto bare
nanoparticles.”>%

Furthermore, we conducted complete Raman mapping in xy-
directions as well as in z-direction in order to understand the
SERS phenomena that occur in 3D porous structures (Figure
5). The mapping was conducted by monitoring the intensity of
the 1571 and 932 cm™' peaks of BT and PA, respectively,
through the depth (z-direction) of the porous alumina
membranes. The Raman intensity of the analytes gradually
decreases as the depth of measurement increases away from the
top surface of the substrate. Since the transmission of light is
higher for SERS substrates with larger pore diameters, these
substrates are expected to show higher SERS intensity for
greater depths from the surface of the PAM despite slight
decrease in a number of nanoparticles within a laser footprint.

In fact, we observed that the largest SERS enhancement
occurs within 5 and 8 ym regions near the surface of the PAM
for the substrates with 100 and 255 nm pore diameters,
respectively (Supporting Information, Figure S6). However,
SERS substrates with 355 nm pore diameters show the highest
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100 nm 255 nm 355 nm

(a)
mi ﬁ W

Figure 5. Confocal SERS mapping of (a) 1571 cm™" peak of BT and
(b) 932 cm™" peak of PA through the depth of the porous alumina
membranes with different pore diameters. The 3D images were
constructed from the experimental xy and z-mapping (Supporting

Information, Figure S6 (scan depth = 40 ym and scan width = 10 ym)
and Figure S7).
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Figure 6. Variation of cumulative Raman enhancement factor extracted from electromagnetic simulation for different pore diameters with a silver
nanoparticle dimer placed (a) at pore wall and (b) at center of pore. Cumulative Raman enhancement factor obtained from experimental z-mapping
for (c) BT (enhancement factor form a 2D SERS substrate is also included for comparison) and (d) PA with substrates of different pore diameters.
(Panels b and c reproduced with permission from ref 44, copyright Wiley-VCH).

SERS intensity over a 10—14 ym region from the surface of the
PAMs. Based on the Raman mapping experiment in the z-
direction, it can be concluded that PAM-based SERS substrates
with larger pore diameters show higher light transmission
through the channels. As a result, the excitation of silver
nanoparticles occurs at greater depths through the PAMs,
which in turn improves the SERS activity of substrates with
larger pore diameters.

The homogeneity of the substrates in the xy-plane was
further investigated by mapping the characteristic Raman band
of the analytes on the substrates; uniform SERS signals were
obtained over the entire region within +25% from pore to pore
(Supporting Information, Figure S7). The reproducibility was
tested for three batches of substrates (Supporting Information,
Figure S8). The SERS intensity was found to be very
reproducible at different locations within a substrate as well
as between substrates. The SERS intensity varies within +7%
between substrates, which indicates the high homogeneity of
the SERS substrates despite the variation in local wall coverage
with nanoparticles aggregates.

Electromagnetic Modeling of Raman Enhancement in
Cylindrical Pores. To understand the pore size dependence of
the SERS activity, we have simulated the Raman enhancement
using silver nanoparticle dimers under different conditions.>
Dimers are chosen for the modeling, since they are the
predominant aggregates observed on the pore walls (Support-
ing Information, Figure S2). Larger nanoparticle aggregates are
not considered in this study even though higher aggregates
would give an equally large enhancement over a larger area but
will not actually increase the maximum enhancement
observed.”®”® Silver nanoparticles were placed in the pores
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with an orientation that provides maximum enhancement
between nanoparticles (see “hot spot” in Figure S9a, b of the
Supporting Information). Dimers with other orientations and
separations are not discussed here, since they provide only
minor contributions (Supporting Information, Figure S9¢). In
all cases, the predicted enhancement is of a similar order of
magnitude as the enhancement level expected from a silver
dimer.*>®" This result implies that the majority of the
enhancement is coming from the silver dimers and that there
is no significant enhancement effect coming from the pore itself
(Supporting Information, Figure S9d). Thus, the role of the
pore is to constrain the incident radiation in such a manner that
the maximum enhancement can be realized at certain widths.
A series of electromagnetic field peak intensities is observed
along the main axis of the cylindrical pores with spacing close
to A/2 (Supporting Information, Figure S$10). It is evident that
significant electromagnetic enhancement occurs for nano-
particle dimers placed several micrometers beneath the surface,
which is in good agreement with the experimental z-mapping
(Figures S and S6 of the Supporting Information). The
observed enhancement is smaller for dimers located close to the
pore wall and shows much less periodicity as a function of
depth into the pore. In both cases, this is believed to be related
to the damping effect of the aluminum oxide walls on the
incident light. The periodicity related to interference of the
wavelength of the incident light with the width of the pore is
apparent throughout the modeling; however, this is a lot less
clear when the dimer is close to the pore wall, due to the
interfering effect of the alumina at the side of the pore. For the
dimer placed at the center of the pore, the periodic variation
associated with the wavelength of the light is initially much
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larger than any change linked to depth within the pore.
However, at larger depth, the attenuation begins to dominate
with enhancement decreasing by an order of magnitude
(Supporting Information, Figure S10).

The simulations suggest that the electromagnetic enhance-
ment achieves a maximum at 400—450 nm pore width before
decreasing again as the pore gets wider. A membrane with 400
nm diameter is optimum for the pore to act as an eflicient
waveguide for the incident light. Any narrower than this and
the light is unable to pass deep into the pore effectively; any
wider than this and there might start to be some significant
reflections and destructive interference of the light.

To compare the experimental results and the simulated
Raman enhancement factors, we extracted the Raman intensity
(signal intensity that was higher than the noise level by a factor
of 3) from the z-mapping of the substrates with different pore
diameters at various pore depths. The Raman enhancement
factors from both experiments and simulations for different
pore depths are plotted in Figure 6. The overall enhancement
from each of the substrate was estimated by adding Raman
enhancement at different depths (1 ym interval) from the top
surface of the substrates. The integrated Raman enhancement
gradually increases with accumulated nanoparticles along the
pore depths (Figure 6a, b). The cumulative enhancement factor
shows saturation at depth higher than 10—14 ym. In agreement
with the results of the simulations, the experimental
observations also point to the fact that the SERS substrates
fabricated from 355 nm pore diameters show high SERS
activity with saturation at depths of 10—14 um (Figure 6c, d).
For BT, the experimental enhancement factor is two orders of
magnitude higher than that calculated from the electromagnetic
simulation. This additional increase can be attributed to the
chemical enhancement (which can reach 10°) for BT molecules
chemisorbed on silver surface that were not included in the
simulation.®* However, the enhancement factor obtained for
PA is lower than the theoretically predicted enhancements.
This may be due to the low surface coverage of PA in the hot
spots and the low binding affinity of PA to silver nanoparticles.

To compare the SERS activity of the PAM-based SERS
substrates with traditional 2D substrates, we have included
enhancement factor for BT obtained from a 2D SERS substrate
fabricated from silver nanoparticles®® (particle size is 30 + S
nm'®) drop cast on a silicon wafer under similar conditions
(Figure 6¢). The enhancement factor measured in this case is
close to 107 and is in good agreement with the reported
enhancement values thus confirming the robustness of our
measurements and evaluation approaches.*>™*’

It is important to note that the enhancement factor reported
here is a cumulative enhancement factor obtained by adding
enhancement at different depths that is an added advantage for
PAM-based 3D substrates. The higher SERS activity of the
PAM-based SERS substrate could be attributed to the
excitation of additional nanoparticles in the third dimension
due to the combined effect of light transmission and
waveguiding properties associated with the transparent alumina
membranes that are absent in traditional 2D substrates with a
small fraction of photons interacting with a single layer of
nanoparticles.

DFT Simulation of Chemical Enhancement. As is well
established, in addition to electromagnetic field enhancement,
SERS also shows chemical enhancement (CM), which is driven
by the combined effect of three contributions, namely, a charge
transfer (CT) mechanism,** a molecular resonance (RRS)

mechanism,® and a nonresonant chemical (CHEM) mecha-
nism.*® The CT and RRS mechanisms arise when the incident
radiation is in resonance with a molecule-to-metal or metal-to-
molecule electronic transition and a molecular excitation,
respectively; when activated, they can contribute to a major
extent toward the total enhancement by a factor of 10—10°%
The CHEM mechanism, on the other hand, occurs due to the
bonding interactions between the molecule and the metal
surface, allowing relaxation of the electronic structure and
giving rise to enhancements on the order of 10—10%% Even
though the difference in the nature of these enhancement
mechanisms has been well identified and characterized over the
years, a separation of their effect is not straightforward®’

In this section, we try to elucidate the factors leading to a
CHEM enhancement in the case of PA (we note that PA is
unlikely to present resonance-enhancement contributions; in
addition, much higher-level calculations would be needed to
reliably address the possibilities for resonance enhancement,
which is beyond the scope of the present study). We seek to
extract valuable information from an analysis of the electronic
structure, bonding interactions, and Raman spectra of PA as it
binds on silver clusters of various sizes. Figure SI11 of the
Supporting Information shows the optimized geometries of the
complexes formed by the interaction of PA with different silver
clusters denoted as PA—Ag, (n = 2, 10, and 18). PA is found to
bind to the metal clusters through an oxygen atom. In terms of
geometry, the oxygen involved in the binding is calculated to
preferentially locate directly over an Ag atom rather than over a
hollow site, with a total energy difference between on-site and
hollow-site bonding of about 0.05 eV.

Due to the bonding interaction between PA and the metal
surface as well as the subsequent relaxation of the electronic
structure of the complex, there occurs some redistribution of
charge. The amount of partial charge transferred from PA to
the silver cluster is tabulated in Table 1 for each of the three

Table 1. Calculated Induced Static Polarizability and O—Ag
Bond Length for PA and Ag,—PA (n = 2, 10, 18)

induced static

Folagrizabilitzf bond length  partial charge on
system nm® X 107°) (O—Ag) (nm) cluster (lel)
PA - - -
Ag,—PA 155 0.277 —0.011
Ag—PA 5.12 0.277 —0.053
Agis—PA 6.60 0266 —0.061

complexes and was estimated via a natural population analysis.
The results in Table 1 indicate that the amount of charge
transfer to the silver cluster increases with the cluster size,
which gives rise to an increase in the induced static electronic
polarizability & calculated for the PA—Ag, complexes (Table 1).
This quantity is defined as®®

alinduced] = a(PA—Agn) - a(Agn) — a(PA)

and reflects the degree of interaction between the organic and
metal components in the complex as well as the increased
ability of the system to be Raman active. Thus, it is expected
that complexes of larger sizes will show even higher enhanced
Raman intensity.

The calculated Raman spectra of PA and the PA—Ag,
complexes are shown in Figure 7a. The Raman band at 927
cm™' is due to symmetrical stretching of the CI—O bonds, as

dx.doi.org/10.1021/jp300902u | J. Phys. Chem. C 2012, 116, 13917—13927



The Journal of Physical Chemistry C

(a) 1000
—PA

800+ BogkA
=) —Ag,PA
3_6« _Agm'PA
> 6004
5
=
2
£ 4004
c
]
£ 200
s i

0 S

860 880 900 920 940 960 980 1000
Raman shift (cm'1)

(b)

Figure 7. (a) DFT-computed Raman intensity for perchloric acid and
perchloric acid—silver complexes. (b) Displacement vectors corre-
sponding to the 927 cm™ band in the Ag;s—PA complex.

indicated by the displacement vectors of PA attached to an 18
atom cluster (Figure 7b). We observe that the silver atoms do
not contribute to any significant Raman band. The intensity of
the characteristic Raman band increases with cluster size, as
expected (Figure 7a).

Analysis of the O—Ag bond length in each of the clusters
shows that it becomes shorter as the cluster size increases
(Table 1). This points to stronger interactions between
molecule and surface, related to the dative bond coming from
an oxygen lone pair. Thus, the charge transfer increases with
cluster size, which in turn increases the induced polarizability®
and promotes the enhancement of the Raman intensity. Also, it
is interesting to note that the Raman band of the isolated PA
molecule shifts to a lower frequency (from 945 to 925 cm™)
when PA attaches to silver clusters of increasing size. This red
shift in the vibration frequency is related to the shortening of
the O—Ag bond with cluster size as confirmed by calculating
the Raman frequency of the PA—Ag,s complex for various O—
Ag bond lengths (Table 1). The calculated range of Raman
peak positions is in very good agreement with the experimental
SERS spectrum obtained with silver nanoparticles (932 cm™).

13924

Several theoretical studies have shown that the enhancement
mechanism of tetrahedral Ag,, clusters is comparable to that of
large silver nanoparticles of diameter greater than 10 nm.”*"!
For instance, it has been shown that, for pyridine, the
properties calculated for the Ag,,—pyridine surface complex
show good agreement with experimental results.”> To under-
stand the effect of different binding sites on the Raman spectra,
we have simulated two limiting cases of binding configurations
for PA on a tetrahedral Ag,, cluster: a surface-type complex (S-
complex) and a vertex-type complex (V-complex); the
optimized binding geometries are displayed in Figure 8. In

(@)

(b)

Figure 8. Top and side views of perchloric acid in (a) a surface
configuration, and (b) a vertex configuration on a Ag,, tetrahedral
cluster.

the vertex complex, the PA molecule binds to the metal cluster
via a single oxygen atom with a Ag—O bond length of 0.279 nm
(Table 2); in the surface complex, the PA molecule interacts
with the metal cluster via three oxygen atoms and presents a
much larger average Ag—O distance of 0.391 nm (Table 2).
The large differences in binding geometry and atomic distances
lead to markedly different interactions between the PA

Table 2. Calculated Induced Static Polarizability and O—Ag
Bond Length for a Tetrahedral Configuration of the PA—
Ag,, Complex

induced static

olarizabili bond length partial charge
system &m3 X IOEZ) (O—Ag) (nm)  on cluster (lel)
Agyy—PA 0.57 0.391 —0.069
(surface)
Agy—PA 102 0279 —0.112
(vertex)
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molecule and the metal cluster, which ultimately contributes to
distinct vibrational characters for the two complexes.

As shown in Figure 9, the Raman intensity enhancement for
the vertex complex is about two orders of magnitude larger as
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Figure 9. (a) HRTEM image showing the presence of adatoms at the
surface of the silver nanoparticles (the binding of PA to the
nanoparticle surface is illustrated schematically). (b) Simulated
Raman intensity for the surface and vertex complexes of perchloric
acid on Ag,, clusters.

compared to the surface complex; a blue shift in the Raman
frequency from 932 cm™" for the V-complex to 949 cm™ for
the S-complex is calculated, due to the largely increased Ag—O
distance. A similar CHEM enhancement simulation was
reported in earlier works for BT and R6G.***°* We note
that the overall enhancement factor of 10° obtained
experimentally for PA is lower than the theoretically predicted
enhancement coming from the combined contribution of EM
and CHEM,; this discrepancy is likely due to the low surface
coverage of PA in the hot spots in contrast to optimistic
suggestion.

As discussed previously,ss’95 the CHEM factor can be
attributed to the ground-state interaction of the molecule
with the metal. This can be understood by comparing the
magnitude of charge transfer and induced static polarizability
for the two complexes. As given in Table 2, the amount of
charge transfer for the V-complex is nearly twice as large as the
charge transfer for the S-complex, leading to a ~20-time
increase in induced static polarizability.

Based on the large differences in Ag—O bond lengths
between the Ag,, surface and vertex complexes, PA can be
considered to be physisorbed on the cluster in the surface
complex while the PA molecules in the vertex complex can be

considered as weakly chemisorbed (Figure 8).”” From this
perspective, the V-complex can also be viewed as an adatom or
adparticle structure, which is re8garded as crucial for short-range
chemical enhancements.”® ® In the case of the silver
nanoparticles investigated in this work, it is more likely to
have adparticles on the edges of the (111) surface rather than
on an ideally clean (111) surface, as illustrated on HRTEM
images in Figure 9. Analysis of these two figures suggests the
presence of edges of (111) crystallographic planes at the
surfaces. In order to reach the state of thermodynamic stability,
crystal faces with higher free energies, such as (110) and (311),
will grow faster and will hardly be present at the surface in large
proportion.gg’m0 On the other hand, crystal faces with lower
free energies such as the family of (111) planes will dominate
the nanoparticle surface. We suggest that, in our experiments,
the adsorption of PA on the edges of the (111) plane is the
most probable configuration.

B CONCLUSIONS

In conclusion, we have demonstrated PAM-based substrates
exhibiting high Raman enhancement factors by tuning the
transmission of light and deposition of nanoparticles on
cylindrical nanopores. Silver nanoparticle-decorated PAMs
with different pore diameters of 100, 255, and 355 nm were
synthesized by varying the anodization conditions such as
electrolytes and applied voltages. The Raman enhancement
factors for the substrates with 355 nm pore diameter are very
high and close to 10" for common Raman markers and 10° for
the nonresonant perchloric acid molecule. The Raman
enhancements observed here are several orders of magnitude
higher than those reported for traditional 2D substrates.

Our work offers a general strategy to optimize the fabrication
of PAM-based SERS substrates that show high SERS activity.
The electromagnetic simulations of silver nanoparticle dimers
inside the alumina membranes with different pore diameters
helped in the design of PAM-based SERS substrates with
optimum pore sizes to enhance the SERS activity. As suggested
by the electromagnetic simulations, deposition of nanoparticles
mostly within the first 14 ym from the surface is important in
achieving enhanced SERS response. Furthermore, DFT
calculations provided further insight regarding the favorable
orientation and binding site of perchloric acid molecules as they
attach to silver nanoparticles, the Raman band positions and
associated Raman-active modes, as well as understanding of fine
details of analyte—metal interaction and its effect on the
chemical enhancement.

We believe that our approach provides an efficient pathway
to the rational development of open nanoporous designs, which
can allow the detection of trace concentrations of not just
known Raman markers, but also practical target molecules such
as plastic explosives, hazardous chemicals and gases, and
biomarkers with low Raman cross sections.
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