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DOI: 10.1039/x0xx00000x The calculation of the SERS enhancement factors (SERS-EF) is one of the most important

parameters that characterize the ability of a given substrate to enhance the Raman signal for
SERS applications. The comparison of SERS intensities and SERS-EF values across different
substrates is a common practice to unravel the performance of a given substrate. In this study,
it is shown that such a comparison may lack significance if we compare substrates of very
distinct nature and optical properties. It is specifically shown that the SERS-EF values for
static substrates (e.g. immobilized metallic nanostructures) cannot be compared to the dynamic
ones (e.g. colloidal metal nanoparticle solutions), and that the optical properties for the latter
show strong dependence on the metal-molecule interaction dynamics. The most representative
experimental results concerning the dynamic substrates have been supported by Generalized
Mie Theory simulations, which are tools used to describe the substrate complexity and the
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microscopic information not usually taken into account.

1. Introduction

The discussion over the enhancement of the effective cross-
section Raman Scattering observed in the SERS effect has been
a source for several arguments over the literature'™ which have
resulted in a long series of works with several different
procedures for the Raman Scattering Enhancement
quantification, the so-called SERS Enhancement Factor (SERS-
EF). Le Ru and Etchegoin have formulated a very important
discussion on the different methods to calculate the SERS-EF.
The reported methods in that work can be used in several
complexity levels, varying from simple calculations on the
change in Raman intensity in the presence of nanostructures to
procedures that take into account the available area of
plasmonic nanoparticles and the effective number of adsorbed
molecules that contribute to the SERS-EF.

The SERS-EF has been used by several research groups in
order to characterize the performance of the SERS substrates.®
The development of new substrates results in the need to
compare them to others already known in the literature. The
SERS-EF evaluation is considered a powerful tool for inter-
experimental comparisons. It is noticeable, however, that the
SERS substrates have been prepared in several different ways
as nanolithographic structures,” nanostructures immobilized
on solid supports,'® solid electrodes'' and nanoparticles in
suspension.'> > Some of these substrates reach the necessary
condition to work in a single-molecule SERS regime.'*'” One

This journal is © The Royal Society of Chemistry 2013

can easily notice that the new substrate research is a relevant
topic in the SERS because it paves the way to platforms where
the responsive signal is spatially huge and homogeneous. This
ultimately turns the SERS into a routine technique to detect and
characterize adsorbates as drugs, dyes, conducting polymers,
agrochemicals, cancer related proteins, among others present in
sub-trace levels. Many SERS research communities have made
great efforts to work under this condition.'®?

It is important to notice that in the literature, there are
different methodologies leading to a wide range of SERS-EF
with the same experimental results and a large range of values
for various types of substrates. The reported SERS-EF values
have spun from 10° to 10'*. Nonetheless, such deviation not
only reflects the variety of SERS substrates but also points to
the need for systematization in the experimental measurement
to the SERS-EF and its correct application.

In the present work, the SERS-EF for several substrates is
presented such as roughened electrodes (AuEle), fixed Au
nanotubes (AuNT), Klarite® and spherical nanoparticle
suspensions (AuNS). Also in discussion is the application
viability of the SERS-EF measurement for a wide range of
SERS substrates as a relative performance criterion. It is shown
that it is not recommended to use SERS-EF to directly compare
static substrates like AuEle and AuNT, i.e. immobilized
metallic nanostrucutures, to dynamic ones (colloidal AuNS)
whose optical properties and therefore SERS performances
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depend on the nanoparticle interaction dynamics sensitive to a
particular experimental condition. The experimental results for
the dynamic substrates have been simulated using generalized
Mie Theory calculations as a tool to obtain a microscopic view
of the systems.

2. Experimental Section

2.1. Chemicals

Purification of 4-mercaptopyridine (4MPy, 95%, Sigma-
Aldrich) was performed by recrystallization from ethanol (95%,
Nuclear, Brazil), and the SERS experiments used freshly
recrystallized 4MPy in order to avoid probe-molecule
degradation. All aqueous solutions were prepared employing
deionized water (18.2 MQ cm). KCI (99.5%, Merck), HAuCl,
(99.9%, Plat-Lab, Brazil), sodium citrate dihydrate (99+%,
Sigma-Aldrich) and dichloromethane (99.5%, Synth, Brazil)
were used without further purification.

Porous polycarbonate membranes (PCM, Sterlich) with
nominal pore diameter (®) of 50, 100, 200 and 400 nm were
purchased from Sterlitech Corporation. Gold target 99.9% was
purchased from Plat-Lab, Brazil. The electrochemical system
consists of 0.4 cm diameter gold electrode (99.99%, Plat-Lab,
Brazil) as working electrode inserted in a Teflon® matrix,
platinum wire (0.50 mm diameter, 100%, Plat-Lab, Brazil) as
counter-electrode and Ag(s)|AgCl(s)[KCl(sat) as reference
electrode. Klarite® substrate was used as received.

2.2. Equipment

Scanning Electron Microscopy images were obtained on a
JEOL JSM-7401 F-Field Emission Scanning Electron
Microscope and a JEOL NeoScope JCM-5000. The Au
sputtering system consists of an Edwards Scancoat Six and a
quartz microbalance Edwards FTM6. The electrochemical
roughening of Au electrode was performed on an AUTOLAB
PGSTATI101 potentiostat/galvanostat.

The SERS and Raman experiments were performed in a
Renishaw InVia Reflex coupled to a Leica DM2500M
microscope, He-Ne excitation laser line at 633 nm, diode laser
with emission at 785 nm and water immersion objective lens
with 63x magnification, NA = 0.9. For the 633 nm the confocal
area was measured as 1.0 umz (Aconp) and the confocal volume
of 14.6 pm?® (V,4n9) using a method proposed in the literature.?

2.3. SERS substrates preparation and spectra acquisition

Au nanospheres (AuNS) were synthesized employing a
methodology proposed by Frens?’ and it has been measured a
LSPR band maximum at 528 nm, a diameter of 45+5 nm and a
AuNS cm™.*® For the SERS
experiments, a desired concentration of the probe solution (10,
1.0 or 0.1 x10~ mol L' for regular SERS-EF comparison, and
20, 40 or 60 x10° mol L
concentrations) and the aggregation agent (KCl solution to final
concentration of 1.0x10~ mol L") were added to the AuNS
suspension. For the SERS-EF measurements, 350 spectra were

concentration of 3.4x10'2

for investigation in low

2| J. Name., 2014, 00, 1-8

sequentially obtained to each concentration after 5 min of
sample preparation. For the investigation in low concentration,
100 spectra were averaged. The laser power at sample was
constant at 8.0x10* W cm™.

The Au electrode (AuEle) cleaning was performed through
immersion in a KMnO, solution for 1 h followed by rinsing
with deionized water and immersion in piranha solution for 10
min then washing thoroughly with deionized water. After the
cleaning procedure, the AuEle was mechanically polished and
washed abundantly with deionized water. The SERS activation
of the electrode consisted in oxidation-reduction cycles (ORCs)
performed in 0.1 mol L™ KCl aqueous solution: 2 cycles in the
—1.20 V to +1.15 V range and 20 cycles in the —0.20 V to +1.15
V range, both at scan rate of 100 mV s™' (Figure S1 A).2% %30

The active surface area for the AuEle was determined
through cyclic voltammetry in the range from —0.3 V to +1.5 V
starting from 0 V at a scan rate of 100 mV s in 0.5 mol L
H,SOy4(aq) solution (Figure S1 B), following Trassati and
Petrii’s procedure.’’ The roughening factor obtained was R =
1.83 (see details of the measurement of R in the Supporting
Information file).

After the ORCs, the electrode was thoroughly rinsed with
deionized water and immersed in a 0.1x107 mol L' 4MPy
solution for 5 min. The surface modified electrode was
abundantly washed with deionized water and kept immersed in
deionized water during SERS spectra acquisition.

The procedure for obtaining Au nanotubes (AuNT) built on
thin-Au employing track-etched
membranes (PCM) method has been reported previously.’

films polycarbonate
Briefly, a 100 nm Au film was sputtered on one side of a PCM
with the desired pore size, with plasma pressure of ca. 0.2 mbar
and two different applied potentials: 0.75 (initial 5 nm
deposition) and 1.25 kV (for deposition up to 100 nm). After
Au sputtering the gold deposited side of the membrane was
immobilized on a copper tape. The PCM template was then
removed by successive exposure to CH,Cl, (Synth, Brazil); the
final films presented a greenish coloration. The AuNT and
Klarite® substrates underwent the same 4MPy adsorption
procedure as described for AuEle.

The SERS-EF for the static substrates were calculated based
on an average over several spectra obtained in the SERS
mapping of each substrate: 121 spectra for the AuNT, 120
spectra for AuEle and for Klarite® it was averaged based on
440 spectra.

2.4. Computational Simulations

GENERALIZED MIE THEORY. The plasmonic properties of gold
nanospheres (AuNS substrate) were simulated in the formalism
of the Generalized Mie Theory (GMT), by using the GMM-
field code.’* In such simulations, it has been used the
experimental values for the dielectric function of Au obtained
from the Johson and Christy compilation.*

This journal is © The Royal Society of Chemistry 2012
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3. Results and Discussions

3.1. SERS Spectra

Figure 1 shows the SERS spectra of 4MPy adsorbed on
different SERS substrates (AuEle, AuNS, Klarite® and AuNT)
in comparison to the normal Raman spectrum of 4MPy in
aqueous solution. Additional SEM images of AuNT may be
found in the SI file (Figure S2). For each experiment, the only
parameter that has been changed is the nanostructure shape of
all substrates, which is responsible for the Raman signal
enhancement. The changes in the SERS spectra and
enhancement factors when comparing different substrates are
directly related to the changes in surface plasmon resonance
conditions which are dependent on the shape of the
nanostructures. Therefore, in Figure 1, it is also shown a SEM
image for each substrate depicting characteristic morphological
properties for the investigated nanostructures.
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Figure 1. Average SERS spectra of 4-MPy 1x10” mol L™ in different Au substrates
and their respective SEM images. Raman spectrum of the bulk 4MPy is present in
the bottom of the figure. Ao= 633 nm.

All SERS spectra in Figure 1 show changes in relative
intensities and observed frequencies relative to the normal
Raman spectrum of 4MPy, which is expected due to molecule
chemical adsorption on Au surfaces. The 4MPy adsorption on
the Au surface has caused a shift of the band (vcc grigonal /Ve=s)
from 1114 cm™ in the normal Raman spectrum to ca. 1090 cm™
in all SERS spectra.

Of all SERS spectra, the 4MPy spectrum on the AuNS
substrate is the one that most resembles a normal Raman
spectrum. Nevertheless, it presents a slightly smaller relative
intensity between the bands at ca. 1000 cm’! (Vee, ring breathing)
and 1200 cm’! (Bcu/dnn) than the ones observed in normal
Raman conditions. This behavior is due to the plasmon

This journal is © The Royal Society of Chemistry 2012
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coupling field profile which originated from the aggregation of
AuNS. This subject will be later discussed in this paper.

On the other hand, the SERS spectra for immobilized
metallic nanostrucutures such as AuEle, Klarite® and AuNT
have presented very similar relative intensities. There is a small
difference in the SERS spectra for AuNT. The ring breathing
mode has been observed at ca. 1016 cm™ in contrast to at 1000
cm! for the other two substrates. This variation had earlier been
attributed to different adsorption geometry.” ' %7

Therefore, in order to compare the different abilities of the
substrates to enhance the Raman signal, the EF have been
calculated using a band at ca. 1090 cm™, which presents the
smallest change in relative intensity among the substrates. In
the next section, the calculated EF for each substrate will be
presented taking into account the results obtained on Figure 1.

3.2. SERS Enhancement Factor and related quantities

Equation 1 below has been used to calculate the EF 2

Isers /
NSERS
— (€Y

EF= I
bulk /N

bulk

where Iggrs and Iy are the intensities of a given SERS and
Raman bands respectively, and Nggrg and Ny stand for the
number of scatterers in the SERS and Raman spectral
acquisitions respectively. Ny, has been determined in the same
the SERS
experiments, except for the absence of metallic surface, and its

experimental conditions as those used for
value solely depends on the concentration of solution and the
objective confocal volume (V). Differently, Nggrg is related
to the number of probe molecules adsorbed on the metallic
substrate, and it is obtained considering the SERS-active
surface coverage (I') on the objective confocal area (A, for
static substrates, or on the confocal volume (V) for dynamic
ones.

Regarding the EF values for distinct substrates, special
attention has been paid to the difference between their
morphologies in order to have the proper correction factor for
Nggrs aiming to solely consider the molecules that effectively
contribute to the SERS enhancement.

For the AuNS system, which is the dynamic substrate in this
study, Nggrs in Equation 1 has been obtained considering
previous works where the concentration limit for the adsorption
of a 4MPy monolayer on a flat Au surface coverage at 1.0 x107
mol L' has resulted in I' = 4.7x10™' mol cm™.3% *° Taking into
account the concentration of AuNS (3.4x10' AuNS cm™ or
5.6x10° mol AuNS L), the Vons (14.6 pm®) and the average
diameter of the AuNS (45+5 nm), the total available surface
area of the AuNS has been estimated as 2.86x10” c¢cm? inside
Veont.2® The Ngpgs for 4MPy adsorbed in the first monolayer on
the AuNS is 8.97x107° mol L' and therefore, in this study, there
has been an excess of 4-MPy in the solution, assuring the
complete surface coverage of the AuNS. In fact, the average
SERS-EF of 4-MPy on AuNS for different concentrations has
similar values (Figure S3 A and Table S1).
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For static substrates, a correction factor for the A ,s should
be considered because the SERS active surfaces are not flat.
The correction factor must take into account an effective
illuminated area during the SERS experiment due to a different
topography of the substrates under the laser spot. For instance,
the surface area of the AuEle after the ORCs procedure has
resulted in a roughness factor (R) of 1.8, which means that the
activated AuEle presents a real area 180% larger than a flat
electrode.

Besides the morphology of the AuNT, the substrate non-
uniformity, due to a disorganized built-up template, has been
corrected considering the density of AuNT (daunt) in the Agonr
Based on several SEM images over the surface of the AuNT
substrates, da,nt has been estimated as 6, 4, 1.5 and 0.7 pum™
for PCMs with diameters (®) of 50, 100, 200 and 400 nm
respectively. The Nggrg has been obtained by the product of the
number of scatterers under the laser spot (A ,xXI") corrected by
the number of SERS enhancing structures (Acone<daunt)-
the Klarite® presents high
morphological homogeneity over a large area with pyramidal

Distinctively, substrate
indents which are the SERS-active spots for the substrate. Its
estimated microstructure density (dys) is 2.5 um™ when several
SEM images are obtained. The SERS spectra obtained as a
function for the focus depth (1.5 pm deep into the focused
on the SERS
performance and consequently on the SERS-EF. This has
in height throughout the
measurement is smaller than the confocal height (H.,,, = 14.6

beam) have presented subtle differences

occurred because the change

um); therefore, only the spectra obtained under focused beam
have been considered to calculate the SERS-EF.

Based on the SERS spectra shown in Figure 1, Table 1
presents the SERS-EF as well as the correspondent standard
deviation for 4MPy adsorbed on each substrate. In order to
analyze such data, the relative SERS performance of the AuNT
substrates will be discussed (in terms of EF values and their
the substrates whose
performances are extensively studied, such as AuEle, AuNS,

spatial dispersion) in respect to
which present strong enhancing characteristics and are capable
of single-molecule detection (especially AuNS), and Klarite®,
a substrate with high reproducibility for SERS intensity
characteristics.

The data in Table 1 indicate that the greatest SERS-EF has
been obtained for AuNT (®=400 nm) in comparison to the
other substrates, whose values are extremely higher if
compared to the dynamic substrate (AuNS). A very important
result from Table 1 relies on the EF dispersion. The values
obtained for the standard deviation for AuNT substrates are less
than 50% the average SERS-EF, which is similar to the
experimental situation observed for Klarite®.

The highest SERS-EF for AuNT among the presented
substrates is actually expected considering the existence of a
large number of hot-spots on the mapped area (such as the ones
formed by the coalesced 400 nm AuNT shown in the SEM
image in Figure 1). On the other hand, Klarite® is an organized
substrate with no strong hot-spots in the SERS mapped area,

which leads to a significantly smaller SERS enhancement. The

4| J. Name., 2014, 00, 1-8

AuEle is a highly disorganized substrate having a wide range of
structures, some with LSPR at the laser wavelength which
contribute to high SERS-EF values, and others very far from it
which contribute to very low EF values. This broad range of
LSPR resonances is the most probable origin for the observed
high values of standard deviation in the SERS-EF in Table 1.

Table 1. SERS-EF values for 1.0 x10? mol L' 4MPy on gold substrates on
the basis of the vcc,rigonal/Ve=s Vibrational band at 1090 cm™,

SERS substrate EF+c/10°
AuEle 39+73
AuNS* 1.4+0.14
AuNT @ 50 nm 58+0.8
AuNT @ 100 nm 7.8+3.0
AuNT @ 200 nm 2011
AuNT @ 400 nm 120 £ 50
Klarite 42+2.0

* AuNS EF value on the basis of the band at 1000 cm™.

Although, apparently, it has been possible to justify the EF
values, intriguing data has been obtained: the very low EF
value of AuNS. It can be noticed that in the comparison among
substrates, a fundamental point has not been taken into account:
the resonance between the excitation radiation and the LSPR.
The comparison of substrates is not considered “fair” because
they present very distinct optical properties, for instance, in
terms of the LSPR resonance position. In order to emphasize
this point, the extinction spectra of AuNT and AuNS will be
discussed. For instance, Figure 2 presents the Kubelka-Munk
spectra for the AuNT substrates for different values of ®.

The extinction band in Figure 2 near 500 nm observed in all
AuNT samples has a great absorption contribution due to the
rough gold film on which they are grown in addition to the
LSPR of the AuNT. Therefore, the discussion will rely solely
on the bands at longer wavelengths, which correspond to the
localized surface plasmon resonance for the AuNT on the
samples. For pore diameters ®=200 nm and 400 nm, the
samples present plasmon resonance very close to the laser
excitation wavelength in the SERS experiments (633 nm),
especially for @ 400 nm. Therefore, such substrate, whose
optical properties are in resonance with the incident laser,
should present better enhancement properties as indeed
observed experimentally in Table 1.

This journal is © The Royal Society of Chemistry 2012
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Figure 2: Kubelka-Munk spectra of the substrates generated by gold deposited
by sputtering inside the PCM pores of different diameters (®), deconvoluted
extinction bands in light grey lines and Au interband transition in blue dashed
lines. (Adapted from reference 9)

3.3. AuNS LSPR behavior towards 4MPy aggregation

The most surprising result is the very small SERS-EF value
measured for the AuNS substrate. It is well known that such
substrate is capable of single-molecule SERS detection,*" #!
which does not seem to be in agreement with the SERS-EF
results.
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addition of KCI (which promotes aggregation) and 4MPy. One
can clearly see that the AuNS aggregate in such a way that a
new plasmon resonance band appears in the extinction
spectrum close to 800 nm. Note that after 5 min of addition of
KCl and 4MPy, the extinction spectrum maintains
approximately the same shape. The very same behavior has
been observed for 1.0x10° mol L and 1.0x10* mol L
(Figure S3 B). This is the reason for the low EF values obtained
by this substrate under excitation wavelength at 633 nm, which
emphasizes that the comparison of SERS-EF between AuNT
and AuNS is somewhat meaningless for such experimental
conditions, because the plasmon resonances for AuNS are very
far from laser excitation wavelength.

Additional experimental conditions have been investigated
in low concentrations of 4MPy as a strategy aiming at a better
understanding of the SERS enhancement in the AuNS
substrate. It is well known that the formation of clusters of
AuNS in suspension depends on the KCI concentration as well
as the concentration of 4MPy,*> which adsorbs on AuNS
surface displacing the stabilizing citrate layer and changing the
particle surface charge. In that sense, the formed AuNS clusters
may present a redshift or a new band in the LSPR spectra,
which can result in the plasmon resonance being very far from
the laser excitation wavelength. To study that behavior, SEM
experiments have been performed on AuNS aggregated with
KCl and 4MPy in nanomolar concentration (SEM images of 60
nmol L' in Figure 4 and in concentration range from 20 to 60
nmol L' in Figures S4-S6). Simulations have also been made
by the GMT for different aggregates of AuNS, presented in
Figure 5 for linear arrays of nanostructures separated by a gap
distance of 1 nm.

0.4 . "
Time / min
g — 0
= | —C— 5
=0.2 60
..>.<a —str—
1]

0.0
400

500 600 700
Wavelength (nm)

Figure 3: Extinction spectra of AuNS before (solid line) and after (different times)
addition of 1.0x10% mol L™ 4MPy and KCI 1.0x10° mol L.

800

Figure 4: SEM image for the AuNS substrate after aggregation with 4MPy
(60 nmol L'1). The nanostructures have been deposited on a silicon wafer for the
image acquisitions.

Since SERS
performances, common sense would be to keep the same

we are comparing different substrate
experimental conditions in terms of probe molecule and
instrumental setup conditions. Such approach has resulted in a
very small SERS-EF for the AuNS substrate. Figure 3 shows

the extinction spectra for the AuNS colloid before and after the

This journal is © The Royal Society of Chemistry 2012

A linear array is the chosen model for the aggregation
dynamics of colloidal solutions. If the nanoparticles still have
surface charges, there is a large probability of forming
approximately linear aggregates to diminish electrostatic
repulsions, as can be observed by the Monte Carlo simulations
based on DLVO theory and are presented as supporting
information (see the Supporting Information file). Therefore,

even though the model does not exactly match the experimental

J. Name., 2014, 00, 1-8 | 5
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SEM, it is still a good approximation to describe the optical
properties of small and large clusters in such a system.
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Figure 5: Simulated extinction spectra for different numbers of AuNS in a linear
array.

In Figure 5, one can see that the dipolar coupling surface
plasmon resonance wavelength redshifts as the number of
AuNS increases in the aggregate, as expected. For small AuNS
aggregates, it is possible to observe plasmon resonances closer
to the laser excitation (633 nm) as in the case of dimers, for
instance. However, the maximum wavelength for such a
plasmon resonance approaches an asymptotic limit of 800 nm
in aggregates with a large number of particles. This maximum
value is approximately the same as observed experimentally for
LSPR of AuNS in the presence of 4MPy and KCl in Figure 3
and, hence, the linear array of particles separated by gap
distance of 1 nm is a good approximation to describe the
experimental results.

A proper comparison between AuNT and AuNS substrates
happens for the latter and is constituted mostly by dimers, a
condition that is not simple to achieve experimentally, and
which is far from the experimental observations in Figures 3
and 4. However, the experimental conditions for 4MPy
concentration can be tuned in such a way to result in a higher
probability of having dimers than the other aggregates. Keeping
that in 4MPy
concentrations (20, 40 and 60 nmol L) have been performed.

mind, experiments with much lower
Such concentrations are at the same order of magnitude as the
concentration of AuNS present in the colloidal solution (56
nmol L' AuNS). The extinction spectra and SERS for the
mixture AuNS + 4MPy + KCI (1.0x10~ mol L") as a function
of 4MPy concentrations are presented in Figure 6.

It can be observed in Figure 6A that along with the 532 nm
LSPR band, there is an emerging band at a larger wavelength as
the 4MPy concentration increases. These bands are assigned to
single and aggregated nanoparticles, respectively. The change
in the LSPR spectra of AuNS with the addition of 4MPy has led
to higher SERS intensities at 785 nm (Figure 6B).

The LSPR spectrum for the system 4MPy (20 nmol L") +
AuNS (Figure 6A) has not presented an additional band other

than the maximum extinction of the AuNS at 532 nm, which

6 | J. Name., 2014, 00, 1-8

does not present any shifting, suggesting that most of the
particles are not aggregated (Figure S4). At such a low
concentration, small aggregated AuNS may be formed but the
extinction spectrum does not have enough sensitivity for the
changes. A new extinction band arises above 800 nm as the
concentration of 4MPy increases to 40 nmol L' due to the more
evident formation of aggregated AuNS (as can be seen in
Figure S5), which increases even more for 60 nmol L' of
4MPy (Figure S6 and 4). It is worth mentioning that even at

such low concentrations, the extinction bands have not
increased in the region around 633 nm.
(A (B) Aepe =633nm A, =785 nm
S [4MPy] 60 nmol L
© __ 60nM %M‘J\/\
™\ -~ 60 nM deconvoluted
'} —40nM o
. \—20nMm :
g T = 40 nmol L
= c
g & £ [ }“"A“‘l\h’ / \
g S ot WL
w -1
20 nmol L
B [2 ctsls [25 ctsis
W"MMW’WMWW AN A

1000 1250 1500 1000 1250 1500
Wavenumber (cm-)

500 600 700 800 900 1000
Wavelength (nm)

Figure 6. (A) Extinction spectra of AuNS suspension with 4MPy in comparable
concentrations (green dashed line: curve-fit for a band representing AuNS
aggregates, vertical dashed lines represent the maximum extinction at 532 nm
for monomeric AuNS and the SERS laser wavelengths at 633 and 785 nm); (B)
SERS spectra of 4MPy in AuNS suspension under 633 nm and 785 nm excitation
lasers.

Thus the SERS spectra excited at 633 nm (Figure 6B), as
expected, have presented a low magnification of the Raman
signal of 4MPy adsorbed on disperse AuNS, whereas the 785
nm excitation presented a much larger SERS enhancement,
even for 4MPy concentration of 20 nmol L. This suggests that
upon 4MPy addition to the colloidal solution, the local
concentration of the probe molecule can be higher than the
expected final concentration,* a situation that leads to a higher
degree of exchange between 4MPy and citrate on the
nanosphere surface, facilitating the aggregation of the
nanospheres, whose evolution is easily verified in the SEM
micrographs in Figures S4-S6 (see Supporting Information).

This interpretation can be further reinforced by the shape of
the SERS spectra under excitation at 633 and 785 nm laser
wavelengths. For 633 nm excitation, in comparison to 785 nm,
it is possible to observe SERS spectra with higher relative
intensities for the bands at ca. 1600 cm™ in respect to the bands
at ca. 1000 cm™. This result suggests an influence of the local
field enhancement factor resonance position affecting the
relative intensities on the SERS spectra.

For the sake of reinforcing the interpretation above, Figure
7 presents the results of GMT simulation for a given set of
aggregates obtained in a Monte Carlo simulation of AuNS in
the presence of ions (see Supporting Information) for two
wavelength excitations, 633 nm (Figure 7A) and 785 nm
(Figure 7B).

This journal is © The Royal Society of Chemistry 2012
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Figure 7. Local electric field enhancement factor maps simulations for 633 nm (A)
and 785 nm (B) for a set of aggregates observed in Monte Carlo simulations. The
enhancement factors have been calculated by the product of the square of the
local field enhancement at two wavelengths: incident wavelength and a
wavelength shifted by 1000 cm™ from the incident. (C) EF profiles for
wavelengths shifted from the incident wavelength in the range 0 to 1800 cm™ for
the points marked (i) and (ii) in (A) and (B). The black and red curves correspond
to the EF profile for incident wavelength at 633 nm and 785 nm, respectively.

The local field enhancement factor (EF) maps in Figure 7
show that small aggregates (such as dimers and trimers) lead to
a higher contribution to field enhancement for excitation at 633
nm than at 785 nm. It is also possible to observe that for some
spheres in the
simulations), some regions of the structure (marked by a white
dashed ellipse in Figure 7A) may present a higher contribution
to the SERS signal for 633 nm than for 785 nm. Therefore,

large aggregates (as the ones with 12

This journal is © The Royal Society of Chemistry 2012
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even though the experimental extinction band spectrum has not
shown any maximum extinction at such wavelength in Figure
6A, the increase in the 4MPy concentration leads to the
formation of clusters that may present strong local field
enhancements at 633 nm, hence contributing to an increase in
the SERS intensity for such wavelength, as observed in Figure
6B. This result further highlights the complexity for the
comparison of SERS-EF for a fixed substrate and a dynamic
substrate like AuNS, for which there may exist a much broader
distribution of local field enhancement resonances.

In Figure 7C, there is the EF profile values in the SERS
spectrum range for the hot spot marked as (i) and (ii) in Figures
7A and B, respectively. The EF profile for 785 nm shows a
much larger enhancement for 785 nm in the low frequency
range, whereas for 633 nm, the observed enhancements are
higher for the high frequency region of the SERS spectrum,
which is in accordance to the ones observed in Figure 6B. It
should be noticed that this model has not aimed to simulate the
exact experimental conditions but rather to draw attention to the
fact that the SERS intensities and therefore the EF values
depend upon the local field properties of the nanostructures as
well as on the local field distribution on each particle. For
AuNS, a dynamic substrate, this local field distribution may be
very complex and show strong dependence on the experimental
conditions.

Conclusion

The preparation of a new substrate for SERS applications is
usually accompanied by a comparison of its performance in
relation to well-established SERS substrates like colloidal
AuNS. Its quality as a good SERS substrate relies on the
comparison among the SERS-EF values. In the present work,
the lowest SERS-EF has been measured for AuNS (in the order
of 10%) under the same conditions as the ones used in the SERS-
EF evaluation for different static substrates (milimolar
concentration of 4MPy). The low SERS-EF measured for
AuNS is associated to the generation of aggregates with many
nanoparticles due to the high concentration of 4MPy causing
the plasmon resonance to be far from the laser excitation
wavelength. However, even when additional experiments under
concentrations have been performed (nanomolar
concentration of 4MPy) aiming at forming the smallest possible
aggregates and verifying whether the low SERS-EF for AuNS
has been caused by the high concentration conditions, the larger
SERS-EF has been obtained under 785 nm excitation rather
than 633 nm. Therefore, it can be confirmed that, in spite of
lower concentrations, the employed probe is still capable of
promoting the aggregation of AuNS.

The present work shows that this type of comparison may
not be a good performance analysis criterion in the case of a
dynamic substrate as the AuNS. The reason for this originates
from the dynamic nature of the AuNS substrate, i.e., the simple
addition of the probe molecule (the smallest possible
concentration) may promote striking changes on the
aggregation state of the particles in solution and, therefore, on

low
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the substrate’s optical and near field properties. The variation
after the addition of 4MPy is due to the strong chemical
interaction with AuNS, a situation that favours the exchange of
the stabilizing citrate layers and reduces the colloidal stability
allowing for aggregation to happen.

The experimental SEM images and SERS in the nanomolar
range along with the GMT results have indicated a condition
that enables a reasonable comparison between AuNT and
AuNS substrates. If the latter were constituted mostly of dimers
and trimers, the plasmon resonance would be measured in the
same regions as the AuNT substrates and the SERS-EF would
be set by the plasmonic properties of the aggregate. This
condition is not easily achieved experimentally. The commonly
used AuNS suspensions do not fulfil this condition.

The present work’s main purpose is to show that by keeping
the same experimental conditions for the two experiments (the
static and dynamic substrates), the addition of the probe-
molecule will induce a striking aggregation of the particles for
the dynamic substrates and, therefore, a striking change on that
substrate’s optical properties and SERS performance.

Furthermore, a proper comparison among SERS substrates
may only be made if the optical properties, translated by the
localized surface plasmon resonance wavelength, are the same.
This situation is not simple to control experimentally in the case
of a dynamic substrate such as AuNS. This difficulty makes the
comparison among the SERS-EF values for static and dynamic
SERS substrates meaningless.
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