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ABSTRACT: Surface-enhanced Raman scattering (SERS) allows for the
vibrational spectroscopy study of a very small number of molecules,
especially those located in the gap region separating two metal surfaces,
where near-field enhancements are considerably large�the so-called
SERS hot spots. The small number of molecules in the very localized hot
spots permits the study of fundamental properties associated with SERS,
such as the effect of plasmonic coupling on near-field enhancements. The
engineering of hot spots can be achieved through molecular junctions.
The careful analysis of the effects of hot spot shape and molecular
conductances is of paramount importance for the correct interpretation of
experimental results and the design of composite systems (nanoparticles
and molecular junctions) for different experimental applications. In this
work, we investigate these parameters for Au nanospheres and Au
nanorods connected to a Au film by oligophenylenedithiol (OPD) molecules of different sizes. Our study permits the interpretation
of hot spot shape (created by different nanoparticles) and molecular bridge conductance effects on SERS intensities as a function of
gap size.

■ INTRODUCTION
Surface Enhanced Raman Scattering (SERS) is a widely used
spectroscopic technique that is approaching its 50th year since
the original observation.1 In SERS, the inelastically scattered
radiation by a probed molecule has its intensity enhanced by
several orders of magnitude in comparison to normal Raman
scattering. This effect is a result of the close proximity of
molecules to nanostructured plasmonic metal surfaces such as
gold and silver.2−5 The near-field enhancements are especially
pronounced in the gap between metal surfaces with coupled
plasmonic modes, and such regions are usually referred to as
hot spots.3,6−8 The presence of such spots in a given SERS
substrate allows for the analytical detection of ultralow analyte
concentrations, even at single-molecule detection limits.9−16

Besides such analytical power, it has been demonstrated that
SERS signals can be used as a tool to investigate the plasmonic
properties of metal nanoparticles, such as the field enhance-
ment resonances6,15 and their associated local statistical
distributions,17−19 the temperature effects due to plasmon
relaxation,20−22 plasmon modes interferences,23−27 and charge-
transfer plasmon modes.28−30

A key feature in SERS is the hot spot engineering. In the
case of nanoparticles, the simplest approach is the use of
molecular junctions bridging the gap between metal surfaces.

The use of molecular groups that strongly interact with metal
surfaces can be an efficient way of producing controlled hot
spots. For example, the use of oligophenyleneimines (OPI)31

or oligophenylenedithiols (OPD),32 like benzene-1,4-dithiol,
can be explored, which have been widely studied as molecular
junction due to the possibility of creating a bridge between two
metallic contacts.

The use of OPI or OPD molecules is of great importance for
investigating the SERS properties of hot spots due to the
possibility of controlling the gap size by changing the number
of phenylene groups.31 Such an approach allows for
experimental control of hot spot properties to extract relevant
information related to the fundamental properties of SERS.
One SERS substrate that can be produced by the combination
of metal nanoparticles and OPI (or OPD) is the nanoparticle-
on-mirror (NPoM) construct, which consists of a plasmonic
nanoparticle placed onto a metallic flat surface.30,33−35 In this
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case, the junction can be created by molecular self-assembly
prior to nanoparticle deposition.

Recently, we investigated the effect of controlling the gap
size in the MPoM configuration by depositing gold nanorods
(AuNR) on a gold flat surface.31 The gap sizes in such systems
were created using OPI of different sizes, ranging from
approximately 2.2 nm up to 9.9 nm. Classical electrodynamics
simulations based on DDA (discrete dipole approximation) for
each MPoM showed that the excitation of the longitudinal
plasmon mode within the AuNR leads to coupling with the
underlying Au flat surface through an image-dipole interaction,
which allows for concentration of field enhancements in the
gap, thereby enabling strong SERS enhancements of OPI
molecules. The simulated data were in good agreement with
the experimental SERS intensity profile, indicating nearly
constant SERS intensities for OPI molecules with 3−5
phenylene groups, followed by a steep decrease in intensities
for longer gap sizes. However, the pure classical approach was
not able to fully capture the observed intensity profile for the
smaller OPI molecules, which showed an increase with the
number of phenylene groups.

Cui et al.30 and Benz et al.29 demonstrated that the increase
in molecular conductance leads to a blueshift of the observed
plasmon resonance in NPoM systems composed of Au|OPD|
gold nanospheres. The blueshift is argued to occur due to the
formation of a charge transfer plasmon (CTP), where the
molecular bridge allows for the charge associated with the
plasmonic waves to be transferred between the nanoparticle
and Au flat surface.

In this work, we explore the possible effect of charge transfer
between metal surfaces on the SERS properties of NPoM
systems with small conductive bridges. The investigated
configurations were chosen to be of the type Au flat|OPDn|
AuNP, where the AuNP (Au nanoparticle) geometries
considered are Au nanospheres (AuNS) and Au nanorods
(AuNRs). Three conductive bridges were considered with
varying numbers of phenylene groups (n in OPDn): n = 1
(OPD1), n = 2 (OPD2), and n = 3 (OPD3).

■ METHODS
AuNR Synthesis. AuNR synthesis was performed following

the protocol described by Scarabelli et al.36 A seed solution was
prepared at 29 °C by adding 25 μL of a 50 mM solution of
HAuCl4·3H2O in 10 mL of a cetyltrimethylammonium
bromide (CTAB) solution at a concentration of 100 mM.
The mixture was left under stirring for 5 min. Then, 300 μL of
a freshly prepared 10 mM NaBH4 solution was added under
vigorous stirring. The resulting seed solution showed a pale
brown color.

The growth solution was obtained by adding 100 μL of a 50
mM HAuCl4·3H2O solution to 10 mL of a CTAB solution at a
concentration of 100 mM. The mixture was left to rest for 10
min at 29 °C. Then, 75 μL of a 100 mM ascorbic acid solution
was added, and the mixture was gently stirred until the color
changed from yellow to colorless. 80 μL of a 10 mM AgNO3
solution was added, and the mixture was gently stirred for a
few seconds. The Ag+ ions block the process of Au growth
along the AuNR diameter, resulting in anisotropic nano-
particles.37 Finally, the growth process of AuNR particles was
performed by adding 120 μL of the seed solution to the growth
solution, leaving the mixture to rest for 30 min at 29 °C.
AuNS Synthesis. AuNS particles were prepared as

described by Perez-Pazos et al.38 Briefly, a seed solution was

prepared with a 20 mL aqueous solution containing HAuCl4·
3H2O (0.25 mM) and sodium citrate (0.25 mM). 600 μL of
NaBH4 (100 mM) was added, keeping the solution under
vigorous stirring for 1 h until the complete decomposition of
NaBH4. The growth solution was prepared by dissolving
CTAB (to a final concentration of 100 mM) and KI (0.3 mg/g
of CTAB), followed by the addition of 204 μL of a 103 mM
HAuCl4·3H2O solution and 294 μL of a 100 mM ascorbic acid
solution. Vigorous stirring was performed after each addition.
The presence of iodide ions at low concentrations inhibits the
growth of nanorods through adsorption on certain crystallo-
graphic faces of the Au nanoparticles from the seed solution.
Finally, the growth process of AuNS was undertaken by adding
75 μL of the seed solution to the growth solution. After this
last step, the mixture was left to rest for 48 h at 29 °C.
Preparation of Au|OPDn|AuNP Substrates. NPoM

systems were prepared by self-assembly of OPDn and AuNP
particles. First, the Au flat surfaces were prepared by deposition
of a 100 nm thickness layer of Au on mica. The Au surfaces
were cleaned using air plasma to remove organic surface
contaminants that may prevent OPDn layer formation. After
the cleaning process, the substrates were placed in a 1 mM
ethanolic solution of OPDn for 24 h at room temperature.
OPD1 (benzene-1,4-dithiol, 99%), OPD2 (biphenyl-4,4′-
dithiol, 95%) and OPD3 (p-terphenyl-4,4″-dithiol, 95%)
were purchased from Sigma-Aldrich. After that, the Au
modified substrates were rinsed with ethanol and horizontally
immersed in diluted (10×) colloidal suspensions of AuNP
particles (AuNR or AuNS) in 1:4 acetonitrile/water mixture
for 24 h to obtain the NPoM systems. It is well-known in the
literature that a small amount of acetonitrile can partially
remove the CTAB bilayer from the AuNP surface.39,40

Characterization. The characterizations of AuNR and
AuNS nanoparticles were performed through transmission
electron microscopy (TEM) using a JEOL JEM 2100
microscope at an accelerating voltage of 200 kV. To obtain
TEM images, the nanoparticles were deposited drop by drop
on a 300 mesh copper grid with Formvar/Carbon coating.

NPoM systems were characterized using a Thermo Fisher
Quanta 650 FEG scanning electron microscope. The images
were obtained with a secondary electron detector (SE) at an
accelerating voltage of 5.0 kV.

SERS spectra were obtained using a Renishaw inVia Raman
microscope equipped with a 100× objective lens with a
numerical aperture (NA) of 0.85 and a diffraction grating with
600 lines/mm. The power of the exciting radiation was
adjusted so that the power in the sample was approximately 2
mW. To acquire the spectra, a mapping was carried out with
dimensions of 20 μm × 20 μm, obtaining a total of 441 spectra
in each scan. The mappings were performed with the grating in
static mode, which allows the collection of spectra in the range
of approximately 900−1750 cm−1. To study the effect of
molecular conductance and gap size, the area under the band
at ca. 1600 cm−1 was measured. All collected spectra were
normalized by the intensity of the Si Raman scattering band at
ca. 520 cm−1 for each incident laser wavelength used (633 and
785 nm). This normalization eliminates interferences from
other factors, such as system alignment deviations or detector
response curves.
Statistical Analysis. The SERS intensities were analyzed

by boxplot, analysis of variance (ANOVA) and Tukey honestly
significant difference (HSD).41 All such statistics and data
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treatment were performed using the R software for statistical
computing.42

Boundary Element Method (BEM). The plasmonic
properties of NPoM systems were simulated using the
MNPBEM17 toolbox developed by Hohenester and Trügler.43

To simulate the effect of the Au substrate on the plasmonic
properties of the nanoparticles, a cylinder was used following
the criterion proposed by Malinsky et al.,44 which was also
used in our previous work.31 Since the metallic surface is
simulated by a cylinder with nanometric dimensions and
presents an optical response, this contribution is constant and
does not compromise the interpretation of the results. For Au|
OPDn|AuNS NPoM systems, the molecular junctions were
represented by a cylinder with a diameter of 2 nm and a height
equal to the length of the OPDn molecule. In the case of
AuNR, a block was used with lateral dimensions equal to the
diameter and length of the rod and a height equal to the length
of the OPDn. The dielectric function of OPDn was simulated
considering the molecular conductance,45,46 while the
dielectric function of gold was taken from Johnson and
Christy’s experimental compilation.47

■ RESULTS AND DISCUSSION
Characterization of the prepared AuNS and AuNR particles is
presented in Figure 1. The experimental extinction spectra
indicate the well-known behavior expected for Au nanospheres,
with a single dipolar plasmonic resonance (black line in Figure
1A), and for Au nanorods, with two plasmonic modes (red line
in Figure 1A): longitudinal (ca. 800 nm), i.e., dipolar
oscillation along the rod’s main axis, and transversal (ca. 500
nm), i.e., along the axis that describes the rod’s diameter.
Interestingly, the modes near 500 nm for both samples present
reasonably narrow bands, suggesting a narrow distribution of
particle size and shape. Further evidence for the successful
synthesis of AuNS and AuNR particles can be obtained from
the TEM images (Figure 1B,1D), which clearly show the
spherical and rod-like shapes. The images indicate that both
syntheses lead to small variations in nanoparticle size and
shape distributions. This is, indeed, corroborated by the

Figure 1. (A) Extinction spectra of AuNS (black) and AuNR (red) colloid samples. (B, C) show the TEM image of AuNS particles and the
diameter distribution, respectively. (D) shows the TEM image of AuNR particles. (E) presents the size distribution for the AuNR length (red) and
diameter (blue).

Figure 2. FT-Raman (1064 nm excitation) for the different OPDn in
solid state: OPD1 (n = 1), OPD2 (n = 2) and OPD3 (n = 3).

Table 1. Conductance Values, G and OPDn Lengthsa

OPDn G/G0 gap (nm)

OPD1 2.13 1.25
OPD2 0.48 1.69
OPD3 0.09 1.87

a =G
h0

2e2
. The data was extracted from Xie et al.45
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distributions of particle sizes extracted from TEM image
analysis, which are shown in Figure 1C,1E. For the AuNR
sample, the two distributions are associated with the AuNR
length (red histogram, average: 38.0 ± 4.3 nm) and diameter
(blue histogram, average: 9.8 ± 1.1 nm). The AuNS sample
presented an average size of 41.6 ± 3.1 nm.

The nanoparticles were used for the preparation of NPoM
systems by deposition onto 100 nm-thick Au films. Prior to
nanoparticle deposition, the Au substrate surface was modified
by self-assembly of OPDn molecules of different sizes
characterized by the number of phenylene groups. In this
work, we explored OPDn with up to 3 groups (OPD1, OPD2,
and OPD3). The inserts in Figure 2 present the molecular
structures of OPD1, OPD2, and OPD3 used in this work.

OPDn molecules are well-known for their properties as
conducting bridges in the gap between two metal surfaces (Au,
for instance).32 We have explored similar systems of
oligophenyleneimines (OPI) as conducting bridges between
a gold surface and AuNR particles.31 In that study, we
observed an increase in OPI SERS intensities with OPI length
for the smallest bridge sizes (up to 3 phenylene groups) and a
decrease with bridge size for larger OPI (more than 5
phenylene groups). Although we were successfully able to
explain the SERS behavior in the long gap size regime, the
increase in SERS intensities for small gaps was not captured by
our computational simulations. In this work, we investigate this
small gap size regime and the effect of nanoparticle shape on
the observed SERS behavior.

Figure 2 shows the experimental FT-Raman (using 1064 nm
excitation laser) as a function of OPDn molecular wire size.

The most intense band in the spectra (1574 cm−1 for OPD1
and 1592 cm−1 for OPD2 and OPD3) is assigned to a ν8da

mode, while the ν1 can be observed at ca. 1090 cm−1.48,49

As it can be observed in Figure 2, the increase in OPDn size
leads to an increase in the relative band intensities for ν8da

and
ν1 modes. We believe this effect is related to the increase in the
number of phenylene groups. Table 1 presents the
conductance values for each OPDn molecule. Interestingly,
the conductance data shows an opposite trend if compared to
the relative Raman intensities for modes ν8da

and ν1.
The SERS spectra obtained at 633 nm excitation for the

different Au|OPDn|AuNP systems, with AuNP being either
AuNS or AuNR and OPDn being OPD1, OPD2, or OPD3,
were collected in mapping mode. The average spectra
(excluding noise-only spectra) are presented in Figure 3. The
data are shown in terms of normalized intensity, where the
most intense spectrum in the entire data set (OPD1, OPD2,
and OPD3) for a given nanoparticle structure (AuNS or
AuNR) was used for normalization.

The gray areas around the average spectra in Figure 3 show
the standard deviations. The results suggest that strong
intensity fluctuations are observed among the SERS spectra
in the mapped area of the Au|OPDn|AuNP systems. This is a
result of local structural changes in terms of AuNP aggregation
state as well as the possible effect of Au substrate surface
roughness. Even though the Au substrate was previously
treated by an annealing procedure to reduce roughness, fractal-
like nanostructures can still be observed on the Au film (see

Figure 3. Average SERS spectra from the mapping at 633 nm excitation for different Au|OPDn|AuNP systems. Each column represents a different
size OPDn: OPD1 (left, orange), OPD2 (middle, purple), and OPD3 (right, green). The gray shadow represents the standard deviation from the
average spectrum. The two rows indicate different AuNPs: AuNS (first row) and AuNR (second row). The intensities are normalized by the most
intense spectrum in the entire data set for a given particle shape.
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scanning electron microscopy images of the Au|OPDn|AuNP
systems in the SI file).

The use of 785 nm excitation (Figure 4) leads to similar
results as those in Figure 3, albeit with a lower total SERS
intensity. Another difference between 633 and 785 nm
excitation results is the overall change in relative intensities
for modes ν1 and ν8da

. For instance, at 633 nm, the intensity for
the ν8da

mode in OPD1 is slightly larger than for ν1. At 785 nm,
however, the opposite result is observed. In fact, for all Au|
OPDn|AuNP systems, the ν8da

/ν1 intensity ratio is, on average,
smaller at 785 nm. This observation indicates plasmonic near-
field resonance effects,6,15 which could be a result of plasmonic
resonances closer to 633 nm than to the 785 nm laser line. In
fact, in our previous study, DDA simulations indicated such
behavior for a single AuNR on top of Au surfaces.31 If this
interpretation is correct, we could assume that most of the
SERS spectra are due to single particles in Au|OPDn|AuNP
configurations when the excitation is at 633 nm, although we
cannot exclude contributions from structures formed by
aggregated AuNPs. The SEM image in the SI file shows a
reasonable agreement with this interpretation. The lower total
intensities for 785 nm are, therefore, a direct result of
resonance conditions. At this longer wavelength, aggregates are
of paramount importance for the appropriate description of
absolute SERS intensities.

The large intensity fluctuations in the data presented in
Figures 3 and 4 are highlighted by the standard deviation
calculations for each Raman shift. In order to analyze any
possible trend in the data it is important to compute how

statistically significant are the differences among observed
intensities. For this goal, we performed a boxplot analysis for
the intensities of ν8da

mode for Au|OPDn|AuNS and Au|OPDn|
AuNR systems using both 633 and 785 nm excitation sources.

The lower and upper limits for the boxes in Figure 5
represent the second (Q2) and third (Q3) quartiles, which
means that 25−75% of the intensity data is contained inside
the box region. The line inside the box represents the median.
If we take the data for Au|OPD2|AuNS at 633 nm excitation as
an example, it is possible to observe that most of the data is
distributed above the median. The horizontal lines below and
above the boxes are the first (Q1) and fourth (Q4) quartiles,
which correspond to Q2−1.5xIQR and Q3 + 1.5xIQR,
respectively, where IQR is the interquartile range (Q3-Q2).
The dots represent data classified as outliers in this analysis.50

Therefore, we argue that this analysis better captures the
intensity variations, as it presents not only the average
intensities but also the shape of the intensity distribution.
Taking the AuNS data at 633 nm excitation as an example, it is
possible to observe an increase in intensity from OPD1 to
OPD2, followed by a decrease in OPD3. On the other hand,
the systems composed of AuNR nanoparticles, when excited at
633 nm, show a completely different intensity profile: OPD3
presented the highest intensities, while OPD1 and OPD2
showed similar but lower intensities. Changing excitation from
633 to 785 nm leads to intensity profiles that resemble the
observations for 633 nm, although with considerably higher
data dispersion. To ensure the statistical significance of these
results, we also performed a Tukey honestly significant

Figure 4. Average SERS spectra from the mapping at 785 nm excitation for different Au|OPDn|AuNP systems. Each column represents a different
size OPDn: OPD1 (left, black), OPD2 (middle, red), and OPD3 (right, blue). The gray shadow represents the standard deviation from the average
spectrum. The two rows indicate different AuNPs: AuNS (first row) and AuNR (second row). The intensities are normalized by the most intense
spectrum in the entire data set for a given particle shape.
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difference (Tukey HSD) analysis, which measures the
differences among the average values for SERS intensity in
each sample/experiment. The results are presented in Figure 6.

The Tukey HSD analysis in Figure 6 indicates how different
the average SERS intensities are for the three possible pairs
(OPD2-OPD1, OPD3-OPD1, and OPD3-OPD2). The range
around each difference is the confidence interval (related to
the mean square error for all the data, taken from ANOVA
results) and is a measure of significance in the differences.
Taking the AuNR systems with 633 nm as an example, for the
pair OPD1 and OPD2 the confidence interval passes through
0, which means that the difference between the average values
is not statistically significant. On the other hand, there are
significant differences between the data for the pairs OPD3-
OPD1 and OPD3-OPD2. This is in agreement with the data in
Figures 3 and 5. The Tukey analysis also reinforces the
statistical differences between OPD1, OPD2, and OPD3 for
the AuNS system at 633 nm excitation. The results for 785 nm
show the same trend as for 633 nm excitation, but with larger
dispersions. Therefore, we conclude that the change in the
molecular wire leads to the same intensity profiles, regardless
of the laser excitation, with the differences only related to the
nanoparticle shape. More detailed results from the Tukey HSD
analysis is presented in the supporting inormation (SI) file.

The Au|OPDn|AuNR system shows small relative intensities
for OPD1 and OPD2 and a sudden intensity increase for
OPD3. The result is in agreement with our previous result
using OPI instead OPD as molecular junctions.31 One could
argue that such intensity behavior is, in fact, a direct result of
the increase in Raman cross-section with the number of
oligophenylene groups (which were indeed observed in normal
Raman). Although, we cannot exclude such contribution from
the data, there are evidence that suggest that other effects are
in place:

• the SERS intensities do not always increase with the
molecular junction size (as we observed for OPI
junctions) in our previous investigation;

• the SERS results for AuNS particles show a completely
different intensity profile with OPDn length.

The AuNS system shows an increase in intensity from
OPD1 to OPD2 with a subsequent decrease from OPD2 to
OPD3. The observation that changing the excitation wave-
length does not lead to differences in the SERS intensity
profiles with OPDn length is quite interesting. The gap size
variation leads to changes in the dipole-image coupling
strengths. The experimental results show that such effects are
the same whether we probe single (or small aggregates) at 633
nm or larger aggregates at 785 nm, indicating that the results

Figure 5. Boxplot analysis for the ν8da
mode intensities for OPD1-OPD3. The first row presents the SERS intensities in the Au|OPDn|AuNS system

for 633 nm (left) and 785 nm (right) excitation. The second row presents the same data for Au|OPDn|AuNR using 633 nm (left) and 785 nm
(right) excitation.
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are mostly dependent on the hot spot properties due to
nanoparticle shape. To aid in the interpretation of such shape-
related effects, we performed BEM simulations to model the
different Au|OPDn|AuNP systems. To include conductance
effects associated with the molecular wires, we assumed a
dielectric cylinder of radius r representing the molecular
connections between the Au surface and the AuNS particle.
The radius of this dielectric cylinder was assumed to be 2
nm.30 A similar approach was taken for the AuNR systems,
with the change from a cylinder to a parallelepiped with AuNR
length excluding the hemispherical caps. A schematic
representation can be found in the inset of Figure 8 by the
gray shadows between the AuNP and the nanoparticle.

The local frequency-dependent dielectric function of this
conducting region was simulated according to the following
equation30

= +
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where κ is the conductivity in the junction, a parameter related
to the conductance

=G
r
d

2

(2)

The parameters r and d are the radius and height of the
conducting cylinder. d was taken as the OPDn sizes (Figure 2).
The conductance values used in this approach are listed in
Table 1. Each surface element in BEM has two possibilities for
the external dielectric function: air (as the surrounding
medium) or the conducting material. During the simulation,
we ensure correctly identifying the surrounding dielectrics for
each surface element in the meshed surfaces (see SI file).

The SERS intensities in each junction were simulated in
terms of the SERS enhancement factor (F) according to the E4

approximation
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where the values of F were calculated along the dashed lines at
y = 0 in Figure 7. The example presented in Figure 7 is for Au|
OPD1|AuNS and Au|OPD1|AuNR illuminated with 633 nm.

Figure 6. Tukey analysis for the differences between all average SERS intensities. The horizontal lines represent the confidence interval, while the
vertical dashed lines indicate information that are statistically identical.
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The incident wave polarization was taken as perpendicular and
parallel to the Au surface for AuNS and AuNR particles,
respectively (see insert of Figure 8).

The field enhancement in the conducting region for AuNR
(Figure 7B) presents a drastic drop when compared to the
regions below the hemispherical caps. The same effect can also
be observed in the AuNS junction, although in a more limited
region due to the nanoparticle geometry. This decrease in local
field can be a result of charge transfer effects due to the
molecular junction, which can be corroborated by the analysis
of charge distribution (Figures S3 and S4 in SI file), which
show considerable decrease in the conducting region. To
account for the SERS enhancement for OPDn in such
conducting regions, we calculated the average enhancement

factor along the dashed lines in Figure 7, which is presented in
Figure 8, for different excitation geometries.

The dashed lines around Figure 8B,8C are used to indicate
the excitation scheme that yielded the largest enhancement
factors. The comparison between the average enhancement
factor at the HS and the SERS intensities indicates a good
correlation, especially for Au|OPDn|AuNS systems. We were
able to model the same profile observed in the experimental
data in terms of gap size effect on SERS intensity. It is worth
mentioning that this profile is slightly changed for 785 nm in
the simulated results, with a lower relative intensity between
OPD2 and OPD1 (see Figure S5 in SI file). A possible reason
for that is the contribution of aggregates in the experimental
data, which is not considered in our simple single-particle
model. The Au|OPDn|AuNR enhancement factor shows a
result that resembles the experimental data, in which the
OPD1 and OPD2 signals are considerably lower than OPD3.
The simulations for 785 nm are also very close to the
experimental data. It is worth mentioning that the observed
result is also in qualitative agreement with our experimental
observation for OPI molecular junction.31 Therefore, the
simulated model correctly captures the essence of the
experimental data, with the benefit of providing us a physical
interpretation of the results in terms of charge transfer effects.

The AuNR geometry allows a greater degree of communi-
cation between both Au surfaces and, therefore, is more prone
to such field depletion than the AuNS particle, for which the
higher surface curvature around the hot spot leads to electron
communication to a lesser extent. In fact, the AuNS profile is a
direct superposition of two opposing effects: the near-field
concentration (which increases for smaller OPDn sizes) and
the field depletion due to charge transfer (which also increases
for smaller OPDn sizes). We argue that both effects occur in
each particle shape. However, due to the smaller electrical
contact, the near-field damping effect for AuNS due to charge
transfer is decreased and can only be observed in very high
conducting bridges such as the OPD1 system. For higher
electrical contacts, the near-field depletion can more easily be
observed even for OPD2. As the conduction in the junction
decreases, the effects of near-field concentration dominate.
This effect is already the dominant one in the comparison
between Au|OPD2|AuNS and Au|OPD3|AuNS, possibly due
to the higher surface curvatures in the hot spot. As we were
able to observe in our previous work, the MPoM systems using
AuNR also permit the observation of lower field concentration
in the hot spot with increasing gap size (OPI in that case).31

■ CONCLUSIONS
In this study, we investigated the SERS response of MPoM
systems of the type Au|OPDn|AuNP, where the contact
between a flat Au surface and AuNPs is produced by molecular
junctions of different sizes (OPD1, OPD2, and OPD3), where
the sizes are related to the number of phenylene groups. This
study is a follow-up of a previous investigation where the
experimental results for AuNR were explained in terms of near-
field concentrations and their relationship with gap size.
However, we were not able to explain the experimental
observation of increasing SERS intensity with gap size for small
molecular bridges. By including the possibility of charge
transfer through the molecular bridge, we were able to fully
reproduce the experimental results at these small bridge limits
for AuNS and AuNR particles.

Figure 7. Enhancement factor (F) maps calculated for a plane passing
through AuNP and hot spot centers. The F values were calculated
according to the eq 3.
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The observed results and interpretations highlight the
importance of considering the choice of nanoparticle shape
for molecular junction investigations by the SERS effect. It is
important to take into account not only the dipole-image
coupling in MPoM systems but also the electrical contact
conditions. Therefore, our results suggest that a SERS study
aiming to explore molecular conduction should be performed
with MPoM systems with large electrical contacts, conditions
that are more sensitive to changes in conductance. On the
other hand, an investigation in which the molecular junction is
used only to produce controlled hot spots (for gap size effects
investigation, for instance) should be performed with minimal
effects from charge transfer, a condition that is better suited for
low electrical contact metal nanoparticle shapes.
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