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ABSTRACT: We describe Raman spectroscopy measurements
of distyrylbenzene (DSB) molecules equipped with plasmonic
antennae in the form of silver dumbbells in aqueous solution
under ambient conditions. A synthetic strategy in which the
dithiolated molecule is used as the linker between silver nano-
spheres ensures that the molecules are attached at the inter-
sphere gap where local fields are maximally enhanced. The
measured and calculated enhancement factors are in excellent
agreement. The reported method has sufficient sensitivity to
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also allow for the detection of molecules tethered to single spheres, with 100—1000-fold weaker enhancement. Spectral analysis
allows assignment of structures and reveals that in addition to the normal Raman active modes IR active transitions appear in the

Raman spectra where field gradients dominate.

B INTRODUCTION

The enhanced electric fields associated with plasmon excita-
tions at metallic surfaces enable detection of otherwise weak
optical signatures of molecules tethered to them. This effect is
most evident in surface-enhanced Raman scattering (SERS) S
where the strongly enhanced local fields are exploited to raise the
Raman scattered light from a few or single molecules to
detectable levels. The ability to probe the Raman response from
molecules at such extremely low concentrations not only offers
exciting opportunities for molecular sensing® but also brings
fundamental nonfluorescent spectroscopic investigations of single
molecules into focus.*

The feasibility of single-molecule SERS experiments is directly
correlated to the magnitude of the field enhancement at a
metallic surface. Control over the plasmonic properties of
metallic substrates is, therefore, one of the most important
parameters in SERS substrate synthesis. Using the strong plas-
monic resonances in noble metals, a wide range of SERS
substrates have been developed, including electrodes,'* thin
films,'>*¢ colloidal nano;;»articles,”’18 nanowires,">*° and litho-
graphic nanostructures.”** Theoretical calculations have shown
that very large local fields are attained in the nanogap of two
proximal metallic nanostructures, producing a so-called hot spot
in the interstitial region between the structures,' >~ as well as
between nanostructure and substrate.”® A variety of such dimer
plasmonic systems have been examined, and field enhancement
factors in the nanogap as large as 10° have been predicted.'***®
Many SERS investigations over the past decade have been
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concerned with the synthesis of systems that take advantage of
these hot spots.”” >° Recent experimental studies have shown
that dimeric silver nanospheroids exhibit reproducible high-field
enhancement factors. Combined with the chemical enhance-
ment of binding of the chromophore to the substrate, surface-
enhanced resonant Raman scattering (SERRS) factors as high as
10"* have been reported.”"

Nanosphere dimers are important model systems that connect
theoretical calculations to reproducible experiments and thus
form a testbed for quantitative single-molecule Raman experi-
ments. Experimentally, dimer systems are typically formed
through sgpontaneous aggregation upon drying of a colloidal
solution.” This form of preparation generally produces low
yields of dimers and a wide distribution of interparticle separa-
tions and orientations. A method which optimizes the colloidal
stability has recently been shown to significantly improve dimer
formation, producing high yields of dimers with a near-constant
nanogap width.*”> Improvements in dimer synthesis are ulti-
mately meaningful only when combined with controlled tether-
ing of molecular targets in the gap. Incorporation of molecules in
hot spots is commonly accomplished by drop casting dilute
solutions of the target compound onto immobilized substrates.
This approach offers limited control of molecular orientation and
positioning in the nanogaps. The low yield of successful
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metal—molecule—metal systems and the wide distribution of
molecular orientations in hot spots have hampered the quanti-
tative capabilities of most SERS assays.

In the present work, we seek to overcome such limitations by
employing a synthesis approach of silver nanosphere dimers that
directly incorporates the molecular target. Instead of adding the
molecular compound after formation of the dimers, we promote
dimer formation by virtue of a single molecular linker. Dithio-
lated conjugate molecules of distyrylbenzene (DSB) are used to
form dimers of silver nanospheres in an aqueous solution, which
results in a high yield of metal—molecule—metal complexes.****
Because the molecule is held in a fixed orientation in the
nanogap, this approach facilitates reproducible SERS measure-
ments. We show that this system allows for SERS measurements
in solution with single-molecule sensitivity.

As would be expected from any synthetic approach, the sample
contains structural variations. The spectra differentiate between
three different types of species: dimers, clusters, and monomers.
The SERS spectrum of the dimer resembles that of the bare
molecule, whereas unexpected peaks are observed in the mono-
mer spectra. The experimental spectra are assigned based on
Density Functional Theory (DFT) vibrational frequency calcu-
lations. We find that infrared-active, Raman-forbidden normal
modes of DSB appear in the SERS spectra. The change in
selection rules can be rationalized to arise from gradients in the
local field of the metallic antennae, namely, the gradient field
Raman effect.*® This phenomenon also provides a rationale for
fluctuations in the Raman spectrum of an individual structure, to
arise from variations in the orientation of the molecule relative to
the local field gradients of the plasmon.

Bl MATERIALS AND METHODS

Suspensions of 30 nm Ag nanospheres with a narrow size
distribution were prepared following the standard preparation
methods for citrate-protected aqueous colloidal solutions.***”
Bis(p-sulfonatophenyl)phenylphosphine (BSPP) was added to
the citrate-capped Ag nanoparticles to a final concentration of
1 mM. BSPP has a higher affinity for the metal than citrate and
provides improved stability of the colloidal solution.>® We found
that relative to citrate the use of BSPP is much preferred for sup-
pressing coalescence and precipitation of the Ag particles. One
hour after the addition of BSSP, the dithiolated distyrylbenzene
derivative was added. Due to the presence of acetyl protective
groups at the thiolated moieties, together with use of BSPP, the
reaction was completed within 3 h. For a standard preparation of
the Ag colloidal solution, 1 #M of DSB derivative produced the
highest yield of dimers in the sample. Purification was achieved
via centrifugation in 25% agarose following a speed gradient and
yielded solutions with relative amounts of dimers close to 50%.

Sample Characterization. A JEOL-JEM transmission elec-
tron microscope (TEM) was used to verify the formation of Ag
dimers using an 80 kV acceleration voltage and 200000 x
magnification (for an enlarged view of the dimer). The samples
were prepared on 200 mesh holey Formvar, carbon-coated
copper grids by depositing a drop of nanoparticle solution on
the grid for one hour in a controlled humidity chamber to avoid
evaporation that could induce some unwanted nanoparticle
aggregation.

Scanning electron microscopy (SEM) measurements were
performed to determine the concentration of dimers, monomers,
and nanoclusters. Droplets (0.1 uL) of the solution were placed
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Figure 1. Statistics with standard deviation for the SEM images used to
quantify the concentration of dimers in solution after sample degrada-
tion, analyzed ~ 1 year after initial synthesis.

onto clean, aluminum SEM stubs and allowed to dry. After
drying, a Zeiss Ultra Plus 55 SEM was used with a voltage of 2 kV
to obtain images of each stub. These images include both the
entire droplet area (412x), as well as many higher-resolution
images (50 000 ) taken randomly throughout the droplet area.
Within each high-resolution image, the number of single spheres,
dimers, and clusters (three or more nanospheres) was counted.
Taking the average number of particles per area and then
extrapolating to the entire droplet area gives an estimate of the
total number of particles for the 0.1 4L volume. Statistics were
accumulated from a total of 320 SEM images, with the results
shown in Figure 1. The concentration of DSB-linked dumbbells
is determined to be no greater than 14.3 pM.

Absorption spectra in the visible range were acquired to
characterize the electronic properties of the surface plasmon
resonances. The absorption spectra were measured on a Varian
Cary 50 UV/vis spectrophotometer using a 10 mm glass cuvette
containing the dimer solution.

Raman Microspectroscopy. All Raman data were collected
on a microspectrometer consisting of an Olympus IX71 micro-
scope and an Andor Shamrock spectrograph equipped with an
Andor iDus cooled CCD. The excitation source was a frequency-
doubled Nd:YVO4 laser (Coherent Verdi VS) operating at
532 nm, delivering about 4 mW at the sample position. A water
immersion microscope objective (X40, NA 1.15) was used for
focusing the excitation light onto the sample. Scattered light is
collected in the epi-direction using the same objective, filtered
through a holographic notch filter, and steered into the spectro-
meter. The excitation volume is estimated by integrating the square
of the Gaussian beam spot size over the thickness of the slide, i.e.
Vo= [[wo(1 + (z/zr))"/*)?dz, where wy is the beam radius at
the waist (determined as 0.24 um) and zy is the Rayleigh
length.*” To minimize the slide thickness, the sample slide was
prepared by sandwiching two glass coverslips together and
allowing capillary forces to draw the solution in. The thickness
of the slides was determined from optically sectioned coherent
anti-Stokes Raman Scattering (CARS) images, recorded on the
same microscope setup (for details of the CARS microscope, see
ref 40). By tuning the CARS wavelength to the off-resonance
frequency dip in the CARS spectrum of water (3600 cm™ '), the
water signal intensity is minimized, while the glass exhibits a
strong nonresonant background, allowing an accurate determi-
nation of the location of the glass—water boundary. This method
revealed a sample thickness of ~10 ym. The Raman excitation
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Figure 2. TEM image taken of fresh dimer solution. Particles have an
average diameter of 30 nm. (a) A mixture of dimers and single spheres. (b)
A dimer and a cluster of 4. (c) A cluster of 7. (d) A close-up of a single dimer.

volume is then estimated to be 0.137 pL. Given a concentration of
14.3 pM, there are approximately 1.1 dumbbells in the focal volume
at any given time.

Raman measurements were performed by allowing the nano-
particles to freely diffuse through the probing volume, in a
manner similar to that employed in Raman correlation
spectroscopy.41 Spectra are captured at signal integration times
of 200 ms. After accumulation, spectra are sorted based on
relative peak intensities and positions, and each category is
subsequently averaged. Given that, on average, only 1.1 DSB
molecules are present in the probing volume at any given time,
the spectral signatures observed originate from molecules at
concentrations in the single-molecule range. The advantage of
this solution-based approach is that averaged spectra can be
obtained from many copies of the molecules while still operating
in the single-molecule regime.

Calculations. Electronic structure calculations were per-
formed as an aid for the assignment of the observed spectra,
which show significant variations. In these calculations, the silver
nanospheres are represented by single atoms. The intent is to
account in part for spectral changes associated with the chemical
bonding and to distinguish such effects from plasmonic con-
tributions. Calculations were performed using the B3LYP density
functional in conjunction with double and triple-G quality basis
sets. The 6-31g* and 6-311g™* Pople-type basis sets were used to
describe H, C, and S, whereas the def2-SVP and def2-TZVP basis
sets were employed to describe the Ag atoms.** A systematic
increase in basis set description reveals the expected trend in
going from double  to triple § to experiment. The IR and Raman
spectra were computed for the fully optimized global minima (all
trans-anti) of DSB and DTDSB, as well as the silver-substituted
monomers and dimers. We truncate the multielectron problem
by approximating the silver nanoballs with silver atoms, as the
simulation of the clusters is not computationally feasible. General
agreement between the calculated and experimental spectra
suggests that this approximation is reasonable for the purpose
of (i) assigning the experimental vibrational spectra and (ii)
distinguishing between the different chemical species probed in
our experiments. All calculations were performed using the
methodologies implemented in Gaussian 03.*

B RESULTS

Dimer Formation. TEM images taken of the DSB-Ag sample
show that the nanosphere dimers were successfully synthesized
with a narrow size distribution. The average particle size is 30 nm.
We find three categories of SERS active systems in our samples:
(1) Ag nanosphere monomers, (2) Ag nanosphere dimers, and
(3) clusters of three or more nanospheres. As seen in Figure 2,
the majority of the solution is composed of monomers and
dimers (~50%), while the fraction of clusters is much lower
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Figure 3. (a) Experimental (black) and calculated (red) extinction
spectra. The calculation matches the experiment assuming 15 nm silver
spheres with a 2 nm interparticle gap. (b) The calculated Raman
enhancement factor due to the local field (E*/E3) as a function of
excitation wavelength. The calculation predicts an enhancement of
6.1 x 10° at A = 332 nm.

(~19%). DSB molecules are expected to be associated with each
of these particle systems. Dimer particles contain at least one
DSB molecule that acts as a linker. In addition, DSB molecules
may cover the surface of the particles. Clusters are held together
by multiple copies of the DSB linker, forming multiple hot spots
in individual clusters.

Plasmonic Response. The ensemble absorption spectrum of
the dimer preparation in aqueous solution is shown in Figure 3a.
The spectrum exhibits a clear plasmon resonance that peaks at
415 nm. To extract estimates for the plasmonic enhancement
from the spectrum, we have performed calculations using an
analytical model for the plasmonic absorption of the dimer
system. Our analytical model is based on describing the silver
nanosphere dimer in bispherical coordinates, which allows exact
electric field calculations for simple plasmonic systems with
bispherical symmetry. More details on the computational meth-
od are documented in ref 44.

The calculated spectrum in Figure 3a, assuming a radius R =
1S nm for each of the silver nanospheres in the dimer and a
nanogap of 2 nm, correctly reproduces the spectral maximum of
the plasmon resonance. In addition, the calculation predicts a
shoulder on the blue side of the spectrum which is not observed
in the experiment. Although the sample contains a high percen-
tage of silver nanosphere dimers, the presence of nanosphere
monomers and clusters significantly perturbs the spectrum. The
heterogeneity of the sample provides a reasonable explanation
for the discrepancy between the experiments and calculations.

The calculated spectral dependence of the electric field
enhancement is shown in Figure 3b. Two results are compared:
two spheres with radii 15 nm and two spheres with radii 25 nm. In
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Figure 4. Raman spectra of individual nanoparticles assigned to num-
ber of spheres linked by DSB. (a) One sphere, (b) two spheres, and (c)
three or more spheres. The presented spectra are averaged over six
acquisitions, with 10 s of CCD exposure time per acquisition.

both cases, the separation d (surface to surface) is 2 nm. The
highest field enhancements are observed close to the peak of the
plasmon resonance, and substantial field enhancements also
manifested at longer wavelengths. It should be noted that for
larger particles the maximum field enhancement shifts to longer
wavelengths. Hence, when exciting the dimer solutions into the
red wing of the absorption band, larger particles are expected to
contribute more than smaller particles to the overall process. In
our experiments, the dimers are excited off resonance at 532 nm,
where the enhancement of the field intensity is as high as 780.
This results in a predicted plasmonic enhancement of 6.1 x 10°.

Surface-Enhanced Raman Scattering. On the basis of the
different ways in which the DSB molecule is associated with the
nanosphere, we expect different SERS signatures for each of the
three types of particle systems. On the basis of hydrodynamic
(Stokes—Einstein) diffusion calculations, the average residence
time of a silver nanostructure in the probing volume is 20 ms or
longer, with longer residence times predicted for the larger
clusters. At the signal acquisition rate of 200 ms, fluctuations of
the spectral signals that can be associated with diffusion of
particles in and out of the probing volume are observed. The
different types of observed spectra are summarized in Figure 4.
We assign the most frequently occurring spectrum to the nano-
sphere dimer (Figure 4b). The much weaker (~10° times)
recurring spectrum of Figure 4a is attributed to nanosphere
monomers. A third class of spectra, characterized by a much
lower incidence rate and by much higher spectral intensities, is
assigned to the clusters (Figure 4c). Occasionally, this class of
strong spectra is observed continuously over several seconds,
indicative of optical trapping.** The observation of trapping of
larger particles provides further support for the assignment of the
strongly enhanced spectra to clusters. The intensity differences
between these distinct types of spectra ensure that only the
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Figure S. Surface-enhanced raman spectra of distyrylbenzene teth-
ered between two silver nanospheres (top) compared to bare
distyrylbenzene (bottom).
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Figure 6. Comparison of distyrylbenzene dimer spectra: (a) calculated
Raman dimer, (b) surface enhanced Raman spectra of the distyrylben-
zene dimer, and (c) calculated IR dimer. The calculated spectra are for
DSB terminated by a silver atom on each end, instead of the
nanospheres.

particle type with the highest incidence rate in the focus
will prevail in the averaged spectra during relatively short
accumulation times.

To determine the Raman enhancement by nanosphere dimers,
the Raman spectrum of bare DSB was also recorded. DSB
was dissolved in dicloromethane (DCM) at a concentration of
0.787 mM. The solvent spectrum was then subtracted to obtain
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Table 1. Experimental and Calculated Frequencies, Relative Intensities, and Spectral Assignments for the Dimer Spectrum

experiment dimer

theory

relative Raman shift ~ Raman relative
Raman shift (cm™")  intensity (em™") intensity infrared shift (cm ') IR relative intensity spectral assignment

1004 0.05 999 0.02 999 0.9444 vinyl CH out-of-plane bending

1130 0.03 1095 0.1 1095 0.07 HC=CH dihedral bending on outer rings

1177 0.43 1132 0.01 1131 0.02 HC=CH dihedral bending on outer rings

1316 0.13 1208 0.33 1208 0.05 delocalized Ch wag

1367 0.1 1371 0.03 1375 0.33 vinyl CH wag

1409 0.1 1439 0.02 1439 0.16 HC=CH dihedral bending on outer rings

1576 0.16 1586 0.1 - - C=C aromatic stretch central ring

1616 1 1612 1 1612 0.16 delocalized C=C stretch

1620 0.3 - - 1622 0.84 C=C aromatic stretch on outer rings

1641 0.49 1640 0.08 1640 0.1 aromatic C=C stretch

1679 0.42 1680 0.0 1680 0.03 vinyl C=C stretch
_ The 5-fold discrepancy between the observed enhancement
=] Raman Monomer and the prediction determined by the plasmonically enhanced
5; a) local field can be entirely rationalized by the chemical contribu-
'§ tion. For the considered vibrational modes, the calculated
2 intensities show a factor of 2.3 increase upon attachment of
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Figure 7. Comparison of distyrylbenzene monomer spectra: (a) calcu-
lated Raman monomer, (b) surface-enhanced Raman spectra of distyr-
ylbenzene monomer, and (c) calculated IR monomer. The calculations
are for a single silver atom attachment.

the bare DSB spectrum shown in Figure S. The Raman enhance-
ment factor (EF) was calculated using the equation46

EF = (Nyy/Nggrs) * (Isers/Iref) (1)

where Isgrs and I ¢ are the SERS intensity of the DSB attached
to Ag particles and the normal Raman scattering intensity of a
0.787 mM DSB solution, respectively. Assuming a single DSB
molecule per dimer, Nggrs and N,f are the number of DSB
molecules in the probing volume for the case of dimers and pure
DSB, respectively. On the basis of this analysis for the promi-
nent peaks near 1180 and 1590 c¢m ', we find a SERS
enhancement of 3 x 10°.

159

one silver atom to DSB and a factor of 7.5 upon attachment of a
silver atom at each end. This can be regarded as a lower limit to
the chemical enhancement expected by binding to the more
polarizable silver nanospheres and does not take into account
preresonances with charge transfer states that can dominate
Raman cross sections.*’ Nevertheless, based on the lower limit
of the expected chemical contribution, the observed enhance-
ment is in excellent agreement with the computed product of
chemical and plasmonic enhancement factors, EF = 4.5 x 10°.

Spectral Analysis. The Raman spectrum assigned to the
single dimer (Figure 4b) is very similar to that of the bulk
sample, which contains ~50% dimers (Figure S). The parentage
of these spectra is clear by the comparison made with bare DSB in
Figure S. The calculated Raman spectrum of the dimer (Figure 6)
appears to account for most of the experimental peaks, aside from
features at 1130 and 1316 cm ™' (see Table 1). To understand the
origin of these vibrations, we also simulated the IR spectrum of
the molecule (see Figure 6¢c). The additional lines seen in the
Raman spectrum can be assigned to IR active vibrations; how-
ever, there would have to be a special consideration as to why
these particular lines appear in the spectrum. On the other hand,
the SERS spectrum of the monomer cannot be solely assigned
based on the computed Raman spectrum of the molecule
(Figure 7). Only a few of the theoretical Raman peaks seem to
appear in the experimental spectrum. Here, the combined
experimental and computational results suggest that both the
IR and Raman modes appear in the experiment (see Table 2). In
repeated acquisitions of what appear as monomer spectra, we
observe significant variations as illustrated by the three examples
in Figure 8. Clearly, the tethered Ag nanoparticles play an
important role in selecting which normal modes are enhanced
and thus experimentally observed; moreover, variations in the
spectrum of a given structure suggest that the orientation of
the freely diffusing molecules in the local applied field control
the observable spectrum. Thus, we next discuss the nature of the
normal modes and their spectral variations.

04 dx.doi.org/10.1021/jp205055h |J. Phys. Chem. C 2011, 115, 15900-15907
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Table 2. Experimental and Calculated Frequencies, Relative Intensities, and Spectral Assignments for the Monomer Spectrum”

experiment monomer theory
Raman shift relative Raman shift Raman relative infrared shift IR relative
(em™") intensity (em™) intensity (em™) intensity spectral assignment
820 0.31 - - 819 0.16 delocalized out-of-plane CH bending
854 0.62 - - 854 0.53 aromatic out-of-plane CH bending
924 0.44 - - 931 0.07 CSH bending 8 S
973 0.2 - - 971 0.06 aromatic CH out-of-plane bending on o ring
1045 0.3 1096 0.11 1096 0.08 o C—S stretch
1111 0.5 1118 0.05 1116 1 f C—S stretch
1185 0.17 1200 0.49 1212 0.06 aromatic HC=CH dihedral bend on f3 ring
1461 1 - - 1459 0.15 aromatic HC=CH dihedral bend on central ring
1598 0.3 1583 0.15 1581 0.04 delocalized aromatic C=C stretch
1623 0.23 1615 1 1614 0.27 delocalized aromatic C=C stretch mostly o ring

“The o ring refers to the aromatic ring closest to the metal nanoparticle, while the f3 ring refers to that farthest from the metal nanoparticle.
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Figure 8. Comparison of four distinct distyrylbenzene monomer
spectra.

A closer inspection of the spectra is instructive. The pure
DSB spectrum shows several strong peaks, including signature
aromatic C—H vibrations at 1175 cm ™' and the aromatic C=C
stretching vibrations at 1600 cm ™~ '. The aromatic C=C vibra-
tional range features three distinct peaks, with the strongest
centered at 1588 cm ™~ '. Once the Ag particles are attached,
however, this peak is shifted to 1574 cm ', and a shoulder at
1594 cm™' becomes noticeable. Another important contrast
between the spectra is the red shift of the in-plane aromatic
C—H stretching vibrations in the 1300—1500 cm ™! range (see
Table 1). The red shift of these peaks is attributed to the
addition of the heavy Ag substituents. Another prominent peak
which appears in the dimer spectrum at 1072 cm ™" is the C—S
stretch, which is absent in the bare DSB spectrum.

Clear differences are noticeable when comparing the dimer
and monomer SERS spectra. For instance, in the monomer
spectrum the enhancement of the 1600 cm ™' modes is less than
what is observed in the dimer, and remarkably, the lower
frequency vibrations (800—1100 cm™ '), which are not Raman
active, begin to appear. The largest peaks in the monomer
spectrum belong to the C—S stretch (1044, 1111 cm ™ ') and
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the H—C=C—H dihedral bend coupled to the aromatic C=C
stretching vibration of the ring adjacent to the Ag nanosphere
(1461 cm ™). When only one Ag ball is attached to the thiolated
DSB, there are two different types of C—S vibrations: (1)
C—S—Ag and (2) C—S—H, which explain the splitting of the
C—S vibrations into two peaks at 1044 and 1111 cm ™. More-
over, the free C—S—H moiety is capable of H-bonding with
neighboring water molecules, a consideration that may explain
the observed broadening of the bands associated with the C—S
stretch.

B DISCUSSION

The silver nanosphere dimers prepared in this study offer
several attractive features relative to previous dimer preparations.
First, the yield of dimers is high. We have consistently prepared
samples in which more than 50% of the resulting particles are
dimers. Second, the dimers inherently incorporate the DSB
molecule. Because the DSB molecules are connected exclusively
through thiol linkers to the nanospheres, the positioning and
orientation of the target molecule are well-defined. This implies
that the majority of DSB in the preparation is positioned directly
in the nanogap hot spot. Finally, the high yield of dimer
formation enables direct measurements in solution. This ap-
proach offers good averaging statistics while maintaining low-
concentration conditions in the single-molecule regime.

The three distinct types of SERS spectra that we observe in our
solution-based assay indicate that three major particle systems
contribute to the time-integrated SERS spectrum. From TEM
experiments, we clearly observe three categories of particle units.
The relative incidence rates and spectral intensities of the
monomer, dimer, and cluster systems in the Raman measure-
ments are all in accordance with the relative concentration of
each of these particle systems. In fresh samples, the dimer spectra
predominate. We have observed, however, that the incidence rate
of the dimer Raman component reduces as the samples age (shelf
time of one month or more), which is accompanied first by an
increase of the incidence rate of the cluster spectra. As the sample
continues to age (more than several months), the monomer
spectrum begins to dominate. Subsequent TEM studies confirm
that as the samples age the monomer concentration grows at the
expense of dimers and clusters (see Figure 1). These consistent

dx.doi.org/10.1021/jp205055h |J. Phys. Chem. C 2011, 115, 15900-15907
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observations give further confidence to the assignment of the
monomer, dimer, and cluster spectra.

The most remarkable observation is the appearance of non-
Raman active modes in the spectra of DSB attached to a single
nanosphere. The new peaks can be assigned to the IR active
modes. Of particular notice are the lower-frequency shifts at 820
and 850 cm ™!, which are out-of-plane C—H bending modes.
Also, a relatively strong response is seen for C—S—H bending at
930 cm ™!, which can only occur in a monomer structure.

The observed enhanced IR active modes clearly indicate that
the incorporation of the nanoantennae changes the selection
rules for Raman scattering. The Ag nanoballs render the ob-
servation of other (non-Raman active) internal modes of the
molecule possible. This has been previously observed in
experiments™ >' and rationalized by Ayar et al. in terms of the
gradient-field Raman (GFR) effect.® Through Taylor series
expansion of the induced polarization, they have argued that
besides the standard Raman active modes given by da., ;,/dq # 0
in a constant electric field E;, the presence of a field gradient on
the length scale of the molecule leads to Raman scattering from
polarizable modes, with cross sections determined by o, , - dE;,/dq.
Here a,;, with a,b = xyz are elements of the molecular
polarizability tensor. This electric field gradient effect changes
the Raman selection rules.>**~>' The tensor nature of the
polarizability clarifies that there will be fluctuations associated
with the orientation of the molecule relative to the local field
gradient. These are most evident in the fluctuations seen in the
spectra of Figure 8. For example, the in-plane H-C=C—H
dihedral bend on the ring adjacent to the nanosphere, which is
the most prominent in this spectrum, displays relative intensity
changes. Given its proximity to the antenna, and the general
behavior of the electric field gradient in this region, this moiety is
expected to be sensitive to the orientation of the molecule in the
field. Indeed, fluctuations are manifested in the in-plane
(1519 cm™ ', 1185 cm ™ ') and out-of-plane (973 cm ™ ') aromatic
H—C=C—H dihedral bends on this ring.

Clearly, the sensitivity of our measurements is high enough
to discern the contribution of DSB molecules associated with
monomer silver nanospheres. Monomer nanosphere systems are
typically considered ineffective in producing detectable signals
from tethered single molecules.””>* We attribute this high level
of sensitivity observed here to the optimized conditions of the
solution-based assay.

Bl CONCLUSIONS

Silver nanospheres were synthesized successfully, with a
narrow size dispersion, and were attached to dithiolated DSB
molecules to create SERS active nanostructures. The final
solution consisted of ~50% DSB-linked Ag nanosphere dimers,
a small fraction of clusters containing three or more Ag spheres,
and the rest were single Ag spheres. The measured extinction
spectra of the ensemble could be reproduced theoretically,
assuming 15 nm spheres separated by a 2 nm gap, consistent
with the length of the linker. The SERS spectra of individual
particles could be recorded in aqueous solution and assigned to
monomer, dimer, and clusters of nanospheres. The Raman
spectra of the dimers closely resemble those of bare DSB.
Assuming that dimers are attached by a single DSB linker, an
experimental Raman enhancement factor of EF, = 3 X 10 is
measured. This value is slightly smaller than the theoretical
estimate, EF = (EFP)(EFC) = 4.5 x 10° which is obtained as

the product of physical and chemical factors. The calculated
physical enhancement factor due to the enhanced local field at
the intersphere junction is EF, = 6.1 x 10%; the estimated
chemical enhancement factor EF. = 7.5 is based on DFT
calculations of DSB attached to a silver atom on each end. The
enhancement factors, the geometry of dimers based on TEM,
and extinction spectra provide consistent evidence that the
observed dimer spectra are those of single molecules. Indeed,
based on the synthesis, additional molecules can be attached to
the surface of Ag spheres, as verified by the observation SERS
spectra of DSB on monomeric nanospheres. However, the SERS
spectra of single spheres are 2—3 orders of magnitude weaker
than that of the dimer, which establishes that only bridging
molecules contribute to the dimer spectrum. While we do not
definitively establish that there is only one bridging molecule per
dimer, given the dynamic range of detection, the present work
validates the concept of equipping molecules with nanoantennae
to address them individually and to interrogate them under
ambient conditions.
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