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The Raman signal intensity of molecules is greatly enhanced on
a metal surface.* This effect, known as surface-enhanced Raman
scattering (SERS), is exceptionally strong in the gap between
plasmon-coupled metal nanoparticles (NPs).? Measuring the en-
hancement factor (EF) at such SERS “hotspots” is of great
significance for both fundamental studies and practical applications.
A key challenge in this field is to evaluate the EF from a statistically
significant number of SERS hotspots in which the analyte molecules
experience similar chemical and physical environments: (a) the NPs
constituting the hotspots have uniform size and morphology; (b)
the number and position of analytes in the hotspots are reproducible,
if not precisely known; and (c) the nanoclusters have similar
structures with long-term stability. However, the current nanofab-
rication methods are still far from ideal in achieving these controls.

The SERS EF from hotspots has mostly been studied at the
single-nanocluster level,® which is advantageous for the understand-
ing of the individual behavior of a molecule or a nanocluster.
Typical studies have prepared the nanoclusters by random aggrega-
tion of metal NPs, which were functionalized with either a single
analyte®*" or a monolayer of analytes.>®" Because of the nonuni-
formity and the scarcity of the desired nanostructures, it is a
challenge to correlate a SERS signal with the exact nanostructure
from which it originates. Furthermore, the EF strongly depends on
the specific hotspot under investigation, making it difficult to
compare the results for different nanoclusters. On the other hand,
ensemble-averaged studies reveal the collective behavior of SERS
hotspots, which is more reproducible and controllable. However,
such studies require the fabrication of highly uniform nanostructures
and to date have been restricted to noncolloidal systems with
extended surface-plasmon coupling, e.g., between NPs and a
metallic film* or among NPs in a two-dimensional lattice.®

Here we report the measurement of the ensemble-averaged SERS
EF from spatially isolated colloidal nanoclusters (Figure 1). This
was made possible by advances in precise nanofabrication: uniform-
sized Au@Ag core—shell NPs, each coated with a monolayer of
SERS analytes, were aggregated and then protected by a polymer
shell; separation of the resulting nanoclusters led to samples
enriched in dimers (85%) and trimers (70%). The structural
uniformity of the hotspots therein reduced the ambiguities in
calculating and interpreting the respective EFs.

High-purity separation of AuNP dimers and trimers by dif-
ferential centrifugation, where shells of polystyrene-block-poly-
(acrylic acid) (PSPAA) were used to enclose and protect the
nanoclusters, has been reported previously.®*” However, the AuNPs
used in those reports were too small (15 nm) to give reliable SERS
signals. To improve the SERS sensitivity, one has to use either
AgNPs or large AuNPs (>40 nm). As a 25% increase in diameter
doubles the NP volume, controlling the monodispersity of the NPs
is critical for effective separation of the nanoclusters.® Moreover,
since our differential centrifugation method used a high-density
CsCl solution (1.9 g cm3) to distinguish nanoclusters of different
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Figure 1. SERS spectra of the samples enriched with (a) monomers, (b)
dimers, and (c) trimers of Au@Ag NPs (d = 20 nm; excitation: 785 nm at
290 mWi; insets: the histograms of these samples). The schematics in the
lower panel show the SERS intensity ratio of the nanoclusters.

sizes, use of large and heavy AuNPs was not desirable. Hence,
acquiring monodispersed AgNPs became the only option. While
several syntheses of AgNPs are known,” the size distributions were
not ideal for our purpose. In this study, to prepare highly
monodisperse Au@Ag core—shell NPs (daygag = 20.5 £ 1.5 nm;
Figure 2a), we used a method wherein AgNO; was reduced by
ascorbic acid using AuNPs (3—4 nm) as the seeds and sodium
citrate as the capping agent. Avoiding strong ligands allowed the
NP surface to be easily exchanged with SERS-active ligands. The
absorption peak of the Au@Ag NPs (400 nm)® was similar to that
of 20 nm AgNPs, suggesting that the Au cores did not contribute
to the plasmon resonance of the overall NPs.°

To prepare the nanoclusters, the citrate-stabilized Au@Ag NPs were
incubated with excess analyte (2-naphthalenethiol, 1) in DMF to fully
exchange the surface ligands and form a monolayer; NaCl was then
added (0.33 mM) to induce NP aggregation, and the resulting
nanoclusters were encapsulated in PSPAA.®® Transmission electron
microscopy (TEM) characterization showed that a typical as-
synthesized sample consisted of 41% monomers, 32% dimers, 16%
trimers, and 8% tetramers (based on the number of AuU@Ag NPs).2
The control sample of monomers was prepared by incubating the
Au@Ag NPs with 1 followed by PSPAA encapsulation (Figure 2a).™°
In comparison with the monomers, the Au@Ag NPs in the NaCl-
treated samples appeared somewhat etched and thus became less
uniform (dau@ag = 20.3 + 3.5 nm). However, use of another salt,
such as NaNOs;, NaOAc, Na,SO,, or NasPO,, did not resolve the
problem. While it was unfortunate that the aggregation step partially
compromised the size monodispersity of the NPs, the differential
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Figure 2. (a—c) TEM images and (d) UV—vis spectra of the samples
enriched with Au@Ag monomers (a), dimers (b), and trimers (c). Though
often in a bent conformation, the trimers mostly contained only two hotspots.
Clear gaps existed within the nanoclusters, and no fusion was observed.
The inset in (d) shows a typical outcome of the differential centrifugation,
where monomers, dimers, and trimers were enriched in distinct yellow,
brown, and green bands, respectively. Scale bars: 200 nm.

centrifugation® of the nanoclusters still gave reasonable results (Figure
2). Multiple separations of products from scaled-up colloidal syntheses
led to a sufficient quantity of dimers and trimers (85.1 and 70.3%,
respectively; statistics based on at least 800 clusters) with slightly
reduced purity. The UV—vis spectra of the dimers and trimers (Figure
2d) showed clear transverse plasmon bands, indicating strong coupling
within the nanoclusters. A 785 nm laser was used for the SERS study
to avoid the different absorbance of the colloidal nanoclusters (Figure
2d). TEM images showed that the NPs did not fuse together, and the
gap distance was relatively uniform with an average of 0.8 nm.®

While the statistics based on the TEM images gave the relative
abundance of the nanoclusters in a particular sample, comparing the
concentrations of different samples was not trivial, particularly after
the aggregation and loss of NPs during the processing steps. It was
noticed that when identical samples of Au@Ag NPs underwent
different degrees of aggregation, there existed an isosbestic point (325
nm) in the corresponding UV —vis spectra (Figure S6 in the Supporting
Information).® On the basis of this aggregation-independent absorbance,
the relative concentrations of Au@Ag NPs in the samples can be
obtained.® Combining the relative SERS intensities allowed the
averaged intensities of dimers (Inp) and trimers (Isyp) at 1064 cm™
(Figure 1) to be calculated by solution of multivariate equations in
which loyp and Ianp Were set as the unknowns and the intensities of
tetramers and pentamers were assumed to be linearly proportional to
the number of hotspots therein (Ine = a(n — 1)(Isnp/2), where ais a
coefficient whose value was estimated to be 2 on the basis of our
measurements of a sample enriched in large nanoclusters).®

The results were Inp = 1611np (i.€., 8 times as strong per NP) and
Iasnp = 8711np. If the hotspot is assumed to constitute Y/1q0 Of the total
NP surface (i.e., 13 nm?), then each dimeric hotspot would be 700
times as strong as a monomer and each trimeric hotspot 2100 times
as strong per unit area.? If 130 nm? of hotspot area is assumed, then
the values would be 70 and 210, respectively. It should be noted that
these calculations did not rely on the absolute concentrations of the

NPs and thus avoided the related assumptions. In our system, ligand
1 forms a monolayer on the Au@Ag NPs. Control experiments showed
that three independent syntheses of the monomer samples gave SERS
intensities with less than 5% standard deviation, demonstrating the
reproducibility of the ligand monolayer. Comparing the SERS intensity
of a monomer sample with that of free 1 in CHCl; gave an ensemble-
averaged EF of 1.3 x 10°. This estimate depends on the actual ligand
density and the total surface area of the Au@Ag NPs, both of which
are difficult to measure precisely.®

Hence, the ensemble-averaged EFs at the hotspots of the dimers
and trimers (dau@ag = 20 nm) should be in the range of 10°—10".
The uncertainty also stems from the poorly defined hotspot area
and the lack of understanding of the EF distribution within the
hotspots. The small EF observed could be attributed to the non-
resonance-Raman signal of 1, the weak absorbance of the nano-
clusters at 785 nm, and the random alignment of the nanoclusters
in the colloid with respect to the incident light. Therefore, under
optimal conditions, the EF of the “hottest” molecule may exceed
our estimates by several orders of magnitude.

Despite these uncertainties, the relative intensity ratios of the
nanoclusters (Ioxp = 16l3np and lanp = 87l5np) involve few
assumptions and are thus more reliable. The formation of the
monolayer of 1 on each NP before aggregation reduces the
ambiguity of analyte location in the hotspots and gives rise to
uniform gap distances between NPs. Enclosed by the polymer shells,
the nanoclusters are free from transient aggregation and the surface
ligands (analytes) are immune to exchange and dissociation. The
ensemble-averaged measurement of colloidal hotspots provides
unique advantages in averaging out the “blinking” of single-
molecule SERS and minimizing the photodamage of analytes.
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