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Abstract

We study the dynamics of single bonds through the surface-enhanced Raman

scattering (SERS) from single SERS-marker molecules containing a distinctive

single alkyl bond. Assembly of the nanogaps and positioning of single mole-

cules inside the electromagnetic hotspot are precisely controlled using DNA

origami constructs. The observed SERS intensities and their spectral wander-

ing, together with electromagnetic simulations, all confirm the role of

picocavities in this nanogap geometry in allowing observation of SERS signa-

tures from individual vibrating bonds. The strong electromagnetic field around

each picocavity and the transient binding of the SERS-marker molecule reveal

significant modifications to bond vibrations and selection rules over time.
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1 | INTRODUCTION

The transport of light, heat, and charge through single
molecules has immense implications in nanotechnology
for building electronic and nanophotonic devices. Central
to these transport phenomena is their dependence on
molecular vibrations. Optical tools to measure vibrational
fingerprints of molecules at the single-copy limit are
so far limited to metal nanogaps. Nanogaps formed
between two metal surfaces can amplify electromagnetic
(EM) fields by orders of magnitude (E/E0 > 100) and con-
fine optical fields to volumes less than 100 nm3. Such
confined EM hotspots are sufficient to surface-enhanced
Raman scattering (SERS) from individual molecular
vibrations with weak scattering cross-sections less than

10−29 cm2 [1]. However, a major challenge has been to
obtain nanogaps with uniform fields and then position
molecules accurately inside these tiny hotspots.[2,3]

Nonreliable gap sizes and molecular assemblies
have hindered quantitative single-molecule SERS stud-
ies to a great extent. Large variations in spectral inten-
sity and spectral wandering are often observed and
have been associated with molecular diffusion, chemi-
cal reactions, photothermal heating, and local charg-
ing.[4–12] Although these discussions largely focus on
the molecule being probed, it is also important to con-
sider the dynamic restructuring of metal nanogaps
through local surface diffusion of metal adatoms. Care-
ful consideration of how an adatom binds to the mole-
cule, along with molecular dynamics, will have great
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interest for building robust diodes, transistors, switches,
and memory devices.[13–15] Current state-of-the-art syn-
thesis methods for single-molecule plasmonic devices
generally suffer from inherent randomness and/or low
device yield, for instance, seen in surface chemical
functionalization,[16] host-guest chemistry,[17,18] electro-
static trapping,[19] or utilizing capillary forces in sol-
vent evaporation[20–22] or placement by probes in
scanning tunneling or atomic force microscopes(AFM).

Motivated by these challenges in both molecular
assembly and understanding, here we place single mol-
ecules with a characteristic bond vibration determinis-
tically within a plasmonic nanogap and study their
SERS dynamics.

2 | METHODS

The detailed sample assembly with DNA origami
(DNAo) spacers and their optical characterization as
nanoparticle-on-mirror (NPoM) constructs (see below) is
described in our previous work.[23] In brief, each Au sub-
strate was functionalized with folded DNAo templates by
immersing the samples in DNAo solution with 1-mM
MgCl2, 0.5× TBE buffer. AuNPs functionalized with
50thiol-modified 20× poly-T strands were allowed to
hybridize for at least 30 min with the origami previously
assembled onto Au substrate. Once fully assembled, the
substrate is rinsed with Milli-Q water and blown dry with
nitrogen. The surface coverage density of AuNPs is kept
sufficiently low to allow for single AuNP characteriza-
tion. It is important to note that the AuNPs are not aggre-
gated in solution. The resulting dry samples are placed
under a microscope equipped with simultaneous SERS
and dark-field characterization at the single NP level.
SERS is collected in a backscattering geometry with exci-
tation from a 0.9-NA, 100× air-immersion objective lens.

2.1 | Finite-domain time difference
simulation

The NPoM geometry is modeled with Lumerical FDTD
Solutions to numerically solve the EM fields in 3D. A fac-
eted AuNP is modeled as a truncated sphere with a diam-
eter of 80 nm on top of an infinite dielectric sheet of
n = 2.0 and thickness 4.5 nm and using a lower AuNP
circular facet diameter of 20 nm. Underneath this sheet,
a thick gold layer is placed to replicate the experimental
NPoM geometry. The dielectric function of gold is taken
from Johnson and Christy.[24] A 1-nm global mesh is
used with an added 0.2-nm local mesh at the junction to
improve accuracy. The nanoparticle is illuminated with a

p-polarized plane wave (total-field scattered-field source)
from an angle of incidence of 90�. To obtain scattering
spectra, the scattered light at each wavelength is collected
within a cone of half-angle 55� based on the numerical
aperture of the objective. The SERS enhancement factor
(EF) is estimated as EF =E2

λp
×E2

3100cm−1 , E2
i obtained

from near-field enhancements at the respective
wavelengths.

2.2 | Density function theory calculation

DBCO molecules were modeled with and without binding
to single gold atoms to calculate Raman and infrared
(IR) spectra. Gas-phase geometry optimizations and
wavenumber calculations were performed with no symme-
try restrictions. B3LYP hybrid functional and def2SVP basis
set were used, in combination with Grimme's D3 dispersion
correction with Becke-Johnson dumping.[25] The UltraFine
intergration grid was used to enhance accuracy of calcula-
tions. All density function theory (DFT) calculations were
carried out with the Gaussian09 program package.[26] All
computational spectra were scaled by a factor of 0.92 to
match with experiment.

3 | RESULTS

We assemble NPoM[23,27–29] constructs (Figure 1a) using
deoxyribonucleic-acid origami (DNAo) technology and
extend it to place individual molecules at the sites of inter-
est. As previously demonstrated,[23,30] DNAo is a powerful
tool to reliably and consistently construct such architec-
tures. Optical-frequency charge oscillations in faceted gold
nanoparticles (AuNP) placed above a metal surface in this
NPoM geometry provide enhanced EM hotspots in the
nanoparticle-mirror junction resulting from the Coulomb
coupling of induced nanoparticle dipoles and their image
charges. In these nanogaps, the molecule of interest is then
positioned with nm accuracy.[23,27]

In comparison with previous work where resonant dye
molecules are used to probe single-molecule SERS,[1,31–36]

here we use a nonresonant dibenzoclyclooctane (DBCO)
molecule as the Raman probe (Figure 1b). A DNA staple
strand functionalized with DBCO at the 50 end is used to
precisely position the molecule at the center of nanogap
(Figure S1). This molecule contains a single alkyne
( C≡C ) bond with a distinctive vibrational signature in
the Raman-silent region of DNA strands. This is an impor-
tant consideration as it is otherwise lost in a profusion of
vibrations arising from the DNA itself. The C≡C is in
the nonplanar octane ring giving rise to strain in the
DBCO which is used for azide reactions in click
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chemistry.[37] Note that C≡C bond stretching has weak
IR absorption associated with a tiny change in dipole
strength, making it harder to detect in tip-based near-field
IR absorption methods. Our assembled structure here pro-
vides SERS EFs of several millions (Figure 1c), whereas
only a single DBCO is present in each NPoM gap.

Scattering from individual NPoM constructs mea-
sured using dark-field microscopy (Figure 1d) exhibits a
characteristic coupled mode resonance around 735 nm
(Figure 1e) specific to the nanogap geometry.[38] Full-
wave simulations are performed to validate this with
experimentally obtained input parameters[23] perfectly

matching with the experimentally observed spectrum
(Figure 1e, purple curve), confirming the reliability of
simulated near-fields and estimated EF values. It is
important to notice that the simulated EF of 106 is not
sufficient to observe single-molecule SERS and that
greater than 90% of the EM field in the gap is polarized
along the z-direction normal to the metal facets.[29,39]

However, when an individual NPoM is pumped at
λp = 633 nm and plasmon-enhanced SERS spectra are
collected in the region 400 to 2,200 cm−1, we observe
SERS signals from the single C≡C stretch at
2,100 cm−1. This can only be explained by including an

FIGURE 1 Nanoparticle-on-mirror

(NPoM) construct with a single DBCO molecule

in the gap. (a) Schematic of NPoM with a

faceted nanoparticle on DNA origami (DNAo)

plates in the gap. (b) Chemical structure of

DBCO molecule positioned in the nanogap with

DNAo (chemical structure of linker between

DBCO and DNA staple is provided in Figure S1).

Characteristic C≡C bond vibration of DBCO

at 2,100 cm−1 is highlighted in yellow. (c) Full-

wave 3D simulation of electromagnetic

(EM) surface-enhanced Raman scattering

(SERS) enhancement for NPoM geometry at the

Raman shifted C≡C bond vibration (with

λp=633 nm). (d) Optical dark-field image of

NPoM sample—each bright red spot

corresponds to an individual NPoM.

(e) Scattering spectra of an individual NPoM

obtained experimentally (brown) and from EM

simulation (purple). Arrow indicates λp pump

for SERS and collection region is marked

dashed. (f) Time-series SERS spectra obtained

from DNAo with DBCO molecules from

individual NPoMs at a pump intensity of

100 μW/μm2. The unique vibrational region of

DBCO is labeled as C≡C . (g) Time averaged

SERS spectra of DNAo, compared with that of

DNAo containing single DBCO labels, in

individual NPoM gaps (time-series SERS spectra

of DNAo are provided in Figure S2)
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additional local amplification of EM fields which is cre-
ated by the picocavity formed when Au atoms are pulled
out of the facets.[40] For picocavities forming at the mir-
ror substrate,[41] the EM hotspot does not reach the
C≡C as it assembles near the AuNP at the top DNAo

plate. Time-series spectra with 1-s integration time fur-
ther reveal the dynamics (Figure 1f). The C≡C stretch
exhibits strong intensity fluctuations which have some
correlation with SERS signals from the large number of
DNAo vibrational bands in its fingerprint region 500 to
1,600 cm−1. In this region, it is extremely hard to differ-
entiate the vibrational bands associated with DNA from
those of DBCO (Figure 1g).

To understand the dynamics of single molecules, we
thus focus on a small region of higher wavenumbers
(2,000-2,500 cm−1) around the C≡C stretch
(Figure 2a). These spectra are decomposed into peak and
background by fitting them with Gaussian and linear
background contributions. The intensity fluctuations
observed from the time-series SERS spectra of different
individual NPoMs at 2,100 cm−1 confirm that the single-
molecule origin of the signal and corroborates the
picocavity events. Unprocessed spectra and background
fits are provided in the Figure S3. Irrespective of the
intrinsic variability of the nanoparticle size (<5%) and
shape, greater than 50% of observed NPoMs show a
Raman peak around 2,100 cm−1, indicating high yield of
assembly. The intensity of the C≡C bond vibrations

exhibit greater than 5× variation across multiple NPoM
constructs, indicating flexible linkage of DBCO inside the
DNAo and thus different C≡C bond orientations
inside the gap, giving counts <103 mW/μm2/s. Optimized
collection geometries could further improve the photon
yield to >105 mW/μm2/s, allowing us to observe the
dynamics at millisecond resolution.[42]

The C≡C bond vibrations show spectral wander-
ing of �Δν apprximately 5 to 10 cm−1 on timescales of 1 s
(Figure 2b). These shifts are 2 × smaller than the smallest
linewidth observed in the time series spectra. Although
the C≡C intensity fluctuates by more than 100%, no
correlation is found with the background intensity varia-
tions (Figure 2c). This implies that the molecular
fluctuations originate from local EM and chemical modi-
fications and that the mechanisms for background and
peak intensity variations are different.[43,44] Local melting
of the DNAo or changes in C≡C bond orientation are
unlikely to contribute to these intensity variations, as the
estimated change in temperature for the pump power
used is less than 1� C.

4 | DISCUSSION

The local amplification of EM fields from a picocavity is
estimated using classical full-wave simulations evidencing
the strong field around a single Au adatom (Figure 3a).

FIGURE 2 Surface-enhanced Raman scattering (SERS) dynamics of a single C≡C vibration. (a) Time-series SERS spectra of single

DBCO molecules from four different nanoparticle-on-mirror (NPoM) gaps. (b) Spectral wandering of C≡C vibration extracted from NP4.

Solid red curve is time averaged spectrum. (c) Peak intensity variation of C≡C bond vibrations, which has no correlation with the SERS

background intensity fluctuations
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This has been shown to match full quantum
calculations.[45] The additional EM field at the adatom tip
now boosts the EF from 106 to greater than 1010, allowing
single-molecule SERS from gaps as small as 4.5 nm. The
strong field gradients around the C≡C bond can fur-
ther modify the selection rules [40, 46] (Figure 3b). This is
occasionally observed as multiple extra Raman peaks in
the same 2,100 cm−1 region, with spectral shifts from the
C≡C stretch of greater than 10 cm−1 (Figure 2a, NP4).
Chemical perturbations due to the binding of Au

adatoms on the DBCO affect the C≡C strength and
strain in the octane ring. This is estimated using DFT cal-
culations by considering different configurations of Au
atom binding to this DBCO molecule (Figure 3c). There
are two potential binding sites for Au: (i) binding to the
C O group of the amide bond near the octane ring and

(ii) binding to the nitrogen in the octane ring. Both these
influence the C≡C bond strength, Raman cross-sec-
tion, and strain in the octane ring. The reconfiguration of
this nonplanar octane ring on binding of Au is estimated
from the difference between β and γ angles around the
C≡C bond (Figure 3ci). The DFT extracted values are

tabulated in Figure 3d. The possibility of Au binding to
nitrogen is unlikely as it is expected to either destroy the

C≡C bond or break the functional alkyl chain as
shown in configuration (iii). The more likely site is thus
the Au attaching to the C O group which perturbs the
C≡C bond strength by −9 cm−1 which is in reasonable

agreement with the experimental data ( �Δν~ 5–10 cm−1).
The intensity fluctuations predicted are, however, much
smaller than observed, though a full model for predicted
intensities from picocavities is not yet available. We also
note that the influence of the large number of nearby
DNAo base pairs and phosphate backbones with high
local concentrations of MgCl2 ions remains unclear and
needs further investigation.

To conclude, we show SERS dynamics from individ-
ual fully nonresonant DBCO molecules deterministically
positioned in plasmonic nanogaps. From SERS analysis,
it is evident that the local EM field controlled by the
picocavities enhance the EF by four orders of magnitude
in addition to nanocavity fields, allowing the probing of
vibrational dynamics from a single C≡C bond. The
strong modification observed in the C≡C stretch
including the presence of multiple peaks at high
wavenumbers indicates the role of chemical environ-
ment. Our results should reinitiate the debate about
light-induced chemical effects on SERS.

FIGURE 3 Adatom-induced electromagnetic (EM) enhancement on surface-enhanced Raman scattering (SERS). (a) Classical

enhancement EF for SERS at 2,100 cm−1 mode in nanoparticle-on-mirror (NPoM) when single gold atom is pulled out of AuNP facet. Strong

increase in local field strength is observed in comparison with fields without adatom (Figure 1c). (b) Simulated real components of Ex and Ez

fields at 713 nm (≡2,100 cm−1). (c) Different configurations of Au binding to DBCO molecules used for density function theory (DFT)

calculations (full optimized structure and analysis provided in Figures S4–S6). For non-Au bound DBCO, linear deformation β − γ is 1�.
(d) Tabulated estimates from DFT for different configurations shown in (c)
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