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Metal/organic-molecule interactions underpin many key chemistries but occur on sub-nm
scales where nanoscale visualisation techniques tend to average over heterogeneous distributions. Single molecule imaging techniques at the atomic scale have found it challenging
to track chemical behaviour under ambient conditions. Surface-enhanced Raman spectroscopy can optically monitor the vibrations of single molecules but understanding is limited by
the complexity of spectra and mismatch between theory and experiment. We demonstrate
that spectra from an optically generated metallic adatom near a molecule of interest can be
inverted into dynamic sub-Å metal-molecule interactions using a comprehensive model,
revealing anomalous diffusion of a single atom. Transient metal-organic coordination bonds
chemically perturb molecular functional groups > 10 bonds away. With continuous
improvements in computational methods for modelling large and complex molecular systems, this technique will become increasingly applicable to accurately tracking more complex
chemistries.
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T

he push for energy-efﬁcient electronics and growing needs
for sustainable manufacturing are driving the miniaturisation of devices and the development of functional nanocomponents, with promising technologies now incorporating
atomic-size features1–3. On this same scale, metal-organic interactions underpin many key chemistries from catalysis for
feedstocks4 to anti-bacterial surfaces5 and green initiatives6. To
extract properties at these atomic length scales, myriad imaging
techniques have been developed including electron7,8, atomicforce9, scanning-tunnelling10,11, and tip-enhanced Raman12,13
microscopies. Although these are capable of visualising individual
atoms, a technique is still required to allow single atom dynamics
to be studied at relevant timescales and at ambient conditions.
This impedes progress in ﬁelds from molecular electronics14 to
photocatalysis15 and electrochemistry16. Such a technique is
essential to understand how atoms explore their energy landscape
and interact with their local chemical environment and to facilitate observations of chemical reactions at their operating
temperature.
By placing molecules within the sub-wavelength-conﬁned
optical ﬁelds of nanostructured plasmonic metals, the enhancement of scattering and absorption opens up new methods of nondestructive and real-time optical interrogation. In nanometrescale gaps between plasmonic materials, the enhanced ﬁeld
strengths enable optical spectroscopy of fewer than a hundred
molecules, in contrast to the trillions observed with classical
optics17. Single metal adatoms stabilised on the surface of these
plasmonic nanocavities further localise the conﬁned optical ﬁeld
to sub-nm3 effective volumes termed picocavities18,19. This allows
single molecules to be optically isolated while the resulting
extreme ﬁeld gradients alter the spectrosopic response, allowing
its spectral ﬁngerprint to be distinguished from the ensemble.
Such picocavities, which are produced stochastically under laser
irradation of the nanocavity, are stable at room temperature
depending on nearby chemical species20.
Here, the chemical inﬂuence of a low-coordination gold adatom on neighbouring organic molecules is probed by the tightlyconﬁned light, revealing their mutual interaction. This is
experimentally achieved using surface-enhanced Raman spectroscopy (SERS) to reveal how the vibrational modes of the
molecule are continuously modiﬁed by the presence of the adatom (Fig. 1). These modiﬁed vibrations display both continuous
and discrete changes on millisecond timescales (and faster),
arising from changes in the relative adatom-molecule position
(Figs. 1c, 2a). Developing a comprehensive map of the available
parameter space using a density functional theory (DFT)21 model
allows the experimental spectra to be inverted into sub-Å relative
movements of the molecule and adatom. We discuss also the
limitations of this approach and highlight new theory needing
development.
Results and discussion
Experimental nano-construct for picocavity observation. We
exploit optical nanocavities based on the robust nanoparticle-onmirror (NPoM) construct consisting of a gold nanoparticle
positioned d < 2 nm from a gold mirror (Fig. 1a)17. Upon resonant irradiation, the optical coupling between the nanoparticle
and its image charges in the mirror leads to strong ﬁeld conﬁnement in the nanogap in close analogy to a nanoparticle
dimer17. This mode has an effective volume set by the radius of
the nanoparticle (R = 40 nm) and the width and refractive index
(ng) of the gap as V  Rd2 =n2g  100 nm3. The resulting ﬁeld
enhancement offsets low Raman scattering cross-sections allowing for inelastic scattering of light to probe the vibrational modes
of any material placed within this volume. Using a self-assembled
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molecular monolayer (SAM) between the nanoparticle and mirror provides robust Raman signatures due to its close-packed
nature22. Light-induced picocavities can then interact with these
molecules. The cyanobiphenyl-4-thiol (NC-BPT) molecular SAM
used here (Fig. 1a) contains a CN headgroup with a distinct high
energy SERS line at νCN = 2242 cm−1 enabling background-free
tracking to study vibrational dynamics. During SAM formation,
the molecules bind to a template-stripped gold surface via a thiol
linker23. When nanoparticles are drop cast onto the sample,
>107 separated NPoM constructs are simultaneously created with
CN headgroups pointing at the nanoparticle surface. Representative SERS spectra from several million taken on this system
(Fig. 1c, d) consistently display the expected strong modes.
During a picocavity event, the strong optical ﬁeld gradient over
a single molecule next to the Au adatom alters the effective
Raman selection rules, enabling previously weak modes to
become visible and modifying peak ratios. Most obvious is a
distinct adatom modiﬁed C≡N stretch observed at lower Raman
shifts than expected (Fig. 1c, white arrow) in a spectral region
where no vibrational peaks are expected to fall. We show these
redshifts arise from interactions between the picocavity Au
adatom and the nearest C≡N bond, as noted previously20.
Because only one red-shifted C≡N line is typically seen, this
suggests it is from a single molecule18, as supported by its
narrower linewidth and spectral wandering. Picocavity events in
which a modiﬁed C≡N stretch is not observed are considered to
be atomic features appearing on the gold mirror and are not
explored here20. We emphasise that such transient SERS peaks
from adatom atomic features are pervasive in all nanogap
nanocontructs19,24.
Density functional theory of transient adatom binding. DFT
calculations show that an adatom in proximity to NC-BPT will
energetically favour forming a partial bond with the N (Fig. 1b).
This shifts the hybridisation of the nitrogen from sp to sp2,
lowering the bond order and vibrational frequency for this
individual molecule. Due to conjugation, this perturbation
translates to subtle electron density changes across the entire
molecule. In the most energetically favourable position, the calculated DFT Mayer bond order (MBO) is 0.3 for the Au-N
coordination bond while the C≡N bond order decreases from 3.0
to 2.7. Optimising the position of the gold atom with respect to
the molecule allows DFT to accurately reproduce the experimental results (Fig. 1d, e). We ﬁnd coordination bonds transiently exhibit MBO of up to 0.6 (Supplementary Fig. 1). To
highlight more general features in such transient bonding, we also
compare below this coordination with that for biphenyl-4-thiol
(BPT) without the C≡N headgroup.
To investigate the spectral dynamics more quantitatively,
picocavities are repeatedly generated using sporadic 100 ms bursts
of 500 μW 633 nm laser irradiation. The short duration favours
the creation of a picocavity within a single burst without then
destroying it, though their formation is rare (0.08 s−1 at this
irradiation power) and only ~15% form on the nanoparticle
facet20. Once formed, they are probed with 25 μW irradiation for
60 consecutive spectra with 1 s integration time. Among
trajectories recorded for 87 individual picocavities, the energy
dynamics of the perturbed CN vibration displays both continuous
and discrete changes on these timescales (Fig. 2a). The downshift
of the CN vibration from its unperturbed frequency (Δν) is
observed to range over 400 cm−1 but occurs most often around
Δν ~ 50 cm−1 (Fig. 2b). As shown below, this compares reasonably with the predicted downshift from DFT of Δν ≃ 80 cm−1 at
the optimal N−Au bond-length of dNAu = 2.2 Å. The observed
changes in downshift between spectra each second, termed here
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Fig. 1 Picocavity formation focuses light onto a single molecule. a Nanoparticle-on-mirror (NPoM) structure conﬁnes light in nanocavity gap, further
conﬁned by single gold adatom (inset) beside molecular monolayer of cyanobiphenyl-4-thiol (NC-BPT). b Changes in Mayer bond order (MBO) and charge
density (Ne) during energetically favourable interaction between Au adatom and C≡N bond. Red indicates an increase in charge density while blue
indicates a decrease. c SERS spectra of NPoM system over time, including persistent nanocavity lines and transient picocavity lines perturbed by the single
adatom (white arrow shows perturbed NC bond). τnano and τpico indicate times before and during the picocavity event shown in d single SERS spectra taken
before (τnano) and after (τpico) the formation of a picocavity. e DFT spectra of the NC-BPT molecule with and without a gold atom positioned to reproduce
experimental spectra, peak height scaled to experiment. Peak ratios without adatom are matched using optical polarisation direction. Peak ratios with
adatom omit picocavity enhancement (see text) and thus ad hoc. Weaker C≡N mode in the experiment arises from lower optical collection efﬁciencies at
longer wavelengths.

the CN wandering (denoted ∂ν), follow an exponential distribu  (4.3 ± 0.3) cm−1 s−1
tion with an average wandering rate ∂ν
(Fig. 2c). The wanderings show no characteristic frequency
dependence, and seem surprisingly slow compared to the sub-ps
molecular vibration frequencies, as well as the sub-μs acoustic
frequencies of the nanostructure25. Similar behaviour is seen in all
the systems studied.
We now show that DFT models capture most features of these
experimental spectra, which is required to invert them to obtain
atomic trajectories. Extending the DFT modelling away from the
energetically optimal conﬁguration allows the adatom position
relative to the NC-BPT molecule to be tracked by mapping out
the spectral response at each conﬁguration (Fig. 2d). Fixing the
adatom position relative to the molecule and allowing the rest of
the system to geometrically relax, a perturbed vibrational
spectrum is simulated. The position of the adatom is tracked
using spherical polar coordinates (d NAu ; θ; ϕ) with axes deﬁned by
the C≡N bond (z) and the plane of the upper phenyl ring (xz
plane) with the N atom as the origin (Fig. 2g). The separation
dNAu is varied from 1.8–3.2 Å while θ and ϕ are varied from 0 to

90° (Supplementary Note 1). The minimum energy conformation
is found at dNAu = 2.2 Å (Fig. 2f), ignoring inﬂuences from other
SAM molecules or the nearby surface of bulk gold (preliminary
inclusion of such effects in calculations is discussed in
Supplementary Note 2). At this dNAu, the system energy is
minimised at ϕ = 90° (Fig. 2h), reﬂecting the spatial overlap
between the Au valence orbitals and the C≡N π-orbital to which
they hybridise, and canted at θ ~ 40°. The N−Au MBO shows a
similar angular dependence maximised at ϕ = 90°.
The emergence of this N−Au coordination bond mixes the
vibrational modes of the bare molecule, as visualised when
plotting the DFT vibrational spectra vs dNAu (Fig. 2d). As the
adatom approaches, vibrational modes across the spectrum are
perturbed with the C≡N vibration clearly lowering in frequency
continuously as its bond order drops (Fig. 2d). Changes are also
observed in two dominant vibrational modes which stretch the
lower and upper phenyl rings at ~1500 cm−1. With decreasing
dNAu, the vibrational motion of the top ring is increasingly pinned
by the heavy gold adatom. Since the lower ring is already bound
to gold, this reduces the molecular asymmetry causing the rings
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Fig. 2 Spectral perturbation varies with adatom position. a SERS spectra showing varying dynamical behaviour of the perturbed C≡N vibrational line (Δν)
within the single molecule. b Histogram of experimentally observed CN downshifts in NC-BPT from unperturbed vibration energy. c Experimentally

observed changes in CN vibration energies within 1s, ﬁt to likelihood of wandering / exp ∂ν=4:3 cm1 s1 (dashed). d DFT Raman spectra of NC-BPT vs
dNAu at ﬁxed ϕ = 90°, θ = 91° (deﬁned in (g), log colour scale). Virtual N−Au vibrational energy indicated by dashed line. e DFT Raman spectra of
biphenyl-4-thiol (BPT) with adatom approach along energy minimising path (dashed) (log colour scale). f System energy vs dNAu, optimising adatom
position angularly. g Coordinate system deﬁning adatom position relative to CN bond and upper ring of NC-BPT. h Relative system energy with varying
adatom angular positions for energetically favourable dNAu = 2.2 Å.

modes to mix (Supplementary Fig. 12). The phenyl-phenyl bond
~1320 cm−1 also strengthens, reducing the dihedral angle
between the rings (Supplementary Fig. 13) consistent with the
previous studies26. Further mixing is seen across the Raman
spectrum, highlighting electron density reorganisation and
consequent changes in bond strengths. A new vibrational
pseudo-mode (νNAu) rapidly increases in energy as dNAu
decreases, generating sets of anti-crossings with successively
higher energy vibrations (Fig. 2d, dashed line). This directly
matches the vibration of the coordination N−Au bond, which
increases in strength as the adatom approaches (Supplementary
Note 1). This shows that the chemical perturbations extend right
across the molecule, including the thiol functional group >10
molecular bonds away from the adatom on the other side of the
molecule.
The theoretical energy landscape shows that the metastable
Au adatom sits in a well of depth 0.2 eV (Fig. 2f inset), giving
an estimated N−Au stretch energy spacing ν NAu  20 meV
(~162 cm−1) as for the N−Au Raman in Fig. 2d. In this
anisotropic well, thermal excitations (kB T = 25 meV) can
access only the lowest few states. In a harmonic approximation
along the dNAu coordinate, a thermal ﬂuctuation of 24 pm is
expected, equivalent to changes in νCN of 40 cm−1 (Supplementary Note 3), the same order of magnitude as observed for
spectral wandering. The softer rotational energy barrier of
0.1 eV along ϕ (Fig. 2h) would give torsional oscillations
spaced by 3 meV, which are thus more frequently thermally
accessed.
To demonstrate the generality of such adatom coordination, we
also plot the vibrational modes of biphenyl-4-thiol (BPT) upon
adatom perturbation (Fig. 2e). Without the CN headgroup, the
adatom approaches the para (top) carbon of the upper phenyl
ring along an energetically favourable path perpendicular to the
plane of the phenyl ring (θ,ϕ~90°). Again, the vibrational modes
are strongly modiﬁed by the Au adatom as its valence orbitals
4

overlap with the π-orbitals of the ring giving a 0.1 eV local energy
well at dCAu = 2.2 Å with a MBO of 0.5 for the C−Au bond
(Supplementary Fig. 17). Such Au−π coordination bonds are
likely prevalent in most molecule-surface interactions with
picocavities, shifting vibrations by more than thermal energies,
and impacting molecular electronics, photocatalysis, and sensing.
It is important to consider whether alternative models can
explain the observed spectral dynamics. First, we consider
vibrational shifts due to the applied ﬁeld gradient. As the picocavity
ﬁeld oscillates at optical frequencies, it may induce a vibrational
energy change through the AC Stark effect. However, this effect
splits vibrational energies symmetrically around the unperturbed
centre in contrast to the asymmetric shifts observed. A DC ﬁeld due
to charge accumulation at the adatom position would modify the
vibration energy through the DC Stark effect, which for the C≡N
functional group scales as (20 ± 5) cm−1 V−1 27,28. This effect can
be replicated in DFT by replacing the adatom with a point charge,
but magnitudes as large as 0.5e− change the vibration energy of this
bond by only ≤6 cm−1 (Supplementary Fig. 18). Similarly, charging
the molecule itself fails to recreate the observed perturbations
(Supplementary Fig. 19). The 13C≡N bond isotopologue would give
redshifts of 52 cm−1, but is static and cannot explain the observed
ﬂuctuating downshifts (Supplementary Fig. 20)29.
We thus model the spectral dynamics using a single molecule
interacting with an adatom to form coordination bonds, in which
the discrete spectral changes observed are explained by the high
sensitivity of the perturbed vibrational modes to sub-angstrom
relative adatom-molecule motion. We also consider if the adatom
might interact consecutively with multiple molecules over the
period of observation, but with ~6 Å intermolecular spacing in a
bi-phenyl SAM22 this would require the adatom to traverse an
unfeasibly large distance. Occasionally, the CN-picocavity scans
display split C≡N vibrational lines. While not explored in depth
here, DFT suggests that these could be caused by the hybridisation of C≡N vibrations from two molecules coupling through
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Fig. 3 Adatom track to recreate experimental spectra. a Experimental picocavity spectra taken with 300 µW 633 nm laser power for 100 ms integration
time (log scale). Time starts when picocavity ﬁrst forms. b Extracted picocavity peak positions, overlaid with corresponding peak positions from an
optimised adatom trajectory in DFT. These are plotted on individual scales to emphasise the shape of the peak trajectories and the DFT is scaled to overlay
(red). High Spearman correlations show good agreement for each peak. c Extracted adatom coordinates for this trajectory. d DFT system energy along
adatom trajectory. Colour refers to time colour bar. e Mean square displacement (MSD) of adatom with increasing time window, showing anomalous subdiffusion on < Å scales. Error bars indicate standard error. f Adatom trajectory projected onto a plane, with FCC lattice of underlying nanoparticle facet
overlaid and g plane shown relative to molecule in 3D. Colours match those in (f) indicating time.

mutual interaction with a single adatom (Supplementary Fig. 21).
However, the majority of the time (>85%), adatom movement
relative to a single molecule describes both jumps and wandering
in the perturbed line positions.
Extracting adatom trajectory on sub-angstrom scale. As each
relative adatom-molecule position generates a unique ﬁngerprint
of vibrational lines, picocavity SERS spectra with enough wellresolved peaks should be uniquely invertible to extract a 3D
adatom trajectory relative to the NC-BPT molecule. To demonstrate this, a 13 s track with >100 picocavity spectra (Fig. 3a) is
taken at higher (300 μW) laser powers to allow shorter 100 ms
integration times. Four picocavity peaks are well-enough resolved
over all times to compare with the full DFT dataset (linearly
interpolating between calculated positions). While the theory
captures changes in peak intensity ratios due to the adatom
perturbation on the molecular bond orders, it does not fully
describe the optical enhancement of the vibrations due to the
picocavity ﬁeld gradient so that peak intensities cannot be used in
recovering the adatom position (so far). Fixing the frequency of a
single vibrational mode within the DFT collapses the dimensionality of possible adatom positions from the full parameter
space to a 2D surface. Fixing additional peaks collapses this
further to a 1D line and then a unique point. With uncertainties
in experimental vibrational frequencies, conﬁdence in deﬁning
the adatom position increases with the number of experimental
modes considered (in exact analogy to macroscopic triangulation
using GPS satellites). This end goal for the technique requires a

very high level of agreement between physical and theoretical
mode frequencies. DFT contains intrinsic approximations that
typically overestimate vibrational energies. For most applications,
this is usually mitigated by applying an empirical scaling factor
depending on the level of theory used and the vibrational character of modes30, however, some mismatch always remains. For
picocavities, the vibrational character of the modes changes
dynamically with relative adatom-molecule position. In addition,
effects of intermolecular interactions within the SAM are not
included (due to rapidly increasing computational complexity).
The net result is that no scaling factor for each vibrational mode
can place the experimental frequencies within the range of possible frequencies supplied by the DFT for all times (Supplementary Fig. 22). One possible methodology for directly comparing
experimental and scaled DFT spectra, in which two separate
scaling factors are applied to different regions of the spectrum, is
outlined in Supplementary Note 4. With continual improvements
in theory and in computational power and resources over time,
this simple triangulation of adatom positions will become
increasingly practical.
However, an alternative strategy is available based on the
correlated changes in vibrational frequencies observed. For this
track inversion, an adatom trajectory is instead deﬁned not by
matching exact peak positions but instead by matching spectral
dynamics. For a given trajectory, the frequencies over time of
each peak in theory and experiment can be compared using a
Spearman correlation (high Spearman correlation between two
sets of values indicates a monotonic relationship). By maximising
the averaged Spearman correlation, this forces the trend of each
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peak perturbation to be captured simultaneously while allowing
the correlations to be nonlinear. To test the reproducibility and
uniqueness of the solution, ﬁve random initial trajectories are
maximised in this way, each returning very similar optimised
trajectories with averaged correlations ranging from 0.952 to
0.972 (Supplementary Note 5). The similarity of these trajectories
is strong evidence for the existence of a globally maximising
solution, although small (but non-continuous) alterations may
still lead to a small improvement. We show here our maximallyoptimised solution with averaged correlation of 0.972 for the four
vibrational lines (Fig. 3b, c, Supplementary Movie 1, additional
trajectory in Supplementary Fig. 32).
Optimising the average correlation makes this algorithm
ambivalent to the relative size of the frequency shifts between
theory and experiment. We ﬁnd the scaling of the perturbations
between DFT and experiment varies between vibrational lines.
While the shifts in CN peak position are three-fold larger in DFT
than experiment, the two phenyl vibrational shifts at ~1500 cm−1
are instead 4−10-fold smaller. As expected, this suggests that
while our DFT model captures the trend of the peaks the absence
of the gold surfaces and surrounding molecules, to which our
system would couple through π−π stacking of the phenyl rings,
likely has an impact on the scale of these perturbations. This
correlation technique requires picocavity peaks to be dynamic
over the observed timeframe and for enough to be present to
collapse the parameter space to a unique solution. While this
limits the inversion of every picocavity track, our algorithm can
match crucial information from DFT calculations. Exploring
validation from a ﬁfth experimental peak not used for trajectory
reconstruction (and not resolvable for all time), shows its
predicated dynamics from DFT is well anti-correlated to the
extracted experimental trace (Supplementary Fig. 30). This shows
that while the comprehensive DFT model captures the character
of the experimental perturbations, subtle additional system
interactions are still missing but so far are difﬁcult or impractical
to include.
Viewing this extracted adatom trajectory in a reference frame
with the lower sulphur-bound gold atom ﬁxed at the origin and
the plane deﬁned by this Au−S−C junction ﬁxed in orientation,
the adatom is found to be restricted close to a ﬂat plane (±0.17 Å)
(Supplementary Figs. 33, 34) in which it switches between two
distinct clusters. If the movement of the molecule relative to the
bulk gold is assumed negligible compared to that of the adatom,
this plane can be interpreted as the plane of the nanoparticle facet
(Fig. 3f) upon which the trajectory clusters around two sites
separated by the 1.7 Å minimum distance between energeticallyfavourable interstitial sites on a (111) gold surface. This allows the
atoms of the nanoparticle facet to be tentatively overlaid over the
adatom trajectory (Fig. 3f, dashed), though some molecular
motion might also be involved. Among the ﬁve optimised
trajectories, these sites become increasingly well-deﬁned with the
increase in averaged Spearman correlation, converging on the
two-site conﬁguration (Supplementary Fig. 28). To probe the
robustness of this claim, further trajectories are optimised with
artiﬁcial noise added to each experimental line from a normal
distribution N(μ = 0, σ = 0.5 cm−1). While the ﬁnal Spearman
correlation degrades as expected, the two site feature persists
(Supplementary Fig. 29). By using this Spearman correlation
method, the optimised trajectories are not highly sensitive to
changes to the DFT basis set or functional (Supplementary
Note 6). The adatom-molecule interaction, as described by the
DFT, relaxes slightly over time (Fig. 3d) with transient excitation
and relaxation likely arising from transfers with other energy
reservoirs in the system such as the interaction between SAM
molecules. A discrete drop in energy of 100 meV at 3 s
corresponds to when the adatom ﬁrst leaves the well of its initial
6

interstitial site. This energy is indeed of the order required for an
adatom to move away from an interstitial site (Supplementary
Note 7). This facet plane deﬁnes the molecule as tilted 73° from
the vertical, in reasonable agreement with that previously
assigned31 (Supplementary Note 8). Molecular movement relative
to the nanoparticle over relevant timescales can also be
considered. Gross nanoparticle motion would modify SERS from
all the other molecules in the nanogap (not seen) and from
impulsive dynamics is known to damp on <ns timescales with the
SAM layer being extremely stiff compared to gold25.
Over short timescales where the bounded nature of adatom
conﬁnement has little effect, the adatom dynamics show
anomalous sub-diffusion (Fig. 3e) with a mean square displacement MSD = ΓΔtα (over time window Δt) giving α = 0.87 ± 0.03
and Γ = (0.92 ± 0.03) Å2 s−1. This conﬁrms that the sub-atomic
thermally-diffusive motion experiences extra hindrance for
√MSD < 3 Å (since such sub-diffusion requires additional
barriers32), which likely comes from the directionality of the
bonding involved. This adatom diffusivity agrees in magnitude
with previously extracted values for copper adatoms on gold
nanocrystals by X-ray diffraction33. We point out that using an
overdamped Ornstein−Uhlenbeck model, the measured diffusivity D  Γ=2  5 × 10−21 m2 s−1  kB T=ðkτÞ. Given the effective
bond spring constant k ~ 10 J m−2, this suggests that the
ﬂuctuation correlation time τ ~ 100 ms. The large adatom
damping γ ¼ kτ  1 J m−2 s thus yields slow dynamics.
This shows how an Au adatom sits in a metastable potential
below the facet surface balanced between attractions to the π
orbitals of the molecule below and the Au facet above (Fig. 2f
inset). Many questions still remain about how to consider such
atomic motion, which approaches the thermal quantum limit
(kB T  hν NAu ), and what drives the timescales observed.
Dynamics with increasing laser power. Because picocavities can
be detected in real time, the power dependence of their atomic
motion can be investigated. During a picocavity event, the laser
power is now repeatedly ramped between 25 and 200 µW
(Fig. 4a), allowing us to extract how both the linewidth Γ and
 of the picocavity lines vary over multiple
wandering rate ∂ν
cycles. Neither is observed to vary signiﬁcantly, suggesting thermal energies dominate at room temperature. Although each
measurement is dependent on the integration time, they can be
combined into a single effective width Δμ characterising the
spectral dynamics, which is now independent of integration time
(Supplementary Note 9). This allows direct comparison between
NC-BPT and previous measurements on BPT (Fig. 4b) at both
cryogenic18 and room temperature20 (on hundreds of NPoMs).
For BPT, picocavity lines are chosen that appear near 1500 cm−1.
To compare these to DFT, dNAu is scanned to reveal the energy
required to shift the CN vibration frequency (Fig. 2d, e), thus
resolving thermal contributions at 300 K of 4μNCBPT  6 cm−1,
in good agreement with observations (note this assumes a simple
approximation of the full 3D energy landscape, Supplementary
Note 9). Similar estimates for BPT give 4μBPT  10 cm−1,
overestimating the observed value by threefold and suggesting
additional factors at play. This is further evidence for the
importance of intermolecular interactions that can modify the
scale of phenyl ring perturbations in this spectral region.
Experimentally, only at low temperatures is there a clear contribution from the laser vibrational heating of the molecule in
picocavities.
In conclusion, we demonstrate how single-molecule spectroscopy can be combined with comprehensive DFT modelling to
visualise metal−molecule interactions in ambient conditions. The
reconstruction of individual atomic trajectories for all atoms
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SERS measurements. NPoM constructs were imaged using an Olympus BX51
microscope in dark ﬁeld conﬁguration using a 100x Zeiss Ex Epiplan-Neoﬂuar 0.9NA
objective lens and a Lumenera Inﬁnity 2 CCD. A Prior Scientiﬁc motorised stage was
used to centre nanoparticles. A 632.8 nm Integrated Optics SLM VBG diode laser
focussed to a diffraction-limited spot was used to excite Raman scattering, with
scattered light imaged onto an Andor Newton 970 EMCCD through a HORIBA Triax
320 spectrometer using a 600 l/mm diffraction grating with 750 nm blaze. The elastically scattered light was removed using two Thorlabs 633 nm notch ﬁlters and laser
power on the sample was measured using a Thorlabs PM16-121 power metre.

300K NC-BPT
300K BPT
10K BPT

5

BPT

0
0

250
500
Incident Power (μW)

18 h. The sample was then rinsed with excess of ethanol and blown dry using
nitrogen.
For nanoparticle deposition, 100 µL of colloidal gold suspension (80 nm, citrate
capped, BBI solution, OD1) was mixed with 5 µL of a 20 mM solution of KCl and
allowed to mix for 30 s. A 30 µL droplet was deposited on the SAM functionalised
gold substrate and left for 30 s, after which the droplet was rinsed off with an excess
of deionised water and blown dry using nitrogen.

750

Fig. 4 Spectral dynamics power dependence. a Full linewidth (Γ) and
downshift ð4ν Þ of perturbed NC-BPT CN picocavity peak as incident laser
power is cycled between 25 and 200 µW (shading). Neither width nor
spectral wandering shows signiﬁcant power dependence. b Effective extent
of spectral ﬂuctuations ð4μÞ for CN vibration of NC-BPT, BPT picocavity at
10 K, and aggregated picocavities from 106 BPT NPoMs at 300 K (for BPT
picocavity lines ~1500 cm−1). Error bars indicate standard error. Estimated
contribution from 300 K thermal adatom motion along the dNAu coordinate
for NC-BPT shown as dashed line.

involved reveals the sub-angstrom relative anomalous diffusion of
individual gold adatoms as they thermally sample the local energy
landscape and thus has great potential to provide powerful
insights for heterogeneous catalysis. This opens the way to
systematic exploration, for instance of thermal activation in these
surface potentials and its competition with optical energy to
control the wandering observed, as well as how these potentials
are sculpted by different molecular moieties. With single
picocavities optically induced here on initially ﬂat facets, roughness plays no role, but catalytic sites such as steps can also now be
explored. This provides a valuable tool to study the behaviour of
single atoms, which will lead to invaluable insights in widespread
ﬁelds from nanoscale crystallinity and metal−protein interactions
to molecular electronics. The generality of this technique is
currently limited by the requirement for dynamic vibrational
modes that constrain the trajectories, and by models which
capture more complex interactions within the experimental
system. However the continued development of DFT through
advanced codes and increased computational resources, which
allow for larger close-packed systems and complex inter-molecule
interactions to be modelled, gives optimism for continual
improvement in this method.

Density functional theory. All DFT calculations were carried out with Gaussian09
Revision E programme suite21. In these computations, the B3LYP34 hybrid density
functional, and D3 dispersion correction with Becke−Johnson damping35 were
employed with the Def2TZVP basis set36,37. The adatom was modelled as a single
gold atom, while the gold mirror was modelled as one or two gold atoms attached
to the sulfur atom. The number of gold atoms was chosen for each case to retain
the singlet electronic state of the system. Unrestricted self-consistent ﬁeld calculations were performed to ensure electronic stability for the wavefunction. For
more details see Supplementary Notes 1, 2.

Data availability
The data presented in this study is available within the Apollo repository at the following
https://doi.org/10.17863/CAM.76655.

Received: 4 March 2021; Accepted: 27 October 2021;

References
1.
2.
3.

4.
5.

6.
7.

8.
9.

10.
11.

Methods
Sample preparation. Gold nanoparticles were purchased from BBI Solutions
(80 nm citrate capped) and stored at 5 °C. All chemicals were purchased from
Sigma Aldrich and used as received. Template-stripped gold was prepared by
cleaning a silicon wafer with Decon 90 and rinsing twice with water, ethanol, and
isopropyl alcohol, and blown dry using nitrogen. A 100 nm thick layer of gold was
deposited at a rate of 1 Å∙s−1 using an electron-beam evaporator. The wafer was
heated to 60 °C and ~0.5 cm2 silicon wafer pieces were glued onto the gold side
using ~ µL of Epo-Tek 377 epoxy glue. The wafer was heated to 150 °C and left to
cure the epoxy overnight, after which it was gradually cooled to room temperature
at a rate of 1 °C∙min−1 to prevent crack formation. When required, a piece of
glued silicon was peeled off exposing a clean ﬂat gold surface transferred from the
wafer. This was immediately submerged in a 1 mM solution of cyanobiphenyl-4thiol (NC-BPT, 97%, Sigma Aldrich) in ethanol (200 proof, anhydrous, ≥99.5%) for

12.
13.

14.
15.
16.

Xin, N. et al. Concepts in the design and engineering of single-molecule
electronic devices. Nat. Rev. Phys. 1, 211–230 (2019).
Song, H., Reed, M. A. & Lee, T. Single molecule electronic devices. Adv. Mater.
23, 1583–1608 (2011).
Jasper-Toennies, T. et al. Robust and selective switching of an FeIII pincrossover compound on Cu2N/Cu(100) with memristance behavior. Nano
Lett. 17, 6613–6619 (2017).
Vojvodic, A. et al. Exploring the limits: a low-pressure, low-temperature Haber
−Bosch process. Chem. Phys. Lett. 598, 108–112 (2014).
Lemire, J. A., Harrison, J. J. & Turner, R. J. Antimicrobial activity of metals:
mechanisms, molecular targets, and applications. Nat. Rev. Microbiol. 11,
371–384 (2013).
Centi, G., Ciambelli, P., Perathoner, S. & Russo, P. Environmental catalysis:
trends and outlook. Catal. Today 75, 3–15 (2002).
Van Aert, S., Batenburg, K. J., Rossell, M. D., Erni, R. & Van Tendeloo, G.
Three-dimensional atomic imaging of crystalline nanoparticles. Nature 470,
374–377 (2011).
Longchamp, J. N. et al. Imaging proteins at the single-molecule level. Proc.
Natl Acad. Sci. USA 114, 1474–1479 (2017).
Gross, L., Mohn, F., Moll, N., Liljeroth, P. & Meyer, G. The chemical structure
of a molecule resolved by atomic force microscopy. Science 325, 1110–1114
(2009).
Muller, D. A. et al. Atomic-scale chemical imaging of composition and
bonding by aberration-corrected microscopy. Science 319, 1073–1076 (2008).
Chen, C., Chu, P., Bobisch, C. A., Mills, D. L. & Ho, W. Viewing the interior of
a single molecule: vibronically resolved photon imaging at submolecular
resolution. Phys. Rev. Lett. 105, 217402 (2010).
Zhang, R. et al. Chemical mapping of a single molecule by plasmon-enhanced
Raman scattering. Nature 498, 82–86 (2013).
Lee, J., Crampton, K. T., Tallarida, N. & Apkarian, V. A. Visualizing
vibrational normal modes of a single molecule with atomically conﬁned light.
Nature 568, 78–82 (2019).
Flood, A. H., Stoddart, J. F., Steuernnan, D. W. & Heath, J. R. Whence
molecular electronics? Science 306, 2055–2056 (2004).
Zhang, X., Chen, Y. L., Liu, R. S. & Tsai, D. P. Plasmonic photocatalysis. Rep.
Prog. Phys. 76, 41 (2013).
Magnussen, O. M. & Groß, A. Toward an atomic-scale understanding of
electrochemical interface structure and dynamics. J. Am. Chem. Soc. 141,
4777–4790 (2019).

NATURE COMMUNICATIONS | (2021)12:6759 | https://doi.org/10.1038/s41467-021-26898-1 | www.nature.com/naturecommunications

7

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26898-1

17. Baumberg, J. J., Aizpurua, J., Mikkelsen, M. H. & Smith, D. R. Extreme
nanophotonics from ultrathin metallic gaps. Nat. Mater. 18, 668–678 (2019).
18. Benz, F. et al. Single-molecule optomechanics in ‘picocavities’. Science 354,
726–729 (2016).
19. Richard-Lacroix, M. & Deckert, V. Direct molecular-level near-ﬁeld plasmon
and temperature assessment in a single plasmonic hotspot. Light Sci. Appl. 9,
35 (2020).
20. Carnegie, C. et al. Room-temperature optical picocavities below 1 nm^3
accessing single-atom geometries. J. Phys. Chem. Lett. 9, 7146–7151 (2018).
21. Frisch, M. J. et al. Gaussian 09, Revision E. 01; Gaussian (Gaussian, Inc., 2009).
22. Matei, D. G., Muzik, H., Gölzhäuser, A. & Turchanin, A. Structural
investigation of 1,1′-biphenyl-4-thiol self-assembled monolayers on au(111)
by scanning tunneling microscopy and low-energy electron diffraction.
Langmuir 28, 13905–13911 (2012).
23. Häkkinen, H. The gold-sulfur interface at the nanoscale. Nat. Chem. 4,
443–455 (2012).
24. Konishi, T. et al. Single molecule dynamics at a mechanically controllable
break junction in solution at room temperature. J. Am. Chem. Soc. 135,
1009–1014 (2013).
25. Deacon, W. M. et al. Interrogating nanojunctions using ultraconﬁned
acoustoplasmonic coupling. Phys. Rev. Lett. 119, 023901 (2017).
26. Venkataraman, L., Klare, J. E., Nuckolls, C., Hybertsen, M. S. & Steigerwald,
M. L. Dependence of single-molecule junction conductance on molecular
conformation. Nature 442, 904–907 (2006).
27. Ge, A. et al. Interfacial structure and electric ﬁeld probed by in situ
electrochemical vibrational Stark effect spectroscopy and computational
modeling. J. Phys. Chem. C 121, 18674–18682 (2017).
28. Gruenbaum, S. M., Henney, M. H., Kumar, S. & Zou, S. Surface-enhanced
Raman spectroscopic study of 1,4-phenylene diisocyanide adsorbed on gold
and platinum-group transition metal electrodes. J. Phys. Chem. B 110,
4782–4792 (2006).
29. Kamp, M. et al. Cascaded nanooptics to probe microsecond atomic-scale
phenomena. Proc. Natl Acad. Sci. USA 117, 14819–14826 (2020).
30. Srikanth, K. E., Rao, J. D., Seetaramaiah, V. & Veeraiah, A. Molecular
geometry and vibrational analysis of 1-(2, 5-dimethyl-furan-3-yl)-ethanone by
using density functional theory calculations. Mater. Today Proc. 18,
2019–2025 (2019).
31. Ballav, N. et al. Direct probing molecular twist and tilt in aromatic selfassembled monolayers. J. Am. Chem. Soc. 129, 15416−15417 (2007).
32. Jin, Y. & Charbonneau, P. Dimensional study of the dynamical arrest in a
random Lorentz gas. Phys. Rev. E—Stat. Nonlinear, Soft Matter Phys. 91,
042313 (2015).
33. Xiong, G., Clark, J. N., Nicklin, C., Rawle, J. & Robinson, I. K. Atomic
diffusion within individual gold nanocrystal. Sci. Rep. 4, 6765 (2014).
34. Becke, A. D. Density-functional thermochemistry. III. The role of exact
exchange. J. Chem. Phys. 98, 5648 (1993).
35. Grimme, S., Ehrlich, S. & Goerigk, L. Effect of the damping function in
dispersion corrected density functional theory. J. Comput. Chem. 32,
1456–1465 (2011).
36. Weigend, F. & Ahlrichs, R. Balanced basis sets of split valence, triple zeta
valence, and quadruple zeta valence quality for H to Rn: design and
assessment of accuracy. Phys. Chem. Chem. Phys. 7, 3297–3305 (2005).
37. Weigend, F. Accurate Coulomb-ﬁtting basis sets for H to Rn. Phys. Chem.
Chem. Phys. 8, 1057–1065 (2006).

8

Acknowledgements
We acknowledge ﬁnancial support from EPSRC grant EP/G060649/1 (J.J.B.), EP/
L027151/1 (J.J.B.), EP/G037221/1 (J.J.B.), EP/R013012/1 (J.J.B.), EPSRC NanoDTC
EP/L015978/1 (J.J.B.), and EU grants THOR 829067 and PICOFORCE 883703 (J.J.B.)
and ERC starting grant BioNet 757850 (E.R.). B.d.N. acknowledges support from the
Leverhulme Trust and Isaac Newton Trust. We acknowledge the use of the Rosalind
computing facility at King’s College London. We are grateful to the UK Materials and
Molecular Modelling Hub for computational resources, which is partially funded by
EPSRC EP/P020194/1 (E.R.).

Author contributions
The experiments were devised by B.d.N., J.G. and J.J.B., who performed the data analysis
with R.C., D.B.G. Sample fabrication was also aided by D.W., W.M.D. and C.R. DFT
simulations were performed by T.F., D.B. and E.R. The manuscript was written with
contributions from all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-26898-1.
Correspondence and requests for materials should be addressed to Bart de Nijs or
Jeremy J. Baumberg.
Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2021

NATURE COMMUNICATIONS | (2021)12:6759 | https://doi.org/10.1038/s41467-021-26898-1 | www.nature.com/naturecommunications

