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ABSTRACT: Reproducible chemical and chemical reaction nano-imaging at solid-liquid interfaces remains challenging, par-
ticularly when resolutions on the order of a few nm are sought after. In this work, we demonstrate the latter through liquid
tip-enhanced Raman (TER) measurements that target gold nanoplates functionalized with 4-mercaptobenzonitrile (MBN). In
addition to chemical imaging and local optical field nano-visualization with high spatial resolution, we observe the signatures
of 4-mercaptobenzoic acid, which forms as a result of plasmon-induced hydrolysis of MBN. Evidently, the solvent leads to
distinct plasmon-induced/enhanced chemical reaction pathways that have not been documented. This work shows that such
reactions that take place at solid-liquid interfaces can be tracked with a record sub-3 nm spatial resolution via TER spectral

nano-imaging in liquids.

Imaging and identifying the chemical constituents of heter-
ogeneous interfaces with molecular resolution is important
to diverse areas of study, including heterogenous
(photo)catalysis, investigations of microbial communica-
tion pathways, and testing emerging nanophotonic device
architectures, to name a few. Interfacial chemical nano-im-
aging is possible through the combination of scanning
probe microscopy (herein atomic force microscopy, AFM)
and optical spectroscopy (herein Raman scattering).2 More
generally, both linear and nonlinear spectral nano-imaging
has been demonstrated in measurements targeting increas-
ingly complex analytes.? From single molecules isolated un-
der ultrahigh vacuum at ultralow temperatures,3# through
molecular assemblies on plasmonic metals and nanostruc-
tures,® to molecular and material systems in solution,” es-
tablished and emerging tools of nano-optics and nanopho-
tonics continue to contribute to an increased fundamental
understanding of interfaces.

As elegantly summarized in a recent review article,” tip-
enhanced Raman (TER) scattering is ideally suited for the

investigation of chemistry at solid-liquid interfaces. Indeed,
from the pioneering work of Zenobi and co-workers?® to our
group’s own investigation of chemical transformations at
the solid-liquid interface,® the promise of liquid TER
spectral nano-imaging is unwavering.” That said, there are
several outstanding issues that need to be addressed in the
area of liquid TER imaging. First, robust and reproducible
measurements are scarce, in part because of the technical
difficulties of such measurements. Second, the spatial
resolution of TER measurements of solid liquid interfaces is
limited to ~10 nm,'%!! and even to 10’s of nm in the case of
AFM-based liquid TER mapping.213 Third, the role of the
solvent not only on local chemistry, but also on the local
optical fields remains poorly understood, beyond a general
appreciation of plasmon resonance shifts in distinct
dielectric media. In this work, some of these open questions
are addressed through TER measurements that
characterize 4-mercaptobenzonitrile (MBN)-functionalized
gold nanoplates in solution.
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Figure 1. A topographic AFM image of an MBN functionalized 60 nm thick triangular gold nanoplatelet in H20 is shown in A. The
white triangular area is further analyzed via TER below. Panel B compares an experimental Raman spectrum of solid MBN (lower
black trace) to a theoretical spectrum (upper blue trace) computed through ab initio molecular dynamics simulations (see ref-
erence 14). The principle resonances are marked by the bonds to which the majority of amplitude is localized at the distinct

frequencies.
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Figure 2. High spatial resolution bottom excitation/collection TER maps of the area highlighted using a white square in Figure
1A. Panels A and B (integrated, 1580-1600 cm-!) were recorded using the in-plane polarization directions indicated in the insets
using light blue double-sided arrows. Spatial averaging of the response in regions 1, 2 and 3 in panel A results in the spectra
plotted in panel C. Cross-sectional line cuts along the red line in panel B results in the spectrally-averaged traces in panel D. In
D, the spectra were integrated over a spectral window of 20 cm-! centered at the two resonances.

An MBN-coated triangular gold nanoplate in H20 is visual-
ized using AFM in Figure 1A. Heterogenous surface cover-
age is visible atop the plate, with minimal (apparent) mo-
lecular coverage towards its left apex and lower left edge.
The measurements and analyses that follow are focused to
the areas that feature lower molecular coverage. For refer-
ence, Figure 1B additionally shows experimental and theo-
retical Raman spectra of MBN.1* In decreasing order of en-
ergy, the four modes highlighted using short notation are
the nitrile stretching, aromatic C=C stretching, aromatic C-
H stretching, and C-S stretching vibrations of MBN. We will
mostly rely on the nitrile (2237 cm!) and aromatic C=C
(1593 cm™) stretching vibrations in the ensuing analysis.
The reader is otherwise referred to prior studies for more
detailed spectral assignments.!4

Bottom excitation/collection TER images of the white rec-
tangular area highlighted in Figure 1A are shown in Figure
2A and 2B. The two images were sequentially recorded

using distinct incident polarizations that are schematically
illustrated in the insets. Besides minor intensity differences
that may be associated with molecular dynamics under am-
bient conditions and otherwise some drifting, both maps
trace the edges of the gold plates. This is consistent with
several prior TER measurements of chemically functional-
ized gold plates, irrespective of the medium in which the
measurements were performed, i.e., air vs liquid.®1215
Namely, both experimental spectral nano-images as well as
numerical simulations of the field profiles in the TER geom-
etry illustrate that the signals are optimally enhanced when
the probe is closely positioned near the edges of the gold
plates. Here, the contrast we observe when the tip is posi-
tioned toward the edge vs off the gold structure is immedi-
ately noticeable in Figure 2C. Using the nitrile resonance of
MBN as a gauge, we can deduce a ~5X near-field to far-field
contrast on average. Notably, this value is vibrational reso-
nance-dependent because of the selective enhancement of
various modes, as a result of TER selection rules that differ
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Figure 3. Spatially-averaged TER spectra containing either only MBN (black spectrum) or MBN+MBA resonances (red spectrum)
are compared to a static theoretical Raman spectrum of MBA (pbe/def2-TZVP, water described using the PCM model). Reso-
nances that involve the carboxyl group of MBA are highlighted using blue vertical rectangles. The peak at ~1400 cm-! is discussed

further in the main text.

from their far-field analogues.® At ~1590 cm-! toward the
resonance maximum of the aromatic C=C vibration, the ob-
served contrast is ~3.5. This can be deduced from the spec-
trally-averaged TER cross-sectional line cut shown in Fig-
ure 2D. The same plot can also be used to gauge the attain-
able spatial resolution of our measurements: pixel-limited
rise in signal in < 3 nm. To the best of our knowledge, this is
the record spatial resolution for liquid TER measurements.
As the local fields vary rather slowly in space around the
edges of the nanoplates,!? the fine spatial resolution docu-
mented in this study tracks sparse and otherwise non-uni-
form molecular coverage.

The brightest TER spectra that trace the edges of the gold
plate (see Figure 2) can almost entirely be assigned to
MBN, 1% with some exceptions. Namely, we observe a dozen
or so spectra that contain several peaks that appear in tan-
dem and that can be uniquely assigned to 4-mercaptoben-
zonic acid (MBA). Besides reasonable agreement between
experiment and theory in Figure 3A and the concurrent dis-
appearance of the nitrile signature in Figure 3B, two prior
TER investigations of MBA add confidence to our assign-
ment.'>16 Indeed, both our group?s and others!¢ have ob-
served broad resonances in the 1350-1450 cm™ (marked
with an asterisk in the lower part of Figure 3A) that have
been associated with a distinct binding geometry of MBA,
wherein the CO2 moiety interacts strongly with the under-
lying metal. The indexed C=0 and C-O-H resonances in Fig-
ure 3A otherwise arise from MBA molecules that are chem-
ically bound to the metal through the sulphur atom.5 This
seems to be well-captured by the theoretical model used
here, which takes water implicitly into account using a po-
larizable continuum model.

The observation of the hydrolysis product reveals that the
solvent is not merely a medium, but rather a reactant in our
case of plasmon-assisted hydrolysis as probed via TER

spectral imaging. This is contrasted with the case of MBN
interrogated at the solid-air interface, where no degrada-
tion was observable under nearly identical experimental
(ambient) conditions, barring the presence of water.617 The
present results may also be used to comment on (some) as-
pects of the local optical fields that are encountered in TER
at the solid-air vs solid-liquid interface. Besides the fact that
the images track the magnitudes of local optical fields in the
TER geometry,>17 the observation of a single symmetric ni-
trile resonance in Figure 3B suggests the absence of optical
rectification in this work vs in TER spectral imaging at solid-
air interfaces.'” Since optical rectification has been associ-
ated with the onset of tunnelling plasmons,18-21 the results
in Figure 3B in turn suggest that quantum plasmons may
not be operative under our current experimental condi-
tions. This may result from effects as mundane as tuned res-
onances in air vs water, or may hint at a more complex
mechanism, the origin of which requires exhaustive simula-
tions that account for the molecules, solvent, and plasmonic
metal. Such simulations that lie at the interface between
classical and quantum regimes are not possible at present.

On a technical note, the measurements described here still
require bottom access to the sample (see the supporting in-
formation section), and also a plasmonic substrate for opti-
mal signal enhancement using in-plane polarized excitation.
More general TER in solution requires further develop-
ments and optimization. Besides generalizing the herein-
described approach using different (non)linear optical
spectroscopies in combination with AFM in solution, split
excitation-collection (e.g., side excitation-bottom collec-
tion) is potentially promising toward more general TERS in
liquids.* This premise will be tested in follow-on work.

In conclusion, we demonstrate record spatial resolution (<
3 nm) and rapid chemical reaction nano-imaging (0.25
s/pixel) in solution using TER spectroscopy. We find that



the solvent affects both local chemistry and the local optical
fields in non-standard ways that have not been described to
date. Besides leading to novel chemical reaction pathways,
the solvent appears to alter the local plasmonic response in
ways that are not fully understood. Further work is needed
to account for some of our observations, necessitating fur-
ther theory developments at the interface between classical
and quantum theories.
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Supporting Information. Coarse AFM-TERS maps of the na-
notriangle analyzed in the main text, micro-Raman images of
the tip showing our fine alignment procedure, a collection of
TERS spectra of the parent and product, additional medium
resolution TERS maps of the right edge of the triangular plate
shown in Figure 1, and experimental details.
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