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ABSTRACT: We interrogate para-mercaptobenzoic acid (MBA) molecules chemisorbed onto plasmonic
silver nanocubes through tip-enhanced Raman (TER) spectral nanoimaging. Through a detailed
examination of the spectra, aided by correlation analysis and density functional theory calculations, we find
that MBA chemisorbs onto the plasmonic particles with at least two distinct configurations: S- and CO,-
bound. High spatial resolution TER mapping allows us to distinguish between the distinct adsorption
geometries with a pixel-limited (<S nm) spatial resolution under ambient laboratory conditions.

A plethora of physical and chemical phenomena contribute
to plasmon-enhanced Raman spectra and images.
Molecular reorientation/charging, Stark tuning, multipolar
Raman scattering, vibronic/resonance effects, and plasmon-
enhanced/induced chemical transformations are among the
processes that come to mind in this context." These effects
complicate the analysis of surface- and/or tip-enhanced Raman
(SERS” and TERS”) spectra and images, particularly when the
goal of such measurements is to associate experimentally
observed spectra with the formation of (photo)chemical
reaction products at solid—air and solid—liquid interfaces.”
The above-mentioned physical and chemical processes lead
to distinct and recognizable optical signatures, as described in a
series of recent reports.' Generally, and in the limit of weak
molecule—metal (and molecule—plasmon) coupling, modified
relative intensity ratios in SERS and TERS can be associated
with molecular reorientation and distinct surface selection
rules (more on this in the ensuing sections).” New resonances,
on the other hand, may arise from several phenomena,
including (i) resonance (vibronic) Raman scattering,’ (i)
multipolar Raman scattering,7 (iii) molecular charging,8 and
(iv) chemical transformations.” The first can be avoided by
using an incident laser frequency that does not coincide with
an excited electronic state of the molecule. The second
necessitates that the observed vibrations belong to the subset
of molecular vibrations (both Raman allowed and Raman
forbidden).'” These can be both simulated and measured.
Insights into the optical signatures of charged species can be
gained from electrochemical Raman/SERS/TERS measure-
ments.'' Ideally, it is only once phenomena (i—iii) are
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established and understood that one can start exploring
(photo)chemical transformations in the SERS and TERS
schemes."

A prototypical molecular reporter that has been extensively
used to understand the effect of molecular orientation and
conformation on SERS spectra is p-mercaptobenzoic acid
(MBA). Previous work revealed that MBA adopts different
adsorption configurations on silver, depending on the specific
details of the procedures used for molecular deposition."”
Particular emphasis was put on understanding how different
concentrations and acidities affect the molecular configurations
that MBA molecules adopt at the surface.”” It was previously
hypothesized that the carboxylate moiety of MBA features
distinct configurations when deposited on silver colloids,
including so-called flat, standing, and tilted orientations."*
These various conformations naturally result in different
intensity patterns in SERS. Very recently, Ghosh et al
combined ambient electrospray deposition with Raman
spectroscopy (AESD RS) to map the evolution of the
molecular orientation of p-MBA on silver nanoparticles."
The authors found that over time, there were sharp drops in
certain peak intensities, which they associated with the
reorientation of p-MBA molecules.
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Figure 1. Concurrent AFM (a) and TERS (b) mapping of an MBA-coated silver nanocube. The TERS image is integrated in the 1557—1587 cm™"
spectral range. The dashed red line in (b) marks the positions at which the cross-sectional line profile in (c) was taken. The scale bars in (a) and
(b) indicate S0 nm. Conditions used for TERS mapping: integration time = 0.5 s; power = 150 yW, focused using a 100X/NA = 0.7 objective;

lateral step size & 3.3 nm.
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Figure 2. (a) Spatiotemporally averaged TERS response, taken from the data set shown in Figure 1b. A cross-correlation map (/)j,k = (rl-zk/ (yii'”kk) of
the spatially varying TERS spectra is shown in (b). Cross-correlation slices (l/i # ) are taken at two frequencies and shown in (c) and (d).

Herein, we revisit the enhanced Raman spectroscopy of
MBA. We use TERS nanoimaging and nanospectroscopy in
combination with correlation analysis and density functional
theory calculations to gain additional insights into the binding
motifs of silver-bound MBA. We capture two distinct binding
geometries under our experimental conditions, best described
as S- and CO,-bound MBA. Notably, we demonstrate sub-5
nm spatial resolution in both chemical and adsorption
configuration imaging under ambient laboratory conditions.
We begin with a brief description of the recorded nanoimages.

Simultaneously recorded AFM (a) and TERS (b) maps of
an MBA-coated silver nanocube are shown in Figure 1. The
molecular response in the latter traces the structure of the local
optical field in the TERS geometry, as previously established
for silver nanocubes™'® and several plasmonic metal nano-
particles more generally." The lateral step size used in these
measurements is approximately 3.3 nm, as shown in Figure lc.
The same panel also shows that the attainable spatial
resolution in our measurements is only limited by the pixel

3587

size. This is again consistent with prior reports from our group
that addressed different molecular reporters on silver nano-
cubes via TERS, and where few nanometer spatial resolution in
ambient TERS nanoimaging was demonstrated.>"°

Spatial averaging over TERS spectra recorded along the
edges of several nanocubes yields the spectrum shown in
Figure 2A. Peaks at 506, 1063, 1164, 1358, and 1572 cm ! are
visible in the spatiotemporally averaged response, which is
consistent with prior SERS observations.'> The TERS
response is markedly different from the conventional Raman
spectrum that was recorded from MBA powder (shown and
discussed below). This is a result of the distinct configurations
that MBA molecules adopt on silver, coupled with TERS
selection rules that dictate that only incident/scattered
radiation in the direction perpendicular to the substrate
surface (along the tip axis) are enhanced. It is important to
note that molecular orientation alone cannot explain our
experimental observations. As shown in the Figure S1 of the
Supporting Information section, ab initio molecular dynamics
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(AIMD)-based Raman spectral simulations that take both
molecular orientation and TERS selection rules into account'”
cannot solely explain important features of our observations,
e.g.,, the broad band at 1358 cm™!. Rather, we will show that
distinct binding motifs must be invoked to rationalize our
experimental observations.

Prior to examining some of the theoretical Raman spectra of
MBA, it is useful to determine the number of species that
contribute to the TERS signal. We follow a recently outlined
procedure,"®"” which employs 2D correlation analysis to
understand the correlations between the different peaks that
contribute to the recorded optical response. The correlation
map is shown in Figure 2b, whereas correlation slices taken at
different resonances are shown in 2¢, d. The cross-sectional
correlation cuts may be used to infer the correlations between
the different peaks we observe. Several observations in Figures
2¢, d are worth highlighting. First, the 1063 and 1572 cm™!
peaks are in effect composed of 2 sets of correlated resonances:
the first pair at 1048 and 1558 cm ™, along with a second pair
at 1079 and 1583 cm™'. Second, the broad 1358 cm™
signature is only correlated to the 1079 and 1583 cm™ pair.
It therefore appears that two distinct species, only one of which
features a broad resonance at ~1358 cm™, are responsible for
the observed spectra.

We performed density functional theory calculations to shed
light on the nature of the two species that we were able to
isolate through correlation analysis. Figure 3 shows the
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Figure 3. Experimental powder spectrum (black, 633 nm, 50 uw/
um?) is shown along with the simulated spectra of the isolated (blue)
and Ag,y-bound (red) MBA complex. The inset shows the structure
of the CO,—Ag bound complex.

experimental powder spectrum, the calculated spectra of the
isolated MBA species as well as a singly deprotonated MBA
molecule (carboxylate, not SH moiety) with its CO, group
interacting with the apex of a cluster composed of 20 Ag
atoms, denoted as Ag,;-MBA. The powder spectrum is
reasonably well-reproduced in silico using the isolated MBA
molecule. Note that models that emulate S—Ag binding (e.g.,
S-bound Ag-MBA, see Figure S2) yield a spectrum that is
indistinguishable from the isolated MBA in the spectral region
we probe in this work. The computed Raman spectrum of the
CO,-bound Ag,;-MBA model otherwise features an intense
1359 cm™' band that can be assigned to the symmetric
stretching of the CO, group that is interacting with the metal
cluster. The position of the computed resonance is in excellent
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agreement with its experimental TERS analogue in Figure 2a.
The broadening we observe in practice nonetheless suggests a
broad distribution of molecular orientations. Overall, we can
assign the two species identified above through correlation
analysis with S—Ag bound (1048 and 1558 cm™") and CO,—
Ag bound (1079, 1358, 1583 cm™") MBA molecules.

Having established that at least two species contribute to the
recorded TERS spectra, we now take a closer look at the
optical response near the edge of the silver cube, see Figure 4.
We identify a vertical cross-section, wherein the response
alternates between the two spectra that we have assigned to the
S- and CO,-bound MBA species. The results show that we can
resolve the (dis)appearance of one of the two forms with a
pixel-limited spatial resolution (<S nm). Notice that the
appearance of the CO,-bound form is marked by both the
appearance of the 1358 cm™ resonance as well as a marked
increase in the intensities of the accompanying 1048 and 1558
cm™' bands (Figure 4b). The latter-mentioned bands,
however, are not clearly resolved from the corresponding
1079 and 1583 cm™! resonances of the S-bound form, as
shown in Figure 2. Overall, the demonstrated spatial resolution
adds yet another data point to the set of high spatial resolution
ambient TERS measurements that have recently appeared in
literature." These results are also reminiscent of our recently
reported dual analyte TERS study,”’ in which two different
molecules were discerned via TERS mapping with pixel-limited
spatial resolution.

In conclusion, we recorded and analyzed the TERS spectral
images of MBA molecules chemisorbed onto silver nanocubes.
Several aspects of the recorded images are consistent with
recently reported TERS maps of chemically functionalized
plasmonic metal nanoparticles. The spectra, on the other hand,
are rich in that they broadcast at least two different binding
geometries of MBA on silver. We were able to dissect the
spectra through a combination of correlation analysis and
density functional theory calculations. Last, but not least, we
demonstrate that our measurements can spatially resolve an
individual adsorption configuration of MBA with pixel limited
(<5 nm) spatial resolution under ambient laboratory
conditions.

Finally, it is important to concede that by not probing the
low frequency region of the spectrum (<400 cm™"), we did not
capture the modes that involve S—Ag stretching. An important
consequence of the latter is our inability to experimentally
preclude bidentate attachment for flat or near-flat adoption
geometries, wherein both the S- and CO,-moieties would be
expected to bind with the substrate. More work is therefore
warranted to better understand the 3D binding geometry of
the CO,-bound form under the experimental conditions used
in this work.

B METHODS

Silver nanocubes (d = 100 nm) were dropcasted onto silicon
substrates and rinsed with ethanol. A small aliquot (2 mL) of a
2 mM ethanolic MBA solution was then dropcasted onto the
sample and rinsed with excess amounts of ethanol prior to
drying the resulting sample with N, gas.

Our TERS setup is described elsewhere in more detai
Here, measurements were performed using silicon AFM tips
(ATEC-FM) coated with 100 nm of either gold or silver.
Spectra were recorded following 633 nm laser irradiation. The
P-polarized 150 yW laser source was focused onto the sample
using a 100X/NA = 0.7 air objective. The signal was collected
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Figure 4. Zoomed in TERS image, tracing the edge of a silver nanocube (centered to the left of the image shown in panel a). Several pixels are
enumerated in (a) and plotted in (b). They show the prevalence of the CO,-bound vs S-bound MBA. See text for more discussion.

using a CCD camera (Andor, Newton EMCCD) coupled to a
spectrometer (Andor, Shamrock 500) equipped with a 300 1/
mm grating blazed at 550 nm.

Density functional theory calculations were performed using
a local version of NWChem.”> Geometry optimization and
Raman spectral simulations were performed at the PBE/def2-
TZVP level of theory.
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