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Abstract

Tip-enhanced Raman spectroscopy (TERS) is a powerful technique that enables ultrahigh spatial
resolution and ultrasensitive chemical imaging. This technique’s ability to track plasmon-
induced/enhanced chemical reactions in real space has gained increasing popularity in recent
years. In this study, we expose inherent difficulties associated with assigning TERS signatures
that accompany chemical transformations. Namely, distinct selection rules as well as the
possibility of multiple physical processes/chemical reaction pathways complicate spectral
assignments and necessitate caution in assigning the experimental observables. We illustrate the
latter using 4,4’-dimercaptostilbene functionalized plasmonic silver nanocubes, wherein we
identify the TERS signatures of product formation, molecular charging, multipolar Raman
scattering, and preferred molecular orientations that all lead to distinct and assignable spectral
patterns.



Raman spectroscopy is a versatile chemical identification technique that has widely been used in
the chemical, biological and material sciences. Despite its rich information content, the relatively
small Raman scattering cross-sections of small and medium sized (bio)molecules is limiting. This
led to the development of several approaches to enhance the Raman scattering from (bio)molecular
and (bio)material systems. Tip-enhanced Raman scattering (TERS)® is one example of such
approaches, wherein Raman scattering of molecules is amplified by locally enhanced optical fields
at the apex of a plasmonic scanning probe tip. Down to single molecule sensitivity has been
demonstrated using TERS, which is particularly evident in measurements performed at ultralow
temperatures and ultrahigh vacuum.?® Indeed, single molecules can be simultaneously imaged and
fingerprinted with sub-molecular resolution in this regime.?

As highlighted in recent analyses from our group, the information content in TERS is rich
with a number of physical and chemical processes contributing to the recorded spectral nano-
images, particularly under ambient laboratory conditions.” & These include multipolar Raman
scattering, molecular charging, Stark tuning, and molecular reorientation dynamics.>*? In this
work, we show that these observations are general, and in the case of 4,4’-dimercaptostilbene
(DMS) functionalized plasmonic silver nanocubes complicate the assignments of both parent
(trans-DMS) as well as product (cis-DMS) spectra that we encounter throughout the course of
TERS chemical reaction imaging. Through a rigorous analysis of TERS spectra contained within
our recorded hyperspectral Raman nano-images, we stress that caution needs to be exercised in the
assignments of peaks and spectral patterns that are often casually associated with plasmon-induced
chemical changes.

We start our discussion with the most abundant TERS spectrum that we observe throughout
the course of spectral nano-imaging. The TERS spectrum shown in Figures 1A and 1B is obtained
by spatio-temporal averaging the nano-optical response that was optimally enhanced towards the
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Figure 1. The Raman spectrum of the powder is compared to the spatio-temporally averaged TERS spectrum in
A. Panel B highlights the 1500-1700 region of the spectrum, where the disappearance of the vinyl C=C stretching
vibration is observed. Previous SERS spectra and a theoretical treatment that accounts for the orientation of trans-
DMS molecules at a plasmonic junction are shown in C. See text for more details.

edges of plasmonic silver nanocubes, as shown in the supporting information section and previous

studies.” 8 A quick comparison between the conventional Raman spectrum of trans-DMS crystals
and the average TERS response reveals distinct relative intensities in the < 1200 cm™ region of the



spectrum, as well as the absence of the vinyl signature (~1630 cm™) in the plasmon-enhanced
spectrum. Similar spectral features were previously observed in ultrasensitive surface-enhanced
Raman measurements®® (also see Figure 1C) that interrogated trans-DMS molecules at plasmonic
nanojunctions formed between plasmonic silver nanoparticles. These distinct spectral features
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Figure 2. Selected spectra taken from the hyperspectral image cube represented in Figure S1. Both trans- as well
cis- are captured throughout the course of TERS mapping. The forms are marked by their conventional dipolar
(trans and cis labels) as well as quadrupolar or electric dipole-electric quadrupole (trans — quad and cis-quad)
Raman spectra. We also observe spectra that can be assigned to the radical anions of both forms (marked by
trans-anion and cis-anion). Both the relative shifts as well as the relative intensities of the observable states are
well reproduced when experiment (panel A) is compared to theory (panel B). Note that orientationally averaged
spectra are shown for all but the trans-DMS form (black trace).

were increasingly evident in the limit of a single (or a few) molecules. Indeed, the tensorial nature
of Raman scattering governs spectra in this ultrasensitive regime,** as confirmed through
simulations that account for a preferred molecular orientation relative to an
anisotropic/unidirectional plasmonic field at plasmonic nanojunctions.* Given the extreme
confinement of the optical field in the vicinity of the silver nanocube (~1-2 nm),” 8 the optical
response is likely also governed by tensorial Raman scattering. Alternatively, the spatio-
temporally averaged response in this work broadcasts the preferred orientation of trans-DMS on
Ag. In both cases, the disappearance of a peak, herein the vinyl stretching vibration at ~1630 cm”
1 is not the result of chemical transformation. Rather, the removal of orientational averaging of
trans-DMS molecules can give rise to the distinct TERS spectrum shown in Figure 1. As illustrated
in the ensuing discussion, several other possibilities that lead to the disappearance of the same
band can also be envisioned, which necessitates a more careful analysis of the spectral pattern as
a whole as opposed to a single peak to faithfully assign our observables.

The above analysis of spatio-temporally averaged signals masks significant pixel to pixel
variations in the recorded nano-optical response. A collection of single pixel TERS spectra is
shown in Figure 2A. Together, these spectra paint a picture of the complex physical and chemical
processes that together contribute to the recorded hyperspectral nano-image. Overall, significant
differences in relative intensities are observed and molecular orientation alone cannot account for
the observed spectral patterns. We therefore rely on density functional theory calculations guided
by prior analyses of TERS spectral images of simpler aromatic thiols to assign our major
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observables.” & Beside the signatures of oriented trans-DMS molecules that we discussed above
(black experimental/theoretical plots in Figure 2A/2B), we also observe the radical anion of the
same form (red plots). The latter supports recent assignments of TERS spectra recorded from 4-
nitrothiophenol to plasmon-induced molecular charging.’® Unfortunately, our measurements do
not allow us to comment on the exact mechanism of electron transfer (direct vs hot). As discussed
below, this would require ultrafast TERS measurements that — to the best of our knowledge - have
not been performed to date.

The large optical field gradients that are operative in the TERS configuration also lead to
the observation of higher-order Raman scattering.® The spectrum shown in blue (Figure 2) is well-
matched to experimental and theoretical quadrupolar Raman scattering spectra of trans-DMS. The
theoretical spectrum tracks the square of the electric dipole-electric quadrupole polarizability (A)*
15

(OIMaIn) Opy|0
aﬁy_zz ( | ﬁV' )

2 _ (1)2
n+0

where w is the incident light frequency, w,,, is the energy difference of the ground and n™" excited
states, and p and @ are the electric dipole and electric quadrupole operators, respectively. The
indices aBy denote distinct elements of the third rank tensor. Several prior reports associated
spectra observed at plasmonic nanojunctions with multipolar Raman scattering.6-*® These works
suggest that the ratio of field to field gradient has to be ~1 A for the field gradient term to be
comparable to the non-resonant plasmon-enhanced Raman field term. This requirement is satisfied
using the platform and geometry used in this work, as recently illustrated for a simpler aromatic
thiol.®

We also observe the cis isomer form of DMS, marked through its conventional dipolar
(brown spectra in Figure 2A and B) and also quadrupolar (orange spectra) TERS signatures. Akin
to the trans isomer, we also observe spectra than can be uniquely assigned to the anionic form of
cis-DMS (dark green spectra). The exact mechanism of trans-cis isomerization under our current
experimental conditions are very difficult to establish. Some possibilities include:

Q) Direct excited state isomerization under visible light irradiation as a result of modified
ground/excited state energies and topographies at plasmonic junctions
(i) Photoelectrochemical isomerization mediated by anions, which we clearly observe for
both isomers
(iii) ~ Thermal isomerization, with heat provided from hot carrier decay
The above mechanisms may also be affected by (i) large rectified local optical fields that are
operative under our current experimental conditions,” % and (ii) mechanical/electrostatic effects
arising from the tip that is in direct contact with the molecules. Based on our current results alone,
it is difficult to establish which mechanism(s) lead to product formation herein.

Each of our observed spectra can potentially provide hints about the local plasmonic fields
that both enhance molecular scattering cross-sections and lead to various chemical reactions at
plasmonic tip-sample nanojunctions. Spatio-temporal field gradients aside, time resolved
measurements are indeed needed to dissect at which stage of plasmonic decay the various product
forms.?! Indeed, observations of ultrafast (few-10’s of femtosecond) product formation would
implicate direct energy/electron transfer, whereas slower product formation (tens of picoseconds
or longer) would likely be heat driven. The timescale of formation of the anionic species
themselves can also reveal whether direct electron transfer or hot electrons lead to molecular
charging at plasmonic nanojunctions. Even though answering these questions requires further



investigation, our present work clearly establishes that DMS is an ideal molecular reporter that
may be used to disentangle complex plasmon-induced chemical changes on the nanoscale.

Methods

Bulk Raman spectra of DMS (powder, Sigma-Aldrich) were recorded using a commercial
confocal micro-Raman system (LabRam HR Evolution, Horiba). Spectra were recorded using a
632.8 nm laser source focused onto the BTP crystals using a 100X (NA=0.95) air objective.

The TERS sample was prepared by first depositing a 10 uL stock solution of 75 nm silver
nanocubes (nanoComposix) onto silicon chip. After the drop was air dried, the substrate was
rinsed with 5 mL of ethanol. Subsequently, 20 uL of 1 mM ethanolic solution of DMS was
deposited onto the dispersed nanoparticles. Excess/unbound DMS molecules were washed off
using ample amounts of ethanol, and the final sample was dried using a stream of dry nitrogen.

Our TERS setup is described elsewhere in more detail.?? For the purpose of this work, as-
purchased silicon probes (Nanosensors, ATEC) were coated with 75 nm of Ag and used for
AFM (tapping mode feedback) and TER (SpecTop, Horriba Scientific) topographic/chemical
imaging. For the latter, TERS signals were collected when the tip is in direct contact with the
surface. A semi-contact mode is otherwise used to move the sample relative to the tip (pixel to
pixel). For TERS measurements, a 633 nm diode laser (~150 uW) is focused onto the tip apex at
a ~65° angle with respect to the surface normal using a 100 X air objective (Mitutoyo, 0.7 NA).
The polarization of the laser was set to coincide with the tip axis using a half-waveplate. The
back-scattered light was collected using the same objective, filtered through a series of long
pass/dichroic filters, and recorded using a CCD camera (Andor, Newton EMCCD) coupled to a
spectrometer (Andor, Shamrock 500) equipped with a 300 I/mm grating blazed at 550 nm.

The theoretical spectra presented in this work were obtained using previously outlined
procedures.® 13 All calculations presented here were otherwise performed using the PBE
functional with the def,-TZVP basis set.?
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