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ABSTRACT:We revisit the reductive coupling mhitrothiophenol (NTP) to form
dimercaptoazobenzene (DMAB), herein monitored through gap-mode tip-enhanced
spectroscopy (TERS) and nanoimaging. We employ a plasmonic Au probe (100 nm diam
its apex) illuminated with a 633 nm laser sourceVBOm? at the sample position) to image an
NTP-coated faceted silver nanopartici@(nm diameter). A detailed analysis of the recorde
spectra reveals that anionic NTP species contribute to the recorded spectral images, in add
the more thoroughly described DMAB product. Notably, the signatures of the anions are
pronounced than those of the DMAB product under our present experimental conditions.
results thus demonstrate that anions and their spectral signatures must be considered in t
of plasmon-enhanced optical spectra and images.

onitoring chemical reactions at interfaces in real spaggoups>'%**In a pioneering study, Lantman et al. employed

(nanometer spatial resolution) and real time (femto-a combination of a 532/633 nm laser sources to induce/probe
second temporal resolution) continues to be one of the mothe dimerization proceéSsMore recently, Kumar et al.
sought-after quests in physical chemistry and chemig&ported TERS maps of DMAB formation at theSiimjidd
physics. Plasmon-enhanced/induced molecular transformanterface using unique TERS probes that both strong
tions in the immediate vicinity of plasmonic metaise Raman signal enhancement and stable operation in*fliquids.
ideally suited for the aforementioned quest. This is because fRén and co-workers carefuihwestigated the role of
same process, i.e., surface plasmon excitation through &glsorption geometry/caguration and laser energies on the
resonant interaction between light and plasmonic met&l ciency of the coupling reactions of NTP and ATP through a
nanostructures, can both induce chemistry and enhangembination of TERS and density functional theory calcu-
molecular optical cross sectfourface and tip-enhanced |at'0n33-_ o .
Raman scattering (SERS and TERS®'%) measurements Despite the sigreant body of work that has been dedicated
that probe_plasmon-enhanced/induced physical and chemié@junderstanding the prototypical plasmon-induced NTP
processé$ ! are prime examples of how plasmons may b®MAB reaction, only a single report explored the formation of
exploited to simultaneously drive and monitor chemicgtnionic NTP species at plasmonic nan_OJunéﬁo'ﬁa;s IS
transformation with chemical selectivity, single-molecuf/Prising, as itis somewhat well-appreciated thesttseep
detection sensitivity, and (ultra)high spatial resofttin. toward DMAB formation comprises the plasmon-induced

The coupling reactions ohitrothiophenol (NTP) angb- reduction of NTP>** In a recent work, Kurouski and co-

aminothiophenol (ATP) to form dimercaptoazobenzendVorkers employed TERS to capture anionic NTP species on
(DMAB) on metallic substrates and nanostructures ar@y @nd to explore the mechanisms behind their forrifation.
prototypical plasmon-induced chemical transformations thaf€ SPatial sparsity and sporadic formation of the anions under
have been thoroughly investigated by several Grfps. the previous experimental condltlon§(¢mnanolunctlons)
Indeed, the DMAB product is routinely observed througmonetheless precluded capturing the full spectral features of the

SERS from ATP and NTP molecules chemisorbed ont8nions, their rigorous assignments, and quantitative analysis of

various plasmonic substrates and nanoparicleSeveral
fundamental investigations of the plasmon-induced dimeriZaeceived: March 30, 2020
tion process have also been performed to date; hot-electraiggepted: April 27, 2020
are generally implicated with the formation DMAB, which i§ublished: April 27, 2020
marked by the appearance of characteristic Raman-active

signatures of its azo morety:-° Using TERS, the NTP

DMAB transformation was also tracked in real-space by several
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Figure 1.Simultaneously recorded AFM (A) and TERS (B) maps of an NTP-functionalized faceted silver nanoparticle. The TERS map is plott
at 1334 cmt, which can be assigned to the symmetricshi€@ching vibration of NTP. TERS cross-sectional cuts shown in panel B (highlighted
using red vertical and green horizontal lines) are plotted in panel C to illustrate the attainable spatial resolution in our measurements. Spi
contained within the dashed rectangular areas (around the particle, -paaintien 2) in panel B were averaged, and the results are shown in
panel D. Color-coded peak positions are also shown in panel D; their origin is deliberated in the ensuing sections of this work. Conditions use
TERS mapping: 50N/ m? at the sample position, 0.1 s time-integration at each pixel, 3 nm lateral steps.

Figure 2.Cross-correlation map (= jkzl i ko Of the spectra contained in region Eigure B. Cross-correlation slices ( ) are taken at

two frequencies (highlighted using green and blue dashed lines and numbers) and plotted along with the spatially averaged response in pe
The highlighted regions (gray rectangles) highlight the contributions of two distinct species to the spatially averaged spectrumci€lor-coded s
and resonance maxima (consistent with their analogigesénD) are used throughout. Note that the dashed vertical lines highlight the 3 major
resonances of NTP for reference. Also note that the spikes in the correlation slices (blue and gfégareaBemiticate positions at which

the slices were taken; these are points at which diagonal correlations = 1.

their contributions to the recorded optical spectra and Figure 1summarizes our general observations. Simulta-
images? The latter in part motivates our current work, heously recorded atomic force microscopy (AFM)-TERS maps
which also builds on recent observations of anionic forms o4 an NTP-coated silver nanoparticle are shown in panels A
structurally related molecular system, 4-thiobenzonitir@"d B, respectively. The AFM map exposes the nonspherical
(TBN), throughout the course of TERS mapping of TBN_morphoIogy of the nanopa}rucle., b.Ut °°”V°'UF'°’? with 'the tip
functionalized plasmonic nanostructtiees! nanoparticlds. radius (100 nm apex radius) limits further insights into its

: ” three-dimensional morphology based on this topographic
For the purpose of this work, we utilize an NTP-coated facet age alone. The TERS map on the other hand is reminiscent

plasmonic silver nanoparticle to quantify the contributions o previously recorded TERS images of TBN-coated faceted
anionic NTP species to TERS spectra and images that Wyer nanoparticlés.Namely, the observation of similar
record using a Au TERS probe irradiated with a 633 nm lasgpatial patterns that trace facet boundaries was associated with
source. the general three-dimenmsb topographic makeups of
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Figure 3 Experimental (A) and computed (B) Raman spectra of the parent, anion, and product. The experimental spectra are spatially average
elaborated in thBupporting InformatioThe theoretical spectra were computed at the pbe/6-3F1lewv@l of theory. The inset shows the
optimized molecular structures of the models used to obtain the theoretical spectra.

Figure 4.Pure parent, anion, and product spectra are shown in A. The latter two spectra were obtained by subtracting the contribution of 1
parent from the recorded product spectraKggee 3. In panel B, the average spectrum kggere ) is plotted along with a reconstructed
spectrum, obtained by scaling the contributions of NTP, the anion, and DMAB to the total response. More details on the latter are given in
main text.

faceted/nonuniform metallic nanoparticles. The case iBhe cross-correlation bewn the intensities of two

perhaps best made by comparing TERS maps of facetesdonances in the spectrum is given by

nanoparticles to Raman nanoimages of plasmonic natiocubes

and smooth spherical particeERS cross-sectional cuts = ——
; . : . Nt

that illustrate our attainable spatial resolution are shown in ﬂ N

Figure €. Consistent with prior TERS maps of similar. : : . .

chemically functionalized plasmonic constfustscan infer ma\rl;lz?rlgé Sik Igttr;reegz\éigﬁéi;iﬂa;:]dspkek(?tirgnthngtt?]tleStlggl

%éggﬁ;:ﬁﬁg? sub-3 nm spatial resolution in our presengorrelation map and corretati slices taken at select

X o resonances irigure 2reveals that two distinct species
Spatially averaged spectra taken when the tip is atop Verf&ﬁer than NTP) contribute to the recorded spectra. A
in the immediate vicinity of the nanoparticle {sgere B) S '

g . . correlation slice at 1435%¢mear the resonance maximum of
are shown iFigure D. Besides the evident on- versus o

] . the N=N stretching vibration of DMAB reveals all major
particle contrast, we note that no &d(SERS) signals from  reqgnances of the prodtfttyhich are all correlated as they

the tip or nanoparticle are observable under our experimenigise from the same species. On the other hand, a correiation
conditions, even though the entietd of view is irradiated  gjice taken at 1272 & near the maximum of the low-
with the incident laser (objective NA = 0.7). The spectrgrequency (broad) shoulder of the predominant NTP Raman
themselves contain several spectral features that can fd ( 1334 crit?) reveals at least three major peaks that are
assigned to NTP (black numbeéfdpMAB (blue numbers}, positively correlated. Prior assignnienfsthe anionic form
and anionic NTP (green numbetsys further elaborated in  of NTP predominantly relied on a single peak that appears
the ensuing sections. toward the low-frequency shoulder of 133% drand to

To rigorously establish thelationships between the establish anion formation. Below, we describe more general
di erent lines that contribute to the spatially averaged TERSpectral characteristic§ the anion and quantify its
response (sekigure D), we performed a 2D correlation contribution to the total spatiotemporally averaged TERS
analysi¥ of all spectra contained within region Hignire B. response. At this juncture, the reader is referred to the

jk
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Supporting Informatiosection of this work, wherein we take measurements, particularly those aimed at gauging plasmon-
advantage of the above analysis to capture the NTP pareinuced chemical transformations through Raman scattering.
DMAB product, and anionic NTP spectra. Brithe latter ~ Besides multipolar Raman scattering in the TERS geometry,
involved plotting the TERS images at the resonance maximandfich we have recently described in some “detailj
the three species (idemtil in Figure B) followed by  consistent with several recent reports from our groiip,
selecting the 15 brightest spectra that contribute to the thremions seem to be commonly encountered throughout the
images. course of TERS nanoimaging and nanospectroscopy. Herein,
Averaging the TERS response over the 15 brightest pix#i® anionic NTP species is, on average, more frequently
that contribute to the parent, anion, and product maps yieldampled than the DMAB product (or features a higher
the spectra shown fFgure 2. Note that the spectra are scattering cross-section). Spatially averaged parent, anion, and
normalized and stacked herein for illustrative purposes. Bqihoduct spectra recorded under identical experimental
individual spectra that contribute to the averaged responsedenditions further reveal that the anionic form features the
all three cases as well as absolute counts are givensirongest Raman scattering cross section among the three
Supporting Informatiotysing simple molecular models of the species under our present experimental conditions. On a
isolated parent (NTP), anion (thiolate, charge/multiplicity =technical note, and in addition to the fundamental interest in
S1/1), and DMAB species, we are able to account for théracking chemical reactions in real space, anion and product
majority of the dominant Raman-active vibrational states féermation may be considefgarasititin cases where parent
each species through density functional theory simulations (se88pping is the ultimate goal. In this regard, it would be useful
Figure B) that are described elsewli&/é.A comparison to develop approaches that may be used to control/suppress
between the experimental spectra themselves and tblemistry throughout the course of TERS mapping. This is not
experimental versus theoretical spectra readily reveals tigasay that the rich physics and chemistry that is broadcasted
anionic NTP and DMAB spectra also contain characteristibrough TERS is not exciting in itself, but rather to stress the
signatures of the parent NTP moleculeSigimre 4we show  pressing need for noninvasive (in the chemical sense)
the “pure¢ anionic NTP and DMAB spectra, which we obtainanalytical TERS nanoscopy and nano-imaging.
by scaling and subtracting the contributions of the parent to
these two spectra. The obtained DMAB spectrum is fuly METHODS

consistent with previously reported spectra of the samg thin layer of 0.001% ethanolic PAMAM (Sigma-Aldrich)
species” The full spectral features of the anionic species igojution was spin-cast onto a silicon chip at 2000 rpm and
the 8051800 cm"* are also visible ffigure A, herein for the  allowed to sit for 1 min. Stock solutions (20of 100/75 nm

rst time. _ silver nanoparticles/nanocubes (both from Sigma-Aldrich)

Having established the spectral features of all three speciggre subsequently deposited onto the PAMAM-coated
our nal question has to do with the relative contributions o§ypstrate. After the drop was air-dried, the substrate was
the three SpeCieS to our recorded TERS map. The latter \}ﬁashed with excess amounts of ethanol. A&flume of a 1
motivated by (i) the fact that several groups have not observggh ethanolic solution of NTP was then deposited onto

(or have not assigned) the anion throughout the course @fanoparticles dispersed in a PAMAM matrix. Excess NTP was
SERS and TERS measurements of NTP and (ii) a recent waflashed o with ample amounts of ethanol, and thel

that shows that the contribution of the anion at plasmonigample was dried using a stream of nitrogen. 3
AUSAu nanojunction in the TERS scheme is not sinti” Our TERS setup is described elsewhere in great‘détail.
To this end, we weigh the pure NTP, anion, and DMABFor the purpose of this work, silicon probes (Nanosensors,
spectra by their relative scattering activities under the identiqafEc) coated with 100 nm of gold were used for AFM
conditions used to record our TERS map {sggorting  (tapping mode feedback) and TERS (intermittent contact
Informatiof): 0.7:1:0.5 for the parent:anion:DMAB product. feedback) topographic/chemical imaging. For the latter, TERS
We then solve a linear equation to gauge the contributions &ynals were collected when the tip was in direct contact with
all three species to the spatially averaged spectrumdWe the surface. A semicontact mode is otherwise used to move the
that the spatially averaged spectrum can be reconstructed v¢ifinple relative to the tip (pixel to pixel). For TERS

64.5%, 21.3%, and 14.2% contributions from the parent, measurements, a 633 nm las&0( W) is focused onto
anion, and product spectra, respectively~{gee= 8). To the tip apex at a65° angle with respect to the surface normal
our surprise, the anion contributes more s@mily to the  using a 100 air objective (Mitutoyo, 0.7 NA). The
response than the product under our experimental conditionsolarization of the laser was set along the tip axis using a
The delity of the reconstructed spectrufigiire 8) also  half-waveplate. The backscattered light was collected using the
con rms that (i) only three species contribute to the spatiallsame objectiveltered through a series of long péisss, and
averaged spectrum, which is consistent with our 2D correlatiggcorded using a CCD camera (Andor, Newton EMCCD)
analysis, and (i) the optical response from a few pixels (e@bupled to a spectrometer (Andor, Shamrock 500) equipped
TERS hotspots) dominates in the average that was taken owgth a 300 I/mm grating blazed at 550 nm.
a much larger area (dégure B).

The general observations described thus far are reprodu- ASSOCIATED CONTENT
cible. In theSupporting Informatiosection, we repeat the «

same measurements described throughout this work USHfe Supporting Information is available free of charge at

di erent TERS probes and eliient plasmonic silver hitps://pubs.acs.org/doi/10.1021/acs jpclett.0cQ1006
nanostructures (cubes). Several conclusions are therefor

unavoidable based on our results and analyses. As a general Protocol used to identify the brightest parent, anion, and
statement, redox reactions and ionic species have to be more product signatures that contribute to TERS maps;
carefully considered in the analysis of SERS and TERS corresponding plots of individual pixel spectra and

Supporting Information
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