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ABSTRACT

We record local optical field images of silver nanocubes (75 nm) using tip-enhanced Raman
(TER) spectral imaging. The images we observe are consistent with several recent reports from
our group, but here, we demonstrate sub-2 nm spatial resolution in local optical field nano-
imaging under ambient laboratory conditions. This is achieved by scanning the substrate
(nanocube on Si) relative to a 4-thiobenzonitrile (TBN)-functionalized Ag-coated TER probe.
The spatial resolution we obtain necessitates that only a few molecules govern the recorded
optical response; molecular orientation becomes an important consideration in such
measurements. We model the orientation through geometry optimization of a TBN molecule
chemisorbed onto an Agroe cluster (sphere with a ~1 nm diameter). Using the computed
orientation of the cluster-bound molecule, we then model the optical response using a formalism
that accounts for the orientation of the molecule relative to vector components of the local
optical fields. We find optimal agreement between experiment and theory. In effect, this work
reveals the parallels between single molecule Raman scattering and high-spatial resolution TER
spectroscopy, even when the images themselves cannot be used to visualize a single molecule in
real space.



Introduction

Tip-enhanced Raman (TER) nano-imaging and nano-spectroscopy combine the unique
properties of scanning probe (herein atomic force) microscopy and Raman scattering.t This
technique is rooted in surface-enhanced Raman (SER) spectroscopy,*’ where combinations of
electromagnetic and chemical enhancement significantly boost the detection limits of Raman
scattering.® One of the distinct advantages of TER over SER is the former technique’s ability to
resolve the enhanced optical response over the nanometer length scale by scanning the sample
relative to a laser-irradiated plasmonic probe. Recent works have demonstrated Raman mapping
with sub-molecular resolution using TER spectral imaging.®1!* Although the attainable spatial
resolution in low temperature/ultra-high vacuum TER is now established, the same cannot be
said of measurements performed under ambient laboratory conditions. Namely, there is a
dichotomy between decades of TER reports that claim tip radius-limited spatial resolution (10s
of nm) and more recent investigations, whereby single/few nm spatial resolution in ambient TER
nano-imaging has been observed.*? Nanoscale chemical mapping of single-stranded DNA with
single base resolution is one elegant demonstration that comes to mind in the context of the

latter.®

Through TER mapping of plasmonic nanostructures and nanoparticles, our group has
repeatedly demonstrated ~3-5 nm spatial resolution in chemical nano-images recorded under
ambient laboratory conditions.***6 Our initial studies focused on establishing that TER maps of
plasmonic particles trace the profiles of local optical fields in their immediate vicinities.***® For
instance, TER maps of plasmonic Au nanorods traced both dipolar and multipolar resonances
that are characteristic of such particles.?® In our case of TER nano-imaging of plasmonic

nanostructures and nanoparticles, the attainable spatial resolution seems to be limited by the



structures of the local optical fields in the gap mode TERS configuration.!* 2! Namely, gentle
local optical field variations in space yield lower (apparent) spatial resolutions in TER mapping.
In this regard, the highest measured spatial resolution in local optical field mapping we have
demonstrated takes advantage of spatially confined hybrid plasmonic probe-silver nanoparticle
nanojunctions.** For a detailed discussion of combined atomic force-TER mapping of the latter

constructs, we refer the reader to our prior work.**

In all our former studies and current report, we employ nano-corrugated/sputtered Au (or
Ag) plasmonic probes with large nominal tip radii (75-100 nm). We can rationalize our
attainable resolution by recognizing that although the measured far-field resonances and optical
field enhancements arise from the gross microscopic makeup of the tip, fine nanometer-scale
features that are sustained at the tip apex govern the attainable spatial resolution.*> 22 The same
features seem to support unique local resonances that can be only (indirectly) observed via TER
spectral imaging.t” 22 Unfortunately, and although optical resonances that vary over the
nanometer length scale may hold the key to rationalizing many fundamental observations in TER
nano-imaging and nano-spectroscopy, they remain difficult to independently gauge in practice

through, e.g., broad band extinction nano-spectroscopy experiments in the TER geometry.

In this work, we take advantage of a well characterized TER construct, namely, a
plasmonic silver nano-cube which we image using a chemically functionalized Ag atomic force
microscopy (AFM) probe irradiated at 633 nm. After demonstrating high spatial resolution in
nano-imaging (sub-2 nm), we strive to rigorously establish the orientation of the tip-bound
molecule(s), with a premise that the tensorial nature of TER scattering is a direct consequence of
the ultra-confined probing volume. Unlike prior work, where full spatio-spectral TER spectral

image fitting or full searches in Euler space were performed to either gauge molecular



orientation or the vector components of local electric field through TER/SER scattering, we now
describe a preliminary step that can be used to narrow the search. Namely, we first establish
molecular orientation of the tip bound molecules through geometry optimization of a model that
consists of a 4-thiobenzonitrile (TBN) molecule chemisorbed onto a spherical silver nano-cluster
(Agr9). The size of the cluster (~1 nm) is commensurate with the measured spatial resolution in
this study (down to 1.6 nm); we therefore propose that the cluster is representative of the tip
apex. Confidence in our model is further obtained by obtaining successful spectral matches
between experimental and simulated Raman spectra that account for the relative orientation
between the molecule and the dominant local electric field direction in practice (along the tip
axis). The models and theoretical framework we describe should be helpful in on-going efforts
aimed at (i) imaging the vector components of local optical fields with computed/experimentally
derived molecular orientations, and at (ii) imaging chemical transformations in real space
through TER nano-imaging, as molecular orientations were found to play an important role in

interfacial plasmon-enhanced/induced chemical transformations.??
Methods

Theoretical. We have used a development version of NWChem for all the calculations reported
here.?* Unconstrained geometry optimization of the Agze-TBN complex was performed using
the PBE exchange-correlation functional® in conjunction with the def2-SVP basis®* set and a
fitting basis?’ for the evaluation of the Coulomb potential. The use of dispersion?® did not affect
the optimized geometrical parameters, as evident through an inspection of the overlaid structures
(with/without dispersion correction) in Figure 1. In the optimized Agre-TBN complex, the
aromatic ring of TBN is nearly parallel to the surface of the nanocluster; the molecule is

otherwise at a small angle (~11°) with respect to the surface. Geometry optimization and Raman



spectral simulations (vide infra) of the bare TBN molecule were performed using the PBE

exchange-correlation functional? in conjunction with the Sadlej-PVTZ basis set.?®

Figure 1. Overlaid molecular structures optimized
with/without the inclusion of empirical dispersion.
See text for more details.

Conventional ensemble-averaged Raman spectra and normal mode-dependent molecular
polarizability derivatives were computed using the CPKS method, as implemented in

NWChem.?* Ensemble-averaged Raman scattering activities (Sm) are given by 3
Sm = gml45an” + 78] (1)

where

1, ~ ~
a;n = 3 (a;cx,m + O(gly,m + O(’zz,m (2)



and

2 1/~ ~ 2 ~ ~ 2 ~ ~ 2 ~ 2, ~ 2
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pm)] (3)

In the above equations, gm is the vibrational state degeneracy and the primes correspond to

derivatives with respect to the m™" state, o’,,// [3;,12 are the isotropic//anisotropic polarizabilies,
and @;; ,, (i,j = x,y,z) are individual components of the polarizability tensor. Experimental and
calculated ensemble-averaged Raman spectra of TBN (see below) are shown in Figure 2. Since
our ensuing analysis relies on the relative intensities of the observable vibrational states, we note
the agreement between experiment and theory in the high-frequency (1400-2300 cm™) region of
the spectrum that contains the aromatic CC stretching (~1589 cm-1) and CN stretching (2225
cm™) vibrations of TBN. The same cannot be said of the lower frequency modes in the 1000-

1250 cmt spectral region.
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Figure 2. Experimental (TBN powder, blue) and computed (isolated
molecule, black) ensemble-averaged Raman spectra. The inset shows a
vector representation of the aromatic CC and CN stretching vibrations.




The spectrum of an oriented TBN molecule is simulated according to® 32

— ~ —2
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(4)

in which molecular polarizability derivative tensor elements () of the bare molecule (not
linked to Agre) are oriented with respect to the vector components of the local electric field along
incidence and scattering directions in the TER geometry (KL_; = E?) after (i) projection of the
molecular onto the laboratory frame, and (ii) rotating the molecule (using rotation matrices R, ,, ,
and Ry, ;) to match the computed orientation of TBN on Agqgin the laboratory frame, see Figure

1. We will revisit this analysis in the ensuing sections of this work.

Experimental. Bulk Raman spectra of TBN (powder, Aurum Pharmatech) were recorded using
an inverted optical microscope (Nikon Ti-E) coupled to a Raman spectrometer (LabRam HR,
Horiba). Spectra were recorded using low power (10 uW) from a 633 nm laser source, which

was focused onto the TBN crystals using a 60X (NA=0.7) air objective.

A 10 pL stock solution of 75 nm silver nanocubes (Sigma-Aldrich) was deposited onto a
silicon chip. After the drop was air dried, the substrate was rinsed with excess amounts of
ethanol. On a separate chip, we drop-casted 10 uLL of a 1 mM ethanolic solution of TBN. The
metal-coated AFM probe was functionalized simply by bringing the tip into contact with the
TBN-coated substrate. The same method was previously used to functionalize TER probes with

aromatic thiols. 1617

Our TER setup is described elsewhere in detail.*> 18 2233 For the purpose of this work, as-

purchased silicon probes (Nanosensors, ATEC) were coated with 100 nm of Ag and used for



AFM (tapping mode feedback) and TER (intermittent contact feedback) topographic/chemical
imaging. For the latter, TER signals are 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 TER measurements, a 633 nm laser (~75 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.

Results and Discussion
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Figure 3. A representative TEM image of the nanocubes used herein is shown in panel A. The red
rectangle highlights the region analyzed via nano-Raman spectral imaging. Panel B shows a ~2225
cm™ TER image centered towards the edge of the cube (region 1). The same images traces the
optical response when the tip is positioned on top of the cube (region 2) and on silicon (region 3).
A TER cross-section (dashed horizontal line in panel B) that reveals the confinement of the optical
response is plotted in panel C. Spatially averaged spectra contained in regions 1-3 are highlighted
(dashed rectangles) in panel B and in turn compared on the same plot in panel D. The optical
response was time-integrated for 0.5 s at each pixel, and the lateral step sizes were 0.5/10 nm
along the horizontal/vertical directions.

The general topographic features of the silver nanocubes used in this work were
described in detail in prior AFM-TER measurements from our group.'* For the purpose of this
work, a representative TEM image is shown in Figure 3A. TER images centered towards the
edge of the cube (Figure 3B) are reminiscent of previously recorded TER maps of plasmonic
nanostructures, including silver and gold nanocubes.'* 33 Namely, the response towards the edge
is significantly enhanced. As amply demonstrated in our prior reports,'¢ 2 the recorded image
traces local optical fields that vary in space when the nanocube is scanned relative to the
plasmonic TER probe. 1* 33 The confined nature of the edge response (herein to ~2 nm, Figure
3C) provides a nanoscopic window for chemical and chemical reaction imaging.?! Herein, the
recorded spectra exhibit four dominant Raman-allowed resonances that can all be assigned to
TBN based on our current (Figure 2) and prior theoretical analyses of this molecular reporter.3*
35 We refrain from duplicating our prior analysis and refer the reader to previous work from our
group for spectral assignments. Besides the structure of the local optical field as broadcasted
through TER nano-imaging and the vibrational signatures of TBN that are recognizable from the
spectra, several aspects of the TER image (Figure 3B) are worth noting. First, the reproducibility
of the measurements (the attainable spatial resolution in particular) is ensured by virtue of the
redundant nature of the construct (along the vertical direction). Namely, every horizontal trace

across the edge yields a similar spatio-spectral profile (see Figures 3 and 4). As such, sample/tip

10



drifting and instabilities that are common under ambient conditions do not significantly

contribute to the data within the time required to record these images (75s in the case of Figure

3B and 4). Second, the images are internally referenced. On-edge (region 1), on-particle (region

2) and off-particle/on-silicon (region 3) spectra are all contained within the same hyperspectral

TER map (Figure 3B). Note that the entire field of view in constantly irradiated with the laser

(objective NA=0.7). Although modest contrast (~1.8x) is observed between on-particle (region

2) vs on-silicon spectra, the edge response is on average ~3.5x/6.4x brighter than the optical

signal atop the particle/silicon.
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such, the same imaging parameters were naturally used herein.

Figure 4. Spectrally-resolved TER nano-imaging of the cube at different resonances of the molecular
reporter: 1589 cm* (A), 1181 cm (B), and 1075 cm (C). The lower panels in each case correspond to
cuts taken at the positions indicated in the upper panels. Note that these images were simultaneously
recorded with the image shown in Figure 3B (they belong to the same hyperspectral TER image cube). As

Spectrally-resolved TER maps at different vibrational resonances of TBN are shown in

Figure 4. Images traced at different frequencies within our Stokes window are similar in overall

11



structure; they only vary in their overall signal magnitudes in a way that is more-or-less
commensurate (more on this below) with the Raman activities of the different modes. This is
contrasted with a recent report from our group,?® whereby sharp multipolar resonances contained
within the Stokes window were tracked through the recorded TER spectra and images. This
observation indicates that the operative resonance in this case is broad and does not vary
dramatically within the accessible wavelength range (640-740 nm). This finding is somewhat
consistent with a recent theoretical analysis of hybrid tip-sample plasmonic nanojunctions in the
TER geometry.®® TER cuts across the edge of the particles at different frequencies otherwise
reveal spatial resolutions that are comparable to their analogue in Figure 3C. More evidence in
support of the results described thus far in Figures 3 and 4 are given in the supporting

information section of this work.
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Figure 5. Panel A shows experimental spectra taken from Figure 2 (bulk) and Figure 3D (edge = region 1
and top = region 2, as highlighted in Figure 3B). The relative intensities of the 1589:2225 cm* bands are
noted in the same panel. Panel B shows simulated single molecule Raman spectra obtained by rotating the
molecule around the Y-axis (9-13°). The relative intensities of the 1589:2225 cm™* bands are also shown in
the inset of this panel. Panel C shows the laboratory frame and a schematic illustration of the molecule,

which is rotated by 12° around its Y-axis. Note that the incident and scattered local field are ﬁ; = E_ZL) See
equation 4 and the main text for more details.

We can account for the observed differences in the relative intensities of the vibrational

modes of TBN in the bulk (see Figure 2) and in the TER geometry (see Figure 3) by invoking the

12



formalism summarized by equation 4. Namely, given the attainable spatial resolution that is
demonstrated in Figures 3 and 4, ensemble-averaging of the recorded optical response is no
longer appropriate.*® 32 The starting point for our analysis is to ensure that the ensemble-
averaged spectra are well-reproduced at the level of theory used to compute the Raman spectra.
Indeed, the results shown in Figure 2 confirm that the general features that are observed in bulk
(TBN powder) experiments are well reproduced in the computed spectra, even though the bare
molecule is used in silico. As mentioned in the methods sub-section of this manuscript, however,
the agreement in terms of the relative intensities of the vibrational states is only optimal in the
high frequency region of the spectrum, which contains the aromatic CC (1589 cm™) and CN
(2225 cm™?) stretching vibrations of TBN. We next model the dependence of the simulated

spectra on molecular orientation with respect to vector components of the local optical fields

(E_lL,S) = EL in the TER geometry).° Rather than performing full search in Euler space, 32 34 we
guide our search using the orientation that was calculated from geometry optimization of the
Agre-TBN complex (see Figure 1). The results are shown in Figure 5, where simulated molecular
orientation-dependent Raman spectra are compared to experimental bulk and TER spectra.
Experimentally, the intensities of the 1589 cm™ relative to the 2225 cm™ modes are very
different in the bulk vs TER spectra (see Figure 5A). Although the former can be readily
rationalized based on conventional orientationally averaged theoretical spectra (Figure 2), the
latter requires considering molecular orientation. This is shown in Figure 5B, where we also
illustrate that slight molecular rotations around the Y axis in the laboratory frame (defined in

Figure 5C) yields noticeably different relative intensities of the 1589 vs 2225 cm™ lines.

The best match between theory and the experimentally recorded TER spectra (both edge

and atop the particle) is obtained when the molecule is rotated by ~12-13° with respect to the Y-

13



axis (see Figure 5). This result is largely consistent with the computed orientation of TBN
relative to Agrg in the optimized Agze-TBN complex (see Figure 1). The derived geometry is
however dissimilar from what can be inferred from (diffraction-limited)/ensemble averaged SER
scattering from TBN on a polycrystalline silver surface, which we have recently analyzed using
ensemble averaged/orientation-dependent Raman spectra derived from ab initio molecular
dynamics simulations.® Namely, the orientation of TBN on a nominally flat surface is different
from its orientation on the tip. This emphasizes that whereas the Agze-TBN complex seems to be
representative of the tip-bound molecule, it is not representative of the most frequently sampled
orientation on a nominally flat surface, as gauged through SER scattering. It also strongly
suggests that a single molecule (or very few) governs the recorded optical response in high

spatial resolution TER spectral imaging.

Conclusions

Overall, through a combination of high spatial resolution TER nano-imaging and nano-
spectroscopy and density functional theory simulations, we describe a protocol that may be used

to map 3D molecular orientation with ~2 nm nanometer lateral spatial resolution. As a result of

the (nearly flat) molecular geometry in our current study and TER selection rules (f%s = E?), we
were able to pin-point the 3D orientation of a TBN molecule with high accuracy through
simulations of tensorial Raman scattering that were guided by a geometry optimization of a
Agre-TBN complex. The derived orientation is different from the most frequently sampled
geometry of TBN on nominally flat Ag, as previously gauged through SERS. It is thus tempting

to associate the spectra with a single molecule (or at most a few). Unlike existing frequency

14



domain proofs of single molecule detection sensitivity,” our demonstration of ~2 nm spatial
resolution in the same measurements used to infer 3D molecular orientation strongly supports
our claim of single molecule detection sensitivity (or at most a few). Nonetheless, looking
forward, it would be interesting to combine the protocol described herein with previously
described robust approaches to ascertaining single molecule sensitivity in the frequency

domain.®” Such measurements are currently underway in our laboratory.
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TER measurements performed using a different AFM probe, and which show similar spatial
resolution compared to the results shown in the main text; optimized coordinates of the Agre-

TBN complex.
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