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Experimental evidence of extremely high spatial resolution of tip-enhanced Raman scattering (TERS)
has been recently demonstrated. Here, we present a full quantum chemical description (at the density
functional level of theory) of the non-resonant chemical effects on the Raman spectrum of an adenine
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1. Introduction

Improving spatial resolution is a major driving force for the
development of microscopic techniques."® In addition to the
well-known fluorescence based methods, such as stimulated-
emission-depletion  (STED)," photoactivated localization
microscopy (PALM)* and stochastic optical reconstruction
microscopy (STORM),? techniques based on near-field optics
are capable of obtaining resolutions far beyond the diffraction
limit.*"® Plasmon-based systems are particularly successful in
this respect, where a nanoscale plasmonic object confines the
electromagnetic field and at the same time enhances the
signal.” ™ Such systems are especially useful when fluo-
rescence labeling cannot be used and intrinsic molecular
information is required. The best known techniques based on
plasmonic enhancement are surface and tip-enhanced Raman
scattering (SERS and TERS, respectively)'®™® as well as tip
enhanced infrared absorption (TEIRA).'®?° Signal enhance-
ments observed in these techniques can be rationalized by two
phenomena: the electromagnetic effect®>'® and the chemical
effect.>>?°> The former corresponds to the creation of a
locally confined strong electric field by an incident light
source, i.e. a plasmon, on a metallic cluster leading to a pro-
nounced increase in the corresponding Raman signals of a

“Institute of Physical Chemistry and Abbe Center of Photonics, Friedrich-Schiller-
University Jena, Helmholtzweg 4, 07743 Jena, Germany.

E-mail: stephan. kupfer@uni-jena.de, volker.deckert@uni-jena.de

bLeibniz Institute of Photonic Technology, Albert-Einstein-Str. 9, 07745 Jena,
Germany

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
¢6nr00093b

This journal is © The Royal Society of Chemistry 2016

molecule mapped by a tip, modeled as a single silver atom or a small silver cluster. We show pronounced
changes in the Raman pattern and its intensities depending on the conformation of the nanoparticle—
substrate system, concluding that the spatial resolution of the chemical contribution of TERS can be in

substrate near the metal. The latter chemical effect is corre-
lated to the interactions between molecules and metallic clus-
ters and can be divided into three different contributions:
ground state interactions between substrate and nanoparticle
(non-resonant contribution), resonant enhancements of local
(molecule) excitations (resonant contribution), and the emer-
gence of new charge transfer states between the substrate and
the nanoparticle (charge-transfer contribution).®?*?* These
three contributions can lead to changes in the shape, spectral
position and intensity of Raman bands due to changes in the
local environment of the substrate under investigation.*”

Interestingly, several recent TERS experiments have strongly
indicated spatial resolutions of 1 nm or smaller (i.e., single
molecule resolution).>**' Such high resolutions are un-
expected considering the dimensions of the commonly used
plasmonic nanoparticles.*>** While a high resolution was pre-
dicted by Elfick and coworkers for tips with radii of 1 nm,**
this tip size is generally difficult to achieve, and radii of
10-20 nm are considered more realistic.***®

Recently, Aizpurua et al. and Sanchez-Portal et al. presented
full quantum electrodynamic descriptions of plasmonic cavi-
ties, demonstrating the resolution capabilities of plasmonic
nanoparticles due to extremely confined enhanced fields that
can explain sub-nanometer resolution via the atom-scale fea-
tures of small metal clusters.*>>® Recent work on the resolu-
tion of TERS mapping, where mainly electromagnetic effects
are discussed,”® suggest that the confinement of the electric
field near a tip is even more pronounced than expected due to
the enhanced field-interaction with the (induced) dipole of the
molecule. Moreover, the electric field gradient and its impact
on the sub-nanometer spatial resolution®**"** was evaluated
theoretically’” and experimentally.*’
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Quantum mechanical investigations studying the electro-
magnetic effects of plasmons on the Raman scattering
process of a molecule in the vicinity of a metal nano-
particle have been performed by Jensen et al. who intro-
duced a computational methodology to study plasmonic
field effects on a substrate in the scope of SERS by means
of a hybrid method combining atomistic electrodynamics
and quantum mechanics.*®* Another approach by Dong
et al. presents a quantum mechanical description of the
interaction between the molecule and the metal tip, treated
as a highly confined plasmonic field, using an electric field
function.”

In contrast to the work of Aizpurua, Jensen and Dong, we
will focus exclusively on the non-resonant chemical contri-
butions to the signal enhancement/changes in TERS. We
present the results of purely quantum chemical calculations
based on density functional theory (DFT) to evaluate the
spatial resolution of a metal tip acting on adenine by investi-
gating the effect of minute lateral variations of the tip with
respect to an individual sample molecule. Such position
effects are generally not considered in the estimation of the
chemical effects in SERS because a thermodynamically gov-
erned association of the metal particle and molecule (there-
fore, an optimized minimum energy geometry) can be
assumed. However, in a TERS experiment, this assumption is
not necessarily valid: the sample molecules are generally
immobilized on a surface and, thus, cannot select specific
sites on the plasmonic tip, allowing energetically unfavored
conformations.

Adenine-silver nanoparticle interactions have already been
the subject of several investigations of both experimental and
theoretical studies using SERS**° and TERS.’*°°"%* Here, we
theoretically investigate “forced” tip-molecule conformations
that can only be formed under TERS conditions and study the
effects of such geometries on the Raman spectra with respect
to the lateral resolution. This is intriguing because the specific
local placement of a metal atom or metal cluster (as provided
by the placement of the metal tip) with respect to a molecule
can be considered a new unique molecule with specific and
characteristic vibrational modes. In addition to the investi-
gation of the lateral positioning, we also study the influence of
the longitudinal metal-molecule distance. This is of specific
interest for TERS experiments because the tip-sample distance
is a crucial parameter that determines signal enhancement.
Additionally, the investigation of tip-sample distance will
provide an estimate of when the chemical effects start to play a
major role. Thus, the quantum chemical calculations aim to
unravel tip-sample interactions on a molecular scale and
provide further spectral information due to non-resonant
chemical effects.

Last but not least, a comparison between the effects of a
single metal atom and a 20-atom metal cluster mimicking a
metal tip will be shown, providing insight into second layer
effects, e.g., how strongly the atoms “behind” the front-most
atom influence the molecular structure and consequently the
vibrational spectra.
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2. Computational details

Two models have been utilized to simulate the interactions
between one adenine molecule and a silver tip: (i) mimicking
the tip using a single silver atom and (ii) describing the metal
tip as a small, tetrahedral cluster consisting of 20 silver atoms.
Although the description of a metal tip as merely one silver
atom might seem too be oversimplified, experiments indicate
that, even for typical tip radii of approximately 10-20 nm, the
very top of the tip seems to consist of a single atom.*>*%>°
Nevertheless, many effects are neglected in model (i), and
model (ii) includes the effects of the second layer of atoms.

All quantum chemical calculations were performed using
the Gaussian 09 program.®® The planar adenine molecule, pre-
optimized at the DFT level of theory using the range-separated
CAM-B3LYP XC functional® and the 6-311+G(d,p) triple-{ basis
set,®® was aligned within the xy-plane as depicted in Fig. 1(a).

The silver tip - represented by either a single silver atom
(model i) or a silver cluster comprised of 20 atoms (model ii) -
was placed on top of the adenine and moved in a grid of 6.5 A
by 5.5 A with a step size of 0.5 A, leading to a total of 168 grid
points, as depicted in Fig. 1, per layer (z-coordinate). The inter-
actions of the “tip” approaching the adenine were simulated
for layers of z = 10, 8, 6, 5, 4, 3, and 2.5 A; only the three layers
of 2=10, 4, and 2.5 A are discussed in detail.

For all calculations where the tip was modeled by one silver
atom (model i) in Fig. 1(b), a complete quantum mechanical
description was used, which consequently leads to a doublet
ground state. Single point calculations with the same XC func-
tional and basis set and subsequent vibrational analyses for
the aforementioned layers have been performed. For the silver,
the MWB28 relativistic core potential®® was applied, where the
inner shells are described by an effective core potential and
the valence electrons (4s, 4p, 4d and 5s) explicitly with double-
€ quality. With respect to a realistic TERS setup with a sub-
strate anchored parallel to a surface, and thus aligned in the
xy-plane, the TERS signal is mainly obtained in the z-direction.
Therefore, only the a,,-component of the polarizability tensor
would be subjected to electromagnetic enhancement; thus, the
Raman intensity [; of the /th vibrational normal mode is pro-
portional to the absolute square of the derivative of a,, with
respect to the normal coordinate (g;):

2
. 1)
oqi

The silver cluster (model ii) was oriented perpendicular to
the xy-plane, while the vertex was placed accordingly on the
grid (Fig. 1). Consequently, due to the even number of silver
atoms, the singlet ground state was calculated for this model.
As in the previous model (i), o, was obtained by frequency cal-
culations, and again, the relative Raman intensity of the /th
mode is given by eqn (1).

To correct for the lack of anharmonicity and the
approximate treatment of electron correlation, all vibrational
frequencies were scaled by a factor of 0.95°” for both model
(i) and model (ii) and broadened by Lorentzian functions with
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Fig. 1 (a) Adenine orientation and computational grid of 6.5 A times 5.5 A and with a step size of 0.5 A as used in the quantum chemical simulations.
Tip positions labeled A-H are discussed in detail. Tip modeled by (b) one silver atom and (c) a tetrahedral cluster comprising 20 silver atoms.

a full width at half maximum (FWHM) of 15 cm™" to yield the
Raman spectra. In order not to increase the computational
demand of the grid calculations further, substrate-molecule
interactions were not taken into account in this study. Such a
simplification of the model system is valid in case of non-plas-
monic surfaces that feature only weak chemical interactions at
the substrate-molecule interface (e.g. mica). Furthermore, con-
sidering the uniform, specific substrate-molecule binding situ-
ation to be either unchanged or constant during the tip
scanning along the grid may lead to spectral variations,
however, the lateral resolution would not be decreased by
including the substrate into the calculations.

To identify similar groups of TERS spectra within one layer,
that is, the spatial resolution, statistical analysis of all com-
puted spectra has been performed using the statistical
language R.®® In order to estimate such groups in the TERS
grid, a principal component analysis followed by a k-means
cluster analysis was carried out. In order to estimate the
number of predefined clusters, e.g., the k value, vector normali-
zation was performed, and the square root of the between-
cluster variance and the total in-cluster variance was calcu-
lated. The fraction of the standard deviation (SD) between the
clusters divided by the within-cluster SD of a layer was used as
marker for the number of groups present in the dataset. The
number of predefined clusters (k) was determined in such a
way that the fraction of SD between the clusters and within-
cluster SD was above 1, and the smallest possible k was
chosen. The rationale behind this procedure is that the differ-
ence between the clusters should be higher than within the
cluster, and therefore, the situation when there are equal
differences was used to define .

This journal is © The Royal Society of Chemistry 2016

3. Results

3.1. One-silver-atom model

Starting from a distance of z = 10 A between the silver atom
and the molecular plane (xy-plane) of the pre-optimized
adenine molecule, the Raman intensity pattern along the grid
has been calculated for each vibrational normal mode using
eqn (1). The simulated Raman spectra at 10 A along the grid
points share a uniform intensity pattern, which is almost iden-
tical to the z-polarized Raman spectrum of an isolated adenine
molecule (see Fig. S1 in the ESIf). Reducing the z-distance to
8 A and further to 6 A does not affect the calculated polariz-
ability derivatives significantly, and no pronounced spectral
alterations are observed with respect to the previous layer.
However, with the silver atom further approaching the mole-
cular plane and reaching regions of chemical interaction,
changes in the appearances of the Raman signals are expected.
Indeed, a pronounced dependency of the Raman spectrum on
the silver position is observed at 4 A. While the silver induces
only slight shifts of the vibrational frequencies (up to approxi-
mately 4 cm™"), indisputable alterations of intensity ratios
and, thus, unique spectral patterns are found with respect to
the specific lateral position of the silver atom.

As found by Sun et al, enhancement due to resonance of
charge transfer states between the molecule and the metal tip
may influence the Raman intensity pattern substantially,**>*
therefore, we rule out such a potential resonance enhance-
ment at an excitation wavelength of 532 nm by calculating
(doublet) excited states of adenine with the converging silver
atom based on TDDFT simulations (see Fig. S2 in the ESI} for
details).
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The following discussion focuses on the vibrational modes
in the spectral range between 500 and 1700 cm ™. This region
comprises the C-H and N-H vibrational normal modes, which
are predominately affected in TERS.’**”®° Hence, the inte-
grated, or rather summed, signal intensity I of each grid-point
(%, , z) within this frequency range (8 < [ < 37) is given by:

(2)

Based on this expression, the integrated signal amplifica-
tion A is obtained by normalization with respect to the
minimum intensity I,;,, of the layer at z = 10 A:

2

Oy,
I 37
A=ty Lol 3)
Imin 1—8 8amin,zz
oq1

This site-specific intensity amplification for z = 10 A is illus-
trated in Fig. 2(a).
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As expected, the intensity is independent of the “tip” posi-
tion at this distance because the molecule interacts only very
weakly with the silver atom. Hence, a constant value of 4 ~ 1
is obtained along the grid. Lowering the silver atom to
z = 4 A, see Fig. 2(b), results in an average signal amplifica-
tion of approximately 5.6 along the grid. However, locally, an
amplification of up to 10.6 and 17.9 is observed for the tip
positions on top of the C-H bonds of the pyrimidine and the
imidazole moieties. Moving the silver atom closer to the
molecular plane, ie., to z = 2.5 A, amplifies the integrated
signal to an average value of 95.8. Then, as illustrated in
Fig. 2(c), the grid-points on top of the C-H bonds feature the
highest signal amplifications of 631.8 (pyrimidine) and 553.2
(imidazole), while the overall intensity profile along the
entire grid shows a more pronounced structure than the layer
at 4 A.

In order to study the tip-induced alterations in more detail,
five silver positions along the central line of the purine frag-
ment (position A, B, C, D, and E) and four positions along the
pyrimidine-amino axis (position F, B, G, and H) have been

d)
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Fig. 2 Simulated integrated Raman signal amplification based on eqn (3) along the grid at (a) z = 10 A, (b) 4 A and (c) 2.5 A for the one-silver-atom
model. (d)-(f) illustrate the relative ground state potential energy surfaces (E in eV) of the respective layers. Notice the adjusted color bars scales for

the amplification and energy in (c) and (f).
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selected, see Fig. 1(a) for detailed positions. The point of
intersection of both lines (B) is localized in the middle of the
pyrimidine moiety. Selected spectra for each scan line at a
height of z = 4 A are shown in Fig. 3(a) and (b).

The Raman spectra along the purine line are dominated by
intense in-plane C-H bending modes. While for A and B, the
C-H mode of the pyrimidine moiety (975-980 cm™") shows the

One-silver-atom model

View Article Online
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highest intensity, the spectra at D and E feature an intense
C-H mode of the imidazole fragment (870-875 cm™), Fig. 3(a).
Position C exhibits C-H modes of both the pyrimidine and the
imidazole moieties; however, the intensity of the C-H bending
mode of the imidazole (870-875 cm™) is considerably lower.
Thus, position C can be addressed as a spectral intermediate
of positions A and E or rather B and D.

Silver-cluster model
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Fig. 3 Simulated Raman spectra based on the one-silver-atom model for (a) the purine line at x = 2.0 A (A, B, C, D, and E) and (b) the pyrimidine-
amino line aty = 2.0 A (F, B, G, and H) and a z-distance of 4.0 A. The z-dependencies are shown for positions B and E at 10.0, 6.0, 4.0, 3.0, and 2.5 A
in Raman intensity (in arb. u.) in (c) and (e) and in mode amplification in (d) and (f), respectively. Raman spectra based on the silver-cluster model are
shown in (g) and (h) for the purin and the pyrimidine line, while (i) and (k) illustrate the z-dependency at B and E (Raman Intensity in arb. u.). Mode
amplifications (A;) in B and E are shown in (j) and (l). Vibrational normal modes were broadened by Lorentzians with a FWHM of 15 cm™. Note the

different scales for models (i) and (ii).
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In addition to the shape of the Raman pattern, a pro-
nounced dependency with respect to the intensity or rather the
mode amplification 4; is also observed, which is defined as:

2

0otz
I 1o,
gm0l (1)
I1 min Omin,zz
oq

where I} iy, is the respective mode intensity at z = 10 A

The positions A-D feature different spectral patterns, see
Fig. 3(a), while further variations can be determined based on
the maximal 4, values ranging from approximately 2.8 in C to
13 in A (all for z = 4 A).

However, at E (above the hydrogen atom), the Raman spec-
trum exhibits even larger mode amplifications of up to
approximately 20 (for z = 4 A).

This finding is in accordance with the results illustrated in
Fig. 2(b), where the highest signal amplifications are observed
in the region of the C-H bonds close to the positions A and E.
By examination of the underlying Raman spectra, it is evident
that the enormous local amplification in the region of the C-H
bonds is correlated to the intense C-H bending modes of the
pyrimidine and the imidazole fragments.

Analogously, the spectra along the pyrimidine-amino line
position (F, B, G, and H) show a pronounced dependency with
respect to the tip position. At F and H, intense C-H (pyrimi-
dine) and amino bending modes (1470-1475 cm™') dominate
the pattern. Additionally, an intense characteristic N-H
bending mode at approximately 1570 cm™" is observed in H.
The Raman spectra in B and G are of mixed character and
feature characteristics of both F and H. Comparison of the
spectra for these four positions, depicted in Fig. 3(b), yields a
moderate mode amplification of merely 4.7 for F, 7.1 for B
(explicitly shown in Fig. 3(c) and (d), and 2.4 for G, while H fea-
tures values of A; > 13 (all for z = 4 A). Hence, the localization
of the silver atom directly above a C-H (E) or N-H (H) bond
induces a selective amplification of normal modes correlated
to that specific position. Further convergence of the tip model
towards the adenine (in the z-direction) substantially increases
the interaction.

Consequently, the computed Raman spectra in each z-layer
can be differentiated by means of the intensity pattern, and
thus, by band shifts, deviations in the relative intensity, the
absolute intensity and the mode amplification A;. To further
investigate the Raman signal with respect to the “tip” position,
the dependency in the longitudinal z-coordinate was evaluated.
The general behavior of the intensity as a function of the
metal-molecule distance (z-coordinate) is illustrated in
Fig. 3(c) and (e) for positions B and E at z = 10.0, 6.0, 4.0, 3.0,
and 2.5 A, respectively, while the mode amplifications are pre-
sented in Fig. 3(d) and (f). At 10.0 A, the spectra in B and E are
identical and dominated by intense C-H and N-H bending
modes. Starting at 4 A, alterations are induced by the silver
atom (see differences in the mode amplification and in the
spectra; green lines in Fig. 3(d) and (f) as well as 3(c) and (e),
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respectively). At 3 A, the spectrum in B is dominated by three
intense CH/NH bending modes at 1490, 1390 and 980 cm™"; at
the same distance in E, the Raman intensity pattern features
two intense modes at 1490 and 880 em™ " (CH/NH bending),
both at higher absolute intensities compared to B. Moving the
tip closer to z = 2.5 A — corresponding to a repulsive interaction
(see Fig. 2(f) and S3(b)t) - substantially alters the intensity
pattern in B. Now, the intense CH bending mode (880 cm™") is
shifted by 12 cm™ to lower frequencies, and an intense skele-
ton mode at 520 cm~ ' emerges. In addition to the chemical
shifts and the intensity pattern, the absolute intensity and,
thus, the integrated amplification (eqn (3)) depend strongly on
the “tip”-sample distance. Therefore, compared with 10 A, dis-
tances of 8, 6, 5, 4, 3 and 2.5 A have calculated amplification
factors (A) of 1.1, 1.6, 2.2, 3.7, 14.8 and 34.4 for B and 1.2, 2.0,
3.8, 13.7, 83.9 and 165.3 for E, respectively.

By fitting the integrated intensity amplification A (eqn (3))
at position B along z to an exponential function, it is evident
that the amplification decreases exponentially with the z-dis-
tance, see Fig. S3(a).t

The potential energy surface (PES) features attractive inter-
actions of the silver atom and the adenine in the range of 6 to
3 A, with the minimum at approximately 3.62 A. At larger dis-
tances, the attractive interactions decay; therefore, the ground
state energy increases towards the threshold of 0.06 eV. This
trend is in agreement with the evolution of the amplification
factors in the interval between 6 and 10 A from 1.6 to 1.1 (8 A)
and 1.0 (Fig. S3at). At small distances (z < 3A), the PES is
dominated by repulsive interactions and consequently
increases to 0.06 and 0.41 eV at 3.0 and 2.5 A, respectively.

In order to unravel the pronounced dependency of the
Raman intensity on the silver atom position, 2D PESs of the
electronic ground state are presented in Fig. 2 for the grids at
10, 4 and 2.5 A, ie., in the long-range non-interactive region,
close to the equilibrium distance and in the strongly repulsive
region. As illustrated in Fig. 2(d) for the layer at z = 10 A, an
almost uniform energy landscape is obtained with deviations
of less than 0.001 eV. Moving the silver atom to 4 A induces
pronounced alterations in the PES, as depicted in Fig. 2(e);
these changes originate from attractive interactions between
the silver and the molecule. Hence, in general, the energy of
the system is stabilized, while the minimum energy at this
layer is localized between the amino-group and the nearby
nitrogen atom of the imidazole moiety, where a stabilization of
approximately 0.05 eV is calculated with respect to the former
layer (10 A). By moving the silver atom even closer to 2.5 A,
strong repulsive interactions between the silver and the
adenine are observed, which can be easily seen in Fig. 2(f).
The strongest (repulsive) interactions are found at positions B
(0.50 eV) and D (0.54 eV), i.e., in the centers of the pyrimidine
and the imidazole moieties. The global minimum energy is
localized close to the non-protonated nitrogen of the imid-
azole; this grid point exhibits the lowest potential energy of all
three layers depicted in Fig. 2(d)-(f).

To rationalize the local effects of the silver atoms on the
Raman spectrum as well as on the potential energy landscape,

This journal is © The Royal Society of Chemistry 2016
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the electronic wave function and the frontier orbitals of the
adenine and the silver are studied in detail. Due to the odd
number of electrons of the silver atom (4d'°-5s'), the electronic
ground state of the adenine-silver system is a doublet, where
the 5s orbital of the silver is occupied in a-spin but unoccu-
pied in f-spin, also known as a semi-occupied molecular
orbital (SOMO). The first orbital occupied in both o- and
B-spin is the highest bonding r-orbital of the adenine. In order
to study interactions among these orbitals, a linear combi-
nation of the n-orbital (adenine) and the 5s-orbital (silver) was
created, where the positive combinations are denoted =n(a) +
s(a) and n(p) + s(p) and the negative ones n(a) — s(a) and n(p) —
s(B); more details with respect to this linear combination can
be found in Fig. S4.1 Based on these four orbitals occupied by
three electrons, a bond order of 0.5 is obtained. At z = 10 A the
positive and negative linear combinations are almost degener-
ate; however, with the tip converging towards the adenine, this
degeneration becomes abrogated, which is shown in Fig. 4 for
the positions B and E in the 4 A layer.

It can be easily seen that the interaction of the 5s orbital
with the z-system depends strongly on the silver atom position
and eventually on the presence of a nodal plane between the
silver and the adenine. For positions in the periphery of the
molecule, e.g., in E, where the s-orbital of the silver interacts
with the p-orbitals of the carbon atoms of the imidazole (see
Fig. 4), only small interactions are observed. Here, a construc-
tive overlap is obtained for the positive linear combination
and a node for the negative linear combination. The orbital
interactions in the center of the purine fragment are more
complicated; constructive as well as destructive interactions
are found for © + s as well as for = — s, as can be seen for posi-
tion B in Fig. 4. Lowering the silver atom further towards the
adenine consequently enhances the constructive and destruc-
tive orbital interactions. The spherical shape of the s-orbital

Position B Position E

- P
-

Fig. 4 Constructed positive and negative linear combinations, =(f) +
s(p), of the highest occupied molecular orbital of the adenine and the 5s
orbital of the silver atom with p spin for the positions Band E at z = 4 A.

n(B)
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leads to a manifold of delocalized interactions with the
n-orbital, especially in the center of the pyrimidine and the
imidazole rings. Hence, in these regions, a bonding situation
is unfavorable, which can also be seen in the high potential
energies in B and D in Fig. 2(f).

To elucidate the resolution of a TERS experiment, where
positioning accuracy is eventually limited by noise and drift in
all three dimensions, a principal component analysis followed
by a k-means cluster analysis was carried out using the com-
puted z-polarized Raman spectra of the layers at 10.0, 4.0 and
2.5 A. This analysis was done to account for averaging effects,
which are expected due to the above-mentioned limitations of
an actual experiment. The statistical analysis incorporates
information with respect to the spectral pattern as well as with
respect to the intensity. Fig. 5(a)—(c) illustrates these results for
the aforementioned layers at 10.0, 4.0 and 2.5 A.

Fig. 5 Spectral groups along the computational grid for the layers of
10.0 (a), 4.0 (b) and 2.5 A (c) as obtained by statistical analysis.
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At z = 10.0 A, the statistical analysis yields merely one spec-
tral group, which corresponds to a uniform Raman pattern at
this distance. Moving the silver atom to 4.0 and then to 2.5 A
yields three and six spectral groups, respectively. The average
spectra within each spectral group are illustrated in Fig. S5 of
the ESI.§ The obtained spectral groups along the grid are in
very good agreement with the computed amplifications of
Fig. 2(a)-(c) and show that TERS with sub-nanometer resolu-
tion is possible depending on the distance between the tip
and the substrate, even when considering noise and drift-
induced variations of the actual tip position.

In the following section, the results obtained for the one-
silver-atom model (i) will be compared to the enhanced silver-
cluster model (ii).

3.2. Silver-cluster model

To verify the results obtained for the one-silver-atom model
presented in section 3.1, as well as to investigate a dependency
with respect to the tip size, pre-selected traces on the molecule
as well as the entire layer at z = 4 A have been calculated with
the 20-silver-atom tip model. This model considers chemical
effects of the silver atoms in the second, third and fourth
layers of the tetrahedral cluster on the TERS signals. Analogous
to section 3.1, we present the evolution of the z-polarized
Raman signal for the 2D layer at 4 A, while particular emphasis
was set on the purine line (positions A, B, C, D and E) and on
the pyrimidine-amino line (positions F, B, G and H). In
addition, the z-dependency and, hence, the signal amplifica-
tion in z, is evaluated at positions B and E.

First, the results on the z-dependency are presented. Calcu-
lations at z = 10, 6, 4, 3 and 2.5 A were performed at B and E.
The integrated amplification is defined using the intensity (see
eqn (2)) divided by the intensity at z = 10 A. A very similar be-
havior of the amplification with respect to z is obtained for
both models. Interestingly, the amplification is even larger
with the silver-cluster model. While, by definition, a value of
A =1 is obtained at 10 A, upon approach, the amplification at
position B increases to 5.1, 18.1, 51.8 and 105.1 at 6, 4, 3 and
2.5 A, respectively, see Fig. S6(a).t At E, even larger amplifica-
tions of 7.7, 63.8, 363.1 and 747.0 (at 6, 4, 3 and 2.5 A) are cal-
culated, in accordance with the results obtained for the one-
silver-atom model, where amplifications of 34.4 and 165.3 (z =
2.5 A) were computed for B and E. Interestingly, the potential
minimum and thus the bonding region of the cluster and the
adenine is offset from 3.62 to 3.14 A, while the bonding energy
increased from 0.06 to 0.22 eV, see Fig. S6(b).T

Second, the dependency of the signal amplification as well
as the spectral pattern along the purine and the pyrimidine-
amino line at z = 4 A is shown in Fig. 3(g) and (h). The z-polar-
ized Raman spectra along the purine line [Fig. 3(g) A, B, C, D
and E] feature similar intensities in A to D, while the intensity
in E close to the imidazole C-H bond is substantially
enhanced. Superficially, the spectra obtained with the silver-
cluster model seem similar to the ones obtained with the one-
silver-atom model. In accordance with the results obtained
with the one-silver-atom model, the spectra in A and B are
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dominated by intense in-plane modes localized on the C-H
group of the pyrimidine but also on the C-H and N-H groups
of the imidazole and the amino group. E features mainly
intense in-plane (xy-polarized) C-H and N-H modes of the
imidazole moiety at approximately 1300 and 1500 cm ™", while
C and D show contributions of all fragments and can be seen
as spectral intermediates. In a similar manner, the spectra
along the pyrimidine-amino line, see Fig. 3(h), are mainly
dominated in A by C-H bending modes of the pyrimidine frag-
ment and in H by N-H bending modes of the amino group
polarized in the xy-plane, while the intermediate positions B
and G show contributions from both functional groups.
However, in contrast to the spectra in Fig. 3(a) and (b) (one-
silver-atom model), all spectra calculated using the extended
tip model have intense vibrational modes in the frequency
range between 500 and 800 cm™'. These modes have exclu-
sively out-of-plane character (z-polarized), where the modes
between 500 and 600 cm ™" are correlated to the amino-group,
those between 600 and 700 cm™" to C-H and N-H modes of
the imidazole fragment and those at approximately 800 cm™*
to frame modes. Similar to the frequency range between 800
and 1700 cm™", modes localized close to the silver cluster are
selectively increased, ie., in H (and G) very intense amino
modes with mode amplifications, A;, of up to 478.7 (and 131.8)
are observed (500-600 cm™'). In C, D and E, C-H and N-H
modes of the imidazole fragment dominate the fingerprint
region, where A; values of up to 83.8, 119.2 and 200.0 were
obtained, respectively (all for z = 4 A).

The observed variations in the z-polarized Raman spectra
with respect to the model size are predominantly accounted
for by the amplification of all C-H and N-H out-of-plane
modes with the silver cluster tip model. This is evident by
comparing the amplifications at z = 4 A for the one-silver-atom
model and the silver-cluster model, see Fig. 2(b) and 6.

In order to unravel the impact of the tip model size on the
out-of-pane modes, the “tip” must be examined more closely.
Both the silver atom and the 20-silver-atom tetrahedron
feature, independently of the grid point, overall charges of
approximately —0.1 (Mulliken charge). However, the four vertex

Amplification

>'</A

Fig. 6 Simulated Raman signal amplification based on eqn (3) along the
grid at 4 A for the silver-cluster model.
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positions of the silver cluster hold pronounced negative
charges. At z = 10 A, all four vertices are degenerate and
feature partial charges of approximately —1.6, whereas at
shorter z-distance, e.g., at 4 A, this degeneration is abolished.
Here, the “tip”-atom (vertex towards the molecule) features
charges of up to —2.0 for grid points above the purine moiety.
Hence, this charge, or rather the charge gradient, along
z induces distinct chemical effects that mainly affect the
z-polarized C-H and N-H out-of-plane modes.

This phenomenon can also be observed by the evolution of
the Raman intensity, or rather mode amplification, at posi-
tions B and E with respect to the “tip” convergence, as
depicted in Fig. 3(i)-(1). The A; values obtained using the
silver-cluster model are larger than those obtained using the
one-silver-atom model. This is especially evident at position E,
where mode amplifications of up to approximately 3500
(z = 2.5 A at 852 cm™) were obtained using the silver cluster,
while amplifications of only approximately 450 (z = 2.5 A at
865 cm ') were calculated for the one-silver-atom model.

4. Conclusions

In the present contribution, the possibility of sub-nanometer-
resolution in TERS has been investigated by means of quantum
chemical simulations at the DFT level of theory of an adenine
molecule-silver tip model system. Three-dimensional grid cal-
culations were performed for two models in which the silver
tip was approximated by one silver atom or by a tetrahedron
comprised of 20 silver atoms. Both computational models
suggest a hypothetical TERS resolution in the Angstrom
regime. Pronounced dependencies of the simulated Raman
patterns and intensities on the tip model and its position were
found. Mode amplifications of up to almost 3500 were com-
puted based on the chemical interactions between the adenine
and the silver tip. From an experimental point of view, a sub-
Angstrt‘)m resolution is unrealistic at the moment due to, e.g.,
tip positioning noise and thermal drift of the sample. Such
effects would result in a decreased lateral resolution based on
signal averaging. However, the lateral contrast obtained in
recent TERS experiments using scanning probe systems with
sub-nanometer stability can now be explained to a certain
extent. It is important to note that external fields, particularly
the field confinement due to plasmonic effects, were not
considered here. Only the molecular properties of the
silver-adenine system were accounted for, while locally
confined inhomogeneous electromagnetic fields and strong
field gradients may increase the lateral resolution even further.
Still, a surprisingly strong enhancement of the signals due to
polarizability changes was observed. At first glance, the strong
dependence of the spectra towards the local position of the
metal seems disturbing; however, this dependence mainly
influences the intensity ratios rather than the band positions.
Consequently, for an assignment to a specific structure, the
actual band positions are of higher importance than their
intensity ratios.

This journal is © The Royal Society of Chemistry 2016
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In summary, we think these findings will encourage further
joint spectroscopic-theoretical investigations. In particular
incorporating the plasmonic enhancement based on the inter-
action of the sample with the electric field and the electric
field gradients, in the case of inhomogeneous fields, and
chemical as well as chemical/plasmonic effects at the surface-
substrate interface are envisioned in prospective studies.
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