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Surface-enhanced Raman spectroscopy (SERS) coupled with density
functional theory (DFT) computations can characterise the adsorption
orientation of a molecule on a nanoparticle surface. When using DFT
to simulate SERS on a silver surface, one typically employs an atom
(Ag), ion (Ag*), or cluster (Ag, or Ag,') as the model surface. Here, by
examining the nucleobase 2,6-diaminopurine (2,6-DAP) and then
generalising our strategy to three other molecules, we show that
employing silver oxide (Ag,0) as the model surface can quantitatively
improve the accuracy of simulated SERS.

Surface-enhanced Raman spectroscopy (SERS) is the large
enhancement of the Raman spectrum of a molecule adsorbed
on metal nanoparticles." Its applications range from detection and
analysis of biomolecules and microorganisms to characterisation
of materials.” Although various metals can be employed for
SERS, gold and silver are the most popular.® With silver nano-
particles (Ag NPs), it is well known that their exposure to air can
result in the formation of silver oxide (Ag,0), which can affect
their plasmonic properties.””® While some recent SERS studies
have used intentionally oxidised Ag nanomaterials,”'® uninten-
tional oxidation is typically seen as detrimental because it
reduces the SERS enhancement factor."* > Although specialised
techniques to avoid oxidation do exist,'®>° many SERS researchers
simply use their Ag NPs as quickly as possible after synthesis.'®
While some attenuation of the overall signal intensity is tolerable,
the presence of Ag,0 on Ag NPs could also subtly affect the shape
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of the SERS spectrum.'®*®*! However, this has not been con-
sidered in previous simulations of SERS on silver surfaces.

Rather than attempting to deduce a molecule’s adsorption
orientation by comparing normal Raman and SERS via the
surface selection rules,”® one can employ density functional
theory (DFT) quantum mechanical computations to elucidate
its surface-adsorbed state.”® Using this approach, one first
performs computations for the molecule of interest interacting
with a model surface in all possible (or reasonable) adsorption
orientations. This involves geometrical optimisation followed
by simulation of spectra. Then, the correct structure is often the
one whose simulated spectrum is most similar to the experi-
mental spectrum; it also usually has the lowest energy.>® For
silver, the model surface can be a single atom (Ag) or ion
(Ag"),>*?° or a larger cluster (Ag, or Ag,*, where x is the number
of atoms, typically 2-20).2°° Interestingly, several studies
involving silver have reported better simulations with positively
charged model surfaces.>**>?” Nevertheless, since simulations
of SERS can display errors (e.g., inaccurate wavenumbers or
intensities), it remains imperative to develop new and creative
strategies.**° Indeed, prominent members of the SERS community
recently identified improving simulations as important for the
advancement of SERS.' With this in mind, here we explored Ag,O
as a model surface to simulate SERS on Ag NPs. To the best of our
knowledge, this approach has never been tried in previous studies
with silver nanomaterials.®”

We selected 2,6-diaminopurine (2,6-DAP), also called
2-aminoadenine, as a model analyte. Natural genomic occurrence of
2,6-DAP was once thought to be rare.**° In one case, it was
detected on a meteorite, and determined unlikely to be from
terrestrial contamination, but instead, of extra-terrestrial origin.*
However, a series of recent studies has brought renewed attention
to genomic 2,6-DAP in bacteriophage viruses.*’™> Other recent
works have proposed 2,6-DAP as a candidate drug for the treat-
ment of genetic diseases caused by nonsense mutations,*® as well
as its possible role in the repair of DNA lesions under prebiotic
conditions.”” Elsewhere, Au NPs functionalised with 2,6-DAP dis-
played catalytic properties.*® Thus, characterising its interaction
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with the surface of metal NPs could help future analytical, bio-
medical, genomic and catalytic studies.

We first recorded the normal Raman spectrum of 2,6-DAP in
the solid phase. We also simulated its Raman spectrum in
vacuo by DFT, which was found to be in good agreement (7.b.,
B3LYP functional with the 6-311+G(2d,p) (C, N, O, H) and
LanL2DZ (Ag) basis sets). See Fig. S1, ESIt for Raman spectra
and Tables S1 and S2, ESIf for vibrational assignments. Next,
we prepared Ag NPs for SERS by reduction of AgNO; with
citrate. We characterised them by ultraviolet-visible spectro-
scopy (UV-Vis), scanning electron microscopy (SEM), Raman
spectroscopy, and X-ray photoelectron spectroscopy (XPS). Our
Ag NPs were comparable to those used in other SERS studies
(Fig. S2, ESIT). We then recorded the SERS spectrum of 2,6-DAP
adsorbed on the Ag NPs. The shift of the ring breathing band of
2,6-DAP from 637 cm™! in Raman to 650 cm™ ' in SERS, as
well as its relative enhancement in SERS, suggests a vertical
adsorption orientation with respect to the ring plane of 2,6-DAP
(Fig. S3, ESI1).>>* However, this does not provide detailed
information about which side of the molecule interacts with the
Ag NPs. To obtain more information about 2,6-DAP on the
surface, we performed computations of one Ag" ion interacting
with each nitrogen atom of 2,6-DAP.>*** The geometrical
optimisation step gave seven stable complexes, named
Ag'/2,6-DAP-i to -vii (Fig. 1A and see Table S3, ESIT for relative
energies and Boltzmann distribution, and Table S4, ESI{ for
Ag-N bond lengths). Next, we simulated SERS for each complex
(Fig. 1B). Among these, the most accurate simulated spectrum
was obtained with the lowest energy complex, Ag'/2,6-DAP-i.
For example, its ring breathing band is simulated at 650 cm ™,
whereas for all of the others, this band is inaccurately simulated
between 621 cm ™! to 634 cm ™ '. However, despite Ag*/2,6-DAP-i
being the most stable and having the most accurate spectrum
among these, this simulation remains unsatisfactory.

We therefore explored other silver model surfaces with the
same configuration as the Ag'/2,6-DAP-i complex to see if they
could improve the accuracy of the simulation. These model
surfaces were Ag, Ag," and Ag,,>*>° which gave the complexes
Ag/2,6-DAP-i, Ag,'/2,6-DAP-i, and Ag,/2,6-DAP-i, respectively.
For the first time, we also used Ag,0 as a model surface, which
gave Ag,0/2,6-DAP-i (Fig. 2A). We simulated the SERS spectra
for these complexes and then compared them with the experi-
mental SERS of 2,6-DAP on Ag NPs (Fig. 2B).

We quantitatively compared the experimental spectrum
versus the five simulated spectra in terms of their band wavenumber
and relative intensity (Table S5, ESIT). We first considered ten bands
of 2,6-DAP that were present in all of the spectra and then
determined their mean absolute error (MAE) relative to the
experimental spectrum. The simulated spectra ranked from least
to most accurate are Ag'/2,6-DAP-i, Ag/2,6-DAP-i, Ag,'/2,6-DAP-,
Ag,/2,6-DAP-i, and Ag,0/2,6-DAP-i. Thus, for wavenumber and
relative intensity, Ag,0/2,6-DAP-i provides the most accurate
simulation.

To further assess the quality of the simulations, we examined
their spectral differences that are not quantifiable in a systematic
manner, such as erroneous bands present in some simulated
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Fig. 1 (A) Stable Ag*/2,6-DAP complexes obtained using DFT ranked from
the lowest (i) to the highest (vii) energy. (B) Experimental SERS spectrum of
2,6-DAP and simulated spectra of the different Ag*/2,6-DAP complexes.
Atomic colour scheme: blue = N, grey = C, white = H, silver = Ag.

spectra but not all of them. For example, the two erroneous
amino twisting bands of Ag/2,6-DAP-i and Ag,/2,6-DAP-i at
486 cm ' and 437 cm™?, respectively, are not observed in the
experimental SERS spectrum (Fig. 2 and 3A). This is not
surprising and reflects well the limitations and challenges of
simulating SERS, as these model surfaces may not represent
the exact surface interface. In comparison, the two obvious
erroneous bands observed in the Ag,0/2,6-DAP-i spectrum at
487 cm ! and 550 cm ™! are mainly due to Ag,O stretching
rather than the 2,6-DAP component (Fig. 2 and 3B). Note that a
band near 490 cm™ " is observed in the Raman spectrum of pure
Ag,0,>° but typically will not be present in the spectrum of Ag
NPs except after severe oxidative treatment with ozone.'?
Furthermore, the intense band near 550 cm ™" is experimentally
infrared-active but Raman-inactive.’® Thus, as expected, we also
did not observe them in the spectrum of our Ag NPs without
2,6-DAP (Fig. S2C, ESIf). The presence of these bands in the
simulated spectrum of Ag,0/2,6-DAP-i, however, is attributed to
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Fig. 2 (A) DFT simulation of 2,6-DAP using various silver model surfaces.
(B) Experimental SERS spectrum of 2,6-DAP and simulated SERS spectra
of Ag,0/2,6-DAP-i, Ag4/2,6-DAP-i, Ags*/2,6-DAP-i, Ag/2,6-DAP-i and
Ag*/2,6-DAP-i. The most predictive simulation is provided by Ag,O/2,6-DAP-i.
Note also that Ag,O stretching vibrations are indicated with an asterisk (*).
Atomic colour scheme: blue = N, grey = C, red = O, white = H, silver = Ag. See
Fig. S4 and S5, ESl for averaging and baseline correction. All spectra are
normalised relative to the most intense band.

its simplification relative to the real surface of the Ag NPs. The
Ag,0 model surface is unrestrained in our simulation, but in
the experimental system the Ag,O vibrations might be much
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Fig. 3 Visualisation of selected modes of vibration: (A) amino twisting for
Ag/2,6-DAP-i, Ag4/2,6-DAP-i and Ag,0/2,6-DAP-i, as well as (B) asym-
metric and symmetric Ag,O stretching for Ag,O/2,6-DAP-i.

less prominent because of the crystal-like structure. These
bands in the simulation also do not arise due to a change of
symmetry via the presence of 2,6-DAP, since a similar error
occurs in a system with only Ag,O and no ligand (Fig. S6, ESIt).
Computationally expensive plane-wave DFT incorporating
periodic boundary conditions might correctly compute these
Raman bands.”"**> Nevertheless, from a practical perspective,
they simply will not appear in experimental SERS; they are an
artifact of the simulation. Therefore, we propose that if these
two Ag,O stretching bands, and only these, are omitted from
consideration as artifacts of the simulation, then Ag,0/2,6-DAP-i
provides the most accurate result. For ways to omit these bands,
see Fig. S7, ESL}

We next explored the origin of why some complexes provide
a better simulation of SERS than others. For Ag'/2,6-DAP-i,
which provides the worst simulation, it likely has a geometry
that does not represent the experimental system, as this biden-
tate complex has two Ag-N bonds (2.369 A and 2.478 A;
Table S4, ESIt). Indeed, all of the others have monodentate
interaction with the model surface. For Ag/2,6-DAP-i, the calcu-
lated Ag-N bond length is quite weak (2.529 A). This length is
not impossible for Ag-N bonds, but greater than the typical
bond length of about 2.1 to 2.4 A.***** Conversely, for Ag,"/2,6-DAP-,
Ag,/2,6-DAP-i and Ag,0/2,6-DAP-, the Ag-N bond lengths are in the
expected range (2.218 A, 2.273 A, and 2.163 A, respectively). Thus,
bond length, coordination, and model surface type contribute to a
better simulation of SERS.

To test the potential generality of this method, we explored
whether Ag,0 can work as a model surface for simulation of
SERS of other molecules adsorbed on Ag nanomaterials. We
selected three molecules for which good SERS simulations
have been reported: adenine, melamine, and 4,4’-bipyridine
(4,4'-bpy).>*>® We then compared the results of those studies
with our own simulations that employed Ag,O as a model
surface. Necessarily, the molecule was bound to Ag,O at the
same site as reported elsewhere (Fig. S8A, ESIt).

Adenine has been extensively characterised with SERS.>® The
most accurate simulation was achieved by Huang et al
with a Ag,*/adenine complex,>” which we compared with our
Ag,O/adenine (Fig. S8B and Table S6, ESIf). Although both
provide great simulations, the mean absolute error (MAE) value
is somewhat lower with Ag,O/adenine. Moreover, the most
intense band near 732 cm ' is more accurately simulated
by Ag,O/adenine at 736 cm ' compared to Ag,‘/adenine at
721 cm™ ", Next, we considered melamine (Fig. S8B and Table S7,
ESIt). An et al simulated SERS of melamine by various

This journal is © the Owner Societies 2021
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Ag,/melamine complexes, with Ag,/melamine providing the best
result.”® Ag,/melamine and Ag,O/melamine have similar accuracy
for band wavenumber, although Ag,/melamine has a somewhat
lower MAE value. Notably, however, Ag,0O/melamine displays
better relative band intensities. Finally, we considered 4,4’-bpy
(Fig. S8B and Table S8, ESIT). Zhuang et al. simulated SERS using
Ag/4,4'-bpy, Ags/4,4"-bpy and Ag,/4,4'-bpy complexes.*® For this,
Ag,;/4,4"-bpy and Ag,0/4,4"-bpy are better for wavenumber, as
determined by MAE, but Ag/4,4’-bpy and Ag,/4,4’-bpy are better
for relative intensities. Overall, this comparison with other
studies®®?® reveals that Ag,O performs as well as, and in some
cases better than, the standard model surfaces used to
simulate SERS.

Here, we have shown that one can employ Ag,0 as a model
surface for simulation of SERS on Ag NPs. We propose that this
method can improve simulations relative to those obtained
by silver atoms, ions, or clusters. We first focussed on the
nucleobase 2,6-DAP, and then generalised our strategy to three
other molecules. We demonstrated the benefits of our strategy
by quantitative comparison of experimental and simulated
band wavenumbers and relative intensities, as well as by careful
examination of the bands in the various spectra. This computa-
tional approach remains imperfect, however, which reflects the
great challenge of accurately simulating SERS." Therefore, our
findings reported herein add another efficient option to the
toolbox for this important task. Further experimental and
theoretical investigations remain pertinent in order to push
the limits of combining SERS and DFT.

We conclude by considering that the SERS signal arises due
to a metal/adsorbate complex wherein the electronic structure
of not only the adsorbate is modified, but also for some nearby
metal atoms.>” Thus, speculatively, it might be possible to
couple SERS with DFT calculations in order to characterise
not only a molecule’s adsorption orientation, but also its
specific adsorption site.’®>° One could compare model surfaces
that have different charges or sizes, as well as with or without
oxidation. Additionally, our findings could be important for
applications such as catalysis,’®®> the study of molecules on
metal and metal oxide surfaces,®® and SERS-based screening of
modified DNA.?
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