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Abstract

The SERS spectra of a benzodiazepine molecule, oxazepam, have been recorded using a nanoporous
silica matrix containing gold nanoparticles as SERS substrate. In the measured spectra, we clearly
observe spectral fluctuations, with slight shifts in wavenumber, appearance and disappearance of
peaks and variations in the shape of some peaks. By comparison with spectra simulated by Density
Functional Theroy (DFT), we attribute those fluctuations to the experimental signature of various
adsorption sites of the molecule on the gold surface. The effect of temperature and laser power was
also studied, suggesting that changes in absorption sites can be optically activated. Such features could
cause misinterpretation of SERS spectra and errors in the identification of drugs. We suggest that they
should be systematically considered for the correct interpretation of SERS spectra of drug molecules.

Introduction

Drug abuse remains a serious public health problem all around the world and the rapid and efficient
detection of drugs in blood or other body fluids remains a challenge. Among all the techniques in
development, Surface Enhanced Raman Spectroscopy (SERS) appears as highly promising with respect
to selectivity and sensitivity™3!. Indeed, standard Raman Spectroscopy has already proven to be
efficient for drugs identification® but it suffers a major limitation: its very low cross section. In this
way, this technic can be used for the analysis of bulk samples but in blood or saliva, the concentration
of drugs is usually too low for an efficient and direct analysis based on classical Raman spectroscopy.
As an alternative, SERS combines the chemical selectivity of Raman spectroscopy associated to a very
high sensitivity, as single molecule detection has already been proven with this method®. It is based
on the gigantic electromagnetic enhancement obtained with plasmonic nano-antennas!®. This
enhancement occurs in the near field of the nano-antenna, a few nanometers above its surface. In
most SERS studies, those nano-antennas are either gold or silver nanoparticles. Usually gold is
privileged due to its better chemical stability and lower toxicity compared to silver, even if this last
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point remains subject of debatel”). The experimental protocol for performing SERS is straightforward:
the solution is deposited on a SERS substrate, usually made of gold nanoparticles or nanostructures,
and the spectrum is directly recorded via a standard Raman spectrometer. In some cases, the
measurement can be directly performed in a solution containing the nano-antennas. Thus, except the
elaboration of nano-antennas, SERS does not require any specific experimental device and can be
easily performed. Since its development in the 70’s, many methods have been developed for the
preparation of efficient SERS substrates, with a large variety of shape for the nano-antennas!®: spheres,
triangles, pyramids, stars etc.....Nevertheless the preparation of efficient nano-antennas is not the only
key point in SERS. Another important point is the nature of the chemical interaction between the
metallic nanostructures and the probe molecules, this feature is generally called the “chemical
enhancement” of SERS. It has led to an extensive debate in the SERS community but it is generally
admitted that it is related to a charge transfer mechanism between the metal and the molecule!*?, Its
relative contribution to the final enhancement of the Raman signal remains unclear as it varies
depending on the combination of sample and antenna, however, either way, this feature underlines
that the interaction between the nano-antenna and the molecules must be taken into account for the
interpretation of SERS spectra.

In the specific case of benzodiazepine, SERS has already proven to be efficient™ 3, Those
pharmacological molecules are used as tranquilizers and sleep-inducing agents in particular. Doctors
can prescribe a benzodiazepine for legitimate medical conditions but any abuse can create addiction
and have severe health consequences. The detection of those molecules is a challenge and SERS is a
promising alternative to other established techniques. The basic principle of benzodiazepine detection
is based on a spectral analysis by identification of characteristic vibrational modes. The main problem
with this approach is that previous SERS studies of benzodiazepine have reported differences between
the powder Raman spectrum of those molecules and the observed SERS spectra. The authors have
suggested that those differences should be a sign of the interaction of the molecule with the metallic
surface without giving too much detail. In order to address reproducibility and biases introduced by
measurements, it is necessary to understand the origin of those spectral differences. Any changes in
the spectral fingerprint of a molecule should be clearly identified and understood for the further
development of SERS as a reliable detection technique. Here, comparing SERS measurements and DFT
calculations, an explanation for the spectral fluctuations of SERS spectra of oxazepam, a
benzodiazepine molecule, is proposed.

Experimental and methods

SERS samples are based on nanoporous silica matrix containing gold nanoparticles in its pores (dpore is
close to 8-9 nm)*. They were prepared following the procedure described in *°. Transmission
Electron Microscopy observations and low wavenumber Raman measurement (below 10 cm™)
confirmed the presence of gold nanoparticles in the silica matrix with typical sizes close to 5 nm (see
supplementary information). With such small nanoparticles, the crystallinity of gold is very poor and
their surfaces should exhibit a large variety of various adsorption sites for oxazepam molecules.
Oxazepam was adsorbed on the material surface using a classical procedure. A known mass of solid is
put in contact with an oxazepam solution of known concentration. After reaching equilibrium (12
hours), the supernatant is recovered and the equilibrium oxazepam concentration is determined. In
this way, it is possible to calculate the adsorbed amount of oxazepam per gram of solid. In this study,
this value is close to 2 umol/g . All the results obtained in this study were obtained with dried samples
consisting of a red powder. This color is due to the gold nanoparticles.



SERS measurements were performed in backscattering geometry on grains (zones of analysis were
selected to be as flat as possible to optimize signal intensity) using 633 nm laser excitation with a
LabRam HR800 spectrometer from the Horiba Jobin Yvon Company. It must be mentioned that we
have also used a 514.5 nm laser but we have not observed any Raman signature with this excitation
wavelength. To avoid any cross-contamination among different samples via the objective we have used
a x50 long working distance objective (NA: 0.5). The theoretical spatial resolution with this
configuration is * 0.8 um. Power on the sample can be tuned from 10 mW on a 1.8 um?surface down
to 0.1% of this value using optical filters. Mapping mode was performed on flat zones with steps in x
and y directions equal to 1 um. We also used a furnace to perform in-situ Raman measurements from
room temperature to 250°C. Pressure of Ar was kept at 1.5 bar to limit oxidation effect.

Numerical calculations, and in particular DFT, are essential for the interpretation of SERS spectralt®17],
Those calculations have been carried out at the B3PW91/6-31G* level of theory using the
GAUSSIANO9™® suit of programs. We have calculated the structure of the isolated oxazepam molecule
together with its set of harmonic frequencies.

Results
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Fig 1: Raman spectra of oxazepam powder (blue, inverted for clarity), oxazepam in silica matrix with
gold nanoparticles (SERS, red), silica matrix with gold nanoparticles (black) and silica matrix (green).
Excitation wavelength: 633 nm

Typical Raman spectra of the different samples are shown in figure 1. For all of them, the characteristic
Raman modes of the silica matrix are clearly observed between 400 and 550 cm™. Some other weaker
modes at around 600, 800 and 1000 cm™ are also associated to the silica matrix*®. When gold
nanoparticles are incorporated in the matrix, these modes are still visible, without any significant



increase of their intensity, suggesting that there is no electromagnetic enhancement between gold and
silica. Broad modes at around 1600 cm™ are visible, they can be associated to carbon impurities formed
during the calcination process. When oxazepam molecules are added, the Raman spectrum is strongly
modified. It exhibits now the typical features of the SERS modes of this molecule in addition to the
modes from the silica matrix. A mode at 270 cm™® is sometimes observed (see supplementary
information). It can be attributed to the Au-N stretching mode*3! but we do not consider it as a clue
for the absorption of oxazepam on gold through its nitrogen atoms as this mode is not systematically
observed and it is also present without oxazepam. Its origin remains unclear; we suggest that it could
be attributed to the adsorption of nitrogen present in the air.

It has already been reported that the SERS spectrum of oxazepam is not identical to its powder signal,
and we clearly observed these differences. This result suggests that we are in experimental conditions
where a SERS effect occurs for this molecule with this substrate. To confirm this hypothesis we
performed similar measurements with oxazepam adsorbed on the silica matrix without gold
nanoparticles and we have not observed any signature from the molecule. This proves the crucial role
of gold in the detection of oxazepam.

Gold nanoparticles play two distinct roles in the detection of oxazepam:
-They promote the adsorption of oxazepam molecules in the silica matrix.

-As nano-antenna they enhance the Raman response of the molecules, the so-called Surface Enhanced
Raman response.

These two contributions are necessary to get a high sensitivity in the detection of oxazepam molecules,
even at low concentration. Usually in SERS, a low concentration induces a low signal to noise ratio. To
get a measurable signal, the basic idea is to increase the laser intensity. In figure 2 we report the
evolution of the SERS signal with laser power for a fixed concentration.
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Fig 2: Evolution of the Raman spectrum with laser power (left) and temperature (right). The two peaks
marked with a star are coming from the furnace. A typical spectrum of amorphous carbon is also shown
for comparison!?®. The vertical offset between spectra is only to improve comparability.

We clearly observe an evolution of the SERS spectrum of oxazepam. At low power excitation, all modes
are visible and the associated peaks are sharp. They progressively broaden with the increase of laser
power and some modes are not visible anymore with laser power higher than 25 %. In particular, we
note the disappearance of the phenyl band around 1000 cm™. This first result indicates that laser
power plays a role in SERS measurement, it should be maintained to a rather low value (close to 0.5
mW/um?) as otherwise the recorded spectrum might be modified. For Raman spectroscopy, it is
generally admitted that high laser intensity increases the sample temperature and its spectral effect
should be similar to high temperature measurement. Thus, in figure 2 we have also reported high
temperature measurements up to 250 °C. At first sight, we observe the same features for high
temperatures and high laser power: peaks broadening and disappearance of some modes.
Nevertheless, if we look carefully at the spectra, some subtle differences are visible. The most obvious
is the broadening: it is much more important with temperature increase compared to laser power
increase. We can reasonably assume that high temperature degrades the oxazepam molecule.
Therefore, the spectral signature of this molecule is progressively transformed into broad D and G
bands, characteristic of amorphous carbon. At the maximum tested temperature (250 °C), the SERS
spectrum is identical to amorphous carbon confirming the molecule degradation. Such feature has
already been observed for Ce!?!! for instance. This is clearly not the case with laser power: even if the
G band becomes very broad, the D band keeps a low intensity and the final spectrum, at maximum
laser power, is different from amorphous carbon. This result suggests that temperature and laser
power do not play the same role.
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Fig 3: Raman map of the 1000 cm™ mode of the oxazepam molecule. The size of each pixel is 1 um x1
um. Excitation wavelength: 633 nm

Another interesting point in our measurements is the spatial inhomogeneity of the SERS signal. In
figure 3, a Raman map of the 1000 cm™ mode of the oxazepam molecule is reported. We focused our
attention on this mode for different reasons: it is sharp (easily identifiable), typical of the oxazepam



molecule (associated to a benzene group vibration as can be seen in figure 3), far from the silica and
carbon impurities modes. In addition, high temperature and high laser power measurements have
suggested that this mode is sensitive to oxazepam degradation. Thus, it is a clear fingerprint of the
oxazepam molecules in the matrix. The mapping exhibits a broad distribution of the mode intensity.
Most of pixels exhibit a rather low signal but in some specific places the intensity is greatly enhanced.
We can reasonably assume that this result is not related to an inhomogeneous distribution of
oxazepam molecules in the silica matrix, even if a slight contribution of this feature cannot be totally
excluded. TEM images of the sample (see supplementary information) exhibit a rather homogenous
matrix and it is hardly believable that the adsorption of oxazepam molecules should occur in specific
places, at least for a micrometer resolution. We rather suggest that this distribution is related to the
nano-antenna efficiency. As can be seen in FDTD calculations of the supplementary information, the
electromagnetic enhancement depends on the confinement of the gold nanoantenna in the silica
pores. We believe that the distribution of Raman intensity shown in figure 3 is related to the
distribution of this enhancement. It is clear that a very efficient nano-antenna for the 633 nm excitation
is localized at the pixel in the center of the image giving the highest Raman intensity. This is also
probably the reason why we have not observed any signal with the 514.5 nm excitation, gold nano-
antenna being far less efficient tor this excitation wavelength. These features prove once again that
we are performing SERS measurements of the oxazepam molecules.

In the map shown in figure 3, we also have an inhomogeneity of the modes distribution. Some typical
spectra are visible in figure 4 a). We have focused our attention on two different spectral regions: the
first one around 1000 cm™ and the second at 1600 cm™.
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Fig 4: a) Typical experimental SERS spectra of oxazepam extracted from the mapping shown in figure3,
in comparison with the powder spectrum. b) DFT calculations of free oxazepam and in interaction with
Gold atoms.

Itis confirmed here that the SERS spectrum of oxazepam is different from its powder Raman spectrum.
We also note that SERS spectra are all slightly different from one location to the other. At 1000 cm™?,
the powder Raman spectrum exhibit one intense mode whereas in the SERS spectra a doublet is
sometimes observed. In the 1600 cm™ region, the powder Raman spectrum exhibit two sharp modes
whereas SERS spectra show much broader peaks associated to a larger number of modes which cannot
be attributed to carbon impurities. Such a feature has already been reported by Trachta et al. !2: they



have noticed these differences between SERS and powder Raman spectrum but not the fluctuation in
the SERS signal. They attributed those differences to molecular orientation and concluded that the
molecule should be adsorbed with the molecular plane orthogonal to the metal surface. As mentioned
in the introduction, the role of chemical interaction between the molecule and the metallic surface in
essential in SERS®?. For molecules with a strong affinity for gold, such as thiol molecules!?¥), this
guestion can be easily addressed. This is not the case here: oxazepam has no specific chemical function
with a very high affinity for gold. The question of the adsorption mechanism of this molecule remains
unclear. This molecule has the possibility to adsorb on the gold surface through different chemical
interactions. To check this hypothesis we performed DFT calculations of the molecule in interaction
with a few gold atoms. We have not performed the calculation with a complete gold surface as the
crystallinity of our gold nanoparticles is certainly poor. The calculated Raman spectra are shown in fig.
4 b). Independently from any molecular orientation effect, it appears clearly that the calculated Raman
spectra exhibit spectral differences depending on the position of the gold atoms. When gold atoms are
close to the aromatic ring, a doublet appears in the 1000 cm™ region and 3 bands are present in the
1600 cm™ region. This result is in good accordance with our measurements. When the gold atoms are
located close to the N atoms, 2 modes are also present in the 1600 cm™ region, one being shifted down
to almost 1500 cm™. In addition, the calculated spectra do not show modes at 1000 cm™ anymore. This
result suggests that the absence in the SERS spectrum of this mode does not automatically mean that
the oxazepam molecule has been degraded. This point is particularly interesting if we recall the
influence of laser power in the evolution of the SERS spectrum of oxazepam. We have previously
discussed the fact that high temperature transforms the molecule into amorphous carbon but laser
power has a different influence: it causes the broadening of the 1600 cm™ modes, without the
appearance of a D band and the 1000 cm™* mode is not visible anymore (see fig. 2). This is very similar
to what is observed in the calculated spectra of oxazepam with gold atoms close to nitrogen, if we take
into account the general broadening of Raman modes induced by the inevitable laser heating. Thus we
suggest that the evolution of the SERS spectrum of oxazepam is related to changes in adsorption sites
of the molecule on the gold surface and not to its degradation. We also propose the same explanation
for the spectral fluctuation in the SERS spectrum as shown in fig. 4. Those fluctuations are the signature
of different absorption sites on the gold surface. This hypothesis is corroborated by the comparison
between SERS spectra and the powder spectrum. In all SERS spectra, the 1600 cm™ modes are broader.
DFT calculations have demonstrated that many Raman modes are present in the range 1500-1600 cm’
1 as soon as the molecule is in interaction with gold atoms. The distribution of various absorption sites
on the surface of gold nanoparticles will lead to a general broadening of the modes in the same spectral
range, and indeed this is exactly what is experimentally observed. In the 1000 cm™ spectral range,
comparison between measured and calculated spectra leads to the same conclusion: a single intense
mode is observed for the pristine molecule, in accordance with powder Raman spectrum, whereas
doublets or no modes at all are calculated if the molecule is in interaction with gold, which corresponds
exactly to the different measured SERS spectra. We have excellent agreement between calculated and
measured spectra considering our hypothesis on the existence of various adsorption sites.

Conclusion

Based on our DFT calculations and SERS measurements, we can conclude that the differences between
powder and SERS spectra of oxazepam are not related to any orientation effect but to specific
interactions between the molecule and the gold surface, temperature-dependent adsorption sites to
be specific. Any change in the absorption site will cause the observed fluctuations in the SERS
spectrum. Our findings also suggest that this mechanism can be activated through laser illumination.
This study gives important conclusions for the further development of SERS in drugs detection: first,



the SERS spectrum can be rather different compared to the powder spectrum and second, the precise
control of laser power is essential.
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