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Raman optical activity (ROA) and surface-enhanced
ROA (SE-ROA) of (+)-(R)-methyloxirane adsorbed

on a Ag,g clustery
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Chirality is ubiquitous in nature and plays an important role in biochemistry because biological function is
largely dependent on the handedness of chiral molecules. Methods for determining chirality essentially
measure optical activity. Surface plasmons have been demonstrated to hugely enhance the optical
activity of chiral molecules. As with surface-enhanced Raman spectroscopy, when chiral molecules are

adsorbed on the surface of plasmonic particles, chemical enhancement of the Raman optical activity

(ROA) also occurs. Herein, we studied the theoretical Raman optical activity and surface-enhanced

Raman optical activity of the chiral molecule methyloxirane, compared its vibrational modes and
elucidated the new vibrational modes resulting from chemical enhancement. We found that upon
adsorption on the Agyg cluster, three modes exhibited a weaker ROA (even none at all), whereas two
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modes exhibited a stronger ROA (which was zero without adsorption on Ag,g). This was attributed to

changes in the symmetry of methyloxirane upon adsorption on the Ag,o cluster. A chiral molecule

DOI: 10.1039/c7ra04949h
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1 Introduction

Chirality is ubiquitous in nature, from the macroscopic level, in
galaxies, cyclones, the hands, or snails, to the molecular level, in
biomolecules such as DNA, proteins, amino acids and nucleic
acids.” The analysis and identification of chiral molecules is
very important because biological function is crucially depen-
dent on the handedness of the chiral molecule.® Chirality also
constitutes the basis of optical components, such as waveplates
used for research on basic optical phenomena, advanced
quantum optics and a new generation of integrated optical
circuits.* Typical methods for the analysis of chiral molecules
are circular dichroism (CD), optical rotation dispersion (ORD)
and Raman optical activity (ROA), which are jointly known as
optical activity methods, whereby a chiral molecule exhibits
slightly different absorption responses to left-handed and right-
handed circularly polarized light (LCP and RCP, respectively).!
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adsorbed on metal particles leads to changes in the dipole moment such that the intensity of some
Raman vibrational modes is enhanced, and the symmetry broken responses for the changing ROA.

The optical activity cross section is so small that plenty of
molecules are usually needed for the analysis, and because of
the even smaller Raman scattering cross section (103! to 107>°
cm?®), the Raman optical activity cross section is even smaller by
several orders of magnitude.” Thus, for optical activity
measurements, a large sample volume is usually required. In
this sense, improving sensitivity is very useful and essentially
necessary for the functional study of molecules in living cells
and for optical nanodevice design, as only a tiny amount of
target materials can be in the detection volume.

As the surface plasmon field of metal nanostructures leads to
such marked signal enhancement, scientists have recently
endeavoured to develop chiral metal structures or meta-
molecules with enhanced light-matter interactions that lead
to greater optical activity.*** These metamaterials can match
the light wavelength with objects of several nanometers, which
is the basis of next-generation integrated optical components
for photonics and quantum optics applications. These meta-
materials can be single spherical nanoparticles with chiral
patterns, nanoparticles assembled with DNA, quasi-2D struc-
tures with spiral shapes, helical twists with a 3D structure and
symmetrical structures with tilted incident light."*™* In addi-
tion, there is always a super chiral field in the vicinity of these
chiral or non-chiral structures. This super chiral field is defined
by the equation C = %OE-V x E + %B-V x B*' and strongly

0
enhances the OA absorption of chiral molecules. The difference

is defined by Ag = G"'C" — G"~C~, where G = G’ +iG" is the
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combined electric-magnetic dipole polarizability, and C* is the
chiral field for the LCP or RCP. G o Im[i-m] represents
chirality from a pure physics perspective, which consists in the
interaction between the electric and magnetic dipoles.*>'” Just
like surface enhanced Raman scattering (SERS), which has been
extensively investigated in the past decades, the ROA of the
molecules can also be enhanced by the super chiral field
generated near the surface of plasmon metal structures.” In
such system, due to the proximity of the metal to the molecules,
both electromagnetic (EM) enhancement and chemical
enhancement occur.” Chemical enhancement results from
changes not only in the dipole moment, but also in the ROA
itself, which are due to changes in the symmetry of the molecule
upon adsorption on the metal particle.

Although many ROA experiments**>* and theoretical studies
on enhanced super chirality>*?® have been conducted with
different molecules and systems, the chemical enhancement of
the ROA has not been studied. Recently, the SE-ROA of other
chiral molecules has been extensively explored in experimental
and theoretical studies,*~** but not for (+)-(R)-methyloxirane. In
this study, the ROA of chiral (+)-(R)-methyloxirane was experi-
mentally measured and calculated. This molecule was selected
because of its suitable size for a detailed theoretical analysis of
its vibrational ROA*-*° and useful for chemical products, which
allowed us to obtain a clear picture of ROA polarizability.”®
Thus, the (+)-(R)-methyloxirane-Ag,, represents a very good
system to reveal how chemical enhancement affects SE-ROA.

In this work, we selected (+)-(R)-methyloxirane as our target
system, and the chemical structures of the isolated and adsor-
bed molecule are shown in Fig. 1. The ROA and SE-ROA were
analysed through theoretical studies of the different vibrational
modes of the SERS spectra. It was observed that upon adsorp-
tion on the Ag,, cluster, three vibrational modes exhibited
a weaker ROA (even disappeared), and two modes displayed
a stronger ROA (which was zero without adsorption on Ag,).
These spectral changes can be explained by the Ag,, cluster
changing the symmetry of (+)-(R)-methyloxirane. This
phenomenon constitutes the basis for surface-enhanced Raman
optical activity, which is regarded as an essential technique to
detect the weak ROA signal of chiral molecules. It should be
noted that SE-ROA measurements are very problematic due to

Fig. 1 (a) Molecular structure of (+)-(R)-methyloxirane, and (b)
methyloxirane adsorbed on a Ag,g cluster.
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hot spot instabilities and the difficulty to record mirror-image
SEROA spectra for enantiomers. Therefore, these calculations
are not applicable to SERS in general, but only to the particular
model of the (+)-(R)-methyloxirane molecule bound to the Ags,
cluster.

2 Methods

The Raman and ROA spectra of (+)-(R)-methyloxirane had been
previously reported.* The Raman and ROA spectra of (+)-(R)-
methyloxirane (100 puL) were acquired using a backscattering
SCP Biotools p-ChiralRAMAN-2X instrument fitted with
a 532 nm laser and a power of 300 mW. The total acquisition
time was 4 h.

All quantum chemical calculations were conducted with the
Gaussian 09 suite program.® The molecular structure of (+)-(R)-
methyloxirane is shown in Fig. 1a. The Raman and ROA spectra
of (+)-(R)-methyloxirane were calculated based on its optimized
geometry by density functional theory (DFT)*® using the
B3PWO91 functional with the 6-31G(D) basis set at zero frequency
and 632.8 nm, respectively. The SE-ROA and SERS calculations
were based on methyloxirane adsorbed on a Ag,, cluster
(Fig. 1b). Ag,, had been previously used as a SERS substrate in
theoretical calculations.’”*® The ground state was optimized by
DFT using the PW91PW91 functional with the 6-31G(D) basis
set for C, O, and H, and the LANL2DZ basis set*® for Ag. With the
optimized ground state geometry, the SERS and SE-ROA spectra
were also simulated by DFT using the B3PW91 functional with
the 6-31G(D) basis set at zero frequency and 632.8 nm, respec-
tively. Therefore, these calculations are not applicable to SERS
in general, but only to the particular model of the (+)-(R)-
methyloxirane molecule bound to the Ag,, cluster.

3 Results and discussion

The molecular structure of isolated (+)-(R)-methyloxirane and
(+)-(R)-methyloxirane adsorbed on a Ag substrate are shown in
Fig. 1. Firstly, we compared the experimental Raman spectrum
of (+)-(R)-methyloxirane powder, recorded with a laser of
532 nm, with the theoretically calculated Raman spectrum
(Fig. 2). The results show 13 typical bands in the range of 600 to
1600 cm ™', The bands in the theoretical spectrum are in good
agreement with the bands in the experimental spectrum. The
experimental spectrum was acquired using a powder sample of
(+)-(R)-methyloxirane, whereas the theoretical spectrum was
calculated for a single molecule in the gas phase. Therefore, in
the calculated spectrum, several Raman bands were somewhat
shifted and the Raman relative intensities were slightly
different. Fig. 3 shows the corresponding vibrational modes of
the molecule for each spectral band, marked from a to m in
Fig. 2. We based the analysis of the ROA on these vibrational
modes.

Fig. 4 shows the comparison of the experimental Raman,
experimental ROA and theoretical ROA spectra. Firstly, we
conducted the analysis without the Ag cluster so as to simplify
the subsequent analysis of the SE-ROA. As seen in Fig. 4a and b,
due to chirality, the Raman bands have large intensities, while

RSC Aadv., 2017, 7, 3437634381 | 34377
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Fig. 2 Experimental and theoretical Raman spectra of (+)-(R)-

methyloxirane.

Fig. 3 Vibrational modes of (+)-(R)-methyloxirane ascribed to the
bands in the spectrum shown in Fig. 2.

the ROA bands exhibit lower intensities. Conversely, and also
due to chirality, some ROA bands are more intense than the
corresponding Raman bands. Wang observed bond polariz-
ability in chiral (+)-(R)-methyloxirane whilst conducting theo-
retical studies on ROA.”® As seen in Fig. 4b and c, the calculated
ROA spectrum is in very good agreement with the experimental
one. The main bands are the same and display similar signs and
intensities. Modes a, b, ¢, g, h, k and 1 have a stronger ROA
intensity, while mode i, which has the strongest Raman inten-
sity, has a weaker ROA intensity. Amongst the vibrational modes
shown in Fig. 3, in mode i, symmetry is barely affected by the
two vibration directions of the H atoms and in the molecule

34378 | RSC Adv., 2017, 7, 34376-34381
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Fig. 4 (a) Experimental Raman, (b) experimental ROA and (c) theo-
retical ROA spectra of (+)-(R)-methyloxirane.

600

with the opposite handedness, the vibration directions are
mostly the same. On the other hand, for mode a, the vibration of
the three H atoms mimics a rotation, and the molecule with the
opposite handedness exhibits the same rotative motion with the
opposite momentum. From a pure physics perspective, molec-
ular chirality consists in the interaction of the electric and
magnetic dipoles, such that G” « Im[i-m].” From Fig. 3a we
can see that the rotation of the three H atoms creates a magnetic
dipole with a strong dipole moment, and there is a strong
electric component in the rotation direction. This makes the
u-m product quite large and therefore, the corresponding ROA
band is quite intense. The two modes analysed above were the
modes with the most obvious differences. The other modes can
be analyzed in the same way, just decomposing the vibrations
into a total electric direction and a rotating magnetic direction.

After this analysis, we started the study of the SE-ROA, with
the molecule adsorbed on a Ag,, prism cluster. From Fig. 5a we
can see that for the SERS spectrum of (+)-(R)-methyloxirane,
there is one additional band at about 1550 cm ™", with respect to

This journal is © The Royal Society of Chemistry 2017
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the SE-ROA spectrum. The other bands are similar, just with
band b being stronger and band i being weaker, due to charge
transfer. This phenomenon is known as chemical enhance-
ment. As seen in Fig. 5b, in the SE-ROA spectrum, three bands
are absent (or show a very weak intensity with opposite sign)
with respect to the ROA spectrum. These are band ¢ (marked
with a red line), and bands h and n (marked with a green line).

| (@)
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Fig. 5 (a) Calculated SE-ROA and SERS spectra of (+)-(R)-methylox-
irane; (b) calculated SE-ROA and ROA spectra of (+)-(R)-
methyloxirane.
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The disappearance of the ¢, g and k bands in the ROA spectrum
(with respect to the SE-ROA spectrum) was attributed to: (1)
charge transfer between the molecule and the Ag,, cluster,
where 0.06 electrons are transferred from the molecule to the
Ag,o cluster. The detailed charge distribution on each atom of
the molecule can be seen in Fig. 6, and most of the electrons
transferred to the substrate come from the O atom. (2) when the
molecule is adsorbed on the substrate, it adopts a new
symmetry (Fig. 7). Note that in Fig. 7, the Ag,, cluster is not
shown to allow a better display of the SE-ROA vibrational
modes. The SE-ROA vibrational modes for (+)-(R)-methyloxirane
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0.1 4

o\ :

Charge Distribution (e)

-0.1 3 \
2
0.2 | /
03] (1O
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044 ®  Molecule adsorbed on Ag,,,
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Fig. 6 Charge distribution of the isolated (+)-(R)-methyloxirane
molecule and the (+)-(R)-methyloxirane molecule adsorbed on Agao.

Fig. 7 Vibrational modes of (+)-(R)-methyloxirane adsorbed on Agyo,
ascribed to the bands of the spectrum shown in Fig. 5. The last picture
shows the whole model with (+)-(R)-methyloxirane adsorbed on the
Agyo cluster. The SE-ROA vibrational modes of (+)-(R)-methyloxirane
adsorbed on the Ag,g cluster can be seen in the ESI.

RSC Adv., 2017, 7, 34376-34381 | 34379
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adsorbed on the Ag,, cluster can be found in the ESI{ Fig. 6
shows all of the SE-ROA vibrational modes of the new system
with Ag,, cluster. The configuration of (+)-(R)-methyloxirane
changes upon adsorption onto the Ag,, cluster. Thus, for mode
c (Fig. 7¢), the positions of the atoms are slightly different from
those in the isolated molecule (Fig. 3c), and the directions of the
vibrations are different. Furthermore, because symmetry is also
different for the molecule adsorbed on the Ag,, cluster, the ROA
band corresponding to mode c displays the opposite sign. For
vibrational modes h and n, due to adsorption on Ag,,, the
atoms exhibit new degrees of freedom, and these modes are
different for the structure with the opposite handedness, so the
SE-ROA spectrum displays new bands. It should be noted that
SEROA measurements are very problematic due to hot spot
instabilities and the difficulty to record the SEROA spectra of
mirror-image enantiomers. Therefore, these calculations are
not applicable to SERS in general, but only to the particular
model of the (+)-(R)-methyloxirane molecule bound to Ag,.

4 Conclusions

We conducted theoretical studies of the Raman optical activity
and surface enhanced Raman optical activity of chiral (+)-(R)-
methyloxirane, compared their vibrational modes and eluci-
dated the new vibrational modes based on the chemical
enhancement. We found that upon adsorption on a Ag,, cluster,
three vibrational modes exhibited a weaker ROA (even dis-
appeared), whereas two modes exhibited a stronger ROA (which
was zero without adsorption on Ag,,). This was attributed to the
fact that adsorption on the Ag,, cluster changes the symmetry of
the chiral molecule. This result was helpful for the SE-ROA
experiment, which is regarded as an essential technique to
detect the weak ROA signal of chiral molecules. In the future,
SE-ROA may be detected on a G-SERS substrate or on a SERS
substrate covered with two-dimensional (2D) materials to avoid
chemical bonding between the chiral molecule and the metal
substrate.**** It must be noted that SEROA measurements are
very problematic due to hot spot instabilities and the difficulty
to record the SEROA spectra for mirror-image enantiomers.
Therefore, these calculations are not applicable to SERS in
general, but only to the particular model of the (+)-(R)-methyl-
oxirane molecule bound to the Ag,, cluster. Also, the SERS
spectrum was simulated for the molecule adsorbed on the Ag,,
Cluster.37,38,46750
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