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Remotely excited Raman optical activity using chiral
plasmon propagation in Ag nanowires

Mengtao Sun'*, Zhenglong Zhang'*, Peijie Wang’, Qiang Li', Fengcai Ma® and Hongxing Xu'

We experimentally investigated remotely excited Raman optical activity (ROA) using propagating surface plasmons in chiral Ag
nanowires. Using chiral fmoc-glycyl-glycine-OH (FGGO) molecules, we first studied the local surface plasmon-enhanced ROA. We
found that the Raman intensity can be excited by left- and right-circularly polarized lights and that the circular intensity difference
(CID) can be significantly enhanced. Second, by selecting vibrational modes with large Raman and ROA intensities that are not
influenced by chemical enhancements, we studied remotely excited ROA imaging and the CID of FGGO molecules by propagating a
plasmonic waveguide using Ag chiral nanostructures. When laser light was radiated on one of the Ag terminals, the measured CID of the
FGG at the other terminal showed little change compared to the local excited CID. Meanwhile, when the laser light was radiated on the
Ag nanowires (not on the terminals) and was coupled to the nearby nanoantenna, the CID of the ROA could be manipulated by altering
the coupling angle between the Ag nanowires. To directly demonstrate the propagation of ROA along the nanowire and its remote
detection, we also measured the remotely excited ROA spectra. Our experimental method has the potential to remotely determine the

chirality of molecular structures and the absolute configuration or conformation of a chiral live cell.
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INTRODUCTION

Raman optical activity (ROA)'™ results in differences in the Raman
spectra excited by right- and left-circularly polarized light; this activity
is extremely sensitive to the chirality of the molecular structure*® and
can reveal the absolute molecular configuration® or conformation.®
Several excellent reviews of ROA have been reported.”” The dimen-
sionless circular intensity difference (CID) introduced by Barron and
Buckingham' provides an experimental observable of this phenom-
enon:

_ Il
‘IL—FIR‘

(1)

where I and I} are the Raman scattering intensities of right- and left-
circularly polarized light, respectively. Although chiral-sensitive vibra-
tional spectroscopy has become increasingly popular in biological
applications, this approach has an obvious flaw that is difficult to
overcome: the ROA scattering intensities are 107°-107> times the
intensities of the parent Raman scattering. Due to the low intensity
of ROA, this technique has certain limitations and requires higher
sample concentrations and longer data collection periods.

The intrinsic weakness of ROA can be resolved by utilizing surface
plasmon enhancement.'®'” The local electric field and field gradients
generated by plasmon resonance can significantly enhance the ROA

and CID.” Surface-enhanced ROA is attributed to the coupling
between the electric dipole and the electric quadrupole terms in the
process of Raman scattering.'® The quadrupole transitions can only be
significantly excited in an oriented molecule close to the metallic
substrate; under far-field excitations, the transitions are weak.

In general, the influence of chemical enhancement is difficult to
distinguish in surface-enhanced ROA. Some vibrational modes are
strongly influenced by chemical enhancements, while for other modes,
chemical enhancements can be ruled out based on the characterization
of selective chemical enhancement. Thus, we must carefully select
vibrational modes that exhibit both strong Raman and CID intensities
for which there is no influence of chemical enhancement.

The propagation of a surface plasmon polariton along metal nano-
wires enables the incident light to transfer through a subdiffraction-
limit nanowire over micrometer-scale distances.'"® This unique
property of surface plasmons enables the achievement of miniaturized
photonic nanowires and high-resolution spectroscopy and micro-
scopy. Remotely excited surface-enhanced Raman scattering (SERS)
produced by means of a propagating surface plasmon in Ag or Au
nanowires has been experimentally studied.'®*' Compared to local
SERS techniques that excite targets directly, the remote excitation
method can avoid specimen damage caused by the laser, which may
be critical in some cases, for example, in intercellular chiral live cells.
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Further, chiral plasmonic nanostructures>* can be used to manipulate
and enhance the CID of intrinsic chiral molecules. Thus, it is desirable
to design plasmonic nanostructures for local and remote chiral
sensing.”’

In this communication, we report an experimental realization of
remotely excited ROA via chiral plasmons propagating on Ag nano-
wires. To directly demonstrate the propagation of ROA along a nano-
wire and its remote detection, we also measured the remotely excited
ROA spectra. This approach has the potential to remotely determine
the chirality of molecular structures and the absolute configuration or
conformation of chiral living cells.

MATERIALS AND METHODS

Fmoc-glycyl-glycine-OH (FGGO) was obtained from Aldrich
Chemical (China) Co. and was used as received. The Raman and
ROA spectra (Figure 1) were collected using the backscattering SCP
Biotools p-ChiraRAMAN-2X. The laser light had a wavelength of
532 nm,** and a power of 300 mW was radiated on the sample. The
total collection time was 4 h.

Single crystalline Ag nanowires were synthesized using chemical
methods.” High-resolution scanning electron microscopy (SEM)
images were acquired at a voltage of 10 kV. The Ag nanowires were
mixed with FGGO ethanol solution (0.04 M) for 24 h and were then
dropped on a glass substrate. To examine the influence of the substrate
on the shift in the Raman frequencies for SERS, the local SERS was
measured with linearly polarized light excited at 632.8 nm, using a
Leica microscope installed with a confocal Raman spectroscopic
instrument (Invia; Renishaw, UK) with a 100X objective and a numer-
ical aperture of 0.85. Then, local and remote Raman images of the
molecular vibrational mode at 1593 cm™ ' were obtained using right-
and left-circularly polarized light, respectively. This vibrational mode
exhibits large Raman ROA intensities and is not influenced by chemical
enhancements. The optical images were recorded using a TE-cooled
CCD detector installed on the microscope. The Raman images were
remotely measured. Laser light at 632.8 nm (power of approximately
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Figure 1 Experimental Raman and ROA spectra and the vibrational mode of FGGO at 1607 cm ™
FGGO at 1607 cm ™. FGGO, fmoc-glycyl-glycine-OH; ROA, Raman optical activity.
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7 mW) was radiated on the crossing point (point a in Figure 2a) using
left- and right-circularly polarized light, respectively, and the Raman
signals were measured at the remote terminals of the nanowires
(points b, ¢ and d in Figure 2a). This method of measuring a single
Raman mode propagating along a nanowire has been described in
detail in Refs. 19, 20, 26 and 27; this approach is generally called
Raman imaging in SERS. Finally, using Equation (1), local and remote
surface plasmon-enhanced ROA imaging can be obtained. To directly
demonstrate the propagation of the ROA along the nanowire and its
remote detection, we also measured the remotely excited ROA spectra.

We fabricated a metal-insulator-semiconductor nanowire plasmo-
nic waveguide system consisting of a wet-chemically grown Ag wire,
which was then covered by AL, O3 films of varying thickness using an
atomic layer deposition (ALD) system (Savannah-100; Cambridge
NanoTech, USA) to achieve a well-defined thickness. Subsequently,
the sample was spin-coated with highly luminescent CdSe/ZnS
Organic Quantum Dots (Qdot 655; Invitrogen, China).

Theoretical simulations were performed using Gaussian 09.*® The
geometry of FGGO at the ground state was optimized at the level of
density functional theory,” the B3LYP functional,’® and the
6—311+g(2d,p) basis set. Using the optimized ground state geometry
of FGGO, the Raman and ROA spectra of FGGO were then simulated.

RESULTS AND DISCUSSION

The experimental Raman and ROA spectra of FGGO are shown in
Figure 1a and 1b. The highest intensities for both spectra appear at
1607 cm ™!, with a CID value of A=0.57%. The vibrational mode of
this peak is shown in Figure lc, which provides the best candidate for
studying the remote excitation ROA using chiral plasmon propagation
in Ag nanowires. For the vibration mode at 1607 cm” L, both the
Raman and CID intensities are at their maxima, based on the experi-
mental spectra shown in Figure 1. This vibrational mode corresponds
to the symmetric vibration of 'H-fluorenyl, and there are no O or N
atoms in this group. In general, O and N atoms directly interact with
metal, and thus, vibrational modes for groups including these atoms

1. (a) Raman spectrum. (b) ROA spectrum. (c) Vibrational mode of
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Figure 2 The structure of the Ag nanowires and the propagation of surface plasmons in the Ag nanowires. (a) Structure of the Ag nanowires. (b) Surface plasmons
propagating in the Ag nanowires. (c) Optical image of a single nanowire and evidence of the chiral propagation of surface plasmons in the Ag nanowires. The chirality

can be manipulated by the polarization of the laser.

are usually strongly influenced by chemical enhancements. In this case,
there is no direct interaction between the group and the metal, and
hence, there is no chemical enhancement for this vibrational mode.
The assignments of the other vibrational modes with relatively strong
Raman and CID intensities are given in Supplementary Fig. S1.

A glass substrate was used in the experiments. An SEM image of the
Ag nanowires is shown in Figure 2a; the crossing angle between the
nanowires was found to be approximately 20°. Figure 2b demonstrates
the propagation of plasmons in the Ag nanowires, and the light can be
clearly observed at the terminals of the nanowires. To reveal the chiral
propagation of the surface plasmons in the nanowire, the simplest
nanostructure (a single nanowire) was used. Figure 2c shows an
optical image of chiral surface plasmons propagating along a single
nanowire. The degree of this type of chiral propagation can be
manipulated via the polarization of the laser.
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The SERS spectrum oflocally excited FGGO at the crossing point of
the Ag nanowires is shown in Supplementary Fig. S2 for linearly
polarized light. The vibrational mode at 1607 cm ™' in Figure 1a was
shifted to 1593 cm ™" due to the interaction between the FGGO and the
Ag nanowires. Finally, local and remote Raman images of FGGO at
1593 cm ™, excited by left- and right-circularly polarized light, are
shown in Figure 3a and 3b, respectively. As discussed above, this
vibrational mode exhibits large Raman and ROA intensities, without
the influence of chemical enhancement. Due to the chiral properties of
the nanowire structure and the propagating surface plasmon, we
observed different local and remote intensities of the Raman imaging
at 1593 cm ™', The Raman intensities at these four points are signifi-
cantly stronger when excited by the left circular polarization in com-
parison to the right circular polarization. Using Equation (1), the
fitted CIDs at four points were obtained, as shown in Figure 3c. The
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Figure 3 Imaging of the Raman peak of FGGO at 1593 cm™*, excited by circular polarization, and the fitted CIDs at four different points. (a) Results for left circular
polarization. (b) Results for right circular polarization. (c) The fitted CIDs at four points of the nanostructure. CID, circular intensity difference; FGGO, fmoc-glycyl-

glycine-OH.
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Figure 4 The nanostructure of the nanowire and the nanoparticle and the remotely excited ROA. (a) Optical imaging. (b) SEM imaging of the nanostructure of the
nanowire and the nanoparticle. (c) The remotely excited ROA. ROA, Raman optical activity; SEM, scanning electron microscopy.

CIDs are significantly enhanced compared to the intrinsic molecular
powder. Furthermore, the three CIDs at the three terminals of the Ag
nanowires are also significantly different.

A comparison of the CID at crossing point A (the point at which the
laser is radiated) to that at point B (the remote terminal of the same Ag
nanowire) shows that the change in the CID is small. Therefore, the
chiralities of both the propagating surface plasmon and the molecule
do not change from one terminal to the other. In contrast, when the
plasmon is coupled into the Ag nanowire at some point along the Ag
nanowire close to the nanoantenna, the CIDs at the two remote termi-
nals are very different and can be manipulated by the chiral nanos-
tructure. In our case, the coupling angle between two Ag nanowires,
the morphology of the Ag terminals, the distance of the coupling, etc.,
can be used to manipulate the chirality of the propagating surface
plasmon.’"*? The changing chirality of the propagating surface plas-
mon can further change the molecular chirality and thus alter the CID
value. In our fabricated nanostructure, when the crossing angle was
less than 907 the CID increased; when the crossing angle was larger
than 90°, the CID decreased. Thus, we experimentally imaged remotely
excited ROA using chiral plasmon propagation in Ag nanowires, and
this method has the potential to remotely determine molecular chir-
ality or the absolute configuration or conformation of a chiral living
cell.

To directly demonstrate the propagation of ROA along the
nanowire and its remote detection, we also measured the remotely
excited ROA spectra (Figure 4). Figure 4a and 4b show optical and
SEM images of the Ag nanowire and a nanoparticle as the nanoan-
tenna for the electromagnetic enhancement. The remotely excited
Raman spectra were obtained using left and right polarized light
(Supplementary Fig. S3). The laser was radiated on terminal A, and
the signals were collected from the crossing point between the
nanoparticle and the nanowire. Figure 4c displays the remotely
excited ROA spectrum resulting from the propagating plasmonic
waveguide, which is significantly different from the molecular
ROA shown in Figure 1b. For some of the Raman peaks in
Figure 4c, the signals were stronger than that at 1593 cm ™', which
arose from chemical enhancements or the chiral nanostructures. It
is known that chiral nanostructures can produce a chiral propagat-
ing plasmonic waveguide, which may also selectively enhance cer-
tain Raman peaks in the remotely excited ROA. A detailed analysis
of the relationship among the ROA, the chemical mechanism and
the chiral propagating plasmonic waveguide is currently being
pursued.
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CONCLUSIONS

We experimentally achieved remotely excited ROA imaging by select-
ing a single vibrational mode propagating along a nanowire, using a
chiral plasmon propagating in Ag nanowires. The local and remote
Raman intensity of FGGO at 1593 cm ™! were significantly enhanced
when excited by left- and right-circularly polarized light. This vibra-
tional mode exhibited large Raman and ROA intensities, without the
influence of chemical enhancements. Furthermore, the local and
remote CIDs, which were also significantly increased, were fitted
and can be successfully manipulated by the nanostructure of the Ag
nanowires. To directly demonstrate the propagation of ROA along the
nanowire and its remote detection, we also measured the remotely
excited ROA spectra. This work may be potentially utilized to remotely
investigate the chirality of molecular structures, as well as the absolute
configuration or conformation of chiral living cells.
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