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Abstract

We demonstrate dual-mode waveguiding of Raman and luminescence signals using n-conjugated
organic 1,4-bis(3,5-bis(trifluoromethyl) cyanostyryl)-2,5-dibromobenzene (CN-TSDB)
microplates with single-crystal structure. The output Raman and photoluminescence (PL) spectra
through the CN-TSDB microplates were measured as a function of propagation distance using a
high-resolution laser confocal microscope (LCM). Under 633 nm Raman excitation, which is
outside the optical absorption of the microplates, the characteristic Raman modes of C-Br, —CF3,
and —C=C- aromatic stretching were clearly observed at the output points. The decay
characteristics of the LCM Raman intensities were comparable to those of LCM PL intensities.
The intermolecular n-n interaction of CN-TSDB has been enhanced by the attractive interaction
between the CN group and Br atoms, which induces efficient polariton propagation and plays an

important role for dual-mode waveguiding.
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Introduction

Organic-based optoelectronics, plasmonics, and photonics have been widely studied for
their applications in flexible displays,l’5 bio/chemical sensing,6'8 and optical communication
systems.”"" In nanophotonics, nanometer-scale optical waveguides have attracted attention
because of their potential for miniaturized photonic circuits and optical communication. Low-
dimensional nano- or micro-crystals of photoluminescent materials have been conventionally
used as active optical waveguides. Accordingly, their output photoluminescence (PL) spectra
and decay characteristics of the PL signal have been intensively investigated.'>"> The input
excitation wavelength should be selected to be within the absorption region of such materials
and the PL emission should have efficient overlap with the absorption of the materials to
achieve PL signal propagation.

In contrast, a Raman waveguide can uniquely provide direct signal transport using specific
molecular interaction modes such as vibrational, rotational, and other low-frequency modes
in highly crystalline organic nano- or micro-structures.'*'> Therefore, extending the optical
communication range using nano- or micro-structures from the waveguiding of PL signals to
the waveguiding of Raman signals is an interesting subject of research. Indeed, Raman
waveguides are capable of transporting multiple signals that correspond to various
distinguishable molecular orientations and material vibrations, even when the excitation
electromagnetic wave is outside the material’s optical absorption range.16 Moreover, the
spectral width of the propagating Raman signal is usually much smaller than that of the PL
signal, which suggest that significantly more information can be transmitted using Raman

waveguiding.
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In this study, we demonstrate dual-mode waveguiding for Raman and PL signals using
single crystalline m-conjugated organic 1,4-bis(3,5-bis(trifluoromethyl) cyanostyryl)-2,5-
dibromobenzene (CN-TSDB) microplates. Characteristic Raman modes such as the —-C=C—
aromatic, —CF3, and C—Br stretching modes propagated through the organic microplates with
different decay constants. The transmission of various characteristic Raman modes through
the organic microplate waveguide indicates a new type of active waveguiding with a much
narrower spectral resolution than that transmit a PL signal. This suggests that Raman mode
waveguides have the potential to be used in nanophotonic systems that require multi-signal

and higher-bandwidth transmissions.

Experimental
Preparation of crystalline organic CN-TSDB microplates.

All starting materials were purchased from commercial suppliers (Sigma Aldrich Co. and
Fisher Sci. Co.) and used without further purification. 2-(3,5-
bis(trifluoromethyl)phenyl)acetonitrile (1 g, 3.95 mmol) and 2,5-dibromobenzene-1,4-
dialdehyde (0.57 g, 1.975 mmol) were dissolved in fert-butanol (20 ml) and tetrahydrofuran
(1 ml). Then, the mixture was heated to 50°C, and a 1.0 M solution of tetrabutyl ammonium
hydroxide (0.395 ml, 10 mol%) was slowly dropped. After stirring for 1 h, the precipitate was
collected through filtration and washed with methanol. The CN-TSDB was finally obtained
by recrystallization with chloroform after flash column chromatography under a chloroform

eluent.'” H-NMR (400MHz, DMSO) & 8.25 (ds, 6H), 8.37 (s, 2H), 8.32 (s, 2H), and m/z
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EIMS 761.9. The CN-TSDB powder (1 mg) was dissolved in chloroform (1 ml) solvent and
heated to 40°C. The CN-TSDB microplates were formed via self-assembly during storage in

a refrigerator for 12 h.

Measurements

The formation and surface morphologies of the CN-TSDB microplates were investigated
using a field-emission scanning electron microscope (FE-SEM, Hitachi S-4300) and high-
resolution transmission electron microscope (HR-TEM, JEOL JEM-3010). The ultraviolet
and visible (UV/Vis) absorption (Agilent 8453) spectra of the samples were measured in
solution. Emission spectra were obtained using a Hitachi F-7000 fluorescence
spectrophotometer in quartz cells. X-ray diffraction (XRD) data were collected using a
Bruker SMART APEX diffractometer equipped with a monochromator for the Mo Ka (A =
0.71073 A) incident beam. Each crystal was mounted onto a glass fiber. Charge-coupled
device (CCD) data were integrated and scaled using the Bruker-SAINT software package,
while the structure was solved and refined using SHEXTL V6.12. For direct luminescent
images, the color CCD images of the CN-TSDB microplates were measured using an AVT
Marlin F-033C XGA C-mount camera (4ex = 435 nm). The nanoscale Raman and PL spectra
of the microplates, including their output spectra, were measured using a high—resolution
laser confocal microscope (LCM) built around an inverted optical microscope (Axiovert 200,
Zeiss GmbH)."®** The 405 nm line of an unpolarized argon ion laser was used for the LCM

PL excitation. It should be noted that this was the shortest-wavelength laser used in our
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system. The 633 nm line of a He-Ne gas laser was used for the Raman excitation, which falls
outside the optical absorption region of the CN-TSDB microplates. The diameter of focused
laser was about 200 nm. It was changed to approximately 300 nm diameter spot when oil lens
was used. On the surface of the microplate, the spot size of the laser seemed to be wider due to the
luminescence spreading. The laser power density was 30 uW/cm2 (405 nm, excitation time:
47.5 ms) and 2.5 mW/cm® (633 nm, excitation time: 50 s), while the probe had a significantly

lower power density to prevent the destruction of the sample structure.

< Figure 1>

Results and discussion
Formation and structural characteristics of CN-TSDB microplates

The waveguiding characteristics of optical signals are closely related to the crystalline
structure as well as the refractive index (n) of the material and waveguide dimensions.”**
For an efficient optical waveguide operation, highly crystalline, luminescent nano- or micro-
structures are preferred because high crystallinity improves the energy transfer. In this study,
single crystals of CN-TSDB were synthesized, and their crystalline packing structure was
analyzed using single-crystal XRD data. Figure la shows the chemical structure of CN-
TSDB. A selected area electron diffraction (SAED) and FE-SEM images (Figures 1b and Ic,

respectively) showed that the CN-TSDB microplates have a diamond shape and single-crystal

structure. We grew CN-TSDB crystalline microplates with dimensions of up to a few tens of

Page 6 of 25



Page 7 of 25

Journal of Materials Chemistry C

micrometers and thicknesses between 400 and 500 nm. Figure 1d shows color CCD images
of luminescent CN-TSDB microplates when they were excited at different positions (Aex =
405 nm), which are shown as bright blue spots. Brighter blue emissions from the edges was
observed owing to self-waveguiding.”®*’ Figure le shows the crystal structure and packing
diagrams for the CN-TSDB microplates. Figure 1f shows the face-indexed result (with Miller
indices) of a real crystal and corresponding orientation of the unit cells. The CN-TSDB
microplates have monoclinic structure: (space group P2,/c), a = 20.1093(5) A, b =
4.67830(10) A, c = 14.0181(4) A, f=95.8770(10)°, V = 1311.85(6) A*, Z=2.

CCDC 989194 contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.

< Figure 2>

The crystal structure of a CN-TSDB microplate is also shown in Figure 2 and Table S1 in
the Supporting Information (SI). Figure 2 shows crystal-packing diagrams for the CN-TSDB
molecules viewed from different perspectives. Table S1 lists the crystal data and structural
refinements of the CN-TSDB microplates. We observed that the CN groups (blue) were
tightly packed with the Br atoms (red) of the nearest neighbor CN-TSDB molecules. In
Figure 2, the blue dotted lines are in the range of the primitive cell, and the red dotted lines

are out of the range of the primitive cell. An attractive interaction between the CN groups and



Journal of Materials Chemistry C

Br atoms on the nearest neighbor CN-TSDB molecules would aid molecular n-n stacking
along the b-axis (see Figures le and 2 as well as Table SI in SI).?® Incorporating halogen
atoms (F and Br) inside an organic molecule increases the electron density of the molecule
owing to the heavy atom effect. In addition, fluoride can induce closer packing of organic
molecules owing to its hydrophobic properties. This close-packed structure of the CN-TSDB
microplates contributed to an efficient optical signal propagation.

< Figure 3>

Optical characteristics of CN-TSDB

Figure 3a shows the normalized UV/Vis absorption (black curve) and PL (red curve)
spectra of CN-TSDB in a chloroform solution. A maximum absorption Ay.x was observed
near 336 nm, which corresponds to the n-n* transition. The Ay, of the solution (A¢x = 405 nm)
was observed near 431 nm, with a satellite peak near 449 nm. The solution PL spectrum of
CN-TSDB slightly overlaps with the absorption spectrum in the region near 400 nm. The
LCM PL peak of the crystalline CN-TSDB microplates was observed at 438 nm, which was
slightly red-shifted in comparison to the in-solution PL spectrum, as shown in Figure 3a (and
Figure S1 in the SI), due to m-conjugated molecular stacking.8 Figure 3b shows the LCM
Raman spectrum (Aex = 633 nm) of the CN-TSDB microplates with identical excitation and
detection positions. Characteristic Raman modes such as the -C=C- aromatic, —CF3, and C—
Br stretching modes were detected in the CN-TSDB microplates at 1580 and 1594 cm™, 1216

cm™, and 667 and 687 cm™, respectively.”’ Detailed assignments of the characteristic Raman
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peaks are listed in Table 1.
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Table 1. Characteristic Raman modes of the CN-TSDB microplate.

Mode Region (cm™) Raman shift (cm™)
C-Br 485-750 593, 618 667, 687
140-400
1205-1420 1216, 1262, 1279, 1340
—CF; 1120-1350
680-780 724,765
_C=C— aromatic 1575-1625 1580, 1594
1430-1525 1455, 1509
Out-of-plane =C-H 650-900 876
In-plane =C-H 990-1290 1000
< Figure 4>

Raman waveguiding characteristics

Figure 4a shows a schematic illustration of the optical waveguiding experimental setup for
the CN-TSDB microplate using an LCM system. The input confocal laser (Aex = 633 nm for
Raman signal) was movable, while the detecting position was fixed at the end of the crystal.
The excitation laser beam, which was focused by the objective lens, was perpendicularly
irradiated on the sample, and the local light signal from a selected location on the sample was
collected with the same objective lens. An optical microscope image of the CN-TSDB
microplate (Figure 4a) illustrates the directions of movement for the input laser (represented
by yellow arrows), which are arbitrarily denoted as the [A], [B], and [C] directions. It should
be noted that the 633 nm excitation for the Raman signals is outside the optical absorption

range of CN-TSDB (see Figure 3a). Figures 4b, 4c, and 4d show the waveguide-propagated

10
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Raman spectra (i.e., output Raman signals) of the C—Br (667 and 687 cm’l), —CF; (1216 cm’l),
and —C=C- aromatic (1580 and 1594 cm'l) modes, respectively, along the [B] direction, with
varying propagation distances (indicated by numbers in the insets). We clearly observed the
waveguiding of characteristic Raman modes through the CN-TSDB microplate, i.e., the
characteristic Raman modes of the CN-TSDB were detected at the end of the microplate
during the movement of the input excitation. The waveguide-propagated Raman spectra
along the [A] and [C] directions (Figure S2) were similar to those along the [B] direction.
Figures 4e, 4f, and 4g show the output LCM Raman intensities of the C—Br, —CF3, and —
C=C- aromatic modes, respectively, as a function of propagation distance along the [A], [B],
and [C] directions. The LCM Raman intensity decreased with increasing propagation distance.
We suggest that all of the characteristic Raman modes propagated to the end of the sample

because of the polariton propagation, i.e., coupled phonon-photon transverse waves.*!

< Figure 5>

Using the results shown in Figures 4e-g, the decay constants (og’s) versus Raman shift
were obtained along the [A], [B], and [C] directions for various Raman modes, as shown in
Figure 5. The characteristic equation for this decay curve is Iz = Irg exp(-agx), where Iy is the
output LCM Raman intensity, Iy is the proportional constant for the intensity, ag is the decay
constant in pm™, and x is the propagation distance of the incident light. The oz’s of the C—Br

mode (667 cm'l), =C-H out-of-plane mode (876 cm’l), —CF; mode (1216 cm'l), and —-C=C-

11
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aromatic stretching mode (1594 cm’™) along the [B] direction were estimated to be
approximately 0.079, 0.083, 0.101, and 0.109 pm™', respectively. For the [A] and [C] direction,
the values of ax also increased with increasing Raman shift. We clearly observed that the
decay constants for all Raman intensities increased with increasing Raman shift, as shown in
Figure 5. Similar results were obtained using samples from another batch of CN-TSBD
microplates, as shown in Figures S3, S4, and S5, thereby confirming the reproducibility of
these results. These results show that each Raman signal propagates differently, which
suggests that individual Raman signals can be used independently to transport signals using
Raman waveguiding. The energy difference between the —CF; (1216 cm™) and —-C=C-
aromatic stretching (1594 cm™) modes is only ~300 cm™, which corresponds to ~12 nm, and
is much smaller than the spectral width of most PL signals. The full width at the half
maximum of the output LCM PL spectra was greater than 77 nm (obtained from Figure 6).
This suggests that a much higher signal transportation bandwidth is possible using active
Raman waveguiding.

The decay characteristics of Raman signals were analyzed using the crystal structure. The
o of the C—Br mode was the smallest, which is desirable for Raman waveguiding, while that
of the -C=C- aromatic mode was the largest, indicating rapid decay of the Raman signal.
From the crystal packing diagram shown in Figure 2, the intermolecular distance between the
Br atoms in the C-Br groups (red marks) is approximately 4.021 A. However, the
intermolecular distance between the C atoms in the phenyl groups, including the —-C=C-

aromatic mode, is estimated to be 4.678 A. Therefore, the output Raman signals are related to

12
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the intermolecular distance of the chemical groups that correspond to the Raman modes. The
results suggest that the transport of Raman signals occur through the strong coupling of
incident photons and various phonons in the well-stacked CN-TSDB molecules. To the best
of our knowledge, we are the first to report such waveguiding of Raman signals using

crystalline organic microstructures.

< Figure 6>

PL waveguiding characteristics

We also investigated the PL waveguiding characteristics of the CN-TSDB microplates. The
output LCM PL spectra were measured along the [A], [B], and [C] directions at various
propagation distances. The input confocal laser (A.x = 405 nm, which was inside the optical
absorption range of the material) was oriented perpendicular to the CN-TSDB microplates.
The LCM PL intensity of the waveguide-propagated emissions decreased with increasing
propagation distances, as shown in Figure 6. The PL waveguiding characteristics were also
analyzed in terms of the decay constant (ap.), using Ip, = Iy exp(-opp x). The values of ap
along the [A], [B], and [C] directions were estimated to be approximately 0.141, 0.102, and
0.071 um'l, respectively. The absolute values of ap;, are comparable to the ag’s for the Raman
waveguiding. We also confirmed that the output PL signals were due to the intrinsic
waveguiding, not scattered light (not shown in here). Therefore, we successfully observed

dual-mode optical waveguiding of Raman and PL signals inside CN-TSDB microplates.

13
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There are several different approaches to optical waveguiding such as using dielectric slab
waveguides, optical fibers, and two-dimensional waveguides. Each of these methods are
based on refraction and reflection with respect to boundary conditions.'*"*** The novel
features of this study are the waveguiding of various characteristic Raman modes through the
single crystalline CN-TSDB microplates. Waveguiding of Raman signals was successfully
performed using a 633 nm excitation laser, whose wavelength was outside the optical

absorption range of the material.

Conclusion

In this study, single crystalline CN-TSDB microplates with thicknesses between 400 and
500 nm were fabricated using a self-growth method. Dual-mode optical waveguiding
performance of Raman and PL signals was observed for excitation wavelengths of 633 and
405 nm, respectively. Characteristic Raman modes such as C—Br, —CF;, and —-C=C- aromatic
stretching in the CN-TSDB microplates were observed at the output points, which
demonstrates a successful Raman waveguiding. The decay constants of the LCM Raman
intensities were comparable with those of the LCM PL intensities. The attractive interaction
between the CN groups and Br atoms as well as heavy atoms and hydrophobic effects due to
fluoride can induce a close-packed structure, which results in efficient dual-mode optical
waveguiding. The Raman waveguiding with a relatively narrower bandwidth, which was
demonstrated in this study, can be used for multi-signal transport in the fields of

nanophotonics and optical communications.

14
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Figure Captions

Figure 1. (a) Chemical structure schematic of a CN-TSDB molecule. (b) SAED pattern of a
CN-TSDB microplate. (¢) SEM image of a CN-TSDB microplate. (d) Color CCD images
showing the luminescence of PL waveguides for various CN-TSDB microplates at various
excitation positions. (e) Crystal packing diagram for a CN-TSDB microplate. (f)
Microscope image and crystal lattice (with Miller indices) for a CN-TSDB microplate.

Figure 2. Crystal packing diagrams for a CN-TSDB microplate viewed from different
directions.

Figure 3. (a) Normalized UV/Vis absorbance (black curve) and PL (red curve) spectra of
CN-TSDB in a chloroform solution. LCM PL spectrum (blue curve) of a solid CN-TSDB
microplate (Aex = 405 nm). (b) LCM Raman spectrum of a CN-TSDB microplate (Aex = 633
nm).

Figure 4. (a) Schematic illustration of the optical (Raman and PL) waveguide apparatus
using an LCM system. Right: Optical microscope image of a CN-TSDB microplate with
the moving directions of an input laser represented by yellow arrows. Variation of
waveguided LCM Raman spectra (Aex = 633 nm) of the (b) C-Br, (c¢) —CF3, and (d) -C=C-
aromatic stretching modes along the [B] direction. LCM Raman intensity of the () C—Br
mode (667 and 687 cm™), (f) —CF; mode (1216 cm™), and (g) -C=C- aromatic (1580 and
1594 cm'l) stretching modes versus propagation distance along the [A], [B], and [C]
directions.

Figure 5. Plot of the decay constants (um'l) of the Raman intensity versus Raman shift (cm™)
along the [A], [B], and [C] directions for the characteristic Raman modes: C—Br mode
between 667 and 687 cm'l, =C-H out-of-plane mode at 876 cm’l, —CF; mode at 1216 cm'l,
and —C=C— aromatic mode at 1594 cm™.

Figure 6. Output LCM PL spectra (Aex = 405 nm) of waveguided emissions along the (a) [A],
(b) [B], and (c) [C] directions. (d) Output LCM PL intensity versus propagation distance
along the [A], [B], and [C] directions.
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