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Microcrystalline organic optical components are crucial to con-
struct miniature devices. However, the design and fabrication
of such organic photonic components with multifunctional cap-
abilities remains a challenging enterprise. Herein, we report the
synthesis of a mechanically flexible blue-emissive (2)-3-(3',5'-
bis(trifluoromethyl)-[1,1’-biphenyl]-4-yl)-2-(4-methoxyphenyl)
acrylonitrile (CFzOMe) crystal waveguide. The exceptional
mechanophotonic properties exhibited by the CF;OMe crystals
manifest their suitability for photonic circuits. The integration of
a CF;O0Me microcrystal waveguide with a green-emissive BPyIN
microcrystal waveguide via the mechanophotonics technique
allows the creation of an innovative hybrid 2 x 2 directional
coupler (HDC) with four terminals. The HDC functions as an
optical signal splitter and signal chromaticity modulator when
CF3OMe crystal receives the input signal. The same device becomes
only a signal splitter for light input at the BPyIN crystal. Thereby, a novel
HDC performing multiple functions, viz., splitting, chromaticity mod-
ulation, and directed delivery of optical signals, was realized. The
demonstration of such innovative circuits corroborates the versatility
of organic crystal photonics for devising technologically relevant
organic photonic integrated circuits.

Introduction

Flexible organic crystals have emerged as novel materials platforms
for photonic integrated circuit (PIC) fabrication."* Organic crystals
offer high refractive index contrast (n ~1.7) compared to air (n = 1),
room-temperature exciton-polaritons,® tunable optical properties,*”
optical non-linearity,>” optical emissions (fluorescence/phosphores-
cence),"? chirality,” polar-order,'”"" mechanical compliance®*'>>*
and lightweight. Importantly, organic elastic crystals’ adaptability
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towards mechanical stress and their pseudo-plasticity on oil-free
substrates provides a tremendous opportunity to construct novel
PICs using mechanophotonics - an atomic force microscopy (AFM)
cantilever tip-based crystal micromanipulation technique.**
The successful demonstration of organic flexible microcrystals
as waveguides (visible and near-IR),%%'*'! ring-resonators,**>*
interferometers,”?®  modulators,””  microlasers,”***°  add-
drop-filters,”>***®  wavelength division multiplexers®* and
PICs"??%2331735 proves the consistent efforts by researchers
for implementing organic crystals in futuristic photonic
device applications. Additionally, organic cocrystals with
hierarchical nanostructures are important for multi-color
emissions, optical logic gates, and multi-channel photon
transport.*®° Apart from the various optical components
listed above, directional couplers (DCs) are crucial for PICs as
they divide the input light signal into two with a varying split
ratio.?*??

The first flexible organic crystal-based DC was achieved from
dithieno|[3,2-a:2’ ,3'<]phenazine crystals with singly bent evanescently
coupled waveguides. Later, (E}1{4-(lodo)-phenyl)liminomethyl-2-
hydroxyl-naphthalene crystal-based monolithic DC wherein a triply bent
waveguide coupled to a singly bent waveguide was reported.’® The
monolithic nature of previously reported DCs allowed only signal
splitting at the forward terminal, limiting their performance specificity
to a single task. However, the growing technological needs demand the
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Fig. 1 (a) Molecular structures of CFsOMe and BPyIN. (b and ¢) Solid-state
absorption and emission spectra of CFzOMe and BPyIN.

development of multifunctional PICs. One such multifunctional photo-
nic component is a 2 x 2 hybrid DC (HDC) with four termini or ports.
However, an HDC that can split the light signal, and also modulate the
output signal color and direction depending on the port receiving the
input has not been realized yet. The main reason is that HDC
construction requires challenging mechanical microintegration of two
chemically and optically different organic crystals with suitable mechan-
ical flexibility.

Donor (D)-n-acceptor (A) organic molecules are known to exhibit
excellent optical emission in a crystalline state due to rigid mole-
cular packing. Furthermore, electronegative N, O and F atoms are a
rich source of weak and dispersive interactions that can endow
organic crystals with mechanical flexibility. Therefore, we envisioned
the synthesis of (2)-3-(3',5'-bis(trifluoromethyl}-{1,1’-biphenyl]-4-yl)}-
2-(4-methoxyphenyl)acrylonitrile (CF;0Me) crystals (Fig. 1a). The
methoxy group acts as a strong D and the CF; moiety being an
electron acceptor enables charge transfer. Moreover, extended
n-conjugation ensures excellent blue emission in CF;OMe and it
can be integrated with green emissive (E)}-1-(((5-bromopyridin-2-
yljimino)methyl)naphthalen-2-ol (BPyIN) crystals to construct a
HDC (Fig. 1a). The absorption and emission overlap of the two
compounds ensures efficient optical energy transfer from CF;OMe
to BPyIN.

In this work, we report the design and synthesis of an efficient
blue emissive CF;0Me flexible crystal. The molecular origin of
the CF;OMe crystal’s flexibility is established from a supramole-
cular perspective. The micromechanical and photonic properties
are explored to utilize CF;OMe crystals for the construction of
HDCs. CF;OMe and BPyIN were integrated on a single borosili-
cate chip (coverslip) by transferring a BPyIN crystal to the sub-
strate containing CF;OMe crystal via a mechanophotonics
approach. The constructed HDC implements multiple functions,
acting as (i) an optical beam splitter (1,; only green), and (ii) a
direction- and (iii) signal-modulator (4, and Z,; blue and green)
when BPyIN or CF;0Me crystals receive the same input light.

Results and discussion

The desired CF;0Me molecule was synthesized in 65% yield
following the base condensation reaction (ESI;¥ Scheme S1 and
Fig. S1). The optical absorption spectrum of CF;0Me consisted
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of a Amax at & 425 nm with a tail extending up to ~ 475 nm.
The optical emission of BPyIN extended to & 560 nm with Ay ax
at ~ 525 nm (Fig. 1b). The fluorescence (FL) spectrum of
CF;0Me covered the 420-660 nm region with a maximum
centered at ~ 475 nm (Fig. 1c). The FL of CF;OMe has
maximum overlap covering the & 422-562 nm absorption
region of BPyIN suggesting substantial radiative energy transfer
(ET) from CF;OMe to BPyIN. However, there is no significant
overlap between the absorption of CF;OMe and emission of
BPyIN. The brilliant FL (tz, = 2.95 ns, Fig. S2, ESIT) of CF;0Me
corroborated well with a solid-state photoluminescence quan-
tum yield of 0.36, measured using an integrated sphere setup.
The PLQY of the BPyIN crystal was recorded to be 16.7%.>

The fiber-like crystals of CF;0Me were grown from dichlor-
omethane : methanol (1:1) solution at room temperature by
slow evaporation method. The molecule crystalized in a tricli-
nic system with the P1 space group (CCDC 2222211%). The
torsional angle of the D and A moieties with respect to the n
spacer is 33.7° and 25.6°, respectively (Fig. 2a). The rich non-
covalent interactions like type-I halogen interactions*® between
fluorine atoms, hydrogen bonding between the electronegative
fluorine and hydrogen atoms (C-F---H: ~ 2.653 A), -1
(~ 3.985 A) interactions among stacked layers and C-H---n
(x 3.063 A) interactions enable anisotropic molecular packing
in the CF;OMe crystals (Fig. 2b). These diverse weak and
dispersive molecular interactions allow the crystal to possess
strain withstanding capabilities without fatigue. The field
emission scanning electron micrograph (FESEM) shows a natu-
rally bent CF;0Me crystal accumulating a strain of 11% at the
curved portion (Fig. 2c). This illustrates the strain holding
capacity of the CF;OMe crystal supported by abundant non-
covalent interactions. A closer view suggests rectangular
features of the bent crystal (Fig. 2d). The face-indexing and
growth morphology predictions confirmed the wider and thin-
ner faces corresponding to the (001) and (010) planes, respec-
tively (Fig. 2e and f).

To validate the mechanical flexibility of the CF;0Me crystals,
a three-point bending test was performed with the help of a
needle and forceps (Fig. S3a-e, ESIf). The long crystals of
CF;0Me could be reversibly bent multiple times without any
observable damage (Fig. S3f, ESIt). Interestingly, the crystals
exhibited enhanced flexibility with water as a lubricant. The
molecular origin of the mechanical flexibility can be under-
stood from robust supramolecular interactions in the crystal
packing. The molecular packing along the (001) plane shows a
periodic layered arrangement of CF;0Me molecules giving rise
to slip planes along the [010] direction (Fig. 2e). These slip
planes possibly assist the gentle to-and-fro motion of atoms or
minute reversible sliding to support stress disbursal. Therefore,
when the crystal experiences mechanical force perpendicular to
the (001) plane, it performs reversible elastic deformation.
However, due to the absence of stress disbursal mechanisms along
other thinner faces like (010) plane, the crystal breaks when stress is
applied perpendicular to this plane, explaining the anisotropic
nature of the crystal packing (Fig. 2f). Topical developments in
the field of mechanophotonics unraveled the peculiar behavior of

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Top and side view of the CFsOMe molecule in the crystal. (b) Molecular interactions present in CFzsOMe crystals. (c) FESEM image of a
representative bent CFzOMe crystal. (d) Closeup view of end facets of the crystal shown in ¢, depicting the wider and thinner faces. (e and f) Molecular
orientation along the (001) and (010) planes in the crystal packing of CFzsOMe.

the crystals in the micro-regime." The demonstration of the
pseudo-plasticity of the (elastic) microcrystals reiterates the influ-
ence of the crystal’s aspect ratio and their adhesive interaction with
the substrate (borosilicate). This pseudo-plasticity observed in
CF;OMe and BPyIN was ingeniously utilized to fabricate crystal-
based miniature optical components and devices.

The microcrystals of CF;OMe and BPyIN were prepared
by the self-assembly method (details are provided in ESIf).
The crystallinity of the CF;0Me microstructures was confirmed
from the selected area electron diffraction performed
using transmission electron microscopy (Fig. S4, ESIt). The
micromechanical manipulation and photonic studies were
performed on a confocal optical microscope attached with an
AFM cantilever tip. For optical excitation of the crystal terminal,
a 60x objective was used, whereas a 20x objective was utilized
for recording the spectra and images. The optical properties of
the CF;0Me microcrystal (OW1) of length, L ~ 168 pm was
studied by illuminating the left terminal with a 405 nm

This journal is © The Royal Society of Chemistry 2023

continuous wave laser (Fig. 3a and b). At the point of excitation,
blue FL of CF;0Me with a bandwidth /; ~ 420-670 nm was
produced. As the generated light propagates towards the crys-
tal’s opposite terminal, because of reabsorption, the resultant
emission spectrum corresponds to a narrow band signal,
—J; &~ 440-670 nm (Fig. 3c). Importantly, the FL spectrum at
the terminal of OW1 comprised of sharp peaks called optical
modes. The optical modes in CF;OMe arise because of back-
and-forth reflection of confined FL within the crystal cavity. The
typical free spectral range (FSR), the spacing between two
consecutive modes, was calculated to be ~ 11 nm at A
The light guiding efficiency of the CF;OMe waveguide can be
understood from its optical loss. The FL spectrum collected at a
fixed end for varied excitation positions along the longitudinal
axis of the microcrystal waveguide can be used to calculate the
optical loss coefficient (o). The o’ for the CF;0Me waveguide of
L ~ 168 um was estimated to be 0.0979 dB um™" (Fig. 3d).
Similar photonic investigations were carried out on a BPyIN

J. Mater. Chem. C, 2023, 11, 7995-8001 | 7997
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Fig. 3 (a) Confocal optical, and (b) FL images of CFzOMe microcrystals labelled as OWL1. (c) FL spectra recorded at the right end of OW-1 for different
distances between excitation and collection point (right end) shown in b. (d) The plot of /;p/lbeay VS. light propagation distance with a fit (red line) to
calculate optical loss of OWL. (e) Confocal optical, and (f) FL images of the BPyIN microcrystal labelled as OW2. (g) FL spectra recorded at the right end of
OW?2 for different distances between the excitation and collection point (right end) shown in f. (h) The plot of /p//neay vs. light propagation distance with a

fit (red line) to calculate the optical loss of OW2.

crystal (L ~ 260 um, OW2, Fig. 3e). Laser light irradiation on
OW2’s left terminal produced a green FL with a bandwidth 4,
~ 482-700 nm (Fig. 3f). The reabsorption in the BPyIN micro-
crystal resulted in a narrow bandwidth spectrum (—4, &~ 532-
700 nm) at the right terminal (Fig. 3g). The o’ of OW2 was
estimated to be 0.0890 dB um ' (Fig. 3g and h). The FL
spectrum collected at the right terminal of OW2 also consisted

of optical modes akin to the CF;0Me crystal due to its smooth
light-reflecting crystal facets.

The previously reported organic directional couplers com-
prised uniformly strained structures.>*** Here, we intended to
construct a non-uniformly strained HDC, structurally close to
the conventional silicon-type DC but with two chromatically
different FL crystals. For that, a BPyIN microcrystal must be

Fig. 4 (a-l) Steps involved in the mechanical integration of bent BPyIN with the CFsOMe microcrystal to fabricate a hybrid directional coupler (HDC).
(m) Confocal optical, (n) FL and (o) colour-coded FESEM images of the HDC. The inset in Fig. 40 shows a magnified view of the physical coupling
between the two microcrystals. T stands for thickness. The scale bar corresponds to 30 um.
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lifted from one substrate and released near the CF;OMe
microcrystal in another substrate using an AFM cantilever
tip close to the circuit construction site.? The construction
of a non-uniformly strained HDC was achieved by bending
the BPyIN microcrystal at 135 and 186 um from the left
terminal of the microcrystal (Fig. 4a and Fig. S5a-h, ESIY).
The strain created at these bent regions reached to 1.3% and
3.4%, respectively (Fig. S5i, ESIf). Apart from geometrical
change, because of the change in molecular arrangement at
the periphery of the strained microcrystal, slight variation in
the refractive index (n) at the convex and concave parts of the
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crystal is possible. As a result, the light-confining nature of the
cavity is perturbed and leads to changes in optical modes
relative to the unstrained waveguide.***' The bent BPyIN
microcrystal was slowly pushed in the forward direction with
an AFM tip towards the CF;OMe microcrystal by moving the
piezo stage (Fig. 4b-d). Later, the CF;0OMe microcrystal was
pushed in the x and y directions to bring them into evanescent
contact with the BPyIN microcrystal (Fig. 4e and f). Then, the
nearly straight CF;0Me crystal was slowly moved in the forward
direction on the right side, followed by the same on the left side
to bend it further away from the BPyIN microcrystal to achieve a
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Fig. 5

(a) Confocal optical image of a hybrid directional coupler (HDC). (b—e) FL images of the HDC for 405 nm input light given at P1-P4, respectively.

(f) Graphics portraying the functioning of HDC as a signal chromaticity modulator and beam splitter. (g—j) Corresponding FL spectra obtained as the
optical output response at various ports of the HDC for respective light input at P1-P4, respectively. (k) Optical performance of the HDC tabulated
according to the signals observed at various ports against the given input. (1) Different optical signal types and bandwidths operational in the HDC. BW

stands for bandwidth. The scale bar corresponds to 30 pm.
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non-uniformly strained HDC (Fig. 4g-m). The FL image (wide-
field illumination) of the HDC shows four bright termini
ascertaining the light guiding tendency of the microcrystals
in contact (Fig. 4n). The color-coded FESEM image illustrates
the bent geometries of both waveguides with a thickness of
~ 0.92 and =~ 1.87 pym for BPyIN and CF;OMe crystals,
respectively (Fig. 40). The zoomed-in view of the coupling
region depicts close contact between the microcrystals. Hence,
effective optical communication can be expected from one
microcrystal to another. The optical signal processing and
subsequent light routing capabilities of the constructed HDC
were investigated by giving a 405 nm light input at any one of
the microcrystal terminals or ports (abbreviated as P) and
recording the FL signal response at the other three ports
(Fig. 5a). For example, when the input was given at P1, it
produced an active (A) blue FL signal (4,(A); ~420-670 nm)
corresponding to CF;OMe (Fig. 5b and g). As the produced
active signal propagates towards P2, due to the optical reab-
sorption, a narrow bandwidth signal (—1,(A); ~440-670 nm)
outcoupled at P2 (Fig. 5g and 1). Additionally, when the 1,(A)
signal moves towards P2, its evanescent field excites the BPyIN
microcrystal via ET in the coupling region. Thus, the active
green FL signal (—/,(A); ~482-700 nm) generated in the BPyIN
waveguide near the coupling region propagates to P3 (Fig. 5k
and I). No light output signal (0) was recorded at P3 due to the
circuit’s directional coupling geometry (Fig. 51). Similarly, for
light input at P2, signals —/4(A), —1,(A) and 0 were spectro-
scopically recorded at P1, P4 and P3, respectively (Fig. 5¢ and
h). The graphics presented in Fig. 5f clearly depict the light
splitting and outcoupling of two chromatically different active
signals (1, and 4,) in the forward direction by the HDC.

Furthermore, when light input is given to BPyIN (OW2) at
P3, a bright green FL signal (/,; ~482-700 nm) is produced at
the point of excitation (Fig. 5d and i). The FL signal is
reabsorbed and a narrow band active signal (—/1,; ~532-
700 nm) was outcoupled at P4 (Fig. 51). The same signal is
split at the coupling region due to evanescent coupling with
OW1 and passively (P) propagated as a —1,(P) signal towards P1
as there is no ET possibility from BPyIN to CF;OMe. Mean-
while, no signal output is detected at P2 due to the circuit
directionality. Similarly, for the input signal at P4, the —1,(A),
—/,(P) and 0 signals were outcoupled at P3, P2 and P1,
respectively (Fig. 5e and j).

Therefore, providing laser input to any one of the ports of
the CF;0Me crystal waveguide in the HDC results in chroma-
ticity modulation-and-splitting of the signal in the same circuit.
While the same laser input given at any of the ports of the
BPyIN waveguide results only in splitting the signal (/,) without
any chromaticity modulation. Hence, the fabricated HDC acts
as an input-selective optical signal splitter/color modulator,
demonstrating the multi-tasking capabilities within the same
circuit. Furthermore, the optical modes observed in the indivi-
dual waveguides were distinctly modified in the HDC at the
respective ports relative to the uncoupled waveguides. This is
due to the interference of the optical signals at the evanescent
coupling region (Fig. S6, ESIT).
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Conclusion

In summary, we designed and synthesized an efficient blue-
emitting CF;OMe molecule. Crystallization of the CF;OMe
molecules produced mechanically elastic crystals. The blue-
emitting CF;0Me crystal in combination with a green-emitting
elastic crystal was employed to construct a hybrid 2 x 2
directional coupler (HDC). For this, the microcrystals of
CF;OMe and BPyIN were integrated into a single substrate by
transferring the BPyIN crystals from one substrate to another
close to the circuit fabrication site using the mechanophotonics
approach. The photonic studies demonstrated the signal input-
terminal dependent diverse optical functioning of the HDC.
The HDC acted as a signal chromaticity modulator-and-splitter
(41 and A,; blue and green) in one case and as a simple beam
splitter in another case (4,; green). Therefore, the HDC exhib-
ited multi-tasking capabilities with a single geometry because
of the innovative inclusion of two different FL flexible crystals.
Developing such pioneering optical components has broader
implications for the advancement of flexible photonic device
applications, in particular organic neural networks and neuro-
morphic photonic technologies.
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