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device technologies.[1–4] Photonic inte-
grated circuits (PICs) have the advantage 
of ultra-fast information transfer with a 
simultaneous higher information-carrying 
capability.[5–8] Optical waveguides are 
one of the central components for high-
speed data transfer in PICs.[5] Most PICs 
are made of silicon-based waveguides on 
silica substrate because of the former’s 
high refractive index (n = 3.47), providing 
better light confinement and low optical 
loss at extreme bends.[3,4] Waveguides are 
divided into active[9] and passive[10] types 
depending on the optical transmission 
type. Both types of waveguides are essen-
tial for PIC operation. Silicon-based wave-
guides are passive and require complex 
manufacturing procedures using electron 
beam lithography.[6] Moreover, silicon-
based materials are rigid (Young’s mod-
ulus of ≈150  GPa, and Poisson’s ratio of  
≈0.17) and non-reconfigurable.

New flexible photonic materials are 
needed to construct next-generation flexible circuit technolo-
gies.[1,2] Organic crystals are a potential choice as photonic mate-
rials because they possess relatively high n ≈ 1.7 compared to 
silica, room temperature exciton-polariton formation,[7] tunable 
optical bandwidth,[8] optical nonlinearity,[11] chirality,[12] solution 
processability, and mechanical compliance.[11–15] Takazawa et 
al. demonstrated flexible thiacyanine nanofibers as active wave-
guides.[11] Chandrasekar et al. reported the passive type of light 
transduction in 180° bent waveguide using a flexible organic 
microcrystal.[12] To fabricate organic PICs, waveguides,[16,17] add-
drop filters,[18,19] resonators (ring, disk, microsphere),[11,12,20,21] 
modulators,[16] directional couplers,[22] and lasers,[23] are neces-
sary components. Desiraju and Reddy provided the molecular 
structure basis for mechanical plasticity and elasticity in organic 
crystals.[13,14] Conventionally, most bending tests on flexible 
crystals were performed using a three-point bending technique 
with a pair of forceps and a metal needle with oil as a lubri-
cant.[11,13–15,24] Implementing flexible optical crystals in PICs for 
miniaturized technological applications requires suitable micron-
sized crystals and innovative processing strategies.[1,2] It has been 
recently established that, depending on the crystal thickness, 
flexible microcrystals show pseudo-plasticity during mechanical 
manipulation without any lubricant.[17,19,22,25] It is expected that 
this pseudo-plasticity is due to strong adhesive interaction with 
the silica surface compared to the shape regaining energy.

Fluorescent plastically bendable crystals are a promising alternative to 
silicon-based materials for fabricating photonic integrated circuits, owing 
to their optical attributes and mechanical compliance. Mechanically bend-
able plastic organic crystals are rare. Their formation requires anisotropic 
intermolecular interactions and slip planes in the crystal lattice. This work 
presents three fluorescent plastically bendable crystalline materials namely, 
2-((E)-(6-methylpyridin-2-ylimino)methyl)-4-chlorophenol (SB1), 2-((E)-(6-meth-
ylpyridin-2-ylimino)methyl)-4-bromophenol (SB2), and 2-((E)-(6-Bromopyridin-
2-ylimino)methyl)-4-bromophenol (SB3) molecules. The crystal plasticity in 
response to mechanical stress facilitates the fabrication of various monolithic 
and hybrid (with a tip-to-tip coupling) photonic circuits using mechanical 
micromanipulation with an atomic force microscope cantilever tip. These 
plastically bendable crystals act as active (self-guiding of fluorescence) and 
passive waveguides both in straight and extremely bent (U-, J-, and O-shaped) 
geometries. These microcircuits use active and passive waveguiding princi-
ples and reabsorbance and energy-transfer mechanisms for their operation, 
allowing input-selective and direction-specific signal transduction.
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1. Introduction

Organic photonic integrated circuits (OPICs) are emerging as 
a promising alternative to electronic circuits for light-based 
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Mechanophotonics – a technique to mechanically manipu-
late microcrystal waveguides using an atomic force micro-
scope (AFM) cantilever tip has been demonstrated.[1–3] Various 
micromechanical manipulation operations, including bending, 
lifting, cutting, slicing, transferring, and integrating crystals, 
have been developed for circuit construction.[1] With the high 
accuracy of the micromanipulation process, desirable light 
pathways through crystals can be realized. As a result of this 
unique approach, oil-free, proof-of-principle monolithic, and 
hetero PICs have been made using elasticmicro-sized crystals 
on silica substrates.[1,19,22,25] For example, a combination of 
ring resonators and optical waveguides has been realized to 
route the light in a clockwise and anticlockwise directions in 
a circuit.[19,25] Here, the unique arrangement of components 
and signal transduction via active, passive, reabsorbance, and 
energy-transfer mechanisms allowed input-selective and direc-
tion-specific signal modification. PICs, constructed with plastic 
and elastic bendable crystals, have been used to route the light 
in different directions.[25a] However, an entirely plastically bend-
able crystal-based photonic circuit has not yet been made. 
Unlike elastic crystals, the inherent mechanical plasticity of the 
crystals facilitates their deployment on surfaces to obtain desir-
able 2D PIC geometries without relying on pseudo-plasticity.

The PIC materials must combine mechanical flexibility and 
optical properties to realize next-generation technologies. Using 
molecules with a Schiff base backbone with π-conjugation is 
proven effective in designing such materials.[17e,24c,d,25b] Besides 
mechanical compliance, such molecules are also well-known for 
having high photoluminescence.[26] Mechanical compliance can 
be introduced into the crystal packing by incorporating methyl 
and bromine as side groups on the Schiff base backbone.[13d] 
We here report the synthesis of three molecules, namely 2-((E)-
(6-methylpyridin-2-ylimino)methyl)-4-chlorophenol (SB1), 2-((E)-
(6-methylpyridin-2-ylimino)methyl)-4-bromophenol (SB2), 
and 2-((E)-(6-Bromopyridin-2-ylimino)methyl)-4-bromophenol 
(SB3) via mechanochemistry. The unique anisotropic molecular 
packing with slip planes supports the mechanical plasticity of 
SB1, SB2, and SB3 crystals. The micro-sized crystals act as active 
optical waveguides transmitting yellow and green fluorescence 
efficiently. The plasticity of crystals facilitates the construction 
of monolithic and hybrid (tip-to-tip coupled) circuits using the 
mechanophotonics approach. The PICs operate using active, pas-
sive, reabsorbance, and energy-transfer mechanisms allowing 
input-selective and direction-specific signal transmissions.[1,2]

2. Results and Discussion

2.1. Synthesis and Crystal Structure

Three salicylaldehydederived Schiff bases, SB1, SB2, and SB3 
(Scheme 1), were synthesized by liquid-assisted grinding of a 
stoichiometric mixture of the corresponding amine and alde-
hyde (Section S1.2, Supporting Information). Single crystals 
of all three compounds were grown in glass tubes using a sol-
vent/ anti-solvent layering technique. The ground powder was 
dissolved in dichloromethane, followed by n-hexane layering. 
Orange block-shaped crystals appeared at the phase boundary 
after a week.

X-ray single-crystal structure determination revealed that 
SB1 crystallizes in the monoclinic space group P21/c with one 
molecule in the asymmetric unit in a slightly twisted planar 
conformation. The dihedral angle between the pyridyl and 
phenolic rings in SB1 is about 12.03° with intramolecular 
OH⋯N hydrogen bonds (H⋯A: 1.85 Å, θ: 146.98°). Crystal 
face indexing revealed that the two long crystallographic faces 
of the crystal are (100)/ (100) and (001)/(001), and that its 
top corresponds to the minor face (010)/(010) (Figure  1a and 
Figure S3.1, Supporting Information). The SB1 molecules are 
slip-stacked via π⋯π interactions (3.50 Å) along the growth 
axis of the crystal (b-axis) to construct a columnar assembly. 
These stacked columns are also close-packed via type II Cl⋯Cl 
(3.572 Å, 108.42°, 150.65°) and CH⋯O (2.76 Å, 119.31°) inter-
actions in the orthogonal direction, which leads to the forma-
tion of slip-planes parallel to the [010] direction in the bc-plane. 
Moreover, the stacked columns are further stabilized by weak 
dispersive CH⋯π (2.91 Å) and CH⋯Cl (2.95 Å) contacts. 
Energy framework calculations confirmed that the pairwise 
interactions between SB1 molecules along the b-axis are domi-
nant (π⋯π stacking; −50.0  kJ.mol−1). In the orthogonal direc-
tions to π⋯π stacking, the total pairwise interaction energies 
are ≈ −18.3 kJ.mol−1 (CH⋯Cl and CH⋯π interactions) and 
36.1  kJ.mol−1 (CH⋯O and Cl⋯Cl interactions) along the 
c- and a-axis in the ac plane, respectively. These data suggest 
that the crystal packing of SB1 is energetically anisotropic, con-
sistent with plastic bending deformation.

SB2 is isomorphous with SB1, and the details of the struc-
tural description are provided in Section S3.2 and Figure S3.2, 
Supporting Information. SB3 also crystallizes in the monoclinic 
space group P21/c with one molecule in the asymmetric unit. 
The crystallographic packing of SB3 is nearly identical to SB1 
and SB2, with some notable exceptions. Unlike SB1 and SB2, 
the crystal growth axis of SB3 is along the a-axis, along which 
molecules are slip-stacked via π⋯π interactions. In SB3 crystals, 
the (010)/(010) and (001)/(001) faces are the major faces, with 
the minor face being the (100)/(100) (Figure S3.1, Supporting 
Information). Moreover, the stacked columns are close-packed 
to form weak interaction planes, that is, slip planes (blue dotted 
line in Figure 1) along the [100] direction in the ac-plane. Energy 
framework calculations also suggest that crystal packing of SB3 
is energetically anisotropic with strong pairwise interaction ener-
gies along the π⋯π stacking and weaker interactions in both 
orthogonal directions. Details of the structural description of SB3 
are also given in Section S3.2, Supporting Information.

Adv. Optical Mater. 2022, 2201518

Scheme 1. Molecular structures of SB1–SB3.
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2.2. Crystals Mechanical Properties

The qualitative mechanical properties of macrocrystals of SB1, 
SB2, and SB3 were examined with the three-point bending 
method, Figure 2. When crystals of SB1 and SB2 were stressed 
over the (100) face, that is, directly on the slip planes, exceptional 
and distinct plasticity was observed (Figure 2 i–vi). In contrast, 
when the crystals were stressed parallel to the herringbone 

chains, the crystallographic (001) face, a brittle fracture was 
observed due to the absence of facile slip planes parallel to this 
plane. In the case of SB3, applying stress over the (010) face –  
which corresponds to slip planes parallel to the ac plane –  
caused the crystal to bend without fracture. The (001) face 
shows brittle fracture upon mechanical stress.

Since all crystals show similar plasticity during three-
point bending, the mechanical properties were quantified 

Adv. Optical Mater. 2022, 2201518

Figure 1. Crystal packing in a) SB1 and b) SB3. View of molecular arrangement on (001), (100), and (010) faces. The blue dotted line presents the slip 
plane. In the crystal packing molecules are connected to each other via CH⋯O (cyan dotted line), type II Cl⋯Cl and Br⋯Br (magenta dotted line),  
CH⋯Cl and CH⋯Br (green dotted line). The chemical structure of SB1 and SB3 are shown as an inset.
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by nanoindentation (see Table  1 and Section S6, Supporting 
Information). The elastic moduli (E, resistance to elastic 
deformation) and hardness (H, resistance to plastic deforma-
tion) were extracted using the standard Olive–Pharr method[27] 
(Table 1). Indentation was performed on the major faces of all 
the samples [(010) face of crystal SB3 and (100) face of crys-
tals SB1 and SB2, Table  1] with 1 mN and 5 mN peak loads. 
Representative load–displacement (P–h) curves, the indent 
impressions left on the crystal faces, and the scatter plot of E 
and H values are shown in Figure 2. The observed pop-ins or 
displacement bursts in the P–h curves for all three samples 
indicate the intermittent plastic deformation, which may be 
attributed to the presence of slip planes in the structures.[28] 
These slip planes are responsible for the plastic deformation 
on the single crystals’ major faces. Crystal SB1 is the stiffest, 
with the highest E and H values [8.4 (±1) GPa and 317 (±33) 
MPa, respectively]. The E and H values for all the samples are 
given in Table 1.

2.3. Optical Properties of SB1 to SB3

Based on salicylaldehyde-derived Schiff bases, the molecules 
of SB1, SB2, and SB3 were expected to be highly photolumi-
nescent in the solid-state (Figure 3a–c). The SB1, SB2, and SB3 
crystals display a broad absorption band with the absorbance 
tail at ≈570  nm. Fluorescence (FL) spectra of SB1 appear in 
the range of 500–754 nm with two maxima at 551 and 591 nm 
(Figure 3a). The rod-like crystals of SB2 show a yellow FL (500–
775  nm) with maxima at 558 and 592  nm (Figure  3b), while 
the SB3 crystals exhibit bright green FL with a narrow band-
width (500–747 nm), showing two maxima at 541 and 579 nm 
(Figure 3c).

The ≈70  nm overlap of SB1 and SB3 FL spectra with the 
optical absorption of SB3 and SB1, respectively, facilitate the 
optical energy transfer (ET) from SB1 to SB3 and SB3 to SB1 
molecules (Figure  3d). The absolute fluorescence quantum 
yield of SB1, SB2, and SB3 were measured to be 1.34%, 0.50%, 
and 0.45%, respectively.

2.4. Micromechanical Flexibility and Photonic Aspects of SB2 
Single Crystals

To check the waveguiding properties of SB2 microcrystals, we 
chose a straight crystal with a length of ≈217 µm (Figure 4a–i). 
The selected crystal was excited with a 405 nm laser at various 
positions along the crystal body. The generated yellow FL from 
the excitation point was efficiently transduced to both ter-
mini of the crystal, confirming the active optical waveguiding 
property of the SB2 microcrystal (Figure 4a-ii). The FL spectra 
display optical modes (due to the constructive interference of 
FL waves), inferring the FL light confinement ability of the 
SB2 microcrystals (Figure  4b). Due to the cavity-crystal’s rec-
tangular geometry, the modes could be assigned to Fabry–
Pérot (FP) type. The waveguide optical loss coefficient (α′) is  
0.0855  dB µm−1 (Figure  4c) and was measured by fitting the 
plot of FL propagation distance ( L) versus intensity ratio  
(Itip/Ibody) (where Itip and Ibody are FL intensities at the spectral 
collection and excitation position, respectively).

To test the micromechanical flexibility of SB2 single-crystal 
waveguide-cavity, the straight crystal was mechanically bent 
into a U-shaped geometry via a mechanophotonics approach 
(Figure  4d and Figure S7.1, Supporting Information). The 
microcrystal was bent in a stepwise manner by aligning  
the AFM cantilever tip near the left tip of the crystal by 

Adv. Optical Mater. 2022, 2201518

Table 1. Quantitative mechanical properties of SB1, SB2, and SB3 (see Section S6, Supporting Information).

Sample Name Elastic Modulus (E, GPa) Hardness (H, MPa)

1 mN 5 mN 1 mN 5 mN

SB1 (major face, (100)) 8.4 (±1) 7.87 (±0.35) 317 (±33) 224 (±10)

SB2 (major face, (100)) 4.54 (±0.45) 4.43 (±0.09) 204 (±12) 167 (±5)

SB3 (major face, (010)) 7.05 (±0.25) 5.67 (±0.38) 214 (±10) 169 (±5)

Figure 2. The mechanical properties of plastically flexible crystals. a) Plastic bending nature of SB1 (i–iii), SB2 (iv–vi) and SB3 (vii–ix), respectively, 
determined by three-point-bending tests; b) representative load−displacement (P-h) curves at 1mN and 5mN loads; c) scatter plot of hardness (H) 
versus elastic modulus (E) obtained from nanoindentation experiments at a 5 mN load.
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moving the stage. A gentle force was applied in the forward 
direction (−y) to bend the crystal to ≈ 90° (Figure S7.1i–iii,  
Supporting Information). The AFM cantilever was then posi-
tioned to the right side of the crystal, and force was applied in 
the -x and -y-directions to create the desired inverted U-shaped 
geometry with both ends pointing nearly parallel to each other  
(Figure S7.1iv–viii, Supporting Information). The U-shaped 
crystal was subjected to laser excitation-position-dependent 
optical waveguiding studies (Figure 4d-ii). The FL is efficiently 
transduced to both ends of the crystal even in the bent geometry. 
The excitation-position-dependent FL spectra also show optical 
modes, which are different from the straight crystal due to a 
change of crystal shape (Figure 4e). The αˊ value of the U-shaped 
crystal (0.1103 dB µm−1) was higher than its straight geometry  
(0.0855 dB µm−1), which is attributed to the light seepage from 
the bent region (Figure 4f).

2.5. Construction of Ring-Resonator, and Monolithic  
OPIC-A/OPIC-B

The construction of a monolithic circuit (OPIC-A) necessi-
tated the fabrication of a ring resonator (RR) from SB3 straight 
crystal waveguide of length, L  ≈ 241  µm (OW1) (Figure  5a-i). 
The optical waveguiding investigations confirmed the FL light 
transducing tendency of OW1 (Figure  5aii–iv and Figure S7.2, 
Supporting Information). Remarkably, laser light excitation 
at either of the two ports (P1 or P2) of OW1 displayed optical 
modes in the FL band (Figure  5b,c). To make a RR, the OW1 
waveguide was mechanically bent into an O- or ring-shape by 
connecting its ends in an edge-to-edge fashion (Figure  5d-i 
and Figure S7.3, Supporting Information). The horizontal and 

vertical diameters of the RR were ≈71 and ≈61 µm, respectively 
(Figure 5d-ii). During the optical excitation of the RR at P1 and 
P2, the FL propagated either clockwise or counter-clockwise 
(Figure  5d-iii,iv) as evident from the spectra recorded at the 
respective output terminals P2 and P1 (Figure 5e,f). The exci-
tation-position-dependent optical waveguiding investigation of 
the RR shows optical modes in the FL spectra (Figure S7.4, Sup-
porting Information).

To fabricate a monolithic RR coupled waveguide based on 
an SB3 crystal, an OW2 with length L ≈ 229 µm was selected 
(Figure 6a-i,ii and Figure S7.5, Supporting Information). When 
either end of the crystal was excited (P3 or P4; Figure 6a-iii,iv) by 
the laser, an FP mode output signal was measured at the oppo-
site end (Figure 6b,c). For the integration of the RR and OW2, 
the cantilever tip force was applied along the -y direction, at the 
left, right, and center of the OW2 crystal, resulting in a mono-
lithic circuit, OPIC-A (Figure 6d-i,ii and Figure S7.6, Supporting 
Information). OPIC-A was subjected to optical waveguiding 
experiments by optically exciting at P3 position. The generated 
green FL transduced to P4 and also passively coupled to the 
RR at the junction (via evanescent field), taking an anticlock-
wise path and recombined with the waveguide (Figure  6d-iii).  
Similar optical behavior was realized when P4 was excited, 
and the FL routed in a clockwise direction to outcouple at P3 
position (Figure 6d-iv). The FL spectra at P4 and P3 positions 
reveal optical modes (Figure  6e,f), which are different from 
the uncoupled OW2 waveguide at the same spectral collection 
points due to optical interference (Figure 6b,c).

To enhance the coupling between the OW2 waveguide-
cavity and the RR, the straight OW2 crystal in OPIC-A was 
bent into an inverted U-shape by applying cantilever tip force 
at both sides of the crystal, producing an OPIC-B (Figure 6g–i 

Adv. Optical Mater. 2022, 2201518

Figure 3. a–c) Solid-state absorbance and fluorescence spectra of SB1, SB2, and SB3. d) Optical properties of SB1, SB2, and SB3 crystals.
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Figure 5. a-i) Confocal optical, and a-ii) FL images of a straight SB3 single-crystal waveguide, OW1. FL images depicting optical excitation of OW1 at a-iii) 
P1 and a-iv) P2, and the corresponding input and output FL spectra are shown in b,c). d-i) Confocal optical, and d-ii) FL image of RR fabricated from single-
crystal SB3. FL images depicting optical excitation of OW1 at d-iii) P1 and d-iv) P2, and the corresponding input and output FL spectra are shown in e,f).

Figure 4. Confocal a-i) optical, and a-ii) FL images of a single straight SB2 crystal of L ≈217 µm excited with a 405 nm laser at different positions along 
the crystal. b) The corresponding excitation-position-dependent FL spectra. d-i) Confocal optical and d-ii) FL images of a U-shaped SB2 crystal fabri-
cated by bending the straight crystal via mechanical micromanipulation. The FL images depict excitation along the bent crystal at different positions. 
e) The corresponding excitation-position-dependent FL spectra. c,f) Estimated optical loss coefficient (α′) from the plot of light propagation distance 
versus Itip/Ibody of the straight and the U-shaped crystals.
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and ESI Figure S7.7, Supporting Information). The convex cou-
pling region was expected to facilitate effective inter-crystal 
optical coupling (Figure  6g-i,ii). The constructed OPIC-B was 

subjected to waveguiding studies by exciting at P3 and P4 and 
the output signal was recorded at P4 and P3 points, respectively 
(Figure  6g-iii,iv). Similar to the OPIC-A, the RR routes the 

Figure 6. a-i) Confocal optical, and a-ii) FL images of a straight SB3 single-crystal waveguide, OW2. FL images depicting optical excitation of OW2 
waveguide at a-iii) P-3, a-iv) P-4, and the corresponding input and output FL spectra are shown in (b) and (c). d-i) Confocal optical and d-ii) FL images 
of monolithic OPIC-A fabricated from SB3 crystals. FL images depicting optical excitation of OPIC-A at d-iii) P3, d-iv) P4, and the corresponding input 
and output FL spectra are shown in (e) and (f). g-i) Confocal optical, and g-ii) FL images of monolithic OPIC-B. FL images depicting optical excitation 
of OPIC-B at g-iii) P3, g-iv) P4, and the corresponding input and output FL spectra are shown in (h) and (i).

Figure 7. a) Confocal optical images depicting the steps involved in the mechanical micromanipulation of a SB3 single crystal (OW3) into a hook-shape. 
b-i) FL images of OW3 optically excited at b-ii) P5 and b-iii) P6 termini. The corresponding FL spectra are shown in (c) and (d). e-i) Confocal optical, 
and e-ii) FL images of a straight OW4 microcrystal of SB1 excited at e-iii) P7 and e-iv) P8 termini. The corresponding FL spectra are shown in (f) and (g).
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input signal in a clockwise and counter-clockwise path based 
on the input excitation terminal. The obtained optical modes at 
output P3 and P4 (Figure 6h,i) are different from the uncoupled 
OW2 (Figure 6b,c) and OPIC-A outputs (Figure 6e,f), owing to 
change of OW2 from straight to bent.

2.6. Fabrication of Hybrid Organic Photonic Integrated Circuit 
(HOPIC) from OW3 and OW4

For constructing a hybrid OPIC (HOPIC) using SB1 (OW4) 
and SB3 (OW3) microcrystals, a SB3 crystal waveguide (OW3) 
of L  ≈ 241  µm was selected. The selected waveguide was 
mechanically pushed at the left side of the crystal by applying 
force in the +x-directions, resulting in a hook-shaped geometry  

(Figure 7ai–iii). Initially, the optical transducing behavior of 
OW3 crystal was tested by exciting at P5 or P6, respectively 
(Figure  7bi–iii). The corresponding output spectral signals 
collected at P6 or P5 positions exhibited weak optical modes 
(Figure 7c,d).

The excitation-position-dependent optical studies showed an 
increase of FL intensity with the decrease in the optical path 
length (L) of the waveguide cavity (Figure S7.8a,b, Supporting 
Information). The OW3 waveguide α′ is 0.1064  dB µm−1  
(Figure S7.8c, Supporting Information). Later, the optical prop-
erties of SB1 microcrystal of L ≈172 µm (OW4) were investigated 
by exciting at P7 or P8 (Figure 7ei–iv), and the output signal at 
P8 or P7 shows the optical modes in the FL band (Figure 7f,g). 
The α′ of OW4 measured to be 0.1248 dB µm−1 (Figure S7.9a–c, 
Supporting Information).

Figure 8. a) Confocal optical images depicting crystal mechanical manipulation steps (lifting, dropping, cutting and integrating) involved in the fabri-
cation of HOPIC using straight SB1 crystal (OW4) and hook-shaped SB3 crystal (OW3). b-i,ii) FL images of HOPIC excited at P5 and P7, respectively. 
c,d) FL spectra collected at input and outputs ports and the junction, J1.

 21951071, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202201518 by Fak - B
am

 B
erlin, W

iley O
nline L

ibrary on [12/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advopticalmat.de

2201518 (9 of 10) © 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbHAdv. Optical Mater. 2022, 2201518

Tip-to-tip integration of a straight SB1 crystal (OW4) with a 
hook-shaped SB3 crystal (OW3) via mechanical micromanipu-
lation is a difficult task. For that, the OW4 crystal was lifted 
(-z-direction) from substrate-2 with the help of AFM cantilever 
tip and then transferred onto substrate-1 by cautiously dropping 
it (+z-direction) close to the OW3 crystal (Figure 8ai,ii). Later, 
the OW4 crystal was precisely cut into the desired length by 
applying force in the -y direction (Figure  8aiii,iv). Finally, the 
hook-shaped OW3 crystal was integrated with OW4 waveguide 
by pushing the latter in the forward direction (-y-direction) 
and left tip (+x direction) toward the SB3 crystal, producing a 
unique tip-to-tip coupled hybrid junction (J1), namely, HOPIC. 
(Figure 8avi–ix).

To test the optical performance of HOPIC, the P5 of HOPIC 
was excited with a 405 nm laser, the produced green FL from 
the excitation point transduces to the junction, J1 (Figure 8b-i).  
At the hybrid junction, the long-pass filtered (due to reabsorb-
ance) green FL signal optically excited OW4 waveguide tip 
through an energy transfer mechanism, and the resultant OW4 
FL was delivered at P7 (Figure 8b-i). The FL spectra recorded at 
P7 and J1 exhibited enhanced optical modes compared to those 
collected for the OW3 waveguide at the same points before 
circuit fabrication (Figure  8c). Later, the input excitation posi-
tion moved to P7 position of the HOPIC and output signals 
were recorded at J1 and P5 (Figure 8bii,d). Interestingly, optical 
modes at these ports revealed well-separated modes, especially 
at P5 position, which may be attributed to some of the modes 
matching in OW4 and OW3, thereby enhancing the optical 
modes in the FL spectrum.

3. Conclusion

In summary, we prepared three mechanically plastic crys-
tals from Schiff base compounds, abbreviated as SB1, SB2, 
and SB3. When external stress was applied, the anisotropic 
molecular packing with slip planes provided permanent defor-
mation to these crystals. SB1 and SB2 crystals bent when 
stress was applied to the (100) face, whereas SB3 crystals bent 
over the (010) face, parallel to their slip planes. SB1 and SB3 
crystals exhibited FL from ≈500–750  nm, whereas SB2 FL 
appeared from ≈500–775  nm. Crystals SB1–SB3 reabsorbed 
their FL in the ≈500–573 nm, ≈500–570 nm and ≈480–566 nm 
regions, respectively. Notably, the absorbance and emission 
spectra exhibited energy-transfer possibility from SB1 to SB3, 
and SB3 to SB1 in the 500–570  nm region. These plastically 
deformable flexible crystals displayed active optical wave-
guiding tendency in their straight and 180° (U- and J-shapes) 
and 360° (O-shaped ring) bent geometries. Using mechano-
photonics, a monolithic circuit was fabricated by integrating 
the convex part of U-shaped and O-shaped SB3 crystals. 
Later, a hybrid circuit was fabricated by connecting one of the 
tips of a straight SB1 crystal and a hook-shaped SB3 crystal, 
facilitating a unique tip-to-tip coupling. The monolithic and 
hybrid circuits transduced optical signals via active, passive, 
energy transfer, and reabsorbance mechanisms. Due to the 
involvement of two electronically different crystals, the hybrid 
circuit demonstrated light transduction via energy transfer 
mechanisms.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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