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Spatially controllable and mechanically
switchable isomorphous organoferroeleastic
crystal optical waveguides and networks
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The precise, reversible, and diffusionless shape-switching ability of organic
ferroelastic crystals, while maintaining their structural integrity, positions
them as promising materials for next-generation hybrid photonic devices.
Herein, we present versatile bi-directional ferroelasticity and optical wave-
guide properties of three isomorphous, halogen-based, Schiff base organic
crystals. These crystals exhibit sharp bending at multiple interfaces driven by
molecularmovement around the CH=N bond and subsequent 180° rotational
twinning, offering controlled light path manipulation. The ferroelastic nature
of these crystals allowed the construction of robust hybrid photonic struc-
tures, including Z-shaped configurations, closed-loop networks, and staircase-
like hybrid optical waveguides. This study highlights the potential of shape-
switchable organoferroelastic crystals as waveguides for applications in pro-
grammable photonic devices.

Ferroelasticity, akin to ferroelectricity and ferromagnetism, involves
spontaneous strain generation in twinned domains under external
stress1,2. In materials science, the controllable twin domain structure
in ferroelasticity finds applications in memory storage, thermal
management, optoelectronic devices, andmore3–8. The emergence of
ferroelasticity in organic crystals has attracted interest due to their
ease of preparation, mechanical flexibility, lightweight, high refrac-
tive index, and environmental advantages compared to the inorganic
materials9. Several organic ferroelastic crystals have been studied
with systematic structural-property analysis10–14. Organic crystals can
undergo shape transformation through various mechanical defor-
mations, like elastic, plastic, and helical twisting, influenced by
structural factors viz slip planes, defects, and non-covalent
interactions15–19. In contrast, organic ferroelastic crystals exhibit
twinning-based, diffusionless phase transformations, preserving
structural integrity9,20. The reversibility and diffusionless character-
istics of organic ferroelastic crystals position them as promising
materials for the futuristic structurally dynamic flexible organic
crystals (FOCs).

The growing demand for miniaturized optical devices, such as
optical links and wearable sensors, necessitates the development of
flexible micron-sized optical waveguides (OWGs). FOCs have been
extensively studied for constructing OWGs, which are essential in
photonic integrated circuits21–23. Thiacyanine dye nanofibers exhibit
potential as flexible active OWGs24. Recently, FOCs have demon-
strated passive OWGproperties similar to siliconwaveguides25,26. The
optical waveguiding in millimeter-sized elastic crystals has also illu-
strated the potential of FOCs as photonic device components27, soft
robots28, and sensors29. Further, epitaxially grown organic hetero-
structures serve as multi-color emissive OWGs30,31. Recent advance-
ments, such as pseudo-plasticity and mechanical micromanipulation
techniques, have allowed the construction of various optical mod-
ules and photonic integrated circuits using FOCs32–35. However,
developing flexible organic OWGs with sharp bends, preserving
crystalline integrity in deformed areas, and reversibility remains
challenging with existing elastic/plastic crystals. Our previous
research has shown that versatile ferroelastic deformation in organic
crystals, achieved through multiple mechanical modes, enables the
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precise creation of sharp bends at multiple interfaces13. Particularly,
the use of photoluminescent ferroelastic crystals as OWGs repre-
sents a significant advancement10, merging ferroelasticity with pho-
tonics for innovative hybrid optics device applications. High
refractive index ferroelastic organic crystals, with light transduction
control, satisfy the requisites for reversibility, crystalline integrity,
and precise shape reconfiguration, enabling the advancement of
spatially reconfigurable smart devices and circuits.

Recent studies have explored the useofmagneticfield36 andAFM-
tip assistance32 for achieving directional reconfigurability in OWs
based on FOCs. However, a new frontier lies in leveraging ferroelastic
crystals to create spatially controllable photonic structures with pre-
dictable bending angles, yet programmable through reversible phase
transformation. In this work, we synthesized three isomorphous Schiff
bases, each containing 3-bromo-2-{(E)-[(4-halo-phenyl)imino]methyl}
−6-methoxyphenol with fluoro, chloro, and bromo substituents (1-X;
where X = F, Cl, and Br). In the crystalline state, these compounds not
only demonstrated shear-induced bi-directional ferroelastic deforma-
tion but also displayed a rarely observed photoluminescence (PL). The
bi-directional ferroelasticity and optical characteristics enable the
development of the organoferroelastic crystal OWGs with meticulous
mechanical control over their sharp bends. The terminal-to-terminal
alignment of three ferroelastic crystals with decreasing widths facil-
itates light transmission through progressively narrowing cross-
sections. Furthermore, the ability to reversibly deform these OWGs
and construct open and closed-loop networks suggests their potential
applicability in advanced mechanophotonic devices and mechanically
responsive optical circuits.

Results and discussion
The Schiff bases (1-X) were synthesized by dissolving equimolar
amounts of 6-bromo-2-hydroxy-3-methoxybenzaldehyde with their
respective anilines (4-fluoroaniline, 4-chloroaniline, and 4-bromoani-
line) through a nucleophilic addition reaction in hot acetonitrile
(Fig. 1a). In all cases, the resulting solution was allowed to slowly eva-
porate, yielding millimeter-sized block-shaped, orange-colored single
crystals of 2–5mm in length, 20–60 µm in thickness, and 30–120 µm in
width. Subsequent single-crystal X-ray analysis (SXRD) confirmed the
identity of these Schiff bases, which were found to crystallize in a
monoclinic crystal system with the P21/n space group with iso-
morphous nature at room temperature (Supplementary Figs. 1–4 and
Supplementary Tables 1, 2).

Investigation of themechanical properties of the single crystals of
1-Cl showed that upon application of stress on the (00�1) plane, it
exhibited a versatile bi-directional ferroelastic deformation (Supple-
mentary Fig. 5, and Supplementary Movie 1 and 2). As a result, the
crystals of 1-Cl could be deformed at various points, resulting in the
formation of a distinct staircase pattern (Fig. 1b, c). On passing light in
a 1-Cl deformed crystal, the light propagated from one end to another
through themother anddaughter domains, reflecting the light-guiding
ability in the sharply bent ferroelastic crystal (Supplementary Fig. 6,
SupplementaryMovie 3). Moreover, surface roughnessmeasurements
by 3D laser confocal microscopy revealed that the mother domain
remained unaltered at the microscopic level even after undergoing
ferroelastic deformation, indicating surface integrity (Fig. 1d and
Supplementary Fig. 7 and 8). The surface roughness of unevenly
deformed 1-Cl crystal was found in the range of 13 − 49 nm, obtained

Fig. 1 |Molecular structures andmechanicalpropertiesof 1-X (X= F, Cl, andBr).
a Molecular structure of Schiff bases (1-F, 1-Cl, and 1-Br). b, c Ferroelastically
deformed crystal of 1-Cl under polarized white light and UV light, respectively. αM

and αD correspond to mother and daughter domains in ferroelastically deformed
crystals, respectively. d Surface roughness of mother and daughter domain of
ferroelastically deformed crystal of 1-Cl. e Snapshots of 1-Cl crystal during the

stress-displacement measurements. f–h Stress-displacement curves of a single
crystal of 1-F, 1-Cl, and 1-Br, respectively. i Coercive and reverse stress of ferroe-
lastic deformation of 1-F, 1-Cl, and 1-Br, and (j, k) elastic moduli of 1-F, 1-Cl, and
1-Br. The forward stress, reverse stress, and elasticmodulus values are expressed as
mean ± standard deviation, n = 3.
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by atomic force microscopy (Supplementary Fig. 23). The ferroelastic
deformation of the crystals was quantitatively confirmed by applying
shear stress on the (00�1) plane of 1-F, 1-Cl, and 1-Br crystals (Fig. 1e,
Supplementary Movies 4 and 5). The nucleation and propagation of
the daughter domain (αD) from themother domain (αM)were initiated
at the coercive stresses of 0.44, 0.35, and 0.40MPa, respectively
(Fig. 1f–i). The reverse transformation of the daughter domain to the
mother domainwas initiated by applying shear stress of 0.11, 0.09, and
0.135MPa on the (001) plane for 1-F, 1-Cl, and 1-Br, respectively. Fer-
roelastic deformation enables strain release and reversibility. In all
cases, shear-displacement graphs showed hysteresis loops, confirming
ferroelastic deformation (Supplementary Fig. 9). Moreover, the coer-
cive and reverse stresses were notably similar in each crystal, with 1-F
having the highest values, followed by 1-Br, and 1-Cl (Fig. 1i).

Furthermore, the three-point bending test determined the elastic
moduli of these crystals, with 1-F having the highest modulus
(3.35 GPa), followed by 1-Br (3.22 GPa), and 1-Cl (2.63 GPa) (Fig. 1j, k,
Supplementary Fig. 10, and Supplementary Movies 6 and 7). The
similarity in their mechanical properties can be attributed to their
isomorphous nature. Additionally, all three ferroelastic crystals
exhibited rare PL under UV light. Notably, both the ferroelastic
deformation quantified by the stress-strain curve and elastic moduli
remained consistent when measured under UV light, indicating the
crystals’ photochemical stability (Supplementary Fig. 11, and Supple-
mentary Movies 5–7).

To understand the underlying mechanism of the three iso-
morphous ferroelastic crystals (1-F, 1-Cl, and 1-Br), SXRDanalyseswere
conducted (Supplementary Fig. 1, and Supplementary Table 1). All

Fig. 2 | Structural basis for the ferroelastic deformation in 1-X (X = F, Cl, Br)
crystals. a–c Crystal packing of 1-F, 1-Cl, and 1-Br. d Face indexes of deformed
single crystal 1-Cl. e Estimated connecting manners of an αM (mother domain) and

αD (daughter domain) of 1-Cl based on the X-ray diffraction measurements.
fCrystal packing of 1-Cl, and (g–i) Estimatedmolecularmovements at the interface
of 1-F, 1-Cl, and 1-Br.
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three crystals are referred to as themother domains (αM) in their initial
state. Despite variations in the halogen group (F, Cl, and Br), the crystal
packing of 1-F, 1-Cl, and 1-Br is similar (Fig. 2a–c). The resemblances in
crystal packing, Xpac, and unit cell similarity index indicate their iso-
morphous nature (Fig. 2a–c, Supplementary Figs. 2–4, and Supple-
mentary Table 2). The crystal lattice of 1-F, 1-Cl, and 1-Br is
predominantly stabilized through C–H⋯O hydrogen bonds, C–H⋯F/
Cl/Br weak hydrogen bonds, and π⋯π stacking interactions.

The bent crystals of 1-F, 1-Cl, and 1-Br revealed bi-directional
ferroelastic deformation attributed to 180° rotational mechanical
twinning, facilitated by molecular movement around the CH=N bond
at angles of 17.37°, 17.90°, and 18.01°, respectively (Fig. 2g–i). A
bending angle of 22.20° between αM and αD can be anticipated based
on crystallographic findings at the twin interfaces (0�11) αM//(01�1)αD.
This angle aligns well with data measured by optical microscopy for
1-Cl (22°) and is comparable to 1-F (21.23°) and 1-Br (22.06°) (Fig. 2d).
The consistent bending angle among 1-F, 1-Cl, and 1-Br can be attrib-
uted to their isomorphous crystal packing. Interestingly, the crystal of

1-Cl displayed deformations with varying bending angles, such as 22°
and 11°, where the twin interfaces are ð0�11ÞαM //ð01�1ÞαD and (0�21)αM

//(02�1)αD respectively (Fig. 2d and Supplementary Fig. 12). These
variable bending angles are attributed tomultiplemechanical twinning
modes about a zone axis.

Isomorphous crystal structures provide valuable insights into
diverse interactions and distinct properties. While the isostructurality
of Cl and CH3 has been studied extensively37, the isostructural nature
of halogen groups (F/Cl/Br) has been relatively understudied38. In this
study, 1-F, 1-Cl, and 1-Br crystals served as a platform to investigate
structural-level variations influencing deformation traits, such as
coercive stress in ferroelastic deformable crystals (Figs. 1a and 2a). We
also aimed to unveil the reasons behind variations in the coercive and
reverse stress of these isomorphous crystals from a supramolecular
perspective. In the crystal structure of 1-Cl, molecules form dimeric
synthons along the crystallographic c-axis through C–H⋯O hydrogen
bonds (3.529 Å, 167.07°, and 3.3579Å, 120.27°), while relatively weak
C–H⋯Cl hydrogen bonds (3.09 Å, 3.127 Å, and 3.22 Å) connect these

Fig. 3 | Optical waveguiding characteristics of straight and ferroelastic bent
1-Cl crystal waveguide. a, b Confocal optical and FL microscope images (upon
excitation with 405 nm laser) of a straight 1-Cl crystal optical waveguide (OW1),
respectively. Scale bars are 360 µm. d, e Confocal optical and FL microscope ima-
ges of a ferroelastic bent 1-Cl OW1, respectively. Scale bars are 360 µm. c, f FL

spectra obtained as a function of the distance between illumination and collection
point in the straight and ferroelastic bent OW1. gOptical lossmeasured for straight
and ferroelastic bent OW1. h, i Top and tilted-view color-coded FESEM images of a
bent 1-ClOW1, respectively.Θ represents the change in the viewing angle between
the top- and the tilted-views.
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dimers, creating 1D tapes along the crystallographic a-axis. The
molecules exhibit π⋯π stacking interactions (shortest 3.402 Å,
3.430Å) along the crystallographic b-axis, while the flexible side faces
demonstrate a crisscross packing with a corrugation angle of
approximately 85°. A similar interaction pattern is seen in the crystal
structure of 1-Br, with the Br⋯Br interaction being relatively stronger
than the Br⋯Cl interaction (3.79 Å vs. 3.837 Å), corresponding to the
order of coercive stress responsible for ferroelastic deformation.

Notably, the crystal structure of 1-F exhibited significant differ-
ences in intermolecular interactions compared to 1-Cl and 1-Br, with
stronger C—H⋯O and C—H⋯F interactions, along with prominent
π⋯π stacking (3.369Å). These distinct molecular interactions in 1-X
(X =Cl, Br, I) crystals likely contribute to variations in coercive stress.
Specifically, the robust C–H⋯F interactions may account for the
highest coercive stress observed, consistent with shear test measure-
ments of 1-F crystals, while stronger π⋯π interactions are responsible
for the highest elastic modulus in the case of 1-F.

Solid-state optical studies of the three isomorphous 1-X crystals
showed comparable optical properties, with their absorption spectra
extending up to 620nm (Supplementary Fig. 13 and Table 3). The

emission spectra covered the red part of the visible spectrum with
slight variations in maxima (597 nm for 1-Br, 607 nm for 1-F, and
610 nm for 1-Cl), and the absolute PL quantum yield was estimated to
be less than 1% using an integrated sphere setup.

The 1-X organoferroelastic crystals exhibited good strain-holding
capacity, and their PL enabled the construction of sharply bent crystal
waveguides, distinguishing them from elastic or plastic crystals. The
1-Cl crystal (OW1, length, L≈1.35mm; width, W≈276 µm) was excited
with a 405 nm (continuous wave) diode laser at the left terminal,
resulting in red fluorescence, FL (signal: λ(A) ≈552–780nm; A denotes
the active signal) with a λmax of ≈610 nm (Fig. 3a–c). The red FL pro-
pagated to the opposite right terminal through the crystal’s long axis
via the total internal reflection and outcoupled a reabsorbed signal
-λ(A) ≈578–780nm (-sign denotes the reabsorbed narrow band active
signal), confirming the active type light transducing ability ofOW1. The
crystal was excited at various locations (1.35, 1.10, 0.90, 0.73, 0.53,
0.23, and 0mm) starting from the right terminal, and their respective
FL spectra were recorded (Fig. 3b). Consistent with previous
studies22,32–35, as the distance between the excitation and the detection
points decreased, there was an exponential increase in FL intensity

Fig. 4 | Photonic aspects of the fabricated closed-loop structure from bent 1-Cl
crystal waveguides. a Stitched confocal optical and (b) FL microscope images
(excitedwith UV torch) of closed-loop structure constructed from ferroelastic bent
1-Cl crystal waveguides, presented on light blue and black colour background
panels, respectively. C1-C4, b1-b4 and J1-J4 correspond to ferroelastic bent crystals,
bends and junctions, respectively. c Stitched FL images of the closed-loop structure
shown in a, when illuminated with 405 nm laser light at the bend, b1. The dotted

white arrows show light propagation paths. d, e FL spectra recorded at different
positions on the closed-loop structure when excited at b1 and b2, respectively.
f Color-coded FESEM image of closed-loop structure shown in a. Bottom insets
present the close-up view of the bent portions b1-b4, respectively. (Note: The
positionof crystals in FESEMwas slightly alteredwhile transferring onto the copper
substrate to record electron microscope images).

Article https://doi.org/10.1038/s41467-024-51504-5

Nature Communications |         (2024) 15:7478 5



(Fig. 3c). The optical loss (α′) for the straight OW1 was calculated to be
≈0.378 dB cm−1 (Fig. 3g, Supplementary Fig. 14).

A critical understanding of how the optical properties of a mate-
rial changeundermechanical stress is essential for developing efficient
organic photonic devices. To investigate the mechanophotonic
aspects of the 1-Cl crystal, OW1 was subjected to stress on the (00�1)
plane. Initially, the crystal was deformed in the ‘x’ direction at 350 µm
away from the left end, leading to amolecular rotation of 13° creating a
daughter domain (as described in Supplementary Movie 1, Fig. 3d).
Similar stress-induced ferroelastic deformations at 655 µm and 1mm,
with an angle of 13°, resulted in multiple bends in the 1-Cl crystal. The
FESEM images of the top- and tilted side-views of the bent crystal
clearly illustrate the geometric changes (Fig. 3h, i). Optical waveguid-
ing experiments conducted on the ferroelastic bent 1-Cl crystal
exhibited a waveguiding tendency as observed before the mechanical
bending (Fig. 3e, f); however, the guided optical signal must navigate
through the crystal’s several sharply bent geometry (Fig. 3d). The α′ of
the ferroelastic bent 1-Cl crystal OWG was calculated to be
0.555 dB cm−1 (Fig. 3g, Supplementary Fig. 14). The increased optical
loss in thebentOWG is attributed to light scattering at the twin domain
wall-crystal bend interface induced by mechanical bending and minor
crystal damage during mechanical deformation. The light-guiding
property on a high-aspect-ratio 1-Cl crystal with more bends (eight
bends) demonstrates impressive mechanophotonic characteristics
(Supplementary Fig. 15a–c, g). Notably, the guided optical signal can
sustain multiple ferroelastic deformations before outcoupling at the
opposite terminal (Supplementary Fig. 15d–h). The increase in α′ after
a series of bends on the straight crystal is only0.425 dB cm−1, validating
the robustness of 1-Cl ferroelastic crystal OWGs (Supplementary
Fig. 15i).

Organic OWGs’ suitability for photonic applications depends on
their ability to construct diverse optical geometries, including closed-
loop configurations. Achieving a closed-loop geometry involves inte-
grating four bidirectional ferroelastic 1-Cl crystals (C1-C4), each with
mother and daughter domains. For that, a long crystal was cut with a
razor blade into four fragments of comparable length at an approx-
imate angle of 45° (Supplementary Movie 8), followed by deforming
them ferroelastically (b1, b2, b3 and b4). The closed-loop structurewas
created by careful mechanical positioning of the bent crystal wave-
guides using tweezers under a confocal optical microscope (Fig. 4a,
Supplementary Fig. 16). The FL image of the closed-loop structure
showed intact waveguiding properties by exhibiting bright crystal
termini. The color-coded FESEM image of the closed-loop structure
revealed varying rotation angles (17°, 25°, 10°, and 20°) of the mother
and daughter domains in the bent crystals (C1-C4),with thicknesses (T)
ranging from 222 to 282 µm (Fig. 4f). The close-up view of the FESEM
images indicated the smooth surface of these ferroelastic bent crys-
tals. The photonic performance of the closed-loop structure of 1-Cl
under focused laser beam excitation at bend b1 in crystal C1 produced
a red FL (signal: λ(A) ≈ 552 – 780nm). This signal propagated towards
C1’s terminals, resulting in a narrow band active optical signal
(-λ(A) ≈ 578 – 780nm) at junctions J1 and J2 and passively coupled into
neighboring crystals C2 and C4, respectively (Fig. 4c, d). This passive
light in C2 and C4 traveled in clockwise and counterclockwise direc-
tions, towards their terminals as λ(P) ≈ 578 – 780nm (here P denotes
passive) signals at junctions J3 and J4, respectively. Similarly, when
laser light was directed at bend b2 in crystal C2, the active FL traveled
to J1 and J4 within the same crystal waveguide (Fig. 4e). Simulta-
neously, the same signalwaspassively coupled to adjacent crystals and
detected at J3 and J2. This effective optical signal transmission between

Fig. 5 | Spatially controllable and geometrically reorientable optical wave-
guiding through orthogonally arranged photonic structure. a, b Stitched con-
focal optical and FL microscope images of Z-shaped photonic structure
constructed from ferroelastic bent 1-Cl crystal waveguides. c, d The stitched con-
focal optical and FL microscope images of reconfigured Z-shaped structure fabri-
cated from spatially restored 1-Cl crystal waveguides. Insets display the color-

coded FESEM images of spatially restored 1-Cl crystals. e, f The emission spectra
recorded at various positions on the Z-shaped structure fabricated from bent and
spatially restored 1-Cl crystal waveguides, respectively. The blue arrows between
(a, c) indicate the mechanical spatial reorientation possible in ferroelastic crystals.
In (a, c), the images are presented on light blue colour background panels, for
clarity. In (b, d), the images are presented on black background panels, for clarity.
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bent crystals highlights the suitability of ferroelastic 1-Cl crystal
waveguides as monolithic interconnectors for photonic circuit
applications.

To create spatially reconfigurable ferroelastic OWGs in two
dimensions, four razor cut 1-Cl crystal with a terminal angle of ≈45°
were selected. These crystals were bent at angles of 7-13° and
arranged into a Z-shaped photonic geometry with terminal-to-
terminal contacts using a tweezer (Fig. 5a, b and Supplementary
Fig. 17). The signal transmission along the Z-shaped structure was
achieved by optically exciting the crystal at A (Ex), generating FL that
guided to the crystal terminals, T1 andT2within the same crystal. The
light output at T2 coupled into adjacent crystal tips and propagated
as a passive optical signal to T3, T4, and T5 using the terminal-to-
terminal contacts (Fig. 5e). Notably, the optical signal efficiently
transversed through two orthogonally positioned evanescently
coupled bends in the Z-shaped structure. The α′, as the light passes
through multiple ferroelastic bends, could be reduced by reconfi-
guring the Z-shaped photonic structure by reorienting crystals to its
straight geometry (Fig. 5c, d, f). This experiment demonstrates the

feasibility of geometric adjustments in spatially controllable ferroe-
lastic photonic structures.

Furthermore, to transduce the optical signal through a progres-
sively narrow channel a hybrid photonic bentwaveguidewas createdby
interconnecting three different ferroelastically deformed crystal wave-
guides (1-Cl, 1-F, 1-Br) in decreasing order of thickness in a terminal-to-
terminal coupled arrangement (Fig. 6a, b). The colour-coded FESEM
images revealed that the chosen 1-Cl, 1-F, and 1-Br crystals possess
lengths of approximately 1.354, 1.510, and 0.731mm, and thicknesses of
about 276, 130 and 83 µm, respectively (Fig. 6c, Supplementary Figs. 18,
19). The mechanical integration of ferroelastically deformed crystals
(1-Cl, 1-F, and 1-Br) in a terminal-to-terminal configuration created a
3.565mm long hybrid photonic waveguide (Fig. 6d, e and Supplemen-
tary Figs. 20–22). The irradiation of a 405 nm laser beam on terminal T1
in 1-Cl waveguide, resulted in FL (signal: λ(A) ≈ 552–780nm) that pro-
pagated to T2, albeit with slight reabsorption (Fig. 6c, Supplementary
Fig. 22b, c). The likelihood of energy transfer from 1-Cl to 1-F was
minimal. Therefore, the same signal evanescently coupled into the
adjacent 1-F waveguide, reaching T3 as a passive signal

Fig. 6 | Illustration of light propagation in a hybrid photonic waveguide.
a Confocal optical, b FL and (c) corresponding color-coded FESEM, images of
ferroelastic bent 1-Cl, 1-F, and, 1-Br crystal waveguides, respectively. d Stitched
confocal microscope images of a hybrid photonic structure fabricated by

mechanical integration of crystals shown in (a). e Graphical illustration of light
squeezing in the fabricated hybrid photonic structure. T indicates the thickness of
the crystal. T1-T4 stand for different crystal terminals. λ1(A) and λ1(P) correspond to
active and passive signals operational in hybrid photonic waveguide.
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(-λ(P) ≈ 578–780nm). Likewise, outcoupled light at T3 entered 1-Br
crystal waveguide, producing passive squeezed light output at T4
(Supplementary Fig. 22b, c). Shifting the input light to themiddle of 1-F
crystal waveguide (labeled as “Ex” in Supplementary Fig. 22b) efficiently
transfers the bright FL between termini T2 and T3, with passive signals
outputs at T1 and T4, respectively (Supplementary Fig. 22c, d). For
reverse light guiding from the thinner waveguide to the thicker ones,
focusing the input light on theT4 terminal of 1-Brwaveguide resulted in
optical signal propagation to T3, T2, and T1 across different waveguides
(Supplementary Fig. 22a, b, e). The variation in the width of crystal
waveguide termini and multiple bends resulted in coupling and
bending-induced optical losses. Nevertheless, the staircase-like hybrid
photonic waveguide geometry demonstrated squeezing optical signals
across waveguides of different ferroelastic materials (Fig. 6e).

This study demonstrated three isomorphous organic crystals (1-F,
1-Cl, and 1-Br) with photoluminescent and versatile bi-directional fer-
roelastic properties. Their adaptable mechanical and photonic prop-
erty enabled the fabrication of organicOWGswith sharp-bends. The bi-
directional nature of ferroelastic crystals allowed us to create recon-
figurable and sharply bent waveguides in closed-loop geometries, with
control over optical signal’s direction and intensity. Furthermore,
integrating three chemically distinct ferroelastic crystals resulted in a
staircase-like hybrid photonic waveguide with a light-squeezing cap-
ability. These findings uncover the potential of bidirectional ferroe-
lastic organic crystals for diverse device applications, including smart
optical sensors with structural reconfigurability.

Data availability
The X-ray crystallographic coordinates for structures reported in this
study have been deposited at the Cambridge Crystallographic Data
Centre (CCDC), under deposition numbers CCDC 2308107-2308112.
These data can be obtained free of charge from The Cambridge Crys-
tallographicDataCentre viawww.ccdc.cam.ac.uk/data_request/cif. The
data that support the plots within this paper and other finding of this
study are available within this article and its supplementary informa-
tion file, and are also available from the corresponding author upon
request.

References
1. Wadhawan, V. Ferroelasticity. Bull. Mater. Sci. 6, 733–753 (1984).
2. Salje, E. K. Ferroelastic materials. Annu. Rev. Mater. Res. 42,

265–283 (2012).
3. Wu,M. & Zeng, X. C. Intrinsic ferroelasticity and/ormultiferroicity in

two-dimensional phosphorene and phosphorene analogues. Nano
Lett. 16, 3236–3241 (2016).

4. Yuan, J.-H., Mao, G.-Q., Xue, K.-H., Wang, J. & Miao, X.-S. A new
family of two-dimensional ferroelastic semiconductors with nega-
tive Poisson’s ratios. Nanoscale 12, 14150–14159 (2020).

5. Wang, Y. & Ren, J. Strain-driven switchable thermal con-
ductivity in ferroelastic PdSe2. ACS Appl. Mater. Interfaces 13,
34724–34731 (2021).

6. Aryana, K. et al. Observation of solid-state bidirectional thermal
conductivity switching in antiferroelectric lead zirconate (PbZrO3).
Nat. Commun. 13, 1573 (2022).

7. Liu, Y. et al. Ferroic halide perovskite optoelectronics. Adv. Funct.
Mater. 31, 2102793 (2021).

8. Zhang, H.-Y. et al. Narrow band gap observed in a molecular fer-
roelastic: ferrocenium tetrachloroferrate. J. Am. Chem. Soc. 142,
3240–3245 (2020).

9. Mir, S. H., Takasaki, Y., Engel, E. R. & Takamizawa, S. Ferroelasticity
in an organic crystal: a macroscopic and molecular level study.
Angew. Chem. Int. Ed. 56, 15882–15885 (2017).

10. Seki, T. et al. Photoluminescent ferroelastic molecular crystals.
Angew. Chem. Int. Ed. 59, 8839–8843 (2020).

11. Sasaki, T., Sakamoto, S., Takasaki, Y. & Takamizawa, S. A Multi-
directional Superelastic Organic Crystal by Versatile Ferroelastical
Manipulation. Angew. Chem. Int. Ed. 59, 4370–4373 (2020).

12. Park, S. K. et al. Super‐and ferroelastic organic semiconductors for
ultraflexible single‐crystal electronics. Angew. Chem. Int. Ed. 59,
13004–13112 (2020).

13. Engel, E. R. & Takamizawa, S. Versatile ferroelastic deformability in
an organic single crystal by twinning about a molecular zone axis.
Angew. Chem. Int. Ed. 57, 11888–11892 (2018).

14. Park, S. K. et al. Unraveling Molecular Design Principle of Ferroe-
lasticity in Organic Semiconductor Crystals with Two-Dimensional
Brickwork Packing. Chem. Mater. 35, 81–93 (2022).

15. Ghosh, S. & Reddy, C. M. Elastic and bendable caffeine cocrystals:
implications for the design of flexible organic materials. Angew.
Chem. Int. Ed. 51, 10319–10323 (2012).

16. Hayashi, S. & Koizumi, T. ElasticOrganicCrystals of a Fluorescentπ‐
Conjugated Molecule. Angew. Chem. 55, 2701–2704 (2016).

17. Chattoraj, S., Shi, L. & Sun, C. C. Understanding the relationship
between crystal structure, plasticity and compaction behaviour of
theophylline, methyl gallate, and their 1: 1 co-crystal. Cryst. Eng.
Comm. 12, 2466–2472 (2010).

18. Saha, S.&Desiraju,G. R.Crystal engineering of hand-twistedhelical
crystals. J. Am. Chem. Soc. 139, 1975–1983 (2017).

19. Worthy, A. et al. Atomic resolution of structural changes in elastic
crystals of copper (II) acetylacetonate. Nat. Chem. 10, 65–69
(2018).

20. Sun, H., Park, S. K., Diao, Y., Kvam, E. P. & Zhao, K. Molecular
mechanisms of superelasticity and ferroelasticity in organic semi-
conductor crystals. Chem. Mater. 33, 1883–1892 (2021).

21. Chandrasekar, R. Mechanophotonics – Mechanical Micro-
manipulation of Single-Crystals towards Organic Photonic Inte-
grated Circuits (OPICs). Small 17, 2100277 (2021).

22. Annadhasan, M. et al. Micromanipulation of mechanically com-
pliant organic single‐crystal optical microwaveguides. Angew.
Chem. Int. Ed. 59, 13821–13830 (2020).

23. Chandrasekar, R. Mechanophotonics–a guide to integrating
microcrystals toward monolithic and hybrid all-organic photonic
circuits. Chem. Commun. 58, 3415–3428 (2022).

24. Takazawa, K., Kitahama, Y., Kimura, Y. & Kido, G. Optical waveguide
self-assembled from organic dye molecules in solution. Nano Lett.
5, 1293–1296 (2005).

25. Chandrasekhar, N., Mohiddon, M. A. & Chandrasekar, R. Organic
submicro tubular optical waveguides: self‐assembly, diverse geo-
metries, efficiency, and remote sensing properties.Adv.Opt.Mater.
1, 305–311 (2013).

26. Kumar, A. V. et al. Amphibian-like Flexible Organic Crystal Optical
Fibers for Underwater/Air Micro-Precision Lighting and Sensing.
Angew. Chem. Int. Ed. 62, e202300046 (2023).

27. Liu, H., Lu, Z., Zhang, Z.,Wang, Y. & Zhang, H. Highly elastic organic
crystals for flexible optical waveguides. Angew. Chem. Int. Ed. 57,
8448–8452 (2018).

28. Yang, X. et al. Bioinspired soft robots based on organic polymer-
crystal hybrid materials with response to temperature and humid-
ity. Nat. Commun. 14, 2287 (2023).

29. Yousuf, S. et. al. Elastic Organic Crystals as Bioinspired Hair-Like
Sensors. Angew. Chem. Int. Ed. 62, e2022173 (2023).

30. Zhuo, M. P. et al. Hierarchical self-assembly of organic hetero-
structure nanowires. Nat. Commun. 10, 3839 (2019).

31. Gao, Z. et al. Spatially responsive multicolor lanthanide-mof het-
erostructures for covert photonic barcodes. Angew. Chem. Int 59,
19060–19064 (2020).

32. Annadhasan, M. et al. Mechanophotonics: Flexible single‐
crystal organic waveguides and circuits. Angew. Chem. 59,
13852–13858 (2020).

Article https://doi.org/10.1038/s41467-024-51504-5

Nature Communications |         (2024) 15:7478 8

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


33. Kumar, A. V. & Chandrasekar, R. A mechanophotonic approach
toward an organic, flexible crystal optical interferometer. Adv. Opt.
Mater. 11, 2201009 (2022).

34. Ravi, J., Annadhasan, M., Kumar, A. V. & Chandrasekar, R.
Mechanically reconfigurable organic photonic integrated circuits
made from two electronically different flexible microcrystals. Adv.
Funct. Mater. 31, 2100642 (2021).

35. Ravi, J. et al. Geometrically reconfigurable, 2D, all‐organic photonic
integrated circuits made from two mechanically and optically dis-
similar crystals. Adv. Funct. Mater. 31, 2105415 (2021).

36. Yang, X. et al. Remote and precise control over morphology and
motion of organic crystals by using magnetic field. Nat. commun.
13, 2322 (2022).

37. Wojnarska, J., Gryl, M., Seidler, T. & Stadnicka, K. M. Effect of sub-
stituent exchange on optical anisotropy in multicomponent iso-
structural materials containing sulfathiazole and 2-aminopyridine
derivatives. Cryst. Growth Des. 20, 6535–6544 (2020).

38. Mukherjee, A. & Desiraju, G. R. Halogen bonds in some dihaloge-
nated phenols: applications to crystal engineering. IUCrJ 1,
49–60 (2014).

Acknowledgements
Funding was provided by MEXT KAKENHI (Grants Numbers JP22K18333
and JP22H02137), and JST CREST (Grant number JPMJCR23L2) for S.T.
R.C. thanks SERB-NewDelhi (SERB-STR/2022/00011 and CRG/2023/
003911) for financial support. S.R. thanks the Ministry of Education,
Culture, Sports, Science and Technology (MEXT) for providing theMEXT
fellowship.

Author contributions
S.R. carried out the bulk crystal’s bending and ferroelastic experiments,
and analyzed the results under the supervision of S.T. A.V.K. conducted
the photonics experiments and analyzed the results under the super-
vision of R.C. All authors contributed to the writing of the manuscript.
S.R. and A.V.K equally contributed to this work.

Competing interests
The authors declare no competing interest.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-51504-5.

Correspondence and requests for materials should be addressed to
Rajadurai Chandrasekar or Satoshi Takamizawa.

Peer review information Nature Communications thanks Edwin Foh-
tung, Junhui Jia and the other, anonymous, reviewer for their contribu-
tion to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-51504-5

Nature Communications |         (2024) 15:7478 9

https://doi.org/10.1038/s41467-024-51504-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Spatially controllable and mechanically switchable isomorphous organoferroeleastic crystal optical waveguides and networks
	Results and discussion
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




