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of Chemistry Organic molecular crystals have historically been viewed as delicate and fragile materials. However, recent

studies have revealed that many organic crystals, especially those with high aspect ratios, can display
significant flexibility, elasticity, and shape adaptability. The discovery of mechanical compliance in
organic crystals has recently enabled their integration with responsive polymers and other components
to create novel hybrid and composite materials. These hybrids exhibit unique structure—property
relationships and synergistic effects that not only combine, but occasionally also enhance the
advantages of the constituent crystals and polymers. Such organic crystal composites rapidly emerge as
a promising new class of materials for diverse applications in optics, electronics, sensing, soft robotics,
and beyond. While specific, mostly practical challenges regarding scalability and
manufacturability, being endowed with both structurally ordered and disordered components, the
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crystal-polymer composite materials set a hitherto unexplored yet very promising platform for the next-
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1. Introduction

Organic molecular crystals, composed of discrete molecules
arranged in periodic, symmetrical structures, have been tradi-
tionally viewed as fragile materials that are unsuitable for appli-
cations requiring mechanical stability."® However, recent studies
have challenged this notion by uncovering remarkable dynamic
properties of certain organic crystals, including elasticity, plas-
ticity,  stimuli-responsiveness, and stress-induced
luminescence.*” Unlike conventional brittle molecular solids,
these dynamic and, oftentimes, mechanically compliant organic
crystals can undergo reversible mechanical deformations such as
bending, twisting, and coiling, oftentimes without significant loss
of their crystallinity.®*® The realization that mechanical flexibility
and stimuli-induced adaptability emerge from (relatively weak)
intermolecular interactions could have profound implications for
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their versatility and scope of applications.'®** The ability of these
dynamic organic crystals to change shape responsively makes
them attractive as components in designing soft, deformable
hybrid materials.”*** When coupled with some intrinsic properties
like low density, optical transparency, and diverse electronic
properties, the newly uncovered mechanical compliance of organic
crystals offers a tremendous yet at present, underexplored poten-
tial for next-generation smart, stimuli-responsive materials.'>*
Overcoming the challenges related to their small crystal size, slow
responsiveness, and poor processability may be critical to be able
to harness their potential for direct applications.'”® In response to
this challenge, researchers have initiated endeavors aimed at
synthesizing hybrid materials possessing photoresponsive attri-
butes. This involves the amalgamation of photomechanical
organic nanocrystals with both polymers and inorganic
substances. Optical regulators based on molecular crystals exhibit
immense promise, particularly in domains like artificial muscu-
lature and the realm of soft robotics.”*** Building upon prior
research, endeavors have been pursued to broaden the array of
responsive characteristics and application scopes of organic crys-
tals. This has motivated ample efforts aimed at integrating
mechanically dynamic organic crystals with polymers, metals, two-
dimensional (2D) materials, and other components into multi-
functional composites that have synergistically enhanced mate-
rials properties.”?® Aimed to capitalize on the unique properties of
organic crystals, while mitigating their limitations, the current
efforts are geared towards exploring the structure-dynamic func-
tions of these hybrid materials that are unavailable with the indi-
vidual constituents. Based on some early successes, it is concluded
that the organic crystal-based composite platform holds enormous
promise as the foundational architecture for future technologies
ranging from soft robotics, to sensors, to flexible electronics, and
beyond.">**” Realizing this vision demands a deeper under-
standing of the relationships between the structure and the
dynamics that determines the macroscale behaviour of hybrid
organic crystals. This Perspective summarizes the recent advances
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in the burgeoning research direction of organic crystal hybrid and
composite materials. It discusses the innovative materials design
strategies, their unique multifunctional properties, and the recent
efforts to deploy these composites to diverse application spaces.
The outlook and current challenges for further development of
organic crystal hybrids are also presented. This timely overview
matches the transition from fundamental discoveries of these
materials to their prototypical testing in materials engineering and
technological applications.

2. Evolution of organic crystals: from
fragility to flexibility
2.1 Fundamentals of organic molecular crystals

Organic molecular crystals comprise discrete molecules held
together by non-covalent intermolecular interactions such as
hydrogen bonding, m-m stacking, van der Waals interactions,
and dipolar and quadrupolar forces.”**® The crystalline lattice
exhibits long-range translational and orientational order, giving
rise to anisotropic physical properties.** Small-molecule crystals
represent the most widely studied category, with constituents
that include aromatic hydrocarbons, heterocycles, t-conjugated
architectures, and pharmaceutical compounds.* While tradi-
tionally perceived as fragile materials, certain organic molecular
crystals are now known to exhibit remarkable latent mechanical
compliance and adaptability to external stimuli.**=*”

2.2 Fragility versus latent dynamic properties

Since the earliest studies on crystalline organic compounds,
organic crystals have been predominantly perceived as delicate,
fragile solids.*®** The purported mechanical fragility arises from
the weak intermolecular forces, such as van der Waals, -7 and
CH-T interactions, that act between the isolated molecular entities
and hold together the discrete molecular components within the
crystal lattice.>*® In single crystals, these weak non-covalent inter-
actions are oriented anisotropically in one, two, or three dimen-
sions (1D, 2D or 3D), thereby turning certain crystallographic
directions weaker compared to inorganic crystalline solids like
metals.” Consequently, organic molecular crystals were deemed
mechanically rather unstable and prone to fracture when sub-
jected to stresses.** However, over the past decade, pioneering
studies have overturned this notion for certain classes of organic
crystals by uncovering their remarkable mechanical and dynamic
properties, including elasticity, plasticity, stimuli-responsiveness
and “mechanofluorochromic” luminescence.””** The perception
of organic crystals as intrinsically fragile materials has been
transformed drastically, and this has motived attempts to explain
these exotic properties by analysis of their crystal structures
(Flg. 1).11—13,45—57

2.3 Milestones in establishing the organic crystals’
compliance

Although elastic crystals have been reported before,*®** one
of the notable reports of mechanical compliance of organic
crystals was that of Reddy et al. in 2012 who showed that the
molecular crystal structure of caffeine cocrystal can be
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elastically bent and unbent (Fig. 2a).** Building on this
finding, Hayashi et al. in 2016 demonstrated that m-conju-
gated organic crystals could also exhibit elastic mechanical
properties, attributed to slipped m-stacking between the
molecules (Fig. 2b).>® Clegg et al. in 2017 reported acicular
crystals of bis(acetylacetonato)copper(u), ([Cu(acac),])
(“acac” stands for acetylacetonate). By employing microfocus
X-ray diffraction, they mapped the structural alterations that
take place during the bending of the crystal, and provided
direct evidence for the mechanism responsible for crystal's
elasticity (Fig. 2¢).”* Besides elastic bending, certain organic
crystals were found to display plastic deformation, including
bending, twisting, and coiling, properties that were attrib-
uted to molecular slip planes within their crystal
structures.®*®” For instance, Norikane et al. in 2015 showed
that irradiation with ultraviolet (UV) light could induce
directional “crawling” of azobenzenes crystals on glass
surfaces resulting from a solid-state photochemical reaction
(Fig. 2d).*” Furthermore, the group of Naumov have exten-
sively studied stimuli-responsive dynamic crystals that are
capable of splintering, fragmentation, explosion, jumping,
and bending (Fig. 2€).°*® Recently, Chandrasekar's group
noted an anomalous pseudoplastic behavior in waveguide
microcrystals on silica surfaces during atomic force micros-
copy (AFM) manipulation. These crystals, previously classi-
fied as elastic, showcased an unexpected attribute due to the
prevalence of adhesive over restorative forces upon the
substrate. Leveraging this mechanical micromanipulation
(termed mechanophotonics), the group proceeded to craft
a range of organic crystal-based devices, such as resonators,
interferometers, and others.”*”” These latter demonstrations
utilized an AFM cantilever tip for mechanical micromanip-
ulation of flexible microcrystalline waveguides (Fig. 2f). In
addition, Zhang et al. pioneered the development of the
flexible optical waveguide incorporating organic crystals.”®
This breakthrough was further augmented by their demon-
stration of ultra-low temperature bending capabilities of
flexible organic crystals, alongside additional properties such
as their ability to act as polarization rotators (Fig. 2g-i).”>*°
Simultaneously, Zhao et al. has detailed the creation of
a suite of micro-optical waveguide and micro-ring resonator
structures via solution-processing fabrication techniques.
This mode of optical signal transmission boasts a notably low
optical loss coefficient, foreseeably finding application in
information recording lasers, integrated circuits, and related
domains(Fig. 2j-1).5*% The selected seminal works high-
lighted above have been pivotal in establishing that, contrary
to traditional perceptions, organic molecular crystals can
demonstrate remarkable latent dynamic properties that are
unmatched by other materials.

3. Design strategies for crystal—
polymer composites

Recently, there has been an effort among researchers to
fabricate expansive arrays of organic micro-lasers on flexible

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Time-line and milestones in the research on the mechanical properties and effects of molecular crystals, and evolution of the crystal
adaptronics. Reproduced with permission from ref. 12, Copyright 2022 Spring Nature. Reproduced with permission from ref. 13, Copyright 2022
Wiley-VCH. Reproduced with permission from ref. 14, Copyright 2022 Wiley-VCH. Reproduced with permission from ref. 46, Copyright 2012
Wiley-VCH. Reproduced with permission from ref. 47, Copyright 2013 Royal Society of Chemistry. Reproduced with permission from ref. 48,
Copyright 2014 American Chemical Society. Reproduced with permission from ref. 49, Copyright 2015 Spring Nature. Reproduced with
permission from ref. 50, Copyright 2016 Wiley-VCH. Reproduced with permission from ref. 51, Copyright 2017 Spring Nature. Reproduced with
permission from ref. 52, Copyright 2018 American Chemical Society. Reproduced with permission from ref. 53, Copyright 2019 Royal Society of
Chemistry. Reproduced with permission from ref. 54, Copyright 2020 Wiley-VCH. Reproduced with permission from ref. 55, Copyright 2021
American Chemical Society. Reproduced with permission from ref. 56, Copyright 2023 American Chemical Society. Reproduced with permission

from ref. 57, Copyright 2023 Wiley-VCH.

polymer substrates. These innovations hold promise in
serving as versatile mechanical sensors and exhibit substan-
tial potential for applications in artificial skin technology.?**¢
Capitalizing on the dynamic mechanical properties of
responsive organic crystals, researchers have very recently
proposed various design strategies to integrate these mate-
rials into multifunctional hybrids and composites. The over-
arching motivation is the intention to combine the desirable
properties of organic crystals with those of other materials
having different properties into synergistic hybrids for
applications that require flexible and stimuli-responsive
components. One such strategy entails integration of
organic crystals with stimuli-responsive polymers that can
impart motility and responsiveness.?”*° Being an intrinsically
responsive macromolecules that can translate molecular-level
changes in their structures into macroscopic movements,
such polymers serve as ideal partners that are complementary
in function to the (static) organic crystals.>** For instance,
coating organic crystals with humidity-responsive polymers
introduces capability of humidity-driven actuation, while
temperature-responsive polymers impart a capability for
thermally activated reshaping.”” The polymer components
within these hybrids undergo reversible changes in confor-
mation, solubility or swelling in response to stimuli, thereby
transducing stresses or strains to mechanically deform
physically coupled organic crystals in a dynamic and possibly
reversible manner.'>**?*2¢ This section details various mate-
rials integration strategies that have been devised to fabricate
hybrid and composite materials of organic crystals (Fig. 3).

3.1 Direct deposition of stimuli-responsive polymers on
crystal surfaces

A straightforward yet powerful approach for organic crystal
hybridization is based on direct deposition of stimuli-

© 2024 The Author(s). Published by the Royal Society of Chemistry

responsive polymer coatings or surface layers on molecular
crystals of suitable morphology. Peng et al. in 2022 exploited
hydrogen bonding interactions to deposit polyvinyl alcohol
(PVA) polymer coatings on 10-(trifluoromethyl)anthracene-9-
carbonitrile (TFMAC) crystals and prepared robust bilayers
(Fig. 4a).”* By repeated heating and cooling, the differential
thermal shrinkage and expansion of the PVA layer and the
crystal generates a bending moment of the resulting bilayer.
Bilayer composites fabricated by this simple method are
capable of thermally driven actuation at low temperature and
exhibit rapid response. Such direct deposition approaches
highlight the ease and versatility in the methods for integration
of components with disparate functionalities into hybrid
systems.

3.2 Layer-by-layer assembly of polymer films on crystals

While direct polymer deposition offers simplicity of prepara-
tion, the stepwise layer-by-layer assembly provides the oppor-
tunity for fine control over the multilayer structure of the
organic crystal-polymer composite materials."*'**”** This
highly tunable and sequential surface engineering approach is
based on alternating deposition of stimuli-responsive polymers
and countercharged polyelectrolytes on the crystal surface. Lan,
Zhang et al. in 2021 exploited electrostatic interactions to
deposit poly(diallyldimethylammonium chloride) (PDDA) and
poly(sodium 4-styrenesulfonate) (PSS) multilayer films, fol-
lowed by deposition of a polyvinyl alcohol (PVA) layer, on
aromatic hydrocarbon crystals (Fig. 4b).”* The resulting coat-
ings, PVA-(PDDA/PSS),, prevent the crystals from dissolution in
common organic solvents like dichloromethane (DCM) and
tetrahydrofuran (THF) for over 24 hours. The polymer layer
imparts resistance to solvents while it maintains the optical
properties of the crystal. Subsequently, the same research group
used a similar approach to coat the surface of aromatic

Chem. Sci., 2024, 15, 2684-2696 | 2687
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Fig. 2 Research on flexible organic crystals. (a) lllustration of the crystal arrangement in an elastically bendable cocrystal. (a) Reproduced with
permission from ref. 46, Copyright 2012 Wiley-VCH. (b) Images under both daylight and UV light, showing a single crystal of 1,4-bis[2-(4-
methylthienyl)]-2,3,5,6-tetrafluorobenzene, notable for its remarkable elasticity. (b) Reproduced with permission from ref. 50, Copyright 2016
Wiley-VCH. (c) Depicts the chemical structure of [Cu(acac),], an image of a sharply bent crystal, and its crystal structure. (c) Reproduced with
permission from ref. 51, Copyright 2017 Spring Nature. (d) Diagram and optical micrographs showing 3,3’-dimethylazobenzene crystals moving
vertically when exposed to ultraviolet (UV) light (365 nm) and visible light (VIS) (465 nm). Dashed lines mark the crystals' initial positions. (d)
Reproduced with permission from ref. 49, Copyright 2015 Spring Nature. (e) Photoreactive behaviour of azobenzene crystals, which exert force
on PDMS pillars during bending, for force measurement. (e) Reproduced with permission from ref. 68 under the terms of the CC-BY license. (f)
Schematic and optical microscopic views of five micromechanical processes conducted using an atomic force microscopy (AFM) tip on a flexible
crystal. (f) Reproduced with permission from ref. 72, Copyright 2020 Wiley-VCH. (g) Image of flexible optical waveguides made from organic
crystals. (g) Reproduced with permission from ref. 78, Copyright 2018 Wiley-VCH. (h) Image of flexible organic crystals bent at —196 °C. (h)
Reproduced with permission from ref. 79, Copyright 2020 Wiley-VCH. (i) Flexible organic single crystal having a polarization-rotation func-
tionality. (i) Reproduced with permission from ref. 80, Copyright 2019 Wiley-VCH. (j) Doping for the creation of diverse fluorescent whispering-
gallery-mode (WGM) hetero-microrings. (j) Reproduced with permission from ref. 81, Copyright 2023 Wiley-VCH. (k) WGB Lasers utilizing self-
assembled organic single-crystalline microrings. (k) Reproduced with permission from ref. 82, Copyright 2019 American Chemical Society. (1)
Development and production of a wafer-scale organic printed photonic chip. (1) Reproduced with permission from ref. 83 under the terms of the
CC-BY license.

hydrocarbon crystals with multiple layers of a polyelectrolyte crystal. By alternating exposure to humidity, the PVA layer
membrane as a binding substrate (Fig. 4c)* followed by depo- swells and exerts a bending force on the attached organic
sition of a stimuli-responsive PVA coatings on one side of the crystal. The hydrogen bonding ensures firm, reversible
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Fig.3 Preparation process, deposition method, classification, functionality, and other details pertinent to the hybrid organic—polymer materials.
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26, Copyright 2023 Spring Nature.

integration between the organic crystal and polymer phases.
Bilayer composites fabricated with this approach are capable of
robust humidity-driven  actuations. Beyond humidity,
numerous other external triggers can be introduced by selecting
polymers for stepwise deposition on crystals.***”

3.3 Integration of nanoscale components for response to
multiple stimuli

In addition to direct polymer coatings, researchers have inte-
grated organic crystals with nanoscale additives to construct
multistimuli responsive hybrid crystals.*>***¢* Nanoparticles,
metal oxides, and other inorganic materials can contribute
magnetic, photothermal, and other type of responses that are
otherwise absent in the nascent organic nascent organic
crystal. For instance, Zhang, Naumov et al. in 2022 decorated
aromatic crystal surfaces with magnetic iron oxide nano-
particles by using polyelectrolyte films as binders (Fig. 4d).*?
This allowed remote manipulation of crystal morphology
using external magnetic fields. In another study, the same
group in 2023 coated organic crystals with titanium carbide
(MXene) nanosheets capable of efficient near-infrared photo-
thermal conversion (Fig. 4e).”® Upon light irradiation, the
localized heat generated by the nanosheets induce rapid
crystal bending through differential thermal expansion
against the organic crystal. Such multifunctional hybrids
combining organic crystals with tailored nanoscopic agents
effectively expand the response capabilities and utility of
organic crystals in complex environments.

© 2024 The Author(s). Published by the Royal Society of Chemistry

4. Responsive properties of hybrid
organic crystals

The principal motivation behind the integration of organic
crystals into multifunctional hybrid materials is to obtain rapid,
reversible stimuli-responsive actuation capabilities by
leveraging the dynamic properties of the partnering phases.*>*”
The resultant organic crystal-based composites display unique
responsive characteristics and sensitivity to diverse environ-
mental changes. Coupling organic crystals with stimuli-
responsive polymers has already provided hybrid crystals with
dynamic behaviour that are responsive to temperature,
humidity, light, and other external triggers.'>*2>

4.1 Activation of thermal response through polymer
integration

Among various stimuli modalities, the thermal response has
been widely implemented in organic crystal hybrids to enable
rapid, remotely triggered actuation.'** In their native state,
organic molecular crystals are composed of discrete molecular
entities that are held together by non-covalent interactions.
Combination with polymers that have defined glass transition
temperatures (7g) can result in reversible thermally activated
transitions of the hybrid material. The polymer components
can undergo transitions from a rigid, glassy state to a soft,
rubbery state upon heating over T,, leading to significant
differential thermal strain in the polymer-crystal bilayer

Chem. Sci., 2024, 15, 2684-2696 | 2689
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composites. This results in reversible bending or other
mechanical deformations. Therefore, polymer integration
provides a versatile route to bestow organic crystals with tune-
able thermal response and rapid actuation capabilities. For
example, Lan et al. in 2022 introduced thermoplastic poly-
urethane (TPU) layers on aromatic hydrocarbon crystals such as
anthracene derivatives (Fig. 5a)."* The TPU coating provided
response to low temperature; upon cooling, the TPU layer
contracts, resulting in bending of the bilayer hybrid structure.
By changing the temperature, rapid and reversible control over
the bending was achieved. The hybrid crystals showed
outstanding response from —15 to —120 °C, both in air and in
vacuum.

4.2 Hygroscopic actuation through integration of crystals
and hygroresponsive polymers

In addition to thermal response, humidity-driven actuation has
also been implemented in organic crystal composites by
exploiting the intrinsic hygroexpansion capabilities of certain
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Fig. 5 Response of hybrid organic crystals. (a) Optical images dis-
playing the shape transformation of temperature-sensitive hybrid
crystals at 20 °C, —120 °C, and when submerged in liquid nitrogen. (a)
Reproduced with permission from ref. 14, Copyright 2022 Wiley-VCH.
(b) Optical images of humidity-sensitive hybrid organic crystals
bending in response to humidity under UV light. (b) Reproduced with
permission from ref. 13, Copyright 2022 Wiley-VCH. (c) Images
showing hybrid organic crystals bending when exposed to infrared
light. (c) Reproduced with permission from ref. 26, Copyright 2023
Spring Nature. (d) Images of TizC,T,-coated enol-1 crystal rapidly
bending upon exposure to near-infrared LED light. (d) Reproduced
with permission from ref. 93, Copyright 2023 Wiley-VCH. (e) Images of
magnetically responsive hybrid organic crystals bending when
a magnet is applied. (e) Reproduced with permission from ref. 12,
Copyright 2022 Spring Nature.
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polymers.**” This mode of actuation driven by absorption and
desorption of moisture is particularly relevant to crystal hybrids
designed to operate in different humidity environments. Lan
et al. in 2022 prepared humidity-responsive hybridized organic
crystals by using deposition based on electrostatic interactions,
and the resulting hygroresponsive hybrid material showed
actuation induced by humidity (Fig. 5b).** In response to
changes in aerial humidity, the PVA layer undergoes differential
swelling/contraction due to its propensity to absorb or release
moisture. This generates strain mismatch at the bilayer inter-
face, resulting in reversible macroscopic bending of the hybrid
structure. The hybrids can be actuated bidirectionally between
completely straight and tightly coiled shapes within minutes by
using only changes in humidity.

4.3 Photoactuation through integration

In addition to common stimuli like heat and moisture, light
represents another widely utilized external trigger for reversible
actuation of organic crystal-polymer hybrids.>® Yang et al. re-
ported a new class of hybrid organic crystals that can be
deformed by irradiation with infrared light (Fig. 5c).*® The
hybrid crystals were fabricated by coating organic crystals with
MXene nanosheets and polymer films using the layer-by-layer
assembly approach. MXene are 2D materials that have near-
infrared absorption. Upon infrared irradiation, the MXene
layers converts the light to heat locally, causing thermal
contraction of the polymer coating and bending of the organic
crystal. By modulating the position of the infrared light, the
bending point of individual hybrid crystals can be precisely
controlled. This light-driven shape control was demonstrated
not only with single crystals but also with 2D ordered arrays of
hybrid crystals. Sitti et al. developed a novel type of hybrid
crystal actuator that demonstrates rapid bending under broad-
wavelength light, including UV, visible, and near-infrared (NIR)
light.”® These actuators were prepared by integrating nano-
sheets of titanium carbide (Ti;C,T,) with salicylideneaniline
crystals. The incorporation of MXene enables rapid actuation,
transforming the light energy into mechanical energy. When
exposed to light, particularly in the NIR part of the spectrum,
the MXene layers generate heat, causing the crystal to bend
(Fig. 5d).

4.4 Unconventional activation mechanisms

Beyond the common stimuli described above, researchers have
engineered organic crystal hybrids responsive to magnetic fields
and other unconventional stimuli by integrating suitable
responsive phases through creative materials design.”> As an
illustration, Zhang, Naumov et al. functionalized aromatic
crystal facets with magnetic iron oxide nanoparticles using
polyelectrolyte films as linkers (Fig. 5e).*> This allowed precise
manipulation of crystal morphology under alternating
magnetic fields using external magnets as remote controllers.
Experiments showed the crystals can be repeatedly bent over
3000 cycles without compromising their integrity and with
sustained precision in curvature. The actuation could be per-
formed in both aerial environment and under water. A myriad

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of other unconventional actuation mechanisms can be envi-
sioned by selecting and integrating dynamic crystal and poly-
mer phases using the design strategies outlined previously.

5. Exemplary applications of hybrid
polymer—crystal materials

Leveraging their responsive properties and mechanical
compliance, organic crystal-based hybrids and composites have
enabled diverse applications across multiple disciplines,
including soft actuators and robotics, flexible electronics,
sensors, and optics.****>79> Their performance and scope of
utility arising from the synergistic combination of desirable
attributes underscore the significant technological potential of
such hybrid composite materials. This section describes the key
application domains that could benefit from the multifunc-
tional capabilities of dynamic hybrid organic crystals.

5.1 Soft actuators and robotics

A prominent application area of responsive organic crystal
hybrids are the soft actuators and robotics, which leverage their
dynamic shape-changing abilities for biomimetic motility.">***”
As a demonstration, Yang et al. constructed soft actuators and
robots constructed from the organic polymer-crystal hybrid
materials responding to humidity and temperature changes
(Fig. 6a—c).”” The researchers devised an artificial “inflores-
cence” made of multiple hybrid crystal “petals” that open and
close by alternating levels of humidity, mimicking the motion of
the flowers of the rain lily plant. A hybrid crystal “tendril” was
also fabricated that curls upon temperature change similar to
some plant tendrils. Furthermore, a spider-like walking soft
robot was developed using collective bending of multiple hybrid
legs by breathing in its proximity (Fig. 6a and b). Additionally,
a simple walking robot was demonstrated that directionally
“walks” across surfaces through humidity/temperature-driven
bending and unbending cycles (Fig. 6¢). Lan et al. demon-
strated a simple gripping soft robot made of these hybrid
crystals (Fig. 7a and b)." This device consists of eight similarly
sized crystals which quickly clustered together to form a cage-
like structure within one second as the temperature is
decreased from room temperature to —110 °C. This 0.4 mg
lightweight device could firmly grip a 6.9 mg object, which is 17
times heavier than the device's own weight. Even when the
device was shaken, it did not release the cargo, unless the
temperature was increased (Fig. 7b).

5.2 Flexible electronics

In addition to actuators, researchers have leveraged the
advantageous electronic properties, optical transparency and
mechanical compliance of organic crystals to develop flexible
optoelectronic systems including transistors, photodetectors,
temperature sensors and other devices.”> Zhang, Naumov et al.
demonstrated flexible electronics fabricated using the electri-
cally conductive and mechanically robust hybrid organic crys-
tals (Fig. 7c).>® This approach overcomes the limitation with
poor conductivity of organic crystals by coating the crystal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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surfaces with conductive metal layers and protective polymer
coatings to achieve both electrical conductivity and mechanical
flexibility. The authors showed that the hybrid crystals can be
repeatedly bent without losing their conductivity. Such stable
conductivity coupled with mechanical compliance turns them
into promising components for flexible transistors, sensors,
circuits, and other electronic elements or devices. The ordered
crystal structures provide high charge transport characteristics,
while the polymer coating contributes flexibility. This syner-
gistic crystal-polymer combination enables emerging high-
performance flexible organic electronics that combines the
benefits of crystalline order and mechanical flexibility.

5.3 Flexible photonics

The integration of organic crystals and polymers has enabled
the emerging field of flexible photonics to harness the benefits
of optical clarity, waveguiding abilities, and mechanical
compliance of dynamic organic crystals."»** Lan et al. reported
the use of humidity-responsive hybrid organic crystals as flex-
ible optical waveguides with controllable direction of the light
output by using humidity (Fig. 7d)."* The PVA-coated elastic
crystals exhibited reversible bending and unbending in
response to variation in humidity. This humidity-induced
mechanical actuation was used to exert spatial control over
the position of the light output when such hybrid crystals were
used as active optical waveguides. Yang et al. demonstrated the
magnetic hybrid organic crystals can be used as multidirec-
tional, ultraprecise, and ultradurable optical waveguides that
can be reconfigured in both two and three dimensions
(Fig. 7e).”> The hybrid crystal was used as a waveguide whose
output can be precisely controlled by using a magnet. As
a proof-of-concept, the researchers have fabricated a waveguide
using this material and succeeded to precisely modulate its
shape with magnetic field with remote control of the direction
of light output.

6. Challenges and future perspectives

Despite the impressive progress made over the past few years in
demonstrating organic crystal-based hybrid materials with
attractive responsive properties, several challenges remain on
the way to elevate this technology from a laboratory-scale
research to scalable, real-world applications.

6.1 Scalable and sustainable manufacturing

The first challenge lies with devising a sustainable, economical,
and scalable manufacturing methods for large-scale production
of organic crystal hybrids. Laboratory-scale fabrication
predominately relies on multistep crystallization, surface
functionalization, and manual assembly—processes that are
generally difficult to directly implement in mass
manufacturing. For instance, layer-by-layer polyelectrolyte
deposition that is widely adopted for polymer integration
provides exquisite control over composite architecture, but is
time-consuming and inefficient.®**” There is a need to develop
more economical and high-throughput methods for stimuli-
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Fig. 6 Applications of hybrid organic crystals. (a) Illustrative diagram and photographs showing a soft robot designed to mimic spider-like
movements. (b) Diagram and images of a soft gripper constructed from hybrid organic crystal. (c) Schematic and photographs depicting the
‘walking’ movement of organic polymer—crystal hybrid materials on a surface. (a—c) Reproduced with permission from ref. 27, Copyright 2023

Spring Nature.

responsive polymer adhesion. Furthermore, upscaling the
organic single-crystal growth itself requires innovative
approaches, since the conventional crystallization methods are
constrained by lengthy processes, small crystal sizes, and low
yields that are generally commercially unfeasible.®*® Overall,
cross-disciplinary collaboration efforts between chemists,
chemical engineers, and manufacturing specialists is impera-
tive to transform the current laboratory-centric fabrication
protocols into scalable, sustainable industrial manufacturing
processes. Lately, Chandrasekar's group has achieved note-
worthy advancements in shaping rigid crystals into diverse
curved structures utilizing the “crystal photonic foundry” (a FIB-
milling based) technique. This innovative approach showcases
the viability of a scalable, replicable fabrication method to
produce crystal-based photonic components of varying shapes
for device applications, demonstrating a significant
potential.**°-*>

6.2 Property benchmarking and materials screening

The second major challenge lies in methodical quantification of
the structure-property relationships guiding the selection and
design of optimized material components that are selected for
target applications. For instance, actuating properties such as
the magnitude or range of activating stimulus, deformation
curvature, and cycling lifetime vary considerably across the
existing polymer-crystal composites."””** However, the precise
effects of materials parameters (e.g. crystal structure, polymer
molecular weight) on dynamic performance remain poorly
understood, hindering the property improvement.*” System-
atic benchmarking together with high-throughput screening
protocols are required to populate the comprehensive property
libraries and derive predictive models as guiding tools for
materials selection. Property evaluation should encompass

2692 | Chem. Sci., 2024, 15, 2684-2696

diverse modalities beyond the mechanical actuation, including
electronic transport, optical response, and surface interactions.
Materials screening should extend beyond polymers to
encompass diverse stimuli-responsive nanoscale inclu-
sions.'*»'** Cheminformatic and machine learning methods
show promise in accelerating knowledge-driven materials
selection and discovery.

6.3 Multi-stimuli response and spatiotemporal actuation
control

A third aspect requiring enhancement lies in multi-stimuli
response capabilities and spatiotemporal control over the
actuation, aspects which remain largely unexplored in the
existing organic crystal hybrids.'*'*?>?¢ Current demonstrations
are primarily focused on single-stimulus response optimization
and global actuation of the crystal shape.'*** However, most of
the real-world applications require response and adaptability to
complex environments with spatial and temporal variations in
multiple external stimuli such as chemicals, light, humidity,
and temperature. This calls for expertise in dynamically
coupling diverse responsive stimuli using bespoke materials
combinations and interface engineering. Furthermore, actua-
tors that can reconfigure their shapes in predetermined,
spatially complex patterns in response to controlled external
triggers could, in principle, expand the range of applications of
the hybrid crystal-polymer materials.

6.4 Device engineering and systems integration

The fourth challenge is related to device engineering efforts
aimed at integration of the dynamic hybrid crystals into func-
tional technological systems. For instance, soft actuating
components demand judicious device architectures that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Applications of hybrid organic crystals. (@) A worm-like movement of hybrid crystal—polymer materials at high and low temperatures, with
the central diagram illustrating the initial and final states of motion. (b) Shows a soft robot made from hybrid organic crystals, demonstrating its
ability to grab objects at low temperatures. (a and b) Reproduced with permission from ref. 14, Copyright 2022 Wiley-VCH. (c) Illustrates a dual-
function optical/electrical signal transmission circuit using a hybrid organic crystal. A bulb serves as an indicator, activated by a 355 nm laser. The
waveguide output's position indicates the ambient temperature (marked with a white dashed line), with a white arrow showing output change
upon cooling. The crystals are outlined with red rectangles. (c) Reproduced with permission from ref. 25, Copyright 2022 Spring Nature. (d)
Depicts the spatial control of light output influenced by humidity. A crystal fixed at one end is shown bending with increased humidity (indicated
by a white arrow), altering the light output's position. This bending is marked by a yellow broken line, with red arrows showing the light's path in
both straight and bent states. (d) Reproduced with permission from ref. 13, Copyright 2022 Wiley-VCH. (e) A hybrid crystal functioning as
a magnetically controlled optical waveguide. One end is fixed, with the other controlled by a magnet's movement. The crystal, excited by
a 355 nm laser (blue arrow), directs light (yellow arrow) influenced by the magnet's movement (white arrow). The red dot marks the light output.
(e) Reproduced with permission from ref. 12, Copyright 2022 Spring Nature.

optimally transmit or leverage the material deformations for
useful functions like walking or gripping.*®*” Packaging solu-
tions that enable integration while preserving the dynamic
material properties will likely be imperative for future applica-
tions. For flexible electronic devices, bendable hybrid crystals
have been incorporated into basic diode or transistor architec-
tures as active layers, however systems-level optimization of
interfaces, dielectrics and electrodes needs further develop-
ment and optimization. The synergistic co-design of material,
device, and system represents a collaborative endeavour
necessary to transform proof-of-concept crystal hybrids into
technologies that are competitive with the well-established
platforms. Hybrid electronics that combine organic electronic

© 2024 The Author(s). Published by the Royal Society of Chemistry

materials with the available inorganic semiconductors also
offer integration pathways to leverage the benefits of different
material classes.'*>*

7. Conclusions

In this Perspective we provide a comprehensive analysis of the
burgeoning new research field of organic crystal-based hybrid
materials. We discuss the key developments in the change in
the perception of organic crystals from delicate, fragile solids to
elastically compliant, stimuli-responsive materials that are
capable of robust reversible actuation. The emergent dynamic
properties of organic crystals provide tremendous, yet
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unexplored opportunities for their integration as active
components in multifunctional smart composites. The key
materials design strategies are highlighted along with repre-
sentative studies on the fabrication of soft, stimuli-responsive
organic crystal-polymer hybrids that are responsive to temper-
ature, humidity, light, and other actuation mechanisms. The
unique combination of dynamic actuation and electronic,
optical, and other functional attributes favors these composite
materials for diverse technological applications that range from
soft robotics to flexible photonics to sensing. However, trans-
lation from academic demonstrations to scalable applied
systems requires addressing significant challenges in manu-
facturability, performance benchmarking, property optimiza-
tion and collaborative convergence across materials chemistry,
engineering and processing disciplines. Looking forward, this
adaptable new class of stimuli-responsive crystalline hybrid
materials appears to hold an enormous potential for next-
generation smart technologies, given that their current limita-
tions are overcome through interdisciplinary efforts.
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