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The realm of self-healing materials integrates chemical and physical mechan-
isms that prevent wear and fracturing and extend the operational lifetime.
Unlike the favorable rheology of amorphous soft materials that facilitates
efficient contact between fragments, the efficiency of recovery of atomistically
ordered materials is restricted by slower interfacial mass transport and the
need for ideal physical alignment, which limits their real-world application. We
report drastic enhancements in efficiency and recovery time in the self-healing
of anilinium bromide, challenging these limitations. Crystals of this material
recovered up to 49% within seconds and up to 95% after 100 min via ferroe-
lastic detwinning. The spatial evolution of strain during cracking and healing
was measured in real time using digital image correlation. Favorable alignment
and strong ionic bonding across the interface of partially fractured crystals
facilitate self-healing. This study elevates organic crystals close to the best-in-

class self-healing polymers and sets an approach for durable crystal-based

optoelectronics.

Despite the monumental strides in the extended durability and life-
time of materials, the tendency of many materials to undergo wear
and tear over time remains one of their most fundamental impedi-
ments that could ultimately result in limited use and operational
failure. This inherent and critical limitation has sparked a growing
demand to explore alternative smart material architectures that
encode some animate abilities to quickly and efficiently repair
themselves and restore their original properties'™. As a result, self-
healing materials have gained significant attention, and major efforts
have been dedicated to developing amorphous self-healable mate-
rials such as polymers'. More recently, the concept of dynamic

crystals’” was expanded to include the self-healing of molecular
crystals as an emergent materials class of ordered, solid entities,
leading to some exciting advancements'®? that are thought to hold
the potential to circumvent some of the natural limitations of the
commonly used polymers. Since the first reported example of self-
healing molecular crystals, where a modest healing efficiency of 6.7%
was achieved using dynamic covalent bonds™, this breakthrough
opened doors to exploring other crystalline systems. The manifold of
examples has been expanded to accomplish this feat using a variety
of interactions such as ionic diffusion”?, crystal-polymer
interactions”, and other mechanisms*?. As the field advanced, the
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healing efficiency in molecular crystals was improved to 67% by using
dynamic covalent chemistry®, and more recently, self-healing effi-
ciencies of 82% were accomplished by ionic diffusion in single crys-
tals of a hybrid perovskite®. Although the research community has
eventually endorsed the concept of self-healing molecular crystals,
the progress has not been paralleled with the development of the
methodology used for its characterization, and except for occasional
quantification that uses optical means®, the proneness of molecular
crystals to heal is exclusively tested mechanically. More importantly,
translating the concept of self-healing molecular crystals into prac-
tice is seen as impractical, as it requires a very long contact time,
typically at least 24 h, and attaining a nearly perfect alignment
between the fragments to maximize the contact remains challenging.
Additional technical challenges related to the misalignment, such as
fallout or accumulation of debris over repeated attachment, add
further to this concept currently being restricted to academic
research curiosity. Here, we report the efficient, rapid, and robust
healing capabilities of an organic ionic crystal, anilinium bromide
(AniHBr), that can heal up to 95% via ferroelastic detwinning by mild
compression. A combination of surface analysis by scanning electron
microscopy (SEM), atomic force microscopy (AFM), and computer-
ized tomography (CT) corroborated the temporal mechanism of the
healing of crystals over time, and digital image correlation (DIC)
aided the spatial visualization of the strain developed during the
reversible twinning, fracture, and self-repair. The thorough explora-
tion of the robust self-healing properties of this material not only
presents a fresh approach in the quest for organic materials with
enhanced ability to maintain and recover their macroscopic
mechanical integrity, but it also uncovers the potential of using
structural traits that are available with and specific to the ordered
solid state to overcome the key challenges that currently stand in the
way of more comprehensive practical implementation of organic
crystals in organic electronics and photonics.

Results and discussion

Monoclinic crystals (P2,/m) of AniHBr (Fig. 1a, b) were grown by mixing
hydrobromic acid (>48%) with freshly distilled aniline in methanol and
allowing the solution to evaporate slowly. The material is known to
have several phases®?, including two solid phases around room
temperature—a high-temperature orthorhombic above and a mono-
clinic one below ca. 23.85 °C*. The material handling was facilitated by
the large size of the crystals that typically separate from the solution as
well-formed rectangular plates of up to 10 mm x4 mm x1mm. The
crystals are, however susceptible to degradation by extended expo-
sure to humid environments or repeated heating and cooling, and
therefore the temperature effects could not be studied in detail.
Although AniHBr is not inherently fluorescent, the crystals were found
to emit green light under UV radiation due to the occlusion of small
amounts of phenazine (P) obtained by oxidation of aniline in air*’, and
this impurity turned out to be a convenient probe for visualization of
the structural changes upon twinning (vide infra). The identity of the
guest was confirmed by its fluorescence at 472 and 500 nm (Fig. 1c)
with a lifetime of 1.4 ns (Fig. 1d), as well as from the mass spectrum of a
benzene extract of the pulverized crystals (Supplementary Fig. 1). The
inclusion of minute amounts of small molecules in organic crystals is
fairly common, and the guest frequently adopts the preferred orien-
tation within the host crystal® . The orientation of the statistically
isolated molecules of P in AniHBr (P@AniHBr) was confirmed from the
linearly polarized microscopic images (Supplementary Fig. 2), where
the emission is strongest when the b axis is in the plane of the polarized
light and is the lowest when it is orthogonal, indicating alignment of
the transition dipole moment vector of the guest along the crystal-
lographic b axis of the host lattice. An attempt was made to quantify
the amount of P by Scanning Fluorescence Correlation Spectroscopy
(sFCS; Fig. 1d—f), which provides the local concentration and diffusion
rates of fluorescently tagged biomolecules in solution®. However, the
molecules of P are embedded and restricted within the crystal
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Fig. 1| Spectroscopic and physical properties of the ferroelastic P@AniHBr
crystals. a, b Chemical structures of anilinium bromide (AniHBr) and phenazine (P)
occluded at a concentration of about 3.32 uM in the host crystal (a), and optical (a)
and fluorescence (b) images of a partially twinned P@AniHBr crystal. The twinned
domain is seen as a strip running diagonally in the middle of the crystal.

¢ Fluorescence spectra of crystalline P@AniHBr (red), pure AniHBr dissolved in
methanol (black), and P dissolved in methanol (blue). d, e Fluorescence lifetime
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mapping of the parent and twinned domains. f Auto-correlation traces were
obtained using Scanning Fluorescence Correlation Spectroscopy (sFCS) of the
parent domain. g Optical and fluorescence images of a single crystal upon partial
twinning and detwinning. h Schematic representation of the mechanism of fer-
roelastic deformation that occurs upon reversible twinning with the molecular
arrangement shown within the parent and twinned domains.
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Fig. 2 | Self-healing in a fractured, twinned crystal of P@AniHBr. a-d Optical
images of a crystal of P@AniHBr that has been partially separated and then healed
by light compression taken at time points 0,17, 28, and 49 s. e-h A series of electron
micrographs of a crystal being compressed and healed in situ by using a tensile
tester. i, j Optical images of a crystal that has been partially separated (i) and
subsequently partially healed (j). k, I Contrast contour map extracted from the
optical data in (i) and (j) with the purple color representing the crack and the light
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blue color portraying the pristine and healed regions. m, n Atomic force micro-
scopy was performed on the edge of the crack of the partially healed region (m),
and the height profiles of lines 1 (black) and 2 (blue) extracted (n), showing the
continuous surface found on line 2 and the tip of the cracked surface of line 1.
o-t Computed microtomography (CT) scan of the surface of a crystal that is pris-
tine (0), partially broken (p), and healed (q), and two-dimensional cross-sectional
slices of the CT scan of the pristine (r), cracked (s), and healed (t) crystal.

structure, preventing translational diffusion and rendering sFCS
unsuitable for that purpose. The sample plane was continuously
scanned by the excitation volume to generate intensity fluctuations
that can be analyzed by calculating the signal autocorrelation function.
The fluorescent bursts that were generated each time the laser beam
passed by the guest molecules fixed in the crystal matrix were used to
analyze the autocorrelation function (for details, see the Methods
section). The concentration of P in the crystal averaged over ten dif-
ferent locations was found to be about 3.32 uM (Fig. 1f), and its lifetime
distribution was identical throughout the parent and twinned
domains, 7=1.4 + 0.1ns (Fig. 1d, e).

The crystals of AniHBr are capable of ferroelastic twinning in
response to mechanical pressure on their (100)/(100) facets (Fig. 1g, h).
Application of force on (010)/(010) switches the twinned domain back
to its original orientation and detwins the crystal (henceforward,
“detwinned” is used to distinguish this reverted domain from sectors
of the crystal that have not been subject to twinning, since they were
found to be spectroscopically different, vide infra). The twinned
domain is easily identifiable as a phase boundary running at ca. 48°
relative to the long axis of the crystal along its (110) plane (Fig. 1b), and
its structure was further confirmed by face indexing based on X-ray
diffraction images collected from a larger twinned region of the crystal
(Supplementary Fig. 3). Crystals of AniHBr are also known to undergo
thermally induced ferroelastic phase transition between the orthor-
hombic and monoclinic phases®.

During the mechanical tests, we observed that cracked crystals of
P@AniHBr are capable of robust self-repair. If additional force is
applied to an already twinned crystal, a crack develops along its a axis
(Il [100]). Once the crystal has been visibly fractured, the application of
force along the b axis (|| [010]) results in a complete and visually rather
impressive restoration of the integrity of the crystal (Fig. 2a-d, Sup-
plementary Movie 1). Typically, the restoration occurs without obser-
vable permanent scarring, though occasionally visible defects remain
when the healing is incomplete. Additionally, if the crystals are com-
pletely separated into two pieces, they are unable to be reattached,
presumably due to poor interfacial alignment. The operations of par-
tial separation and healing were replicated by in situ mechanical ana-
lysis under a scanning electron microscope, where a crystal of
P@AniHBr was mounted on a tensile tester and then imaged while it
was subjected to controlled tension and compression (Supplementary
Movies 2 and 3). The crystal was first pulled into tension to generate a
single twinned domain, and the tension was continued until a crack
evolved along the [100] direction (Fig. 2e). The sample was subse-
quently compressed until the crack had almost completely dis-
appeared and the crystal had healed (Fig. 2e-h). The cracking and
healing cycles under tension and compression were performed three
times, confirming reversibility of the process. Additionally, self-healing
the crystal under the high-vacuum conditions within the SEM confirms
that self-healing occurs without the necessity of the presence of
atmospheric water.
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The nanoscopic features of the healing in a cracked and then
healed crystal (Fig. 2i, j) were observed on a crystal that was cracked
and subsequently only partially healed to provide an area of reference
for the region where the healing occurred. In the contrast contour map
in Fig. 2k, 1, the region initially marked in purple, depicting the crack,
notably shrinks and shifts to light blue, confirming the healing. The
height profiles recorded by AFM on the area right below and above the
tip of the crack, labeled as lines 2 and 1, respectively, in Fig. 2m, are
shown in Fig. 2n. While the height profile of line 1 shows the expected
separation between the two pieces, the height profile of line 2 shows
that the healed region just below the crack is continuous, and the
healed region is uniform, with the surrounding surfaces being devoid
of scarring. Since the interior of the crystal is not accessible with
microscopy, we turned to computerized tomography (CT) to recon-
struct the density of its bulk. Initially, a pristine single crystal of
P@AniHBr was scanned, and two-dimensional slices of the three-
dimensional scan were generated (Fig. 20, r). Subsequently, the crystal
was compressed to initiate twinning and compressed further to induce
partial fracture (Fig. 2p, s). The fracture was clearly visible and is shown
in Fig. 2p as a black region with nearly zero density. When the crystal
was compressed along the [010] direction, the two pieces were
brought together, facilitating healing and complete recovery of the
density (Fig. 2q, t).

To investigate the strain developed by ferroelasticity and its
generation in self-healed crystals, Digital Image Correlation (DIC)
analysis was used to capture real-time strain maps of the dynamic
process of ferroelastic deformation. The spatial strain distribution
during the generation of twin domains, their growth, and reversible
detwinning occurred without any physical intervention with the sam-
ple during deformation®**°, A paint-speckled sample was subjected to
uniaxial extension, and a high-definition camera was used to track the
position of speckled features during deformation. The DIC algorithm
divided images into subsets and tracked the deformed frame relative
to the reference frame through temporal matching and correlation
functions**%. To that end, the surface of a single flat crystal of
P@AniHBr was speckled, a procedure that did not affect the crystal-
linity or the internal structure of the sample, as confirmed by X-ray
diffraction analysis (Supplementary Fig. 4). The crystal was affixed to a
universal testing machine (UTM) at both ends (clamped boundary
condition), subjected to uniaxial load by imposing a triangular dis-
placement profile (Supplementary Methods), and partially twinned by
application of tensile load along the [010] (defined as x) direction
(Fig. 3a). This triangular profile comprises a linear increase (i.e., ten-
sion) with time for 25 pm at a displacement rate of 0.3 mm min™, fol-
lowed by a symmetric linear decrease (i.e., compression) at the same
rate back to the starting point. The process was video-recorded
(Supplementary Movie 4), while simultaneously recording the force (F)
with a sensitive force sensor. Figure 3b shows the equivalent strain
map, &y (von Mises strain), for the tensile portion of the test at 0 and
24 um. The recorded force-displacement profile shown in Fig. 3c for
cycle 1 reveals a rapid increase in F of up to 0.2 um, followed by a
plateau at ~0.33 N, maintained until 24 um. The onset of this plateau
coincides with the onset of twinning, while the plateau reflects ductile
deformation, in line with the one observed upon application of flexural
load on crystals (Supplementary Fig. 5). The strain maps for
&=0-24 pm provide quantification of the strain, which demonstrates
the gradual emergence and progression of the twinning band within
the crystal (Supplementary Movie 4). The progression of the twin
domain extended to 24 pm, with a maximum strain of &,=0.1. At
24 um, the displacement was reversed in direction, resulting in a
change in force that reached F=-0.32 N for compression. During this
stage, the twinned domain shown in the strain map quickly subsided
and disappeared when the rigid crosshead of the UTM returned to its
starting point. Thus, the strain maps demonstrate full detwinning of
the twinned region during compression (Fig. 3b). The twinning-

detwinning cycle was repeated twice, inducing a rupture during the
third cycle, as evidenced in both the load-displacement and
strain-time curves (Fig. 3c, d). Figure 3d reveals that the crystal is
capable of undergoing two complete cycles with a negligible dete-
rioration in peak force. However, during the third cycle, the crystal
seems to have exhausted its twining capacity due to permanent chan-
ges at a molecular level, possibly due to the accumulation of defects.

Further understanding of the detwinning at an atomistic level was
provided by molecular dynamics simulations of the effect of repeated
tensile and compression loading (Supplementary Fig. 6). The results
show that the anilinium ions first approach a flattened intermediate
state at ~10% tensile strain along (100)/(100). Upon further tension,
most ions return to the crystalline states, while some ions rotate
strongly to form a new domain along the [110] direction. Under
reversed compression (7%) along (100)/(100), the ions in the new
domain adopt an ordered alignment by a 90°-rotation relative to the
parent phase, which matches the twin domain observed experimen-
tally. As shown in the energy-strain profile of Supplementary Fig. 6, the
twin domain is energetically unfavorable, and hence most ions in that
domain are reoriented by undergoing another 90°-rotation under
further reversed compression to zero strain. Due to a kinetic reason, a
minor fraction of the ions may be trapped and retain their orientation
during the detwinning, and thus, the energy of the whole system
becomes slightly higher after the tension-compression cycle. Con-
tinuation of the tension-compression cycles on the same model results
in a more active response of these locally trapped ions to the external
strains relative to the other ions. Therefore, the twinning domain
occurs at the same location and, at least mechanistically, resembles a
structural memory effect.

We further explored the possibility of repeated self-healing of
P@AniHBr by DIC analysis on previously healed crystals (Fig. 3e-h,
Supplementary Fig. 7, Supplementary Movie 5). A crystal was first
cracked and healed, and then the same crystal was speckled and rup-
tured on the tensile tester and analyzed by using DIC (Fig. 3f, g). The
force-deflection curve exhibits the typical steep rise, followed by a
plateau, indicative of a ferroelastic twin propagation (Fig. 3h). The
sample was stretched until it ruptured, as seen from the sudden drop
in force at = 62 pm (Supplementary Movie 5). Surprisingly, instead of
the healed region designated in red in Fig. 3g—as would be expected
from it being a defective site—the strain accumulated in a pristine
region of the crystal, and as the crystal was pulled further, it fractured
at a new location. This result indicates that the healed crack does not
act as the weakest point in the crystal as one would expect from typical
retesting of crack-healed materials**, and implies the overall
mechanical integrity of the crystal has been largely recovered.

Next, we studied the effect of contact time on the healing effi-
ciency and mode of rupture using a larger number of healed crystals.
The average strength of pristine crystals was 4.19+2.30 MPa (n=11,
Fig. 4a, b; Supplementary Fig. 8, Supplementary Table 1). The crystals
were compressed on their (100)/(100) pair of facets until a crack
formed and then healed by detwinning (Supplementary Movie 6).
These healed crystals were ruptured again, immediately or 100 min
after the first healing. The fracturing occurred either along the a axis in
a brittle manner (“brittle rupture”, Fig. 4c, d) or along the twin
boundary (“twin rupture”, Fig. 4e, f). The brittle rupture was char-
acterized by an increase in load, followed by an abrupt drop at the
failure point. Crystals tested immediately after healing showed 49%
healing (n=7, Supplementary Fig. 9, Supplementary Table 2). The
crystals that were aged 100 min, however, were healed at an impressive
95% recovery (n =10, Supplementary Fig. 10, Supplementary Table 3)
due to more efficient diffusion over prolonged time. Compared with
other self-healed single crystals, the AniHBr crystals demonstrated the
highest healing efficiency (Fig. 41), but not the fastest, which measured
in tens of milliseconds®. The method for measuring the kinetics of self-
healing however, has not been standardized, and therefore the rates of
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Fig. 3 | Digital image correlation (DIC) analysis of reversible twinning of a
P@AniHBr crystal. a A crystal placed in a UTM and subjected to uniaxial, con-
trolled displacement, &. F is the recorded force. b An equivalent strain map cor-
responding to a single cycle of twinning and detwinning. €, is the von Mises strain
(equivalent strain). ¢ Force-displacement curves for three cycles of tension and
compression. d Percent strain-time curve for three cycles of tension and com-
pression. e, f Optical images of the same pristine, cracked (the fracture is marked by

Experiment time / s

Displacement 6 / um

an orange arrow), and healed sample are shown before (e) and after (f) speckling.
f shows images of the speckled sample tested under uniaxial tensile loading. The
fracture is indicated by a red arrow. g Equivalent strain maps of a healed crystal that
was subjected to uniaxial tension. The red circle indicates the previously healed
region and the yellow arrow highlights the location of the newly formed crack.

h Force-displacement curves showing the processes of twinning, followed by a
fracture of a crystal that has been previously ruptured and healed.

healing reported in different studies, at present, are not directly
comparable. The twin rupture was characterized by a constant load
with increasing displacement, indicative of the ferroelastic transition,
followed by a sudden drop in the load when the material ruptures

along the (110) plane. In this mode, crystals that were tested immedi-
ately and after a 100-min delay showed healing efficiencies of 20%
(n=12) and 10% (n=2), respectively. The decrease of crystallinity
during the healing is marginal, as indicated by small and expected
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contrast) and stress-strain profiles of a pristine crystal (a, b), healed crystal that fails
by a normal rupture (c, d), and healed crystal that fails by a ferroelastic rupture at a
twin boundary (e, f). The crystal structure visually demonstrates the molecular-
level orientation of the brittle rupture (g) and the twin rupture (h). The zigzag lines
indicate the planes across which the fracture occurs. i, j Crystal structure of AniHBr
viewed perpendicularly on the bc and ab planes, showing the intermolecular
interactions and distances between the anilinium nitrogen atoms and the bromide
ions. k Ultimate tensile strength of healed crystals relative to their failure
mechanism with time, the error bars represent the standard deviation in the tensile
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and hybrid organic-inorganic crystals: (1) P@AniHBr after O min (orange) and after
100 min (purple), (2) 3,3',5,5-tetramethyl-4,4"-bipyrazole®, (3) methylammo-
niumlead(ll) iodide', (4) 3,3-isopropoxyphenylboronic acid®, and (5) dipyr-
azolethiuram disulfide’®. Note that in the case of compounds 2-4, the reported
values are not average but instead the highest efficiencies reported for one single
crystal in each case. In the case of the individual efficiency reported for the com-
pound marked with an asterisk (3,3’,5,5'-tetramethyl-4,4’-bipyrazole, 2) the self-
healing was determined using Mueller matrix microscopy, and therefore, it is not
directly comparable with the other results shown here.

increases in the mosaicity determined by X-ray diffraction (Supple-
mentary Fig. 11). As shown in Fig. 4g, h, j, during both brittle and twin
rupture, the intermolecular interactions on the two fracture planes
[(010) for brittle and (110) for twin] are similar and primarily ionic, with
distances of 3.3256(7) and 3.3400 (15) A (Fig. 4i, j). The difference in the
ultimate tensile stress probably reflects the collective contribution of
the ionic interactions across the respective fracture planes. We believe
that the lack of directionality of the isotropy of the ionic bonds, in
addition to higher interaction energies relative to other intermolecular
interactions, plays a crucial role in the re-establishment of effective
contact across the contact interface.

The healing efficiency in the brittle rupture mode of 49% and 95%
for the immediate and 100 min delay, respectively, are intriguing as the
crystal appears visually recovered in both cases. Several earlier
reports**?**°*” have used optical microscopy to observe self-healing,
which is an important first step for establishing self-healing in mole-
cular crystals, however as the results in this work show, it is not ideal

for quantification of self-healing with respect to mechanical strength.
To confirm the degree of self-healing, complementary analyses such as
mechanical testing should be performed as exclusively using optical
methods appears to be inadequate. As suggested by the aforemen-
tioned simulations and the proposed mechanism (Fig. 5), the healed
sample does not return to the exact same crystal configuration due to
the existence of locally trapped disordered ions (Fig. 5a-d, f). From a
thermodynamic point of view, it is expected that prolonged equili-
bration of detwinned samples over a more extended time period,
without compression, can further reduce the total energy by driving
more disordered molecules to return to their original crystallographic
alignment (Fig. Se, f; Supplementary Movie 7). This initial disorder and
subsequent reordering of the structure after the twinning/detwinning
cycle appears to create a substantial difference in healing efficiency as
the immediately healed crystals are more disordered than the crystals
that have been allowed to equilibrate over 100 min. Furthermore, our
results demonstrated that structural reordering accelerates at higher
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Fig. 5| A cartoon illustrates the proposed self-healing mechanism in AniHBr
crystals with molecular dynamics simulations in the detwinned region.

a-d Summary of the mechanism of ferroelastically assisted self-healing. A crystal is
initially partially cracked along the a axis during the twinning (a) and is partially
healed by compression along the b axis (b). The integrity of the crystal is restored;
however, closer to the crack in the detwinned region, the structure includes locally
disordered regions (c). Over time, the ions reorient to their thermodynamic

2.0

favorable position (d). e Molecular dynamics simulation of AniHBr crystal under
equilibration after tensile-compressive loads. The plot displays the time-dependent
evolution of potential energy during thermodynamic equilibration at 325K.

f Atomic snapshots of a detwinned region corresponding to different time stamps.
The ions are color-coded based on their orientation to enhance clarity. The color
map represents the magnitude in angstroms relative to their equilibrium positions,
with blue indicating 0 A and yellow indicating 3 A.

temperatures, leading to a more rapid reduction of the system’s total
energy (Supplementary Fig. 12).

Experimental evidence corroborating the molecular reorientation
within AniHBr crystals was performed in this work and in an earlier
study*® by observing the realignment of acridine orange (AO) mole-
cules and other emissive molecules occluded inside AniHBr to a
polarizer. Crystals of AO@AniHBr were grown by adding small
amounts of AO to the crystallization solution. Crystals of AO@AniHBr
were twinned, fractured, and healed, and the fluorescence intensity in
the parent, twin, and detwinned regions was monitored over time
using a confocal fluorescence microscope (Supplementary Fig. 13).
The intensity was highest in the parent region, followed by the det-
winned region, and the lowest in the twinned region, indicating that
the AO molecules in the parent region were aligned to the polarizer.
The AO molecules in the detwinned area have an intermediate

emission intensity, signifying they were partially aligned with the
polarizer (Supplementary Fig. 13). After 100 min, the fluorescence
intensity gradually recovered in the detwinned region, indicating that
the AO molecules realigned to the polarizer over time. The fluores-
cence recovery shows that the occluded molecules are mobile*® and
strongly implies the anilinium ions can also reorientate. The results
support the idea that there is a degree of flexibility within the crystal,
which may explain why the crystal's mechanical strength increases
when it is allowed to rest for 100 min after healing.

Approaches to complete and instantaneous recovery are highly
sought after but rarely achieved, as most of the known self-healing
materials require either a chemical reaction or diffusion-based
interactions to occur. This study has demonstrated the rapid and
efficient healing of organic crystals of about 49% within seconds
under mild compression, achieving a remarkable healing efficiency
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of over 95% after about 2 h. The high efficiency of the self-healing
reported here relies on the ideal alignment of the surfaces across the
interface, which is accomplished by reversed twinning whereby the
contact between the two surfaces is maximized, and the non-
directionality of the ionic interactions. Intriguingly, our observations
revealed that strain develops in pristine regions of the crystal, and
the healed crack does not act as the weakest point in the healed
crystal, possibly due to the existence of other defects. We also
demonstrated that the simple visual disappearance of the crack in a
healed crystal may give the impression that the material has fully
healed. However, the healing efficiency in such cases was only 49%.
The results emphasize the critical importance of measuring self-
healing crystals using mechanical methods to confirm their restora-
tion, as optical and visual techniques alone may be insufficient to
assess the physical integrity of a material. Overall, our findings show
significant mechanical recovery in the healed organic crystals within
seconds even without the need for prolonged compression, show-
casing that the healing process in structured organic crystals can be
as fast and robust as polymers and other amorphous soft materials,
further dispelling the traditional perception of these materials as
mechanically inferior to other materials classes.

Methods

Synthesis and crystallization

Aniline and 48% hydrobromic acid solution were purchased from
Sigma-Aldrich. The aniline was purified by distillation before use, while
the other reagents were used as received without further purification.
AniHBr crystals doped with phenazine were crystallized by using
0.95 mL purified aniline mixed in a flask with 10 mL of methanol and
0.45 mL of 48% hydrobromic acid. The solution was left to crystallize
for 4 days and yielded fluorescent plate-like crystals. For preparation
of the AniHBr crystals doped with acridine orange, 2 mg acridine
orange was added to the crystallization solution, and the crystals were
grown under a gentle flow of nitrogen gas.

Scanning electron microscopy (SEM)

The samples were mounted on an MTII/Fullam SEMtester designed to
operate inside FEI Quanta 450 field emission scanning electron micro-
scope. Scanning electron microscopy images were obtained using the
high-vacuum mode with a primary electron energy of 2kV and a spot
size of 3, which corresponds to a beam current of approximately 0.1 nA.

Tensile testing and SEM tensile testing

The tensile measurements were performed on an MTII/Fullam SEM-
tester tensile tester (MTI Instruments) using a 51bs load cell. The
crystals were mounted onto the tensile tester using a small amount of
UV curable resin (Qiao UV Resin Hard) and pulled at a rate of
0.3 mmmin™. For the pristine break analysis, pristine crystals were
mounted and pulled on the tensile tester. For the self-healing analysis,
pristine crystals were twinned, detwinned, and then either allowed to
rest for 100 min or pulled apart immediately until the crystal ruptured.
The in situ experiments were performed with a tester designed to be
mounted inside a FEI Quanta 450 SEM. The crystals were initially
twinned, partially detwinned, and mounted onto the tensile tester
using a small amount of UV curable resin (Qiao UV Resin Hard). The
crystals were pulled and compressed at a rate of 0.3 mm min™. The
images were obtained using the high-vacuum mode with a primary
electron energy of 2kV and a spot size of 3, which corresponds to a
beam current of approximately 0.1 nA.

Atomic force microscopy (AFM)

The AFM images were acquired on the Bruker Dimension Icon Nano
surface in tapping mode. A Scanasyst-air tip with a radius of 2nm and a
resonance frequency of 70 kHz was used to scan the surface. The
acquired images were processed using Gwiddyon*’.

Micro-computed tomography (CT) scanning

3D scans of pristine, broken, and healed crystals were acquired on
Bruker Skyscan 1272. The scans were measured at a working voltage of
55kV and 80 pA using an aluminium filter (0.25 mm). The crystal was
mounted on a silicon wax and the voxel resolution of pristine, broken,
and healed crystal was 4.3 um, 4.7 um, and 1.3 pm respectively. The
images were reconstructed and processed on CTAn and CTVox
(Bruker).

Fluorescence spectroscopy

Emission spectra of phenazine and pure aniline HBr were acquired on
Jasco FP8500 spectrometer. The emission spectra of pure aniline HBr
was recorded at an excitation wavelength of 290 nm and the emission
spectra of phenazine were recorded at an excitation wavelength
of 410 nm.

Confocal fluorescence microscopy

The confocal fluorescence imaging and emission spectra acquisition of
P@AniHBr and acridine orange@AniHBr single crystals was performed
on a Leica TCS SP8 microscope using a PicoQuant PDL 880-B 40 MHz
pulsed 405 nm diode laser as an excitation source. A 488 nm excitation
wavelength was used for exciting molecules of AO@AniHBr.

Single crystal X-ray diffraction

The X-ray diffraction data were collected by using a Bruker APEX IlI
diffractometer equipped with a Cobra cooling device (Oxford Cryo-
systems)  with  graphite-monochromated @ MoKa  radiation
(1=0.71073A) or CuKa radiation (1=1.54178 A) and CCD as area
detector. The structure was solved by direct methods, implemented in
SHELXS*. The structure refinement, using the OLEX2 interface, was
performed by using the full-matrix least-squares method, based on F
against all reflections.

Digital image correlation (DIC)

AniHBr crystals were randomly speckled with white and black paint
(Rust-Oleum Specialty White/Black Flat Finish Spray). The speckles
were left to dry and settle. For the ferroelastic analysis, the speckled
sample was mounted on the MTII/Fullam Semtester tensile tester by
gluing the crystal’s ends with UV curable resin onto two steel (rigid)
arms that are connected to the moving frame of the UTM. The
crystal was subjected to tensile loading by imposing a
displacement-controlled loading profile on the UTM frame. The
profile comprised a linear ramp and decline (a triangular displace-
ment profile) at a rate of 0.3 mm min™, ensuring a single cycle of
load where the ends return back to the starting point. A high-
definition Dino-Lite camera was positioned on top of the testing rig
to capture the frames during loading. The frames were then stored
and post processed using an open-source DIC package (Ncorr)*.
The Ncorr package performs frame seeding, subset allocation, real-
time tracking of deformed subsets, and calculations of Lagrangian
strain maps. Furthermore, we computed the von Mises strains
(equivalent strain) to capture the overall deformation within the
crystal, which is effective in revealing the progressive twinning in
the crystal.

Scanning fluorescence correlation spectroscopy (sFCS)

Custom-built two-photon laser scanning system was used to measure
the concentration of phenazine doped in the crystals. The system was
based on an Olympus IX70 inverted microscope with a water immer-
sion objective (Olympus 60, 1.2 NA). The two-photon excitation laser
was a titanium-sapphire laser from Tsunami, Spectra Physics. The
photons were detected by an Avalanche Photodiode from APD SPCM-
AQR-14-FC, Perkin Elmer. To calculate the average number of mole-
cules in specific detection volume (N), circular scanning fluorescence
correlation spectroscopy was utilized, which uses two fast
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galvomirrors in the de-scanned fluorescence collection mode. The
correlation traces were recorded by using an online hardware corre-
lator (ALV5000, ALV GmbH, Germany) with an excitation power of
<0.5mW (830 nm) at the sample level. The average acquisition time
was 100s. For the circular scan, 256 points were sampled at a fre-
quency of 390 Hz with a diameter of 1 um. The obtained curves were
fitted using the following equation:

stinz(nfr)

1 1 67 a%h%i (1)

NI+ L

G(1)=

where N is the number of molecules within the detection volume, D is
the apparent diffusion time, R is the radius of the detection volume, fis
the sampling frequency, and a is the beam waist.

Molecular dynamics simulations

In this work, we performed molecular dynamics simulation based on
the LAMMPS package™ to simulate the uniaxial tension-compression
loading on the AniHBr crystal at room temperature. To mimic the
experimental mechanical tests, we first applied the tensile strain from
0 to 20% with a strain rate of 1 x108s™ along the [010] direction, using
an initial periodic cell of 12 nm x 42 nm x 5 nm. After 100 ps equilibra-
tion, the backward compression was applied to release the tensile
strain to zero with the same rate. To check the time-history depen-
dence, we repeated the tension-compression loading for 3 cycles to
collect the relations between stress, strain, and system energy. Fol-
lowing our recent work®’, we developed a computational pipeline to
automate the generation of force fields in different styles for organic
system simulation. In this work, we used the General Amber Force Field
framework®* with atomic charges from the semi-empirical AMI1-BCC
method”. The scripts can be found at https:/github.com/
MaterSim/OST.

Data availability

The single crystal X-ray diffraction data reported in this study have
been deposited at the Cambridge Crystallographic Data Centre
(CCDC), under deposition number 2375271. This data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. All data are available from the
corresponding authors upon request. Source data are provided with
this paper.

References

1. White, S. R. et al. Autonomic healing of polymer composites. Nature
409, 794-797 (2001).

2. Phadke, A. et al. Rapid self-healing hydrogels. Proc. Natl Acad. Sci.
109, 4383-4388 (2012).

3. Chen, H., Ma, X., Wu, S. & Tian, H. A rapidly self-healing supramo-
lecular polymer hydrogel with photostimulated room-temperature
phosphorescence responsiveness. Angew. Chem. Int. Ed. 53,
14149-14152 (2014).

4. Wang, S. & Urban, M. W. Self-healing polymers. Nat. Rev. Mater. 5,
562-583 (2020).

5. Peng, Y., Gu, S., Wu, Q., Xie, Z. & Wu, J. High-performance self-
healing polymers. Acc. Mater. Res. 4, 323-333 (2023).

6. Wei, Z. et al. Self-healing gels based on constitutional dynamic
chemistry and their potential applications. Chem. Soc. Rev. 43,
8114-8131 (2014).

7. Chung, H. et al. Rotator side chains trigger cooperative transition
for shape and function memory effect in organic semiconductors.
Nat. Commun. 9, 278 (2018).

8. Park, S. K. & Diao, Y. Martensitic transition in molecular crystals for
dynamic functional materials. Chem. Soc. Rev. 49,

8287-8314 (2020).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Zhu, L., Al-Kaysi, R. O. & Bardeen, C. J. Reversible photoinduced
twisting of molecular crystal microribbons. J. Am. Chem. Soc. 133,
12569-12575 (2011).

Kato, K., Seki, T. & Ito, H. (9-Isocyanoanthracene)gold(l) complexes
exhibiting two modes of crystal jumps by different structure change
mechanisms. Inorg. Chem. 60, 10849-10856 (2021).

Worthy, A. et al. Atomic resolution of structural changes in elastic
crystals of copper(ll) acetylacetonate. Nat. Chem. 10, 65-69 (2018).
Das, D., Jacobs, T. & Barbour, L. J. Exceptionally large positive and
negative anisotropic thermal expansion of an organic crystalline
material. Nat. Mater. 9, 36-39 (2010).

Duan, Y., Semin, S., Tinnemans, P., Xu, J. & Rasing, T. Fully con-
trollable structural phase transition in thermomechanical mole-
cular crystals with a very small thermal hysteresis. Small 17,
2006757 (2021).

Awad, W. M. et al. Mechanical properties and peculiarities of
molecular crystals. Chem. Soc. Rev. 52, 3098-3169 (2023).
Mahmoud Halabi, J., Al-Handawi, M. B., Ceballos, R. & Naumov, P.
Intersectional effects of crystal features on the actuation perfor-
mance of dynamic molecular crystals. J. Am. Chem. Soc. 145,
12173-12180 (2023).

Li, Y.-X., Liu, Z.-K., Cao, J., Tao, J. & Yao, Z.-S. Stress-induced
inversion of linear dichroism by 4,4'-bipyridine rotation in a super-
elastic organic single crystal. Angew. Chem. Int. Ed. 62,
202217977 (2023).

Commins, P. et al. Autonomous and directional flow of water and
transport of particles across a subliming dynamic crystal surface.
Nat. Chem. 15, 677-684 (2023).

Commins, P., Hara, H. & Naumov, P. Self-healing molecular crystals.
Angew. Chem. Int. Ed. 55, 13028-13032 (2016).

Al-Handawi, M. B. et al. Autonomous reconstitution of fractured
hybrid perovskite single crystals. Adv. Mater. 34, 2109374

(2022).

Ceratti, D. R. et al. Self-healing and light-soaking in MAPDlI3: the
effect of H,O. Adv. Mater. 34, 2110239 (2022).

Ceratti, D. R. et al. Self-healing inside APbBr3 halide perovskite
crystals. Adv. Mater. 30, 1706273 (2018).

Zhang, L., Bailey, J. B., Subramanian, R. H., Groisman, A. & Tezcan, F.
A. Hyperexpandable, self-healing macromolecular crystals with
integrated polymer networks. Nature 557, 86-91 (2018).
Commins, P., Al-Handawi, M. B., Karothu, D. P., Raj, G. & Naumov, P.
Efficiently self-healing boronic ester crystals. Chem. Sci. 11,
2606-2613 (2020).

Karothu, D. P., Weston, J., Desta, I. T. & Naumov, P. Shape-memory
and self-healing effects in mechanosalient molecular crystals. J.
Am. Chem. Soc. 138, 13298-13306 (2016).

Pétrolniczak, A. & Katrusiak, A. Self-healing ferroelastic
metal-organic framework sensing guests, pressure and chemical
environment. Mater. Adv. 2, 4677-4684 (2021).

Bhunia, S. et al. Autonomous self-repair in piezoelectric molecular
crystals. Science 373, 321-327 (2021).

Mondal, S. et al. Autonomous self-healing organic crystals for
nonlinear optics. Nat. Commun. 14, 6589 (2023).

Fu, D.-W. et al. Observation of transition from ferroelasticity to fer-
roelectricity by solvent selective effect in anilinium bromide.
Angew. Chem. Int. Ed. 60, 8198-8202 (2021).

Terauchi, H., Sakai, T. & Yamada, Y. Ferroelasticity in aniline-HBr. J.
Phys. Soc. Jpn. 48, 177-184 (1980).

Sapurina, |. & Stejskal, J. The mechanism of the oxidative poly-
merization of aniline and the formation of supramolecular polyani-
line structures. Polym. Int. 57, 1295-1325 (2008).

Touryan, L. A. et al. Incorporation of fluorescent molecules and
proteins into calcium oxalate monohydrate single crystals. J. Cryst.
Growth 233, 380-388 (2001).

Nature Communications | (2024)15:8095


https://github.com/MaterSim/OST
https://github.com/MaterSim/OST
http://www.ccdc.cam.ac.uk/data_request/cif
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-51625-x

32. Kabhr, B. & Gurney, R. W. Dyeing crystals. Chem. Rev. 101,
893-952 (2001).

33. Shkir, M., Yahia, I. S., Al-Qahtani, A. M. A., Ganesh, V. & AlFaify, S.
Investigation on physical properties of L-alanine: an effect of
methylene blue dye. J. Mol. Struct. 1131, 43-50 (2017).

34. Wang, H. et al. Doped organic crystals with high efficiency, color-
tunable emission toward laser application. Cryst. Growth Des. 9,
4945-4950 (2009).

35. Kelley, M. P., Janssens, B., Kahr, B. & Vetter, W. M. Recognition of
dyes by K,SO, crystals: choosing organic guests simple salts. J. Am.
Chem. Soc. 116, 5519-5520 (1994).

36. Sinha, N., Goel, N., Singh, B. K., Gupta, M. K. & Kumar, B.
Enhancement in ferroelectric, pyroelectric and photoluminescence
properties in dye-doped TGS crystals. J. Solid State Chem. 190,
180-185 (2012).

37. Petrasek, Z., Ries, J. & Schwille, P. in Methods Enzymol. (ed. Walter,
N. G.) 472, 317-343 (Academic Press, 2010).

38. Kammers, A. D. & Daly, S. Small-scale patterning methods for digital
image correlation under scanning electron microscopy. Meas. Sci.
Technol. 22, 125501 (2011).

39. Sutton, M. A, Li, N., Joy, D. C., Reynolds, A. P. & Li, X. Scanning
electron microscopy for quantitative small and large deformation
measurements part I: SEM imaging at magnifications from 200 to
10,000. Exp. Mech. 47, 775-787 (2007).

40. Scrivens, W. A. et al. Development of patterns for digital image
correlation measurements at reduced length scales. Exp. Mech. 47,
63-77 (2007).

41. Pan, B., Asundi, A., Xie, H. & Gao, J. Digital image correlation using
iterative least squares and pointwise least squares for displacement
field and strain field measurements. Opt. Lasers Eng. 47,

865-874 (2009).

42. Blaber, J., Adair, B. & Antoniou, A. Ncorr: open-source 2D digital
image correlation Matlab software. Exp. Mech. 55, 1105-1122 (2015).

43. Brown, E. N., Sottos, N. R. & White, S. R. Fracture testing of a self-
healing polymer composite. Exp. Mech. 42, 372-379 (2002).

44. Varma, R., Balieu, R. & Kringos, N. Indices-based healing quantifica-
tion for bituminous materials. J. Mater. Civ. Eng. 33, 04021294 (2021).

45. Pittala, R. K., Dhanaraju, G., Ben, B. S. & Ben, B. A. Self-healing of
matrix cracking and delamination damage assessment in micro-
capsules reinforced carbon fibre epoxy composite under flexural
loading. Compos. Struct. 291, 115691 (2022).

46. Liu, G. et al. Self-healing behavior in a thermo-mechanically
responsive cocrystal during a reversible phase transition. Angew.
Chem. Int. Ed. 56, 198-202 (2017).

47. Gupta, P., Karothu, D. P., Ahmed, E., Naumov, P. & Nath, N. K.
Thermally twistable, photobendable, elastically deformable, and
self-healable soft crystals. Angew. Chem. Int. Ed. 57,

8498-8502 (2018).

48. Commins, P. et al. Ferroelastic control of the multicolor emission
from a triply-doped organic crystal. J. Am. Chem. Soc. 146,
16540-16548 (2024).

49. Necas, D. & Klapetek, P. Gwyddion: an open-source software for
SPM data analysis. Cent. Eur. J. Phys. 10, 181-188 (2012).

50. Sheldrick, G. M. A short history of SHELX. Acta Cryst. A 64,
112-122 (2008).

51. Dolomanov, O. V., Bourhis, L. J., Gildea, R. J., Howard, J. A. K. &
Puschmann, H. OLEX2: a complete structure solution, refinement
and analysis program. J. Appl. Cryst. 42, 339-341 (2009).

52. Plimpton, S. Fast parallel algorithms for short-range molecular
dynamics. J. Comput. Phys. 117, 1-19 (1995).

53. Santos-Florez, P. A., Hattori, S. & Zhu, Q. Bending deformation dri-
ven by molecular rotation. Phys. Rev. Res. 5, 033185 (2023).

54. Wang, J., Wolf, R. M., Caldwell, J. W., Kollman, P. A. & Case, D. A.
Development and testing of a general amber force field. J. Comput.
Chem. 25, 1157-1174 (2004).

55. Jakalian, A., Bush, B. L., Jack, D. B. & Bayly, C. I. Fast, efficient gen-
eration of high-quality atomic charges AM1-BCC model: |. Method.
J. Comput. Chem. 21, 132-146 (2000).

Acknowledgements

This research was partially performed using the Core Technology Plat-
form resources at New York University Abu Dhabi. This material is based
upon works supported by Tamkeen under NYUAD RRC Grant no. CGO11
(P.N.). Q.Z. and P.A.S.F. are sponsored by the NSF DMR-2410178. P.N.
thanks NYUAD for the financial support (project ADO73). We thank Dr.
James Weston for his help with the in situ SEM experiments and Dr. Yao
He for the crystal face indexing.

Author contributions

M.B.A.-H., P.C., L.L., and P.N. conceived the project. M.B.A.-H. performed
the spectroscopy studies, imaging, AFM experiments, and CT imaging.
P.C. performed the healing experiments using the tensile tester, M.B.A.-
H. and A.D. performed the DIC experiments. A.D. and M.D. performed
the DIC analysis. S.P. performed preliminary spectroscopy measure-
ments. P.D. performed the sFCS experiments and quantified the dye
concentration. D.P.K. determined the mosaicity and the crystal structure
of the monoclinic form. L.L. performed the X-ray crystallography. P.A-S.
and Q.Z. performed the computational modeling. M.B.A.-H., P.C., A.D.,
and P.N. co-wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-51625-x.

Correspondence and requests for materials should be addressed to
Liang Li or Pan¢e Naumov.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution 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-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, 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 you modified the licensed
material. You do not have permission under this licence to share adapted
material derived from this article or parts of it. 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-nc-nd/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:8095

10


https://doi.org/10.1038/s41467-024-51625-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/naturecommunications

	Ferroelastic ionic organic crystals that self-heal to 95%
	Results and discussion
	Methods
	Synthesis and crystallization
	Scanning electron microscopy (SEM)
	Tensile testing and SEM tensile testing
	Atomic force microscopy (AFM)
	Micro-computed tomography (CT) scanning
	Fluorescence spectroscopy
	Confocal fluorescence microscopy
	Single crystal X-ray diffraction
	Digital image correlation (DIC)
	Scanning fluorescence correlation spectroscopy (sFCS)
	Molecular dynamics simulations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




