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ABSTRACT: Emission from crystalline organic solids is often quenched by
nonemissive energy-transfer deexcitation processes. While dispersion of
fluorophores in polymers or other hosts has been used to enhance the
emission intensity, this strategy results in randomization of guest orientation
and optical losses at grain boundaries. Here, we report the doping of
inherently nonemissive single crystals of anilinium bromide with three
fluorescent organic molecules. The doping process equips the crystal with
emission characteristics that tune from blue to deep orange. The emission
intensity can be reversibly modulated by ferroelastic twinning, which causes
the material to function as a multiemissive force sensor. This approach
opens up new pathways in the manipulation of emissive properties in
organic crystals and may have substantial implications for optoelectronic
devices and sensors.

■ INTRODUCTION
Luminescent materials represent a critical element in the quest
for advanced materials. Common emissive organic devices
such as light-emitting diodes are normally prepared as powders
and incorporated into powder matrices, which are compatible
with the common preparation procedures and mechanically
comply with demanding sophisticated electrical designs.1−3

Organic crystals, having predefined and brittle shapes, would
appear to be an unlikely scaffold for emissive materials.
However, having ordered and tightly packed lattices, they are
capable of anisotropic emission. They can host a range of
impurities such as small molecules, where the matrix-isolation
effect has been shown to enhance or modulate emission.4−7

Piezochromic and mechanochromic materials have also proven
to be valuable force-sensitive emissive materials, although their
emission is determined by their inherent chemical and crystal
structure.8−12 The addition of foreign molecules into
crystalline lattices can also serve as another, more general
approach to intentionally modulate solid-state properties.
Embedding exogenic molecules into biogenic or synthetic
crystals has been established as a robust approach to eliciting
new properties into crystalline materials.13−19 Once a guest
species has been included into a host matrix, it remains
physically and chemically inaccessible; however, its photo-
physical properties can still be externally modulated.
Here, we report ferroelastic twinning of an organic crystal

that can reversibly tune the emission intensity of three
fluorescent molecules embedded in the nonemissive single
crystal by using external mechanical force. Specifically, the

insertion of small amounts of anthracene (A), phenazine (P),
and acridine orange (O) allows single crystals of anilinium
bromide (1) to become emissive across a broad range of
wavelengths in the blue, green, and orange regions of the
spectrum. Upon application of force, the doped crystals
(APO@1) undergo reversible ferroelastic twinning that causes
the occluded dopants to reorient and thereby alter their
emission. The unique mechanical responsiveness of these
crystals opens up innovative opportunities in the design of
force, pressure, or strain sensors similar to other dynamic
crystals.20−25 The ability to adjust their luminescence in
response to mechanical stress provides a new approach to
sensing�one that offers a direct optical readout rather than
relying on changes in electrical properties.26−28 The insights
reported here offer a starting point for further investigation
into mechanically controllable luminescence, providing a
guiding principle for future explorations. We anticipate that
this will pave the way for the development of novel
optoelectronic and sensing technologies, underpinning the
design of innovative materials and devices that can respond to
and adapt to their environment.
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■ RESULTS AND DISCUSSION
Emissive Properties and Color of the Doped Crystals.

Single crystals of the doped material, APO@1, were grown by
dissolving aniline and anthracene with acridine orange in 48%
hydrobromic acid and methanol, and slow evaporation of the
solution over 48 h. The phenazine was spontaneously formed
by oxidation of the aniline in situ (for details, see the Methods
section in the SI). We hypothesized that mildly substituted
derivatives of phenazine could be effectively incorporated into

the crystal structure. This reasoning led us to select anthracene
and acridine orange. Beyond their structural resemblance to
phenazine, the emissive characteristics of these two fluoro-
phores cover a large region of the visible spectrum and allowed
us to tailor the emissive properties of the APO@1 crystals. The
prismatic crystals were 0.5−50 mm long and translucent, with
a faint pink discoloration (Figure 1A). X-ray diffraction
structure analysis confirmed that the crystals were of the
monoclinic P21/m polymorph out of the several known

Figure 1. Broadband emission and spectra of APO@1 crystals. (A) Optical image of an APO@1 crystal in white light. Scale bar, 1 mm. (B)
Polarized fluorescence image of an APO@1 crystal irradiated with 350−380 nm light with its three domains: “parent” (before twinning), “twin”
(after twinning), and “detwin” (after detwinning). (C) Color of the crystal when irradiated at 360, 480, and 540 nm and under white light (the
collection windows were set to 430−470, 500−540, 560−580, and 400−700 nm, respectively). Scale bar, 100 μm. (D) Emission of the crystal
excited in 10 nm intervals between 340 and 550 nm shown on the 1931 CIE color space. The emissions of anthracene (A), phenazine (P), and
acridine orange (O) in methanol are added to the CIE plot for comparison, and the excitation wavelength is labeled next to the data point. A dotted
white line is added to guide the eye. A visible spectrum chart is shown above the CIE plot, with a black box to indicate the emission range of
APO@1. (E,F) Normalized emission spectra of A, P, and O in methanol (E) and APO@1 (F) excited at 350, 420, and 480 nm. (G) 2D
excitation−emission spectrum of APO@1 powder showing the emission contribution of each of the three guests at varying excitations.
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polymorphs of 1.29,30 The crystal structure of anilinium
bromide is historically interesting and additional information
on its structure was published previously.29−31 We confirmed
by powder X-ray diffraction that unground crystals of APO@1
are from the same polymorph (Figure S1). However, the
crystals undergo a grinding-induced phase transition from the
P21/m phase to the orthorhombic Pmmn phase. Photo-
excitation of the crystals with light across the ultraviolet
(UV) and the visible spectral ranges confirmed the presence of
the dopants in the bulk of the otherwise nonemissive crystal of
1, which was surprisingly accommodating and incorporated all
three emissive guests (A, P, and O; Figure 1). The presence of
the emissive molecules is uniform within the bulk of the crystal
and they are not simply deposited on the surface. Using
confocal fluorescence microscopy, a z-scan image collected at
varying depths of a crystal showed uniform fluorescence in the
x, y, and z directions (Figure S2). The approximate
concentration of the guests was determined by dissolving the
APO@1 crystals and measuring the fluorescence emission
intensity of each guest. The guest concentrations were found
to be 496 ± 16 nM, 56.9 ± 34.2 μM, and 281 ± 62 nM or
0.0025 ± 0.0001, 0.272 ± 0.163, 0.0021 ± 0.0004% of the
mass of the APO@1 crystals (m/m) for A, P, and O,
respectively (Figure S3).
Excitation of the APO@1 crystals at 360, 480, and 540 nm

resulted in emission of blue, green, and orange light,
respectively (Figure 1C, Movie S1). The presence of the
dopants was further confirmed by fluorescence spectroscopy
and mass spectrometry (Figure 1E,F, and Figure S4). The
emission of the individual guests in APO@1 at 350, 420, and
480 nm matches reasonably well the spectra of the individual
emitters in methanol (Figure 1E,F). The absorption and
emission spectra and molar absorptivity of A, P, and O are
shown in Figure S5. The red-shift of the three most prominent
emission peaks of A at 407, 420, and 444 nm in the APO@1

crystals from the respective values in methanol at 380, 398, and
422 nm is attributed to dipole-ion interactions.32 The emission
of P with a maximum at 460 nm and a shoulder at 476 nm in
APO@1 is similar to its solution spectra, having a maximum at
470 nm, though the reduced emission of the 476 nm peak in
APO@1 suggests energy transfer between P and O.
Comparing the absorption spectra of acridine orange to the
emission of APO@1 shows good overlap between the donor
and the acceptor, and further supports energy transfer between
the two (Figure S6). The energy transfer between P and O was
confirmed by comparing the lifetime of P in APO@1 (1.741 ±
0.004 nm) to the lifetime of P in P@1 (1.935 ± 0.006 ns)
(Tables S1 and S2). The reduced lifetime of P in the presence
of O indicates an energy transfer of 9.8%. The energy transfer
was also observed by comparing the emission spectra of
APO@1 to those of P@1 (Figure S7). The emission of P@1
has a maximum at 476 nm and two shoulders at 461 and 506
nm, while in APO@1, the maximum is at 460 nm and there is
a shoulder at 471 nm. The reduced intensity of the higher
wavelength emission at 471 and 506 nm in APO@1 confirms
the energy transfer of P to O. Additionally, phenazine
undergoes aggregation-induced quenching in solution (Figure
S3C), though it readily emits from APO@1 crystals (Figure
1F,G), showcasing the utility of isolating emitters into matrices
to minimize the aggregation effects. Even though P was formed
in situ in the presence of hydrobromic acid during
crystallization, its spectrum peaks at 470 nm in APO@1 and
indicates emission from its neutral form rather than the
protonated one, which has a peak centered at 517 nm (Figure
S8). The guest O, excited at 480 nm in APO@1, has a
maximum at 537 nm and a shoulder at 588 nm, and these
spectral features are consistent with its solution spectrum, with
a maximum at 522 nm. The enhancement of emission
shoulders in P and O is likely a result of steric confinement
in the solid state, which selectively strengthens transitions from

Figure 2. Twinning and detwinning, and their effect on the fluorescence of APO@1 crystals. (A) Pair of micromanipulators twinning an APO@1
crystal under polarized white light and UV light. (B) Change of molecular orientation in the structure of the host crystal 1 upon twinning and
detwinning, as viewed along the c axis. Here, ‘P’ stands for a parent domain, and ‘T’ for a twinned domain. (C) Fluorescence recovery over time of
each domain (parent, twinned, detwinned) monitored under excitation with 330−380 nm (top), 405 nm (middle), and 488 nm (bottom) light.
The respective plots of time-dependent intensity are shown on the right. Note that the fluorescence recovered with excitation at 330−380 and 480
nm, but not at 405 nm.
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certain excited states.33 A direct comparison of the emission of
APO@1 can also be made by observing the emission of A@1,
P@1, and O@1 in Figures S7 and S9.
The 2D excitation−emission plot in Figure 1G shows that

the light emitted by the APO@1 crystals depends strongly on
the excitation wavelength since its emission can stem from one
or more of the guests. For example, at excitations >480 nm,
only O in APO@1 absorbs and is the sole emitter; however, if
the crystals are excited at 400 nm, all three guests contribute to
the green color, as shown by the emissions at 420 nm (A), 468
nm (P), and 538 nm (O) (Figure 1G). This enables tuning of
the emission of the crystal across the global color space, as
illustrated in the 1931 CIE plot and the rainbow color strip in
Figure 1D, where the color coordinates of APO@1 crystals are
shown for the crystals irradiated in 10 nm increments between
340 and 550 nm (the emission of three guests individually in
methanol are also shown for comparison). When excited at
340 nm, the crystal emits blue light from A, which becomes
greener as the excitation approaches 380 nm as there is an
increasing contribution from O (Figure 1G). With excitation at
430 nm, the emission becomes blue/teal and comes from P
and O. Above 480 nm, the emission has a greenish color,
which gradually changes to deep orange at 550 nm from that of
O.
Effect of the Ferroelastic Twin Deformation on the

Fluorescence Emission. If the APO@1 crystals are com-
pressed on their (100)/(1̅00) face, similar to the crystals of
pure 1,34 they can undergo a ferroelastic twin deformation that
appears as a visible boundary running at 48° in respect to the
long side of the crystal (Figure 2A, Figure S10, and Movie S2).
The ferroelastic twinning was also confirmed by mechanical

testing and shows the diagnostic hysteresis in stress required to
twin and detwin the crystal (Figure S11). The twinned domain
is related to the parent domain by a 90° rotation about the
crystallographic c axis, and its structural identity was confirmed
by single crystal X-ray diffraction analysis (Figure 2B, Figure
S12). It has been established that dyes embedded into crystals
commonly align themselves anisotropically along the crystallo-
graphic axes13 and all three guest molecules in APO@1 adopt
preferred orientations aligned along the b axis, as shown by the
emission intensity in the parent and twin domains in Figure
2A. As also shown in Figure 2A, the guest molecules in the
parent domain are aligned with the polarizer and thus the
emission is bright yellow. In contrast, the guest molecules in
the twinned region rotate together with the space-restrictive
lattice of the host; they are crossed to the microscope polarizer,
and that domain has a reduced emission. The twinned domain
can be reverted to its original orientation (detwinned) by
applying force onto the (010)/(01̅0) face (Figure 1B, Movie
S2). The detwinned region is the same phase as the parent, and
the two are indistinguishable by single crystal X-ray diffraction.
Its worth noting that precise control over the area of the twin
domain can be easily achieved by controlling the force applied
on the crystal. When a single crystal was affixed to a tensile
tester and tension was applied at a specific rate, a precise
control on the growth of the twin domain was attained (Figure
S13).
We noticed that the realignment of the guest molecules by

twinning/detwinning is reversible, but the emission of the
detwinned domain gradually recovers over time (Figure 2C).
The emission intensity is directly related to the orientation of
the emitters, and when transition dipole moments of the

Figure 3. Polar plots of an APO@1 crystal before and after twinning. (A, B, D) Polar plots of the crystal excited at 405, 488, and 330−380 nm,
respectively. The blue, red, and magenta lines correspond to the parent, twinned, and detwinned domains. The elliptical lines have been added to
guide the eye. (C) Polarized optical and confocal images of the crystal excited at 405, 488, and 330−380 nm and rotated at various angles to show
the changing emission of each domain at different angles. The polarization of the incident light source is parallel to 0/180°. (E) Illustration of the
crystal showing the location of the domains. The detwinned domain is highlighted with a dotted white line.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c03190
J. Am. Chem. Soc. 2024, 146, 16540−16548

16543

https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03190/suppl_file/ja4c03190_si_006.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03190/suppl_file/ja4c03190_si_006.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03190/suppl_file/ja4c03190_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03190/suppl_file/ja4c03190_si_006.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03190/suppl_file/ja4c03190_si_006.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03190/suppl_file/ja4c03190_si_006.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03190/suppl_file/ja4c03190_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03190/suppl_file/ja4c03190_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03190/suppl_file/ja4c03190_si_006.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03190/suppl_file/ja4c03190_si_006.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03190?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03190?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03190?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03190?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c03190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


emissive transitions are aligned with the light polarization
plane, the emission is maximized. This enabled us to track the
alignment of the emitters with respect to the polarizer by
measuring their fluorescence intensity over time. In Figure 2C,
the twinned domain appears as a bright strip running
diagonally across the crystal for all excitation wavelengths
and intensity that changes over time. For excitations at 330−
380 and 488 nm, corresponding to excitation of A and O,
respectively, the intensity in the twinned region gradually
increases and reaches a plateau over 100 min, indicating that
the guest molecules reorient and become mostly parallel with
the b axis and the polarized light plane. However, with
excitation of 405 nm, which excites mostly P, the intensity of
the emission from the twinned domain remains nearly constant
over time, indicating that the guests are stationary. Similar
reorientation of the emissive guests was also observed for the
detwinned regions, where the intensity for excitation at 300−
380 and 488 nm slowly decreases as a result of realignment of
the guests with the b axis of the parent crystal, which is
perpendicular to the polarized plane direction in the parent/
detwinned domain. The change in fluorescence intensity in
both twinned and detwinned regions reveals that not only are
the guest molecules preferentially oriented within the host
lattice but they also are unexpectedly dynamic.
Locating the Guests with Polar Plots and Computa-

tional Analysis. The very low concentration of the emissive
guests in APO@1 of less than 0.3 wt % (Figure S3) precludes
direct determination of their structure by crystallographic
means. Instead, the anisotropy of their emission was used to
identify their orientation in the parent, twinned, and
detwinned domains in the same crystal by using polarized

confocal fluorescence microscopy. The excitation at 330−380,
405, and 488 nm was selected to excite predominantly one of
the guests (Figure 2C, movie S3). The preferred orientation of
the guest molecules appears as directional polar plots whose
maxima align with the orientation of the transition dipole
moments of the relevant electronic transitions35,36 (Figure 3,
Figure S14). A series of images of an APO@1 crystal rotated in
360° are shown in Figure 3C, and the parent, twin, and
detwinned domains are labeled in blue, red, and magenta,
respectively (Figure 3E).
The three polar plots at different excitation wavelengths

(Figure 3A,B,D) show that all three guests have maximum
emissions at ca. 178 and 358° for the parent and detwinned
domains, and ca. 98 and 278° for the twinned domains,
confirming that all guests have their transition state dipole
moments approximately parallel to the b axis. Considering that
the guests have flat, aromatic, anthracene-like structures, it is
not surprising that they occupy nearly the same positions in
the crystal lattice of 1. After twinning, however, the emission of
the guests varies at different excitation wavelengths. The plots
at excitations of 330−380 nm coming mostly from A and 488
nm from O (Figure 3B,D) have a maximum emission intensity
that is similar for the parent, twinned, and detwinned regions;
there is only a reduction of 6% (330−380 nm) and 27% (488
nm) from the maximum intensity. The emission intensity at
405 nm (Figure 3A), which is mostly due to the emission of P,
however, is significantly decreased by 58% in the twinned
domain and by 65% in the detwinned domain. The reduced
emission intensity signifies that the molecules of P become
more disordered after each perturbation of the host lattice.

Figure 4. Orientation of the guest molecules in the host lattice. (A, B, C). Models of guest A (A), P (B), and O (C) inserted into the lattice of
anilinium bromide crystal structure and surrounded by 6 adjacent anilinium bromide ion pairs. The A, P, and O molecules are placed at an
azimuthal rotation of 0° in these models. The guest was azimuthally rotated about the a axis, and the relative energy was calculated by using the
B3LYP/6-311G(d,p) method. (D) Relative energy diagram plot for the three guests at varying azimuthal rotations showing that A and P have
minima near 100° while O has a minimum neat 270°. The blue, green, and orange lines correspond to A, P, and O, respectively. (E) Representation
of the ab plane showing the calculated location A (blue), P (green), and O (orange) in the parent, twinned, and detwinned domains. There are
black arrows near the P molecules in the twin and detwinned domains to indicate it is disordered. (F) Polarized optical image of APO@1 crystals
on the ab plane is shown for comparison.
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To better locate the orientation of the guests within the
crystal, which should account for the different trends in
emissions of different guests over time, we performed first-
principles calculations based on density functional theory
(DFT) at the B3LYP/6-311G(d,p) level.37 The guest
molecules were placed into the host lattice by first removing
two molecules of anilinium bromide and then laying the guest
flat along the b axis into the vacancy followed by allowing the
assembly to structurally relax. The lowest energy structure was
determined based on their azimuthal rotation along the a axis.
The resulting relative energy diagram for each guest at varying
azimuthal rotations of the guest is shown in Figure 4A−C. The
relative energy profile for A displays a relatively flat energy
potential from 80−120° (Figure 4D), indicating that the
structural accommodation of the molecule in the lattice is
associated with low energy. P is slightly stabilized at a 110°
orientation, though a rotation of 100 or 120° would only be
0.54 and 1.01 kcal/mol higher in energy, respectively. The
bulkiest molecule, O, has a strong preference for a 260−270°
azimuthal rotation, and a slight rotation in either direction
causes the model to increase more than 35 kcal/mol in energy.
The three energy profiles show that each of the emitters has a
preferred orientation that places its transition state dipole
moment along the b axis of the anilinium bromide crystal and
is in good agreement with the polar plots shown in Figure
3A,B,D. The energy profiles also hint at why the emission
intensity decreases with excitation at 405 nm in Figure 3A.
Molecule P, which is a significant contributor to the emission
by excitation at this wavelength, has a relatively flat energy
profile with only a 9 kcal/mol energy difference between its
highest and lowest orientations. Hence, the energy cost of
having the guest molecules at a nonideal orientation is
relatively low. Additionally, there are two local minima at 0°
and 180° that P may also inhabit. The opposite is true for O,
and the energetic cost of lying at its non-optimal geometry is
ca. 35 kcal/mol. This relatively deep energetic well may explain
why the fluorescence of O can recover in Figure 2C, as there is
a strong thermodynamic reason for the molecules to return to
their preferred orientation.
Corroborating the information from the computational

analysis and polar plots has allowed us to construct a model
identifying the location of each guest in each of the domains in
the APO@1 crystal (Figures 4E) where the blue, green, and
orange regions correspond to the A, P, and O molecules,
respectively. In the parent domain, all three guests lie with
their transition state dipole moments primarily along the b axis.
When the crystal is twinned, most of the molecules rotate
approximately 83° with the anilinium bromide lattice;
however, some of the molecules of P become disordered, as
evidenced by the decreased emission intensity in the polar
plots (Figure 3A). When the crystal is detwinned, a majority of
A and O molecules return to their original orientation, though
some become disordered and eventually realign over time with
the b axis, as shown by the recovered fluorescence intensity in
Figure 3B,D. However, the molecules of P become increasingly
more disordered with each twining-detwinning cycle (Figure
4E).
Application as a Photomechanical Force Sensor. The

field of solid-state photoswitching devices is innately attractive
as they have the ability to form high contrast readouts
nondestructively. The field has been incorporating common
organic photoswitches into various media such as liquid crystal
polymers38 and hydrogels39 to achieve functional materials.40

However, the conformational freedom gained by introducing
chromophores into an isotropic medium, such as a polymer,
comes at a loss of control of its orientation. By incorporating
three emitters into the APO@1 crystal and using their ability
to rotate within the twin domains, the crystals can serve as an
all-organic real-time force sensors that change their emissions
in response to force, similar to some inorganic materials.41,42

The force sensing ability of the APO@1 crystals was
investigated by constructing a force-emissivity plot (Figure
5A−C, Movie S4). A crystal of APO@1 was adhered to a
tensile tester and irradiated at 350−380 nm light, and the color

Figure 5. Photomechanical force sensing by using the APO@1
crystals. (A) Polarized optical images showing a crystal of APO@1
irradiated at 350−380 nm that was ferroelastically twinned and
detwinned. The color of the emission was measured in area 1, a
twinned region, and area 2, a region of the parent crystal. At t = 0 s
(1), the crystal is at rest. After 3 s, the twin domain was formed and
propagates. At t = 50 s the tension was terminated and the crystal was
compressed until t = 80 s, whereupon it was completely detwinned.
(B,C) Force-emission plots displaying the color of light emitted from
area 1 and 2, as the crystal undergoes twin formation. The emission of
red, green, and blue light all gradually decrease in area 1 (B) while the
twin is being formed and slightly increase when the crystal is
detwinned at 50 s. The emission color in area 2 (C) remains constant.
The raw data for each color’s emission is shown as a shaded color, and
the fitted data is represented by a bold solid colored line. (D) Optical
polarized images of a crystal that was twinned and detwinned into its
on/off states five times visualized under broadband UV light. (E)
Maximum normalized intensity of the twin domain after each
twinning/detwinning cycle. (F) Optical polarized images of a crystal
that was detwinned and the fluorescence recovery was measured at
25, 50, and 70 °C. The crystal was irradiated with broadband UV
light. (G) Rate of fluorescence recovery in the detwinned region
measured at 25, 50, and 70 °C showing that the fluorescence recovers
faster at higher temperatures.
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of its emission was measured using a polarized microscope
while the crystal was ferroelastically twinned and detwinned
under tension and compression. At time zero (time point 1),
the emissions of red, green, and blue light in both area 1 and
area 2 in Figure 5A are at their maximum. Once a force of 0.51
N of tension was applied, a twin domain (area 1) was formed
and it began propagating along the crystal for 50 s, which was
accompanied by a drop in the red, green, and blue light by 80,
55, and 62%, respectively. After 50 s (time point 2), the
tension was halted and the crystal was compressed to its
original shape. During the compression, there was a slight jump
in the emission at ca. 53 s as the lattice was detwinned and the
red, green, and blue emission recovered to 50, 56, and 59% of
their maximum over the next 30 s. The emission in area 2, the
parent domain, remained relatively constant throughout. To
the best of our knowledge, this is the first example of an
organic multiemissive force sensor. A notable previous study
has reported a superelastochromic crystal43 that shows
emission change from yellow-green to yellow-orange in
response to force. The change in the emission color is less
sensitive for detection relative to the decrease in overall
emission of the three guest molecules in APO@1. The sensor
also has varying sensitivity as the inclusion of the three
different emitters allows the material to have different
sensitivities based upon which the wavelength of light is
measured. APO@1 is particularly sensitive in the red as there
is an 80% decrease in its intensity from its baseline emission;
however, it is less sensitive in the green as its intensity is only
reduced by 55%. The data shows that APO@1 crystals can
detect forces as low as 0.51 N, which is intriguing as an organic
light emitting force sensor but is less sensitive than some
flexible sensors, which have shown to have a lower detection
limit of >0.098 mN.41,44 The threshold force required to
induce a twin domain and thus change its fluorescence is
dependent upon the crystal’s size, where smaller crystals have
lower threshold forces and larger ones have larger threshold
forces. This relationship is displayed in Figure S15 and shows
that the threshold force required to induce a twin can also be
controlled by the crystal size.
The cyclability of the mechanoswitching behavior of the

crystal’s fluorescence was tested by measuring its intensity
under a polarized microscope over five cycles on a single
crystal (Figure 5D,E). Upon twinning, the emission in the
twinned domain was significantly reduced by approximately
95% when excited at 330−380 nm, putting it into an “off-
state”. However, when the twinned domain was mechanically
detwinned, the fluorescence intensity recovered by ∼60%
within 35 min in the dark and returned to its “on-state”. This
recovery of the intensity (∼60%) was repeated over five cycles
with no loss of emission and showcased the crystal’s
robustness. The photoswitching behavior of these crystals
can also be controlled thermally. The emission recovery of a
twinned and detwinned region was measured at 25, 50, and 70
°C (Figure 5F,G). The temperature-dependent experiments
were performed on the same crystal to reduce possible variance
across multiple crystals, while different locations of the crystal
were twinned and detwinned at each temperature. At 25, 50,
and 70 °C, 90% recovery of the emission was observed in the
detwinned domain after 120, 50, and 20 min, respectively
(Figure 5G). The results show that the crystal accelerates its
recovery as the temperature increases. This further indicates
that the reorientation of the guests into their preferred
orientations is a thermodynamically favorable process, and so

the rate of emission recovery is naturally hastened at higher
temperatures.

■ CONCLUSIONS
In summary, we have incorporated three different compounds
with emissions that cover a large span of the visible spectrum
into single crystals of the nonemissive host, anilinium bromide.
The crystals can emit colors ranging from deep blue to orange
depending on the incident light. In response to mechanical
pressure, the resulting doped, transparent crystals reversibly
form ferroelastic twin domains, and the guests move in tandem
with the twinned and detwinned domains, which affords
precise and reversible control over the spatial emission
intensity of the emitters. We were able to locate the position
of the guests inside the crystal using both computational and
experimental methods and found that the emitters lie flat along
the b axis of the host lattice. The controllable rotation of the
guests within the crystal allows them to be used as a reversible
photoswitch and multiemissive force sensor, with reduction of
the emission in the twinned domain by 95% and restoration to
65% by detwinning within 35 min. This work showcases the
effective manipulation and control of the optical properties of
the emitters by embedding them into a crystalline matrix and
reordering their orientation by simply using mechanical force.
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