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The development of decimeter-length organic crystals that remain elastic, functional, and machinable at
extremely low temperatures, such as in liquid nitrogen (LN) environments, is a great challenge. Here, we
report two novel elastic organic crystals, 1 and 2, derived from mono-benzene compounds. Crystals 1
are elastically bendable with decimeter-scale length (>10 cm) and exhibit better elastic bending ability at
LN temperature compared to room temperature. In contrast, centimeter-length crystals 2 show reduced
elasticity at LN temperature. Notably, crystals 1 can be cut and stripped at LN temperature. To the best
of our knowledge, this is the first report on the cryogenic machinability of organic crystals. By
crystallographic analyses of 1 and 2, intermolecular interactions are shown to be responsible for their
distinct crystal habits and cryogenic machinability. In addition, after stripping, crystals 1 exhibit

programmable optical waveguide properties that vary in proportion to the crystal width and thus have
Received 29th October 2024 the potential for applicati tunabl length modulat ble of real-time two-dimensional
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motion detection in cryogenic environments. This material not only advances the field of flexible organic
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Introduction

Mechanically bendable organic crystals, a newly emerged class
of engineered and functional materials, typically have narrow
shapes with lengths ranging from micrometers to
centimeters.” The unique properties of these materials,
including but not limited to anisotropy, regular packing order,
light weight, intense emission, and high carrier mobility, make
them advantageous for the development of wearable devices,*®
flexible optoelectronics,”** biocompatible sensors,”** and
actuators."** Additionally, mechanical flexibility gives some
centimeter- and micrometer-size crystals processability and
maneuverability under ambient conditions. For example, the
high-precision mechanical manipulation technique to
construct crystalline organic photonic integrated circuits and
the straightforward top-down approach involving cutting
centimeter-scale elastic organic crystals into fibers have been
recently developed by Chandrasekar'” and Hayashi,'® respec-
tively. Through optimizing supramolecular structures, several
ultralow-temperature elastic organic crystals that can be bent
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even in liquid nitrogen (LN, 77 K) have been reported
recently."®> However, it is still a critical challenge in this field to
develop decimeter-length organic crystalline materials that
remain flexible, functional, and machinable at LN temperature.
Most organic materials, including plastics and elastomers,>~>*
tend to become brittle and challenging to process at 77 K,
limiting their utility in extreme environments, such as those
encountered in space exploration and polar research. This
limitation is particularly critical when flexibility and mechan-
ical manipulability are essential for their intended applications.
In addition, the precise control and modulation of optical
signals under extreme conditions are vital for advancing optical
communications and sensing technologies.”*>® Optical signal
transmission and modulation in low-temperature environ-
ments face unique challenges, such as the effects of thermal
shrinkage of materials® and temperature dependence of optical
properties.®* Therefore, there is an urgent need to develop
innovative materials that can demonstrate low-temperature
flexibility, processability, and tunable optical properties.
Mono-benzene m-systems, one of the smallest aromatic
units, have been widely used to develop a variety of highly
efficient solid emitters.***” For example, Xiang et al. reported
that terephthalonitrile-based mono-benzene structures with an
electronic push-pull system have strong solid-state fluores-
cence.?” Substituent modifications on mono-benzene structures
can effectively regulate fluorescence properties ranging from
blue to red and intermolecular interactions, demonstrating
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great advantages in developing flexible organic crystals with the
unique optical functions of optical waveguides,* polarization
materials,* and lasers.* In this work, we designed two novel
flexible organic crystals 1 and 2 with strong blue emission by
replacing one fluorine atom of the mono-benzene compound
2,3,5,6-tetrafluoroterephthalonitrile with 2-(2-aminoethoxy)-1-
ethanol and propanolamine, respectively. While bearing the
same mono-benzene building block, crystals 1 and 2, with
narrow shapes, display quite different growth lengths, LN-
temperature elasticity, and LN-temperature manipulability. By
carefully investigating the crystal structures, we demonstrated
that the well-designed intermolecular interactions in crystal 1
were responsible for the enhanced one-dimensional growth
capability, and excellent LN-temperature elasticity and
machinability. The decimeter-scale crystal 1, after processing,
showed width-dependent waveguide output modulation ability.
The magnitude of the waveguide modulation decreased as the
crystal width decreased, which enabled precise adjustment of
the optical outputs through simple dimensional changes. The
potential of crystals 1 as optical wavelength modulators and
a novel spectral sensing system capable of real-time, two-
dimensional motion detection in cryogenic environments has
been demonstrated by combining these unique properties.

Results and discussion

Two mono-benzene compounds 1 and 2 with different side
chains were synthesized in high isolated yields by a simple one-
step reaction between 2-(2-aminoethoxy)-1-ethanol (Fig. 1a and
S1f) or propanolamine (Fig. 1d and S$2f) and 2,3,5,6-
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tetrafluoroterephthalonitrile followed by column chromatog-
raphy purification. Pale green narrow crystals 1 and 2 with
mechanical elasticity and intense blue emissions were obtained
by solution diffusion methods (Fig. 1b-h). The diffusion of
cyclohexane into a dichloromethane solution of 1 produced
decimeter-level, high-quality crystals, which far exceeded the
lengths of previously reported elastic organic crystals. Despite
the large size of the crystals, they retain excellent mechanical
properties. As shown in Fig. 1c, a 10.25 cm crystal 1 (Fig. S61)
can be bent using both hands. By a similar solution diffusion
process, centimeter-sized crystals 2 were obtained (Fig. 1e). The
absorption and emission spectra of crystals 1 and 2 are shown
in Fig. 1f. Upon excitation with 375 nm ultraviolet light, crystals
1 and 2 exhibited maximum emission peaks at 466 nm and
467 nm at 298 K, respectively. Additionally, the absolute fluo-
rescence quantum yields of crystals 1 and 2 were measured to be
0.44 and 0.32 (Fig. S7t), respectively. Crystals 1 and 2 exhibited
excellent elasticity and could be bent repeatedly when external
forces are applied under ambient conditions (Fig. 1g and h).
When subjected to external forces in LN, crystal 2, unlike crystal
1, was prone to fracture (Fig. S8t). To quantitatively evaluate the
mechanical bendability of the crystals, the maximum
expansion/contraction ratio (maximum elastic strain, ¢) of the
inner/outer arcs of the bent crystals without cracking was
determined using a reported method.*** The method involved
winding crystals of different thicknesses around a cylinder to
form a semicircle (Fig. 1i and j). As shown in Fig. 1k, 15 samples
of crystals 1 with different thicknesses were selected. To reduce
error, each crystal was cut into two sections and wound on
a capillary tube with an outer diameter of 0.52 mm for the
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(a) Chemical structure of crystal 1. (b) Photographs of crystal 1 under daylight and ultraviolet light. (c) Photograph of a decimeter-level

crystal 1 bent by hands. (d) Chemical structure of crystal 2. (e) Photographs of crystal 2 under daylight and ultraviolet light. (f) Absorption and
emission spectra of crystals 1 and 2. (g and h) Photographs of crystals 1 (g) and 2 (h) repeatedly bent at 298 K. (i and j) Photographs of the greatest
level that could be formed before crystals 1 (i) and 2 (j) were broken at 298 K and 77 K; the capillary has diameters of 0.52 mm (i) and 0.58 mm (j). (k
and ) Fifteen sets of parallel experiments were conducted to determine the maximum elastic strain of crystals 1 (k) and 2 (1) at 298 K and 77 K.
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experiment at room temperature and LN temperature. The
calculated maximum ¢ for crystal 1 was 6.98% at room
temperature and 7.47% at LN temperature (thickness:
0.039 mm at 298 K, 0.042 mm at 77 K). Similarly, crystals 2
exhibited excellent elasticity at room temperature (thickness =
0.052 mm, ¢ = 8.23%). However, the bending capacity of crystals
2 was significantly decreased at 77 K (¢ = 0.83%) (Fig. 1l and
Table S17).

To investigate the reasons for the different mechanical
properties at room and low temperatures and distinct crystal
habits of crystals 1 and 2 (Fig. 1), single-crystal X-ray diffraction
(XRD) experiments were performed on crystals 1 and 2 at 298
and 100 K (Fig. 2). As shown in Fig. S9t the face index confirms
that crystals 1 and 2 grow along the g-axis and b-axis and the
bendable crystal planes are (010) and (100) (Fig. 2a-h), respec-
tively. When crystal 1 was frozen by blowing in LN gas, the a, b,
and c-axes shortened by —0.8%, —0.9%, and —1.6%, respec-
tively (Fig. 2a and b), and the torsion angle between the benzene
ring and side chain slightly decreased by 0.27°. The isotropic
contraction of the crystal axis, combined with small confor-
mation change, evidently resulted in more compact and stable
crystals upon freezing.** Compared to crystal 1, crystal 2
exhibited an anisotropic response to freezing, with the a- and ¢-
axes contracted by —1.2% and —4.7%, respectively, while the b-
axis expanded by 3.4% (Fig. 2c and d). This anisotropic
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contraction of the crystal cells and conformational distortion of
the molecules inevitably added additional internal tensile
stresses.”® This is one of the reasons for the worsening in
mechanical properties of crystal 2 at LN temperature. As shown
in Fig. 2i and j, the spatial arrangement of the N, O, and F atoms
of crystals 1 and 2 results in abundant hydrogen-bonding
interactions. When the crystal was subjected to external
stress, the distance between the outer arc molecules increased,
while the inner arc molecules became more contracted (Fig. 2f
and h). The intermolecular hydrogen bonds effectively dissipate
the bending energy and prevent the molecules from sliding over
long distances, which enables crystals 1 and 2 to maintain
excellent elasticity at room temperature. Crystals 1 and 2
exhibited markedly different elastic bending capacities at low
temperatures compared to room temperature. To elucidate the
underlying reasons for these variations, we analyzed the
hydrogen bonding energy changes in crystals 1 and 2 at
different temperatures. The energy frameworks were con-
structed using Crystal Explorer*® and the B3LYP hybrid func-
tional with the 6-31G(d,p) basis set, where semiempirical
dispersion was included by using the D2 version of Grimme's
dispersion. As shown in Fig. S10,T at 100 K, the hydrogen bonds
in crystal 1 became stronger, while those in crystal 2 became
weaker. To further illustrate the variation in hydrogen bond
energies, we calculated the energies of individual hydrogen
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Fig. 2

(a—d) Molecular structures of crystal 1 (a and b) and 2 (c and d) determined at 298 K and 100 K. (e) Packing structure of crystal 1: view down

the (100) plane at 298 K. (f) Packing structure of crystal 1: view down the (001) plane at 298 K and the expansion and contraction directions of the
outer and inner arcs expected during bending. (g) Packing structure of crystal 2: view down the (010) plane at 298 K. (h) Packing structure of
crystal 2: view down the (001) plane at 298 K, and the expansion and contraction directions of the outer and inner arcs expected during bending.

(i and j) Types of hydrogen bonding for crystals 1 (i) and 2 (j).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bonds separately. Geometry optimizations of H atoms (with
heavy atoms frozen) were conducted using the B3LYP-D3 (B])/6-
311G(d) basis set with the Gaussian 09 package.** Frequency
analysis was conducted to ensure there were no imaginary
frequencies. Atoms-in-molecules (AIM) theory was used to
analyze the properties of the position of the bond critical points
(BCPs) of the hydrogen bonds to investigate the characteristics
of the hydrogen bonds, based on which the energy of the
hydrogen bonds was calculated.*> As shown in Table S2,1 the
hydrogen bonding energies of crystal 1 at 100 K showed
a generally increasing trend compared to at 298 K. For example,
the energy of C-H---N increased from —0.515 kcal mol™* to
—1.740 kcal mol™!, while that of C-H:--F increased from
—0.158 kcal mol™* to —0.739 kcal mol™*, and that of O-H---O
increased from —3.744 kcal mol " to —4.658 kcal mol *. In
contrast, when crystal 2 was frozen to 100 K, the hydrogen
bonding energies decreased compared to 298 K. For example,
C-H--N  weakened from —4.692 kcal mol™" to
—2.146 kecal mol™*, N-H---O weakened from —6.261 kcal mol™*
to —5.558 kcal mol', and C-H---F weakened from
—6.080 kcal mol " to —5.481 kcal mol " (Table S31). The above
results indicated that the difference in the variation of hydrogen
bonding energies was the main reason for the different
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mechanical properties of crystals 1 and 2 at low temperatures
(77 K). Meanwhile, the structural differences between crystals 1
and 2 were also important factors influencing different growth
patterns. As shown in Fig. 2e and g, compared to crystal 2, the
introduction of an ether-oxygen bond in crystal 1 resulted in the
formation of an O-H:---O interaction. Additionally, the hydroxyl
group at the end of the side chain formed additional hydrogen
bonds with another molecule, including O-H:--O, N-H---O, and
C-H---N noncovalent bonds. The existence of ether-oxygen
bonding significantly stabilized the crystal lattice. This might
contribute to the formation of an extended structure along the
(100) plane, which in turn promoted the growth of decimeter-
level crystals 1.

Material machinability is a fundamental property deter-
mining a material's potential for various applications. The
elastic and anisotropic sheet morphology of crystals 1 allowed
them to be shaped into fibers, similar to splitting leaves, wood,
or roots, by a post-processing method. As shown in Fig. 3a and
b, crystal 1 was placed atop a silicon wafer and cut using a blade,
which allowed it to be split into different lengths at room
temperature. Tip splitting occurred when the crystals were cut,
probably due to the anisotropic sheet form of the crystals, in
which the weak interactions between the molecular layers were

Needle /

ﬂ Strip

S

Stripping in air

(a) Schematic diagram of organic crystals cut to different lengths. (b) Photographs of crystal 1 cut to various lengths at room temperature.

(c) Diagram of crystals 1 being stripped to different widths. (d) Photographs of crystals 1 stripped to various widths at room temperature. (e and f)
Transmission micrographs of different thicknesses of crystals 1 stripped to different widths, 164 um (e) and 219 pum (f). (g) Scanning electron
microscope images of crystal 1 after machining. (h) Photographs of post-processed crystal 1 bent under external forces at room temperature. (i)
Photographs of PDMS during machining. (j) Photographs of a crystal 1 cut to different lengths at LN temperature. (k) Photographs of a crystal 1
stripped to different widths at LN temperature. () Photographs of a post-processed crystal 1 bent under external forces at LN temperature. All

scales are 2 mm unless stated otherwise.
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broken (Fig. S11t). As shown in Fig. 3c and d, a crystal was
machined to different widths by stripping it with the tip of
a needle at the split (Movie S11). To demonstrate that different
thicknesses of crystals can be stripped, a crystal with a width of
404 pm and thickness of 164 um was split to a minimum width
of 80 um (Fig. 3e). Similarly, another crystal with a thickness of
219 pm was manipulated to generate different widths (Fig. 3f).
As shown in Fig. 3g, the processed crystal was observed using
a scanning electron microscope to have a flat surface without
breakage and could still be bent repeatedly (Fig. 3h). Most
organic materials, such as polymers, are rigid, brittle, and
difficult to machine at ultra-low temperatures.>*****° For
example, when a polydimethylsiloxane (PDMS) film was placed
in liquid nitrogen and machined with scissors, it underwent
a brittle fracture under external forces (Fig. 3i and Movie S27).
In contrast, crystal 1 in LN was still easily machined and could

Width 0.372 mm

Width 0.072 mm

s
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be cut and stripped into thinner crystals (Fig. 3j, k and Movie
S31), maintaining excellent elasticity at LN temperature (Fig. 31).
The above experiments demonstrated the machinability of
crystals 1 at both room and LN temperatures.

Flexible organic crystals have been recognized for their great
potential in optical transmission within the visible spectrum
and near-infrared region.**"** To ascertain the optical waveguide
characteristics of the machined crystals, optical loss coefficients
(OLCs) were evaluated for different widths of crystal 1. As shown
in Fig. 4a-d, crystals 1 of the same length and thickness but
with different widths (0.372 mm, 0.300 mm, 0.228 mm, 0.072
mm) were tested for optical waveguide characteristics. Distance-
dependent emission spectra were obtained by uniformly irra-
diating the crystals from different positions using a 355 nm
laser and capturing the emission spectra at the ends of the
crystals (Fig. 4e). The emission intensity decreased with
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(a—d) Images of crystals 1 with different widths used as waveguides: 0.372 mm (a), 0.300 mm (b), 0.228 mm (c) and 0.072 mm (d). (e) Plot

of crystal widths, emission peak position and excitation position versus distance from the collected optical signal. (f and g) Images of crystals 1
with different widths used as waveguides in the bent state: 0.372 mm (f) and 0.072 mm (g). (h and i) Normalized fluorescence spectra for
acquisitions at different excitation positions. Panels (h) and (i) correspond to the crystals shown in panels (f) and (g), respectively. (j and k) Images
of crystals 1 with different widths used as waveguides in the bent state at 77 K: 0.372 mm (j) and 0.072 mm (k). (l and m) Normalized fluorescence
spectra for acquisitions at different excitation positions. Panels (1) and (m) correspond to the crystals shown in panels (j) and (k), respectively. All
the scales in the diagrams are 5 mm.
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increasing distance from the irradiation point, which was
attributed to optical loss (Fig. S127). After fitting the collected
data using the reported method,**** the OLC of the emission
peak was calculated to be 0.199 dB mm * for the 0.372 mm
width, 0.161 dB mm ™! for the 0.300 mm width, 0.123 dB mm "
for the 0.228 mm width, and 0.106 dB mm ™" for the 0.072 mm
width of crystal 1 (Fig. S131). The emission spectrum was
gradually red shifted with increasing distance from the irradi-
ation point to the signal acquisition location, with a maximum
redshift wavelength of 62 nm, which was attributed to the self-
absorption of crystal 1 (Fig. 1f and S147). As shown in Fig. S13,}
the optical loss of the crystals gradually decreased with
decreasing width, suggesting that narrow crystals had lower
probability of defects.”® As a result, the self-absorption effect
was weakened, resulting in a reduced redshift of the wave-
length. Correspondingly, self-absorption also decreased,
resulting in a reduced redshift of the wavelength. The
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relationship between the crystal width and wavelength change
was presented as an exponential relationship (Fig. S15t). In
Fig. 4f and g, optical loss experiments were conducted on
crystals 1 of different widths (0.372 mm, 0.072 mm) in the bent
state. The OLCs of the maximum emission peak were calculated
to be 0.208 dB mm ™" for the 0.372 mm width, and 0.200 dB
mm~ " for the 0.072 mm width of crystals 1 in the bent state
(Fig. S167). The wavelength variations of different widths in the
bent state were consistent with those in the straight state
(Fig. 4h and i). As shown in Fig. 2a and b, crystals 1 were con-
formationally stable at room and LN temperatures, allowing
stable luminescence properties. In Fig. 4j and Kk, crystals of
various widths maintained optical signal transmission at 77 K,
with the wavelength redshift increasing as the width increased
(Fig. 41 and m). The OLC was 0.282 dB mm " for the 0.372 mm
width, and 0.205 dB mm " for the 0.072 mm width of crystal 1 at
77 K (Fig. S17f). The above experiments demonstrated the
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(a) Diagram of different widths of crystal 1 applied as wavelength modulators. (b) Diagram of a spectral sensing system for real-time

monitoring of two-dimensional motion in cryogenic environments. (c) Photograph of a crystal 1 excited by UV light in the X direction. (d)
Normalized fluorescence spectra for acquisitions at different excitation positions. (e) Linear plot of the position shift versus spectral variation. (f)
Photograph of crystal 1 excited by UV light in the Y direction. (g) Normalized fluorescence spectra for acquisitions at different depths. (h) Linear
plot of depth position versus spectral variation. (i) Photographs of the decimeter-scale crystal 1 for optical signal transmission at the decimeter
level. (j) Normalized fluorescence spectra for acquisitions at different excitation positions. (k) Linear plot of excitation position versus spectral

variation. All the scales in the diagrams are 1 cm.
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optical signal transmission capability of the machined crystals
in both bent and straight states, at both room temperature and
LN temperature.

Wavelength modulators are widely used in fields such as
optical communications, laser technology and optical
sensors.'"*%>5657 Ag the width of crystal 1 affected the degree of
red shifting of the wavelength during light transduction, the
crystal was machined into structures of different widths. The
outputs changed when the post-processed crystal was irradi-
ated, indicating that wavelength modulators could be con-
structed (Fig. 5a). Thus, a spectral sensing system was designed
to monitor the two-dimensional motion of an object in a cryo-
genic environment in real time (Fig. 5b) based on the redshift
phenomenon in the emission spectrum of the optical signal
from a crystal (Movie S41). The crystal was placed on the surface
of liquid nitrogen, and an optical signal receiver was installed at
its left end. The crystal could be excited and its spectral signals
collected by controlling the scanning of the UV light source
along the X and Y axes. Along the X-axis, the UV light source was
scanned horizontally to excite different positions of the crystal
and generate corresponding spectral signals (Fig. 5b). The
change pattern of these signals was analyzed in real time to
accurately track the movement of the object along the X-axis.
Similarly, the crystal was scanned along the Y using a vertically
inserted UV light source (Fig. 5b), and the change in the posi-
tion of the object along the Y-axis was detected by analyzing the
spectral response at different depths. As a proof-of-concept,
a crystal was placed on one side of a 3.2 cm x 3.2 cm rect-
angle, irradiated with UV light along the X-axis direction, and
the spectral signals were collected at different positions
(Fig. 5¢). The spectral redshift reached a maximum of 23 nm,
and the position of the shift showed a linear relationship with
the wavelength (Fig. 5d and e). As shown in Fig. 5f, the spectral
signals corresponding to different depths were collected by
irradiating the crystal in Y-axis direction with a vertically
inserted UV light source. The spectral redshift reached
a maximum of 7 nm, and the depth showed a linear relationship
with the spectrum (Fig. 5g and h). Furthermore, the decimeter-
scale crystal exhibited excellent optical signal transmission
along its entire length (Fig. 5i), and it showed a spectral redshift
of up to 57 nm with the increase in distance between the UV
excitation and the collected signal position (Fig. 5j). Meanwhile,
the linear relationship between the excitation position and
emission wavelength was still maintained (Fig. 5k). These
unique optical properties indicate that the crystals can enable
wide-range 2D object motion monitoring in cryogenic
environments.

Conclusions

In summary, we have designed two organic crystals, 1 and 2,
derived from mono-benzene compounds. These crystals
exhibited different growth lengths and mechanical properties.
The crystallographic analysis revealed that noncovalent inter-
molecular interactions were the critical factors influencing
different crystal growth behaviors and different mechanical
properties at room and LN temperatures. The length of crystal 1

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

exceeded 10 cm, which is the longest recorded in the field of
elastic organic crystals. Furthermore, crystal 1 exhibited excel-
lent flexibility and machinability at LN temperature as well as
width-dependent optical waveguide outputs. These unique
properties made it a promising material for the development of
optical waveguide modulators and sensors that can be operated
in extremely low temperatures, opening up new possibilities for
real-time two-dimensional motion detection and precise optical
signal modulation. This study not only advances the field of
flexible organic crystals, but also expands applications of
dynamic crystals for smart materials operated under extreme
conditions.
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