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Organic crystals with mechanical stimulus-response properties are being developed increasingly

nowadays. However, the studies involving tensile-responsive crystals are still lacking due to the strict

requirement of crystals with good flexibility. In this work, an organic crystal with the ability of elastic

bending and plastic twisting upon loading stress and shearing force, respectively, is reported. The

deformability in different directions enables the crystal to be a model for tensile-responsive study.

Indeed, blue shifts of fluorescence were observed when the tensile forces loaded upon the needle-

shaped crystal were stretched to a certain degree. The mathematical correlation between emission

wavelength changes and stretching strain was obtained for the first time, which proves that the crystal

has a potential application for tension sensors. In addition, a low detection limit and high sensitivity

enabled the crystal to have the ability to detect tension variations in precision instruments. Theoretical

calculations and X-ray crystal structure analyses revealed the mechanism of emission wavelength shifts

caused by molecular movement during the stretching process. The presented crystal successfully

overcame the limitations of traditional mechanochromic organic crystals, which have difficulty in

responding to tensile forces.

Introduction

Owing to the excellent optical and electronic properties as well as

the highly ordered and compact packing structures, organic

single crystals have a wide range of applications including

organic light-emitting diodes,1,2 organic lasers3,4 and optical

waveguides.5–12 In recent years, many crystals responding to

light,13,14 heat15,16 and force stimuli17–20 have been reported.

Forces that can be applied to a crystal are pressure,21 shear

force22 and tensile force (Fig. 1a–c). External forces can change

the emission of crystal by tuning the packing structure and/or

molecular conguration inside the crystal. For instance, our

group reported a boron-containing organic crystal that exhibited

distinct mechanochromism when it was subjected to different

isotropic pressures.23 Reddy and his colleagues reported single

crystals of a green uorescent protein analogue with irreversible

mechanical bending under shear forces and associated unusual

enhancement of the uorescence, which is attributed to the

strained molecular packing in the perturbed region.24

The pressure and shear force responses do not rely on the

excellent mechanical properties of materials, as for crystals,

they could be brittle or even crystalline powder.25,26 However,

Fig. 1 (a–c) Schematic illustration of the three kinds of force applied

to a crystal. (d) Schematic illustration of the crystal bend, twist and

bend after twist. (e) Schematic illustration of the internal structure of

the crystal changes when stretched and relaxed.
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only materials with good exibility can respond to tensile

stimulus. Polymer materials are oen used to study tensile

properties because of their good exibility.27,28 Etienne and co-

workers reported a polymer elastomer, which can deform

reversibly under large strain.29 When the elastomer was

stretched to a certain extent, it would emit bright blue light

because the dioxetane group inside the polymer breaks into two

ketones. Weder's group presented lms of cyclophane-

containing polyurethane, which displayed a considerable

portion of excimer emission, but upon deformation, the uo-

rescence became monomer-dominated, and a perceptible

change from cyan to blue was observed. The mechanochromic

response displayed by the lms was instantly reversible.30 In

this sense, to study the properties of the tensile stimulus-

response of crystals, the key requirement is that crystals

should be exible and stretchable. Since Reddy et al. rst re-

ported the elastic bending properties of organic single crystals

and proposed the bending mechanism in 2012,31 a few elasti-

cally bendable single crystals have been reported by Kahr,32,33

Chandrasekar,34,35 Naumov,36–38 and other groups.39–42 Recently,

Hayashi and his co-workers found that the emission spectra of

the inner part, center and outer part of the bent 9,10-dibro-

moanthracene single crystal were markedly different.43 This

work proved the feasibility that an organic exible single crystal

can respond to tensile force and provided a new idea for

studying the effect of tensile force on crystal luminescence.

However, it is still a challenge to study the relationship between

crystal luminescence and crystal tensile strain.

In this work, we report an organic crystal capable of elastic

bending and plastic twisting, and still has good elasticity aer

twisting (Fig. 1d). Besides, the crystal can be stretched reversibly

within a certain strain (Fig. 1e). Interestingly, the spectra of the

crystal under stretching signicantly differed from the initial

state, and the blue shi of the emission wavelength occurred

evidently during the stretching process. There is a denite

linear relationship between the wavelength change and

stretching strain, so the crystal can be used as a potential

tension sensing material. Hence, an organic crystal that can

respond to tensile forces has been successfully obtained, which

lls the gap of the response of organic single crystal to tensile

force and expands the application eld of organic crystal

greatly.

Results and discussion

(E)-4-(3-(5-Methoxy-1-methyl-1H-indol-3-yl)acryloyl)benzonitrile

(MMIAB; Fig. 2a) was synthesized in good yield through a two-

step reaction (ESI Fig. S1–S3†). MMIAB in solution has excel-

lent stability against photoisomerization (ESI Fig. S4†). The

crystals of MMIAB were prepared as follows: 3.0 mL saturated

dichloromethane solution of MMIAB was added to a test tube,

then 6.0 mL ethanol was slowly added using a dropper without

destroying the previous solution surface. Aer about 15 days,

yellow needle-shaped crystals with a typical length of about 1.5–

2.0 cm were obtained. MMIAB crystals displayed bright yellow

uorescence with an emission peak at about 550 nm and

a quantum yield of 0.22 (Fig. 2a). The emission maximum in

different polar solvents is from 472 nm to 526 nm, revealing that

the solvent polarity has a certain effect on the excited state (ESI

Fig. S5†).44,45 To simulate the effect of the solvent on the excited

states of MMIAB, the calculated emission and dominant orbital

excitations were collected in Table S1.† All the emissions from

the optimized S1 state originated from similar orbital excita-

tions. The calculated emission maxima of MMIAB are in the

range of 476–502 nm. As the solvent polarity increases, the

principal emission peaks are red-shied, as shown in Fig. S6;†

the red-shi trend is consistent with the experimental

measurements. Both experiment and simulation results indi-

cate that the solvent polarity has a specic effect on the excited

state, thus resulting in the red-shied emission. The thermal

stability of MMIAB has also been veried (ESI Fig. S7†). The

crystal could be plastically twisted along the direction perpen-

dicular to its growth to form both le-handed and right-handed

morphologies (Fig. 2b) when the twist forces were applied at

both ends of the crystal tips in the opposite direction. SEM

images illustrated that the crystal was not damaged under the

helical condition of small pitch (Fig. 2e). The crystal displayed

excellent elasticity so that it can be bent easily to form a half

loop by tweezers and then recovered to its original shape when

the applied force was released (Fig. 2c). This elasticity is not

signicantly affected by the plastic twisting of the crystal

(Fig. 2d). In addition, the maximum strain of the twisted-elastic

crystal was smaller than that of the elastic crystal because of the

layered slip of the crystal caused by the torsion process (ESI

Fig. S8†).

In order to test whether large strain can occur in the length

direction of the crystal and explore the change of the crystal

emission wavelength during the stretching process, a needle-

Fig. 2 (a) Chemical structure of MMIAB, the absorption and emission

spectrum of crystal. (b) Microscope image of the left-handed and

right-handed morphology of twist crystal. (c) Photos of straight crystal

and bending crystal under daylight. (d) Photos of bending and relaxing

states of twist crystal and their partial magnification photos. (e) SEM

images of twisted crystals at different magnification rates.
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like crystal was stretched by a universal testing system. The

sample was xed on one surface of the mechanical grip by 502

glue to avoid slippage during testing, and then the optical ber

was placed between two grips (Fig. 3a). To determine the rela-

tionship between emission wavelength change and strain, each

stretching displacement (0.02mm) was xed to getmultiple sets

of wavelength-strain data. As the bottom grip is xed and only

the top grip can move as setting displacement, some detections

for different parts were displayed, and they are not identical

with the previous ones. To eliminate the test error, we collected

the PL spectra of three different parts of one crystal (ESI

Fig. S9†) and found that the wavelengths of these parts are not

signicantly different. Stretching is homogeneous, and even

though the parts were slightly different from one test to the

next, the results were still authentic.

The crystal uorescence underwent a gradual hypsochromic

shi upon stretching. When the stretching strain increased, the

uorescence changed from yellow to green gradually (Fig. 3b).

Finally, the uorescence of the crystal was blue-shied by 17 nm

when the crystal was stretched to the maximal strain of 3.56%

(Fig. 3c). Note that the uorescence intensity enhances with the

increase of tensile strain (ESI Fig. S10†). It is also worth noting

that this property does not depend on the different crystal faces

of the crystal. Emission spectra of (100) and (001) faces of

stretching crystal were obtained, and it turned out that both

have the same blue shi (ESI Fig. S11†). The change of emission

wavelength and strain is linearly correlated with the slope

485.85, and the linear tted curve's R2 was calculated to be

99.03%, as shown in Fig. 3d. To ensure the experimental result

is not accidental, four other crystals were picked to conduct

parallel experiments. Likewise, the linear correlations between

the emission wavelength change and strain were obtained, and

the slopes of the tted curves were nearly close from 454 to 479

(ESI Fig. S12†). The relations among force, stress and strain

follow eqn (1)–(3):46

Elastic modulus ¼
Stress

Strain
(1)

Stress ¼
F

A
¼

applied force

cross-section area
(2)

Strain ¼

DL

L
¼

change in length

initial length
(3)

The elastic modulus of crystals is a material intrinsic prop-

erty so crystals will preserve the feature even though their shape

is changing, like stretching or bending. The stress–strain graph

indicates that the elastic modulus of the crystal is 1.3 GPa

(Fig. 3e). Based on ve parallel experiments, the average

modulus value was calculated to be 1.3 GPa (ESI Fig. S13 and

Table S2†). Crystal width and thickness can be measured using

a high-power microscope (ESI Fig. S14 and S15†). The force

signal can be transformed to optical signal via this MMIAB

crystal, so the crystals have potential to be used as a mechanical

sensing material. Associating the mathematical formula

mentioned above, the stretching force can be calculated by

monitoring the changes of a high quality crystal emission

wavelength. The linear range of strain-emission wavelength

shi agrees with the linear range of strain–stress, and these two

sets of data were obtained simultaneously during the tensile

test of the same crystal.

To verify whether the stretching process is reversible, the

crystal stretching fatigue test was carried out. The crystal was

stretched at a xed displacement of 0.15 mm with a stretching

strain of 2.47%. The emission wavelength blue shied by 12 nm

when the crystal was stretched. Then, the mechanical grip went

back to the initial position by the program set in the universal

testing system, and the initial PL spectrum was retained. This

process was repeated ve times, and each time the crystal had

the same blue shi and then recovered to the initial state

without fracture (Fig. 3f). X-ray diffraction measurements also

demonstrated the restorability of stretching. The diffraction

peak of the (100) plane from 5.32� shied to 5.39� under

stretching. The distance between the (100) plane and (200)

plane changed from 16.60 Å to 16.38 Å, which is calculated

using the Bragg equation. When the crystal recovered, the peaks

almost returned to the original position, which indicated that

the crystal lattice was also recovered (ESI Fig. S16†). To sum up,

Fig. 3 (a) Photo of gathering stretching crystal emission spectra

experimental facility. (b) The microscopic image of the initial fluores-

cence of the crystal and fluorescence of the crystal after stretching

with a blue shift of 10 nm. (c) Normalized continuous fluorescence

spectra of crystal during stretching. (d) The linear correlation between

change of crystal maximal emission wavelength and stretching strain,

the data in (d) was fitted by a function of y ¼ a + bx, where a and b are

0.08 and 485.85, respectively. (e) Stress–strain curve of the stretching

to 3.56% strain process. (f) Maximal emission wavelength of the same

crystal measured at initial and stretching states alternately.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 15423–15428 | 15425
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this experiment result proves that the tensile deformation of the

MMIAB crystal is reversible.

As a mechanical sensor, the MMIAB crystal can not only be

reused, but also supervise a slight change of force. The wave-

length changes in the presence of a load were monitored to

show the efficiency of load detection (ESI Fig. S17†). The limit of

detection and sensitivity were calculated to be 0.03 N and

64.50 nm N�1, respectively. A low detection limit and high

sensitivity mean that the crystal can be used to detect small

tension changes in some precision instruments. In addition,

the excellent elasticity and twistable capability of the crystal

endow the sensor with anti-vibration ability either in horizontal

direction or vertical direction.

To reveal the mechanism of the crystal's properties, single-

crystal X-ray diffraction measurement was performed. The

compound crystallized in a monoclinic system and C21/c space

group, and its molecular skeleton shows high planarity with the

torsion angles around two single chemical bonds between the

benzene ring and the indole ring being 8.52� and 5.70�,

respectively (Fig. 4a). The molecules stacked in parallel and

formed column structures based on p/p interactions with

a vertical distance of 3.43 Å along the crystallographic [010]

direction (Fig. 4b and c). Due to the existence of the C–H/p

interactions, the molecules linked with each other to form the

molecular chain, and the C–H/p distance was in the range of

2.718 Å to 2.895 Å (Fig. 4d). Meanwhile, ample C–H/p inter-

actions and C–H/O interactions (Fig. 4e) existed among the

molecular layers; the range of C–H/O distance was from 2.510

Å to 2.535 Å. The abundant intermolecular interactions along

the crystal a-axis generated the bendable (100) plane (ESI

Fig. S18†). Outer interactions' expansion and inner interactions'

contraction buffered the bending force effectively,47,48 which

meets the requirements of crystal elasticity (Fig. 4f).

Additionally, the parallel packing structures and interspaces

between molecular layers make the plastic twisting possible.41

When double methyl groups are opposite, there were intermo-

lecular interactions between two adjacent molecular layers to

connect each other. However, when double cyano groups are

opposite, the intermolecular interactions disappeared as the

cyano groups are far from others (Fig. 4g). So this part packing

structure makes the molecules slip easily, which is more

benecial to the plastic twisting of the crystal. When the

twisting force is applied to the crystal, the molecules with weak

interactions will slip directly and the C–H/p and C–H/O

interactions among molecules will be affected rst, then these

interactions will resume to make the crystal structure stable.

This is the plastic twisting process. The unit cell in the twisted

part of the crystal has clearly changed, which was conrmed by

X-ray diffraction patterns (ESI Fig. S19†). The diffraction points

of the straight part are clear, and the diffraction peaks are high.

For the twisted part, the diffraction points deviated from their

original position and the diffraction peak intensity decreased.

The results demonstrated that the twisting process changed the

unit cells tremendously. Energy calculations among the mole-

cules in one unit cell could help comprehend the crystal

bendable and twistable capability (Fig. 5a–c). Energy framework

analyses were performed by CrystalExplorer49 using the B3LYP

hybrid functional with 6-31G(d,p) basis set, where semi-

empirical dispersion was included using the D2 version of

Fig. 4 (a) Front view and top view of molecular structure and two

single bond torsion angles. (b) The overlap degree and interaction

distance of p/p interactions. (c) Molecular chains formed through

p/p interactions along b-axis (white arrows). (d) The C–H/p inter-

actions in molecular chains and between two molecular layers (white

dotted lines). (e) C–H/O interactions among molecular layers (green

dotted lines). (f) Parallel packing viewed along the a-axis and the

expansion and contraction directions of outer and inner arcs formed in

the bending process, respectively. (g) Packing of molecular layers

viewed along the b-axis (the white arrows show the potential slip

direction of non-overlapping in space).

Fig. 5 Energy frameworks of crystal viewed down b (a), c (b) and a (c)

axis, respectively.

15426 | Chem. Sci., 2021, 12, 15423–15428 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Grimme's dispersion. The thickness of blue bars represents the

high or low energies. The calculated results were consistent

with the single-crystal X-ray diffraction results. All the mole-

cules that have plentiful C–H/p and C–H/O interactions have

higher energy, and the blue bars around these molecules are

thicker. Meanwhile, the energy between neighboring molecules

whose cyano groups are opposite is low, verifying the weak

interactions between them. The energy frameworks further

illustrated the crystal bendable and twistable capability.

The face indexing conrmed that the crystal growth was

along the b-axis. The distance between two molecules would

increase with the strengthening of stretching. The connecting

link between the double N atoms of adjacent cyano groups was

parallel to the b-axis. The distance between two N atoms in the

initial condition was determined to be 4.904 Å, and the angle

between the benzene ring and the N/N connecting line was

46.65�. Thus, a simple triangular mathematical model was

established to calculate the change of p/p distance. The

crystal with the maximal strain of 3.56% was taken here as an

example. In this case, the N/N distance changed to 5.079 Å,

and the p/p distance was calculated to be 3.693 Å. Compared

to the initial p/p distance of 3.429 Å, the length of the

stretched crystal had distinct enlargement, which is the reason

the emission wavelength showed hypsochromic shi upon

stretching.

To understand the relationship between the stretching

process and emission shi in depth, theoretical calculations

were performed by ORCA,50,51 using CAM-B3LYP/def2-SV(P)52,53

with Grimme D3 dispersion correction.54 The dimer was utilized

as the model created by the initial crystal structure and

dimerscan.55 The initial excitation energy of the crystal was

3.691 eV, and the emission energy was 2.990 eV. When the

crystal was stretching at 3.56% strain, the excitation energy and

emission energy changed to 3.758 eV and 3.009 eV, respectively

(ESI Fig. S20†). The increase in both of these energy values

proved that the wavelength of the crystal emission moves

towards the higher energy; thus, the emission peak of the crystal

should have blue shis. The theoretical study was in good

agreement with the experimental results.

Conclusions

A crystal with the ability of elastic bending and plastic twisting

was obtained. A more signicant nding was that the crystal

could respond to tensile forces with blue shis of uorescence,

and this process was reversible within a certain strain. Theo-

retical calculations revealed the relationship betweenmolecular

movements and crystal uorescence during the stretching

process. The linear correlation between the wavelength change

and strain was gained for the rst time. It was of great signi-

cance to explore the inuence of structural changes on crystal

emission. Moreover, it proved that the crystal has potential

application as a mechanical sensor. Low detection limits and

high sensitivity indicate that the crystal can detect small tension

changes. This work breaks the limitation of a crystal's difficulty

in responding to tensile force and further expands the appli-

cation of organic crystals in the sensing eld.

Author contributions

Q. Di did the experiments and analysis, validated the results,

and wrote the manuscript. Z. Zhang and B. Tang contributed to

the material synthesis. X. Yu, J. Li and Houyu Zhang contrib-

uted to the theoretical calculations. Hongyu Zhang provided key

advice and supervised the study.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported by the National Natural Science

Foundation of China (51773077) and the Graduate Innovation

Fund of Jilin University.

Notes and references

1 M. An, R. Ding, Q. Zhu, G. Ye, H. Wang, M. Du, S. Chen,

Y. Liu, M. Xu, T. Xu, W. Wang, J. Feng and H. Sun, Adv.

Funct. Mater., 2020, 30, 2002422.

2 S. Wu, H. Xia, J. Xu, X. Sun and X. Liu, Adv. Mater., 2018, 30,

1803362.

3 S. Ma, M. Wei, S. K. Rajendran, M. Karl, B. Xu, M. C. Gather,

W. Tian, G. A. Turnbull and I. D. W. Samuel, Adv. Opt. Mater.,

2020, 8, 1901785.

4 P. Baronas, G. Kreiza, M.Mamada, S. Maedera, P. Adomėnas,
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