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Recently, the study of flexible (elastically bendable and plastically bendable) organic single crystals has

become a hot research field in crystal engineering. In general, crystal elasticity and plasticity are

incompatible with each other. Different from the applications of fluorescent crystals, the applications of

room-temperature phosphorescence (RTP) materials generally ignore the crystallographic nature of

large single crystals. Herein, we creatively combine elasticity and plasticity based on one RTP crystal

4,40-dibromobenzil DBBZL. The in-depth study of the irreversible transformation between elastic

bending and plastic bending provided important insights into the mechanism of both elastically bendable

crystals and plastically bendable crystals in crystal engineering. The DBBZL crystal exhibits elastic

bending (reversible) under external stress, whereas it shows plastic bending (irreversible) after excessive

bending. Notably, the first phosphorescent optical waveguides of large single RTP crystals are realized

not only in straight state, but also in elastic bent state and plastic bent state.

Introduction

Nowadays, the intersection of crystal engineering and func-

tional material has become a developing trend of advanced

materials.1–18 The mechanical behaviors of organic crystals such

as bending6–14 and twisting15–18 have become hot topics in crystal

engineering. As these mechanical properties endow organic

crystals with exible structures, they may exhibit the same

functions in a complex environment.19–22 Among these mate-

rials, exible crystals with reversible bending (elasticity) or

irreversible bending (plasticity) are of core interest because of

potential applications in many elds.23–25 However, the exible

crystal species are still very rare. The reason is that the struc-

tures of exible crystals should be well designed. Ghosh et al.

proposed that the packing structures of one-dimensional (1D)

elastically bendable crystals should be interlocked with

weak and dispersive interactions,26 while the 1D plastically

bendable crystals should have a slip plane as a prerequisite.27–29

Hence, it is hard to modify other properties for applications

based on these structures. Surprisingly, the integration of

elasticity and luminescent material was realized by researchers.

Hayashi and Koizumi successfully combined elasticity with

uorescent property in 1,4-bis[2(4-methylthienyl)]-2,3,5,6-

tetrauorobenzene crystals.19,20 Compared with traditional

luminescent materials that are known to be brittle, the use of

elastic organic luminescent crystals could be more exible. We

developed a new kind of elastic self-doping crystals and high-

lighted the optical applications including optical waveguide

and amplied spontaneous emission both in straight-shaped

crystals and in bent-shaped crystals.21 In addition, recently,

the low-loss exible optical waveguide was also realized by us

based on an elastic Schiff base crystal.22 These studies signi-

cantly expand the value of luminescent materials.

Room-temperature phosphorescence (RTP) has aroused

great interests due to its unique photophysical process and

promising application value.30–34 However, there is no report

about exible crystals with room-temperature phosphores-

cence. Besides for the limitation of species of exible organic

crystals, we think that there are two additional factors for this

situation. The design of RTP materials is the rst problem

because of the forbidden singlet-to-triplet transition. This

problem could be solved by introducing carbonyl (C]O)

groups, hetero atoms or heavy atoms.35–37 Other methods

including H-aggregation,38 crystallization,39,40 intermolecular

electronic coupling41 and so on42,43 were also proposed for the

construction of RTP materials. In addition to the problem of

designing RTP materials, the neglect of crystallographic nature

in application also pushes away the value of RTP single crystals.

The major reason is that the crystallographic nature of a large

single crystal is not suitable for the mainstream applications of

RTP materials. To date, the potential applications of RTP

materials mainly lie in bio-imaging, lighting, sensors and so on.
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When considering the application of single crystals, amplied

spontaneous emission and optical waveguide are usually

praised. The phosphorescence nanowire laser was realized by

Fu et al.,44 and the nanowire phosphorescence optical wave-

guide was realized by Zhao et al.45 To our best knowledge, there

is no report on large single RTP crystals displaying similar

optical applications.

In this study, we report the single crystals 4,40-dibromobenzil

(DBBZL) with room-temperature phosphorescence as well as

controllable elastic and plastic bending. The crystallization-

induced phosphorescence (CIP) of DBBZL has already been re-

ported by Tang et al.46 But further photophysical properties and

potential applications have not been reported yet. The crystals

with suitable size display good elasticity under applied stress. It

should be noted that macroscopic elastic bending could turn

into macroscopic plastic bending aer excessive bending.

Detailed discussion revealed that the crystal structure and

interactions play a key role in the bending process. Considering

the phosphorescent emission and exible characteristic, optical

waveguide is demonstrated in straight-shaped crystals, elastic

bent-shaped crystals and plastic bent-shaped crystals. To the

best of our knowledge, this study is the rst report on the large

single RTP crystal that displays optical waveguiding feature.

Results and discussion

DBBZL is an analytical agent bought from TCI. To further purify

the agent, silica gel column chromatography and vacuum

thermal sublimation were performed. Aer slow evaporation of

its saturated CH2Cl2 solution at room temperature, DBBZL

crystals with large size and intense phosphorescence are

formed. As shown in Fig. 1d, DBBZL displays a green emission

spectrum with band maximum at 514 nm. The average lifetime

of 279 ms proves that the emission behavior of DBBZL could be

assigned to room-temperature phosphorescence (Fig. 1e). The

lifetime is much longer than that of uorescence which is

generally around a few nanoseconds, and thus can be applied in

the time-gated detection to distinguish from the uorescence,

although the value is short in comparison to the sophisticatedly

developed RTPmaterials.30,34 The crystal structure of DBBZL was

then determined by single-crystal X-ray diffraction. The mole-

cule in DBBZL possesses a twist conformation with a dihedral

angle of 55.98� between two benzene rings and connects other

molecules through C–H/O and C–H/p intermolecular inter-

actions (Fig. S2 and S3†). The abundant intermolecular inter-

actions could effectively restrict the intramolecular motions,

which help to minimize the nonradiative loss of triplet excitons

and promote the phosphorescent emission.39

The DBBZL crystal displays good elasticity under applied

stress. As shown in Fig. 2a–d, when the crystal was compressed

by tweezers, the crystal could easily bend into a semicircle and it

also has the ability to bend further. The crystal quickly regained

its original straight shape without breaking or cracking aer the

withdrawal of tweezers (Fig. 2e). This reversible bending–

relaxation process could be repeated many times (Fig. 2f–i),

therefore highlighting its good elasticity. The elastic bending

process can be intuitively observed in the Movie S1 of ESI.† In

the bending process of the DBBZL crystal, the bending plane is

associated with the (010) plane (Fig. S4†). We also tested (�100)

plane and applied force, but the crystal directly cracked without

bending (Fig. S5†). In the layer of (010) plane, as shown in

Fig. S6 and S7,† the benzene rings of one molecule are parallel

to the benzene rings of other molecules with a distance of 3.47

Å, and the distance between the centroids of benzene rings is

3.93 Å. These data appropriately t to p–p interaction

distance.47–49 The molecules form a chain through p–p stacking

and C–H/O hydrogen bonds (2.7 Å). The chains are connected

with each other through C–H/p and C–H/O interactions,

forming a layered structure, which is associated with the crys-

tallographic (010) plane (Fig. 3c and S8†). In the bending

process, structural deformations occurred in these layers. In

brief, the layer deformation mainly has two types, which are

called expansion and contraction (Fig. S9†). This situation

demands that the layer structure should have a buffered plat-

form to dissipate energy, thereby promising the p–p stacking.

Fig. 1 Molecular structure of DBBZL (a); photographs of single DBBZL

crystals taken under daylight (b) and 365 nm UV light (c); emission

spectrum of the DBBZL crystal (d); phosphorescent decay curve of

DBBZL measured at 514 nm (e).

Fig. 2 Photographs of elastic bending process of the DBBZL crystal

compressed by tweezers.
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In the expanding process and contracting process, the p–p

stacking could provide a structural buffering unit for the

deformations and it could also be easily recovered. Hence, we

conclude that p–p stacking plays a core role in the elastic

bending process.

Aer excessive bending, elastic crystals are generally broken

into two pieces.21,22,26 Interestingly, the DBBZL crystals could

easily exhibit macroscopic plastic bending if bent excessively.

The Movie S2 of ESI† clearly shows this plastic bending process.

Moreover, the plastically bent crystal could be straightened out

upon applying stress (Movie S3 of ESI†). To quantify this

deformation process, the bending strain at the end of elastic

deformation, which is also the beginning of plastic deforma-

tion, was calculated by a simple method.21,22 According to the

formula of bending strain (see ESI†), the crystal with decreased

thickness could be elastically bent to a loop shape with smaller

radius before transforming to plastic bending. The radius of

curvature of the bent crystal was controlled by a ballpoint pen

rell with a radius of 2.25mm. Thus, the bending strain value of

the thinnest crystal, which exhibits plastic bending, should

correspond to the extreme value of elastic bending strain.

Finally, a crystal with thickness of 0.122mmwas calculated with

a bending strain value of 2.65%. In other words, the crystals

would exhibit macroscopic plastic bending, when the bending

strain is over 2.65%.

Aer excessive bending, the crystals exhibit macroscopic

plastic bending (Fig. 4d). Actually, this overbending process

(plastic bending) could be divided into three parts: (1) during

elastic process, the crystal could form a circular arc shape; (2)

the plane slipped when excessive bending occurred; and (3)

recovering the bending plane during the slipping process. This

means that the bending plane maintains the initial state,

neither expansion nor contraction. Therefore, the main factor

for plastic bending is the slipping of planes (Fig. 4c). To prove

the plastic bending, the interfacial angles of the crystal ends (q)

attract our attention. The bending faces expand or contract

during the elastic bending process and q remains

unchanged.26–28 Compared with elastic bending, the plane

slipping in plastic bending makes the bending plane maintain

the initial state, but q would be changed. The angles between

the crystal top and bending faces (q) are obviously changed as

shown in Fig. S10.† Regarding the effect of crystal thickness on

plastic bending, we found that the relatively thinner crystal

shows better plastic bending ability and could be folded by

about 180�, while the relatively thicker crystal was easily broken

due to splitting (Fig. S11 of ESI†). This splitting further proved

that the molecular layer structures were slipped from each other

in the plastic bending process.

The elastic bending process demands an isotropic packing

mode, whereas the plastic bending process demands an

anisotropic packing in which strong and weak interactions exist

in nearly perpendicular directions.26–28 Hence, elasticity and

Fig. 3 Crystal packing in DBBZL. Representative supramolecular

synthons of the molecules between bending layers (a); crystal

morphology with face indices (b), crystal structure viewed down the

major bending face (010), the orange lines indicate the p–p stacking

mode (c); and crystal structure viewed down the (�100) face (d).

Fig. 4 Photographs of elastic bending (a) and plastic bending (b) under

mechanical stress applied through a pair of tweezers; schematic of the

crystal before and after elastic or plastic bending (c); and photographs

of the overbending process (d).
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plasticity are incompatible with each other. But why does

DBBZL crystals exhibit controllable elastic and plastic bending?

This phenomenon demands the crystal structure to be kept in

an intermediate region between anisotropic packing and

isotropic packing. This special structure demands that the weak

interactions should not be very weak so that they could satisfy at

least two conditions: (1) interactions could prevent bending

plane from slipping in elastic bending; and (2) interactions

could provide chance for slipping in plastic bending. In the

crystal structure of (�100) plane, the Br-atoms form type-II Br/

Br (3.77 Å, q1 ¼ 94.3�, q2 ¼ 162.0�) contacts and C–H/Br

interactions (3.14 Å; 3.30 Å). The bending planes stack in along

crystallographic b axis through these interactions (Fig. 3d). The

multiple Br/Br and C–H/Br interactions (Fig. 3a), which are

arranged in different directions and balanced with each other,

are relatively stable and thus could avoid changing the position

of the molecule, i.e. prevent slipping of the molecular layer

structure, in the elastic bending process. Subsequently, the

balance of multiple interactions should have several metastable

states, i.e. the position of the molecule should be able to change

to a certain extent. Thus, the molecular layers can be gently

slipped in the plastic bending process. Briey, the multiple Br/

Br and C–H/Br interactions endow the crystal with the char-

acters of both isotropic packing (elastic bending) and aniso-

tropic packing (plastic bending).

We further conducted X-ray diffractions of DBBZL crystals in

straight shape, elastically bent shape as well as plastically bent

shape (Fig. S12 of ESI†). In comparison to the straight crystal

that shows regularly arranged diffraction peaks, the elastically

bent crystal and the plastically bent crystal display elongated

and sparse diffraction peaks. Thus, the crystal structures are

changed differently via different methods of mechanical

bending.

When the DBBZL crystal was exposed to 365 nm UV irradi-

ation, the emission intensities at both ends were much higher

than that in the middle of the crystal. Considering that such

crystal oen possesses good luminescent intensity and high

exibility, we attempt to combine exibility with its photo-

physical properties to enrich the potential applications of RTP

materials. Hence, the potential optical application as phos-

phorescent optical waveguide was rst realized both in straight-

shaped large crystals and in bent-shaped large crystals. We rst

investigated the optical waveguide in straight shape (Fig. 5a–c).

The emission bands were recorded at one end of the crystal

upon irradiation by a 355 nm pulse laser in different positions.

The emission intensity at the end of the crystal has a signicant

inverse relationship with the distance between the irradiated

position and the emitting tip. The optical loss coefficient (a in

dB mm�1) was calculated by the formula Itip/Ibody ¼ A exp(�ad),

where Itip and Ibody are the emission intensities at the emitting

tip and the irradiated position, respectively, while d is the

guiding distance. The calculated optical loss coefficient is

around 0.285 dB mm�1 (Fig. S13†).

Aer measuring the straight-shaped crystal, the crystal was

bent and xed with adhesive to investigate the elastic crystal.

Surprisingly, the exible optical waveguide was also realized in

the bent crystal, which is shown in Fig. 5d–f. The calculated

optical loss coefficient is around 0.306 dB mm�1. Finally, the

plastic crystal was also realized under the same condition,

which is shown in Fig. 5g–i. The calculated optical loss coeffi-

cient is around 0.307 dB mm�1. Though the loss coefficients of

bent crystals are slightly greater than that of straight-shaped

Fig. 5 Phosphorescent optical waveguide properties of single DBBZL crystals in straight shape (a–c), in elastic bent shape (d–f) and in plastic

bent shape (g–i). Photographs of the crystal under UV light (a, d and g); images collected at different positions of the crystal upon 355 nm laser (b,

e and h). Phosphorescent spectra measured at one end of the crystal with constantly changing distances between the end and the laser

excitation positions (c, f and i).
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crystals, they are still signicantly smaller than those of many

organic crystals ever reported.50,51 This proved to be a good

exible optical waveguide performance of the single RTP

crystals.

Conclusions

In summary, we report a crystallization-induced phosphores-

cence DBBZL crystal with controllable elastic and plastic

bending. Analysis of the crystal structures suggests that the

intermediate region between anisotropic packing and isotropic

packing plays a core role in the bending process. In other words,

the p–p stacking is dominant to the elastic bending process,

while the Br/Br interactions and C–H/Br interactions are

dominant to the plastic bending process. Taking advantages of

the high exibility and phosphorescent emission, the rst

report about exible optical waveguides of large phosphores-

cent crystals is realized in straight-shaped crystals, elastic bent-

shaped crystals and plastic bent-shaped crystals highlighting

“elasticity”, “plasticity” and “room-temperature phosphores-

cence”. Hence, we believe this work would give a new way to

both exible organic crystals and optical devices.
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