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a b s t r a c t

To understand the deformation mechanism of molecular crystals under mechanical forces will accelerate

the molecular design and preparation of deformable crystals. Herein, the relationship between structural

halogenation and molecular-level stacking, micro/nanoscale surface morphology, and macroscopic me-

chanical properties are investigated. Elastic crystals of halo-pyrimidinyl carbazoles (CzM-Cl, CzM-Br and

CzM-I) with lamellar structure and brittle crystal (CzM-F) were quantitatively analyzed by crystal en-

ergy framework (CEF) providing the inter/intralayer interaction energy (Inter/Intra-IE). It is revealed that

the elastic crystals bend under external force as a result from stronger Intra-IE to prevent cleavage and

weaker Inter-IE for the short-range movement of molecules on the slip plane. This research will provide

an insight for the molecular design of flexible crystals and facilitate the development of next-generation

smart crystal materials.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Organic flexible crystals have been widely focused, includ-

ing with drug preparation [1–3], flexible optical waveguides

[4–8], smart materials [9], laser media materials [10,11], po-

larization rotors [12,13], hybrid actuators [14–16], mechanical

discoloration/mechanochromism [17,18], anti-counterfeiting [19],

mechanophotonics [20], and optoelectronic devices [21–25]. Dy-

namic physical cross-linked structures in crystals is a key factor

to realize energy absorption and release, and further ensure the

excellent bendable property. An atomic-resolved structural pertur-

bation in the hierarchical structures of elastic crystals is the fun-

damental molecular landscape to observe under external stimuli

including mechanical stress [26,27], light activation [28,29], and

thermal annealing [30,31]. The inter/intralayer in the crystal re-

spond to external energy determine the mechanical properties

[32,33], which govern these dynamic stress-strain response pro-

cesses [34]. Similar to hierarchical structures of soft materials, a

unique electronic environment in organic molecule is an original
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factor to modulate the type, intensity and direction of intermolec-

ular non-covalent interactions at different levels in crystal [35–37].

These interactions precisely dominate the intermolecular arrange-

ment within the intralayer of the elastic crystal and exhibit the in-

terlayer structure to realize the energy absorption and release [35].

Therefore, rational molecular designs for pursuing the synergistic

effect of hierarchical structures that govern structural perturbation

and lamellar structure in the elastic crystal are essential.

Ubiquitous and dynamic non-covalent interaction is fundamen-

tal factor to obtain reversible deformation of elastic molecular

crystals. The elastic crystal will realize energy absorption and

release by structural perturbation, which requires dynamic re-

versible noncovalent physical crosslinking [27,35,38]. Organic crys-

tals containing halogen atoms are fashionable, such as hexahalo-

genated benzene crystals [39] and halogenated Schiff base crystals

[40] with mechanically deformable behaviors, suggesting their ex-

cellent capacity of energy absorption [41]. However, there is a se-

rious debate about the origin of this mechanical flexibility of or-

ganic molecular crystals, such as anisotropic packing [42–45] and

isotropic packing for plastic and elastic behaviors [38,41,46,47].

Relatively stronger intralayer and weaker interlayer interactions

[48] are empirically proved as a precondition of building reversible

stress-strain center in hierarchical structures of flexible crystals

https://doi.org/10.1016/j.cclet.2022.107896
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Fig. 1. Materials preparation and images of mechanical response of crystals. (a)

Synthetic route of compound CzM-X. The “frozen” bending and recovery states of

(b) CzM-F, (c) CzM-Cl, (d) CzM-Br and (e) CzM-I crystals. A general procedure was

operated that one end of the needle crystal was fixed, and the opposite end was

applied by external force and then fixed by silicon grease with acupuncture needle.

[35,36]. However, there is a lack of specific quantitative parame-

ters in atomic scale to effectively support the theory that flexible

crystals require relatively stronger intralayer and weaker interlayer

interactions, which is extremely important to precisely tune in-

termolecular arrangement toward exploring novel molecular flex-

ible crystal via rational molecular design. Herein, we prepared a

series of halogen-contained four brittle or elastic crystals with

micro/nanoscale with lamellar morphology from halo-pyrimidinyl

carbazole (Cz) derivatives (CzM-X: CzM-F, CzM-Cl, CzM-Br and

CzM-I) to systematically explore the halogen effects and confirm

the theory. The mysterious elasticity was unraveled in the perspec-

tive of quantitative inter/intralayer interaction energy (Inter/Intra-

IE) and the changes in the micro/nanostructures with crystal defor-

mation via scanning electron microscope (SEM) and atomic force

microscope (AFM). Although four molecules have similar molecu-

lar configurations, conformations and stacking modes in crystals,

the C-X bonds (C-F, C-Cl, C-Br and C-I) with different surface po-

tentials on halogen atoms affect the crystal structures which also

bring out the mechanical response characteristics of the crystals.

The mechanical properties were quantified by nanoindentation. Fi-

nally, not only the relationship between the molecular stacking

modes and the quantitative Inter/Intra-IE of the elastic lamellar

crystals using the crystal energy framework (CEF) [49] were re-

vealed but also the elastic bending mechanism of elastic crystals

was reasonably proposed.

CzM-X derivatives, including CzM-F [50], CzM-Cl and CzM-Br

[51] and CzM-I were successfully synthesized according to the

route shown in Fig. 1a as an improved procedure compared to the

literature.[50] Detailed information can be found in Figs. S1–S10

(Supporting information). As shown in Fig. 1b, the CzM-F crystal

exhibits brittle nature with irreversible damage and fracture un-

der strong external force. Interestingly, three kinds of crystals ex-

hibited impressive elasticity, and could be bent into the droplet

Fig. 2. The electrostatic potential of four single molecules under stable configura-

tion of four halo-pyrimidinyl Cz derivatives. (a) CzM-F (b), CzM-Cl (c) CzM-Br and

(d) CzM-I. Solid line section: Electron-rich and high nucleophilic ability. Dotted line

section: Electron-deficient and high electrophilic ability.

shape (Figs. 1c–e) [51]. When the external force was removed, the

straight crystal recovered to original state. This bending-recovery

process could be repeated many times and the crystal exhibited

macroscopic integrity. Remarkably, the straight CzM-I crystal pre-

sented an “S” shape after bending into a drop shape and recov-

ered. The mechanical properties of CzM-F, CzM-Cl, CzM-Br and

CzM-I crystals were further quantified by nanoindentation mea-

surement (Fig. S11 in Supporting information). The hardness H and

elastic modulus E of these crystals with average values of CzM-F

(H=0.277 GPa, E=7.77 GPa), CzM-Cl (H=0.237 GPa, E=5.02 GPa),

CzM-Br (H=0.211 GPa, E=5.84 GPa) and CzM-I (H=0.369 GPa,

E=7.18 GPa).

The electrostatic potentials of individual molecules from single

crystal data were investigated to uncover the different arrange-

ment of four crystals (Gauss software: B3LYP functional and def2-

SVP basis set). The electrostatic potentials are almostly similar, in

which the large π ring of Cz units are red inside but cyan out-

side (Fig. 2). The pyrimidine units are cyan and blue. Besides, the

surface of the F atom is all red, indicating a nucleophilic behav-

ior (solid line section) (Fig. 2a). However, the surfaces of the Cl,

Br and I atoms are partially red (solid line section), and gradu-

ally blue (dotted line section) simultaneously showing nucleophilic

and electrophilic behaviors (Figs. 2b–d). These slight differences of

the electrostatic potential are attributed to the electronegativity of

halogen atoms with different radius in C-X bonds (C-F=1.350 Å,

C-Cl=1.736 Å, C-Br=1.882 Å, and C-I=2.098 Å) (Fig. S13 in Sup-

porting information). Therefore, various halogen atoms cause the

electron distribution in halogen surface of C-X bond, which also

modulate intermolecular non-covalent interaction and arrange-

ments in crystal structures.

Subsequently, the crystals of CzM-F, CzM-Br and CzM-I grow

along the c-axis. And the crystal of CzM-Cl grows along the a-

axis, as displayed in Fig. 3 [51]. In addition, the (010) face as

the bending face was determined to be the maximum plane of

CzM-Cl (Fig. 3e), CzM-Br (Fig. 3h) and CzM-I (Fig. 3k) (Figs. S14

and S15 in Supporting information). The CzM-F molecules along

c-axis are stacked in parallel by intermolecular π ···π interac-
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Fig. 3. Crystal structures of CzM-F, CzM-Cl, CzM-Br and CzM-I. (a-m) The schematic diagram related the macroscopic crystal model to molecular packing in the CzM-F (a),

CzM-Cl (e), CzM-Br (h) and CzM-I (k) crystals with (c, d, f, g, i, j, l and m) detailed intermolecular interactions.

tions with a value of 3.161 Å (Fig. 3b). Meanwhile, it is eas-

ily observed a series of intermolecular non-covalent interactions,

such as C16-H16···H16 =2.220-2.727 Å, C16-H16···N3 =2.654 Å, C14-

H14···C14 =2.882 Å, π ···π =3.331/3.364 Å (Figs. 3c and d). There is

a stronger nucleophilic ability between F and C14 atom (C15-F1···C14

interaction, 5.060 Å) (Fig. 2a) than those of C13 atom (Figs. 2a

and 3b–d, Fig. S16 in Supporting information). The CzM-Cl, CzM-

Br and CzM-I crystals exhibited similar packing structures, but dif-

ferent from CzM-F. The molecules are stacked in parallel by in-

termolecular π ···π interactions with a distance of 3.113 Å, 3.157

Å and 3.160 Å, respectively (Figs. 3f, i and l). There are a series

of intermolecular interactions, including a small distance C8···Cl1
(3.517 Å), C11-H11···π (2.870 Å), and C6-H6···π (2.863 Å) in Fig. 3g,

C2-Br1···C4 (3.535 Å), C9-H9···π (2.772 Å), and C13-H13···Br1 (3.020

Å) in Fig. 3j, C2-I1···C4 (3.635 Å), C12-H12···π (2.782 Å) and C6-

H6···I1 (3.100 Å) in Fig. 3m. Impressively, non-covalent interactions

in other three crystals of CzM-Cl, CzM-Br and CzM-I, including a

small distance C8···Cl1, C2-Br1···C4, C13-H13···Br1, C2-I1···C4 and C6-

H6···I1, were clearly distinct from the large distance between C13

and F1 of CzM-F. This is due to the red region of halogen (Cl1,

Br1 and I1) with an access to interact with the blue region of the

molecule (C8 in CzM-Cl, C4 and H13 in CzM-Br, C4 and H6 in CzM-I)

(Figs. 2 and 3).

In general, the intermolecular interactions ultimately deter-

mine intermolecular packing model and style in the crystals.

View along a-axis, CzM-F molecules show a "∧∨" packing struc-

ture with a dihedral angle of 64.75o that molecules are con-

nected by C4-H4···π . The "∧" parts and "∨" parts as a whole

show a closely connection with π ···π =3.331/3.364 Å. Mean-

while, the "∧∨" packing structure along the a-axis is strongly

connected by C16-H16···H16 =2.220-2.727 Å, C16-H16···N3 =2.654 Å,

C14-H14···C14 =2.882 Å, C15-F1···C14 =3.166 Å. These intermolecular

interactions are bad to form a slip plane parallel to (010) plane

in CzM-F crystal, which is key to realizing intermolecular slipping

(the red dotted line of Fig. 3a). From c-axis direction, similar to

CzM-F crystal, CzM-Cl crystal also presents the "∧∨" packing struc-

ture connected by C11-H11···π interactions with a dihedral angle of

68.49o. However, "∧" packing structures are observed along (001)

face, but the molecules exhibit "∨" packing model from the (002)

plane. Besides, "∨∨" packing structure with the dihedral angles of

the 68.97o and 67.42o is found for the CzM-Br and CzM-I crystals

along the a-axis, which is linked by C9-H9···π and C12-H12···π in-

teractions, respectively (Figs. 3i and l). More interestingly, the "∨"
and "∨" packing structures joint in the same face linked by in-

termolecular interactions (C2-Br1···C4, C13-H13···Br1, C2-I1···C4 and

C6-H6···I1). Similarly, the slip plane is (040) for CzM-Cl, (010) for

CzM-Br, and (020) for CzM-I, respectively. Therefore, the monolay-

ers were separated by Cl, Br and I atom (the red dotted line of Figs.

3e, h and k). The formation of slip plane is consistent with the

result of electrostatic potential. The blue region of halogen atom

(dotted line section around Cl, Br and I atoms) are absence of elec-

trons and benefit for molecular slipping around slip plane (Fig.

2). Therefore, the surface of halogen atom with different electro-

static potential modulated the intermolecular interactions, which

will create a nonnegligible impacts on the the crystal stacking and

the huge change in mechanical properties.

The relationship between the macroscopic morphology and mi-

cro/nanostructure of the elastic crystal was established. The CzM-F

crystal was broken (Fig. 1b) to investigate the surface morphology

of the fracture section (Fig. S17 in Supporting information). There

is smooth surface on the (010) and (100) faces. Meanwhile, lamel-

lar structures observed on the fracture section also confirmed the
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Fig. 4. SEM and AFM morphology of elastic crystals. (a) The (001) plane morphol-

ogy of CzM-Cl bending crystal; a2 and a4 show the morphology in LS region; a3

and a5 show the morphology in SS region. The (100) plane morphology of (b) CzM-

Br and (c) CzM-I bending crystal; b2 and b4 show the CzM-Br crystal morphology

in LS region; b3 and b5 show the CzM-Br crystal morphology in SS region; c2 and

c4 show the CzM-I crystal morphology in LS region; c3 and c5 show the CzM-I

crystal morphology in SS region.

crystals grew along the (001) plane. This surface morphology is

markedly different from those of the other three elastic crystals.

The large strain region (LS region) and small strain region (SS re-

gion) were carefully surveyed in the (001) plane for CzM-Cl and

in the (100) plane for CzM-Br and CzM-I (Fig. 4). CzM-Cl crystals

consisted of a series of lamellar nanosheets (Figs. 4a2 and 4a3).

The bending face (010) is relatively smooth (Fig. S18a in Supporting

information). Combined with the crystal growth morphology, the

crystal grows along the long crystal axis and forms a thin lamel-

lar structure in its thickness direction. Similarly, CzM-Br and CzM-I

crystals also present a layered structural morphology on the (100)

face. Besides, the surface morphology of the (010) bending surface

shows a special smooth surface (Figs. S19b and c in Supporting in-

formation) attributed to more anisotropic intermolecular interac-

tions. These slidable lamellar nanosheets are beneficial to realize

energy absorption and release, which is precondition to obtain ex-

cellent elastic behavior. The distance and the depth of gullies be-

tween adjacent lamellar nanolayers in the LS and SS regions were

explored by AFM. The thick lamella was observed in the LS region

of the bent CzM-Cl crystal (Fig. 4a4). The interlayer distance was

approximately 200–300 nm, and the depth of the interlayer gullies

was approximately 100 nm (Fig. S20a2 in Supporting information).

However, relatively dense thin-layer structures were observed at

the SS region (Fig. 4a5). The interlayer distance reduced to about

5-100 nm, and the depth of interlayer gullies are also decreased

to about 1–20 nm (Fig. S20a1 in Supporting information). Similar

changes were observed for the CzM-Br and CzM-I elastic crystals

(Fig. S20 in Supporting information). In general, the interlayer dis-

Fig. 5. Schematic representation of elastic bending of macroscopic crystals, CEFs for

representing total IE (blue), and the consequences at microcosmic levels of struc-

tural change. (a) CzM-F, (b) CzM-Cl, (c) CzM-Br and CzM-I crystals.

tance and gully depth in the LS region were larger than those in

the SS region, due to the plastic deformation or plastic flow of the

crystal under the micro/nanostructure state [20], which can also

be confirmed by the typical loading pop-in phenomenon and the

bending at the end point of the crystal (Figs. S11 and S18 in Sup-

porting information). Two or more thin lamellar parts can be cou-

pled to form a new thick lamellar structure owing to dense contact

through plastic flow or deformation, which can also be confirmed

by the abundant pop-in phenomena in nanoindentation.

In general, lamellar structures involved above in elastic crystal

are the external manifestation of periodic intermolecular packing

and arrangement in crystal, which is also called as molecular lay-

ers. Beyond the atomic-resolved structural perturbations, this re-

versible glide of preliminary periodic molecular layer is the fun-

damental parameter to ensure the bendable property of molecu-

lar crystal. Here, the introduced CEF analysis was successfully used

to quantify the origin of brittleness of CzM-F and excellent elastic

behavior of CzM-Cl, CzM-Br and CzM-I (see Supporting informa-

tion for details). There are two key parameters need to be noted

that the Intra-IE and Inter-IE, which may be defined as the min-

imum value of the cut-off energy within the slip molecular layer

and maximum value of the cut-off energy between slip molecular

layer, respectively. The crystal may break in case of the higher ex-

ternal energy than Intra-IE and Inter-IE. The quantified Inter/Intra-

IE of organic molecular crystal will provide an insight into their

mechanical behaviors. The electrostatic and dispersion energies of

CzM-F show strong interaction energies along b-axis and weak

along a-axis and c-axis, suggesting no obvious slip plane in CzM-

F crystal (Fig. 5a and Fig. S21 in Supporting information). Mean-
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while, it shows a weak Intra-IE in the ac plane and a strong Inter-

IE in the ab plane for the CzM-F crystal (Fig. 5a). Therefore, it

may initially break along ac plane rather than ab plane upon exter-

nal force, attributed to the lower intermolecular interaction energy

along ac plane (Fig. S25 in Supporting information). The discussion

above also reasonably explained the brittle behavior of CzM-F. In

contrary, CzM-Cl, CzM-Br and CzM-I crystals exhibited outstand-

ing elasticity, associating with their excellent intermolecular non-

covalent interactions and packing models. All three crystals present

distinct lamellar structure with reversibly sliding behavior in the

electrostatic, dispersion, and total energy frameworks (Figs. S22–

S24 in Supporting information, Figs. 5b and c). The CzM-Cl crystal

framework shows weak Inter-IE with low cut-off energy of 11.03

kJ/mol in the b-axis direction (such as the red shaded part in Fig.

S26 in Supporting information). The lower interlayer binding en-

ergy enables the material to obtain a slip plane, which enables

the molecule to move in a short range. The Intra-IE of 17.12 kJ/mol

for CzM-Cl between the Cz units of adjacent molecules along the

c-axis produces stronger interactions shown in the (010) bend-

ing plane. Besides, CzM-Br and CzM-I crystals show energy frame-

work like CzM-Cl attributed to the similar lamellar structure. Their

framework also shows a weak Inter-IE in the b-axis direction and

a strong Intra-IE within the (010) bending plane. The Inter-IE is

18.47 kJ/mol for CzM-Br crystal and 16.48 kJ/mol for CzM-I crys-

tal, which also shows a slide plane for the low interlayer binding

energy (Figs. S27 and S28 in Supporting information).

Therefore, elastic molecular crystals always required the strong

Intra-IE to prevent cleavage and the weak Inter-IE to ensure the

short-range movement of molecules on the slip plane upon ap-

plied stress. The CzM-Cl crystals had a strong Intra-IE in the ac

plane and a weak Inter-IE in bc plane. The crystal structures may

maintain regular shape and ordered intermolecular arrangement

but slight atomic-resolved structural perturbations and diffusion

intermolecular interactions (Fig. 5b). The deformation of the elas-

tic crystal also meets the unit cell elongation in the convex direc-

tion and contraction in the concave direction along the a-axis [27].

CzM-Br and CzM-I crystals both exhibited similar CEF properties to

CzM-Cl but had a relatively higher Inter-IE (Figs. 5b and c). Based

on previous studies [52], we also explore the structural changes

of the crystal before and after bending to investigate the short-

range movement of the internal molecules during bending. It can

be found that the diffraction point of the straight crystal is sharp

with a high intensity, owing to the uniform structure, while the

diffraction peak of the bending crystal is weak and the diffraction

point is diffused owing to the short-range molecular motion (Fig.

S29 in Supporting information).

In this work, halo-pyrimidinyl Cz derivatives were systemati-

cally studied. The unique packing modes as the consequence of

subtle difference of electrostatic potential lead to their distin-

guished elastic (CzM-Cl, CzM-Br and CzM-I) and brittle (CzM-F) be-

haviors when subjected to mechanical forces. SEM and AFM mor-

phologies show that CzM-Cl, CzM-Br and CzM-I crystals possess

lamellar micro/nanostructures. The CEF analysis provides sufficient

clues for the reasonable Intra-IE and Inter-IE: (1) The strong in-

teractions along the long axis of macroscopic crystal; (2) The rela-

tive strong interactions along the width of the macroscopic crystal

representing the stronger Intra-IE; (3) Weak interactions along the

direction of macroscopic crystal thickness representing the weaker

Inter-IE. The stronger Intra-IE could prevent the cleavage of crys-

tal and the weaker Inter-IE could ensure the short-range move-

ment of molecules on the slip plane during bending. It is believed

that this study gives a significant guideline for the functional de-

sign of halogen-based and/or Cz-based flexible crystals with po-

tential photoelectric properties. The proposed Inter/Intra-IE theory

can also be applied to explain the mechanical bendable mechanism

of some crystals ever reported (HCB [52], DMS [41], PhOH-Cz and

PhOM-Cz [35]).
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