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Abstract

Molecular motions are essential natures of matters, and play important roles in their structures and
properties. However, owing to the diversity and complexity of structures and behaviors, the study
of motion-structure-property relationship remains a challenge, especially at all levels of structural
hierarchy from molecule to macro-object. Herein, luminogens showing aggregation-induced
emission (AIE), namely 9-(pyrimidin-2-yl)-carbazole (PyCz) and 9-(5-R-pyrimidin-2-yl)-carbazole;
R = CI (CIPyCz), Br (BrPyCz) and CN (CyPyCz) were designed and synthesized, to decipher the
dependence of materials’ structures and properties on molecular motions at molecule and aggregate
levels. Experimental and theoretical analysis demonstrated that the active intramolecular motions
in the excited state of all molecules at single molecule level imparted them with more twisted
structural conformations and weak emission. However, owing to the restriction of intramolecular
motions in the nano/macro aggregate state, all the molecules assumed less twisted conformations
with bright emission. Unexpectedly, intermolecular motions could be activated in the macro crystals
of CIPyCz, BrPyCz and CyPyCz through the introduction of external perturbations, and synergic
strong and weak intermolecular interactions allowed their crystals to undergo reversible deformation,
which effectively solved the problem of the brittles of organic crystals, meanwhile imparted them
with excellent elastic performance. Thus, the present study provided insights on the motion-
structure-property relationship at each level of structural hierarchy, and offered a paradigm to
rationally design multifunctional AIE-based materials.

2/ 16



Introduction

The world is full of materials, and motion is the mode of existence of matters. As one of the basic
natures, motion always influences the structures and properties of matters. In modern science,
matters are constructed from microcosmic atoms, then molecules, and finally to macroscopic objects,
from which theories of structural hierarchy are built. Besides, the inherent properties of matters are
closely related with structures. Therefore, clarifying the relationship between motion, structure and
property (MSP) at each level of structural hierarchy not only provides insights on fundamental
science but also paves the way for practical applications.

At single molecule level, dynamic intramolecular motion is dominant through rotation of covalent
bond and vibration of skeleton, and influences the structural conformation. Molecules with free
molecular motion are usually sensitive to surrounding environment and thus display properties such
as twisted intramolecular charge transfer (TICT)'2. In contrast to molecule level, the MSP
relationship in the aggregate state is bound up with many factors. Except restricted intramolecular
motion, molecules may undergo multiple intermolecular interactions, different motional modes, and
express structural and behavioral diversities at each level of structural hierarchy. Except these
internal effects, external stimuli such as light irradiation, magnetic field and mechanical force are
capable of influencing molecular motion and property.>-> Consequently, all these mutual factors give
rise to complicated MSP relationship at the aggregate level. On the other hand, the direct observation
of molecular motions is not easy because of untouchable change of motion in isolated molecule.®
Although molecular motions can be characterized using nuclear magnetic resonance, electron
microscopes, spectroscopies, etc.,”!! these technologies cannot perfectly present aggregate-state
molecular motions in real time and in-situ manner. Therefore, MSP study at all levels of structural
hierarchy is still attractive but challenging.

Aggregation-induced emission (AIE) is an unusual photophysical phenomenon in which aggregates
exhibit brighter emission than single molecules in the solution state.!? After twenty-year effort, AIE
research has made great advances from photophysical phenomenon to materials, mechanistic study
and high-tech applications.!>?! In particular, it demonstrates that molecular motion plays a key role
in photophysical processes. Namely, the free molecular motion of AIE luminogens (AIEgens) in the
solution state dissipates excited-state energy through the non-radiative relaxation channel to result
in quenched or weak emission in the solution state.?> However, when the molecular conformation
is rigidified through the restriction of intramolecular motions in the aggregate state. AIEgens will
show intense emission.?* In this regard, AIEgens provide an excellent platform to explore MSP
relationship. On the other hand, recent AIE research was been focused on studying photophysical
behaviors. However, exploration of other physical or chemical properties such as elasticity is
virtually unexplored.'*!° In addition, aggregation performs like a double-edged sword that promote
bright emission but deactivates some other properties like elasticity in the crystalline phase (Figures
S1 and S2, in the Electronic Supporting Information).?* Without doubt, realization of AIE-active
multifunctional organic crystals is fantastic for their potential applications in material science and
biological applications.
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To investigate MSP relationship at all levels of structural hierarchy and realize additional properties
using AlEgens, the following requirements on the molecular design should be followed: (i) flexible
molecular structure to enable the molecules to undergo large molecular motion in the isolated state;
(i1) structural conformation-dependent properties at each level of structural hierarchy, especially in
macro aggregates; and (iii) synergistic strong and weak intermolecular interactions in macro-crystal
to afford multiple intermolecular motions to realize diversified properties. Except these
requirements, it will be beneficial to the study the MSP relationship if the AIEgens have good
crystallinity and simple molecular structures. Based on these considerations, AIEgens with TICT
effect were considered in this work. Through optimized molecular design and subtle crystal
engineering, electron-donating carbazole group and electron-deficient molecular rotor of
pyrimidinyl unit were chosen to synthesize several simple AlEgens. Interestingly, these easy-
accessed AIEgens were capable of elaborating the MSP relationships at all structural hierarchies
from single molecule to nano- and macro aggregate levels, and their crystals displayed unexpected
elastic behavior. Thus, the present study not only shed light on the MSP relationship, but also
presented a facile strategy to construct AIE-active elastic organic crystals with high performance.

Results and discussion

Molecular design and synthesis

To obtain motional molecules to explore the MSP relationship, carbazole, which is a simple
chromophore with electron-donating property, was selected to construct AIEgens with different
molecular rotors. On the other hand, phenyl group is a classical molecular rotor, and was first
considered and introduced to generate 9-phenylcarbazole (PhCz). The calculated potential energy
surface (PES) revealed that PhCz possessed a twisted conformation in both ground (So) and excited
(S1) states due to the large steric hinderance between two C—H units of phenyl ring and carbazolyl
group (Figure 1a). Thus, PhCz fails to satisfy the purpose of visualization of structural conformation
and property changes at different levels of structural hierarchy. Therefore, pyrimidinyl unit, of which
the two C—H units of phenyl ring were replaced by nitrogen atoms, was utilized as an electron-
deficient rotor to build 9-(pyrimidin-2-yl)-carbazole (PyCz). Results from theoretical calculation
indicated that PyCz showed a planar conformation in So but adopted a twisted conformation in S;
due to the molecular motion (Figure 1b). Therefore, according to our previous studies,'? % 2% such
an intramolecular motion could be blocked in the aggregate state to endow the molecule with AIE
activity. Meanwhile, Cl substituent was further introduced at the para position of the pyrimidinyl
unit to give 9-(5-chloropyrimidin-2-yl)-carbazole (CIPyCz) showing multiple intermolecular
interactions in the crystalline state. As suggested by the calculated PES (Figure 1b), CIPyCz also
displayed flexible molecular motion and TICT effect in the isolated state.

On the basis of these considerations, two target compounds, namely PyCz and CIPyCz, were
synthesized via an effective C—-N coupling reaction (Schemes S1 and S2), and carefully
characterized by NMR, Mass spectroscopies. Moreover, crystals of two compounds were obtained
via simple solvent evaporation process and their structures were determined (Figure S3 and Table
S1).

MSP study at molecule and nano aggregate levels
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Photoluminescence (PL) spectra of PyCz and CIPyCz were first obtained (Figure S4 and S5) to
explore MSP at the molecule level. Both of them showed a broad emission peak from 400 to 600
nm with obvious solvent chromic properties. Besides, Lippert—Mataga equation also revealed the
relatively large slopes (> 8000 cm™!, Figures S6 and S7) to illuminate the TICT property of the two
compounds.?® In contrast, PhCz without donor-acceptor structure showed the emission of carbazole
with peak at around 345 and 360 nm (Figure S8). These data verified the free intramolecular motion
of PyCz and CIPyCz in the solution state, which provided an effective channel in the excited state
to access the twisted molecular conformation with TICT property.
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Figure 1. Potential energy surfaces for (a) PhCz and (b) CIPyCz and PyCz with different dihedral
angles in the ground state (Sp) and excited state (S1). Ab = absorption, Em = emission, TICT =
twisted intramolecular charge transfer, AIE = aggregation-induced emission. (¢) Photoluminescence
(PL) spectra of CIPyCz in acetonitrile/water mixtures with different water fractions (fi). (d) Plot of
relative PL intensity (//Ip) of CIPyCz versus fw. [CIPyCz] = 2.0 uM, Aex = 325 nm, /o = intensity at
emission maximum in acetonitrile solution (fi = 0%).

To further study the MSP relationship in the aggregate state, PL spectra of CIPyCz in
acetonitrile/water mixtures with different water fraction (fi) were taken as an example. By
increasing the water fraction (fy) from 0 to 60%, CIPyCz exhibited gradually red-shifted emission
but decreased PL intensity (Figure 1¢) due to the TICT effect triggered by the increased polarity of

solvent upon water addition. At fi, > 70%, a blue-shifted emission peak was observed at 385 nm and
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its intensity at f = 99% was two times higher than that in pure acetonitrile solution (Figure 1d),
demonstrating the AIE activity of CIPyCz. Results from the dynamic light scattering and powder
X-ray diffraction (XRD) also revealed the formation of nano aggregates in acetonitrile/water
mixture with a high fraction (Figure S9 and S10). Generally, the internal environment of nano
aggregate was less affected by solvents (ie. acetonitrile and water).?” Thus, CIPyCz should assume
a conformation different from that in polar solution in the excited state and strong locally excited-
state emission with blue color.?” As expected, PyCz also presented AIE activity (Figures S9-S11) in
the nano aggregate state because is molecular skeletons was similar to CIPyCz. In one word, both
designed compounds were AlE-active and demonstrated different molecular motion and
photophysical properties from single molecule to nano aggregate.

Theoretical calculations were further carried out using time-dependent density functional theory
(TD-DFT) to study the MSP relationship. In the isolated state, PyCz and CIPyCz displayed a planar
conformation in Sy, while they afforded a twisted molecular geometry through intramolecular
rotation of C—N bond in optimized S; (Figure S12). Specifically, the electron clouds of the highest
occupied molecular orbital and the lowest unoccupied molecular orbital are mainly localized at the
carbazolyl part and the pyrimindinyl unit, respectively. Such orbital distribution was favorable for
the formation of TICT state, and was also consistent with the experimental observation. Meanwhile,
ONIOM method with combined quantum mechanics and molecular mechanics (QM/MM) approach
was utilized to simulate the electric structures and properties of PyCz and CIPyCz in the aggregate
state (Figure S13). As expected, they showed planar conformations in both ground and excited states.
Besides, the lower total reorganization energy (4976 cm™! for PyCz and 4898 ¢cm™! for CIPyCz) in
the aggregate state than that in the isolated state (6814 cm™' for PyCz and 6894 cm! for CIPyCz)
indicated that the restriction of intramolecular motion (Figures S14 and S15). Especially, the
contribution from motions of dihedral angle decreased by more than 20% in the isolated phase to
less than 1% in the aggregate state due to the blockage of the rotation of C—N bond. On the basis of
above results, it was clear that the active intramolecular motion could induce the formation of
flexible conformations at the single molecule level. This feature facilitated the relaxation of the
excited state through nonradiative decay channel to lead to weak emission. In contrast,
intramolecular motion was restricted in the aggregate state. Consequently, the conformation was
less twisted and rigidified to result in strong emission.

MSP study at macro aggregate level

Luckily, centimeter-long crystalline plates were obtained and their photophysical properties were
investigated. Similar to nano-aggregates, CIPyCz and PyCz also showed blue-shifted emission in
the crystalline state, namely at macro aggregate level (Figure S16). These two compounds showed
enhanced PL quantum yield (@ = 11.6% for CIPyCz; @ = 11.4% for PyCz) in the crystalline state
than in pure acetonitrile solution (@ = 2.2% for CIPyCz; @ = 4.3% for PyCz). Thus, the
photophysical properties in nano-aggregate were preserved in macro crystals due to again the
restriction of intramolecular motions. Unexpectedly, the CIPyCz crystals showed excellent elasticity
and could be bent to a cycle (bent angle > 180°) under external force (Figure 2). Such bending
behavior could be repeated for many times without fatigue. Importantly, the luminescent behavior
experienced no change during the bending process, indicating the robust stability of the elastic

crystal. It is well known that organic crystalline materials are commonly rigid and brittle, and they
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usually crack, shatter or deform irreversibly under external stimuli.?®-33 Although the elastic organic
crystals have been sporadically reported,?**! the MSP relationship of the elastic AIEgen crystals is
another interesting issue without systematic research.

UV light

—_—

/ N\

CIPyCz

Figure 2. Photographs taken during repeated bending processes of a centimeter-long crystalline
plate of CIPyCz under day light and UV illumination. The bent plate was fixed by high-vacuum
grease at two ends.

On the contrary, PhCz and PyCz broke easily in the presence of external force even though PyCz
had a similar molecular conformation as CIPyCz (Figure S17). To quantitatively ascertain the
mechanical properties of the elastic CIPyCz, nanoindenter was further employed (Figure S18).
Results indicated that CIPyCz showed an excellent performance of elasticity with a Young’s
modulus around 0.2 GPa, which was softer than PyCz (7.4 GPa). The obtained modulus value of
CIPyCz was comparable to that of soft materials such as nylon showing a Young’s modulus of 2-4
GPa.®?

To clarify the elastic nature, crystal structure analysis of PyCz and CIPyCz were carried out (Figures
S19-S22). It was obvious that each single molecule of CIPyCz and PyCz displayed almost a planar
conformation, while the model compound PhCz afforded a contorted molecular conformation with
a dihedral angel of 60° between the phenyl ring and the carbazole unit (Figure S19). On the other
hand, unlike original crystals, bendable crystal usually has an elongated bendable face at the outer
arc and another contracted face at the inner arc.>> 4’ Because of this inspiration, the bendable faces
of CIPyCz crystal were further investigated (Figures 3 and S20). Interestingly, constant herringbone
packing arrangement of CIPyCz molecules with multiple intermolecular interactions could be
observed, as similar to many reported elastic crystals.?” These intermolecular interactions could be
classified into three types, denoted as type I, II and III. They included C—H---m interaction
(2.849-3.011 A, Type I), Cl---rt (3.506 A) and -7 stacking (3.398-3.546 A) between two parallel
molecules (Type II), as well as C-H--C1 (3.021 A) and C-H---N (2.811 A) interactions (Type III,
Figure 3c¢). The energy of the intermolecular interactions was calculated to evaluate their strength.

7/ 16



Type 1I showed the largest interaction energy and was equal to —12.28 kcal/mol. While the energy
of type [ was —6.93 kcal/mol, that of type 11l was —4.88 kcal/mol (Figure 3c). According to the above
data and crystal packing structure, the packing of CIPyCz molecules with type II interactions
devoted to the realization of a strong intermolecular connectivity, which strongly kept the overall
shape of the crystal without breaking during the bending processes. Meanwhile, the relatively weak
type I and III interactions along with the herringbone arrangement allowed relative movement
between closely packed molecules, which resulted in reversible compression along the interior arc
and expansion along the outside arc (Figure 3d). Thus, both strong and relatively weak non-covalent
intermolecular interactions were keys to synergically enable the “continuity” and “deformation” of
the packing structure under external stimuli. In contrast, the brittle crystals of PyCz and PhCz
showed no such packing modes and intermolecular interactions (Figure S21 and S22).
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Figure 3. (a) Cartoon illustration of bending and recovery processes of an elastic organic crystal.
(b) Single crystal structure of CIPyCz. (c) Packing arrangements (or d spacing) and intermolecular
interactions between CIPyCz molecules. (d) Proposed mechanism for the bending process of
CIPyCz crystal.

To provide more insight on the intermolecular motions upon crystal bending, a bent crystal of
CIPyCz was reexamined using single-crystal XRD. As shown in Figure S27, some diffraction spots
elongated in a certain direction. Also, normal spots were observed. These diffraction spots
confirmed that the periodic nature of the crystal was largely retained in the bent state.3* Besides, the
elongation of spots indicated the localized the movement of the molecules away from their idealized
lattice points, ie. stretching or compression of molecular packing through intermolecular motions
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(Figure 3d). However, the diffraction spots from the bent crystal could not be used to index to the
original unit cell. They just demonstrated the intermolecular motions of the AIEgen, which was
accorded to the above mechanistic inferences. Therefore, by tuning the molecular motions of
AlEgens at the macro aggregate level, both efficient luminescence and outstanding elastic
performance of crystal could be achieved.

Molecular engineering of AIE-active elastic crystals

CIPyCz served not only as a tool to monitor the molecular motion at single molecule and nano-
aggregate levels, but also as a building block to construct elastic crystals. To demonstrate the general
design strategy, other molecules based on the same molecular skeleton were studied. Considering
the similar chemical attributes from the same group, Br was first selected to replace Cl to obtain 9-
(5-bromopyrimidin-2-yl)-carbazole (BrPyCz). As expected, BrPyCz showed solvent polarity-
dependent TICT emission (Figures S28-S30) and free molecular motions in the isolated state.
However, upon the formation of nano aggregates in water/acetonitrile mixtures, an enhanced and
blue-shifted emission was observed (Figure S31-S33). Besides, its crystal also affords blue emission
with a @value (2.1%) higher than that in pure acetonitrile (@< 1%, Figure S34). As a result, BrPyCz
exhibited restricted intramolecular motion and AIE property in nano aggregate and crystalline state.
These observations were also verified by theoretical calculations (Figures S35-S37).

On the other hand, BrPyCz also presented the same herringbone packing arrangement with three
types of intermolecular interactions (Figures 4, S38 and S39). As the bromine substituent was
capable of forming Br---w interactions. The strong intermolecular Br---n and 7--- interactions (type
II), and multiple weak type 1 (C-H--m) and type III (C-H---N and C-H:--Br) intermolecular
interactions were observed (Figure 4). The strongest type Il interaction with an interaction energy
of —12.52 kcal/mol also contributed to the accessed intermolecular motions when bending force was
applied to the crystal (Figure 4). Additionally, BrPyCz also displayed outstanding bendable behavior
which could be compressed into a cycle (Figure 5). This exceptional elastic performance also
matched well with the nano-indenter result with a modulus of 1.68 GPa (Figure S40). This example
again verified that manipulating motion modes by molecular aggregation or external stimuli can
adjust the structures and properties of matter at different levels of structural hierarchy to finally
realize AIE and elasticity simultaneously in the macro crystal.
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Figure 4. Upper panel: single crystal structure of BrPyCz. Lower panel: packing arrangements (or
d-spacing) and intermolecular interactions between BrPyCz molecules.
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Figure 5. Photographs taken during repeated bending processes of a centimeter-long crystalline
plate of BrPyCz under day light and UV illumination. The bent plate was fixed by high-vacuum
grease at two ends.
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In addition, cyano group, which served as a pseudo halogen, was also chosen to replace the halogen
atoms (Cl or Br) to construct 9-(5-cyanopyrimidin-2-yl)-carbazole (CyPyCz). Owing to the -
conjugation and rigid structure of the cyano group, CyPyCz showed more redder and efficient
emission than CIPyCz and BrPyCz. Its photophysical properties (Figure S41-S47), theoretical
calculations (Figures 6 and S48-50), crystal structure (Figures 6 and S51), and mechanical property
(Figure S53) were systematically studied. Results showed that CyPyCz demonstrated TICT effect
in solution and AIE property in nano aggregate and macro crystal. Particularly, its efficient blue
emission at around 403 nm with a @ of 15.4% could be observed from macro crystal (Figure S47),
which was consistent with our molecular design. More importantly, CyPyCz also afforded three
types of packing arrangement with strong and weak intermolecular interactions as indicated by both
interaction distances and theoretical calculation (Figures 6, S51 and S52). As a result, the macro
crystal of CyPyCz with a length > 1 cm showed good elastic behavior and could be bent freely
(Figures 7 and 53). Clearly, the molecular engineering for achieving AIE-active elastic organic
crystal by manipulating the intra/intermolecular motions was realized and demonstrated.
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Figure 6. Upper panel: single crystal structure of CyPyCz. Lower panel: packing arrangements (or
d-spacing) and intermolecular interactions between CyPyCz molecules.
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Figure 7. Photographs taken during repeated bending processes of a centimeter-long crystalline

plate of CyPyCz under day light and UV illumination. The bent plate was fixed by high-vacuum
grease at two ends.

Conclusion

In this study, we demonstrated that molecular motions of AIEgens could affect their structures and
properties. By melding electron-donating luminophores with electron-deficient molecular rotors,
the obtained AIEgens not only enabled us to exploration of motion-structure-property relationship
at different levels of structural hierarchy from molecule to macro aggregate, but also contributed to
the realization of AIE-active elastic organic crystals. Importantly, molecular engineering for AIE-
active elastic organic crystals could be generally demonstrated by designing molecules with a same
molecular skeleton. Thus, this study had witnessed that AIE and elasticity could be simultaneously
obtained within one molecule. In light of both the experimental and theoretical results, we believed
that intra/intermolecular motions indeed could devote to structural tuning at each level of hierarchy,
and further affecting the inherent photophysical/mechanical behaviors. Through manipulating the
MSP relationship, aggregates or molecule with remarkable properties such as mechanical, magnetic
and electronic properties might be generated. It was anticipated that the present study could exert
impact on the existing AIE research, and provide new prospects for aggregate science.
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