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Abstract

Building molecular machine has long been a dream of scientists as it is expected to revolutionize many aspects of
technology and medicine. Implementing the solid-state molecular motion is the prerequisite for a practical molecular
machine. Study of it is not only scientifically important but also practically useful. However, currently few works on
solid-state molecular motion have been reported as this process is hard to be manipulated. Meanwhile, it is almost
impossible to “see” the motion even if it happens. Here we discover that non-conjugated molecules s-DPE and s-
DPE-TM are capable to perform light-driven molecular motion in solid state, which results in the formation of
excited-state though-space complex (ESTSC). Meanwhile, the newly formed ESTSC generates an abnormal visible
emission which is termed as clusteroluminescence. Thus this photo-induced clusteroluminescence can be utilized
to visualize the process of solid-state molecular motion. Notably, the original packing structure can be recovered
from ESTSC when the light source is removed. Both the molecular motion process and formation of ESTSC have
been confirmed by the time-resolved spectroscopy and quantum mechanics calculation. This work provides a new
strategy to manipulate and “see” solid-state molecular motion and gains new insights into the mechanistic picture

of clusteroluminescence.
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Introduction

Everything in the world is ever-changing, and the change is the eternal truth of nature. All the macroscopic and
microscopic changes can be traced back to molecular motion. The second law of thermodynamics states that the
total entropy of an isolated system is always increased, which indicates the disordered nature of molecular motion?.
It is noteworthy that most of the molecular motions are still random even with an external stimulus. In 2016, the
Nobel Prize in chemistry was awarded to the “design and synthesis of molecular machines”. The typical feature of
molecular machine is the unidirectional molecular motion which relies heavily on ingenious structural design?>.
Currently, molecules utilized as molecular machine are quite rare. In addition, from gas to liquid to solid states, the
molecular motion becomes harder and harder. So almost all the mature molecular machines are only workable in
the liquid state®. However, the promising applications of the molecular machine are in the solid state, such as cargos
transportation and drug delivery”8. Therefore, study of the solid-state molecular motion is the holy grail for a

practical molecular machine, which is not only scientifically important but also practically useful®10,

Fundamentally, visualization of the solid-state molecular motion is beneficial to the creation of molecular machine.
In previous studies, nuclear magnetic resonance (NMR)1, X-ray powder diffraction (XRD)!2 and scanning tunneling
microscope (STM)13 et al. have been applied to characterize the molecular structures at different positions or states.
Nonetheless, none of these methods can realize the in-situ, on-site and real-time visualization of solid-state
molecular motion simultaneously. For example, NMR spectroscopy is only applicable in solution state and many of
the structural information is lost in the solid-state NMR. Structural analysis based on XRD technique needs an
extremely low temperature to freeze the molecular motion. STM can visualize the molecular motion in real time but
only for single molecule. Samples in this condition cannot be regarded as the real solid state. Apart from the
visualization, manipulation of the solid-state molecular motion is another important task. At present, the molecular
motion can be driven by many stimuli such as light'4, pH5, temperature!® and electricity’’. Due to the advantages
of contactless spatial and temporal control and high frequencies, light is recognized as the best stimulus to trigger

the molecular motion?8.

Fluorescence is a longer-wavelength emission from chromophores after absorbing the short-wavelength light2®.
Ideally, the light-driven molecular motion will lead to the change of emission intensity or wavelength as the
fluorescence is conformationally dependent. According to these considerations, fluorescence is anticipated to be a
good candidate to visualize the solid-state molecular motion. Traditionally, in order to enhance the fluorescence
efficiency, molecules are designed with planar and rigid structures?°. However, such structure will form a very
compacted packing in the solid state which will restrict the molecular motion. At the same time, the strong
intermolecular interaction will quench the solid-state emission and show aggregation-caused quenching (ACQ)
effect?l. Therefore, neither the solid-state molecular motion nor its visualization can be realized by traditional

systems.

Aggregation-induced emission (AIE), as an opposite effect to ACQ, was proposed by Tang et al. in 20012223,
Luminogens with AIE effect always show twist structures which will weaken the intermolecular interaction in their
aggregate state. As a result, AIE luminogens (AIEgens) not only have strong emission but also a certain degree of
mobility in the solid state?*25. That is the reason why the solid-state emission of AlEgens can be easily tuned by
external stimuli, such as crystallization-induced emission and mechanochromism?827, In particular, as a subgroup

of AlEgens, clusteroluminogens are more sensitive to external stimuli than Ttr-conjugated AlEgens?.



Clusteroluminogens always show non-conjugated structures, such as polypeptide and sugar?%3l, These molecules
are nonluminescent in solution, but an abnormal visible emission is observed in the aggregate state which is termed
as clusteroluminescence. Further studies reveal that this emission comes from through-space conjugation but not
traditional through-bond conjugation. Notably, the non-conjugated structures endow the clusteroluminogens with
higher structural mobility in the solid state than t-conjugated AlEgens®2. In this work, we have designed two
bibenzyl-based clusteroluminogens 1,2-diphenylethane (s-DPE) and 1,2-bis(2,4,5-trimethylphenyl)ethane (s-DPE-
TM). In the solid state, these two structures proceed intermolecular motion after absorbing UV light, which results
in the formation of excited-state though-space complexes (ESTSC). Meanwhile, clusteroluminescence is obtained
in ESTSC which benefits from the strong intermolecular though-space conjugation. The ESTSC will automatically
recover to its original irregular structures once the irradiation is removed (Fig. 1A). Our designed system easily
realizes the light-driven intermolecular motion in solid state, and the in-situ, on-site and real-time visualization of

this process is implemented by clusteroluminescence.
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Fig. 1 (A) Schematic illustration of the light-driven intermolecular motion in solid state of s-DPE. (B) Crystal structures of s-DPE

and s-DPE-TM. (C) Normalized absorption spectra of s-DPE and s-DPE-TM in acetonitrile solution.

Results and Discussion

Photo-induced clusteroluminescence. s-DPE and s-DPE-TM were synthesized according to the routes in
Scheme S1. At first, it is expected that the transoid- and cisoid-s-DPE can be obtained from the hydrogenation of
trans- and cis-stilbene, respectively. However, the structural characterization results illustrate that these two
reactions produce the same compound transoid-s-DPE. Structures of s-DPE and s-DPE-TM were confirmed by
NMR, high-resolution mass spectrometry (HRMS) and XRD (Fig. S1-8 and Fig. 1B, CCDC numbers: s-DPE <
1564142, s-DPE-TM < 1481601). UV absorption spectra in acetonitrile solution show that the absorption maximum
of s-DPE and s-DPE-TM located at 280 and 270 nm which was the same with benzene and mesitylene,
respectively33. So, Fig. 1C proves the non-conjugated nature of these two molecules. As expected, their

photoluminescence (PL) spectra in pure tetrahydrofuran (THF) revealed that the emission maximum of s-DPE and



s-DPE-TM was 285 and 297 nm which was consistent with the absorption results. Fig. 2A and B show the emission
behavior of s-DPE in its THF/water mixtures with different water faction (fw). Previous studies tell that s-DPE will
form aggregates at high fw as water is the poor solvent.3* When the fw was lower than 60%, the 285 nm emission
intensity (l) increased with the increase of fw which was attributed to the polarity effect®®. However, the intensity
started to decrease once the fw was bigger than 60%. Meanwhile, another longer-wavelength emission appeared
around 355 nm at fw > 80% which showed typical AIE effect. Similar results were observed in s-DPE-TM which had

a new peak around 390 nm in aggregate state (Fig. 2C &D).
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Fig. 2 Photoluminescence (PL) spectra of (A) s-DPE and (C) s-DPE-TM in THF/water mixture with different water fractions (fw).

Plots of relative PL intensity (I/lo) versus fw for (B) s-DPE and (D) s-DPE-TM. Concentration: 104 M, Aex = 260 nm for s-DPE and
280 nm for s-DPE-TM, lo: intensity at fw = 0%, aaie = l/lo for the clusteroluminescence.

The solid-state PL spectra of s-DPE and s-DPE-TM also show two emission peaks at the same wavelength with
their aggregate state (Fig. 3A). However, there are only benzene and mesitylene absorption peaks in their solid-
state UV spectra (Fig. 3B). It is noteworthy that the emission intensity ratio of two peaks in s-DPE and s-DPE-TM
show a big difference, for example, the Iso0/l297 is only 3 for s-DPE-TM but the lzss/l2gs reaches up 26 in s-DPE. This
effect will be further discussed hereinafter. Aggregation-induced dual-emission effect has been reported in our
previous tetraarylethane systems®. In that work, we termed the abnormal longer-wavelength emission as
clusteroluminescence which was caused by the intramolecular through-space conjugation among four aryl rings.

However, computational calculation on the monomer of s-DPE and s-DPE-TM reveals that no intramolecular



through-space conjugation was detected in these two molecules (Table S1). Meanwhile, the scanning potential
energy surfaces of s-DPE also excluded the possibility of photoisomerization as large energy barriers existed in

both the ground and excited states (Fig. S9). So, where does the clusteroluminescence of s-DPE and s-DPE-TM

come from?
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Fig. 3 Normalized (A) PL and (B) absorption spectra of s-DPE and s-DPE-TM in the solid state. Aex = 260 nm.

Steady-state photophysical studies suggest that the emitting species for clusteroluminescence only exist in
excited state and the intramolecular though-space conjugation is excluded from the working mechanism. So, how
about the intermolecular interaction34? Fortunately, single crystals of these two molecules have been obtained from
their THF solution evaporation and the crystal structures were analyzed. As shown in Fig. S10 and 11, packing
structures of s-DPE and s-DPE-TM indicate no strong intermolecular interaction in their dimer structures, which
was further proved by ground-state dimer calculation (Table S1). The ground-state excitation energy (E) of dimer
is similar to the monomer. For example, in s-DPE, the values of E are 5.49 and 5.51 eV for dimer and monomer,
respectively. The ground-state simulation results are in good agreement with the absorption spectra. After that, the
dimer structures were further optimized in excited state using the wB97XD method with 6-311G* basis set®®. The

dimer structures both in ground and excited state can be found in Table S2-5.
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Fig. 4 (A) Conformational change of s-DPE dimer within the process of excited-state structural optimization, different numbers
are different optimization steps. (B) Plot of atoms C1-C2 distance versus different optimization steps, inset: excited-state though-
space complexes structure of s-DPE. P1 and P2: planes of phenyl ring, O1 and Oz2: centroids of phenyl ring, di: distance between
O: and O, d2: vertical distance between O1 and P2, 6: sin 6 = d2/d1, a: the angle between P1 and P2. (C) Frontier molecular
orbitals of s-DPE-TM dimer both in the ground and excited states. Enomo: energy level of the Highest Occupied Molecular Orbital,

ELumo: energy level of the Lowest Unoccupied Molecular Orbital, So: ground state, Si: first excited state.

Quantum mechanics calculation. The structural variation of s-DPE within the process of excited-state
optimization is shown in Fig. 4A. An obvious intermolecular motion and the formation of ESTSC are observed. Fig.
4B suggests that the two monomers moved close to each other as the distance between atoms C1 and C2
decreased from 6 to 3 A. Inset in Fig. 4B illustrates the ESTSC structure of s-DPE. Fig. 4C shows that the E of
ESTSC decreased to 4.74 eV along with the energy increase of highest occupied molecular orbital (HOMO) and
decrease of lowest unoccupied molecular orbital (LUMO). Meanwhile, a strong intermolecular electronic coupling
and though-space conjugation were observed in ESTSC but absent in the ground state. The same results were
also collected for s-DPE-TM (Fig. 5A-C), which are in accordance with s-DPE. Intermolecular motion occurred in
the process of excited-state dimer optimization and ESTSC was formed as its stable structure. Similarly, the E of
ESTSC decreased to 4.59 eV which was 0.78 eV smaller than that in the ground state and a strong intermolecular

electronic coupling was found in the ESTSC of s-DPE-TM.
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Fig. 5 (A) Conformational change of s-DPE-TM dimer within the process of excited-state structural optimization. (B) Plot of
atoms C1-C2 distance versus different optimization steps, inset: excited-state though-space complexes structure of s-DPE-TM.
(C) Frontier molecular orbitals of s-DPE-TM dimer both in the ground and excited states. P1 and P2: planes of phenyl ring, O1
and Oqz: centroids of phenyl ring, di: distance between O1 and O3, d2: vertical distance between O1 and P2, 6: sin 6 = d2/d1, a:

the angle between P1 and Pa.

Time-resolved spectroscopy. Theoretically calculated data clearly demonstrate the process of intermolecular
motion in solid state and the formation of ESTSC which is the luminous source of clusteroluminescence. However,
there is still no experimental evidence to confirm the existence of light-driven intermolecular motion and ESTSC.
Femtosecond transient absorption (fs-TA) spectroscopy is a widely used technique to study the excited-state
properties such as photoreaction and other photo-induced processes®%-38, So, is it possible to capture the process
of ESTSC formation by fs-TA? Firstly, the transient absorption spectra were recorded for s-DPE and s-DPE-TM in
their good solvents (Fig. S12&13). As expected, obvious transitions of S1— Sy located around 340 and 350 nm were
observed for s-DPE and s-DPE-TM, respectively, Meanwhile, a shoulder peak around 450 nm was also found in
these two molecules. Previous studies indicate that these short-wavelength peaks are assigned to the isolated units

of benzene and trimethylbenzene3949, which serves as the evidence for the absence of ESTSC in solution.
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Fig. 6 (A) and (B): Femtosecond transient absorption (fs-TA) spectra of s-DPE in the film state with 267 nm excitation. (C) and
(D): fs-TA spectra of s-DPE-TM in the film state with 267 nm excitation.

The fs-TA measurements were also conducted in the film state. As shown in Fig. 6A and B, the short-wavelength
peaks around 340 and 450 nm almost disappeared and new peaks around 590 nm arose in s-DPE. According to
the previous researches on benzene system, transitions around 590 nm is attributed to the excimer formation
instead of the monomer itself442, The corresponding kinetic trace at 590 nm was shown in Fig. S14. It concludes
that the broad peak at 590 nm is generated by the S1—Sh transition in ESTSC. The intensity of this peak decayed
along with time from 917 fs to 2.78 ns and this process is repeatable, which indicates that the ESTSC will be
automatically split once the light source is removed (Fig. 1A). A new peak around 615 nm was observed in s-DPE-
TM in its film state (Fig. 6C and D, Fig. S15). Similarly, this peak is belonging to S1—Sn transition of ESTSC. It is
noteworthy that, different from s-DPE, high-energy transition around 350 nm still exists in s-DPE-TM. At 2.78 ns,
the corresponding fs-TA spectrum is similar to that in solution. Looking back to the solid-state PL spectra of s-DPE
and s-DPE-TM, it was mentioned that the ESTSC/monomer ratio in s-DPE-TM was higher than s-DPE. In combining
with fs-TA results, it concludes that the formation of ESTSC in s-DPE-TM is more difficult than that in s-DPE which

should be ascribed to the strong intermolecular steric hindrance caused by the six methyl groups in s-DPE-TM.

Traditionally, fluorescent intensity and lifetime of a chromophore will decrease with the increase of its ambient
temperature*345. This is because the increased temperature will accelerate the molecular motion and enhance the
nonradiative decay. However, in ESTSC, its clusteroluminescence is generated by molecular motion. In other words,
the activation energy for solid-state intermolecular motion will decrease with the increase of temperature. As a
result, different from traditional chromophores, the emission intensity of clusteroluminogens will be strengthened
when increasing the temperature. As expected, the fluorescent intensity of s-DPE and s-DPE-TM decreased when
the temperature was decreased from room temperature to 77 K (Fig. 7A & B). Meanwhile, the decay curves of

clusteroluminescence from ESTSC were also recorded for these two molecules at different temperature (Fig. 7C,



Fig. S16). Surprisingly, in s-DPE-TM, its fluorescence lifetime (r) continued to rise slowly from 7.2 to 8.5 ns with the
temperature increasing from 77 to 298 K, which is similar to the behavior of thermally activated delayed
fluorescence materials but with different mechanisms4#6-%°. The increase of | and 1 along with the increase of

temperature further proves that the clusteroluminescence of ESTSC is resulted from solid-state molecular motion.
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Fig. 7 PL spectra of (A) s-DPE and (B) s-DPE-TM in the solid state with the temperature increasing from 77 to 298 K. (C)

Fluorescence decay curves of s-DPE-TM at 390 nm in the film state under different temperature.

So far, the ESTSC formed by solid-state intermolecular motion has been confirmed by both computational and
experimental characterization. The photophysical picture of this process seems quite clear. However, it is significant
to clarify the driving force for the light-driven intermolecular motion. Apparently, s-DPE and s-DPE-TM are two
nonpolar hydrocarbon systems and their crystal structures suggest that there is no strong intermolecular interaction
between two monomers. Then, partial atomic charges (6) of these two molecules were mapped based on Mulliken
population analysis (Fig. 8, Table S6&7). As shown in Fig. 8A, atoms C1 and C1’ show positive 6 (6%) as their
outermost four electrons are all bonding with other three carbons. But the other carbons exhibit negative & (&)
because all of them have one or two outermost electrons bonded with hydrogen. It is proposed that the opposite &
among these carbons will generate an intramolecular micro electric field. When two of the monomers are excited,
driven by the interaction between their electric fields, they will get close to each other and form ESTSC. Fig. 8B
indicates that the 6 of C1 and C1’ become more positive in ESTSC than that in the isolated monomer. Similarly,
Mulliken population analysis on s-DPE-TM showed similar results with s-DPE (Fig. 8 C&D). In s-DPE-TM, there are
eight carbons show & which suggests a stronger intramolecular micro electric field than s-DPE. That is the reason
why the ESTSC can still be formed even strong intermolecular steric hindrance exists in s-DPE-TM. In addition to
the micro electric field, the London dispersion force is also believed to play an important role in driving the solid-

state molecular motion51:52,
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Conclusion

In summary, light-driven intermolecular motion in solid state occurs in two non-conjugated structures s-DPE and s-
DPE-TM, which results in the formation of ESTSC. Experimentally, steady-state PL spectra show that these two
molecules are AIE active and clusteroluminescence is observed in their aggregate state. Time-resolved absorption
and emission spectra reveal that the clusteroluminescence of s-DPE and s-DPE-TM stems from their ESTSC.
Quantum mechanics calculation further confirms the process of solid-state intermolecular motion and the formation
of ESTSC. These results suggest that the solid-state intermolecular motion in s-DPE and s-DPE-TM can be
manipulated by light and the original packing structure is recoverable when the light source is removed. In addition,
the solid-state intermolecular motion is directly and simply visualized by clusteroluminescence. This work not only
brings new ideas to design molecules with remarkable solid-state molecular motion but also develops an advanced

method to “see” this invisible process and study the mechanistic picture of clusteroluminescence.

Methods

Femtosecond Transient Absorption Spectroscopy (fs-TA) measurement. The fs-TA measurements were
performed based on a femtosecond Ti:Sapphire regenerative amplified laser system (Spectra Physics, Spitfire-Pro)
and an automated data acquisition system (Ultrafast Systems, Helios model). The amplifier was seeded with the
120 fs output from the oscillator (Spectra Physics, Maitai). The probe pulse was obtained by using approximately
5% of the amplified 800 nm output from the Spitfire to generate a white-light continuum (325-650 nm) in a CaF2
crystal and then this probe beam was split into two parts before traversing the sample. One probe laser beam goes
through the sample while the other probe laser beam goes to the reference spectrometer in order to monitor the
fluctuations in the probe beam intensity. For the present experiments, the compounds s-DPE and s-DPE-TM in

THF solution and thin film were excited by a 267 nm pump beam (the third harmonic of the fundamental 800 nm



from the regenerative amplifier). Samples of 1 mL solutions were studied in 2 mm path-length cuvette with an
absorbance of 0.5 at 267 nm throughout the data acquisition. The thin films were prepared from their 1,2-

dichloroethane solution by spin coating method.

Time-resolved fluorescence spectroscopy measurement. Lifetime and temperature dependent
photoluminescence were measured on an Edinburgh FLSP 920 fluorescence spectrophotometer equipped with a
xenon arc lamp (Xe900), a microsecond flash-lamp (uF900), a picosecond pulsed diode laser (EPL-375), a closed
cycle cryostate (CS202*I-DMX-1SS, Advanced Research Systems) and an integrating sphere with nitrogen
atmosphere. The solid-state sample was cooled down to 77 K and the first data were collected. Then, the
temperature was gradually increased to room temperature and the other data were recorded at each set-point

temperature.
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