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xcited state chirality to fabricate
high-performance-solid-state circularly polarized
luminescence materials†

Jianlei Han, a Yonghong Shi,ab Xue Jin,a Xuefeng Yangab and Pengfei Duan *ab

Developing solid-state materials and greatly improving the luminescence dissymmetry factors (glum) are the

key issues for the future oriented practical application in the field of circularly polarized luminescence (CPL).

However, most of the solid-state CPL-active materials suffer from aggregation caused emission quenching

and relatively small glum values, which intensively restrict the development and application. In this work,

high-performance CPL-active solid-state materials were achieved by regulating the excited state chirality

of a series of bi-pyrene based chiral emitters. Due to the reversible mechanochromic luminescence

under external stimuli, their excited state chirality can also be switched. It was found that the pristine

amorphous powder possessed weak but obvious chiroptical properties because of the inherently chiral

structures. Mechanical grinding could switch the fluorescence color and eliminate the CPL activity.

Subsequently, by carrying out solvent fumigation, instant crystallization with well-defined microcrystal

formation occurred, which could activate the CPL emission. Due to the chiral supramolecular

arrangement of chromophores in the crystalline state, the resulting excimer emission in microcrystals

showed chirality amplification not only in the excited state but also in the ground state. These findings

not only provide a new method to fabricate high-performance CPL-active solid-state materials, but also

clarify the chirality origin of pyrene-excimer-based chiral luminophores in various states which showed

the importance of CPL as a probe of excited state chirality.
Introduction

Chiral materials with circularly polarized luminescence (CPL)
have been receiving increasing attention due to their unique
optical properties.1 They can be used for many potential appli-
cations such as display devices,2–5 information encryption,6,7

chiral recognition,8–10 and asymmetric photocatalysis.11–13 Large
luminescence dissymmetry factors (glum) are desired for their
practical application. However, chiral lanthanide complexes
with the largest glum values suffered from extremely low emis-
sion efficiency, which greatly restricted their practical applica-
tions.14 In recent years, more attention has been paid to CPL-
active organic molecules due to their high luminescence effi-
ciency, tailored luminescence wavelength, and excellent proc-
essability.15–18 A variety of CPL-active organic molecules have
been developed to date. Unfortunately, it is still difficult tomake
rarchical Fabrication, National Center for
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a breakthrough in the core parameter of the glum value. It turns
out to be an urgent task to boost the glum value in pure organic
compounds. On the other hand, considering that most of the
practical applications of CPL-active materials require solid-state
materials, constructing highly efficient CPL-active solid-state
materials is also important in this eld. To overcome the two
“pain points”, to date, the strategy of integrating the concept of
aggregation-induced emission with chiral moieties could
effectively solve the above problems.19–22 Still, solid-state CPL-
active materials possessing a large glum value and high emission
efficiency are very rare.23–27

As CPL senses conformational and congurational infor-
mation of chiral molecules and materials in the excited state,
modulating the excited state chirality in turn would greatly
affect CPL. In this work, by taking advantage of excimer
formation, highly emissive characteristics in the solid state, and
the reversible mechanochromic luminescence under external
stimuli,28,29 we demonstrate the excellent CPL performance of
chiral bi-pyrene compounds in the solid state. Here, a series of
bi-pyrene chromophore based chiral emitters are designed and
synthesized by introducing both axial and planar chiral moie-
ties. Highly efficient uorescence quantum yield (�0.5) and CPL
performance with glum values of up to 10�2 are realized in the
solid state. It was found that short distance ordering of pyrene
chromophores in the amorphous state could result in weak CPL
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structures and emission photographs of pristine samples and the microcrystalline states of compounds 1–5.
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activity, while in situ instant crystallization will signicantly
boost the CPL performance (Fig. 1).

The excellent chiroptical performance originates from chiral
supramolecular arrangement of chromophores in the crystal-
line state compared with the local ordered structure in the
amorphous state. Additionally, grinding or scrubbing can
completely destroy the ordered structure, shutting off the CPL
emission. Interestingly, by carrying out solvent fuming (volatile
solvents), in situ instant crystallization occurred, exhibiting
strong CPL emission. Two static excimer states were found in
the crystalline and amorphous states, which exhibit quite
different excited state chiralities. Pre-associated intermolecular
p dimers in the crystalline state are prone to form excimers with
blue emission, while another static excimer exists in the
amorphous state exhibiting greenish-yellow emission due to the
close proximity of pyrene moieties. In addition, the excited state
chirality of the dynamic excimer in concentrated solution was
totally different from that of the static excimer in the solid state,
though they shared the same photoluminescence (PL) behavior,
which highlighted the importance of CPL as a probe of excited
state chirality. Through the in situ instant crystallization
process, the excited state chirality of the bi-pyrene emitters has
been thoroughly modulated and investigated.
Fig. 2 (a) Photographs of the pristine sample and microcrystals of S-1
under day light and UV irradiation (365 nm). (b) Normalized PL spectra
of the pristine sample and microcrystals. (c) XRD patterns of the pris-
tine sample, and microcrystals and the simulated pattern of single
crystals. (d) DSC thermograms of the pristine sample and
microcrystals.
Results

The chiral bi-pyrene compounds were directly synthesized
through the condensation reaction between 1-pyrenecarboxylic
acid and the corresponding chiral dihydroxy compounds (Fig. 1
and the ESI†). Yellowish pristine samples were obtained for 1, 2,
© 2022 The Author(s). Published by the Royal Society of Chemistry
and 4 when concentrated in dichloromethane which was quite
different from the white samples obtained aer purication by
using column chromatography on silica gel with an eluent of
ethyl acetate and petroleum ether (Fig. 2a), while yellow sandy
powder was observed for 3. For the following discussion, 1 was
taken as an example. The white sample of 1 emitted sky-blue
light, while greenish-yellow light was observed from the pristine
powder under a UV-365 nm lamp (Fig. 2a). As color reects the
absorption spectral features in the visible region, the pristine
Chem. Sci., 2022, 13, 6074–6080 | 6075
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sample showed a broad absorption peak beyond 500 nm, while
a narrow peak was observed for the white sample (Fig. S1†),
indicative of different molecular arrangements and/or inter-
molecular interactions. Compared with the dilute solution,
which exhibited isolated monomer absorption with vibronic
bands, both the solid samples exhibited broadened, structure-
less red-shied absorption spectra (Fig. S1†) resulting from
strong coupling between chromophores. Then, the normalized
PL spectra of these two samples were collected as displayed in
Fig. 2b. The pristine sample showed emission at 507 nm, and
the crystal sample exhibited a slightly broader peak ranging
from 400 to 650 nm with a maximum wavelength of 472 nm.
The uorescence quantum yields of the pristine sample and
microcrystals were determined to be 55.8% and 49.8% with the
corresponding uorescence lifetimes of 29.5 s and 33.9 s,
respectively. The long uorescence lifetimes and broad struc-
ture-less emission band indicated typical excimer emission of
pyrene in both states.

Interestingly, when ethyl acetate was added to S-1, part of the
yellowish solid was dissolved, instantly accompanied by the
appearance of a colorless little crystal-like solid (Fig. S2†). To
slow down this transformation process, alcohol instead of ethyl
acetate was used so that the process can be recorded by using
a uorescence microscope (Fig. 3, Movie S1† and the process
induced by ethyl acetate/alcohol under an optical microscope is
shown in Movie S2†). In the beginning, a small piece of the
pentagonal block was used from the pristine sample (Fig. 3a
and c). The sample was transparent, however, it turned out to be
amorphous as shown by powder X-ray diffraction (PXRD)
patterns (Fig. 2c) and polarized optical microscope (POM)
images (Fig. S3†). Aer the addition of a drop of alcohol, thorn-
like akes with sky-blue light appeared on the edge of the green
block in about 70 s (Fig. 3d). Gradually, more and more akes
Fig. 3 Optical microscopy images of the pristine amorphous sample bef
the transformation (b). (c–h) Fluorescence microscopy images of the cry
can slow down the crystallization speed. Fluorescence microscopy imag
state (190 s). Scale bars, 20 mm (fluorescence microscopy images were

6076 | Chem. Sci., 2022, 13, 6074–6080
sprang up and covered the entire surface (Fig. 3e). However,
some green light can still be observed from the inner side with
a pentagonal outline (Fig. 3f and g) due to the slow penetration
of alcohol. In the end, the pentagonal block became thousands
of fragments and the pentagonal outline persisted (Fig. 3b and
h) (ethyl acetate induced transformation is shown in Fig. S4 and
Movie S3†).

The white sample turned out to be crystalline (Fig. S3b, d and
S5†) and its PXRD pattern accorded well with that of the
simulated one based on crystal data (Fig. 2c). Next, thermal
properties of these samples were determined by thermogravi-
metric analysis (TGA) (Fig. S6†) and differential scanning calo-
rimetry (DSC) (Fig. 2d). The TGA results revealed that the onset
temperature with 5% weight loss (Td) of these two samples was
very similar (about 422 �C). DSC curves showed a thermo-
induced phase transition at about 156 �C with an enthalpy-
relaxation peak, which indicated that the amorphous phase
crystallized upon heating. Fig. S7† showed that transformation
from the amorphous state to the crystalline state could be
realized by heating at 150 �C for 15 min, and the crystalline
states from different transformation processes shared the same
PL spectra and PXRD proles (Fig. S8†).

Single crystals suitable for X-ray diffraction were obtained by
slow solvent evaporation from the ethyl acetate/dichloro-
methane solution at room temperature. The crystal structure of
S-1 is shown in Fig. S9.† The dihedral angle between the two
naphthyl rings is 85.96� and the two pyrene moieties stretched
away from each other with a dihedral angle of 78.26�, probably
due to the steric repulsion and dipole–dipole interactions
between the two ester groups. This also indicated that there are
almost no intramolecular interactions between the two pyrene
chromophores, which prevents the formation of the intra-
molecular excimer. However, intermolecular p–p interactions
ore solvent induced transformation (a) and microcrystals obtained after
stallization process of the pristine sample with the aid of alcohol, which
es of the initial state (c), at 70 s (d), 120 s (e), 120 s (f), 120 s (g), and final
from screenshots of Movie S1†).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Intermolecular interactions (a) and the molecular packing structure (b) of S-1 (hydrogen atoms were omitted for clarity). (c) Proposed
mechanochromic luminescence mechanism. (d) Normalized PL spectra of microcrystals, and ground and fumed samples. (e) Reversible
switching of emission of S-1 by grinding/fuming cycles (lex ¼ 360 nm).
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between pyrene rings on different molecules were observed
along the b axis (3.404�A and 3.427�A, Fig. 4a), together with C–
H/p interactions leading to molecular columns (Fig. S10†).
These columns are brought together in the ac plane by weak C–
H/p interactions (Fig. S11†) and form a herringbone array
(Fig. 4b). This molecular packing pattern is prone to static
excimer30 formation in the excited state, and even in the ground
state, resulting in sky-blue emission at 470 nm (Fig. S12†),
which was supported by uorescence lifetime measurements
(Fig. S13†).

Due to the twisted conformation and weak p–p interactions,
the molecular packing is relatively loose. Thus, crystals can be
destroyed by external pressure. As shown in Fig. S14 and S15,†
aer grinding, the white crystals turned yellow (Fig. S14†), and
the blue luminescence changed to intense greenish-yellow
luminescence simultaneously. When exposed to ethyl acetate
vapors, the ground powder recovered to the original blue
luminescent solid (Fig. S15d†). Further grinding the blue
luminescent solid afforded the greenish-yellow luminescence
again (Fig. S15e†), and the blue luminescence would return with
the help of drops of ethyl acetate (Fig. S15f†). PXRD patterns are
shown in Fig. S16.† Sharp and intense diffraction peaks of the
crystalline state disappeared aer grinding, though some weak
peaks remained due to the irregular and incomplete grinding.
Aer fuming with ethyl acetate, a lot of sharp peaks reappeared
which agreed well with those of microcrystals. It can be
concluded that the amorphous sample is metastable and
a stable crystalline state could be achieved easily by recrystalli-
zation either from solvent fuming or thermal annealing treat-
ment as illustrated in Fig. 4c. Aer grinding, stronger
intramolecular or intermolecular p–p interactions occurred
between pyrene rings, enabling red-shied emission from blue
color to greenish-yellow color (Fig. 4d), thus, the excited state
can be regulated. This reversible uorescence change could be
© 2022 The Author(s). Published by the Royal Society of Chemistry
repeated many times due to the non-destructive nature of the
grinding stimulus (Fig. 4e).

Almost the same molecular stacking arrangement was
observed for S-2 which also belongs to an orthorhombic space
group P212121 because of the same axial skeleton (Fig. S17†).
Grinding and fuming induced PL and morphology switching
properties are shown in Fig. S18.† The ground and fumed
samples exhibited a high QY of 60% and 59%, respectively
(Table S1†). Unlike the other bi-pyrene compounds, the yellow
sandy powder of R-3 turned out to be in the crystalline state,
which exhibited emission at 505 nm. Aer grinding, the
amorphous state showed emission at 510 nm, while, a new state
was observed when fumed with dichloromethane (Fig. S19†).
Though there weren't large changes in the PL spectra for
different states of R-3, clear distinctions in the emission color
can be seen by the naked eye anyway (Fig. S19†). A buttery-like
structure was observed for R-3, with two wings (pyrene rings)
spreading and stacking linearly with adjacent molecules
(Fig. S20†). However, very weak emission at 465 nm was
observed for the R-4 crystal, which cannot be seen by the naked
eye (Fig. S21†). However, a quantum yield of 3% was observed
for the ground sample. The stacking structure of the R-4 crystal
was determined to be monoclinic, space group P21, and con-
tained two discrete molecules (Fig. S22†). To explore the origin
of poor emission of compound R-4, the p–p distance and the p–
p overlapped area of pyrene in crystals were determined (Table
S2†). It can be seen that a similar overlapped area (63%) was
observed in the dimers of R-3 and R-4, while the p–p distance of
R-3 is shorter than that of R-4. However, the QY of R-3 is very
high compared with that of R-4. So, it's not the crystal stacking
structure that accounts for the poor emission behavior. The
para-cyclophane structure might be the reason, where para-
cyclophane behaves as an electron acceptor, inducing trans-
annular, intramolecular electron transfer, thus quenching the
emission.31,32
Chem. Sci., 2022, 13, 6074–6080 | 6077
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Next, chiroptical properties were investigated. The ground
state chirality cannot be detected for the pristine samples due to
the strong scattering of powder. The R-1 pristine sample dis-
played right-handed circularly polarized luminescence and S-1
displayed the le-handed one with the calculated jglumj value of
5 � 10�4 (Fig. S23†). However, aer grinding, no CPL signal can
be detected (Fig. S24b†), which might be caused by the
conformational change of the octahydro-binaphthyl skel-
eton33,34 and/or disturbance of ordering of chromophores.
Grinding induced complete disorder of the molecular confor-
mation, and circular dichroism (CD) signals were not detected
either (Fig. S24a†), similar to the aggregation-annihilated
circular dichroism effect.35,36 Interestingly, enhanced CD and
CPL were observed for the crystalline state (Fig. 5a and b) aer
instant crystallization by solvent fuming37,38 (Fig. S25†), while
the glum value was determined to be 0.013 at 470 nm. Regular
arrangement or chiral supramolecular arrangement of chro-
mophores in the crystalline phase may be the reason for the
enhanced chiroptical properties.39,40 To eliminate articial
signals from the crystalline state, CPL tests were conducted by
ipping and rotating the sample (Fig. S26†).41,42 The results
showed the same CPL intensity, which ruled out the occurrence
of artifacts. In addition, the signs of both CD and CPL for the
crystalline state were opposite to those of pristine samples.

As switchable emission can be achieved easily by grinding
and fuming processes (Fig. 4e), the CPL emission could also be
switched as shown in Fig. 5d. The R-1 pristine sample with
a negative CPL signal (glum value is around �5 � 10�4) at 510
nm was used for the switching test. Aer grinding, the CPL
signal disappeared. When the ground sample was treated with
ethyl acetate vapor, instant crystallization occurred. The emis-
sion was switched to blue color with a positive CPL signal and
Fig. 5 gCD (a) and gCPL (b) spectra of R/S-1. (c) Molecular structures of co
under a 365 nm lamp. Reversible CPL switching of R-1 (d), R-2 (e) and R
process of compound 1 and 2, while dichloromethane was used for com

6078 | Chem. Sci., 2022, 13, 6074–6080
the glum value was as large as �0.01. Moreover, CPL signals
showed stable repeatability aer several cycles between
grinding and fuming treatment (Fig. 5d). Similar results were
found for R/S-2 and R/S-3. The yellow amorphous pristine
sample of R-2 emitted right-handed CPL with a glum value of
�0.0016 (Fig. S27†). Aer grinding and fuming treatment, le-
handed CPL was obtained for the crystalline state, which
exhibited enhanced excited chirality (glum ¼ 0.01 at 470 nm)
(Fig. 5c, e and S28†). Interestingly, a very large glum value of
about �0.0225 was observed at 505 nm for the R-3 pristine
powder (Fig. S29†). Aer grinding and fuming treatment, a glum
value of nearly the same magnitude but opposite sign was
observed at 515 nm (Fig. 5c, f and S30†). Due to the very weak
uorescence quantum yield, CPL signals of R/S-4 in the crys-
talline state cannot be detected. However, enhanced CD signals
in the crystalline state were observed (Fig. S31†).

To reveal the mechanism of the switchable CPL behavior
between pristine and fumed samples, more detailed studies
were carried out (Table S3†). First, the chiroptical properties of
pure enantiomers were investigated by CD and CPL spectros-
copy in THF solutions. CD spectra of R-1 and S-1 in THF
revealed clear Cotton effects, and they are mirror images of each
other (Fig. S32a†). The R-conguration exhibited a negative
Cotton effect and a positive Cotton effect was observed for the S-
conguration in the range from 300 to 400 nm, indicating
successful chirality transfer from the axial skeleton to the pyr-
ene chromophore. However, no CPL signals were observed in
the monomer emission region, while strong positive CPL was
observed for R-1 in the dynamic excimer emission region30

(Fig. S32b†). This meant that the excited state chirality differed
from that of the ground state, indicating that sizable structural
mpound 1, 2, and 3 and the emission pictures after grinding and fuming
-3 (f) by grinding/fuming cycles (ethyl acetate was used for the fuming
pound 3) (lex ¼ 360 nm).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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rearrangements occurred in the excited state due to the excimer
formation.

Furthermore, CD and CPL from the cast lm and aggregated
states were investigated (Fig. S33†). Whenmolecules aggregated
either in the lm or precipitate, the absorption spectra showed
red-shi, resulting from the stronger intra and intermolecular
interaction between pyrene rings (Fig. S34a†). Thus, the excimer
emission at 508 nm should be attributed to the static excimer.30

As shown in Fig. S33,† CPL signs of R/S-1 in aggregated states
followed the chirality of the ground state, and were the same as
that of the pristine state (Fig. S23†), indicative of similar
conformations in the ground and excited states (that's why CD
spectra of aggregates were used for the ground state chirality
shown in Fig. 5a). Compared with the aggregated state either in
the lm or precipitate, obvious amplication can be observed
both from gCD and gCPL in the crystalline state (Fig. 5a and b),
indicating the enhanced chiroptical properties in the crystalline
state. In addition, even though both the aggregates and the
concentrated solution of 1 shared the same excimer emission
(Fig. S35a†), different excited state chiralities were observed
(Fig. S32 and S33†). These results demonstrated that the
different ground and excited state chiralities originated from
the different molecular structures,43,44 which exhibited the
advantage of CPL measurement over CD measurement.

Mono-pyrenyl derivatives (R/S-5) based on the octahy-
drobinaphthyl skeleton were synthesized and investigated as
a comparative experiment. Switchable emission behavior was
also observed between ground and fumed states (Fig. S39†). In
contrast, the crystalline states showed no CPL signal compared
with other bi-pyrene counterparts (Fig. S40†). Structural anal-
ysis showed that there were two discrete molecules with
different conformations in the crystal based on the dihedral
angle (q) between the two octahydrobinaphthyl rings. One has
M-helicity with a cisoid conformation (q¼ 86.51�), and the other
has P-helicity with a transoid conformation (q ¼ 96.05�)45,46

(Fig. S41†). Despite the same R-conguration, a racemic struc-
ture formed due to the opposite helical conformations which
might result in the silence of CPL (Fig. S42†). It should be noted
that the pyrene rings in the crystal had different orientations
relative to the ethoxy groups, indicating greater motion ability
in solution when crystallized. This might be due to the less rigid
structure compared with other bi-pyrene compounds, demon-
strating that double substituted skeletons were essential for
achieving intense CPL in the crystalline state.

Conclusions

We demonstrated that high-performance CPL-active solid-state
materials could be realized by instant crystallization from
amorphous ground lms, possessing both large glum values (up
to 10�2) and high PL quantum yields (�50%). We do so by
thoroughly synthesizing and investigating 8 bi-pyrene based
chiral emitters in the solid state. The instant crystallization
process, resulting from the transformation of the amorphous
state into the crystalline state could be visualized by using
a microscope. Due to the chiral supramolecular arrangement of
chromophores in the crystalline state, enhanced chiroptical
© 2022 The Author(s). Published by the Royal Society of Chemistry
properties were observed both in the ground and in the excited
states. This work presented a simple yet effective approach for
constructing high-performance CPL-active solid-state materials.
The understanding of excimer-origin CPL would be benecial
for new molecular engineering strategies for designing highly
efficient CPL-active materials too.
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