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of mono-/di-substituents of molecules or
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Four chiral AlE-active luminogens (AlEgens) containing tetraphenylethene (TPE) and one or two chiral

glutamic moieties connected by thiourea were designed and synthesized. All AlEgens showed tunable
aggregation-induced circularly polarized luminescence (AICPL) by adjusting the mono-/di-substituents
of molecules or nanostructures of self-assemblies. The enantiotopic mono-substituted compounds

(TPE-Glu) exhibited mirror-imaged AICPL signals with the maximal |gi,m| value of up to 0.02. Interestingly,
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the di-substituted cis- and trans-isomers showed reverse AICPL signals compared with those of mono-
substituted ones. cis- and trans-isomers (TPE-DGlu) showed similar AICPL properties, whose signs of
AICPL signals reversed while the water fraction (f,,) was more than 80%. The SEM images of their self-

assemblies indicated that the AICPL properties should have an intrinsic relation with their molecular

rsc.li/frontiers-materials

Introduction

Circularly polarized luminescence (CPL) refers to the phenomenon
that chiral luminescent substances emit different ratios of left and
right circularly polarized light, which has been attracting increasing
attention due to its special properties and potential applications in
various fields such as the investigation of the excited chiral
molecular structures, 3D optical displays, information storage
and processing, molecular switches, biological detection and
probing." Up to now, different CPL systems have been reported,
such as chiral organic conjugated molecules, polymers, organo-
gels, and lanthanide complexes.” However, most conventional
organic conjugated materials suffer from aggregation-caused
quenching (ACQ) effect in the solid state, which greatly limits
their applications in optics.®> In 2001, Tang et al. first proposed
aggregation-induced emission (AIE), which is used to describe
the phenomenon that substances exhibit non-emissive behavior
in a solution but have strong emission in the aggregated state.*
Therefore, the AIE property provides an approach to prepare
CPL materials with high emission intensity in the solid state.
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structures or self-assembled nanostructures.

Tang et al. originally combined AIE and CPL and prepared a
compound by introducing chiral p-mannose moiety into an
AlE-active silole in 2012, which exhibited no CPL signal in
solution but high AICPL signal in the aggregated state.” Since
then, some other AlE-active CPL materials have been reported in
different research fields.®* Among them, supramolecular assemblies
formed through non-covalent interactions have received
considerable attention because the chiral assemblies usually
possess better CPL properties than those of chiral molecules
and could transfer CPL-silence molecular chirality to CPL-on
chiral nanostructures.”

It is well-known that molecular chirality has great influence
on the optical activity of chiral compounds.® However, the
impact of cis- and trans-isomers on the optical activity of chiral
molecules, particularly for the CPL property has rarely been
studied.® Although several studies have reported the influence
of nanostructures on the AICPL property, it is still valuable to
design chiral supramolecular systems that could be effectively
regulated to obtain chiral materials with a tunable AICPL
property.°

Herein, we designed and synthesized four compounds,
which contained AIE-active tetraphenylethene (TPE) and one
or two chiral glutamic moieties connected by thiourea. The
enantiotopic mono-substituent compounds are labelled as
TPE-L-Glu and TPE-p-Glu, while the di-substituent cis- and trans-
isomers are marked as cis-TPE-.-DGlu and trans-TPE-L.-DGlu,
respectively. Both mono- and di-substituted compounds exhibited

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Scheme 1 Synthetic procedures for the preparation of TPE-L-Glu, TPE-p-Glu,
cis-TPE-L-DGlu and trans-TPE-L-DGlu.

very weak emission and optical activity in THF, but showed
obviously increasing fluorescence and tunable aggregation-
induced circular dichroism (CD) and circularly polarized lumines-
cence (CPL) signals with the addition of water, which demonstrated
typical AIE and AICPL properties. The enantiotopic mono-
substituted compounds (TPE-Glu) exhibited mirror-imaged
AICPL signals, and the |gjum| value could reach 0.02 when
water fraction (f,,) was at 50%. However, the di-substituted
cis- and trans-isomers showed reverse AICPL signals compared
with mono-substituted ones even when the same chiral glutamic
moiety was used. cis-TPE-L-DGlu and trans-TPE-L-DGlu displayed
similar optically active properties, whose aggregation-induced
CD and CPL signals in more than 80% f,, mixed solvents was
very different from those in less than 80% f,, mixed solvents.
The SEM images of their self-assemblies indicated that AICPL
properties could be related to both molecular structures and
microstructures of the formed nanostructures (Scheme 1).

Experimental
Preparation of compound 3

A mixture of compound 1 (0.50 g, 1.44 mmol) and triethylamine
(0.6 mL, 4.32 mmol) was dissolved in 15 mL dichloromethane,
followed by the addition of thiophosgene (0.15 mL, 1.96 mmol)
in an ice bath. The reaction mixture was stirred for 4 h at
ambient temperature. Then, 30 mL dichloromethane was
added, and the mixture was washed with water and saturated
brine, and then dried over anhydrous Na,SO,. After the solvent
was removed under reduced pressure to obtain the residue,
which was purified by silica gel column chromatography (hexane/
ethyl acetate, 20/1, v/v) compound 3 was obtained as a yellow
oil (0.49 g, 87%). 'H NMR (400 MHz, CDCl;) § (ppm): 6.95
(d,J = 7.1 Hz, 2H), 7.00 (d, J = 4.2 Hz, 7H), 7.13-7.10 (m, 10H).
HRMS (ESI"): m/z caled [M'] 389.1238; found 389.1316.

Preparation of cis-4 and trans-4

The same procedure as that of compound 3 was followed for
cis-4 and trans-4. The characterization of cis-4: "H NMR (400 MHz,
CDCl,) 6 (ppm): 6.93 (d, J = 8.7 Hz, 6H), 6.96 (d, J = 9.4 Hz, 8H),
7.14 (s, 4H). HRMS (MALDI-TOF): m/z caled [M'] 446.0911; found
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446.0945. The characterization of trans-4: 'H NMR (400 MHz,
CDCLy) d (ppm): 6.95 (d, J = 7.1 Hz, 2H), 7.00 (d, J = 4.2 Hz, 6H),
7.11 (dd, J = 8.2, 2.5 Hz, 10H). HRMS (MALDI-TOF): m/z caled [M']
446.0911; found 446.0952.

Preparation of TPE-1-Glu and TPE-p-Glu

A mixture of compound 3 (0.50 g, 1.28 mmol) and compound
-5 (1.67 g, 2.57 mmol) was dissolved in 30 mL of anhydrous
THF. The reaction mixture was stirred for 4 h at 80 °C. After
cooling to room temperature, the reaction mixture was con-
centrated to afford the residue, which was purified via silica gel
column chromatography (CH,Cl,/MeOH, 20/1, v/v) to afford
TPE-1-Glu as a pale-white powder (1.05 g, 77%). '"H NMR
(400 MHz, CDCl;) 6 (ppm): 0.86 (t, J = 6.6 Hz, 6H), 1.24 (s,
60H), 1.48-1.49 (m, 4H), 3.17-3.26 (m, 7H), 6.98-7.09 (m, 19H).
HRMS (MALDI-TOF): m/z caled [M + Na'] 1061.7621; found
1061.7787. The prepared procedure of TPE-p-Glu was same as
that for TPE-L-Glu. '"H NMR (400 MHz, CDCl;) § (ppm): 0.81
(t, ] = 6.0 Hz, 6H), 1.18 (s, 60H), 1.44 (d, J = 5.9 Hz, 4H), 3.12-
3.19 (m, 5H), 4.86 (s, 1H), 5.75 (s, 1H), 6.90-7.04 (m, 19H).
HRMS (MALDI-TOF): m/z caled [M + Na'] 1061.7621; found
1061.7802.

Preparation of cis-TPE-L-DGlu and trans-TPE-L.-DGlu

The same procedure as that of TPE-1-Glu was used for cis-TPE-.-DGlu
and trans-TPE-.-DGlu. The characterization of cis-TPE-.-DGlu:
'H NMR (400 MHz, CDCl;) § (ppm): 0.86 (t, J = 6.2 Hz, 12H),
1.23 (s, 120H), 1.35(t, J = 7.3 Hz, 8H), 1.42 (s, 8H), 3.08-3.21
(m, 12H), 6.82 (d, ] = 8.5 Hz, 4H), 6.97 (d, ] = 3.7 Hz, 4H), 7.00-7.05
(m, 10H). HRMS (MALDI-TOF): m/z caled [M + Na'] 1768.3780;
found 1768.3894. trans-TPE--DGlu: "H NMR (400 MHz, CDCl;) §
(ppm): 0.86 (t, ] = 6.6 Hz, 12H), 1.24 (s, 120H), 1.37-1.45 (m, 16H),
1.68 (d,J = 10.3 Hz, 4H), 3.11-3.17 (m, 4H), 6.86 (d, J = 8.3 Hz, 4H),
6.98 (d, J = 3.6 Hz, 4H), 7.01-7.10 (m, 10H). HRMS (MALDI-TOF):
m/z caled [M + Na'] 1768.3780; found 1768.3960.

Preparation of samples for optical measurements

Several stock solutions of the compounds were first prepared in
THF (0.20 mM). Then, 10 pL of the stock solution was trans-
ferred to 2 mL THF/water mixture to afford the test solutions at
the concentration of 10 uM. The optical measurements were
then performed after 2 h.

Preparation of samples for SEM

Different THF/water mixtures of TPE-.-Glu, TPE-p-Glu, cis-TPE-
1-DGlu and ¢rans-TPE-L-DGlu with concentrations of 10 uM were
prepared. Then, 10 pL of the solutions was dropped onto
the surface of Si wafers, which were dried in vacuum after 2 h.
The as-prepared samples were characterized by SEM.

Results and discussions
Synthesis of chiral AIEgens

Compounds 1, cis- and trans-2, 1- and p-5 were prepared according
to previously reported procedures.'” The initial compounds first
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Fig.1 UV-vis absorption spectra of (A) TPE-L-Glu, (B) TPE-p-Glu, (C)
cis-TPE-L.-DGlu and (D) trans-TPE-L-DGlu in THF/water mixture with
different f,,. Concentration: 1 x 107> M.

reacted with thiophosgene to obtain mono- or di-isothiocyanato
compounds 3 and cis- and trans-4. These intermediates then
reacted with chiral glutamic derivatives (compound 1- or p-5) to
afford the four desired compounds. All the compounds were
confirmed by NMR and HRMS (see ESIY).

Optical properties

The UV-vis spectra of these compounds were first obtained in a
THF/water mixture, in which THF acted as a good solvent and
water acted as a poor solvent. As shown in Fig. 1, the four
compounds, TPE-i-Glu, TPE-p-Glu, cis-TPE-.-DGlu and trans-
TPE-L-DGlu, exhibited similar absorption spectra with three
absorption peaks located at about 250, 285 and 340 nm,
respectively, which could result from the n-n* conjugation of
the TPE cores. When f,, was increased in the mixture, the
decreased absorbance and spectral tails in the long wavelength
region were clear probably due to the formation of aggregates,'?
and the observed red-shift indicated that J-aggregate could be
formed in the mixture.” Interestingly, the absorption spectra
of TPE-p-Glu displayed a small red-shift of 7 nm compared to
TPE-L-Glu, which might be ascribed to the different sizes of the
formed nanoparticles.

Next, we investigated their CD spectra. As shown in Fig. 2A,
the CD data of the mono-substituted compounds demonstrated
that both compounds were CD silent in THF. However, the
aggregation-induced CD (AICD) signals could be observed with
an increase in f;, of the mixed solvents. The two enantiomers
exhibited slightly deflected mirror-imaged AICD signals, whose
signals were consistent with their absorption data. Moreover,
we found that the AICD signals apparently enhanced with
higher f,, and could reach the maximum when f,, was at 99%.

As depicted in Fig. 2B and C, cis-TPE-L-DGlu presented a very
weak signal at 290 nm in THF, while ¢rans-TPE-L-DGlu had
almost no signal at the same condition. The different AICD signals
in THF between two isomers could result from the formation of
the intramolecular hydrogen bond of the cis-isomer. Moreover,
obvious aggregation-induced Cotton effects were observed with
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Fig. 2 CD spectra of (A) TPE-p-Glu and TPE-L-Glu, (B) cis-TPE-L-DGlu,
(C) trans-TPE-L-DGlu in THF/water mixtures with different f,,. Solution
concentration = 1 x 107> M.

increased f,. The negative signals at 330 nm of the isomers were
highest when f,, was at 40%, i.e., the CD signal of trans-isomer was
about twice than that of cis-isomer probably due to the different
hydrogen bonds of the inter- and intra-forms. However, the
negative signals decreased and displayed a slight red-shift when
water was present in the mixture until f, was up to 60%.
Furthermore, the negative signals at about 296 nm and positive
signals at about 350 nm of cis-TPE-1-DGlu were detected when
more water was added. The trans-isomer had similar negative and
positive signals, which were related to those of the cis-isomer. All
the above data indicated that the point chirality of the glutamic
moiety could transfer to the TPE part in aggregates.

For the two di-substituted isomers, trans-cis isomerization
could theoretically occur in the excited state. However, when
the size of substituents or the interactions between the sub-
stituents increase, the trans-cis isomerization becomes much
more difficult, according to the previous reported works.'*?**
The fluorescence spectra of mono- and di-substituted compounds
are shown in Fig. 3. As predicted, the four TPE-containing
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Fig. 3 Fluorescent spectra of TPE-L-Glu, cis-TPE-L-DGlu and trans-TPE-
L-DGlu in THF/water mixed solvents with different f,, (A1-A3); plot of //ly
values versus f,, (B1-B3), where Iy represents the emission intensity in THF.
Concentration: 1 x 107> M; excitation wavelength: 340 nm. Inset: Photo-
graphs of TPE-L-Glu, cis-TPE-L-DGlu and trans-TPE-L-DGlu in solid and
THF/water mixtures with 0 and 99% f,, under 365 nm UV lamp.
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compounds were AlE-active. Their fluorescence intensities were
relatively weak when f;, was less than 40% in the mixed solvents
and enhanced rapidly with the addition of more water due to the
formation of aggregates. The highest fluorescent intensities could
increase to 164, 176 and 138 times for TPE-L-Glu, cis-TPE-L-DGlu
and trans-TPE-L-DGlu, respectively. Both the aggregates in 99% f,,
mixtures and their solids displayed high green emission. More-
over, the emission peaks shifted to longer wavelengths with
increase in f,, which further indicated the formation of J
aggregates.

The aggregates exhibited strong fluorescence and obvious
AICD signals, which inspired us to further investigate their CPL
properties. As shown in Fig. 4A, TPE-1-Glu and TPE-p-Glu
exhibited mirrored AICPL spectra in the region from 400
to 600 nm when f, was higher than 50%. The highest
AICPL signals decreased and red-shifted when more water
was added to the mixed solvents. The CPL dissymmetry
factor, gjum, could reach 0.021 and —0.019 for TPE-L-Glu and
TPE-p-Glu, respectively. Interestingly, the original AICPL
signals of c¢is-TPE-1-DGlu and trans-TPE-1-DGlu exhibited
opposite signs compared with TPE-i-Glu although they had
the same chiral L-glutamic moiety, which could be attributed to
the different intermolecular noncovalent interactions.®®'?
The two di-substituted compounds possessed similar AICPL
spectra with the highest signal at 60% f,, and their AICPL
signals could reverse when f, was higher than 80%, whose gjum
values changed from —0.007 to 0.003 for cis-isomer, and from
—0.008 to 0.002 for the trans-isomer, respectively. All the data
indicated that the AICPL properties of these TPE derivatives
could be adjusted by both the chirality of chiral source
(v or p-stereoisomers) and the number of introduced substituents
(mono- or di-substituted). The strength of the CPL signals could
be tuned by changing f,, in the mixed solvents.
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Fig. 4 CPL spectra of (A) TPE-L-Glu and TPE-b-Glu, (C) cis-TPE-L-DGlu,
(D) trans-TPE-L.-DGlu in THF/water mixed solvents. Concentration:
1 x 107> M; excitation wavelength: 340 nm. (B) g\,m versus f,, of TPE-L-
Glu and TPE-b-Glu. Inset: gm versus f,, of cis-TPE-L.-DGlu and trans-
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The morphologies of the aggregates

According to the above optical data, all the compounds
displayed tunable aggregation-induced optically active properties
by changing f,, of the mixed solvents, which stimulated us to
investigate the relation between optical activities and supra-
molecular morphologies of the self-assembled aggregates.
Moreover, to demonstrate the intermolecular interactions of
the compounds even in THF, we obtained the SEM images of
formed nanostructures after THF was volatilized. As shown in
Fig. 5, the morphologies of formed self-assemblies were
obviously different when the f, of the mixed solvents was
changed. For the enantiotopic mono-substituted compounds,
the SEM images of the compounds in THF (10 uM) showed the
formation of similar nanofibers, which further showed inter-
molecular interactions even in the molecular state. Thicker
nanofibers were detected when f;, was increased to 40% due to
the formation of aggregates. Moreover, helical nanofibers
formed when 50% f,, was in the mixed solvents, which
t-enantiomer produced left-handed twist nanofibers and
p-enantiomer gave the right-handed ones. However, irregular
nanoparticles formed after more water was added. The differ-
ent morphologies of formed nanostructures could lead to the
changes in the AICPL intensities. For cis- and t¢rans-isomeric
compounds, different irregular nanoparticles were detected in
the mixed solvents probably due to the different intra- or inter-
molecular interactions. cis-TPE-L.-DGlu with two r-glutamic
moieties located at the same side experience intramolecular
interactions that could lead to form nanoparticles to reduce
energy.'® However, trans-TPE-L-DGlu with two substituents on
the opposite sides could undergo intermolecular weak inter-
actions and self-assembled in side-by-side formation to generate
nanoribbons.'” The different noncovalent interactions resulted
in the formation of diverse nanostructures and further affected
the intensities of the AICPL signals of the two isomers. Note
that the trans-one gave higher signals compared to the cis-one.

Fig. 5 SEM images of TPE-L-Glu (A1-A4), TPE-b-Glu (B1-B4), cis-TPE-L-
DGlu (C1-C4), trans-TPE-.-DGlu (D1-D4) obtained from THF/water
mixed solvents at different f,,. (A1-D1) 10/0; (A2-D2) 6/4; (A3-D3) 5/5;
(A4—D4) 1/9. Concentration: 1 x 107> M.
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The SEM images of the self-assemblies indicate that AICPL
signals could be affected by the morphologies of formed micro-
structures, which the distinguishing formed nanostructures
should originally ascribe to the different intermolecular inter-
actions between the mono- and di-substituted AIEgens.

Conclusions

In conclusion, we designed and synthesized four chiral AIEgens
containing TPE and one or two chiral glutamic moieties that
were connected by thiourea. All the compounds exhibited
aggregation-induced optical activities in a THF/water mixture.
The enantiotopic mono-substituted compounds gave mirror-
imaged AICPL signals, whose |gjum| value could reach 0.02.
The di-substituted isomers showed opposed original AICPL
signals compared with mono-substituted isomers although they
had the same chiral glutamic moiety. cis- and trans-isomers
displayed similar AICPL properties, whose signs of AICPL signals
reversed when f,, was more than 80%. The SEM images of the self-
assemblies indicated that AICPL properties could be related to
the number of substituents in molecules and the formed self-
assembled microstructures.
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