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ABSTRACT: The propeller-like conformation of tetra-
phenylethylene (TPE) with aggregation-induced emission
(AIE) effect was partially and completely fixed by
intramolecular cyclization for the first time. The
immobilization of propeller-like conformation was found
to show great advantages in determining the enantiomer
purity, identifying the chiral amines. The completely fixed
conformers are resolved into M- and P-enantiomer, which
showed mirror imaged CD and almost quantitative
fluorescence quantum yield. Furthermore, it also showed
a mirror and large circularly polarized luminescence
dissymmetric factor, depending on the helicity of the
enantiomer. The result provides the most direct and
persuasive evidence for AIE via the restriction of
intramolecular rotation and finds the new insight of the
compounds in chiroptical property.

ggregation-induced emission (AIE) phenomenon arouses

wide attention due to enormous application potential in
chemo/biosensors and optoelectronic materials.' ™ For most of
compounds with AIE effect, such as tetraphenylethylene (TPE),
hexaphenylsilole (HPS), and their derivatives, they all bear a
propeller-like conformation which is the key structural feature
why they display AIE phenomenon. By immobilization of
propeller-like conformation of AIE compounds, on one hand, it
will provide novel propeller-like molecules with helical chirality
and high fluorescence quantum yield, which have exhibited many
possible utilizations in adjustment of physiological function-
alities, chiral sensor, asymmetric catalyst, and displaying materials
et al.*”"" On the other hand, it also affords the most direct and
persuasive evidence for popular AIE mechanism of restriction of
intramolecular rotation (RIR) that is still in dispute” because it
will display fluorescence precisely according to the RIR process.
However, no literature about immobilization of propeller-like
conformation of AIE molecules is documented to date.

In order to enhance fluorescence intensity and corroborate the
RIR principle, efforts to restrict the rotation of phenyl rings by
covalent bond connection have been made. It is reported that
phenyl rotation of TPE unit is blocked by covalent single bond
between phenyl rings, but the propeller-like structure is lost."*~"*
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By using ethylene or vinylene tethers to connect two gem-phenyl
rings at the ortho position, restriction of phenyl rotation is also
achieved, but the obtained TPE derivatives are nonhelical.'®
Formin§ molecular cage,16 metallacage,17 metal organic frame-
works," ™% or covalent organic frameworks”"** based on TPE
cores, the phenyl rotation is blocked that leads to strong
fluorescence, but no helical chirality from the propeller-like
conformation of TPE units is obtained and exploited. Here, we
report that TPE molecule, which is the most typical and the most
studied AIE compound, is bridged between its four phenyl rings
by short tethers to give TPE tetracycle with stable propeller-like
structure in solution, which is resolved into M- and P-
enantiomers.

Immobilization route of TPE propeller-like conformation is
shown in Figure 1. In the "H NMR spectrum, methylene protons
of TPE dicycle tetraldehyde 3 appeared with two double peaks,
while a similar TPE monocycle displayed a single peak for
methylene groups in literature.” This indicated that the rotation
of the phenyl rings of TPE unit of 3 was no longer completely
free, resulting in a difference of two protons in the methylene
groups. For tetrahydroxymethyl TPE dicycle 4, the methylene
groups on cycle also showed two double peaks, while two
protons of the hydroxymethyl groups were in the same chemical
environment because of free rotation. In the "H NMR spectrum
of TPE tetracycle 6, two sets of methylene groups all exhibited
double peaks, demonstrating the blockage of the phenyl rotation
put the two protons of any methylene group into a different
chemical environment.

As expected from RIR mechanism, TPE dicycle 3, 4 and TPE
tetracycle 6 not only showed strong blue fluorescence in
suspension in 95:5 H,O/THF (volume ratio, the same below) or
in solid state but also emitted intensive light in solution (Figure
2A,B). Moreover, 6 bearing four cycles could emit green
fluorescence even under daylight (Figure 2C). The relative
fluorescence quantum yield of 2—4 and 6, measured using
fluorescein as standard, increased with the number of cycles.
From 2—4 to 6, the fluorescence quantum yields in THF solution
were 0%, 24%, 49%, and 97%, and those in 95:5 H,O/THF
suspension were 2%, 22%, 51%, and 80%, respectively.
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Figure 1. Synthetic route of TPE helical molecules 3—6 with stable and
metastable propeller-like conformations.
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Figure 2. Photos of 3, 4, and 6 in THF solution under 365 nm UV light
(A), in 95:5 H,0/THF suspension under 365 nm UV light (B), in THF
solution under daylight (C), and as dry powder under 365 nm UV light
(D).[3]=[4]=1[6] =1.0x 107* M.

Moreover, the fluorescence intensity of 3, 4, and 6 in THF always
increased with increasing concentration (Figures $28—S30).

In addition, while 3, 4, and 6 had emission maximum
wavelengths at 508, 527, and 492 nm in THF solution, they emit
at 475, 459, and 484 nm upon aggregation in 95:5 H,O/THF,
showing hypsochromic shifts of 33, 68 and 8 nm, respectively
(Figures S31—S33). As crystals freshly isolated from THF
solution, 3, 4, and 6 also exhibited hypsochromic shifts of 37, 50,
and 31 nm, respectively, compared with THF solution. When the
crystals were dried and became powder, the emission
hypsochromic shifts of 3, 4, and 6 were 17, 59, and 11 nm,
respectively, compared with the THF solution (Figure 2D).

Crystal structure of 3 disclosed that the cycles spanned onto
two phenyl groups at the cts-posmon rather than two phenyl rings
at the gem-position (Figure $34).”* In one unit cell, both left-
handed helical (M) TPE cores and right-handed helical (P) ones
were equally observed. Although racemic 3 could be resolved
into M-3 and P-3 enantiomers using chiral high-pressure liquid

chromatography (HPLC), the obtained enantiomers rapidly
racemized in solution at room temperature, indicating that M-3
and P-3 enantiomers could interconvert due to not fully
inhibiting the phenyl rotation.

Interestingly, this metastable propeller-like structure could be
exploited to determine the enantiomeric composition of chiral
amines when racemic 3 was biased into a single helical propeller-
like one in the reaction of amine enantiomer and 3.~ In the
presence of acetic acid, 3 could immediately react with a chiral
primary amine such as 7—13 and reach dynamic equilibrium in
about 0.5 h (Figure S35). Moreover, 3 could induce obvious CD
signals by amine enantiomers which had no or very weak CD
signals (Figures 3 and S36—S37). For example, while R- or S-7
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Figure 3. Structure of chiral amines. (A) CD spectra of the solution of
enantiomer of 7 and acetic acid (HAc) with and without 3 in 1,2-
dichloroethane. (B) Change in CD intensity with ee% of R-7, the red
line is the linear fitting result. [3] = 1/10[7] = 1/20[HAc] =2.0 X 10™*
M.

was CD silent, the mixture of enantiomers and 3 displayed strong
CD signals with a perfect mirror image each other (Figure 3A).
Under the same conditions, the mixture of amine enantiomers
and 2 showed no or a much weaker CD band, except for 11 which
probably led to a different dynamical equilibrium (Figure S38),
hinting that 3 more easily produced a dynamically stable single
helical propeller-like structure due to partial rotation fixation.

With an increase of R-7 concentration, the CD profile did not
change, but the intensity increased. Above 10:1 molar ratio of R-7
to 3, the CD intensity was saturated (Figure S39). Interestingly,
the fluorescence intensity also increased with a molar ratio larger
than 4. Moreover, at <8, the emission displayed a gradual
bathochromic shift from 505 to 526 nm with the molar ratio
(Figure S40). After a molar ratio of 8, no bathochromic shift was
observed, and meanwhile the CD intensity leveled off, indicating
dynamical equilibrium of the condensation reaction.

Such induced CD can be further used to determine the
enantiomer excess (ee) values of the chiral amines. Keeping the
molar ratio of 7 to 3 at 10:1, the ee% of R-7 in the mixture of R-7
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and S-7 increased linearly with the CD intensity, as shown in
Figures 3B and S41. These straight lines were used as a
calibration curve for determining enantiomer content of eight
samples with unknown ee%. The average absolute error (AAE)
between measured ee values and actual ones was 0.97% ee at 327
nm, 1.05% ee at 275 nm, 1.01% ee at 254 nm, and 0.87% at 231,
which are much smaller than reported in literature.””° Other
chiral amines, such as 9 and 12, also exhibited a perfect linear
relationship between CD intensity and ee% with an AAE <1.50%
(Figure S42—S43). In addition, CD signals of 3 with all amines
exhibited multiple characteristic bands with different shape and
intensity,””*° which could be utilized to identify these chiral
amines.

The crystal structure of 6 confirmed that it bore four cycles and
had slipped packing of the propeller-like structures that did not
form intermolecular 7—7 stacking (Figure $44).”* Just like 3, M-
6 and P-6 equally existed in one unit cell, and molecules with the
same helical chirality packed into column structures (Figure
S44B). Noticeably, the twisted angle of the TPE core double
bond was up to 20.90°, while it was 12.6° in the structure of 3,
implying that the twisted structure of TPE derivatives did not
lead to emission quenching.

As expected, 6 could be resolved into two stable single helical
enantiomers by chiral HPLC using a CHIRALPAK IE column
and 80:20 CH,Cl,/CH;OH mobile phase. Crystal structure of
one enantiomer related to the first peak in HPLC unveiled only
one single left-handed helical structure in the unit cell, which was
M-6 (Figure 4A). Other enantiomer related to the second peak

Figure 4. Crystal structure of M-6 (A), P-6 (B), and packing of M-6 (C).
The protons in C and the solvents in A—C were removed for clarity.

was right-handed helical in the crystal structure and was P-6
(Figure 4B).** Similar to racemic 6, the molecules of M-6 and P-6
packed into the column structure. Although the packing of the
enantiomer was slipped much less than that of racemic 6 (Figure
4C), m—7 stacking was also absent. M-6 had a specific optical
rotation of +479°, while that of P-6 was —502° in THF. With
identical 'H NMR, *C NMR, and HRMS spectra, these two
resolved compounds were corroborated to be enantiomers of
each other. In CD spectrum, M-6 showed a strong positive first
Cotton effect and positive bisignate band, while P-6 showed
negative ones with a similar intensity (Figure SA), showing a
perfect mirror image relationship.

Just like racemic 6, M-6 and P-6 emitted strong fluorescence
both in solution and in aggregation state and showed identical
absorption and emission spectra (Figures S25—S27). The
relative fluorescence quantum yield was 100% and 100% in
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Figure S. CD spectra (A) and CPL spectra (B) of M-6 and P-6 in THF
(1.0 x 1073 M); CPL spectra (C) of M-6 and P-6 in 90:10 H,O/THF
(1.0 x 1073 M). Excited at 365 nm.

solution and 82% and 81% in 90:10 H,O/THEF suspension for
M-6 and P-6, respectively, measured using fluorescein as
standard. Furthermore, the absolute fluorescence quantum
yield, measured by integrate sphere, was found to be 79%,
94%, and 94% in solution and 88%, 85%, and 86% in the
suspension for 6, M-6, and P-6, respectively, which was in line
with the relative fluorescence quantum yield.

Meanwhile, similar to racemic 6, M-6 and P-6 emitted green
light in solution even under daylight, but blue fluorescence was
observed in the aggregation or crystal state with a hypsochromic
shift of about 10 nm. It is well-known that emission maximum
wavelength of AIE compounds, especially that of TPE
derivatives, is very sensitive to external factors such as solvent,
pressure, aggregation states, and so on.” These factors affect
rotation degrees of phenyl rings that either increase or attenuate
conjugation of the AIE molecules so that a chromic response
appears. Although the phenyl rings of TPE core of 6 were
immobilized and could not rotate freely, they were not fixed very
tightly, and the swing or flipping'” of the phenyl rings in a range
of several degrees still existed, which could change the
conjugation of TPE unit among small angles. The mechano-
chromic effect of 3, 4, and 6 under grinding also demonstrated
the above description (Figure S45). This suggested that RIR was
the main reason for fluorescence occurrence and enhancement
rather than other motions.

Significantly, obvious circularly polarized luminescence
(cpL)*' = signals of M-6 and P-6 with mirror image at 505
nm in THF solution and 500 nm in 95:5 H,O/THF suspension
were observed (Figure SB,C). In solution, the CPL dissymmetric
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factor (gjum) was +3.1 X 1073 for M-6 and —3.3 X 10> for P-6. In
suspension, the |g,,| was about 1-fold larger than that in solution,
which was +6.2 X 107 for M-6 at 495 nm and —5.0 X 107> for P-
6 at 505 nm. The Ig.| of the enantiomers of 6 was large when
related to the Ig,,| of 107°—107* for general organic compounds.
In addition, the Ig,,| was close to the dissymmetry factor of
absorbance (g, = 2(Ag/€)) of 2.4 X 1073 for M-6 and P-6,
suggesting that the conformational change between ground and
excited states was little.””** The mixtures of 3 and enantiomers of
7 were also tested for CPL spectrum, but no CPL signal was
observed. These results demonstrated that the single helical
propeller-like second-ordered structure of TPE fixed by four
bridges was conformationally stable. In fact, when the solution of
M-6 and P-6 in THF was left to stand at room temperature for
more than one month, no racemization was observed.

In conclusion, the propeller-like conformation of the TPE unit
that is the key factor for most of organic compounds showing
AIE effects was immobilized for the first time. The immobiliza-
tion of the propeller-like conformation could afford rapid and
accurate measurements of enantiomeric purity, helical chirality
from M- and P-enantiomers, and the most direct and persuasive
evidence for a RIR AIE mechanism. While the almost
quantitative fluorescence quantum yield of TPE tetracycle 6
made it an excellent candidate in fluorophore dyes, its two
enantiomers showing a large CPL dissymmetric factor would
have great potential in 3D display and medical imaging besides
potential usage in chiral recognition and enantioselective
catalysis. The bridging between rotors of AIE compounds by a
short spacer provided a new approach to helical chiral
compounds with high fluorescence quantum yield.
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