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The structural change in the excited state evidently plays a crucial role for quenching process of organic molecules exhibiting

DOI: 10.1039/x0xx00000x

aggregation-induced emission (AIE, thus AlEgens) in the solution state. In this report, we synthesized a series of

tetraphenylethylene (TPE) macrocycles having covalent oligoethylene glycol (OEG) linkage between vicinal phenyl rings with

various chain length and substituting positions. As a result, the obtained TPE macrocycles which is tightly fastened by short

OEG chain showed strong emission even in the solution state. The tight fastener efficiently restricted m twist around the

central C=C bond in TPE macrocycles, which was also supported by theoretical computations. These results provide very

important information about the origin of AIE property of TPE derivatives, which will lead to rational design for new AlEgens.

Introduction

In the past 20 years, a multitude of materials based on
aggregation-induced emission (AIE) has emerged, showing
extraordinary emission in the aggregated or solid state but only
weak or no emission in the solution state.> Nonetheless, the
phenomenon is a “revisit” of preceding researches; in fact, the
intra- and intermolecular aspects of the underlying phenomena
for organic dyes have been intensively discussed over one
hundred years.® For oligo(phenylene vinylene)s, the intra- and
intermolecular factors for emission from film and aggregate
were already reported in 1990’s.57° After coining “AIE” by Tang
and coworkers in 2001 by using a pentaphenylsilole
derivative,’® as well as aggregation-induced emission
enhancement (AIEE) reported by Park and coworkers in 2002,1
this attractive switching property of AlEgens has prompted
researchers to explore a new class of optical materials utilizing
AlEgens, including optoelectronics,?714 fluorescent probes, 1517
and biosensors.'8-20 |n the beginning of AIE studies, rotation of
phenyl rings in the ground state has been believed to be
essential for the quenching of AIE luminogens (AlEgens) in the
solution state, which should be restricted in the aggregated or
solid state (restriction of intramolecular rotation, RIR).2!

@ Graduate School of Chemical Sciences and Engineering, Hokkaido University, Kita
10 Nishi 8, Kita-ku, Sapporo, 060-0810, Japan.

b-Department of Chemistry, School of Science, Hokkaido University, Kita 10 Nishi 8,
Kita-ku, Sapporo, 060-0810, Japan.

< Department of Chemistry, Faculty of Science, Hokkaido University, Kita 10 Nishi 8,
Kita-ku, Sapporo, 060-0810, Japan.

d.Research Institute for Electronic Science, Hokkaido University, Kita 20 Nishi 10,
Kita-ku, Sapporo, 001-0020, Japan.

€ JST-PRESTO

+ Electronic Supplementary Information (ESI) available: [Experimental details, NMR

spectra, crystallographic data, chiral column chromatograms, NMR spectra upon

photoirradiation, and calculated geometrical parameters for TPE macrocycles]. See

DOI: 10.1039/x0xx00000x

However, thanks to the development of computer performance
for theoretical computation, researchers now can readily know
the molecular structure and dynamics in the excited state, and
a large structural change of AlEgens in the excited state has
been recently recognized as the essential factor for the
guenching of AlEgens in the solution state.?2272> For examples,
Blancafort and co-workers revealed that restricted access to
conical intersection (RACI) results in the strong emission of
siloles and furans having accumulated phenyl rings, by using
state-of-art theoretical computations,?> thus highly twisted nt
plane (mt twist) is responsible for the quenching of these AlEgens
in the solution state.

Tetraphenylethylene (TPE) is one of the most known
AlEgens due to the ease of synthesis and derivatization, it has
been employed as a typical AlEgen to construct emissive
systems in a plenty of researches. On a historical viewpoint, the
emission enhancement was already known in 50 years ago.26-28
The m twist of the central C=C bond of TPE in the excited state
was already known in 1990’s or before by using ultrafast
spectroscopies and related techniques,?°-3! as well as viscosity-
dependent fluorescence enhancement.3233 Fox and coworkers
reported the emission enhancement of TPE macrocycles in
which geminal phenyl rings are linked at meta-position, and
phenyl ring torsion was suppressed by short chain length,
leading to strong emission in solution.3435 As mentioned above,
the intra- and intermolecular factors for emission from film and
aggregate of oligo(phenylene vinylene)s were already studied in
1990’s.57° On the other hand, AIE property of TPE was reported
in 2006 by Tang et al.,3® which followed the report of
pentaphenylsilole,’° thus the mechanism of AIE property of TPE
was explained by applying RIR process. Unfortunately, the
accumulation of preceding researches’ 263> was not
referred.3®
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3 Without proper substitution on the vicinal phenyl rings of
4 TPE, (E)-(2) isomerization (EZI) cannot be observed by usual
5 spectroscopies for tetrasubstituted TPE or bare TPE, and even
6 with disubstituted TPE, (E) to (E) or (Z) to (2) transition cannot
7 be detected and is ignored, despite 1 twist in the excited state.
8 Recently, we disclosed that 1t twist of TPE in the excited state is
9 essential for quenching in the solution state, thus the restriction
10 of m twist by such as aggregation or crystallization is essential
11 for the occurrence of AIE property, confirmed by the
12 spectroscopy for disubstituted TPE derivatives and theoretical
13 computations,?®> followed by Tang and coworkers,?” and
14 another research group.3®

15 The restriction of i twist of AlEgens can be also carried out
16 in solution3°-42 or dispersed state,*>8 not only in aggregated or
17 solid state. In solution state, supramolecular interaction is the
18 most powerful method to suppress 1 twist. For such examples,
19 Shinkai and coworkers reported “cyclization-induced emission”
20 of a TPE derivative having zinc dipicolylamine group which can
21 interact with dicarboxylic acids.3® Zheng and coworkers
22 reported the emission of TPE derivatives with oligoethylene
23 glycol (OEG) chain after complexing with y-cyclodextrin (y-CD).4°
24 Wu and coworkers presented emission of TPE derivatives
25 having bisurea moiety recognizing oxoacid anions such as PO43-
26 and SO42-.41 Hahn and coworkers reported the emission of a TPE
27 derivative tethering N-heterocyclic carbene (NHC) interacting
28 with metal cations.*? Besides the supramolecular interaction,
29 covalent linkage to restrict r twist of TPE derivatives has been
30 very recently reported by Zheng, in which cis-TPE dicycle
31 showed strong emission in a solution, whereas gem-TPE dicycle
32 did not. This fact provides a strong evidence of the important
33 role of 1 twist around central C=C bond in TPE derivatives for
34 qguenching in the solution state.*® Zheng and coworkers also
35 applied TPE macrocycles as the sensor for chiral acid*® and
36 DNA?>! in a solution. In addition to supramolecular interaction,
37 bulky substituents also suppress 1 twist, as can be seen in
38 strong emission of ortho- substituted TPE,>2 which was well
39 reproduced by state-of-art theoretical computations.>3>*
40 However, the quantitative estimation of the restriction of
41 twist by such covalent linkage in the excited state have not yet
42 explored probably due to the cumbersome synthetic procedure
43 to change the tightness of covalent linkage “fastener” bit by bit,
44 which is very difficult to achieve by using a fragile cyclic
45 structure formed by relatively weak supramolecular interaction.
46 Other reports for TPE macrocycles focused AIE property and
47 chiroptical property in solid or aggregated state.>>°°

48 Herein, we prepared a series of TPE macrocycles in which
49 the vicinal phenyl rings are linked by OEG chains at para-, meta-,
50 and ortho- positions. The effect of OEG chain length and the
51 substituting position were investigated in detail, along with
52 theoretical computations for the molecular structure in the
53 excited state. Our results presented here will provide a new
54 perspective for molecular motion originating AIE property and
55 a rational molecular design for a novel TPE macrocycles.>”
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24
25
26 difference was found for 04, which corresponds to the
5273 Results and Discussion formation of isomeric mixtures indicated by NMR studies.
29 TPE macrocycles (pn (n = 2—6), mn (n = 2—6), on (n = 3,4)) were
30 synthesized from Williamson ether synthesis of the Table 1. Summary of energy difference between cis and trans isomers.
31 corresponding monohydroxy benzophenones and Molecule isomers Evone-Eos (V)
32 oligo(ethylene glycol) (OEG) bis(toluenesulfonate)s, followed by p2 cis b
33 intramolecular McMurry coupling mediated by titanium (1V) p3 cis b
34 chloride and zinc (Fig. 1). To improve the yield of intramolecular pa cis 0.70
35 cyclization, the precursor solution was slowly added to the p5 cis 0.42
36 reaction mixture for 6 h. The obtained compounds were 43 cis 031
37 characterized by 'H and 3C NMR spectroscopies (Fig. S1-524) m2 cis 0.49
38 and high resolution mass spectroscopy (HRMS). From the HRMS m3 cis 0.49
39 results, no polymeric compounds were found for all TPE m4 cis 030
40 macrocycles, indicating successful progress of the m3 c::s 0.21
41 intramolecular cyclization. NMR studies revealed that all TPE mé = 0.16
42 macrocycles consisted of one isomer, except for o4. The NMR gi cist(rrfr:’;j?or) _2;]07
43 spectrum of 04 implied the existence of two isomers with the
44 ratio of 89/11, and the major isomer was isolated by a silica gel 2 The result of synthesis. ® The energy of trans isomer was not obtained due to too
45 column chromatography. The synthesis of 05 and 06 was also high instability.
46 attempted, but the intramolecular cyclization for 06 was not
47 successful, while the isomer of 05 was not isolated at all after
48 the intramolecular cyclization.
49 To determine the chemical structure of the TPE
50 macrocycles, we firstly carried out the theoretical computations
51 regarding the energy difference of cis and trans isomers in the
52 ground state by density functional theory (DFT) method at the
53 B3LYP>859/6-31G(d) level using Gaussian 16.5° As the result of
54 calculation, for p2—p6 and m2—-meé, cis isomers were found to
55 be more stable than the trans isomers (Table 1). For p2 and p3,
56 the calculation of trans isomer was not converged due to its too
57 high energy. On another front, the trans isomer of 03 was found
58 to be more stable than its cis isomer, and almost no energy
59
60

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




oNOYTULT D WN =

Organic:Chemistry-Frontiers

ARTICLE

Journal Name

Fig. 2 Crystal structure of (a) p3, (b) m2, (c) 03 and (d) 04. Thermal ellipsoids are drawn
at the 50% probability level. All hydrogen atoms were omitted for clarity.
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Fig. 3 Absorption (THF, 10 uM) and emission (THF (thin line) and THF/H,0 = 1/99 (v/v),
10 puM) spectra of (a) p2—p6, (b) m2-m6, and (c) 03, o4 (cis), and o4 (mixture). The
emission spectra were normalized by the spectra in the poor solvent THF/H,0 = 1/99
(v/v). (d) Normalized emission spectra of p2, 03, and 04 (mixture) in THF (10 uM).

Table 2. Summary of the optical properties.

The compounds of p3, m2, 03, and major isomer of 04
successfully provided single crystals by the recrystallization
from hot solution with slow evaporation, and X-ray single
crystal analysis revealed that p3, m2, 03, and major isomer of
04 were the cis isomer, and 03 was the trans isomer (Fig. 2 and
Table S1). These results of observation excellently agreed with
the results of above calculation, meaning that the obtained
isomers for p2—p6 and m2—-m6 were the cis isomers, and that
for 03 was the trans isomer, due to the energy difference
between the isomers. The small energy difference of 04 led to
the formation of isomeric mixtures, in which the cis isomer was
the major product. Although the cis isomers are meso
compounds, the trans isomer of 03 should be a racemic
mixture. Indeed, the chiral chromatogram of 03 exhibited two
peaks, whereas p3, m2, and the major isomer of 04 showed one
peak (Fig. S25-S27). Other TPE macrocycles p2, p4—p6, and m3—
m6 also showed one peak in chiral chromatogram, indicative of
the formation of the trans isomer for 03, and cis isomers for p2—
p6 and m2—-m6. These results suggested that the para- and
meta- linkage is advantageous for the formation of cis isomer
due to the far linking point on the phenyl ring from the central
C=C bond, whereas ortho- linkage inhibited the formation of cis
isomer owing to the steric hindrance derived from the vicinity
of the linking points.

4| J. Name., 2012, 00, 1-3

Molecule Aaps (NM)? Aemsol (NM)° Aem,age (NM)°
p2 210, 247, 323 513 486
p3 209, 252,321 - 466
pa 209, 252,321 - 483
p5 236, 253,323 - 488
p6 209, 253, 321 - 485
m2 209, 302 - 469
m3 210, 306 - 467
ma 213,310 - 463
m5 210, 310 - 464
m6 210, 309 - 465
o3 209, 287 456 440
o4 211, 301 - 462

04 (mixture) 210, 290 489 460

2 Absorption maxima (THF, 10 uM). ® Emission maxima in the solution state (THF,
10 uM). ¢ Emission maxima in the aggregated state (THF/H,0 = 1/99, 10 uM).

All the obtained TPE macrocycles exhibited strong emission in
the aggregated state prepared in a poor solvent (THF/H,0O =
1/99), meaning that these compounds can be potentially
regarded as AlEgens (Fig. 3a—c, Table 2) with quantum yields
(®¢) of 0.02—-0.5 (Table S2). The compounds with para-linkage
provided the emission maxima at around 480~490 nm, whereas
those of the compounds with meta-linkage were found at
around 460~470 nm. This difference probably derived from the
electronic effect of the substituted position rather than the
steric effect such as distortion of cis-stilbene moiety, because
the difference of OEG chain length did not influence on the
emission maxima. On the other hand, the emission maxima of
the compounds with ortho-linkage were affected by the OEG
chain length, thus the emission maximum of 03 (440 nm)
hypsochromically shifted from that of 04 (462 nm), due to the
strictly restricted distortion derived from the short OEG chain
length. These shift of emission maxima corresponded to the
shift of absorption maxima in solution state (Fig. 3a—3c, Table
2), indicating that the substituted position of OEG linkage or the
OEG chain length have certain effect on the electronic or steric

This journal is © The Royal Society of Chemistry 20xx
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factors, respectively, in the ground state, as well as in the
excited state. In the solid state, all the obtained TPE
macrocycles exhibited large hypsochromic shift of 10-60 nm
(Fig. S28-S30) with absolute @ of 0.10-0.95 (Table S2),
suggesting the phenyl ring rotation in the excited state, leading
to more extended 1t conjugation, is prohibited in the solid state,
resulting in the hypsochromic shift of the emission maxima.

Differently from wusual TPE derivatives exhibiting AIE
properties, p2, 03, and 04 (mixture) showed emission in the
solution state, whereas p3—p6, m2—-m6, and pure 04 showed no
emission, which is typical behaviour of AlEgens (Fig. 3d). The
emission was intense for 03 (@ = 0.30), while p2 and o4
(mixture) showed low emission (@ = 0.0023 and 0.016,
respectively). For o4, the trans isomer seemed to be emissive,
because pure o4 (cis isomer) was non-emissive whereas the
mixture was emissive. The Agysoi and @¢ of these compounds
were not differed in various solvents such as ethanol,
acetonitrile, and dichloromethane from THF, as shown in Fig.
S31 and Table S3 Several groups have reported that the
formation of supramolecular complex3°2 or covalent linkage*®
turns TPE derivatives to be emissive in the solution state due to
the restriction of it twist of the central C=C bond in the excited
state. From our observation of systematically synthesized TPE
macrocycles, too long covalent linkage resulted in a usual AIE
property, and a tight fastener is necessary to obtain a TPE
derivative exhibiting a strong emission in the solution state to
restrict 1t twist of the central C=C bond in the excited state.

Among the non-emissive TPE macrocycles, p6 and m3—-m6
showed certain change in 'H NMR spectra after
photoirradiation for 1 hour (Fig. S32-S43), indicating a
photoreaction took place (Yield, p6: 20%, m3: 29%, ma4: 29%,
mb5: 35%, m6: 48%). From the spectra, we did not observe peaks
around 2~3 ppm and 9 ppm, which are attributable to
dihydrophenanthrene®® and phenanthrene derivatives,3’
respectively, produced by photocyclization. Therefore, we
concluded that the product by photoirradiation should be the
trans isomer of p6 and m3—meé. This observation suggested that
loose fastener cannot suppress the progress of (E)-(2)
isomerization, and indeed the vyield of the isomerization is
higher for TPE macrocycles having looser fastener, which is
influenced by both the length of OEG chain and the substituted
position.

This journal is © The Royal Society of Chemistry 20xx
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Table 3. The calculated dihedral angle (3g) for TPE macrocycles at Somin and S;min at the
B3LYP/6-31G(d) level.

C1
Ca
-
—Z
6, = 6(C,C,C;C,)
6; = 6(C,C,C,Cs)

Molecule g0 (°)° Tps1 (°)° A|G51-Tps0 (°)
p2 11 42 31
p3 12 45 33
pa 13 55 42
p5 13 51 38
p6 12 53 41
m2 12 84 72
m3 12 90 78
ma 13 91 78
m5 12 96 84
mé6 11 95 84
03 (cis) 8 66 58
03 (trans) 165 143 22
04 (cis) 9 72 61
o4 (trans) 164 135 29

2 9g at Somin. ° 9 at Symin.

To obtain a deeper insight into the origin of the strong
emission in the solution state of obtained TPE macrocycles, we
carried out the theoretical computations to reveal the minimum
structure in the excited state (Siopt) by using time-dependent
density functional theory (TD-DFT) method at the B3LYP>859/6-
31G(d) level using Gaussian 16,%°© and compared it with the
minimum structure in the ground state (Sgopt) computed
above. As we previously reported, nt twist of the central C=C
bond in TPE derivatives is the main pathway of the non-radiative
decay in solution state, after excitation at the Franck-Condon
(FC) structure.?® Analogously to our previous observation, at
S,opt. all the obtained TPE macrocycles showed the elongation
of the central C=C double bond, indicating the reduction of
bond order. On the other hand, the dihedral angle around the
central C=C bond in the excited state (J3s:) was affected by the
OEG chain length (Table 3), and shorter chain length roughly
provided smaller 9gs,; (para-: 41° (p6) ->31° (p2), meta-: 84°
(m6) >72° (m2), ortho-: 29° (04) - 22° (03)). In the ground
state, the dihedral angle (Jps0) was almost constant (8°-13°)
regardless of the substituted position. As a result, the difference
of the dihedral angle between the ground and excited state
(A]9g,s1-Ug,s0]) substantially differed dependent on the chain
length, and the TPE macrocycles, 03, p2, and 04 (trans) showed
very small A|0gs1-Ugso|l (03: 22°, 04 (trans): 29°, p2: 31°).
According to the order of @¢ (03: 0.30, 04 (mixture): 0.016, p2:
0.0023), A|9gs1-Ug 50| decreased. These results indicated that
the restriction of i twist of the central C=C bond in the excited
state is essential for the emission in the solution state, whereas
the m twist usually leads to the access to conical intersection (Cl)
and subsequent deactivation from the excited state.>2>* In
general, TDDFT/DFT is not an appropriate approach to describe
the electronic structures around the Cl of S and S; states due

J. Name., 2013, 00, 1-3 | 5
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emission even in the solution state. As can be seen in our result
herein and results reported by others, homogeneous systems
can exhibit strong emission of AlEgens without forming an
aggregate of the AlEgens. Thus, “aggregation” is only one
means to induce strong emission of AlEgens, and the name
“aggregation-induced emission” often leads to
misunderstanding of this emission phenomenon. The most
important factor to induce the emission is obviously restriction
of the m twist and distortion of AlEgens in the excited state,
which brings about the relaxation pathway to minimum energy

to difficulty in the SCF convergence, nonetheless, the
reciprocally proportional relationship between A|¥gs:-Ug 0l
and @ are clearly shown (Figure S44). The ortho- linkage
significantly diminished the rotation around the central C=C
bond in the excited state despite the reduced bond order. Note
that the rotation of phenyl rings in the excited state (A|Jys:1-
Uq,s0|, Table S4) was mainly affected by the substituted position
(para-: 24°~30°, meta-: 41°~43°, ortho-: 11°~19°) rather than
the OEG chain length, meaning that the phenyl ring rotation in
the excited state have very little effect on the decision of

emission.

/ Target molecules

Could not be obtained Obtained by photoisomerization \
p2 (frans), p3 (trans), p4 (trans), p5 (frans) p6 (frans),
02 (cis), 02 (frans), 03 (cis), 06 (cis), 06 (trans) m2 (irans), m3 (irans), m4 (frans), m5 (frans), mé (irans)

Synthesized
/ﬁ Could not be purified ———  —— Purified ﬁ\

Non-emissive in the solution
05 (cis), 05 (trans) P3 (cis), p4 (cis), p5 (cis), p6 (cis)
m2 (cis), m3 (cis), m4 (cis), m5 (cis), m6 (cis)
o4 (cis)

T
Emissive in the solution

o4 (frans) p2 (cis), 03 (frans) ’

- /

Red : discussed

Fig. 4 Summary of synthesis and photoluminescence properties for TPE macrocycles.

conical intersection. Our results presented herein will be a
promising basis of rational design for new AlEgens.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors greatly appreciate Prof. Dr. M. Kato, Prof. Dr. A.
Kobayashi, and Dr. M. Yoshida for single crystal X-ray diffraction
measurement and absolute photoluminescence quantum vyield
(®r) measurement. We acknowledge financial support from a

JSPS KAKENHI

Grant Numbers JP18H04495, Asahi Glass

Foundation, and JST-PRESTO Grant Number JPMJPR19L3. The
HRMS measurement was carried out at the OPEN FACILITY,
Hokkaido University Sousei Hall.

Notes and references

Conclusions
1 J.Mei, N.L.C. Leung, R. T. K. Kwok, J. W. Y. Lam and B. Z. Tang,
In conclusion, we synthesized a series of TPE macrocycles by Aggregation-Induced Emission: Together We Shine, United
intramolecular McMurry coupling, in which the vicinal phenyl We Soar!, Chem. Rev., 2015, 115, 11718-11940.
rings are linked with oligoethylene glycol chain (OEG) (Fig. 4). 2 X-Zhang, X.Zhang, L. Tao, Z. Chi, J. Xuand Y. Wei, Aggregation
. " . L induced emission-based fluorescent nanoparticles:
The substitution at para- and meta- position provided cis isomer L . . - L
- A fabrication methodologies and biomedical applications, J.
of TPE macrocycles, whereas that at ortho- position did trans Mater. Chem. B, 2014, 2, 4398—4414.
isomer in the case of short OEG chain, which was precisely 3 A.Qin,J. W.Y.Lam and B. Z. Tang, Luminogenic polymers with
anticipated from total energy of the molecule determined by aggregation-induced emission characteristics, Prog. Polym.
theoretical computations. All the obtained TPE macrocycles 4 iaﬁzmz'fz,'vlizfzog' 4B 7 T A tion-induced
showed strong emission in the aggregated state. The TPE ’ .o.ng,. - YW Y.Lam an - £ 1ang, Aggregation-induce
> . > o emission: phenomenon, mechanism and applications, Chem.
macrocycles with meta- linkage exhibited no emission in the Commun., 2009, 4332-4353.
solution state, whereas those with para- linkage exhibited 5 K. Kokado and Y. Chujo, Emission via Aggregation of
emission in the solution state in the case of short OEG chain. Alternating  Polymers  with  o-Carborane and p-
Moreover, those with ortho- linkage exhibited strong emission Phenylene-Ethynylene Sequences, Macromolecules, 2009,
in the solution state in the case of trans isomer, due to the tight 42, 1418-1421.

. ! g. 6 F.Wairthner, Aggregation-Induced Emission (AIE): A Historical
fastener. On the other hand, (E)-(Z) isomerization took place in Perspective, Angew. Chem. Int. Ed. DOI:
the case of TPE macrocycles with loose fastener, instead of the 10.1002/anie.202007525.
strong emission in the solution state. From theoretical 7 D. Oelkrug, A. Tompert, H.-). Egelhaaf, M. Hanack, E.
computation for these molecules in the excited state, TPE Steinhuber, M. Hohloch, H. Meier and U. Stalmach, Towards
macrocycles showing strong emission in the solution state highly luminescent phenylene vinylene films, Synth. Met.,

-rocy ne g ' 1996, 83, 231-237.
exhibited smaller difference of the dihedral angle around the g p Oelkrug, A. Tompert, J. Gierschner, H.-J. Egelhaaf, M.
central C=C bond between in the ground state and in the excited Hanack, M. Hohloch and E. Steinhuber,, Tuning of
state, while those showing no emission in the solution state Fluorescence in Films  and Nanoparticles  of
exhibited larger difference. These facts indicate that the tight (l)ggg)phenylenevmylenes J. Phys. Chem. B, 1998, 102, 1902-
faster of short OEG chain efficiently restricts m twist of the 9 1. Shi, L E. A. Suarez, S.-J. Yoon, S. Varghese, C. Serpa, S. Y.

central C=C bond in the excited state, resulting in the strong

6 | J. Name., 2012, 00, 1-3

Park, L. Lger, D. Roca-Sanjuan, B. Milidan-Medina, J.

This journal is © The Royal Society of Chemistry 20xx



Page 7 of 8

oNOYTULT D WN =

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Organic:Chemistry-Frontiers

Gierschner, Solid State Luminescence Enhancement in
n-Conjugated Materials: Unraveling the Mechanism beyond
the Framework of AIE/AIEE, J. Phys. Chem. C, 2017, 121,
23166-23183.

J. Luo, Z. Xie, J. W. Y. Lam, L. Cheng, H. Chen, C. Qiu, H. S. Kwok,
X. Zhan, Y. Liu, D. Zhu and B. Z. Tang, Aggregation-induced
emission of 1-methyl-1,2,3,4,5-pentaphenylsilole, Chem.
Commun., 2001, 1740-1741.

B.-K. An, S.-K. Kwon, S.-D. Jung and S. Y. Park, Enhanced
Emission and Its Switching in Fluorescent Organic
Nanoparticles, J. Am. Chem. Soc., 2002, 124, 14410-14415.
Z. Zhao, C. Y. K. Chan, S. Chen, C. Deng, J. W. Y. Lam, C. K. W.
Jim, Y. Hong, P. Lu, Z. Chang, X. Chen, P. Lu, H. S. Kwok, H. Qiu
and B. Z. Tang, Using tetraphenylethene and carbazole to
create efficient luminophores with aggregation-induced
emission, high thermal stability, and good hole-transporting
property, J. Mater. Chem., 2012, 22, 4527-4534.

W. Qin, J. W. Y. Lam, Z. Yang, S. Chen, G. Liang, W. Zhao, H. S.
Kwok and B. Z. Tang, Red emissive AIE luminogens with high
hole-transporting properties for efficient non-doped OLEDs,
Chem. Commun., 2015, 51, 7321-7324.

Z. Ning, Z. Chen, Q. Zhang, Y. Yan, S. Qian, Y. Cao and H. Tian,
Aggregation - induced Emission (AIE) - active Starburst
Triarylamine Fluorophores as Potential Non-doped Red
Emitters for Organic Light-emitting Diodes and CI2 Gas
Chemodosimeter, Adv. Funct. Mater., 2007, 17, 3799-3807.
Y. Liu, Y. Tang, N. N. Barashkov, I. S. Irgibaeva, J. W. Y. Lam, R.
Hu, D. Birimzhanova, Y. Yu and B. Z. Tang, Fluorescent
Chemosensor for Detection and Quantitation of Carbon
Dioxide Gas, J. Am. Chem. Soc., 2010, 132, 13951-13953.

N. B. Shustova, B. D. McCarthy and M. Dinca, Turn-On
Fluorescence in Tetraphenylethylene-Based Metal-Organic
Frameworks: An Alternative to Aggregation-Induced Emission
J. Am. Chem. Soc., 2011, 133, 20126-20129.

T. Han, X. Feng, B. Tong, J. Shi, L. Chen, J. Zhi and Y. Dong, A
novel “turn-on” fluorescent chemosensor for the selective
detection of APP* based on aggregation-induced emission,
Chem. Commun., 2012, 48, 416—418.

H. Lu, B. Xu, Y. Dong, F. Chen, Y. Li, Z. Li, J. He, H. Li and W.
Tian, Novel Fluorescent pH Sensors and a Biological Probe
Based on Anthracene Derivatives with Aggregation-Induced
Emission Characteristics, Langmuir, 2010, 26, 6838—6844.

Q. Chen, N. Bian, C. Cao, X.-L. Qiu, A.-D. Qi and B.-H. Han,
Glucosamine hydrochloride functionalized
tetraphenylethylene: A novel fluorescent probe for alkaline
phosphatase based on the aggregation-induced emission,
Chem. Commun., 2010, 46, 4067-4069.

Q. Hu, M. Gao, G. Feng and B. Liu, Mitochondria-Targeted
Cancer Therapy Using a Light-Up Probe with Aggregation-
Induced - Emission Characteristics, Angew. Chem. Int. Ed.,
2014, 53, 14225-14229.

J. Chen, C. C. W. Law, J. W. Y. Lam, Y. Dong, S. M. F. Lo, I. D.
Williams, D. Zhu and B. Z. Tang, Synthesis, Light Emission,
Nanoaggregation, and Restricted Intramolecular Rotation of
1,1-Substituted 2,3,4,5-Tetraphenylsiloles, Chem. Mater.,
2003, 15, 1535-1546.

K. Kokado and K. Sada, Consideration of Molecular Structure
in the Excited State to Design New Luminogens with
Aggregation-Induced Emission, Angew. Chem. Int. Ed., 2019,
58, 8632—-8639

K. Kokado, T. Machida, T. lwasa, T. Taketsugu and K. Sada,
Twist of C=C Bond Plays a Crucial Role in the Quenching of AIE-
Active Tetraphenylethene Derivatives in Solution, J. Phys.
Chem. C, 2018, 122, 245-251

R. Crespo-Otero, Q. Li and L. Blancafort, Exploring Potential
Energy Surfaces for Aggregation-Induced Emission-From
Solution to Crystal, Chem. Asian J., 2019, 14, 700-714.

This journal is © The Royal Society of Chemistry 20xx

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

X.-L. Peng, S. Ruiz-Barragan, Z.-S. Li, Q.-S. Li and L. Blancafort,
Restricted access to a conical intersection to explain
aggregation induced emission in dimethyl tetraphenylsilole, J.
Mater. Chem. C, 2016, 4, 2802-2810.

H. Stegemeyer, Luminescence of Sterically Hindered
Arylethylenes, Ber. Bunsen-Ges. 1968, 72, 335—-340.

G. Fischer, E. Fischer and H. Stegemeyer, Fluorescence and
Absorption Spectra of Sterically Hindered Arylethylenes in the
Neat Glassy State, Ber. Bunsen-Ges. 1973, 77, 685—687.

W. J. Leigh and D. R. Arnold, Merostabilization in radical ions,
triplets, and biradicals. 6. The excited state behaviour of para-
substituted tetraphenylethylenes, Can. J. Chem. 1981, 59,
3061-3075.

P. F. Barbara, S. D. Rand and P. M. Rentzepis, Direct
measurements of tetraphenylethylene torsional motion by
picosecond spectroscopy, J. Am. Chem. Soc., 1981, 103, 2156-
2162.

B. I. Greene, Observation of a long-lived twisted intermediate
following picosecond uv excitation of tetraphenylethylene,
Chem. Phys. Lett., 1981, 79, 51-53.

R. W. J. Zijlstra, P. T. van Duijnen, B. L. Feringa, T. Steffen, K.
Duppen, and D. A. Wiersma, Excited-State Dynamics of
Tetraphenylethylene: Ultrafast Stokes Shift, Isomerization,
and Charge Separation, J. Phys. Chem. A 1997, 101, 9828-
9836.

S. Sharafy and K. A. Muszkat, Viscosity dependence of
fluorescence quantum vyields, J. Am. Chem. Soc., 1971, 93,
4119-4125.

H. H. Klingenburg, E. Lippert and W. Rapp, The influence of an
intramolecular relaxation process on the frequency-time
behaviour or the fluorescence of tetraphenylethylene in
highly viscous solutions, Chem. Phys. Lett., 1973, 18, 417-419.
D. A. Shultz and M. A. Fox, Spectroscopicpropertiesof[n.1]-
Metacyclophanenylidenes, Tetrahedron Lett., 1988, 29, 4377-
4380.

D. A. Shultz and M. A. Fox, The Effect of Phenyl Ring Torsional
Rigidity on the Photophysical Behavior of
Tetraphenylethylenes, J. Am. Chem. Soc., 1989, 111, 6311-
6320

H. Tong, Y. Hong, Y. Dong, M. Hauliler, J. W. Y. Lam, Z. Li, Z.
Guo, Z. Guo and B. Z. Tang, Fluorescent “light-up” bioprobes
based on tetraphenylethylene derivatives with aggregation-
induced emission characteristics, Chem. Commun., 2006,
3705-3707.

Y. Cai, L. Du, K. Samedov, X. Gu, F. Qi, H. H. Y. Sung, B. O.
Patrick, Z. Yan, X. Jiang, H. Zhang, J. W. Y. Lam, I. D. Williams,
D. L. Phillips, A. Qin and B. Z. Tang, Deciphering the working
mechanism of  aggregation-induced emission of
tetraphenylethylene derivatives by ultrafast spectroscopy,
Chem. Sci., 2018, 9, 4662-4670.

J. Guan, R. Wei, A. Prlj, J. Peng, K.-H. Lin, J. Liu, H. Han, C.
Corminboeuf, D. Zhao, Z. Yu and J. Zheng, Direct Observation
of Aggregation-Induced Emission Mechanism, Angew. Chem.
Int. Ed. DOI: 10.1002/anie.202004318.

T. Noguchi, B. Roy, D. Yoshihara, Y. Tsuchiya, T. Yamamoto
and S. Shinkai, Cyclization-Induced Turn-On Fluorescence
System Applicable to Dicarboxylate Sensing, Chem. Eur. J.,
2014, 20, 381-384.

S.Song, H.-F. Zheng, D.-M. Li, J.-H. Wang, H.-T. Feng, Z.-H. Zhu,
Y.-C. Chen and Y.-S. Zheng, Monomer Emission and Aggregate
Emission of TPE Derivatives in the Presence of y-Cyclodextrin,
Org. Lett., 2014, 16, 2170-2173.

J. Zhao, D. Yang, Y. Zhao, X.-J. Yang, Y.-Y. Wang and B. Wu,
Anion-Coordination-Induced Turn-On Fluorescence of an
Oligourea-Functionalized Tetraphenylethene in a Wide
Concentration Range, Angew. Chem. Int. Ed., 2014, 53, 6632—
6636.

J. Name., 2013, 00, 1-3 | 7



oNOYTULT D WN =

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

Organic:Chemistry-Frontiers

N. Sinha, L. Stegemann, T. T. Y. Tan, N. L. Doltsinis, C. A.
Strassert and F. E. Hahn, Turn-On Fluorescence in Tetra-NHC
Ligands by Rigidification through Metal Complexation: An
Alternative to Aggregation-Induced Emission, Angew. Chem.
Int. Ed., 2017, 56, 2785-2789.

T. Machida, R. Taniguchi, T. Oura, K. Kokado and K. Sada,
Liquefaction-induced emission enhancement of
tetraphenylethene derivatives, Chem. Commun., 2017, 53,
2378-2381.

K. Kokado, A. Nagai and Y. Chujo, Poly(y-glutamic acid)
Hydrogels with Water-Sensitive Luminescence Derived from
Aggregation-Induced Emission of o-Carborane,
Macromolecules, 2010, 43, 6463—6468.

R. Taniguchi. T. Yamada, K. Sada and K. Kokado, Stimuli-
Responsive Fluorescence of AIE Elastomer Based on PDMS
and Tetraphenylethene, Macromolecules, 2014, 47, 6382—
6388.

K. Kokado, R. Taniguchi and K. Sada, Rigidity-induced emission
enhancement of network polymers crosslinked by
tetraphenylethene derivatives, J. Mater. Chem. C 2015, 3,
8504—-8509.

T. Oura, R. Taniguchi, K. Kokado and K. Sada, Crystal
Crosslinked Gels with Aggregation-Induced Emissive
Crosslinker Exhibiting Swelling Degree-Dependent
Photoluminescence, Polymers 2017, 9, 19(1-9).

T.Jimbo, M. Tsuji, R. Taniguchi, K. Sada and K. Kokado, Control
of Aggregation-Induced Emission from a Tetraphenylethene
Derivative through the Components in the Co-crystal, Cryst.
Growth Des., 2018, 18, 3863—3869.

J.-B. Xiong, Y.-X. Yuan, L. Wang, J.-P. Sun, W.-G. Qiao, H.-C.
Zhang, M. Duan, H. Han, S. Zhang and Y.-S. Zheng, Evidence
for Aggregation-Induced Emission from Free Rotation
Restriction of Double Bond at Excited State, Org. Lett., 2018,
20, 373-376.

H.-T. Feng, X. Zhang and Y.-S. Zheng, Evidence for
Aggregation-Induced Emission from Free Rotation Restriction
of Double Bond at Excited State, J. Org. Chem., 2015, 80,
8096-8101.

Y.-X. Yuan, H.-C. Zhang, M. Hu, Q. Zhou, B.-X. Wu, F. Wang, M.
Liu and Y.-S. Zheng, Enhanced DNA Sensing and Chiroptical
Performance by Restriction of Double-Bond Rotation of AIE
cis-Tetraphenylethylene Macrocycle Diammoniums, Org.
Lett., 2020, 22, 1836-1840.

G.-F. Zhang, Z.-Q. Chen, M. P. Aldred, Z. Hu, T. Chen, Z. Huang,
X. Meng and M.-Q. Zhu, Direct validation of the restriction of
intramolecular rotation hypothesis via the synthesis of novel
ortho-methyl substituted tetraphenylethenes and their
application in cell imaging, Chem. Commun., 2014, 50, 12058-
12060.

Y.-J. Gao, X.-P. Chang, X.-Y. Liu, Q.-S. Li, G. Cui and W. Thiel,
Excited-State Decay Paths in Tetraphenylethene Derivatives,
J. Phys. Chem. A, 2017, 121, 2572-2579.

A. Prlj, N. Doslic and C. Corminboeuf, How does
tetraphenylethylene relax from its excited states? Phys.
Chem. Chem. Phys., 2016, 18, 11606-11609.

J.-B. Xiong, H.-T. Feng, J.-P. Sun, W.-Z. Xie, D. Yang, M. Liu and
Y.-S. Zheng, The Fixed Propeller-Like Conformation of
Tetraphenylethylene that Reveals Aggregation-Induced
Emission Effect, Chiral Recognition, and Enhanced Chiroptical
Property, J. Am. Chem. Soc., 2016, 138, 11469-11472.

W.-G. Qiao, J.-B. Xiong, Y.-X. Yuan, H.-C. Zhang, D. Yang, M. Liu
and Y.-S. Zheng, Chiroptical property of TPE triangular
macrocycle crown ethers from propeller-like chirality induced
by chiral acids, J. Mater. Chem. C, 2018, 6, 3427-3434.

H.-T. Feng, Y.-X. Yuan, J.-B. Xiong, Y.-S. Zheng and B. Z. Tang,
Macrocycles and cages based on tetraphenylethylene with
aggregation-induced emission effect, Chem. Soc. Rev., 2018,
47, 7452-7476.

8| J. Name., 2012, 00, 1-3

58

59

60

61

C. Lee, W. Yang and R. G. Parr, Development of the Colle-
Salvetti correlation-energy formula into a functional of the
electron density, Phys. Rev. B: Condens. Matter Mater. Phys.,
1988, 37, 785-789.

A. D. Becke, Density-functional thermochemistry. Ill. The role
of exact exchange, J. Chem. Phys., 1993, 98, 5648-5652.
Gaussian 16, Revision A.03, M. J. Frisch, G. W. Trucks, H. B.
Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G.
Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M.
Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts,
B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L.
Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi,
J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe,
V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell,
J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark,
J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A.
Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. P.
Rendell, J. C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, J. M.
Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L.
Martin, K. Morokuma, O. Farkas, J. B. Foresman and D. J. Fox,
Gaussian, Inc., Wallingford CT, 2016.

K. A. Muszkat and E. Fischer, Structure, spectra,
photochemistry, and thermal reactions of the 4a,4b-
dihydrophenanthrenes, J. Chem. Soc. B, 1967, 662—678.

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 8



