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CONFORMATIONAL EFFECT ON FLUORESCENCE
EMISSION OF TETRAPHENYLETHYLENE-BASED
METALLOASSEMBLIES

ABSTRACT

Aggregation-induced emission (AIE) is a novel type of fluorescent material. However, the
structure-property relationship of its fluorescence process has not been clearly studied. Tetraphenyl
ethylene (TPE) molecule is the focus of this field. Due to conformational differences in different
metalloassemblies, the resulting materials display different colors of fluorescence. Nevertheless,
how the fluorescence properties change in response to the conformational changes is still unknown.
In this paper, the structure-property relationship of TPE was systematically investigated on
metallacycles and metallacages. Firstly, we designed and synthesized two supramolecular
metallacycles, on which TPE units have different conformations. Due to the difference of fine
conformation, the fluorescence properties and chemical sensing behavior of the two metallacycles
were significantly different. Furthermore, we extended the two-dimensional metallacycle system to
three-dimensional metallacage system. Using TPE-based tetrapyridine as the core ligand, through
adjusting the length of the aryl ligands connected to platinum, three kinds of emissive metallacages
with different sizes and tensions were synthesized. Under the influence of cage tension, the
conformation of TPE units can be inhibited to varying degrees in both ground state and excited state;
and the conformation of TPE units could induce fluorescence of different colors. Further spectra
and theoretical calculations showed that, with the decrease of cage tension, the relaxation time of
TPE unit increased in the excited state, resulting in red shift of fluorescent wavelength and
decreased fluorescent efficiency. Overall, we combine aggregation-induced luminescence, metal
coordination and structure-activity relationship, to make up for the lack of understanding of the fine

structure and fluorescence properties of AIEgens.

Key words: AIE, tetraphenyl ethylene, structure-property relationship, metalloassemblies
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Figure 1-1. Fluorescence phenomena of fluorescein (15 zM) in water/acetone mixtures!?,
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Figure 1-2. Fluorescence phenomena of hexaphenylsilole (20 £M) in THF /water mixtures''?].
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Figure 1-3. Upper: TPE is non-luminescent in a dilute solution but becomes emissive when

its molecules are aggregated, due to the restriction of intramolecular rotation (RIR). Lower:

THBA behaves similarly due to the restriction of intramolecular vibration (RIV)!!,
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Figure 1-4. Synthetic routes for the preparation of the TPE.
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Figure 1-5. The propeller shaped TPE. It is non-emissive in solution and turns on its high

emission upon aggregate formation, due to RIR mechanism.
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Figure 1-7. Turn-on fluorescence in a TPE rotor by coordination in a metallacycle matrix
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Figure 1-8. Self-assembly of TPE-based donor with various acceptors to give metallacycles®l.
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Figure 1-10. Self-assembly of TPE-based metallacycles of rhomboid, triangle, double rhomboid,

and double triangle!®®.
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Figure 1-11. Self-assembly of TPE-based metallacages via rational design of building blocks®"!.
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Figure 1-12. Metallacages with endo- and exo- functionalized TPE units®®”.
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Figure 2-1 Metallacycles with cis- conformation (left) and trans- conformation of TPE units.



> - x> A4 %
;mg)wﬁAQK?
v/ SHANGHAI JIAO TONG UNIVERSITY %:F@K%Ziﬁﬂi%ﬁ%@ﬂﬁ%ﬂ@*@ﬂ?&%ﬁﬁ%

22 ERBRHEITSHIE

i I AL IR BN AL S, BRATTSR 180° I XUE Pr(I1) 4 i 3244k 3 AP 0°fI UK 2,
I I UL BE AT AR MG Ak 4 A S, TESUR AR BEIE R R o 3 T &8 1 fl 2. &)@ 21k
3 AR AT AOE S AgOTS 383 =i 2l %5 DU ZIBATAEMIBC A 4 1 S mT i XCBLEUAR 1
VUK 2 Mt —25 Suzuki BB NAFE] SR A 8] 5 A S 6 — J5 TH mT LAyskb & b
BN B AR E RS, BT E T hESBRGY 6 rEEt . kT EAA
ZARZ I HBERNS A, BREIMEANSRA LT & e 2. BREBob B G 851
et (7

H
EtP 9 PEt,
TfO-F;t—@—F;t—OTf = @

EtP PEty

B 2-2 e E A 1 e w2 E Rl ie 5 RilnEE.

Figure 2-2 Schematic representation of the formation of metallacycles 1 and 2 via

coordination-driven self-assembly.
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Figure 2-3. Partial "TH NMR spectra (400 MHz, CD,Cl,, 293 K) of acceptor 3 (a),
metallacycles 1 (b), and ligand 4 (c).
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Figure 2-4. Partial "TH NMR spectra (400 MHz, CD,Cl,, 293 K) of acceptor 3 (a),
metallacycles 2 (b), and ligand 5 (c).
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Figure 2-4.3'P{'H} spectra (161.9 MHz, CD,Cl,, 293 K) acceptor 3 (a), metallacycles 1 (b),
and 2 (¢).

233 &JEIHIE R

Kk, A 7D e & RIS M IER I, BATDE PSS BT T w25 f 8 kAT
i 8] 51 % (electrospray ionization time-of-flight mass spectrometry, ESI-TOF-MS)ZK1E . X Ff i
I SRS R EYIE — BRI PUE A S, TN ERALSE IR . BRI —
P O] SER R AR > PR F- B, JUHRT DL T e B 2 Bl o F M e e 24 &

ESI-TOF-MS EAEE— kL | PiFh & @I 22 A= £ &8I 1 i 4 il
H, AN RN R B RANF B OTS B &+ [2+2] 4 )83 « AR5 3l 9 : m/z=712.27,
X RN [M—40Tf]*5 m/z=1000.00, %F N [M-30Tf**; m/z=1573.50, X} [M-20Tf]* (H+H M &
TR B INHRAR) . P GRS R R AR TR A R, RYITE LT [2+2]4H
GRS B E B L .

Ky, R &ENR 2 5883 1 HAME RS 1 REMAEUR A T4, bl ESI-
TOF-MS 3% & -+7r 4018l 7E @I 2 Mg Ak, A=A BT RE B RA R EE
OTf il Bl & FHI2+2]1 8 )@ o BAR N : m/z=712.26, %FN[M—4OTf]*"; m/z=1000.02,
TR [M=30TE]"; m/z=1573.50, %tRi[M—20Tf*" (H:d M Fon e BH 4 @A), Bt
1, P g S5 EAL R AT R TR A R — B, RUITEAL T [2+2]H & B AR B fce & 30
g5,



J SHANGHAI JIAO TONG UNIVERSITY %:_F g X% Ziﬁﬂij‘ﬁﬁ}%mﬁ%ﬂ’ﬂ*’@ﬂ?&%ﬁﬁ%

1000.01 1000.01
a b
997'01 1001.01 99{1'01 1001.01
A Aa A Aa
1000.00 1000 02
000.02 | 99901
1001.02 1001 02
A ‘ Aia __l ll AA
998 999 1000 1001 1002 m/z 998 1000 1001 1002

& 2-5 B THE R W(%@)%%%Wﬁﬁ g () . u>mﬁéﬁﬂmp
3OTIP aigIE; (b)) A& B [M-30TI] i ki
Figure 2-5. Experimental (red) and calculated (blue) ESI-TOF-MS spectra of 1 [M —30Tf]*"
(a) and 2 [M — 30T{]** (b).
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Figure 2-6. Ball-stick views of the X-ray structure of metallacycle 1 (left) and optimized

(B3LYP/6-31G (d, p)) structure of metallacycle 2 (right).
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Figure 2-7. Absorption (a) and fluorescence emission (b) spectra of ligands 4 and 5, and
metallacycles 1 and 2 in CHCl,. (Aex = 350 nm, ¢ = 10.0 uM).
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Figure 2-8. Fluorescence emission spectra (a) and plots of maximum emission intensity of
metallacycles 1 versus hexane fraction in CH,Cly/hexane (b) (Aex = 350 nm, ¢ = 10.0 uM).
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Figure 2-9. Fluorescence emission spectra (a) and plots of maximum emission intensity of
metallacycles 1 versus hexane fraction in CH,Cly/hexane (b) (Aex = 350 nm, ¢ = 10.0 uM).
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Figure 2-10. Fluorescence emission spectra of metallacycles 1 (a) and 2 (b) in 10%/90% CH>Cly/
hexane mixture containing different amounts of picric acid (PA) (c) Plot of relative fluorescence
intensities (Aex = 350 nm, ¢ = 10.0 uM).
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Table 2-1 The list of reagents used in the experiments.

B FR AEEL HFETRK

3-Hk e AR 98% L HEIE ERIRAG AR A BR A #
4,4'- IR K 99% W F IR AL SRR A R A W
VO (= 2R B 4 99% b R R AREBRA
EUA 99% i [ 2 AR R A

VU S A HA R 99% it [ 2 AR R A

=R PR R >99% POk ISR 2y (i) AIRAA]
= CHE 10%I1 1 S5 i [ 2 AR AR A

oK 2 AR i 2 AR AR A
PR AR g E 2 AR A
AL AR i E 2 AR A

LR T AR b 2 4 2R A
1ECkE AR b 2 4 2 A
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2T AR it [ 2 AR R A
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2.6.1.2 SZIGH| i FEFT R4S 5 AR
F 2-2 FUHAR IFR T & S B A 3R

Table 2-2 The list of equipments used in the experiments.

AR INEZERSS

X-5 4 B AR T SHX Bruker D8 VENTURE CMOS

LIS 25 K AT B[] )5t 3% (EST-TOF-MS) Finnigan LCQ mass spectrometer
AR (NMR) Varian, Inc., MERCURYplus 400
A0 WL e B TH(UV-Vis) Lambda 20, Perkin Elmer, Inc., USA
A/ PG IE AL (PL) QM/TM/IM, Photon Tech. Int., USA
A R (SEM) JEOL JSM-7800F Prime

2.6.2 TPE J:HCiK 4 ) H 1%

L LY oo QL

B Pd(PPh3)4, KoCO3 |
| + =
| N TBAB, Toluene, H20
N = S X
Br Br | _ | _
N N

2Br-TPE 4

£ 250 mL Schlenk JiEH, BIA 55.0 mL H 2K, [#J50A 2Br-TPE (1.00 g, 2.04 mmol)#l!
3-nEmERER (1.01 g, 8.16 mmol), KoCO; (1.69 g, 12.2 mmol), 7K (10.0 mL)A1 TBAB (69.0
mg, 0.20 mmol). #RJ5 N Pd(PPhs)s (236 mg, 0.20 mmol), 7E 85°CHE/T IR NIk MR &
W1 K. FRAHERER)G, L CHCl/MeOH (100:1, v/v) N BB HEAT#E Er4ifk, 155 TPE
R 4 (0.67 g, 68%), NIRTEEMA. FAE 4 ) 'H NMR #(CD.Cl, 293 K, 400 MHz) 6
(ppm): 8.80 (d, J = 1.6 Hz, 2H), 8.52 (dd, J= 1.6 Hz, J = 4.8 Hz, 2H), 7.86 (td, J=2.0 Hz, J=8.0
Hz, 2H), 7.40 (d, J = 8.0 Hz, 4H), 7.34 (q, J = 4.8 Hz, 2H), 7.08-7.19 (m, 14H).
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Figure 2-11. '"H NMR spectrum (CD,Cl,, room temperature, 400 MHz) of 4.

2.6.3 TPE J:Ac4A 5 BA Rk

Br
LT e
| B Pd(PPhs3)a, KZCO3
O O 6 TBAB, toluene, H,0
]
mixture of 2Br-TPE
76 H1 2(85.0 mL) A\ 2Br-TPE (1.00 g, 2.04 mmol) Al 3-MEBEHlEZ(1.01 g, 8.16 mmol),
K>COs (1.69 g, 12.2 mmol), 7K(15.0 mL)F1 TBAB (69.0 mg, 0.20 mmol). #RJ5 M Pd(PPhs)s
(236 mg, 0.20 mmol), 7E 85°CA T M FHHER ML | Ko R AR ERSS, Pl CHCl:MeOH
(100:1, v/v) REEME, SRERFEZEHTHEal, 152]0L TPE %Eﬂ% 5, AR OH AR, BLiES K
'HNMR #: (CDxCly, 293 K, 400 MHz) J (ppm): 8.79 (d, J = 2.0 Hz, 2H), 8.52 (dd, J = 1.6 Hz,
J=4.8Hz, 2H), 7.85 (td, J= 2.0 Hz, J = 8.0 Hz, 2H), 7.39 (d, J = 4.0 Hz, 4H), 7.33 (d, J=4.8 Hz,
2H), 7.11-7.17 (m, 14H).
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Figure 2-12. "H NMR spectrum (CD,Cl,, room temperature, 400 MHz) of 5.
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Figure 2-13. '"H NMR spectrum (CD,Cl,, room temperature, 400 MHz) of 3.
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Figure 2-14. 3'P{'H} NMR spectrum (CD,Cly, room temperature, 161.9 MHz) of 3.

2.6.5 &R 115K

-OTf -OTf
4+
N
74 N o /N PEty PEty — _
_ NPt P—N
SR
_ PEty PEts CD,ClI Q Q O Q
+ TfO*P:t@PIt*OTf ——2r2 . = _
A SO &0
N
7 N\ 3 J PR PEty ,—
= B ~ N—Ft Pt—N_
4 PEts PEts
-OTf -OTf

1

DL 1:1 BE/REE, Ff TPE J:HC4A 4 (4.87 mg, 0.010 mmol)MIXUEF 445244 3 (12.4 mg, 0.010
mmol ) fETE 0.50 mL 1] CD.CL H o R MIEAYITE R FHHE 8 /N« "THNMR i: (CD,Cl,
293 K, 400 MHz) 6 (ppm): 8.78 (s, 4H), 8.60 (s, 4H), 8.19 (d, J = 8.0 Hz, 4H), 7.77 (t, J = 8.0 Hz,
4H), 7.45 (d, J = 8.0 Hz, 8H), 7.30 (d, J = 8.0 Hz, 8H), 7.05-7.17 (m, 28H), 1.26-1.33 (m, 48H),
1.06-1.14 (m, 72H). *'P{'"H} NMR i%: (CD:Cl,, 293 K, 161.9 MHz) 6 (ppm): 12.84 ppm (s, '**Pt
TR, Upep =2726.1Hz). ESI-TOF-MS: m/z 712.2675 [M - 40Tf]*, 999.3407 [M - 30Tf]*",
1573.4870 [M - 20Tf*" (M fR&EF L BIFFHE 1.
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Figure 2-15. "H NMR spectrum (CD,Cl,, room temperature, 400 MHz) of 1.
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Figure 2-16. *'P{'H} NMR spectrum (CD,Cl,, room temperature, 161.9 MHz) of 1.
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Figure 2-17. Electrospray ionization mass spectrum of 1.

R 2-3 GJEI 1R
Table 2-3 Crystal data and structure refinement for 1.

Empirical formula Ci33H180F3N4O3PsPt4S
Formula weight 2999.98
Temperature/K 189.13

Crystal system monoclinic

Space group P2i/c

a/A 36.674(2)

b/A 10.9988(8)

c/A 42.536(2)

a/° 90

p/e 99.438(3)

v/° 90

Volume/A3 16925.6(19)

4 4

Pealcg/cm’ 1.177

wmm’! 7.203

F(000) 6020.0

Radiation CuK, (A =1.54178)
20 range for data collection/° 4.508 to 102.276

Index ranges

-34<h<36,-10<k<10,-41<1<42
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Reflections collected 49789
Independent reflections 17711 [Rine = 0.0832, Rsigma = 0.0840]
Data/restraints/parameters 17711/298/1389
Goodness-of-fit on F? 1.063
Final R indexes [[>=2c (I)] R1=0.0996, wR, = 0.2698
Final R indexes [all data] R1=0.1415, wR> = 0.2992
Largest diff. peak/hole / ¢ A~ 0.92/-0.85

2.6.6 &EI 2 15K

\
7 N
O  m
= + TOPt PL-OTf CD.Cl
2 O e
\ r\j 3

DL 1:1 BE/REE, FF TPE J:HC4A 5 (4.87 mg, 0.010 mmol)MIXUEF 445244 3 (12.4 mg, 0.010
mmol)¥EfETE 0.50 mL /] CD.CL H o R MIEAYITE I FHHE 8 /N« "THNMR i: (CD,Cl,
293 K, 400 MHz) 6 (ppm): 8.77 (s, 4H), 8.62 (s, 4H), 8.17 (d, J = 8.0 Hz, 4H), 7.77 (s, 4H), 7.40 (t,
J=28.0 Hz, 8H), 7.28-7.21 (m, 36H), 1.26-1.33 (m, 48H), 1.07-1.14 (m, 72H). The *'P{'H} NMR
WE: (CD2Cly, 293 K, 161.9 MHz) 6 (ppm): 12.86 ppm (s, '*°Pt satellites, 'Jp.p =2716.6Hz). ESI-
TOF-MS: m/z 712.2675 [M - 40Tf]*", 999.3407 [M - 30Tf]**, 1573.4870 [M - 20Tf]*".
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Figure 2-18. "H NMR spectrum (CD,Cl,, room temperature, 400 MHz) of 2.
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Figure 2-19. 3'P{'"H} NMR spectrum (CD,Cl,, room temperature, 161.9 MHz) of 2.
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Figure 2-20. Electrospray ionization mass spectrum of 2.
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P BRI PRIt , SHEERFME 2T, TPE ot 4SS
s RNt A FEALETeEHA, TPE ook, &5, Uea
HRTG, BATFIL T AR TOCIER S AAL AT N £ T REDRET, WiE
JEI LRI T oG RN TR & TPE MRKIEJE, T AOCHRBIA T EZZH
FRAS, RIVHEBIRR AIE 174, BEAh, XIS @ A &40 o Wk R ke I 2 3Lt v B2 4
TRt o i BAT K TPE #4510 e J@ 34 SO0 R DON'E 5 5 WRIR D AR R A 2% &40
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F=E ETEXEZBREAERENHHKAME

3.1 5|5

e E—ZAdr, TURZM (TPE) HEPE —4eM & @it s e R EN . fHitt,
MBI T, SRR EFERGE R, KRR m RE. Fitk, ATH
REAE RAE SR TSR 9R 500, AL — @R LRRE| 7 IRATR TR R g, Bk, 78
Agy, JATR Z4E R EI A R N =4 B R O

ERERRZ, MR R — A 7>, FEA R Rk b i T4 R 22 A
AR A F B R 5 604, RIAEAE B — G JRAEZE oy, S AR (il n s ), V)
(156 4 TPE 43 F#4 IR ] SEILAR GBI o AR FPE e o R IE LR, LR E AR MY
0L R AT DURANIG S LS B R R G, A IRIZS 0 R 20 T H G AR A8, TR A1)
WG EFANFE RS RI5K ) TPE &% . 7EJEK IR, TPE BLik I RAEFES
MRS T Z BRG], KRR SEF K AR BT ER 70.

Cage Tension

) .3J1=‘)

=

Emission Wavelength
B 3-1 =NHEAAF TPE MRK BT WAEZA RS, 5KITHN.

Figure 3-1 Metallacages with increasing sizes and decreasing tension of TPE units.
32 € RERENBE BRI SHIE

AT, BNME=4ERENR GV 6 L, TR LGB R 7K )48 7 T
IR RE T . EEJBIET, TPE JEMIB e 2R, ARl R 5%t . 8
RS2 AR LR R KN, NI @I 15K /g, #E— P52 TPE 3k HiKHs
MR G IR . TULFEIRE, AR R e @A xt i, ik, TPE MR8 R 15 LA
FETRIC -

3.2.1 &% 1-3 WE

2R b BN G EIMELR B PR EEAL H AR S R R, AT T — R T
W M emiE 1-3. JERIHEZR SRR ISR a2k M1 > Tiash 32 B, I E7OEHE 5 .
FATB T O R, AR DU CAG AR BT B T AR BB OL R, & O ASF 1 s
TE o MATIANR B ZETK 0 2 2 BOR DU L0 ST AN R A RER i, BE— 25 S5 ma pi A3 2R RHE
yOeTERE . FAT ST &R IR R UE S, HARIUIR 2 )6 S50 5B G &
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A Lk W B R TR 2R AT AR 4 RURTEHE B 180°XUE PH(I) 3244 5-7 #4
REAAFRKNIIEIRIE 1-3. BARTE, 23 5PR ECARAR B 1) 48 32 k4% 1:2 (1 Heg 75T
R EEWIRAET] (DMSO-de) HHiRE, INIE 70°C., 2K REEEW, 4L8iFE oh,
PR FEGT 1 48 98 o BT RO AR 5 5244 2 T8 i R~F 5 R/ INTL R, 18 2 1724 L N 5 77 R
WX KRB E & 8 A B T30 it TPE BCARTERS & R OLEEE T TS, N AIE
I3 T RICEEFN TR G —— % Bk RIS B

PEL, PEty [3+6] |
— Tfo~Pt—< >—P-0Tr ——— A9’
PEL, ;Eg DMSO-d, . s
5
l
@ 1
PEL, PEL [3+6]
——  To-Pt PL-OTt —_—
:‘» b, DMSO0-d,
6
Il
PEL PEL [3+6]
L— Ti0-P Pt-oTf
I Dusoq
7
I
. . . 3

B 3-2 =ANEAAFEKNERTE 1,2 3 & mRsLmn-RErn=EE,
Figure 3-2. Design and synthesis of metallacages 1, 2, and 3 with varying tension of TPE units.

3.2.2 XHHRE RIS 9-11 A Ak

AT HBR RIS T, FRATE A ARXS BL) —4E B IAME X IR seEs . BiAm S, R
ATH DU 20 SO BE AT AE MoK 8 AQ B DURLE TR WITCAK 4, THIT R 1R 4 8 S AR AR AN A
IR, RATEERIEBIR 9-11. FEMIER T, BATHSE MRS, FEHRE IR
BAEMEMILEEg M, HEAAEYEEREL,
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Figure 3-3. Control experiment: design and synthesis of metallacycles 9, 10, and 11.
3.3 EREMGMIRIE

3.3.1 &RIERIAMEENE RIE

T, BATEE AR (H NMR)RAE T T8 8% 1-3 4.

TETARZ R (DMSO-de) H, &JEE 1 ARG SRS RiF. BATIGFIX (L
K% 6 > 6.5 ppm), BEVIE LMK 4. PlIDZAA 5. DLASESE 1 1IE R, SR A4
BAT AT 30T IR PEIR SR GO 28 f5, TERR T A A 12 A IE A I &8 A 26 4k
PLR 12 D =H AR (OT) i Esv. Bk, 5EA VR OGR4 4 F1 Po(lD) 24
5 ML, WEBERR (H—Ho) FIZER (HeHy) LRI TR A FREE RO . s
IR T Ha fERCA G20 R 2, 3X 5 S BT i 28400 4 8 G 25 1) B A s e — s [
NHBHEEEIG, He WTREAL TN S IEANRRRIRES, W35 52 2146 8 58 1 i 7 2514 B i 2k
RN o 42808 KTk, BN AMET Bz R i 5, R R R . TR e 1
JOFARXSEN, BT LGB B 2 .

90 86 82 78 74 70 66
Bl 3-4 (2 &1 Mgl (b-d) BERMEAER: (b Kik4; (o HA
MEREEE 1, (o) HEEZHES.
Figure 3-4. Partial 'H NMR spectra of donor 4 (b), metallacage 1 (c), and acceptor 5 (d).
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KA, PROS R A MBI LT MEAAESE, &R 2 M55 587 1 M
L. HAE DMSO-ds PR TR RAF, FATTRIRERS A DO H AL 4 HAT NREAT b #
P TCAERM ARG, 5EA U LMGBCIE 4 A1 PID 324K 6 HILL AL 73 B8 T RE, PRIt
WEI (HamHa) MHIA (He-Hn) LR R I AR RRIAAIEE - e L5 5 Ha
FERCALIE Ry AL, Tl e JE e 2 MRSTRAER, HRPIRAKE)EIE 1 W]

o

90 86 82 78 74 70
Bl3-5 (a) ®J@iE2 Mgl (b-d) BEBMEAER: (b Kik4; (o HA
MEEEE 2; (o) HEEZE 6.
Figure 3-5. Partial 'H NMR spectra of donor 4 (b), metallacage 2 (c), and acceptor 6 (d).

[FFE BT A AR SRS A A AESE, &858 3 MIREEIES SR T R
. ESE TR S, 5IRA VIR LIREAR 4 F1 P24k 7 A LG HL 725 B R %,
RITTERE RS (Ho—Ha) AR (He-Hp) ERRFIRIH TR0 . ke BRI Ha
TERCAL G B 2, T4 %8 3 MR SHiE—0 K, HASBG A,

0 86 82 78 74 70
Bl 3-6 (a) &)@ 3 mMail; (b-d) BERMEAER: (b Kik4; (o HA
MEEE 3: (o) MBI T.
Figure 3-6. Partial 'H NMR spectra of donor 4 (b), metallacage 3 (c), and acceptor 7 (d).
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23 BL R THNMR 2047, BA TR DA € B fr A AT N R A A P IO 345
A, BATRBEJERE PN AE

3.3.2 wJmIE IR RAL

HT&REEHTSERH IR (SHSEAER PEG RED, IRATHSE @ LR
WCIP{'H} NMR)RAE | M4 F& 8% 1-3 M4,

= P HM LS Y N T, e LA A 4 G RS 1 T 32K A AR Sy L
. R ERBIREE D Ha MRS MR — 3. FOVAE SRS, PEG AlRER T-%8
N5 IESNRPRIRES, P 2348 8 0 BT 25 BRSNS JR RSN, BN A
ThrM B, R MOVERE % . IR 1 KRS b, RSB GR s IR, 1M
wBIE 3 KRR, BNANERECR, FIMAESUSIEAERE. BAmE, &8% 1 1k
AR 13.88 Al 14.10 ppm; 4J@%E 2 v 14.46 A1 14.65 ppm; 4 JB%E 3 N 14.43 Fl 14.62
ppm, H=FIHMEA 9Pt (1 PR

HTEALRE, Pt &8 O3 BIMEIER IR 70 1, AHECT XS R P48 2k 5-7,
wIEIE 1-3 MBREE S nmai®. BAMNS, £8%E 1 mEmhif 7 6.09 ppm: &E%E
2 [ EIHALRE T 6.26 ppm; SR 3 MIEIANIAE T 6.23 ppm. [, 'SPt TR UE IR A AL
BEA%, &)@ 1-3 00 F#{% 140.3 Hz, 143.9 Hz, 136.2 Hz. XUSAR R T KL T PN &8
BeAr. VEREIERIE 1-3 FIA AR, X EWAE =M a2 a H AT A HESE, 1
= ERC AL T AR BR B

13.88 and 14.10 ppm ('Jp,p = 2739.348 Hz)

14.46 and 14.65 ppm ('Jp,p = 2690.778 Hz)

Vo gt

ol

W .‘r’)

L e
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L Py i"‘
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Figure 3-7. Stacked *'P{'H} spectra (161.9 MHz, DMSO-ds, 298 K) of metallacages 1-3.
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H AR L — S

% 49 T 3t 84

=



- x> b V%
) X FXALE
5/ SHANGHAI JIAO TONG UNIVERSITY %{Fm%% Z%ﬁ%ﬁ%@ﬂﬁ%ﬂ’\]*’@?ﬂ?&%ﬁﬂ%

—AA_A_A_ALJ\_A

F1E-04
F1E-05
D =5.56 x 107 cm? s
FE-06
% il @ M
F1E-07

r1E-08

10 9 8 7 6 5 4 3 2 1 0
& 3-8 & )&% 1 1Y) DOSY #ZHiki K
Figure 3-8. DOSY NMR spectrum (DMSO-ds, 298 K, 500 MHz) of 1.
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Figure 3-9. DOSY NMR spectrum (DMSO-ds, 298 K, 500 MHz) of 2.
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Figure 3-10. DOSY NMR spectrum (DMSO-ds, 298 K, 500 MHz) of 3.
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Figure 3-11. ESI-TOF-MS spectra of metallacage 1.
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Figure 3-12. Dominant peaks in electrospray ionization mass spectrum of 1.
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Figure 3-13. ESI-TOF-MS spectra of metallacage 2.
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Figure 3-14. Dominant peaks in electrospray ionization mass spectrum of 2.
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Figure 3-15. ESI-TOF-MS spectra of metallacage 3.
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Figure 3-16. Dominant peaks in electrospray ionization mass spectrum of 3.
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Figure 3-17. TWIM-MS spectrum of metallacage 1.
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Figure 3-18. TWIM-MS spectrum of metallacage 2.
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Figure 3-19. TWIM-MS spectrum of metallacage 3.
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Figure 3-20. Ball-stick views of the optimized structures of metallacage 1.
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Figure 3-21. Ball-stick views of the optimized structures of metallacage 2.
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Figure 3-22. Ball-stick views of the optimized structures of metallacage 3.
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Figure 3-23. Ball-stick views of the optimized structures of metallacycle 9.
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Figure 3-24. Ball-stick views of the optimized structures of metallacycle 10.
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Figure 3-25. Ball-stick views of the optimized structures of metallacycle 11.
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Figure 3-26. Absorption of ligand 4 and metallacages 1-3 in CH2Cl (Aex = 350 nm, ¢ = 10.0 uM).
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Figure 3-27. Fluorescence spectra of ligand 4 and metallacycles 9—11 in CHxCl, (Aex = 350 nm, ¢ = 10.0 uM).
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Figure 3-28. Fluorescence spectra of ligand 4 and metallacages 1-3 in CH2Cls (Aex = 350 nm, ¢ = 10.0 uM).
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Figure 3-29. Normalized fluorescence spectra of ligand 4 and metallacycles 9—11 in CHxCly (Aex =
350 nm, ¢ = 10.0 uM).
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Figure 3-30. Quantum yield and Stokes shift of metallacages 1-3 in CH»Cl..
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Figure 3-31. Fluorescence decay profiles of metallacages 1-3 (Aex = 365 nm, ¢ = 10.0 uM)
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Figure 3-32. Geometrical structures of ligand 4 in metallacages 1 (a), 2 (b) and 3 (c).
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Figure 3-33. Geometrical structures of ligand 4 in metallacages 1 (blue), 2 (red), and 3 (grey).
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Figure 3-34. Structures of ligand 4 in the ground state and optimized excited state with the

recorded values for the bending angle ®,.
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Figure 3-35. Relative energy calculated at different ®, angles in metallacages 1-3.
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Figure 3-36. Schematic illustration of the Franck—Condon effect and Stokes shift.
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Table 3-1 The list of reagents used in the experiments.
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4,4'- IR K 99% W F IR AL SRR A R A W
VU (=R I 99% LI R FE ARG R A R
EU 99% it [ 2 AR R A

VU S A HA R 99% it [ 2 AR R A

=R PR R >99% POk ISR 2y (i) ARRAA]
=LA 10%I1 1 S5 i [ 2 AR AR A

oK 2.1 AR i 2 AR AR A
INE=PRL AR g E 2 AR A
AL AR i E 2 AR A

LR T AR b 2 4k 2 A
1ECkE AR b I 2 4 2R A

2R AR i [ 2 AR R A

A7 T T AR it [ 2 AR R A

TE KB R AR LA R A
DU AR A B AR iR E AR R A A
2,4,6- = fiH K AR g 245G A
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3.6.1.2 SEIGHI i R BT R 25 5 A
F 322 T R AR T R SR AR

Table 3-2 The list of equipments used in the experiments.

AR INEZERSS

X-5 4 B AR T SHX Bruker D8 VENTURE CMOS

LIS 25 K AT B[] )5t 3% (EST-TOF-MS) Finnigan LCQ mass spectrometer
AR (NMR) Varian, Inc., MERCURYplus 400
A0 WL e B TH(UV-Vis) Lambda 20, Perkin Elmer, Inc., USA
Fa /BRI (PL) QM/TM/IM, Photon Tech. Int., USA
A R (SEM) JEOL JSM-7800F Prime

3.6.2 TPE J:Acik 4 ) H& 1%

Br

Pd(PPh3)s, K,CO3

Br-
LY oo
B
| +
| A TBAB, Toluene, H,0O
N =
Br Br

4Br-TPE

£ 250 mL Schlenk JfiH, A 50.0 mL 2K, Fff5H0A 4Br-TPE (1.00 g, 1.54 mmol)FH
3-EmERIER (0.95 g, 7.72 mmol), K,COs(1.71 g, 12.3 mmol), 7K (10.0 mL)F1 TBAB (52.0 mg,
0.15 mmol). #RJ5 M Pd(PPhs)s (177 mg, 0.15 mmol), 7E 85°CH/S A FHtHE MR &4 1
Ko HAHEZERG, PL CHCly/MeOH (50:1, viv) A IBGEATH: E T 4i4k, 153 TPE i
1A 4 (0.63 g, 64%), NREEM K. B 8 11 'TH NMR i (CD,Cl,, 293 K, 400 MHz) 6 (ppm):
8.85 (dd, J= 0.9 Hz, J= 2.4 Hz, 4H), 8.52 (dd, J = 1.6 Hz, J = 4.8 Hz, 4H), 8.03 (ddd, J = 0.8 Hz,
J=1.6 Hz, J=8.0 Hz, 4H), 7.60 (dd, J= 2.4 Hz, J= 8.4 Hz, 8H), 7.42 (ddd, J= 0.8 Hz, J=3.2 Hz,
J=4.8Hz, 4H), 7.19 (dd, J = 2.4 Hz, J = 8.4 Hz, 8H).
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Figure 3-37. '"H NMR spectrum (DMSO-ds, 298 K, 400 MHz) of 4.

3.6.3 TPE J:HCAK 8 & Ak

O O HO.,_OH O O
B Pd(PPh3),, K,CO4 |
| + >
| A TBAB, Toluene, H,O
N = AN N
Br Br | _ | _
N N
8

2Br-TPE

£ 250 mL Schlenk JH*, I 55.0 mL 2K, BE/E A 2Br-TPE (1.00 g, 2.04 mmol)#l
3-MEmEBER (1.01 g, 8.16 mmol), KoCO; (1.69 g, 12.2 mmol), 7K (10.0 mL)FI TBAB (69.0
mg, 0.20 mmol). 4RJG A Pd(PPhs)s (236 mg, 0.20 mmol), £ 85°CRT IR FHiHE MR &
M1 K. fFAMESERE, L CHCl/MeOH (100:1, viv) N ¥ BB TR E M4tk , 155 TPE
R 4 (0.67 g, 68%), NIRFEM K. FAA 8 [ 'H NMR #(CD.Cl, 293 K, 400 MHz) 6
(ppm): 8.80 (d, J= 1.6 Hz, 2H), 8.52 (dd, J = 1.6 Hz, J= 4.8 Hz, 2H), 7.86 (td, J=2.0 Hz, /= 8.0
Hz, 2H), 7.40 (d, J = 8.0 Hz, 4H), 7.34 (q, J = 4.8 Hz, 2H), 7.08-7.19 (m, 14H).
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Figure 3-38. '"H NMR spectrum (CD,Cl,, 298 K, 400 MHz) of 8.
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Figure 3-39. '"H NMR spectrum (CD2Cl,, 298 K, 300 MHz) of 5.
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Figure 3-40. *'P{'H} NMR spectrum (CD2Cl,, 298 K, 121.4 MHz) of 5.
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Figure 3-41. '"H NMR spectrum (CD2Cl,, 298 K, 300 MHz) of 6.
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Figure 3-42. *'P{'H} NMR spectrum (CD2Cl,, 298 K, 121.4 MHz) of 6.
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Figure 3-43. '"H NMR spectrum (CD2Cl,, 298 K, 300 MHz) of 7.
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Figure 3-44. 3'P{'H} NMR spectrum (CD,Cl, 298 K, 121.4 MHz) of 7.

3.6.5 BT 1 G

PL1:1 BE/REE, K TPE JEAC4E 4 (5.10 mg, 0.0080 mmol) FIXUE 45244 5 (20.1 mg, 0.016
mmol) EAETE 0.50 mL ) DMSO-ds "o K NIREHIFE 70°C R i +E 8 /Mif. "HNMR i F5A
L 3-45.
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Figure 3-45. "H NMR spectrum (DMSO-ds, 298 K, 400 MHz) of 1.

3.6.6 &JBTE 2 NG

PEt, PEts [3+6]
-+ Tfo—ﬁlHF;t—OTr —_—
PEt O PEt, DMSO-dy
6

DL 1:1 BE/REE, #+ TPE JERC4A 4 (4.86 mg, 0.0076 mmol) FIXUE 152 4% 6 (20.3 mg, 0.015
mmol) ¥AETE 0.50 mL (1] DMSO-ds . R NIRAYITE 70°C N HiHE 8 /it . "H NMR #F5iA
L 3-46.
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Figure 3-46. "H NMR spectrum (DMSO-ds, 298 K, 400 MHz) of 2.
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PL1:1 BE/REE, K TPE JEAC4A 4 (5.32 mg, 0.0083 mmol) FIXUE 45244 7 (23.0 mg, 0.017
mmol) EAETE 0.50 mL ) DMSO-ds "o K NIRSHIFE 70°C R i 4k 8 /Mif. "H NMR i F5A
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ETOFXRECHELAERESYNMMXRRR

™M — © ©

NNO O
<o
N
-0~
A Hg Hh Hi PEt;
PEt,
L, DMSO
H20
Het
Haei Heng ik
1 A l J
= o e

4.004.10 4.09 4410 120.07

100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.
B 3-47 &JE% 3 MR
Figure 3-47. '"H NMR spectrum (DMSO-ds, 298 K, 400 MHz) of 3.

3.6.8 &JEI 9 &K

-OTf -oTf
4
7\ _ . PEt PEt, o
- O
QO oo
PEty PEts CD,Cl Q Q O Q
— |
+ TfO*F:’t@P‘t*OTf 22 — _
VRS oo L O WEW,
A\
/7N 5 J PEty F"Eti —
| - N F"t Et N\ // |
8 PE; PEL;
OTf oTf
9

PL1:1 BE/REL, FF TPE J:Hc4A 8 (4.87 mg, 0.010 mmol)FIXUVE 415244k 5 (12.4 mg, 0.010
mmol)¥Ef#TE 0.50 mL [ CD2CL W o [RFIEETEE I T4 8 /M. 'THNMR #%: (CDCly,
293 K, 400 MHz) J (ppm): 8.78 (s, 4H), 8.60 (s, 4H), 8.19 (d, J = 8.0 Hz, 4H), 7.77 (t, J = 8.0 Hz,
4H), 7.45 (d, J = 8.0 Hz, 8H), 7.30 (d, J = 8.0 Hz, 8H), 7.05-7.17 (m, 28H), 1.26-1.33 (m, 48H),
1.06-1.14 (m, 72H). *'P{'"H} NMR #%: (CD,Cl,, 293 K, 161.9 MHz) 6 (ppm): 12.84 ppm (s, '*°Pt
TRV, YUpp =2726.1Hz). ESI-TOF-MS: m/z 712.2675 [M - 40Tf]*, 999.3407 [M - 30Tf]*",
1573.4870 [M - 20Tf* (M fR&EF L BIFFHE 1.
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Figure 3-48. '"H NMR spectrum (CD2Cl,, 298 K, 400 MHz) of 9.
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Figure 3-49. 3'P{'H} NMR spectrum (CD,Cly, 298 K, 161.9 MHz) of 9.
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Figure 3-50. Electrospray ionization mass spectrum of 9.

3.6.9 &EM 10 KA K

7 N\ PEta :tEt‘s —
_ \_/
axe
= +  Tio-Rt O O Pt-OTf
O Q
PEt3 PEts  —
N N
/N / N— Pt Pt—N
PEt
8
10

PL1:1 BE/REE, K TPE J:Hc4A 8 (4.87 mg, 0.010 mmol)FIXUVE 415244k 6 (13.1 mg, 0.010
mmol)¥EfETE 0.50 mL [ CD2CL W o [RIEETE I T4 8 /M 'THNMR #%: (CD,Cly,
293 K, 400 MHz) ¢ (ppm): 8.78 (s, 4H), 8.60 (s, 4H), 8.19 (d, J = 8.0 Hz, 4H), 7.77 (t, J = 8.0 Hz,
4H), 7.17-7.45 (m, 32H), 7.05-7.17 (m, 20H), 1.26-1.33 (m, 48H), 1.06-1.14 (m, 72H). *'P{'H}
NMR (CD2Cl,, 298 K, 161.9 MHz) § (ppm): 14.63 ppm (s, '*°Pt satellites, 'Jpep =2695.6 Hz). ESI-
TOF-MS i m/z 750.2059 [M - 40Tf]**, 1050.2472 [M - 30Tf]**, 1650.3655 [M - 20Tf]*" (M 1%
KL BIFHE ).
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Figure 3-51. "H NMR spectrum (CD2Cl,, 298 K, 400 MHz) of 10.
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Figure 3-52.3'P{'H} NMR spectrum (CD,Cl,, 298 K, 161.9 MHz) of 10.
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Figure 3-53. Electrospray ionization mass spectrum of 10.
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PL1:1 BE/REE, K TPE J:7c4A 8 (4.87 mg, 0.010 mmol)FIXUVE 41524k 7 (13.9 mg, 0.010
mmol)¥EfETE 0.50 mL [ CD2CL W o [RIEETE I T4 8 /Mo 'THNMR #%: (CDCly,
293 K, 400 MHz) 6 (ppm): 8.78 (s, 4H), 8.60 (s, 4H), 8.19 (d, J = 8.0 Hz, 4H), 7.77 (t, J = 8.0 Hz,
4H), 7.45 (d, J= 8.0 Hz, 8H), 7.30-7.44 (m, 24H), 7.32-7.44 (m, 8H), 7.12-7.30 (m, 20H) 1.26-1.33
(m, 48H), 1.06-1.14 (m, 72H). 3'P{'H}NMR (CD:Cl,, 298 K, 161.9 MHz) J (ppm): 14.62 ppm (s,
195pt satellites, 'Jpep =2689.2 Hz). ESI-TOF-MS & m/z 788.2169 [M - 40Tf]*", 1101.2690 [M -
30Tf]*, 1726.3953 [M - 20Tf]*" (M AREH L& BIFHE 1.
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Figure 3-54. "H NMR spectrum (CD2Cly, 298 K, 400 MHz) of 11.
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Figure 3-55. 3'P{'H} NMR spectrum (CD,Cly, 298 K, 161.9 MHz) of 11.
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Figure 3-56. Electrospray ionization mass spectrum of 11.
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CONFORMATIONAL EFFECT ON FLUORESCENCE
EMISSION OF TETRAPHENYLETHYLENE-BASED
METALLOASSEMBLIES

Materials with aggregation-induced emission (AIE) properties are receiving increasing
attention due to their wide range of applications. AIEgens, such as tetraphenylethylene (TPE) units,
show different emission behaviors during conformational changes. However, the structure-property
relationship of the intermediate conformation is rarely explored. This paper shows that
conformational restrictions on TPE elements can affect structural relaxation in the excited state and
the resulting photophysical behavior. Specifically, three different sizes of metallacages were
prepared by coordination-driven self-assembly of a TPE-based tetrapyridyl donor with an increased
length of Pt(II) receptors. Although scaffolds have similar stents, they exhibit a tendency toward
redshift fluorescence and decay quantum yield as their size increases. In addition, spectral and
computational studies and controlled experiments were conducted, showing that the degree to which
cage tensions applied to the relaxation of the excited state conformations of the TPE parts led to
their unique photophysical properties. Precise control of conformation is expected to serve as a
strategy for understanding the mechanisms of AIE, as well as to optimize the photophysical behavior
of materials on supramolecular coordination complexes.

Specifically, in recent years, fluorescent materials have gained a wide range of research
interests due to their wide applications in biosensing, lighting devices, stimulus-responsive
materials, efc. However, conventional fluorophores typically suffer from the aggregation-caused
quenching (ACQ) effect caused by aggregation in the condensation state, where the fluorescence is
quenched sharply due to exciton interactions and non-radiative decay. This issue was subtly resolved
in the discussions of Tang ef al. , in which a completely opposite phenomenon called aggregation-
induced emission was reported. In this case, due to the limitation of intramolecular rotation (RIR),
some of the fluorogens that are weakly emitted in dilute solutions become highly emitted in the
aggregated state.

Tetraphenylethylene (TPE) is an iconic AIE fluorophore in which the initial free rotation of the
phenyl ring and the deformation of the C=C double bond will be limited by the aggregation state '®.
It is worth noting that the TPE molecules are highly distorted, and different degrees of
conformational deformation can lead to variable emissions. Typically, TPE fluorescent agents can
continuously alter the resulting fluorescence as long as an external stimulus causes a corresponding
conformational change. For example, Zhou et al. reported a TPE-based MOF that exhibited
pressure-containing fluorine discoloration behavior due to conformational changes in the
compression process of the TPE connector. In all these cases, however, only the structure of the
beginning and final states is known, and the detailed intermediate conformation of the TPE unit is
a black box, and the relationship between the distorted conformation and the accompanying

fluorescence is rarely studied.
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Supramolecular coordination complexes (SCCs) prepared by coordination-driven self-
assembly have become an emerging area of interest and are expected to address the above scientific
problems. Discrete metal lacycle, a specific type of SCCs, can be effectively implemented by
unsteady coordination keys to self-assemble assemblies and center metals. If angles, directionality,
and stoichiometry are defined, these building blocks will effectively contribute to the hypothetical
fine structure through reversible bonds. Due to the controllability of its structure and properties,
detailed structure-property relationships of the AIE section can be explored at the (super)molecular
level. TPE group is one of the most commonly used AIE units because of its ease of synthesis and
excellent stability. The original free rotation of its phenyl ring and double bond can be confined to
the aggregate state, resulting in the emission of fluorescence. After being prepared by a pyridine
group, TPE ligands can be implanted in the SCC system. In recent years, we have reported on the
construction of luminescent metal-organic materials on the SCC platform, and then studied the
effects of their shape, antianions, and the number of chromophores on their AIE performance.
However, the relationship between the fine structure of the AIE unit and the corresponding
fluorescence remains undetermined. Any fine modulation can have a profound effect on
fluorescence behavior, which is caused by differences in rotational restrictions. For example, the
more confined the TPE molecule is, the more prominent the AIE behavior it exhibits.

Therefore, we first designed two similar metallacycles, self-assembling by coordinating the
drive, with TPE groups with different conformations. In the cis- structure, the overhanging phenyl
rings are completely arranged on the outside of the metal lactate core, and the TPE unit is suppressed
by two adjacent vertices. In the structure of the trans- structure, only half of the overhanging phenyl
ring is on the outside and the other half is inside the metallacycle. The TPE unit is constrained by
two opposing vertices, which makes the rotation or vibration of the TPE unit more restrictive. The
key principle of our design is to ensure that the only difference between the two metallacycles is the
conformation of the TPE unit in cases where the metal receptor and the corresponding anion are the
same. Logically, these two metallacycles exhibit different luminous behaviors, which deserves
detailed study.

We not only synthesized and characterized two double TPE-based metallacycles, but also used
metallacycle as a platform to study the relationship between TPE unit conformation and
corresponding photophysical properties. During molecular aggregation, the two metallacycles
undergo a significant fluorescence enhancement. Given that frans- structure is in a more constrained
state, it exhibits more pronounced AIE behavior and has a higher quantum yield. In addition, the
two metal lactic acids exhibit a high sensitivity to picric acids. These findings provide a broad
understanding of the effects of AIEgens fine structures on fluorescence performance and sensing
applications of AIE active metallacycles.

Discrete metallacage, on the other hand, a typical SCC-type, which can be efficiently
synthesized based on the spontaneous formation of unstable metal ligand bonds between ligands
and metal receptors. By adjusting the angle, directionality, and stoichiometry of the precursors, the
metallacage will have a well-defined size and shape and serve as a versatile platform for exploring
the properties of the AIE. Therefore, we expect that metallacage can be used to adjust the
conformation of the TPE core when incorporating such systems. Even subtle modulations can have
profound effects on photophysical properties, so it is reasonable to study detailed constitutive
relationships at the molecular structure level.

Next, we designed a set of TPE-based drum-like metallacages, increasing in size by
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coordinating the self-assembly of the drives to explore the emission characteristics of the TPE in

multiple locking conformations. In the fine structure of these metallacages, TPE-based tetrapyridine
ligands bind to suitable phenyl-bridged organic platinum (II) receptors. At the same time, the cage
matrix, in turn, limits further ligand deformation, thereby limiting the flexibility of the TPE core
and leading to enhanced emission. The characteristic of our design is that since the TPE ligand and
the corresponding anion are the same, the different tensions of the metal release lines will induce
the TPE core to take different conformations, which may affect the resulting fluorescence
characteristics. To get rid of the interference, we used metallacycle as a platform, ruling out the
conjugate effect. We anticipate that conformational locking strategies through metal bondage may
further contribute to a better understanding of structure-property relationships and simple ways to
adjust emissions.

In summary, the conformational effect of the TPE part on the obtained photophysical properties
was studied on the platform of three multi-TPE metallacages of increasing size, and these cages
were further used as a platform to study the conformational effect of the TPE part. A TPE-based
tetrapyridyl ligand and three Pt(IT) receptors of incremental length were designed for synthesis using
metal coordination-driven self-assembly techniques. This strategy allows precise control of the
limits of rotation within the molecules anchored TPE cores. All metal scaffolds are characterized
with multinuclear NMR and ESI-TOF-MS to indicate the molecular properties of these species.
Although these three metallacages have similar absorption peaks, they show different emission
peaks and quantum yields due to different cage tensions. To exclude conjugate effects in the receptor,
a control experiment was performed in which a metallacycle corresponding to the cage was designed
and synthesized for further demonstration. Calculations confirm that metallacage with higher
tension results in smaller Stokes shifts. These metallacage exhibit variable but ordered emission
behavior based on size, which provides a completely new understanding of the intermediate

conformation of the TPE unit during deformation.



	任务书-郭哲汶
	定稿-final

