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Abstract:

A mechanically interlocked host rotaxane was syiteel by incorporation of
tetraphenylethylene and phenanthroimidazole umitthe axle to exhibit significant emission
bands and demonstrate host-guest interactiondsvimpologically constrained cavity, and thus
to induce a significant and selective fluorescegaoenching of rotaxane towards feriign

(FE"). The quenching efficiencies of rotaxane with bégric ion (F€") and bio-molecular
Hemin (containing ferric ion) were investigatedctimpare the sensitivities of rotaxane for ferric
ion and bio-molecular Hemin. The present study @qubbe host-guest interactionsrofaxane
with ferric ion (F&") and Hemin as well as monitoring the biologicahwersion of Hemin to
Heme in presence of sodium ascorbate (as a redageny), where the reduced non-toxic Heme

could be generated from the toxic form of Hemin.
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1. Introduction

Mechanically interlocked architecture moleculeshwibpologically constrained ring structures
through non-covalent linkages have attracted mtieimton from several research groups during
last few decades. The excellent molecular recagnitif mechanically interlocked systems are
significantly offered by various guest and host ecales [1]. Recently, the self-motivated
behavior of mechanically interlocked molecules (M)vhave played a crucial role for vital
developments in nanotechnological applications [Ricluding molecular memory [3],
mechanical actuators [4], and drug delivery veligl. The properties of molecular switches
and machines associated with MIMs are pronouncecbitrol the dynamics of MIMs in the
presence of external stimuli, which have been steitlied and established in recent research [6].
Based on the aforementioned concept, some speagical (perylene bisimides) [7] or
electrochemical (ferrocene) [8-9] receptor groupsveh been frequently employed. Once
incorporated into interlocked molecules, these pawegroups have specific signal transduction
properties and prominent selectivities towards isgnguest species [10-12]. Therefore, the
design and construction of MIMs with specific greufd3] can provide an excellent platform
towards probing the host-guest interactions forcggemolecular recognitions [14-19]. Due to
external stimuli, MIMs binding with cations are edybe of showing different emission colours or
intensity changes [20-26]. In addition, host-gusstsors based on fluorometric changes have
received much attention due to their potential i@pgibns in environmental science, chemistry,

biology, and medicine [27-30]. The challenges ofaleping unique water-soluble structures



have been reported recently based on moleculachsgtin aqueous solution [31-34], where

most biological applications are possible via samlkecular chemistry [35,36].

The photophysical phenomena of luminogenic compsurmdiginated from host-guest
complexation and aggregation induced emission (Ali€) non-emissive when soluble in good
solvents but become highly emissive as aggregatecies in poor, which have been studied and
investigated over last decade [37,38]. Many aramedimpounds and dyes have the ability to
exhibit AIE including hexaphenylsilone, anthraceaed pyrrole derivatives [39], owing to the
restriction of intramolecular motions (RIM). Pretigntetraphenylethylene (TPE) is one of the
most favorite units due to its extraordinary AlEhbeiour [40-43]. Therefore, several reports
have demonstrated the utilization of AIE in a varief fields, such as chemical sensors [44],
stress sensors [45], explosive detections [46], lsindensors [47]. Importantly, a fluorescent
sensor based on the phenanthroimidazole (P1Z)witfit a less intense emission in contrast to
the aggregated TPHnit has been reported [48]. Therefore, the conlwinaof TPE and PIZ

units were finely tuned for fluorescence emissitangards selective analytes.

Herein, the synthesis of rotaxaRé incorporated with TPE and PIZ units as axle conepis
was accomplished via the conventional metal teraptaethod [49]. Interestingly, the AIE
behavior of the designd®ll was visualized with bright blue emissions in sempiteous solutions

of DMSO with high water content. However, the enasdand from the PIZ unit &1 (i.e., no
AIE phenomenum) was observed in pure and semi-agu@eith low water contents) DMSO
solutions. Interestingly, the presence of'Fen quenched the fluorescence of both TPE and PIZ
chromophoric units in semi-aqueous conditions $elely by means of host-guest interactions

into the topologically constrained cavity Rl. Moreover, the selectivity of Bein the cavity of



R1 was further visualized as fluorescence quenchint ¥erric ion containing biomolecular
Hemin with an enhanced sensitivity, where the ghemngefficiency was measured by the extent
of AIE from the TPE as well as the fluorescenc®td. However, the fluorescence emission of
R1 in a system with a lower water content was propoaily enhanced in the presence of the
antioxidant sodium ascorbate and thus to signiéyekistence of Heme as a result of conversion
of Hemin to Heme [50]. Such a conversion could txded by the generation of optical events in
R1. This study represents the first example of sigaift interactions of a macromolecular
rotaxane with cyclic ferriprotoporphyrin 1X, alongith probing the transformation of Hemin
(containing ferric ion F€) into Heme (containing ferrous ion ¥eby means of an antioxidant

(sodium ascorbate).
2. Experimental Section
2.1 Materials

All reagents and most solvents were purchased Alairich Chemicals and used without further
purification. Solvents were degassed by freezelivamup cycle technique, and tetrahydrofuran
(THF), chloroform (CHGJ), dichloromethane (DCM), acetonitrile (MeCN), and,N-
dimethylformamide (DMF) were dried prior to usel Adactions were carried out under nitrogen
atmosphere. The following compounds, including @ptomophenanthrene-9,10-dione [49], 3-
(2-bromoethoxy)phenol [49], 2,6 bis(bromomethyljdire [51], 4-(1,2,2-triphenylvinyl)phenol
[52], and macrocycle Pd-complex (MC(52], were prepared according to the literature

procedures.

2.2 Characterization



NMR spectra were recorded on Varian Inova 400 anké& DRX-300 Avance seriedH: 300,
400, MHz; *3C: 100 and 75 MHz) at 298 K. The chemical shiftvaveeported in parts per
million (ppm) from low to high fields and referemt® residual solventsH and**C, CDCE 6 =
7.26 ppm and = 77.23 ppm; DMSQk 0 = 2.49 ppm and = 39.56 ppm, respectively). All
values of coupling constang)(were reported in Hertz (Hz). The standard ablatexis of
multiplicities were used as follows: s = singlet: doublet, t = triplet, m = multiplet, br = broad.
In addition, UV-Vis spectra in different solventsen® obtained by a Jasco UV600
spectrophotometer using 1 cm quartz cuvette. Fhoerece measurements were performed with
HITACHI 4000 Series Spectrophotometer. PL emissiad excitation spectra were collected
(slit: 5 nm,10 nm, PMT voltage: 650 V, 450 V, sdanit: 1200 nm/min) for the detector
response and the lamp output. Elemental analyses e@nducted on HERAEUS CHN-OS
RAPID elemental analyser. High resolution mass tspgcopic (HRMS) measurements were
performed using Bruker Daltonics Flex Series ESksnaia a buffer solution od-cyano-4-
hydroxycinnamic acid (CHC). Thin layer chromatodras (chromatographies were performed
on Merck silica gel under pressure using TLC) wsedormed on glass plates coated with silica
60 F24 (Merck). The plates were visualized usingawliolet light (256 nm) and developed

using an iodinehamber.
2.3 Synthesis

{5,10-Dibromo-2-(4-(prop-2-yn-1-yloxy)phenyl)-3a,1k-dihydro-1H-phenanthro[9,10-
dlimidazole} (1): A mixture of 2,7-dibromophenanthrene-9,10-dioned (8, 5.50 mmol), 4-
(prop-2-yn-1-yloxy) benzaldehyde (2.2 g, 13.77 mmahd ammonium acetate (6.36 g, 82.63

mmol) in acetic acid (40 mL) was refluxed overnighfter completion of the reaction, the



reaction mixture was cooled to room temperaturemded into water (500 mL). The resulting
precipitate material was filtered, and washed wititer and hexane sequentially. The material
was dried overnight under vacuum at room tempegafline crude compound was crystallized
from ethanol to give the target compound as a ctdss solid material (2.6 g, 93%). mp: > 195
°C.1H NMR (400 MHz, DMSQds, 298 K)& (ppm): 13.30 (s, 1H, NH), 8.64-8.56 (m, 4H, ArH),
8.178 (dd,) = 8.8 Hz, 2H), 7.64 (d] = 8.8 Hz, 2H), 7.18 (dd] = 8.8 Hz, 2H), 4.90 (s, 2H), 3.61
(s, 1H).23C NMR (100 MHz, CDC}, 298 K),d (ppm): 158.7, 150.3, 136.9, 128.2, 126.5, 124.4,

123.6, 121.2, 115.6, 79.4, 78.9, 56.0, 40.5, 4031, 39.9, 39.7, 39.4, 39.2.

{5,10-Dibromo-1-hexyl-2-(4-(prop-2-yn-1-yloxy)pheni)-3a,11b-dihydro-1H
phenanthro[9,10d]imidazole} (2): To a solution of compountl (2.5 g, 4.9 mmol) and O3
(2.04 g, 14.82 mmol) in DMF (10 mL), iodohexanel@.mL, 14.82 mmol) was added and
heated at 70°C. After 6 h, the reaction mixture p@sred into ice water (100 mL) and extracted
with EtOAc (150 mL). The isolated organic layer waashed with brine (250 mL), and then
concentrated under vacuum. Then, the crude residisesubjected to column chromatography
(silica gel, EtOAc / hexane: 1/4) to give a colesd solid (2.8 g, 95%). mp: > 180. IR (KBr,
cm™): 3306, 3085, 2976, 2901 (propargyl), 2855, 2141018655, 1400, 1310, 1251, 111A.
NMR (400 MHz, DMSQds, 298 K)& (ppm): 8.85 (d,) = 2.4 Hz, 1H), 8.41 (d] = 6.4 Hz, 1H),
8.30 (d,J = 8.8 Hz, 1H), 8.18 (s, 1H), 7.64 @= 8.4 Hz, 2H), 7.61 (] = 8.8 Hz, 2H), 7.14 (d,

J = 8.4 Hz, 2H), 4.78 (s, 2H), 4.42 (&= 7.6 Hz, 2H), 2.58 (s, 1H), 1.87 &= 7.6 Hz, 2H),
1.29-1.24 (m, 6H), 0.84 (§,= 6.0 Hz, 3H)**C NMR (100 MHz, CDC}, 298 K)s (ppm): 158.6,
152.9, 137.4, 131.2, 128.6, 125.1, 124.4, 123.2112 115.2, 78.1, 76.7, 75.9, 55.9, 46.7, 31.0,
30.1, 26.0, 22.4, 13.9. HRMS (ESI) (m/z): [M+Halcd for GeH./BrN,0, 589.0485, found:

591.0466.



{3-(2-Azidoethoxy)phenol} (3):To a solution of 3-(2-bromoethoxy)phenol (2.5 g,62Lmmol)
in DMF (20 mL), the sodium azide (1.51 g, 23.25 Mjmeas added and then the reaction
mixture was heated at 65°C overnight. After the gletion of reaction, the reaction mixture was
poured into ice water (100 mL) and extracted wit®A&c (350 mL). The organic layer was dried
over MgSQ and then the solvent was evaporated under vactihencrude residue was purified
by column chromatography (silica gel, EtOAc / hexat/1) to afford a transparent oil (1.8 g,
86%). mp: > 60°C. 'H NMR (400 MHz, DMSQds, 298 K) & (ppm): 7.13 (tJ = 8.0 Hz, 1H),
6.53-6.43 (m, 3H), 4.02(] = 4.8 Hz, 2H), 3.50 () = 5.2 Hz, 2H).2*C NMR (100 MHz,

CDCls, 298 K)o (ppm): 159.4, 156.9, 130.4, 108.7, 106.8, 102.4€9,680.0.

{2-((3-(2-Azidoethoxy)phenoxy)methyl)-6-(bromomethi)pyridine} (4): A mixture of
compound3 (1.5 g, 8.37 mmol), 2,6 bis(bromomethyl)pyridi{2e19 g, 8.37 mmol), and X O
(3.4 g, 25.13 mmol) in MeCN (30 mL) ware heated@®C to react for 5 h. Then, MeCN was
removed by evaporation under vacuum and the cruaepumrified by column chromatography
(silica gel, EtOAc/hexane: 4/1). The desired conmubwas obtained as a colourless solid (1.25
g, 41%). mp: > 65C. 'H NMR (400 MHz, DMSQds, 298K)J (ppm): 7.17 (tJ = 8.0 Hz, 1H),
7.45 (d,J = 8.0 Hz, 1H), 7.43 (d] = 8.0 Hz, 1H),7.19 () = 8.0 Hz, 1H), 6.60 (dd] = 10.0 Hz,
1H,J = 7.6 Hz, 1H), 6.58 (] = 2.4 Hz, 1H), 6.54 (dd} = 10.0 Hz, 1HJ = 8.0 Hz, 1H), 5.17 (s,
2H), 4.57 (s, 2H), 4.11 (8 = 5.2 Hz, 2H), 3.57 (t) = 4.8 H, 2H)**C NMR (100 MHz, CDC},
298 K)o (ppm): 159.5, 159.4, 157.2, 156.2, 137.8, 130.2,3,2120.5, 107.6, 107.4, 101.9, 50.1,

33.6.

{2-((3-(2-Azidoethoxy)phenoxy)methyl)-6-(4-(1,2,2tphenylvinyl)phenoxy)methyl) pyridine

(5): To a solution of 4-(1,2,2-triphenylvinyl)phenol 6. g, 2.20 mmol) and compoudd(0.80



g, 2.20 mmol) in MeCN (20 mL), ££0O3 (1.52 g, 11.04 mmol) was added. The reaction maxtu
was heated at 70 °C to react overnight. After cetigoh of the reaction, the mixture was filtered
and the organic layer was concentrated under vacuuma crude was purified by column
chromatography (silica gel, EtOAc/hexane: 4/1), #mel desired compound was obtained as a
colourless solid (1.1 g, 79%jnp: > 135°C. IR (KBr, cm'): 3115, 3020, 2935, 2865, 2108
(azide), 1598, 1351, 120RMR (400 MHz, DMSQds, 298 K)J (ppm): 7.75 (tJ = 8.0 Hz, 1H),
7.45 (q,d = 7.6 Hz, 2H), 7.21 () = 8.0 Hz, 1H) 7.13-7.01 (m, 15H), 6.973 {d= 6.8 Hz, 2H),
6.75 (d,J = 6.8 Hz, 2H), 6.64 (d] = 2.4 Hz, 1H), 6.61 (q] = 4.8 Hz, 1H), 6.56 (dd] = 2.4 Hz,
1H,J = 2.0 Hz, 1H), 5.20 (d] = 5.2 Hz, 2H), 5.13 (s, 2H), 4.13 {t= 4.8 Hz, 2H), 3.58 (] =

4.8 Hz, 2H).2C NMR (100 MHz, CDC}4, 298 K)J (ppm): 159.6, 159.4, 156.9, 156.7, 156.6,
143.9, 143.8, 140.3, 136.6, 131.3, 127.6, 126.0,212120.1, 114.7, 113.9, 107.6, 107.3, 102.0,
70.5, 70.4, 66.9, 50.1. HRMS (ESI) (m/z): [M+Hgalcd for GiH3sN4Os, 631.2704, found:

631.2705.

5,10-Dibromo-1-hexyl-2-(4-((1-(2-(3-((6-((4-(1,2,8tphenylvinyl)phenoxy)methyl) pyridin-
2-yl)methoxy)phenoxy)ethyl)-H-1,2,3-triazol-4-yl)methoxy)phenyl)-H-phenanthro[9,10-

d] imidazole (S1): The solution of compound (0.18 g, 0.30 mmol) and compoubd0.20 g,
0.31 mmol) in THF/water (10 mL/5 mL) was degasseth witrogen for 5 min. Then, CuSO
(0.057 g, 0.31 mmol) and sodium ascorbate (0.I968 mmol) were added sequentially, and the
color change was observed. The reaction mixturestiered at room temperature for 12 h, then
the solution was concentrated from the reactiontuneand diluted with a mixed solvent of
CHyCI, (100 mL) and ammonium hydroxide solution (20 nilhe solution was stirred for 1 h at
room temperature, then the organic layer in,Cll was separated and concentrated under

vacuum. The desired product was isolated from 1M&®H in DCM as a pale yellow solid
8



(0.29 g, 75%)mp: > 115°C. IR (KBr, cni): 3132, 3045, 3030, 2958, 2888, 1667, 1552, 1458,
1254, 1458, 1253, 1093H NMR (400 MHz, DMSQds, 298 K)s (ppm): 8.90 (s, 1H), 8.55 (d,

= 8.8 Hz, 1H), 8.41 (d] = 8.8 Hz, 1H), 8.30 (s, 1H), 7.85 (s, 1H), 7.7837(m, 5H), 7.41 (d) =

7.6 Hz, 2H), 7.26 (s, 1H), 7.19 (@z= 8.8 Hz, 2H), 7.11-6.99 (m, 15H), 6.72 {d5 8.4 Hz, 2H),
6.61 (d,J = 8.4 Hz, 2H), 6.57 (d] = 8.4 Hz, 1H), 6.56 (s, 1H), 6.50 @= 8.4 Hz, 1H), 5.32 (s,
2H), 5.15 (dJ = 6.4 Hz, 2H), 4.78 (t) = 5.2 Hz, 2H), 4.49 (t) = 7.6 Hz, 2H), 4.36 (t) = 5.2

Hz, 2H), 1.91 (tJ= 7.2 Hz , 2H), 1.26 (s, 8H) 0.88-0.82 (m, 3H).

13C NMR (100 MHz, CDC}, 298 K)é (ppm): 159.6, 159.3, 158.9, 156.8, 156.7, 156.8.1,5
143.9, 143.8, 140.3, 136.6, 128.7, 127.0, 125.541220.1, 113.9, 107.8, 107.2, 102.1, 70.5,
70.3,66.2, 62.0, 49.8, 46.8, 31.0, 30.2, 29.6, 29630, 22.6, 22.4, 14.1, 13.9. HRMS (ESI)

(m/z): [M+H]" calcd for GiHg1BroNgO4, 1219.3121, found: 1221.3090.

Pseudorotaxane (6)To a solution of macrocycle Pd-compl@{CC) (0.811 g, 1.26 mmol) in
CHCls/MeCN (15/5 mL), compoun8 (0.80 g, 1.26 mmol, 1leq) was added and stirreddot at
room temperature for 5 h. The solution was evapdrainder reduced pressure and the crude
residue was purified by column chromatographydaiel, 0.5% MeOH in DCM). The desired
product was isolated as a yellow solid (0.85 g, 52%p: > 170°C. IR (KBr, cm'): 3643, 3429,
3207, 3057, 2953, 2108 (azide), 1618, 1361, 11AINMR (400 MHz, DMSQds, 298 K) ¢
(ppm): 8.13 (tJ = 8.0 Hz, 1H), 7.91 (q] = 14.8 Hz, 4H), 7.63 (d] = 8.0 Hz, 1H), 7.47 (dJ =

8.0 Hz, 1H), 7.27 (q) = 11.6 Hz, 2H), 7.15-6.99 (m, 15H), 6.72 Jd; 8.0 Hz, 1H), 6.84 (dd]

= 6.4 Hz, 1HJ = 2.4 Hz, 1H), 6.62-6.58 (m, 2H), 6.29 (d= 8.0 Hz, 4H), 6.16 (d] = 8.0 Hz,
4H), 5.37 (s, 2H), 4.66 (d,= 14.4 Hz, 2H), 4.41 (s, 2H), 4.17 Jt= 4.8 Hz, 2H), 3.63-3.38 (m,

18H), 2.03 (m, 2H)**C NMR (100 MHz, CDC}, 298 K)§ (ppm): 171.26, 159.4, 158.5, 157.6,



157.3, 155.1, 152.7, 144.0, 143.7, 140.8, 136.94.3130.4, 127.5, 125.1, 122.3, 122.2, 114.4,
114.4, 108.1, 107.8, 102.4, 70.69, 69.51, 69.29),687.14, 67.12, 50.13, 49.57. HRMS (ESI)

(m/z): [M+H]" calcd for GgHesN7010Pd,1271.5599, found: 1283.5189.

Metalated rotaxane (Pd-complex) (7):A solution of compound (0.50 g, 0.39 mmol) and
compound? (0.23 g, 0.39 mmol) in THFAD (15 mL/5 mL) was degassed with nitrogen for 5
min, and then CuS£(0.062 g, 0.39 mmol) and sodium ascorbate (0.16.¢86 mmol) were
added sequentially to observe the color changen,Tihe reaction mixture was stirred at room
temperature for 12 h. After this time the solvemtsvevaporated from the reaction mixture, and
the crude was diluted with DCM (100 mL)/ammoniundigxide solution (20 mL) and stirred
for half an hour at room temperature. Then orgdyer was isolated and concentrated under
vacuum. The crude product was purified by columroetatography (silica gel, 2% MeOH in
DCM). The crude product was isolated as a yelloid9@.56 g) which was used in the next
step of the reaction without further purificationp: > 175°C. IR (KBr, cm'): 3078, 3052, 2977,
2917, 2862, 1770, 1675, 1603, 1494, 1397, 1261. BRESI) (m/z): [M+H] calcd for

C100H91BraNg011Pd,1858.4312, found: 1860.4327.

Final rotaxane R1: To a solution of crude compound0.40 g, 0.21 mmol) dissolved in CHCI
(10 mL), a solution of KCN (0.21 g, 3.23 mmol) dibsed in MeOH (5 mL) was added. The
reaction mixture was stirred at room temperature2fdn, and then the solvent was evaporated
under vacuum. The crude residue was purified byiroal chromatography (silica gel, 2.5%
MeOH in DCM). The desired product was isolated aslaurless solid (0.32 g, 86%np: > 120

°C. IR (KBr, cnmi'): 3465, 3355, 3075, 3015, 2958, 2842, 1677, 15485, 1391, 1252, 1102.

'H NMR (400 MHz, DMSGds, 298 K)d (ppm): 9.28 (t,) = 6.0 Hz, 2H), 8.84 (d] = 2 Hz, 1H),

10



8.55 (d,J = 9.2 Hz, 1H), 8.41 () = 9.2 Hz, 2H), 8.31 (d = 1.6 Hz, 1H), 8.00 () = 8.0 Hz,
1H), 7.86 (s, 1H), 7.66 (d} = 15.2 Hz, 3H), 7.58 (d] = 7.6 Hz, 2H), 7.25 (d] = 7.4 Hz, 1H),
7.23 (d,J = 7.8 Hz, 1H), 7.13-6.98 (m, 19H), 6.89 (= 8.4 Hz, 2H), 6.63 (d] = 8.0 Hz, 4H),
6.54 (d,J = 8.0 Hz, 2H), 6.45 () = 10.4 Hz, 2H), 6.30 (d] = 8.0 Hz, 4H), 6.19 (d] = 2.8 Hz,
1H), 5.03 (s, 2H), 4.78 (s, 2H), 4.57-4.53 (M, 2847 (t,J = 7.6 Hz, 2H), 4.37 (dd] = 6.4 Hz,
1H, J = 5.6 Hz, 1H), 4.29 (dd] = 5.6 Hz, 1H,J = 6.4 Hz, 1H), 4.02 () = 5.6 Hz, 2H), 3.84 (d,
J = 4.4 Hz, 2H), 3.73 (d] = 3.6 Hz, 4H), 3.68 (d] = 4.8 Hz, 4H), 3.63-3.60 (m, 4H), 2.25 (,
= 7.2 Hz, 2H), 1.92 (t) = 7.6 Hz, 2H), 1.28-1.25 (m, 8H), 0.87-0.85 (m,)3¥C NMR (100
MHz, CDCk, 298 K) ¢ (ppm): 163.5, 158.9, 155.6, 153.1, 149.1, 143.8.34138.6, 136.6,
128.8, 127.5, 125.9, 124.4, 120.3, 114.9, 113.7,61A.06.8, 101.8, 70.7, 69.2, 67.1, 65.6, 61.7,
49.3, 46.9, 42.5, 31.4, 30.2, 29.6, 29.3, 26.05,222.4, 14.1, 13.9. HRMS (ESI) (m/z): [M+H]
calcd for GogHo4BroNgO11, 1754.5440, found: 1756.5599. Anal. Calcd fagd93BroNgO1; (%):

C, 68.37; H, 5.34; N, 7.18. Found (%): C, 67.855195; N, 6.45.
3. Results and Discussion
Synthetic Strategy and Photo-Physical Properties dRotaxane (R1).

Herein, we report the synthesis of the target machdly interlocked rotaxan®1 based on
square planar Pd (Il) complex strategy, as show®dheme 1. Acccording to our previous
report?® the control axléS1 was synthesized by following Scheme 1(a). With tleatment of
TPE azide terminated compoufdh the presence of 4-(1,2,2-triphenylvinyl)phenacro-cycle
(Pd-complex) MCC, a predominantly self-complexirggepdorotaxan® was produced by the

replacement of the acetonitrile segment from MCChloroform.

Scheme 1
11



Using a stoppering strategy, Pd-metalated rotaXamas prepared through the well-known click
reaction between pseudorotax@@nd PIZ alkyn€. Subsequently, through the treatment of Pd-
metalated rotaxan@ with potassium cyanide to remove Pd metal, thgetarotaxandR1 was

obtained with an excellent yield of 86% as showsdheme 1 and displayed a good solubility in

most organic solvents.

As most of the biological as well as environmeighificant analytes are present in water, we
were interested in evaluating the AIE phenomenanffdPE and the maximum fluorescence
emission from PIZ in the presence of various corntipos of semi-aqueous solutions (in water
and DMSO solvents). HEPES is a zwitterionic buffgragent to control the pH values within
7.2-7.4. Herein, the HEPES buffer solution was uiedthe UV-vis and PL experiments to
maintain the pH value of 7.4. The UV-vis absorptéord PL spectra d®1 (25 pM) in different
semi-aqueous solutions (in water and DMSO solveHEPES (pH 7.4, 10 mM) are displayed

in Figure 1.
Figure 1

As shown in Figure la, the designed rotaxBie(25 puM) displayed an absorption pattern in
DMSO solvent with well resolved absorption bandsteeed at 266 nm. As illustrated in Figure
1b, the corresponding emission peak of the photolescence (PL) spectra in DMSO is
centered at 401 nm and is related to PIZ fluoroph@ue to the complete solubility in pure
DMSO, R1 was found to be non-fluorescent and absent of AlBereR1 was in the non-
aggregated state of TPE with free rotations of ugajed rings about single bonds. DMSO along
with various compositions of water were subjectednivestigations concerning the significant

variations in emission as well as absorption intess An unaltered emission related to PI1Z
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fluorophore was appeared with 10% water without .AtBwvas observed that more than 20% of
water up to 80% was able to generate a bright Al&ecentered at 470 nm as shown in Figure
1b. Moreover, the PL emission BfL (25 uM) related to TPE was found to be 65 timeghér
than that of PIZ. The absorption pattern in thespnee of high percentages of water was found
to be broadened and unrelaxed. The hetero-atomaniN’'O’ in the topologically constrained
cavity of designed interlocked host rotaxaRé& were proposed to facilitate the host-guest
interactions. An analyte of particular interest Idobe chelated wittR1 through the specific
transduction capabilities associated with apperid®d and PIZ groups We were more interested
in investigating the interactions of guests captibg the macrocylic cavity and the variations of
host-guest interactions to affect photophysicapproes ofR1 in two solution media, such as
(1) with a lower content of water (10%), where AtBm TPE would be ineffective and thus to
transduct the photophysical change solely from Hlzerefore, the non-aggregated stat&af
will be dominant and (2) with a higher content ddter (80%), where AIE from TPE would be
prominent and the transduction could be obtainat wibright blue emission (the aggregated
state). Host-guest interactions were subjectedatimres as well as anions in our study, due to
their efficient perturbation capabilities in theamd-environment of the host probes. Therefore,
various alkali as well as transition metal ions;tsas F&, Ni**, PF*, C/*, HE*, Srf*, Cd,
zn*, cd*, Mn**, Mg, c&”, Sé*, RU**, Fe*, AI**, Cr*, and various anions such as EI’,
Br , I”, OH, SCN, HPQ?", H,PQ,”, and CN ions were chosen to study the chelation ability in
the cavity ofR1. Our preliminary investigations were based on dignificant changes in the
emission ofR1 in the presence of various metal ions. Becausgdicence is considered to be a
highly sensitive optical technique towards prominemanges, to probe the detection of lower
concentrations of guest analytes with a lower ditedimit is required in nano-molar regime.
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Figure 2

Primarily, the non-aggregated stateRff (25 pM) was derived with a less content (10% wvaoi.)
aqueous solution, HEPES (pH 7.4, 10 mM) in DMSO #mg a solution medium with 9:1 vol.
ratio (DMSO:HO) was prepared to monitor the host-guest intevaagtventR1 (25 uM) in the
aqueous HEPES solution displayed an emission batehsity centered at 401 nm upon
excitation at 350 nm. Upon the addition of varioustal ions from 0 to 35 uM iR1, variations
in the PL emission maxima are shown in Figure 2ee UV-vis. absorption spectra Bfl (25
M) revealed the sign of aggregations as the ineneif2.5 eq.) of the concentration forFimn
(35 uM) and a developed band (375 nmRdfin Figure 2b is the confirmation of the internal
charge transfer mechanismR1 with F€* ion. The fluorescence emissionRL (25 pM) was
almost unaffected in the presence of most alkali taansition metal ions B& Ni**, P*, CU/*,
Hg?*, Srf*, cd, zr?*, cd, Mn**, Mg**, C&*, Sé', RU**, Fe*, AI**, Cr¥* even at their 35 pM

concentrations in Figure 2a.

However, the addition of B&from 0-30 puM significantly quenched the fluoresoefR1 (25
p1M). Our observations show significant fluorescegqaenching with a huge red shift of (35 nm)
in presence of B&ion within the concentration range from 0 to;8@, and that was leveled off
over concentrations of 25 uM and thus a less ietamsl highly red-shifted emission band was
observed in Figure 2c. Moreover, the fluorescengnghing ofR1 towards F& ion was found

to be 30-fold within the investigated concentratiange. The decreasing emission band patterns

of R1 (25 uM) in the presence of £40-30 uM) were plotted as shown in Figure 2c.

At lower concentrations of Beion up to 16 pM, the fluorescence quenching beftaxiR1 was

found to be linear. While at higher concentratiaips to 25 puM, the linearity was lost and
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resulted in a nonlinear behaviour, signifying tlesgbility of a static quenching as shown in the
inset of Figure 2c. The efficiency of fluorescempeenching ofR1 in the presence of Eeion,

over the linear region was concluded in terms efigtVolmer constant and compared.

W1 =1+ K [Q]  ovovereneannn, 0

In above equation (i), wherg &nd | are fluorescence intensities in the absandepresence of
the quencher, respectivelysHs the Stern—Volmer constant and the value gfdk an artificial
assay indicates the sensitivity of the probe towatfie analyte, and [Q] is the quencher
concentration. The & value forR1 (25 uM) in the presence of £don (35 pM) was found to
be 1.39 x 1®M™. The high K, value ofR1 towards F& ion further confirmed thaR1 is a
selective and sensitive probe for sensiny K in a semi-aqueous medium. The corresponding
absorption patterns &1 (25 pM) in the presence of £don (0-35 pM) within the investigated
concentration range revealed broadened and uneskalsorption spectra. Comparably, the
absorption patterns d®1 were visualized in the presence of water withoetahions, which
signified an aggregated stateR1. Interestingly, one broad band centered aroundriiswvas
observed as shown in Figure 2c, which may be atgib to the charge transfer band in the

presence of Féion.

However, as the control ax&l (25 uM) was treated with Eeion (0-35 uM) as shown in Figure
2 (d), the fluorescence quenching patternsSobfwere similar but smaller than those R1.
Furthermore, as shown in Figure S$Q,(25 pM) was mixed with macrocycMC (25 pM) in a
molar ratio of 1:1 (in contrast ®1) and treated with P& (0-75 pM) ion. The combination &1

andMC prohibited the fluorescence quenching alteraticihatigher concentration of ¥don.
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These experiments clarified that orityl is the most sensitive and selective probe towBels

ion.
Tunable Aggregation of Rotaxane (R1).

The aggregated state BfL (25 pM), derived from the high content (80% valf)ag., HEPES
buffer (pH 7.4,10 mM), was subjected to monitor tiast-guest interaction event. In such a
solvent compositionR1 displayed an AIE band from TPE, centered at 47Q aopon the
excitation at 350 nm as shown in Figure S6 (b). &Jrilese conditions, a bright blue emission
from R1 was clearly visible under UV light due to a highmission as shown in Figure S6 (c).
Furthermore, significant changes in AIE were iniggged in the presence of various metal ions.
The fluorescence emission RfL was found to be almost unaffected in the presehac@rious
alkali and transition metal ions even at the cotregion of 100uM as shown in Figure S6 (a).
However, a significant fluorescence quenching tolwa#é* ion within a concentration ranging
from O to 100uM was observed and the quenching levelled off & (M concentration in
Figure S6 (b). The decreasing fluorescence intepsitterns oR1 (25 uM) in the presence of
Fe** (0-100 uM) were found to be linear at lower corications as shown in the inset of Figure
S6 (b). However, at higher concentrations of'fien (4 eq.) the linearity was lost and the plot
became nonlinear indicating the possibility of atisttype of quenching. The efficiency of the
fluorescence quenching BfL in the presence of Eeion was determined over the linear region
of the plot by generating a Stern—Volmer plot ascdbed earlier. The obtained,Kalue was

found to be 0.37 x Povt.
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Time-Correlated Single Photon Counting (TCSPC) expément:

The fluorescence quenching mechanism in non-agtggeédd0% aq., HEPES pH 7.4, 10 mM
buffer) as well as aggregated (80% ag., HEPES gH I0 mM buffer) state oR1 (25 puM)
stages in DMSO with Bé (30 uM and 100 pM) was confirmed by carrying dué time-
correlated single photon counting (TCSPC) experisanth a nanosecond excitation as shown

in Figure 3 and S7.
Figure 3
Table 1

The TCSPC data displayed unmodified biexponentedag patterns oR1 (25 uM) in the
absence and presence of Hen in semi-aqueous conditions As shown in Tabléné& concluded
lifetime values forR1 in the non-aggregated (10% ag.) and aggregatéess{@0% aq) oR1

{(t1, 1.78 ns, 13.23%)z4, 0.24 ns, 86.77%)} and {(, 4.70 ns, 48.34%)z4, 1.40 ns, 51.66%)},
respectively. It was found to be almost unaffeaipdn the interaction with E&{(t;, 0.83 ns,
47.97%), €2, 0.13 ns, 52.03%)} and {(, 5.05 ns, 41.90%)z4, 1.76 ns, 58.10%)}, respectively.
The unaffected life time values and decay patterimth cases clearly indicated the occurrence
of a static type of quenching, and thie& formed a non-fluorescent ground state and stable

complex R1+F€e*] under our experimental conditions.
'H NMR Measurements

The binding mode was also concluded'blyNMR titrations ofR1 in acetone-glsolvent in the
presence of Fé&ion from 0 to 1.0 eq. as shown in Figure 4. Upua addition of F& ion with

various increasing concentrationsRi, amide protons (*) of cavity were found to be sduf
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upfield and the pyridyl proton (17,19) of axle $&d downfield. The further gradual addition of
Fe’* ion almost diminished the intensity of the profmeak (*). Such an up-field shift of amide
protons are attributed to the capture of'fe the cavity and thus to enhance the N-H borithén

amide region. Therefore, the NMR titrations cleaityglicated a stoichiometric ratio of 1:1

betweerR1 and F& ion for complex R1+Fe™].
Figure 4

In addition, as the axI&1 was treated with P& ion up to 0-1.0 eq. in Figure S1 of the
supporting information, no proton shifts were obsdr These results revealed tHat is

responsible for F& ion interaction due to its H-bonded constrainedtya

Biomolecule (Hemin) Interactions with Rotaxane (R1) Since the sensor selectivity Bfl
towards ferric ion (F&) has been verified in the previous study, botHdujial species Hemin
(containing ferric ion F&€) and Heme (containing ferrous ion?Beare introduced to our
investigation of potential biological applicatiortdemin can be reduced by antioxidant (sodium
ascorbate) [53]. Inspired by such quenching phemanoéR1 in non-aggregated state (10% ag.,
HEPES pH 7.4, 10 mM buffer) and aggregated stddéo(8q., HEPES pH 7.4, 10 mM buffer),
we were more interested in the sensing capabifitiRd for real small biomolecule (Hemin)
containing ferric ion (F&). Therefore, we further performed the fluorescemgenching
experiments in the presence of Hemin in both caorbtof low-fluorescent non-aggregated and
high-fluorescent aggregated statesRdrin the solvent media of 10% and 80% water content.
The related PL responses Rl towards Hemin in non-aggregated and aggregateesstae

shown in Figures 5 and S8, respectively.

Figure 5
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Upon the addition of Hemin (0-13 puM), into non-aggamtedR1 (25 pM) solution (with ag. 10%
vol., in DMSO), we found a significant quenchingtbg initial emission band centered at 401
nm into two emission bands centered at 380 andw@9igure 5. However, as demonstrated in
Figure S8 considerable quenching of the initialssiin band of aggregat&i (with aq. 80%
vol. in DMSO), centered at 470 nm shifted to theission band centered at 465 nm in the
presence of Hemin (0-50 pM). The quenching efficies of Hemin in the non- aggregated as
well as aggregated statesRI were concluded (in terms of Stern-Volmer constantgrms of
Ksv values to be 2.80 x 1aM™* and 0.9 x 10 M™, respectively. Therefore, the quenching
efficiency of R1 towards Hemin (K = 2.80 x 16 M™) was found to be superior over that
towards F&" ion (Ksy = 1.39x18 M™) and thus to signify a higher sensitivity BL towards

Hemin.

Time-Correlated Single Photon Counting (TCSPC) expméments. Furthermore, time-
correlated single photon counting (TCSPC) spedtidio(25 uM) in the absence and presence
of Hemin in 10% aq., HEPES pH 7.4, 10 mM in DMS@ #lustrated in Figure 6, which were

analyzed to demonstrate a biexponential decayrpatte
Figure 6
Table 2

As shown in Table 2, the lifetime values obtainedR1 in the absence and presence of Hemin
are summarized asdy 1.78 ns, 13.23%)z14, 0.24 ns, 86.72%)} and {(, 1.31 ns, 11.59%)z4,
0.22 ns, 88.41%)}, respectively. However, the degatyerns oR1 in the absence and presence
of Hemin displayed less overlapped behaviour intrest to F&" ion (see Figure 3), indicating

some interactions d®1 with Hemin. The overlapped behaviorR{ in the absence and presence
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of FE" ion suggested that Feion formed a non-fluorescent ground state andlestabmplex

[R1+Fe*] due to the smaller size of ¥don compared with Hemin.
'H NMR Measurements.

Interaction ofR1 with Hemin was further investigated fiyf NMR titrations ofR1 with Hemin
in DMSO-a; solvent. As shown in Figure 7, wh&1 (1eq.) solution was titrated with various
concentrations (0-1.0 eq.) of Hemin, slight upfishifts for amidic protons (*) inside the cavity
of R1 were noted following a similar trend to that off F®n revealed in Figure 4. However,
smaller upfield shifts oR1 were observed with the titration of Hemin as coregawith F&*
ion. These results suggested that stronger interscofR1 with F€* ion were due to the easier
capture of F& ion inside the cavity oR1, but the weaker cavity interactionsRt with Hemin
were attributed to the steric hindrance of cenratal ion (F&") coordinated with a larger size
Hemin. Our preliminary investigations revealed nratke photophysical alterations Ril with

Hemin and thus to indicate the occurrence of aeitdgieractions.
Figure 7

Since porphyrins of Heme with eion are generally planar in their 6-coordinatedrgetry, 5-
coordinated Hemin leads £don out of the central hole towards the 5th ligaexhibiting some
perturbation of the porphyrin core Therefore, wdidve that the porphyrin core in Hemin
assisted the availability of ferric ion fé&1 cavity. A close proximity olR1 and F&" ion of
Hemin have induced some visualized spectroscopaations inR1. Regardless of no such
strong interactions @1 complexed with F& ion, the existence of a close proximityRf and

ferric ion of Hemin was further verified based 089PS data and NMR titration results.
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As we notice that the ferric ion (B¢ in the active center of Hemin can be convertedriother
iron metal ion form, i.e., the ferrous ion {Be leading to the formation of non-toxic Heme,
which can be achieved by means of utilizing sonodolgically significant reducing agents, such

as glutathione and sodium ascorbate. Therefore, fuvther expanded our analysis by

incorporating tripeptide glutathione (GSH) and smdiascorbate in our experiments. Both non
aggregated (10% ag. vol in DMSO) and aggregateébo (8. vol. in DMSO) states &1 (25
HM) as well as Hemin with concentrations of 13 &@duM, respectively, were subjected to

monitor the interactions with reducing agents urptg/siological conditions.

Figure 8

According to the previous results, the responseRlofowards Hemin in both non-aggregated
and aggregated states with different water cont€¢h@o as well 80% of ag. solutions,
respectively) were quenched due to the formationnam-fluorescent compleR1-Hemin.
Moreover, upon the addition of various amountsagfism ascorbate (0-8 mM) in compl&-
Hemin, a significant increase in emission band exeat at 475 nm was observed in the non-
aggregated state (10% aq. in DMSO) of Fig 8, begtrenched emission band®1-Heminwas
unchanged in the aggregated state (80% ag. in DM3@yever, upon the addition of GSH, our
experiments did not reveal any significant changethe quenched emission band of complex
R1-Hemin in both non-aggregated and aggregated stdpem the addition of sodium ascorbate
in Figure 8, complelR1-Hemin demonstrates a gradual increase in the Ensity centered at
475 nm in the non-aggregated state (10% ag. in DM®Bere the emission enhancement was
leveled off (with 50% recovery of initial emissiantensity for R1) at 7 mM of sodium

ascorbate, which was found to be similar to the A#ad position but with less intensity. By
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means of biologically significant reducing agemsisch as sodium ascorbate, the reduction form

of non-toxic Heme could be induced from the toxioi of Hemin.
4. Conclusions

In conclusion, the mechanically interlocked hogaxaneR1 with terminal groups of TPE and
P1Z units was successively constructed throughnieéhod of Pd complexation, click reaction,
and removal of Pd metal by potassium cyanide. B@®E and PIZ stopper units were used in
rotaxaneR1 to possess aggregation induced emission (AlIE)lawdcontrollable fluorescence
with different water contents in DMSO, respectiveélfhe emission of rotaxarRRl by PIZ as
well as TPE both exhibited significant signal queng through the interaction of ¥ein the
cavity of R1, and thus the host-guest interactions of both aggregated and aggregated states
of R1 were verified. Moreover, the interactions R1 towards F& ion in both semi-aqueous
states resulted in a static type of quenching ambrafluorescent ground state of complex
[R1+Fe*], as define by the Time-Resolved PhotoluminescémBL) studies. In addition, the
NMR titrations also indicated a stoichiometric oatif 1:1 betweemR1 and F&" ion for complex
[R1+F€™]. The quenching efficiency dk1 towards Hemin was found to be superior over that
towards F& ion and thus to signify a higher sensitivityRf towards Hemin. The variations of
PL emission intensities observed from PIZ in Re(10% ag. in DMSO) could be finely tuned
in the presence of the biological reducing ageet,(sodium ascorbate), where the enhancement
of the red-shifted emission band indicated the &rom of Heme from Hemin. Finally, the
reduced form of non-toxic Heme could be producednfithe toxic form, Hemin, by means of

biologically significant reducing agents.

Acknowledgement

22



Financial support of this project was provided by tMinistry of Science and Technology

(MOST) through MOST 103- 2113-M-009-018-MY3
References

[1] Fang L, Olson MA, Beni'tez D, Tkatchouck E, @add 11l WA, Stoddart JF. Mechanically

bonded macromolecules. Chem Soc Rev 2010;39:17-29.
[2] Ma X, Tian H. Bright functional rotaxanes. Ghe&oc Rev 2010;39:70-80.

[3] Zzhang W, Delonno E, Dichtel WR, Fang L, Trabos Olsen J-C, Beni'tez D, Heath JR,
Stoddart JF. A solid-state switch containing arctetehemically switchable bistable poly[n]

rotaxane. J Mater Chem 2011;21:1487-95.

[4] Browne WR, Feringa BL. Making molecular maclsngork. Nat Nanotechnol 2006;1:25—

35.

[5] Coti KK, Belowich ME, Liong M, Ambrogio MW, LawA, Khatib HA, Zink JI, Khashab

NM, Stoddart JF. Mechanised nanoparticles for dieiyery. Nanoscale 2009;1:16-39.

[6] Dongen SFMV, Cantekin S, Elemans JAW, Nolte RIMnctional interlocked systems.

Chem Soc Rev 2014;43:99-122.

[7] Li H, Li X, Cao Z-Q, Qu D-H, Agren H, Tian H. Awitchable bis-branched [1]rotaxane
featuring dual-mode molecular motions and tunabtdenular aggregation. ACS Appl Mater

Interfaces2014:;6:18921-29.

[8] Li H, Zzhang H, Zhang Q, Zhang Q-W, Qu D-H. Aisvhable ferrocene-based [1]rotaxane

with an electrochemical signal output. Org Lett 20%:5900-903.
23



[9] Liu L, Wang Q, Chang, M, Hu X-Y, Jiang J, WahgA ferrocene-functionalized bistable [2]

rotaxane with switchable fluorescence. Asian J Clngm2015;4:221-5.

[10] Langton MJ, Beer PD. Rotaxane and catenané s$tasctures for sensing charged guest

species. Acc Chem Res 2014;47:198%.

[11] Lee H, Kim EJ, Ahn J, Noh TH, Jung O-S. Anicgffects on formation of

metallacyclodimeric silver(l) complexes as a sotuexservoir. J Mol Struct 2012;1010:111-5.

[12] Arumugaperumal R, Srinivasadesikan V, Raju M\l M-C, Shukla T, Singh R, Lin H-
C, Acid/Base and KEPO, controllable high-contrast optical molecular swés with a novel

BODIPY functionalized [2]rotaxane. ACS Appl Mateterfaces 2015;7:26491-503.

[13] Suzaki Y, Osakada K. Formation, dynamic bebgvand chemical transformation of Pt

complexes with a rotaxane-like structure. Chem 3i2006;1:331-43.

[14] Caballero A, Zapata F, Beer PD. Interlockedsthmolecule for anion recognition and

sensing. Coord Chem Rev 2013;257:2434-55.

[15] Rebilly J-N, Hessani A, Colasson B, Reinaud®versatile strategy for appending a single
functional group to a multifunctional host througbst—guest covalent-capture. Org Biomol

Chem 2014;12:7780-5.

[16] Chen Y-J, Yang S-C, Tsai C-C, Chang K-C, Clgua#+H, Chu W-L, Kovalev V, Chung
W-S. Anthryl-1,2 4-oxadiazole-substituted calix[fldaes as highly selective fluorescent

chemodosimeters for e Chem Asian J 2015:10:1025-34.

24



[17] Kim EJ, Ahn J, Lee H, Noh TH, Jung, O-S. Swtis, structures, and ligating ability of 4-

tert-butyl calix[n]arene (iso) nicotinoylate. Tdtedron Lett 2012;53:1240-4.

[18] Lee H, Noh TH, Jung O-S. A ball-joint-type Mheguest system that consists of

conglomerate helical metallacyclophanes. Angew Chtred 2013;52:11790-5.

[19] Suzaki Y, Taira T, Osakada K, Physical gelsdahon supramolecular gelators, including

host—guest complexes and pseudorotaxanes. J Magen 2011;21:930-8.

[20] Ajayaghosh A. Chemistry of squaraine-derivedtenials: Near-IR dyes, low band gap

systems, and cation sensors. Acc Chem Res 20083&9.

[21] Lee S, Yuen KKY, Jolliffe KA, Yoon J. Fluoresct and colorimetric chemosensors for

pyrophosphateChem Soc Re2015;44:1749-62.

[22] Lee HN, Xu Z, Kim SK, Swamy KMK, Kim Y, Kim &, Yoon J. Pyrophosphate-selective
fluorescent chemosensor at physiological gkdrmation of a unique excimer upon addition of

pyrophosphate. J Am Chem Soc 2007;129:3228

[23] Lee M, Jo S, Lee D, Xu Z, Yoon J. A new nagtithhide derivative as a selective

fluorescent and colorimetric sensor for fluoridgaide and C@ Dyes Pigm 2015;120:288-92.

[24] Song NR, Moon JH, Choi J, Jun EJ, Kim Y, KimJSLee JY, Yoon J. Cyclic
benzobisimidazolium derivative for the selectiveiofiescent recognition of HQOvia a

combination of C-H hydrogen bonds and charge iotemas. Chem Sci 2013;4:17651.

25



[25] Colasson B, Save M, Milko P, Roithova J, SclatD, Reinaud O. A ditopic calix[6]arene
ligand with N-methylimidazole and 1,2,3-triazolebstituents: Synthesis and coordination with

Zn(ll) cations. Org Lett 2007;9:4987-90.

[26] Hu Y, Liu Y, Kim G, Jun EJ, Swamy KMK, Kim YKim SJ, Yoon J. Pyrene based

fluorescent probes for detecting endogenous zing iio live cells. Dyes Pigm 2015;113:372-7.

[27] Lakowicz JR. Topics in fluorescence spectopsc Probe design and chemical sensing,

Vol. 4; Plenum Press; New York;1994.

[28] Park S, Kim W, Swamy KMK, Lee HY, Jung JY, Ki@, Kim Y, Kim S-J , Yoon J.
Rhodamine hydrazone derivatives bearing thiopheneipgas fluorescent chemosensors for

Hg?*. Dyes Pigm 2013;99:3238.

[29] Poul NL, Mest YL, Jabin I, Reinaud O. Supraswllar modeling of mono-copper enzyme

active sites with calix[6]arene-based funnel comese Acc Chem Res 2015;48:2097-106.

[30] Zzhang R, Yuan Y, Liang J, Kwok RTK, Zhu Q, ke, Geng J, Tang BZ, Liu B.
Fluorogerrpeptide conjugates with tunable aggregatiauced emission characteristics for

bioprobe design. ACS Appl Mater Interfaces 201482-10.

[31] Grunder S, McGrier PL, Whalley AC, Boyle MMte8n C, Stoddart JF. A water-soluble

pH-triggered molecular switch. J Am Chem Soc 2033;17691-94.

[32] Maurin A, Varatharajan S, Colasson B, Rein&udA water-soluble calix[4]arene-based
ligand for the selective linear coordination andbgization of copper(l) ion in aerobic

conditions. Org Lett 2014;16:5426-29.

26



[33] Li H, Fahrenbach AC, Coskun A, Zhu Z, ZhaoBftros YY, Sauvage JP, Stoddart JF. A
light-stimulated molecular switch driven by radieadical interactions in water. Angew Chem

Int Ed 2011;50:6782-88.

[34] Fang L, Basu S, Sue CH, Fahrenbach AC, StodilarSyntheses and dynamics of donor-

acceptor [2] catenanes in water. J Am Chem Soc;2831396-9.

[35] Coskun A, Spruell JM, Barin G, Dichtel WR, Btb AH, Botros YY, Stoddart JF. High

hopes: Can molecular electronics realise its p@tén€hem Soc Rev 2012;41:4827-59.

[36] Coskun A, Banaszak M, Astumian RD, Stoddart GFzybowski BA. Great expectations:

can artificial molecular machines deliver on ti@iomise? Chem Soc R012;41:1930.

[37] Hong Y, Lam JWY, Tang BZ. Aggregation-inducesimission. Chem Soc Rev

2011;40:5361-88.

[38] Lee H, Noh TH, Jung O-S. Halogen effects ontpluminescence and catalytic properties:

a series of spatially arranged trimetallic zincdmplexes. Dalton Trans 2014;43:3842-49.

[39] Liu J, Xu Y, Li X, Tian H. Synthesis and chateristics of a novel pseudorotaxane with the

diarylethene as the functional stopper. Dyes Pig08276:294-8.

[40] Luo J, Xie Z, Lam JWY, Cheng L, Qiu C, Kwok H3han X, Liu D, Zhu D, Tang BZ.
Aggregation-induced emission of 1-Methyl-1,2,3,B@&ataphenylsilole. Chem Commun

2001;18174G-1.

27



[41] Liang G, Lam JWY, Qin W, Li J, Tang BZ. Moldeun luminogens based on restriction of
intramolecular motions through host—guest inclusifum cell imaging. Chem Commun

2014;50:1725-27.

[42] Zhao Z, Deng C, Chen S, Lam JWY, Qin W, LW¥ang Z, Kwok HS, Ma Y, Qiu H, Tang
BZ. Full emission color tuning in luminogens consted from tetraphenylethene, benzo-2,1,3-

thiadiazole and thiophene building blocks. Chem Gmm 2011;47:8847-49.

[43] Upamali KAN, Estrada LA, Neckers DC. Selectidetection of Cr(VI) in agueous media

by carbazole-based fluorescent organic microcrysfatal Methods 2011;3:2469-71.

[44] Wei T, Zhang P, Shi B, Chen P, Lin Q, Liu haig Y. A highly selective chemosensor for
colorimetric detection of P& and fluorescence turn-on response of>ZrDyes Pigm

2013;97:297-02.

[45] Zhang X, Chi Z, Li H, Xu B, Li X, Zhou W, Li&, Zhang Y, Xu J. Piezofluorochromism of
an aggregation-induced emission compound derivenh fetraphenylethyleneChem Asian J

2011;6:808-11.

[46] Wang J, Mei J, Yuan WZ, Lu P, Qin A, Sun J, Ma Tang BZ. Hyperbranched
polytriazoles with high molecular compressibilityAggregation-induced emission and

superamplified explosive detection. J Mater Cherh1221:4056-59.

[47] Zhou J, He B, Chen B, Lu P, Sung HHY, Williati} Qin A, Qiu H, Zhao Z, Tang BZ.
Deep blue fluorescent 2,5-bis(phenylsilyl)-subs#itli3,4- diphenylsiloles: Synthesis, structure

and aggregation-induced emission. Dyes Pigm 20152995.

28



[48] Lin WL, Cao LZ, Feng J. A cell-permeable flescent prochelator responds to hydrogen

peroxide and metal ions by decreasing fluorescehaal. Chim Acta 2009;634:262—6.

[49] Raju MVR, Lin H-C. A novel diketopyrrolopyrrel (DPP)-based [2]rotaxane for highly

selective optical sensing of fluoride. Org Lett 2(15:1274—77.

[50] Dwivedi AK, Saikia G, lyer PK. Aqueous polyflteene probe for the detection and

estimation of F& and inorganic phosphate in blood serum. J MatenC2011;21:2502—07.

[51] Satapathy R, Wu Y-H, Lin H-C. Novel thieno-mizole based probe for colorimetric

detection of H§'and fluorescence turn-on response of'Z0rg Lett 2012;14:2564—67.

[52] Raju MVR, Lin H-C. Self-assembly of tetraphésthene-based [2]catenane driven by
acid—base-controllable molecular switching andeitsibled aggregation-induced emission. Org

Lett 2014;16:5564-67.

[53] Zhang X, Sato M, Sasahara M, Migita CT, Yoshif. Unique features of recombinant
heme oxygenase of Drosophila melanogaster compaitbdthose of other heme oxygenases

studied. Eur J Biochem 2004;271:1713-1724.

29



Schemes and List of Figures
Scheme 1(a) Synthesis route of stoppget and (b) final target rotaxariel.

Figure 1. (a) UV-vis absorption an¢b) PL spectra oR1 (25 puM) in 10% ag. solution, and 80%

ag. solution, HEPES (pH 7.4, 10 mM) in DMSO.

Figure 2. (a) Bar diagram depicting PL quenchingrif in 10% aq., HEPES (pH 7.4, 10 mM) in
DMSO with various metal ions. (b) UV spectra angRt spectra oR1 in above solution with
increasing concentration of ¥emetal ion. (d) Color changes BiL visible light and under UV
light in above solution. (e) PL spectra $1 in above solution with increasing concentration of

Fe** metal ion.

Figure 3. Decay patterns di1 in the absence and presence of fan in 10% aq., HEPES (pH

7.4, 10 mM) in DMSO.

Figure 4. '"H NMR titrations of R1 in acetone-glupon the addition of 0-1.0 eq. Feion

concentration.

Figure 5. PL titration spectra oR1 in the presence of Hemin in 10% aq., HEPES (pH T4

mM) in DMSO.

Figure 6.Decay patterns dR1 in the absence and presence of Hemin in 10% &PB%$ (pH

7.4, 10 mM) in DMSO.

Figure 7. '"H NMR titrations of R1 in DMSO-& upon the addition of 0-1.0 eqg. Hemin

concentration.
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Figure 8. PL spectral changes &1+Hemin in the presence of sodium ascorbate in 1% a

HEPES (pH 7.4, 10 mM) in DMSO.
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Figure 1. (a) UV-vis absorption an¢b) PL spectra oR1 (25 uM) in 10% aq. solution, and 80%

ag. solution, HEPES (pH 7.4, 10 mM) in DMSO.
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Figure 3. Decay patterns dR1 in the absence and presence of fan in 10% aq., HEPES (pH

7.4, 10 mM) in DMSO.

35



®

T o ST T ” T
: y

R1+0.75eq. Fe¥* _.*/\__./J‘\_A/\W\

R1+0.50 eq. Fe3* __j':\_ i A/\ A_A_/\__JML/\.J‘""\
o :

R1+0.25 eq. Fe¥ —/\__ AJ-\ JU’\__»'\_JU_A

RI J‘«_HH__}‘LJL_, L AJLJM

Figure 4 'H NMR titrations of R1 in acetone-g upon addition of 0-1.0 eq. Feion

concentration.

36



600
10% ag. solution(HEPES
5000 0 equiv.
/T 3.5
3. 3.0
5, 40004 29 _
b 320 //
- — 1.5
& 30001 10
GJ 2 4 6 8 10 12 14
-IE Fe3tim]
: 20004 v0.6 equiv. of Hemin
o
10004

T v T v T

400 450 500
Wavelength (nm)
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Table 1. Time-resolved fluorescence decay constanvglues ofR1 in the presence of Eeion

in 10% ag., and 80% aq. HEPES (pH 7.4, 10 mM) in90M

T (nS) R1(10% ag.) |R1(10% aq.) HR1(80% aq.) |R1l (80 % ag.)
Fe** + Fet

T1 1.78 ns 0.83 ns 4.70 ns 5.05ns

11 % 13.23 % 47.97 % 48.34 % 41.90 %

T2 0.24 ns 0.13 ns 1.40ns 1.76 ns

12 % 86.72 % 57.03 % 51.66 % 58.10 %
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Table 2. Time-resolved fluorescence decay constamglues ofR1 in the presence of Hemin in

10% ag., HEPES (pH 7.4, 10 mM) in DMSO.

T (nS) R1 (10% aqg.) R1 (10% ag.) + Hemin
T1 1.78 ns 1.31ns

1 % 13.23 % 11.59 %

T2 0.24 ns 0.22ns

T2 % 86.72 % 88.41 %
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Graphical Abstract:

10% aq. system

P

401 nm

80% aq. system
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Highlights
« This rotaxane is selective and sensitive fof Bad Hemin in semi-ag. media.
« The interaction of the synthesized rotaxane towhieisin is superior to F&ion.

* Transformation of Hemin into Heme is also probedhsjr interactions with rotaxane.
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1. HRMS spectra of R1

Analysis Info Acquisition Date  3/26/2014 4:00:41 PM
Analysis Name  D:\Data\NCTU SERVICE\Data\20140326\R-1 1753_GA2_01_898.d

Method MWE00-3000.m Operator NCTU

Sample Name R-1 1753 Instrument  impact HD 1819696.00164
Comment

Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 1.0 Bar
Focus Active Set Capillary 4500 vV Set Dry Heater 200 =C
Scan Begin 50 miz Set End Plate Offset -500 v Set Dry Gas 6.0 I/min
Scan End 3000 m/z Set Charging Voltage 2000V Set Divert Valve Waste
Set Corona 0 nA Set APCI Heater 0°C
Intens. +MS, 0.8min #48)
1756{5599
12001
1000+
800+

6009 17404979

1780.5587
17495181

17667255 1772.7251 1776.3894

0 ™
1756.5435

1

500

400+

3004

200-

1004

740 T 17a5 1750 1760 1765 770 4775 1780  miz
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HRMS spectra of axle S1

Analysis Info

Acquisition Date  3/26/2014 4:05:00 PM

Analysis Name  D:\Data\NCTU SERVICE\Data\20140326\S-1 1218_GA3_01_899.d

Method MWB00-3000.m Operator NCTU
Sample Name S-11218 Instrument  impact HD 1819696.00164
Comment

Acquisition Parameter

Source Type ESI lon Palarity Pasitive Set Nebulizer 1.0 Bar
Focus Active Set Capillary 4500 v Set Dry Heater 200°C
Scan Begin 50 miz Set End Plate Offset -500 v Set Dry Gas 6.0 I/min
Scan End 3000 miz Set Charging Voltage 2000 V Set Divert Valve Waste
Set Corona 0nA Set APCI Heater 0°C
Intens, +MS, 1.1min #61]
x104
1.0
1221.3090

0.81

0.6

0.4

1243.2893
0.2

1192.7874

1208.9027 1260.7617

o0b

5000+

4000+

3000+

2000+

1000

1+
1221.3107

R

!

1190

1200 1210 1220 1230 1240 1250 1260 1270 miz
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HRMS spectra of compound-2

Display Report

Analysis Info Acquisition Date  3/11/2016 12:09:21 PM
Analysis Name  D:\Data\nctu service\data'2016120160311\2 ESI+_RA3_01_9074.d

Method Small molecule.m Operator NCTU

Sample Name 2ESI+ Instrument  impact HD 1819696.00164
Comment

Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 1.0 Bar

Focus Active Set Capillary 4500 vV Set Dry Heater 200 °C

Scan Begin 50 miz Set End Plate Offset -500 v Set Dry Gas 6.0 I/min

Scan End 1500 m/z Set Charging Voltage 2000V Set Divert Valve Waste
Set Corona 0 nA Set APCI Heater 0°C

Intens. 2 ES+_RA3_01_9074.d: +MS, 0.6min #34
%106 591.0473

2.09

1.5

0.5
3383415

158.9634 l
0.0 L I RN B L

200 400 ' 600 ' 800 ' 1000 1200 1400 miz

Intens. 1 +MS, 0.6min #34
x106 591.0473

2.0

1.51

589.0490 593.0457
1.01

592.0504
0.57 590.0520 594.0482
| 595.0505

X?O%- 1+ CagH23Br2N;0, 589.0485
591.0466

1.0

0.8
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593.0452

1+
0.6 589.0485
{ 1+ H
552.0497 !
! o
594.0479

0.4 i 1
021 seo.losr: : .
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0.0 : : ; .
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HRMS spectra of compound-5

Display Report

Analysis Info Acquisition Date  3/11/2016 12:13:40 PM
Analysis Name  D:\Data\nctu service\data\2016\20160311\5 ESI+_RA4_01_9075.d

Method Small molecule.m Operator NCTU

Sample Name 5ESI+ Instrument  impact HD 1819696.00164
Comment

Acquisition Parameter

Source Type ESI lon Polanty Pasitive Set Nebulizer 1.0 Bar
Focus Active Set Capillary 4500 V Set Dry Heater 200 °C
Scan Begin 50 m/z Set End Plate Offset -500 v Set Dry Gas 6.0 I/min
Scan End 1500 m/z Set Charging Voltage 2000 v Set Divert Valve Waste
Set Corona 0nA Set APCI Heater 0°C
Intens. 5 ESI+_RA4_01_9075.d: +MS, 0.6min #36
x108
6 631.2705
5_
44
3_
2.
467.2071
11
338.3408
o SN U VR PO N .
200 400 600 800 1000 1200 1400 miz
Intens. +MS, 0.6min #36
x1063 631.2705
5.
4_
3 632.2739
2_
13 633.2768
A 634.2791
x1 0% 1+ CaHasNaO3, 631.2704
61 631.2704
i
1
: |
4 ]
1 1+
39 ; 632.2736
1
2] | ;
1+
1 i ; 633.2766 1+
0 i i i 634.2795
630 631 632 633 634 635 636 miz
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HRMS spectra of compound-6

Display Report

Analysis Info Acquisition Date  3/11/2016 12:17:56 PM
Analysis Name  D:\Data\nctu service\data\2016\20160311\6 ESI+_RA5_01_9076.d

Method Small molecule.m Operator NCTU

Sample Name 6 ESI+ Instrument  impact HD 1819696.00164
Comment

Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 1.0 Bar
Focus Active Set Capillary 4500 V Set Dry Heater 200 °C
Scan Begin S0 m/z Set End Plate Offset -500 vV Set Dry Gas 6.0 I/min
Scan End 1500 m/z Set Charging Voltage 2000 v Set Divert Valve Waste
Set Corona 0nA Set APCI Heater 0°C
Intens. 6 ESl+ RAS5 01 9076.d: +MS, 0.6min #35]
x106
631,2720
1.0
0.8
0.6
0.4
3383418
0.24
226.9516
12835189
0.0 L jm.ni;nll.uxll.l L L o " - . . | .
200 400 600 800 1000 1200 1400 m/z
Intens. +MS, 0.6min #35
x104
1283.5189
3_
2.
1 4
1255 1260 1265 1270 1275 1280 1285 1290 m/z
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HRMS spectra of compound-7

Display Report

Analysis Info
Analysis Name

Acquisition Date

D:\Data\nctu service\data\2016'20160311\7 ESI+_RA8_01_9079.d

3/11/2016 12:30:43 PM

Method MW600-3000.m Operator NCTU
Sample Name 7 ESl+ Instrument  impact HD 1819696.00164
Comment
Acquisition Parameter
Source Type ESI lon Polarty Pasitive Set Nebulizer 1.0 Bar
Focus Active Set Capillary 4500 V Set Dry Heater 200 °C
Scan Beqgin 50 miz Set End Plate Offset -500 v Set Dry Gas 6.0 I/min
Scan End 3000 m/z Set Charging Voltage 2000V Set Divert Valve Waste
Set Corona 0nA Set APCI Heater 0°C
Intens. 7 ESI+_RA6_01_9079.d: +MS, 0.7min #38
%109 1862.3973
6.
4.
21 931.7172
sss.ﬁlsa 1221.3107 i
0 t R TRVEY TP P Y + i PR . . . . . ‘u " , .
500 1000 1500 2000 2500 mlz
Intens. +MS, 0.7min #38|
X105 1860.3974 18623973
%] 1863.3988
1859.3984 1864.3980
4,
1858.3978 1865.3987
21 18573985 e oo
1856.3964 J 0
0 A N A A
1+ 1+ CiooHa:BraNgOyPdy, M+nH, 1858.4312,
20001 1860.4327 18624327
1+
1863.4342
] 1+ +
1500 1859,4335 1864.4336
1+ 1+
1000+ 1858.4330 1865.4346
1+
3571:1337 1866.4349
500 14857, 1867.4358
1856,4321]\ A
1852.5 1855.0 1857.5 1860.0 1862.5 1865.0 1867.5 1870.0 1872.5 miz
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2D 'H-'H COSY NMR spectrum of rotaxane R1 in CDC}
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Figure S1."H-NMR titration spectra of axI81in CDCk with the increment of Bé metal ion.
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Figure S2.'H-NMR titration spectra oR1 in acetoneds with the increment of B& metal ion.

53



204 .

15+

[any

o
[

u

Intensity

O

——r—— T
0.30 0.32 0.34 0.36 0.38 0.40 0.42 0.44 0.46 0.48 0.50

[R1/[R1]+ Fe3*

Figure S3.Job’s plot ofR1 indicating a 1:1 stoichiometry betweBd and F&" (CrgBiom. Chem, 2013,

11, 765-772)

54



600

80% water

40004 25% to 80%

of water

2000«
R1 (0-20%)
of water j

PL Intensity (a.u)

Wavelength(nm)

Figure S4.PL spectra oR1 with increasing water fraction (from 25% to 80%).
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Figure S8.PL titration spectra dR1 (25 pM) with Hemin (50 pM) in 80% of aq. (aggresht
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Figure S10.PL titration spectra of the combination $1 (25 uM) + macro-cyclC (25 uM)
in a molar ratio of 1:1 with P& (0-75 pM) in 10% of aq., HEPES pH 7.4, 10 mM in B®I
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Figure S11.DLS measurements of particle sizes forRil) and (i) R1 + F€"*, (iii) Rlaggregate
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Figure S12.SEM images of (alR1 free and (bR1 in the presence of Femetal ion (1:1).
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Figure S13.Binding constant plot (connor method)R1 with F€* (i) and (i) and with Hemin
(i) and (iv) in the non-aggregated (10 % ag.) agdregated (80 % aq.) states, respectively.
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FTIR spectra :
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1H NMR and 13C NMR spectra of R1
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1H NMR and 13C NMR spectra of compound 1
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1H NMR and 13C NMR spectra of compound 2
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1H NMR and 13C NMR spectra of compound 3
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1H NMR and 13C NMR spectra of compound 4
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1H NMR and 13C NMR spectra of compound 5
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1H NMR and 13C NMR spectra of compound 6
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6

1H NMR spectra of R1 in Acetone (d)
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