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1. Introduction  
 

Organic luminescent materials have attracted significant 
attention due to their potential applications in optical 
recording,1, 2 lighting equipment,3-6 bioimaging,7-9 sensors10 
and so forth. However, weakening or quenching of the 
fluorescence emission always occurs in their concentrated 
solutions or during the formation of films, which is referred 
to as aggregation-caused quenching (ACQ) effect and limits 
the usage of traditional luminescent materials.11 In 2001,12 
Tang and co-workers firstly reported the aggregation-
induced emission (AIE) phenomenon that is opposite to 
ACQ. With the enhanced luminescence emission and 
quantum yields in the solid state or in the aggregate form, 
much effort has been devoted to develop AIE luminogens. 
And a series of archetypal AIE luminogens, such as 
hexaphenylsilole (HPS),13 tetraphenylethylene (TPE),14 
biphenyl,15 tetraphenylpyrazine (TPP)16 and tetraphenyl-1,4-
butadiene (TPBD),17 arylbenzene, arylethene18 etc. have 
been explored. Terpyridine (tpy) and its derivatives are 
well-investigated ligands for transition metal ions and can 
produce highly stable complexes with fascinating optical, 
electronic, and magnetic properties.19-22

 Recently, 

terpyridine-Zn2+ complexes exhibiting efficient 
intramolecular charge transfer have been explored as novel 
metal based AIE active luminogen.23-26 Tian and coworkers 
exhibited that the bare organic terpyridine can also act as 
AIE active luminogen.27 The AIE properties of terpyridine 
and its derivatives are attracting increasing interest from 
various research fields.28-31 

Bile acids are a class of natural occurring compounds 
with unique concave rigid skeleton, fascinating facial 
amphiphilicity, and excellent biological compatibility.32 By 
combining with bile acid skeleton, a series of functional 
chemical systems, such as adaptable foldamers,33-35 
supramolecular assemblies,36-43 shape-memory polymers,44 
elastomer-like materials,45 molecular necklace,46 and 
superchiral coordination complexes47 have been constructed. 
And bile acid skeleton exhibited excellent structure 
controllable and tunable abilities.  

In this paper, a series of conjugates combing bile acid and 
terpyridine units were developed. It is demonstrated that the 
two fragments can retain their respective properties well and 
endow the conjugates with new properties. The three 
conjugates CAtpy, DCAtpy, and LCAtpy (Scheme 1) 
exhibit similar optical properties in different solvents, such 
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as MeOH, CH2Cl2, THF, and DMF. While the solvent 
polarity can affect the position and intensity of their 
fluorescence emission peak. For example, the fluorescence 
emission of the three compounds is quenched in MeOH and 
shows strong emission at about 450 nm in THF. This 
phenomenon might be attributed to twisted intramolecular 
charge transfer (TICT) state with a strong dependence on 
the solvent polarity. Because of bile acid fragment 
possessing the unique rigid skeleton and excellent 
amphiphilicity, the aggregation properties of three 
conjugates are finely regulated and the resulted aggregates 
can strongly confine and tune the rotation of terpyridine 
units to endow the conjugates excellent AIE properties. 
Furthermore, with the excellent metal coordination 
properties, terpyridine units endow the conjugates with 
excellent metal response properties, thus leading to various 
colourful complexes. And the supramolecular assembly 
morphology can also be well controlled by the metal ions. 
These biological conjugates with controllable AIE 
properties and metal tunable fluorescence and 
supramolecular assembly properties may provide a new 
avenue for the bioimaging and drug controllable delivery 
system. 

 
 
Scheme 1.  Synthetic routes of CAtpy, DCAtpy, LCAtpy and 
HAtpy. 

2. Experimental  

2.1 General information 

All the chemicals were used as received without further 
purification unless were specifically stated. 4-
Bromobenzaldehyde, 2-acetylpyridine, hexanoic acid (HA), 
N-Hydroxybenzotriazole (HOBt), N,N-
diisopropylethylamine (DIEA), O-benzotriazole-N,N,N',N'-
tetramethyl-uronium-hexafluorophosphate (HBTU), cuprous 
chloride and metal ions were purchased from Energy 
Chemical Technology Co. Ltd. (Shanghai). The cuprous 
chloride was washed with acetic acid and ethyl ether until 
the solid turned white. Cholic acid (CA), deoxycholic acid 
(DCA), and lithocholic acid (LCA) were purchased from 
Aladdin Industrial Corporation. All the solvents 
(analytically pure) were obtained from Sinopharm Chemical 
Reagent Company. Column chromatography was performed 

with Aluminium oxide neutral (200-300 mesh FCP) with the 
solvent mixtures specified in the corresponding experiment.  

1H and 13C NMR were recorded on a BRUKER 
AVANCE III HD 500 MHz spectrometer (Central 
Laboratory of QAU). Electrospray ionization mass 
spectrometry (ESI-MS) was measured on a Bruker 
ESQUIRE-LC spectrometer in positive or negative mode. 
High-resolution electrospray ionization mass spectrometry 
(HRMS) was measured using quadrupole time-of-flight (Q-
TOF) as mass analyzer. The UV-Vis absorption spectra 
were recorded on a Hitachi U-3900 Spectrophotometer 
(Tokyo, Japan) using 10 mm path length quartz cuvettes. 
The fluorescence measurements were performed using F-
2700 FL Spectrophotometer (Tokyo, Japan) and the mission 
slit width was kept at 10 nm. Transmission electron 
microscopy (TEM) images were collected on an HT7700 
transmission electron microscope (Central Laboratory of 
QAU). The dynamic diameters of aggregates were measured 
by dynamic light scattering (DLS) using Zetasizer Nano 
ZSE system (Malvern). 

2.2 Synthesis of 4'-(4-bromophenyl)-2,2':6',2''-terpyridine 
(compound 1) 

To a 120 mL MeOH solution of 4-bromobenzaldehyde 
(1000 mg, 5.40 mmol) was added 2-acetylpyridine (1310 
mg, 10.80 mmol), NaOH (220 mg, 5.40 mmol), and 30 mL 
concentrated NH4OH (aq.). The reaction mixture was 
refluxed for 12 h. The oil-bath was then removed, and the 
reaction mixture was cooled to room temperature. The slight 
yellow precipitate was filtered and washed sequentially with 
deionized H2O and MeOH. The precipitate collected from 
the filtration was purified by column chromatography with 
aluminium oxide neutral (CH2Cl2:MeOH = 1:1) to give 
target product as white powder. Yield: 37%. 1H NMR (500 
MHz, CDCl3): δ = 8.73 (d, J = 5.0 Hz, 2H, terpyridine 3, 3”-
H), 8.70 (s, 2H, terpyridine 3’, 5’-H), 8.67 (d, J = 8.0 Hz, 
2H, terpyridine 6, 6”-H), 7.86-7.90 (t×d, J1 = 8.0 Hz, J2 = 
1.5 Hz, 2H, terpyridine 4, 4”-H), 7.78 (d, J = 8.5 Hz, 2H, 
bromophenyl H), 7.64 (d, J = 8.5 Hz, 2H, bromophenyl H), 
7.35-7.37 (t×d, J1 = 5.0 Hz, J2 = 1.5 Hz, 2H, terpyridine 5, 
5”-H). 13C NMR (125 MHz, CDCl3): δ = 156.05, 156.01, 
149.12, 149.01, 137.36, 136.92, 132.09, 128.87, 123.94, 
123.47, 121.39, 118.53. HRMS (ESI), m/z calcd for 
[C21H14BrN3+H]+ = 388.0449, 390.0429, found 388.0436, 
390.0426. 

2.3 Synthesis of 4'-(4-N-aminoethylene phenyl)-2,2':6',2''-
terpyridine (compound 2) 

To ethylenediamine (0.2 mL, 3 mmol) solution of 4'-(4-
bromophenyl)-2,2':6',2''-terpyridine (388 mg, 1 mmol) was 
added KOH (112 mg, 2 mmol) and CuCl (40 mg, 0.1 mmol) 
under N2 atmosphere. Then the reaction tube was sealed and 
the mixture was refluxed for 48 h, during which the colour 
of solution turned yellow. The refluxed solution was cooled 
to room temperature. Afterwards, water was added and the 
yellow solid was obtained, which was filtered under reduced 
pressure and purified by column chromatography with 
aluminium oxide neutral (CH2Cl2:MeOH = 10:1) to give 
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target product. Yield: 95%. 1H NMR (500 MHz, CDCl3): δ 
= 8.73 (d, J = 4.0 Hz, 2H, terpyridine 3, 3”-H), 8.69 (s, 2H, 
terpyridine 3’, 5’-H), 8.66 (d, J = 8.0 Hz, 2H, terpyridine 6, 
6”-H), 7.87 (t, J = 8.0 Hz, 2H, terpyridine 4, 4”-H), 7.82 (d, 
J = 8.0 Hz, 2H, phenyl H), 7.34 (t, J = 6.0 Hz, 2H, 
terpyridine 5, 5”-H), 6.75 (d, J = 7.5 Hz, 2H, phenyl H), 
4.32 (br, 1H, phenyl-NH), 3.28 (m, 2H, phenyl-NH-CH2), 
3.01 (t, J = 6.0 Hz, 2H, CH2-NH2), 1.56 (br, 2H, NH2). 

13C 
NMR (125 MHz, CDCl3): δ = 156.64, 155.71, 150.03, 
149.37, 149.08, 136.81, 128.33, 126.80, 123.65, 121.37, 
117.57, 112.99, 46.25, 41.13. HRMS (ESI), m/z calcd for 
[C23H21N5-H] - = 366.1718, found 366.1724. 

2.4 Synthesis of bile acid-terpyridine conjugates and the 
reference compound 

Compound 2 (367 mg, 1 mmol) and bile acid or hexanoic 
acid (1 mmol), were added into the solution of HOBT (135 
mg, 1 mmol), HBTU (379 mg, 1 mmol) and DIEA (192 mg, 
1 mmol) in DMF (10 mL). The mixture was stirred at room 
temperature for 12 h. Then water was added and yellow 
solid was obtained, which was filtered under reduced 
pressure and purified by column chromatography with 
aluminium oxide neutral (CH2Cl2:MeOH = 20:1) to give 
target product as yellow solid. Yield: 30%. 

Cholic acid-terpyridine conjugate (CAtpy): 1H NMR (500 
MHz, CDCl3): δ = 8.72 (d, J = 4.0 Hz, 2H, terpyridine 3, 3”-
H), 8.66 (s, 2H, terpyridine 3’, 5’-H), 8.64 (d, J = 8.0 Hz, 
2H, terpyridine 6, 6”-H), 7.85-7.89 (m, 2H, terpyridine 4, 
4”-H), 7.81 (d, J = 8.5 Hz, 2H, phenyl H), 7.33-7.36 (m, 2H, 
terpyridine 5, 5”-H), 6.72 (d, J = 9.0 Hz, 2H, phenyl H), 
3.91 (br, 1H, 12β-CH), 3.74 (br, 1H, 7β-CH), 3.54 (m, 2H, 
phenyl-NH-CH2), 3.43 (br, 1H, 3β-CH), 3.36 (m, 2H, CH2-
NH), 0.95-2.35 (m, 24H, steroidal skeleton and alkyl H), 
0.92 (d, J = 6.0 Hz, 3H, 21-CH3), 0.82 (s, 3H, 19-CH3), 0.60 
(s, 3H, 18-CH3). 

13C NMR (125 MHz, CDCl3): δ = 175.38, 
156.58, 155.60, 150.07, 149.48, 149.00, 136.98, 128.32, 
126.21, 123.75, 121.54, 117.52, 112.74, 73.13, 71.95, 68.33, 
46.30, 45.88, 43.99, 41.67, 41.50, 39.69, 39.34, 39.05, 35.34, 
35.04, 34.72, 32.34, 31.48, 30.57, 28.16, 27.55, 26.39, 23.25, 
22.39, 17.45, 12.39. HRMS (ESI), m/z calcd for 
[C47H59N5O4+H]+ = 758.4645, found 758.4640. 

Deoxycholic acid-terpyridine conjugate (DCAtpy): 1H 
NMR (500 MHz, CD3OD): δ = 8.70 (d, J = 4.0 Hz, 2H, 
terpyridine 3, 3”-H), 8.65 (d, J = 8.0 Hz, 2H, terpyridine 6, 
6”-H), 8.61 (s, 2H, terpyridine 3’, 5’-H), 7.99-8.02 (t, J = 
7.5 Hz, 2H, terpyridine 4, 4”-H), 7.80 (d, J = 7.5 Hz, 2H, 
phenyl H), 7.49 (m, 2H, terpyridine 5, 5”-H), 6.80 (d, J = 
7.5 Hz, 2H, phenyl H), 4.59 (br, 1H, 12-OH), 3.95 (br, 1H, 
3-OH), 3.85 (br, 1H, 12β-CH), 3.53 (br, 1H, 3β-CH), 3.25-
3.50 (m, 4H, phenyl-NH-CH2-CH2), 0.80-2.35 (m, 27H, 
steroidal skeleton and alkyl H), 0.77 (s, 3H, 19-CH3), 0.52 (s, 
3H, 18-CH3). 

13C NMR (125 MHz, CDCl3): δ = 175.02, 
156.57, 155.65, 149.88, 149.38, 149.03, 136.99, 128.35, 
126.38, 123.76, 121.54, 117.57, 112.72, 73.09, 71.76, 48.04, 
46.55, 46.47, 44.18, 42.05, 39.27, 36.49, 35.96, 35.21, 34.15, 
33.65, 33.03, 31.45, 30.33, 29.72, 28.66, 27.60, 27.14, 26.06, 
23.72, 23.17, 17.45, 12.65. HRMS (ESI), m/z calcd for 
[C47H59N5O3+H]+ = 742.4696, found 742.4690. 

Lithocholic acid-terpyridine conjugate (LCAtpy): 1H 
NMR (500 MHz, CDCl3): δ = 8.73 (d, J = 4.0 Hz, 2H, 
terpyridine 3, 3”-H), 8.69 (s, 2H, terpyridine 3’, 5’-H), 8.66 
(d, J = 8.0 Hz, 2H, terpyridine 6, 6”-H), 7.85-7.89 (t×d, J1 = 
7.5 Hz, J2 = 2.0 Hz, 2H, terpyridine 4, 4”-H), 7.83 (d, J = 
8.5 Hz, 2H, phenyl H), 7.34 (m, 2H, terpyridine 5, 5”-H), 
6.72 (d, J = 8.5 Hz, 2H, phenyl H), 5.78 (m, 1H, CONH), 
4.41 (m, 1H, phenyl-NH), 3.63 (m, 1H, 3β-CH), 3.57 (m, 
2H, phenyl-NH-CH2), 3.56 (m, 2H, CONH), 0.93-2.35 (m, 
24H, steroidal skeleton and alkyl H), 0.91 (d, J = 6.5 Hz, 3H, 
21-CH3), 0.88 (s, 3H, 19-CH3), 0.60 (s, 3H, 18-CH3). 

13C 
NMR (125 MHz, CDCl3): δ = 174.73, 156.63, 155.72, 
149.92, 149.11, 149.05, 136.82, 128.35, 126.86, 123.65, 
121.41, 117.57, 112.75, 71.85, 56.43, 55.90, 44.34, 42.73, 
42.10, 40.41, 40.16, 39.22, 36.51, 35.82, 35.46, 35.36, 34.56, 
33.53, 31.70, 30.54, 28.28, 27.18, 26.35, 24.19, 23.35, 20.80, 
18.40, 12.00. HRMS (ESI), m/z calcd for [C47H59N5O2+H]+ 
= 726.4747, found 726.4741. 

Hexanoic acid-terpyridine conjugate (HAtpy): 1H NMR 
(500 MHz, CDCl3): δ = 8.72 (d, J = 4.0 Hz, 2H, terpyridine 
3, 3”-H), 8.67 (s, 2H, terpyridine 3’, 5’-H), 8.65 (d, J = 8.0 
Hz, 2H, terpyridine 6, 6”-H), 7.84-7.88 (t×d, J1 = 7.0 Hz, J2 
= 1.5 Hz, 2H, terpyridine 4, 4”-H), 7.78 (d, J = 8.5 Hz, 2H, 
phenyl H), 7.34 (m, 2H, terpyridine 5, 5”-H), 6.68 (d, J = 
8.5 Hz, 2H, phenyl H), 6.03 (m, 1H, CONH), 4.48 (br, 1H, 
phenyl-NH), 3.51 (m, 2H, phenyl-NH-CH2), 3.30 (m, 2H, 
CONH), 2.15 (t, J = 7.5 Hz, 2H, CH2CO), 1.61 (m, 2H, 
alkyl CH2), 1.23-1.34 (m, 4H, alkyl CH2), 0.86 ((t, J = 8.0 
Hz, 3H, -CH3). 

13C NMR (125 MHz, CDCl3): δ = 174.36, 
156.58, 155.72, 149.97, 149.06, 136.87, 128.32, 126.76, 
123.71, 121.42, 117.53, 115.25, 112.74, 44.28, 39.04, 36.68, 
31.46, 25.39, 22.41, 13.95. HRMS (ESI), m/z calcd for 
[C29H31N5O+H]+ = 466.2606, found 466.2601. 

2.5 Fluorescence quantum yield determination 

The relative quantum yields (φ) of bile acid-terpyridine 
conjugates were determined by using quinine sulfate 
dehydrate dissolved in 0.1 M H2SO4 (φ= 54% at 350 nm) as 
a reference according to the following equation:48  
φc = φref × (Ic / I ref) × (Aref / Ac) (ηc / ηref)

2 
where φ is the fluorescence quantum yield, I represents the 
measured integrated fluorescence intensity, and A denotes 
the optical intensity, and η is the refractive index of the 
solution. The subscript “c” and “ref” refer to the tested 
conjugates and reference fluorophore of known quantum 
yield. To minimize the reabsorption effects, the 
absorbencies of all the samples in 10 mm cuvette were kept 
under 0.1 at the excitation wavelength (360 nm). 

2.6 Metal tunable optical studies 

The optical response was performed at 25 oC by 
dissolving CAtpy, DCAtpy, or LCAtpy (3 × 10-4 M) in 
MeOH/H2O (1/4, v/v) and adding a 1.5 × 10-4 M solution of 
metal ions in H2O. The metal ions and bile acid conjugates 
were fully complexed for 2 h, then UV-Vis and fluorescence 
spectra were recorded. The chosen metal ions were 
Cu(ClO4)2∙6H2O, Mg(ClO4)2, Co(ClO4)2∙6H2O, 
Cd(ClO4)2∙6H2O, Mn(ClO4)2∙6H2O, Al(ClO4)3∙9H2O, 
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Zn(ClO4)2∙6H2O, Ni(ClO4)2∙6H2O, Tb(NO3)3∙6H2O, 
Eu(NO3)3∙6H2O, Fe(BF4)2∙6H2O, NaClO4, CaCl2, PdCl2. All 
emission spectra were recorded in the range of 390-700 nm 
after excitation at 360 nm. The slit size for excitation and 
emission wavelengths was 10 nm and a sealed quartz 
cuvette with a path length of a 1 cm was used.  

2.7 Supramolecular self-assembly 

CAtpy, DCAtpy, or LCAtpy (1 mg/mL) were dissolved in 
MeOH. Then the poor solvent H2O was added dropwise 
under ultrasonic radiation until the appearance of Tyndall 
effect. The self-assembly of metal complexes adopted the 
similar approach. 5 μL of the sample was dropped on the 
copper mesh, let stand for 3-5 minutes, and the filter paper 
was used to absorb excess solvent to obtain a TEM sample. 

3. Results and discussion 

3.1 Synthesis 

Scheme 1 displays the detailed synthetic routes of bile 
acid-terpyridine conjugates and the reference compound for 
control experiment. The bromophenyl substituted 
terpyridine was obtained by the reaction of 4-
bromobenzaldehyde and 2-acetylpyridine in the presence of 
NaOH and concentrated NH4OH in methanol. This 
intermediate was then treated with ethylenediamine in the 
presence of the catalyst CuCl, which resulted in the 
coupling reaction of the bromophenyl group with the amino 
group with relatively high yield (95%). Bile acid-terpyridine 
conjugates and the reference compound were obtained in 
one step amidation under a benign reaction condition. The 

intermediates and final products were fully characterized by 
1H, 13C NMR, as well as mass spectroscopy and satisfactory 
results were obtained. All the bile acid-terpyridine 
conjugates can be dissolved in MeOH, CH2Cl2, THF, DMF 
and are completely insoluble in water. 

3.2 Optical properties 

Terpyridine and its derivatives represent a class of 
important ligands with good luminescence properties. 
Therefore, the absorbance and fluorescence spectra of bile 
acid-terpyridine conjugates were firstly investigated in the 
above mentioned solvents with the concentration of 5×10−5 
M. As shown in Fig. 1a, the UV-Vis spectra of CAtpy 
display two absorption bands between 280 and 350 nm in 
the tested solvents. The absorption band at around 290 nm, 
which may be assigned to π-π* transition of terpyridine unit, 
don’t show distinct difference in different polar solvents. 
While the band at longer wavelength, which may be 
ascribed to the intramolecular charge transfer (ICT) with 
ethylamino group as donor and terpyridine as acceptor, 
display apparent solvatochromism with changes in solvent 
polarity.49 And the absorption peaks are observed at 333, 
343, 343, and 348 nm in CH2Cl2, THF, MeOH, and DMF 
respectively (Fig. 1a, Table S1). For DCAtpy and LCAtpy, 
the similar absorption bands are obtained (Fig. 1b-1c, Table 
S2-S3). Upon excitation at 350 nm, the fluorescence spectra 
of CAtpy display strong emission at 450 nm and 458 nm in 
THF and CH2Cl2 respectively (Fig. 2a, Table S1). With 
increasing the solvent polarity, the fluorescence spectra 
exhibit red-shifted by ca. 50 nm to 503 nm in  

 
 

Fig. 1  UV-Vis spectra of CAtpy (a), DCAtpy (b) and LCAtpy (c) in different solvents. 

 
 
Fig. 2 Fluorescence spectra of CAtpy (a), DCAtpy (b) and LCAtpy (c) in different solvents; Insets: photographs taken under 365 
nm UV illumination. 



 DMF (Fig. 2a, Table S1). As in the polar protic solvent 
MeOH, the fluorescence intensity of CAtpy dramatically 
decreases (Fig. 2a). Photographs of CAtpy solutions taken 
under 365 nm UV illumination show bright blue emission in 
THF and CH2Cl2, green emission in DMF and non-luminous 
in MeOH (Fig. 2a inset). The quantum yield of CAtpy are 
33.50%, 15.80%, 15.75%, and 0.19% in CH2Cl2, THF, 
DMF and MeOH respectively (Table S1), which are in 
accordance with the fluorescence spectra of CAtpy. The 
distinguished difference of the emission phenomenon may 
be attributed to the twisted intramolecular charge transfer 
(TICT) state with a strong dependence on the solvent 
polarity.50 It is worth noting that the fluorescence emission 
of CAtpy in MeOH is obviously quenched, which may be 
originated from the nonradiative decay of the rapid rotation 
of the phenyl rings connected to the terpyridine moiety.14 
For DCAtpy and LCAtpy, the similar emission spectra, 
luminescent photographs and quantum yields to CAtpy are 
observed (Fig. 2b-2c, Table S2-S3). The similarity of the 
optical properties of the three bile acid-terpyridine 
conjugates demonstrates that the steroidal skeletons with 
different amphiphilicity have no obvious effect on the 
luminescent property of terpyridine unit. The two fragments 
can retain their respective unique properties.  

 3.3 Aggregation‑ induced emission (AIE) 

It is demonstrated that THF and MeOH are all good 
solvents for bile acid-terpyridine conjugates and the solution 
of three conjugates displayed distinctly different 
fluorescence phenomenon. So the polar protic and aprotic 
solvents are selected as the good solvents and water is used 
as poor solvent to study their AIE properties. Fluorescence 
spectra of the conjugates in THF-H2O mixtures by varying 

water percentage were firstly examined. All the three 
conjugates exhibit strong blue light emission at about 450 
nm in dilute THF solution (Fig. 3a-3c). Whereas the 
fluorescence intensity decreases sharply with the addition of 
water and the emission almost quenches with the water 
fraction (fw) up to 10% for all the conjugates. Obviously, all 
the three bile acid-terpyridine conjugates exhibit quenching 
effect in THF-H2O mixed solvents.  

Then the AIE properties of three conjugates were further 
studied in MeOH-H2O mixed solvents. As shown in Fig. S1-
S3, increasing the water contents from 0% to 99%, the 
absorption spectra exhibit red shifts from 343 nm, 341 nm, 
and 341 nm to 355 nm, 361 nm and 354 nm for CAtpy, 
DCAtpy and LCAtpy, respectively. The fluorescence 
spectra hardly change with the increasing of water amount 
to 50%. The solutes are keeping clear with no aggregates 
formation. As continuing increasing the water content to 
80%, the fluorescence intensities of three bile acid-
terpyridine conjugates drastically increase to maximum 
values with slightly blue shift. The fluorescence intensity of 
CAtpy, DCAtpy and LCAtpy increase by 13-fold, 30-fold, 
26-fold, respectively (Fig. 4). Correspondingly, the quantum 
yields of CAtpy, DCAtpy and LCAtpy also rise by 2-fold, 
21-fold, 19-fold respectively at fw = 80% (Table S1-S3). 
Photographs of the three conjugates solutions taken under 
365 nm UV illumination also show the distinct AIE 
phenomenon after increasing the water content to 50% (Fig. 
5). Furthermore, the fluorescence intensity of the three 
derivatives decreases when the water fraction is more than 
80% (Fig. 4 insets), which is probably due to the quick 
agglomeration of the conjugates in a random way and forms 
less emissive amorphous powders.51 

 
 

Fig. 3 Fluorescence spectra of CAtpy (a), DCAtpy (b) and LCAtpy (c) in THF-H2O mixtures with different H2O contents. 
 

 
 

Fig. 4 Fluorescence spectra of CAtpy (a), DCAtpy (b) and LCAtpy (c) in MeOH-H2O mixtures with different H2O contents. 
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Obviously, the three bile acid-terpyridine conjugates 

exhibit typical AIE properties in MeOH-H2O mixed 
solvents. This may be attributed to the formation of nano-
sized particles and the resulted restriction of intramolecular 
rotations (RIR) of the terpyridine rings in the aggregates 
enhance light emission.52-54 The formed aggregates at fw = 
80% were examined by transmission electron microscopic 
(TEM), which showed that CAtpy, DCAtpy and LCAtpy 
had spherical structures with diameters of around 400-500 
nm (Fig. 6). It is noteworthy that terpyridine and its 
derivatives represent a class of important metal chelating 
ligands with weakly luminescent (φem = 3 × 10−3). They are 
not typical traditional AIE active luminogens. Although 
some studies dealing with metal-terpyridine complexes with 
AIE properties as chemosensors,23, 25, 29, 31 only a few 
examples of terpyridine and its derivatives as active AIE 
luminogens have been reported in the literature.24, 27, 28 Bile 
acids are a class of natural occurring compounds with rigid 
steroidal skeleton and unique facial amphiphilicity. They 
can be excellent building blocks in supramolecular 
chemistry and can be designed as a variety of functional 
chemical systems.55-57 It is a pity that they possess no 
luminescence properties. The AIE origin of bile acid-
terpyridine conjugates stimulated our great interests. 
By carefully observing the AIE phenomenon in MeOH-H2O 
mixed solvents, it is found that the fluorescence intensity 
begins to enhance at different water contents for CAtpy, 
DCAtpy and LCAtpy. As shown in Scheme 1, the difference 
between CAtpy, DCAtpy and LCAtpy is the structure of 
bile acid skeleton connected to terpyridine unit. And the 
difference between CA, DCA and LCA is the number of 
hydroxyl group on steroidal skeleton, which decreases 
gradually and leads to the difference of amphiphilicity and 
self-assembly phenomenon of CA, DCA and LCA. 
Consequently, CAtpy, DCAtpy and LCAtpy exhibit 
different properties, resulting in the difference of AIE 
phenomenon. As shown by Fig. 4, the fluorescence intensity 
of CAtpy, DCAtpy, and LCAtpy begin to increase from fw = 
60%, 50%, and 40%, respectively. It is anticipated that the 
bile acid skeleton with excellent assembly properties can 
restrict the rotation of terpyridine unit thus resulting in the 
enhancement and difference of AIE properties. 
 

 

 
 
Fig. 5 Photographs of CAtpy (a), DCAtpy (b) and LCAtpy (c) 
in MeOH-H2O mixtures with different H2O contents taken 
under 365 nm UV illumination. 

In order to further investigate whether bile acid skeleton 
plays a key role in the generation of the AIE phenomenon, a 
linear hexanoic acid-terpyridine (HAtpy) conjugate as a 
reference compound was synthesised and the AIE properties 
were thoroughly investigated. As shown in Fig. 7, the 
fluorescence intensity of HAtpy in MeOH (at c.a. 502 nm) 
is very weak and the photograph under 365 nm shows no 
obvious emission (Fig. 8). As increasing the water content 
to 80%, the emission intensity begins to increase and 
reaches maximum value at fw = 99% with about 2-fold 
enhancement, which is in accordance with the photographs 
under 365 nm UV illumination (Fig. 8). It is revealed that 
HAtpy in MeOH-H2O also exhibits AIE properties. 
However, the enhancement of fluorescence intensity is 
much lower than that of bile acid-terpyridine conjugates, 
further indicating that the AIE phenomenon originates from 
the terpyridine unit and the bile acid unit with rigid steroidal 
skeleton and self-assembly properties can strengthen the 
AIE intensity, while the flexible hexanoic acid chain has 
little effect on the AIE intensity. 
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Fig. 6 TEM images of CAtpy (a), DCAtpy (b) and LCAtpy (c) in MeOH-H2O mixed solvents. 
 

 
Fig. 7 Fluorescence spectra of HAtpy in MeOH-H2O mixtures with 
different H2O contents. 
 

 
 
Fig. 8 Photographs of HAtpy in MeOH-H2O mixtures with 
different H2O contents taken under 365 nm UV illumination. 

3.4 Optical response to metal ions 

Terpyridine and its derivatives represent a class of 
important metal chelating unit. The response of the AIE 
aggregates of bile acid-terpyridine conjugates to different 
metal ions was further studied. The experiments were 
carried out using their nanoaggregates in MeOH-water 
mixture (1/4, v/v), which showed intensified fluorescence 
emission properties. Fig. 10 shows the fluorescence 
response of the nanoaggregates to various metal ions. For 
CAtpy, in the presence of Na+, Ca2+, Mg2+, Tb3+ and Eu3+ 
cations, the spectral patterns keep unchanged with the 
fluorescence intensity becomes weaker or slightly stronger. 
The corresponding emission colours under 365 nm are still 
blue-green without obvious change (Fig. 9). Al3+, Mn2+ and 
Pd2+ ions make the emission intensity decrease significantly. 
Cu2+ and group VIIIB metal cations (Fe3+, Co2+, Ni2+) 
efficiently quench the emission of CAtpy. Whereas, the 
addition of Zn2+ and Cd2+ to CAtpy aggregates causes the 
emission spectra to shift to the longer wavelengths with only 
weak fluorescence58 (Fig. 10a, 10d). The emission colour 

changes from bluish-green to yellow (Fig. 9a). It is 
conjectured that complexing with Zn2+ and Cd2+ can 
strengthen the electron-withdrawing ability of terpyridine 
and thus promotes the occurrence of the ICT process from 
the amino group to the terpyridine-Zn2+ moiety, thereby 
making the emission shift to the longer wavelength. The 
reduction of fluorescence intensity induced by Zn2+ and Cd2+ 
binding is often observed when the terpyridine unit is 
connected to the π-conjugated part. For DCAtpy and 
LCAtpy, the similar emission spectra and colour change are 
observed. The changes in the fluorescence intensity and the 
emission maximum (λmax) with various metal ions in MeOH-
H2O mixture (1/4, v/v) are summarized in Table S1-  

 

 
 
Fig. 9  Photographs of MeOH-water mixtures (1/4, v/v) of (a) 
CAtpy/cation, (b) DCAtpy/cation and (c) LCAtpy/cation mixtures 
taken under 365 nm UV illumination. 
S3. The λmax values of CAtpy, DCAtpy and LCAtpy are red-
shifted by ca. 90 nm, 82 nm, and 83 nm, respectively in the 
presence of Zn2+ ions. Cd2+ ions exert the similar bathochromic 
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shift under the same experimental conditions. The fluorophores 
also show yellow emission when complex with Zn2+ and Cd2+ 
cations (Fig. 9b-9c). 

The remarkable fluorescence and colour changes brought 
by Zn2+ and Cd2+ stimulate our interest to further investigate 
the properties of Zn2+ and Cd2+ complexes. Because CAtpy, 
DCAtpy and LCAtpy exhibit similar response behaviour to 
Zn2+ and Cd2+ cations, we will focus our discussion on the 
metal response property of CAtpy in the following 
investigation. Upon addition of Zn2+ to CAtpy in a mixed 
solvent of MeOH and H2O (1/4, v/v) as shown in Fig. S4a, 
the increase in the absorption peak at 420 nm is observed, 
while the band at 355 nm decreases, with the isosbestic 
point at 380 nm. The enhancement of absorption maximum 
at 420 nm is ascribed to CAtpy and Zn2+ coordinative 
interactions. The fluorescence titration of CAtpy with Zn2+ 
shows a gradual decrease in the emission intensity with 90 
nm red shift of the emission maxima (Fig. S6a, 463 nm to 
553 nm) and change in the emission spectra rapidly leveled 
off after addition of 0.5 equivalent of Zn2+ ions (Fig S6d). 
The fluorescence quantum yield slightly decreases (φ = 
0.30% to 0.21%) upon Zn2+ addition. The emission intensity 
also shows plateau with more than 0.5 equivalent of Zn2+. 
The coordination behaviour of CAtpy with Zn2+ is also 
confirmed using 1H NMR spectra. Upon addition of 0.5 
equivalent of Zn2+, the signals of terpyridine unit shift to 
downfield (Fig. S8). These facts obviously indicate that the 
formation of CAtpy-Zn2+ complex with a ratio of 2:1. The 
absorption and fluorescence titration of CAtpy with Cd2+, 
DCAtpy and LCAtpy with Zn2+ and Cd2+ show similar 
results with a little difference in the intensity of absorption 
and emission maxima , as shown in Fig. S4-S7. 

The above results indicate that CAtpy, DCAtpy and 
LCAtpy display the similar response to various metal ions 
and various colourful metal complexes are obtained. The 
difference in the steroidal skeleton cannot affect the metal 
response of terpyridine unit. 

3.5 Regulation of supramolecular morphology by metal ions 

Bile acid with rigid steroidal skeleton and amphiphilic 
molecular structure exhibits excellent self-assembly 
properties. A series of attractive morphologies, including 
nanocapsules, twisted ribbons, nanotubes, nanofibers and 
wrinkle structures etc. were constructed by bile acid 

derivatives. Thus, we further investigated the 
supramolecular morphology of bile acid-terpyridine 
conjugates in MeOH-H2O mixture with or without metal 
ions. As shown in Fig. 6a-c, spherical aggregates with 
average size around 400-500 nm are obtained for CAtpy, 
DCAtpy and LCAtpy. The complexation with Zn2+ and Cd2+ 
ions cannot alter the morphology of CAtpy, DCAtpy and 
LCAtpy, but exhibit excellent size tunability. Smaller 
spherical aggregates of average size 100-200 nm are 
obtained (Fig. 11, S9). 

4. Conclusions 

In summary, a series of bile acid-terpyridine conjugates 
were synthesized through simple amidation reaction. The 
bile acid skeleton with unique rigid skeleton and 
amiphiphilicity can tune the AIE properties of terpyridine 
units, making the three conjugates exhibiting distinct AIE 
phenomenon in MeOH-H2O solvents. Furthermore, with the 
metal chelating terpyridine units, the optical properties of 
the AIE bile acid-terpyridine conjugates can be tuned by 
different metal ions leading to colourful complexes. 
Especially by combining Zn2+ and Cd2+ ions, the emission 
maxima can red shift by 90 nm, resulting in the complexes 
with yellow light emission. The self-assembly property of 
amphiphilic bile acid skeleton can tune the terpyridine units 
to form spherical aggregates in MeOH-H2O solvents. And 
the self-assembly morphology size can be well-tuned by the 
complexation of metal ions. These biological conjugates 
with controllable AIE properties and metal tunable 
fluorescence and supramolecular assembly properties may 
provide a new avenue for the bioimaging and drug 
controllable delivery system. 
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Fig. 10 Fluorescence spectra of CAtpy (a), DCAtpy (b) and LCAtpy (c) in the presence of various cations in MeOH-water mixtures 
(1/4, v/v). Fluorescence response of nanoaggregates of CAtpy (d), DCAtpy (e) and LCAtpy (f) to cations. The x-axis and y-axis 
corresponds to the shift in the emission maximum (λmax) and the enhancement of fluorescence intensity as referred to the 
fluorescence spectra without metal ions. 

 
 

Fig. 11 Particle size distributions of CAtpyZn (a), DCAtpyZn (b) and LCAtpyZn (c) in MeOH-H2O mixtures (1/4, v/v). 
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1. A series of conjugates combining bile acid and terpyridine units were developed.  

2. The aggregates of the conjugates can strongly confine and tune the rotation of terpyridine units to endow the 

conjugates with excellent AIE properties.  

3. The conjugates exhibit excellent metal response properties and lead to various colourful complexes.  

4. The supramolecular assembly morphology can be well controlled by the metal ions.  
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