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A cross-linked supramolecular network was prepared by the

orthogonal self-assembly of metal-coordination and host–guest

interactions. Due to the incorporation of two fluorophores,

coumarin and tetraphenylethene, into the network as well as the

abundant stimuli-responsiveness of the two non-covalent inter-

actions, it can be used for the ratiometric sensing of pH, cyclen

and Cl−.

Cross-linked supramolecular networks are used to describe
polymer networks cross-linked by non-covalent interactions
(e.g., hydrogen bonding, host–guest interactions, π–π stacking,
and metal-coordination interactions).1 Various functions, such
as stimuli-responsiveness, self-adaptability, self-healing and
shape-memory properties, are expected for these networks
due to the reversibility of these non-covalent interactions.2

Compared with supramolecular networks cross-linked by only
one type of non-covalent interaction, the introduction of two
or more orthogonal non-covalent interactions is even more
interesting, especially for fluorescent sensing because the
incorporation of more interactions will bring more stimuli-
responsiveness into the system, making the networks good
candidates for multiple sensing.3

In recent years, fluorescent supramolecular polymers and
polymer networks have received much attention and some of
them have already been used for chemical sensing.4 For
example, Huang and co-workers reported a supramolecular
cross-linked network using a conjugated polymer as the fluoro-
phore for multiple sensing.3c However, the conjugated polymer

backbones normally present aggregation-caused quenching
(ACQ) properties,5 which means that their fluorescence was
often weakened or quenched at high concentrations, thus lim-
iting their application as solid fluorescent sensors. In 2001, a
different type of fluorophore (such as tetraphenylethene (TPE)
and hexaphenylsilole (HPS)) which is non-emissive in dilute
solution but highly emissive in the aggregation state was
reported by Tang and coworkers.6 This phenomenon was
termed as aggregation-induced emission (AIE). Recently, we
prepared a fluorescent supramolecular polymer containing
TPE which could be used as a chemosensor for Pd2+ ions.7 It is
worth mentioning that the fluorescence of the above sensors
was often monitored at a single wavelength, so the measuring
accuracy would be easily affected by the microenvironment,
sensor concentration, illumination intensity and so on.8

Therefore, it is of great importance to develop ratiometric fluo-
rescent sensors to eliminate the ambiguities by self-calibration
from two emission bands.9 Herein, we introduced two
different fluorophores, coumarin with ACQ properties and TPE
with AIE properties, to prepare a supramolecular network with
two emission bands. In dilute solutions, the supramolecular
network is expected to mainly give the fluorescence of cou-
marin, while the emission of TPE should dominate the fluo-
rescence at high concentrations. Due to the abundant respon-
siveness derived from the orthogonal metal-coordination and
host–guest interactions, the supramolecular network can be
easily disassembled and reassembled by multiple stimuli,
together with varied fluorescence intensity at two wavelengths
from the ACQ and AIE chromophores, making it suitable for
multiple ratiometric fluorescent sensing.

Polymer P1 with polystyrene as the backbone with coumarin
moieties and dibenzylammonium salt (DBAS) units as
pendant groups was prepared by the copolymerization of
styrene, a coumarin derivative 7 and a DBAS derivative 9
(Scheme S2†). H1 was synthesized by linking dibenzo-24-
crown-8 (DB24C8) and terpyridine to each side of a bi-func-
tional TPE. The mixture of P1 and H1 (1 : 1 DBAS/DB24C8 in
molar ratio) mainly exhibited two fluorescent peaks at 390 and
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460 nm derived from the emission of coumarin and TPE,
respectively. The supramolecular polymer network was pre-
pared by subsequently adding Zn(OTf)2 to the above mixture,
along with an increased emission at 460 nm and a decreased
emission at 390 nm. This is because the addition of Zn(OTf)2
would combine P1 and H1 to form networks, making the
whole system aggregate and thus the emission from the AIE
fluorophore (TPE) would play a more significant role than that
from the ACQ fluorophore (coumarin).7,10 The addition and
removal of cyclen, Cl− or a base would disassemble and
reassemble the network, accompanied by the changes of the
fluorescence intensities at these two wavelengths, making the
network work as a multiple ratiometric fluorescent sensor.
Moreover, the supramolecular polymer network would form
supramolecular gels at high concentrations, which possess
macroscopic self-healing properties as bulk materials
(Scheme 1).

The metal-coordination interactions between Zn(OTf)2 and
terpyridine were studied by UV-Vis spectroscopy (Fig. S19†). A
clear isosbestic point at 315 nm was observed by gradually
adding Zn(OTf)2 to the solution of H1, indicating the existence
of metal–ligand interactions. The absorbance at 327 nm hardly
changed when the molar ratio of Zn(OTf)2/H1 reached 0.5,

suggesting that the stoichiometry between Zn(OTf)2 and H1 is
1 : 2 in this system.11 1H NMR provided insights into the com-
plexation between DB24C8 and DBAS in the networks. Clear
chemical shift changes were observed for both benzyl protons
of DBAS and ethyloxy protons of DB24C8 and all of them split
into two sets of signals, which are the characteristic properties
of the DB24C8/DBAS recognition motif. All these pieces of evi-
dences are consistent with previously reported results,1d,2e

indicating the orthogonal metal-coordination and host–guest
interactions.

To confirm the formation of supramolecular polymer net-
works, two-dimensional diffusion-ordered NMR (DOSY), vis-
cosity measurements, and concentration-dependent 1H NMR
were performed. The diffusion coefficients decreased consider-
ably from 10.01 × 10−11 to 0.45 × 10−11 m2 s−1 as the concen-
tration of the system increased from 0 to 21 mM (Fig. 1). The
correlation between the specific viscosity and the concen-
tration of P1 was almost linear at a concentration of
1.35–32.40 mM, while the specific viscosity of the mixture of
P1, H1 and Zn(OTf)2 increased exponentially with the increase
in DBAS concentration. The concentration-dependent 1H NMR
spectra further proved the formation of the supramolecular
polymer networks because the original uncomplexed methyl-
ene peaks gradually decreased while the complexed peaks
increased as the concentration increased from 0 to 15 mM
(Fig. S21†).2e,3b All these data suggest the formation of the
cross-linked supramolecular network.

Fluorescence spectroscopy was conducted to study the
emission properties of the networks. The UV/Vis and fluo-
rescence spectra of individual H1 and P1 were first recorded

Scheme 1 Cartoon representations of P1, H1, the supramolecular
dimer formed by H1 and Zn(OTf)2 and the supramolecular network.

Fig. 1 (a) Concentration-dependent diffusion coefficient D (500 MHz,
1 : 1 CDCl3/CD3CN, 293 K) of the supramolecular network. (b) Specific
viscosity (1 : 1 CHCl3/CH3CN, 298 K) of P1 ( ) and the supramolecular
network (■) versus DBAS concentration. Here, the concentration of
DBAS was used as the monomer concentration.
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(Fig. 2a and S22†). H1 showed one absorption band centered
at 285 nm while P1 exhibited two absorption bands centered
at 283 nm and 329 nm. An emission at 390 nm derived from
coumarin was observed for P1. H1 emitted at 415 nm, which
should come from the emission of terpyridine moieties as
indicated by the fluorescence spectra of a terpyridine derivative
in Fig. S23† because TPE units are nearly non-emissive in
dilute solutions.12 There was little overlap between the absorp-
tion of H1 and the emission of P1, indicating that no obvious
Förster resonance energy transfer (FRET) would take place
between the two species and the changes of the fluorescence
were mainly due to the changes of the aggregation densities of
the networks. The mixture of P1 (18.6 μM) and H1 (100 μM)
exhibited two main fluorescent peaks at 390 and 460 nm
arising from the emission of the coumarin and TPE units,
respectively, while the emission at 415 nm from the terpyridine
group was covered by the strong emission from the coumarin
groups. Gradual addition of Zn(OTf)2 into the mixture of
P1 and H1 (DBAS/DB24C8 = 1/1 in molar ratio) increased the
emission at 460 nm and decreased that at 390 nm and the
ratio I460/I390 fits linearly proportional to the concentration of
Zn(OTf)2 (Fig. 2b and Fig. S22†). This is because the addition
of Zn(OTf)2 will cross-link P1 and H1 to form networks, which
will force the aggregation of TPE to give a bright emission at
460 nm, accompanying the decrease in emission at 390 nm
from coumarin.

Since both metal-coordination and host–guest interactions
were incorporated into the network structure, the degradation

of the network should be easily induced by the destruction of
either metal-coordination or host–guest interactions, thereby
inducing the changes of fluorescence. The fluorescence
changes based on the addition of competitive ligands (TBACl,
Et3N or cyclen) were sequentially studied in detail. As seen in
Fig. 2c, a blue shift (from 460 nm to 420 nm) was observed by
the addition of TBACl to the network, indicating that the
network was totally destroyed as the emission of individual H1
located at ca. 420 nm. The addition of Et3N also resulted in a
blue shift of the emission band (from 460 nm to 445 nm),
meaning that the addition of a base would also influence the
emission of H1 to a certain extent. The addition of cyclen dra-
matically decreased the emission of the network, along with a
blue shift from 460 nm to 410 nm.

The different fluorescence responses inspired us to explore
the network for sensing Cl−, pH and cyclen. Quantitative titra-
tion experiments were performed upon the addition of TBACl,
Et3N or cyclen to the network and the fluorescence spectra at
varied concentrations of the competitive ligands were recorded
(Fig. 2d–f ). When the concentration of TBACl increased from
0 to 450 μM, the ratio between the emission intensities at 460
and 390 nm (I460/I390) decreased dramatically from 10.8 to 1.7.
Similar results were also observed when Et3N or cyclen was
used as competitive ligands. The detection limits of the
network for Cl−, Et3N and cyclen were calculated to be 24.9,
18.6 and 14.5 μM, respectively (Fig. S24†). It is worth mention-
ing that although the addition of the three ligands all induces
a decrease in the emission, their influences on the maximum

Fig. 2 (a) Normalized UV/Vis and fluorescence spectra of H1 (100 μM) and P1 (18.6 μM). (b) Fluorescence spectra of the mixture of H1 (100 μM) and
P1 (18.6 μM) with increasing amount of Zn(OTf)2. Inset: Ratio of the fluorescence intensities at 460 nm and 390 nm as a function of the Zn(OTf)2
concentration. (c) Fluorescence spectra of the mixture of H1 (100 μM) and P1 (18.6 μM) and the addition of Zn(OTf)2 (50 μM), TBACl (450 μM), Et3N
(200 μM) or cyclen (200 μM). Fluorescence spectra of the network (H1: 100 μM, P1: 18.6 μM and Zn(OTf)2: 50 μM) with increasing amount of (d)
TBACl, (e) Et3N and (f ) cyclen. The insets are the plots of the fluorescence intensity ratio (I460/I390) as a function of the concentration of (d) TBACl, (e)
Et3N and (f ) cyclen. λex = 350 nm.
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emission are different, providing a possible route to dis-
tinguish the three stimuli by fluorescence experiments.
Therefore, the supramolecular polymer network could be used
as a multiple ratiometric fluorescent sensor to detect Cl−, Et3N
and cyclen.

With the increase in concentration, the cross-linked net-
works formed supramolecular gels, which were characterized
by rheological experiments and scanning electron microscopy
(SEM). The storage modulus (G′) was larger than the loss
modulus (G″), and both were independent of the angular fre-
quency (ω) (Fig. 3a), indicating the formation of organogels.
Besides, interconnected network structures (Fig. 3b) were
observed by SEM, which were the characteristics for gel struc-
tures. Moreover, owing to the reversibility of the non-covalent
interactions, the gels showed both stimuli-responsive gel–sol
transition (Fig. 4) and self-healing behaviors (Fig. 3c, d and
S25†). The gels would form sols by heating or adding KPF6,
Et3N or cyclen, and the reverse process could be triggered by
cooling or adding B18C6, CH3COOH or Zn2+, respectively. The
gels recovered to their original G′ and G″ values in less than
10 s, showing good self-healing properties as our previous
supramolecular gel systems.2e,13

In conclusion, we have prepared a supramolecular polymer
network based on orthogonal DB24C8/DBAS and terpyridine-
Zn2+ interactions. By the incorporation of the TPE and
coumarin units as the fluorophores, the network shows ratio-
metric fluorescent sensing towards Cl−, Et3N and cyclen due to
the stimuli-responsiveness of the two non-covalent inter-
actions. Moreover, the network forms supramolecular gels at

high concentrations and shows the stimuli-responsiveness and
good self-healing properties. This work offers a method for
using supramolecular networks towards multiple ratiometric
fluorescent sensing and enriches the development of advanced
sensor materials.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

S. Y. gratefully acknowledges the financial support from the
National Natural Science Foundation of China (21574034,
21274034, 51703046) and the Zhejiang Provincial Natural
Science Foundation of China (LY16B040006,
LQ18B040001). M. Z. is thankful for start-up funds from Xi’an
Jiaotong University and the National Thousand Young Talents
Program.

Notes and references

1 (a) E. A. Appel, F. Biedermann, U. Rauwald, S. T. Jones,
J. M. Zayed and O. A. Scherman, J. Am. Chem. Soc., 2010,
132, 14251–14260; (b) X. Yan, F. Wang, B. Zheng and
F. Huang, Chem. Soc. Rev., 2012, 41, 6042–6065;
(c) S. Seiffert and J. Sprakel, Chem. Soc. Rev., 2012, 41, 909–
930; (d) J. Zhan, Q. Li, Q. Hu, Q. Wu, C. Li, H. Qiu,
M. Zhang and S. Yin, Chem. Commun., 2014, 50, 722–724.

2 (a) J. M. Lehn, Chem. Soc. Rev., 2007, 36, 151–160;
(b) T. F. A. De Greef, M. M. J. Smulders, M. Wolffs, A. P. H.
J. Schenning, R. P. Sijbesma and E. W. Meijer, Chem. Rev.,
2009, 109, 5687–5754; (c) Y. Liu, Y. Yu, J. Gao, Z. Wang and
X. Zhang, Angew. Chem., Int. Ed., 2010, 49, 6576–6579;
(d) B. Zheng, F. Wang, S. Dong and F. Huang, Chem. Soc.
Rev., 2012, 41, 1621–1636; (e) M. Zhang, D. Xu, X. Yan,
J. Chen, S. Dong, B. Zheng and F. Huang, Angew. Chem.,
Int. Ed., 2012, 51, 7011–7015; (f ) L. Yang, X. Tan, Z. Wang
and X. Zhang, Chem. Rev., 2015, 115, 7196–7239;

Fig. 3 (a) Storage (G’, ■) and loss (G’’, ) moduli versus frequency (ω) of
the supramolecular gel. (b) SEM image of the xerogel prepared using the
freeze-drying method. (c) G’ and G’’ of the gel on strain sweep. (d) G’
and G’’ of the gel in continuous step strain measurements. The gel was
first subjected to 100% strain for 120 s, then the strain was stopped for
40 s, and the gel was again subjected to 1% strain for 120 s. The process
was repeated 3 times. The scanning frequency was 10 rad s−1.
Concentration of different species in the gel: P1: 10 mM, H1: 54 mM and
Zn(OTf)2: 27 mM. The concentration of DBAS and DB24C8 was used as
the concentration of P1 and H1, respectively.

Fig. 4 Optical and fluorescent photographs of the reversible gel–sol
transition.

Communication Polymer Chemistry

402 | Polym. Chem., 2018, 9, 399–403 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 0
2 

sa
us

io
 2

01
8.

 D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

02
5-

07
-2

3 
09

:0
6:

04
. 

View Article Online

https://doi.org/10.1039/c7py01788j


(g) S. Bhattacharya and S. K. Samanta, Chem. Rev., 2016,
116, 11967–12028; (h) K. Iwaso, Y. Takashima and
A. Harada, Nat. Chem., 2016, 8, 625–632; (i) C. Lin, L. Xu,
L. Huang, J. Chen, Y. Liu, Y. Ma, F. Ye, H. Qiu, T. He and
S. Yin, Macromol. Rapid Commun., 2016, 37, 1453–1459;
( j) J. M. Lehn, Chem. Soc. Rev., 2017, 46, 2378–2379.

3 (a) D. T. McQuade, A. E. Pullen and T. M. Swager, Chem.
Rev., 2000, 100, 2537–2574; (b) L. Chen, Y. Tian, Y. Ding,
Y. Tian and F. Wang, Macromolecules, 2012, 45, 8412–8419;
(c) X. Ji, Y. Yao, J. Li, X. Yan and F. Huang, J. Am. Chem.
Soc., 2013, 135, 74–77; (d) H. Wang, X. Ji, Z. Li and
F. Huang, Adv. Mater., 2017, 29, 1606117.

4 (a) S. Shanmugaraju and P. S. Mukherjee, Chem. – Eur. J.,
2015, 21, 6656–6666; (b) A. Chowdhury, P. Howlader and
P. S. Mukherjee, Chem. – Eur. J., 2016, 22, 7468–7478;
(c) J. Zhou, B. Hua, L. Shao, H. Feng and G. Yu, Chem.
Commun., 2016, 52, 5749–5752; (d) Y. Yuan, C. Zhang,
R. T. K. Kwok, D. Mao, B. Tang and B. Liu, Chem. Sci.,
2017, 8, 2723–2728; (e) Y. Yuan, W. Wu, S. Xu and B. Liu,
Chem. Commun., 2017, 53, 5287–5290.

5 (a) Z. Zhelev, H. Ohba and R. Bakalova, J. Am. Chem. Soc.,
2006, 128, 6324–6325; (b) R. Bakalova, Z. Zhelev, I. Aoki,
H. Ohba, Y. Imai and I. Kanno, Anal. Chem., 2006, 78,
5925–5932.

6 (a) J. Luo, Z. Xie, J. W. Y. Lam, L. Cheng, H. Chen, C. Qiu,
H. Kwok, X. Zhan, Y. Liu, D. Zhu and B. Tang, Chem.
Commun., 2001, 1740–1741; (b) B. Chen, Y. Jiang, L. Chen,
H. Nie, B. He, P. Lu, H. Sung, L. D. Williams, H. Kwok,
A. Qin, Z. Zhao and B. Tang, Chem. – Eur. J., 2014, 20,
1931–1939; (c) J. Mei, N. L. Leung, R. T. Kwok, J. W. Lam
and B. Tang, Chem. Rev., 2015, 115, 11718–11940;
(d) R. T. K. Kwok, C. W. T. Leung, J. W. Y. Lam and B. Tang,
Chem. Soc. Rev., 2015, 44, 4228–4238; (e) X. Shi, C. Yu,
H. Su, R. T. K. Kwok, M. Jiang, Z. He, J. W. Y. Lam and

B. Tang, Chem. Sci., 2017, 8, 7014–7024; (f ) B. Chen,
H. Nie, R. Hu, A. Qin, Z. Zhao and B. Tang, J. Mater. Chem.
C, 2016, 4, 7541–7545.

7 D. Chen, J. Zhan, M. Zhang, J. Zhang, J. Tao, D. Tang,
A. Shen, H. Qiu and S. Yin, Polym. Chem., 2015, 6, 25–29.

8 (a) H. N. Kim, W. X. Ren, J. S. Kim and J. Yoon, Chem. Soc.
Rev., 2012, 41, 3210–3244; (b) E. M. S. Stennett, M. A. Ciuba
and M. Levitus, Chem. Soc. Rev., 2014, 43, 1057–1075.

9 (a) Z. Liu, C. Zhang, W. He, Z. Yang, X. Gao and Z. Guo,
Chem. Commun., 2010, 46, 6138–6140; (b) M. Santra, B. Roy
and K. H. Ahn, Org. Lett., 2011, 13, 3422–3425; (c) G. Li,
D. Zhu, L. Xue and H. Jiang, Org. Lett., 2013, 15, 5020–
5023; (d) X. Dai, T. Zhang, Y. Z. Liu, T. Yan, Y. Li, J. Miao
and B. Zhao, Sens. Actuators, B, 2015, 207, 872–877.

10 (a) R. Hu, N. L. C. Leung and B. Tang, Chem. Soc. Rev.,
2014, 43, 4494–4562; (b) H. Peng, X. Zhang and Y. Zheng,
J. Org. Chem., 2015, 80, 8096–8101; (c) Q. Feng, Y. Li,
L. Wang, C. Li, J. Wang, Y. Liu, K. Li and H. Hou, Chem.
Commun., 2016, 52, 3123–3126; (d) J. Xiong, W. Xie, J. Sung,
J. Wang, Z. H. Zhu, H. Feng, D. Guo, H. Zhang and
Y. Zheng, J. Org. Chem., 2016, 81, 3720–3726; (e) M. Zhang,
S. Yin, J. Zhang, Z. Zhou, M. L. Saha, C. Lu and P. J. Stang,
Proc. Natl. Acad. Sci. U. S. A., 2017, 114, 3044–3049;
(f ) C. Wang, Z. Liu, M. Li, Y. Xie, B. Li, S. Wang, S. Xue,
Q. Peng, B. Chen, Z. Zhao, Q. Li, Z. Ge and Z. Li, Chem.
Sci., 2017, 8, 3750–3758.

11 J. Zhang, J. Zhu, C. Lu, Z. Gu, T. He, A. Yang, H. Qiu,
M. Zhang and S. Yin, Polym. Chem., 2016, 7, 4317–4321.

12 (a) G. Liang, F. Ren, H. Gao, Q. Wu, F. Zhu and B. Tang,
ACS Sens., 2016, 1, 1272–1278; (b) A. Sil, D. Giri and
S. K. Patra, J. Mater. Chem. C, 2017, 5, 11100–11110.

13 J. Zhan, M. Zhang, M. Zhou, B. Liu, D. Chen, Y. Liu,
Q. Chen, H. Qiu and S. Yin, Macromol. Rapid Commun.,
2014, 35, 1424–1429.

Polymer Chemistry Communication

This journal is © The Royal Society of Chemistry 2018 Polym. Chem., 2018, 9, 399–403 | 403

Pu
bl

is
he

d 
on

 0
2 

sa
us

io
 2

01
8.

 D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

02
5-

07
-2

3 
09

:0
6:

04
. 

View Article Online

https://doi.org/10.1039/c7py01788j

	Button 1: 


