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ABSTRACT: A supramolecular cross-linked network was
fabricated and demonstrated to act as a multiple
fluorescent sensor. It was constructed from a fluorescent
conjugated polymer and a bisammonium salt cross-linker
driven by dibenzo[24]crown-8/secondary ammonium salt
host—guest interactions. Compared with the conjugated
polymer, the network has weak fluorescence due to the
aggregation of polymer chains. Thanks to the multiple
stimuli-responsiveness of host—guest interactions, the
fluorescence intensity of the system can be enhanced by
four types of signals, including potassium cation, chloride
anion, pH increase, and heating. Hence, the network can
serve as a cation sensor, an anion sensor, a pH sensor, and
a temperature sensor. It can be used in both solution and
thin film. Interestingly, exposure of a film made from this
supramolecular cross-linked network to ammonia leads to
an increase of fluorescence, making it a good candidate for
gas detection.

upramolecular cross-linked polymer networks, prepared

from covalent polymeric backbones tied together by
noncovalent interactions, have received much attention in
recent years due to the mechanical or photophysical properties
obtained from the polymeric chains and also the reversibility
and stimuli-responsiveness contributed by noncovalent inter-
actions used in cross-linking." The stimuli-responsiveness of
cross-linking motifs can endow supramolecular cross-linked
networks with plenty of unique applications, such as controlled
release,” self—healing,3 and fluorescent sensors.” Nowadays,
much attention has been paid to fluorescent sensors based on
supramolecular cross-linked networks on account of their high
selectivity and sensitivity, especially the ones whose polymeric
backbones are fluorescent conjugated polymers.* An important
advantage of conjugated polymers is the obvious change of
fluorescence intensity in different states: the individual
conjugated polymers exhibit strong fluorescence, while their
aggregates formed by noncovalent cross-linking show weak or
quenched fluorescence, " making them suitable fluorescent
sensors for detecting signals that can influence the state of
aggregation. Up to now, considerable efforts have been
dedicated to fluorescent sensors based on conjugated polymer
networks.* For example, Swager and co-workers reported the
first sensory system which utilized the fluorescence difference
of conjugated polymers in different states, and it was used for
detecting potassium ion.* Kakuchi and co-workers recently
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developed a fluorescent sensory network whose conjugated
polymer chains were cross-linked through hydrogen bonding to
probe anions that can disrupt the cross—linking.4k Conjugated
polymer networks based on organometallic cross-links had also
been studied.’> However, all reported conjugated polymer
networks based on supramolecular cross-links can only probe
one or two types of signals.* Consequently, it is challenging to
develop a conjugated polymer network based on supra-
molecular cross-links to detect multiple signals.

Noncovalent interactions with multiresponsiveness have
been widely used in the construction of smart or adaptive
materials, such as supramolecular gels with multiple stimuli
responsive properties.’ Therefore, our strategy is to select a
kind of noncovalent interaction with multiresponsiveness to
serve as supramolecular cross-linker. Thus, the disassembly of
the conjugated polymer network will be triggered by multiple
stimuli. Crown ethers,” the first generation of supramolecular
macrocyclic hosts, have been considered as a fascinating
platform to prepare multiresponsive materials.%*" It is well-
known that dibenzo[24]crown-8 (DB24C8) and its comple-
mentary guest dibenzylammonium salt (DBA) form a 1:1
threaded structure, which is responsive to quadruple stimuli
(K*, CI7, pH, or temperature change).éb’c’&9b Herein, we
prepared a supramolecular cross-linked polymer network by
mixing a poly(phenylene-ethynylene) (PPE) polymer with
pendent DB24C8 groups and a bisammonium salt cross-linker.
The network will form when the DB24C8 units interact with
the secondary ammonium salt moieties, causing the aggregation
of polymer main chains and leading to a sharp decrease of
fluorescence intensity compared to that of the PPE polymer.4b
Collapse will happen to the network after treatment with K* or
CI; correspondingly recovery of the fluorescence intensity will
occur. Moreover, the network is also responsive to pH and
temperature changes.%’7P Hence, this system can be utilized as
four types of sensors: a cation sensor, an anion sensor, a pH
sensor, and a temperature sensor (Scheme 1). The system can
be used in both solution and thin film. Interestingly, exposure
of a film made from this network to ammonia leads to an
increase of fluorescence from the film, making it a good
candidate for gas sensing.

Polymer 1 (M, = 70.6 kDa and PDI = 1.77) was synthesized
by a Pd-catalyzed cross-coupling reaction of 1,4-diethynylben-
zene and diiodo-diDB24C8-substituted benzene derivative 3
(Supporting Information (SI), Scheme S1). There were about
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Scheme 1. Cartoon Representation of the Formation of a
Supramolecular Cross-Linked Conjugated Polymer Network
and Its Disassembly Induced by Different Signals
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112 DB24C8 units (56 repeat units) per single polymer chain
for 1 as calculated based on the GPC data. The cross-linker 2 is
a bisammonium salt linked by a long flexible alkyl chain.”* A
supramolecular cross-linked polymer network will form upon
the addition of 2 to 1 in CHCl;/CH;CN (1:1, v/v).

To investigate the formation of the supramolecular cross-
linked network, NMR spectroscopy, fluorescence titration
spectroscopy, and scanning electron micrography (SEM)
were carried out. First, proton NMR spectra gave direct
evidence for the complexation of polymer 1 and cross-linker 2
in solution.®® As shown in Figure 1, spectra of polymer 1, cross-
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Figure 1. Partial "H NMR spectra (500 MHz, 1:1 CDCl;/CD,CN,
298K): (a) polymer 1; (b) a mixture of 2.00 uM polymer 1 (0.224
mM crown ether units) and 20.0 uM cross-linker 2 (40.0 uM
ammonium moieties); (c) cross-linker 2. Here “c” and “u” denote

complexed and uncomplexed moieties, respectively.
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linker 2, and a mixture of 1 and 2 were examined. Upfield shifts
were observed for aromatic protons H;, H,, H;, Hs, and Hg and
benzyloxymethylene protons H, of 2 after complexation.
However, the benzyl protons H, of 2 shifted downfield after
mixing, in accordance with a previously reported complexation
system of DB24C8/DBA.” Moreover, the slow exchange
feature made the protons of the DB24C8 unit and the DBA
moiety split into two sets of signals, the complexed and
uncomplexed ones. These distinct changes in chemical shifts
indicated the occurrence of host—guest interactions between
DB24C8 and DBA, inducing the formation of a supramolecular
cross-linked polymer network.

Fluorescence titration experiments were carried out to
investigate the fluorescence response of the conjugated polymer
1 to cross-linker 2. Figure 2 shows the fluorescence spectra of
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Figure 2. Fluorescence spectra of 1 (2.0 uM) in CHCl;/CH,CN (1:1,
v/v) with different concentrations of 2, from top to bottom: 0.0; 20;
40; 80; 100; 150 uM. A, = 355 nm.

conjugated polymer 1 upon addition of cross-linker 2. As the
concentration of cross-linker 2 increased, the fluorescence
intensity of polymer 1 decreased gradually, and the inherent
blue band of the PPE shifted to longer wavelengths: from 440
to 447 nm, in accordance w1th aggregation-induced planariza-
tion of the polymer chains.'’ In addition, the photographs in
Figure 2 show that the brightness of the solution was also
reduced. Obviously, it is the complexation of the DB24C8 units
and the DBA moieties that results in the aggregation of PPE
chains and causes the reduction of the fluorescence intensity.
However, the fluorescence intensity of polymer 1 was not
totally quenched. The reason was that the long alkyl chain
which links the two bisammonium salt units confine the
compactness of the conjuagted polymer chain aggregation.
These results showed that the supramolecular cross-linked
polymer network constructed by host—guest interactions
between the DB24C8 units and the DBA moieties exhibits
weak fluorescence compared to its PPE chains.

To test the morphology of the supramolecular cross-linked
polymer network, SEM studies were carried out. Figure 3b
shows an interconnected porous 3D structure, indicating the
formation of the supramolecular cross-linked network owing to
the aggregation of PPE chains through host—guest interactions.
The phenomenon illustrated that the presence of cross-linkers
not only realized the conversion from the linear polymer to
supramolecular network, but also brought about the change in
the microscopic structure (Figure 3a,b).

All the above results confirmed the formation of the
supramolecular cross-linked network from 1 and 2. It was
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Figure 3. SEM images: (a) polymer 1; (b) a mixture of 2.00 uM
polymer 1 (0.224 mM crown ether units) and 20.0 M cross-linker 2
(40.0 M ammonium moieties); (c) after adding TBACI (40.0 uM) to
mixture b; (d) after adding KPF4 (40.0 4uM) to mixture b; (e) after
adding Et;N (40.0 4M) to mixture b.

also shown that the fluorescence of the supramolecular network
is weaker than that of conjugated polymer 1. It is well-known
that the complexation of DB24C8 and DBA can be controlled
by potassium cation (K*),* chloride anion (CI7),”® pH
change,®™’P5¢ and temperature change,®® since the DB24C8
unit forms a more stable 1:1 complex with K*, CI™ forms a tight
ion pair with DBA, Et;N converts the secondary ammonium to
the corresponding secondary amine, and heating causes the
disassembly by reducing the binding constant.>”**7P*" Hence,
the fluorescence of the system will be strengthened by these
different types of signals. We used TBACI, KPF, triethylamine
(Et;N), and heating to control the host—guest interactions,
which resulted in the transition from the supramolecular cross-
linked network to linear polymer and the increase of
fluorescence intensity. Figure 4 shows that the fluorescence
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Figure 4. Fluorescence emission spectra of (a) the mixture of 1 (2.0
uM) and 2 (100 M), and after treatment with (b) heating at 50 °C;
(c) KPFg (200 uM); (d) TBACI (200 uM); (e) Et;N (200 uM).

intensity of the network system increased upon the addition of
TBACI, KPF, or Et;N or heating. As shown in Figure 3b—e,
the morphology of the mixture of 1 and 2 changed from
interconnected porous 3D structure to fibers with parallel
arrangement after treatment by TBACI, KPF,, and Et;N. The
parallel arrangement is generated by the z—r interactions
between polymer main chains. In the process of sample
preparation, the polymer chains gathered closer and closer with
the evaporation of solvents, giving sufficient distance for the
m—7n interactions between polymer chains. The 'H NMR
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experiment also demonstrated this disassembly process (SI,
Figures S7—S10). Therefore, this network system can function
as a multiple fluorescent sensor. In addition, inspired by recent
work about multiresponsive gels,6e this network was demon-
strated to be able to function as an XOR gate (SI, Figures S11
and S12). If a single input (K* or CI7) is set, the fluorescence
increases by disassembly of the network. However, if both
inputs (K* and CI7) are present, KCl precipitates and the
network reassembles, causing decreased fluorescence.

Besides in solution the fluorescence intensity changes of
polymer 1 in the presence of cross-linker 2 and the network
system under external signals can also be observed in thin film.
Thin films of polymer 1 and the mixture of 1 and 2 were
prepared by spin-casting solutions in CHCl;/CH;CN (1:1, v/
v) onto glass slides. Figure Sa shows that the fluorescence
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Figure 5. (a) Fluorescence emission spectra of thin solid films of 2.00
UM polymer 1 (0.224 mM crown ether units) and a mixture of 2.00
uM polymer 1 and 20.0 yM cross-linker 2 (40.0 yM ammonium
moeties) spin-cast from CHCl;/CH;CN (1:1, v/v) solutions; (b)
photograph of a film of polymer 1, illuminated at 365 nm; (c)
photograph of a film of a mixture of 1 and 2 with a molar ratio of 1:10,
illuminated at 365 nm; (d) fluorescence emission spectra of thin films
of the mixture, before and after exposure to ammonia for 10 min; (e)
cartoon representation of exposure of a film made from the
supramolecular network to ammonia.

intensity of polymer 1 in a thin film decreased under the
existence of cross-linker 2. Moreover, as shown in Figure 5b,c,
the thin films displayed a visually clear fluorescence color
change from a film of polymer 1 to a film of a mixture of 1 and
2: from bright blue to pale blue. In addition, the thin film of the
supramolecular cross-linked network can be applied as a gas
sensor to detect alkaline gases because the complexation of
DB24C8 and DBA will be destroyed by base.*>***’P When a
thin film of the network was exposed to the vapor of ammonia
vapor (Figure Se), the ammonium unit of cross-linker 2 was
deprotonated, destroying the network structure and giving rise
to an increase of fluorescence intensity (Figure 5d).

In conclusion, we developed a novel supramolecular cross-
linked network based on the host—guest interactions between
the pendent DB24C8 units of a conjugated polymer and the
DBA moieties of a bisammonium cross-linker. The network
exhibited weak fluorescence compared to the conjugated
polymer because of the aggregation of polymer main chains.
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Owing to the multiresponsiveness of the host—guest
interactions, the network structure can be destroyed by
multiple signals, leading to the enhancement of the
fluorescence. Therefore, the system can serve as a multiple
fluorescent sensor. Moreover, exposure of a film of the
supramolecular cross-linked network to ammonia leads to an
increase of the fluorescence from the film, endowing the system
with a function in gas detecting. It is the combination of
supramolecular chemistry and conjugated polymer science that
gave birth to the supramolecular cross-linked network with
remarkable features, and we believe that the novel network
system will pave the way for designing and preparing advanced
sensor materials.
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