®

Check for
updates

Pillararene-Based Supramolecular Polymer 1 3

Xuan Wu, Yong Chen, and Yu Liu

Contents
1301 INrOdUCHION ..ottt e et 341
13.2  Construction of Pillar[N]Arene-Based Supramolecular Polymer....................... 344
13.2.1 Supramolecular Polymer Formed by Host-Guest Interaction ................. 344
13.2.2  Supramolecular Polymer Formed by Hydrogen Bonding and Halogen
Bond ... 345
13.2.3 Supramolecular Polymer Formed by Metal-Ligand Binding .................. 350
13.2.4 Supramolecular Polymer Constructed by Covalent Polymer.................. 352
13.3  Function of Pillar[N]Arene-Based Supramolecular Polymer........................... 355
13.3.1  Chemical SENSOTS .......uieuiit ittt 356
13.3.2  Stimuli-Responsive Soft Materials ................coooiiiiiiiiiiiiiiii 360
13.3.3  Application for the Nano-carrier ................coeiiiiiiiiiiiiianniinn, 365
13.3.4  Application for Optical Materials ...............ccceiiiiiiiiiiiiiaeaanan, 372
13.3.5 Other Functional Materials ................coiiiiiiiiiiiiii e 374
R T 103 1 T 131 ) 377
RETCTENCES . . ..o ettt e 378

13.1 Introduction

As a new generation of macrocyclic host molecule, pillararene has attracted tremen-
dous attention since its firstly being synthesized in 2008 [1] and advanced rapidly.
Different with calixarene [2], which was meta-bridged phenolic macrocycles and
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exhibited the vase-shape architecture, the pillararene was para-bridged hydroquinone
units or their derivatives, which was pillar-shaped novel hosts (Fig. 1). According to
the number of repeating units, this type of hosts was named as pillar[n]arene (Pn4).

To enable this type of host molecules easy accessibility, three major strategies have
thus been employed (Scheme 1) [3]. The first one is the Lewis acid-catalyzed conden-
sation of 1,4-dialkoxybenzene and paraformaldehyde. The second one is the
p-toluenesulfonic acid-catalyzed condensation of 1,4-dialkoxy-2,5-bis(alkoxymethyl)
benzene. The last one is cyclooligomerization of 2,5-dialkoxybenzyl alcohols or 2,5-
dialkoxybenzyl bromides catalyzed by an appropriate Lewis acid. Due to the relatively
low yields of high-order pillar{n]arene (n > 7) [4], most researches have been focused
on the P54, P6A, and their derivatives. Based on these methods, a few modified
strategies have been developed to synthesize functional unit modified pillar[n]arene
to improve their binding affinity, thus resulting in the extensive application in both
organic solution and aqueous solution [5]. Comparing to other macrocyclic host
molecules, the pillar[n]arene presented some unique properties, such as totally sym-
metrical and relatively rigid structure, and versatile functionality, thus making them the
promising candidates for applications in nanomaterials, molecular recognition,
chemosensors, ion transport, supramolecular polymers, and so on [6].

Different from covalent polymers, supramolecular polymer was defined as poly-
mers based on monomeric units held together by directional and reversible second-
ary interactions, resulting in polymeric properties in dilute and concentrated
solutions, as well as in the bulk [7]. When the interaction between the monomers
is generated by moderately strong, reversible noncovalent, but highly directional,
forces that result in high-molecular-weight linear polymers under dilute conditions,
the self-assembly is classified as a supramolecular polymerization. In supramolecu-
lar polymers, which are formed by the reversible association of bifunctional mono-
mers, the average degree of polymerization (DP) is determined by the strength of the
end group interaction [7b]. The degree of polymerization is obviously dependent on
the concentration of the solution and the association constant, and a theoretical

(a) Side View (b) Upper View

Fig. 1 Crystal structure of DMP5A from the side (a) and upper view (b). (Reprinted with
permission from Ref. [1a]. Copyright © 2008 American Chemical Society)
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relationship is given in Fig. 2. To obtain polymers with a high molecular weight,
a high association constant between the repeating units is a prerequisite.

Therefore, various types of supramolecular polymers have been successfully
constructed incorporation with noncovalent interaction, such as hydrogen bond,
n-n interaction, hydrophobic interaction, metal-ligand binding, etc. Among these
noncovalent interactions, host-guest interactions have also attracted great interest
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Fig. 2 Theoretical relationship between the association constant K, and DP, using a simple
isodesmic association function or “multistage open association” model. (Reprinted with permission
from Ref. [7b]. Copyright 2001 © American Chemical Society)
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because there are multiple and cooperative noncovalent interactions in the inclusion
complexes of hosts and guests. In this chapter, the supramolecular polymer
constructed by pillar[n]arene was summarized, as well as their potential application,
which is mainly focused on the pillar[5]arene and pillar[6]arene. And we hope it can
provide inspiration for the constructions of smart materials based on pillar[n]arenes.

13.2 Construction of Pillar[N]Arene-Based Supramolecular
Polymer

13.2.1 Supramolecular Polymer Formed by Host-Guest Interaction

As a new generation of macrocyclic molecules, pillar[n]arene exhibited excellent
host-guest properties due to their rigid structures, electron-rich cavities, and easy
modification. Traditionally, the main driving forces to form the host-guest complex-
ation were C-Heeenr, C-He+*O, and catione*sr interaction. Based on these fundamen-
tal researches to explore the suitable guest molecules for this type host molecules,
tremendous supramolecular polymers have also been successfully constructed.

Huang and coworkers reported the first example of pillar[5]arene-based supra-
molecular polymer (Fig. 3) [8]. Based on the discovery that the n-hexane was
included in the cavity of the copillararene in the crystal structure, a long alkyl
chain as the guest molecule was modified onto the pillar[5]arene through the typical
[4 + 1] cycloaddidtion, thus affording the A-B-type monomers. It was discovered
that this molecule could self-assemble into the linear supramolecular polymer
through the host-guest interaction both in solid-state and solution phases. In the
crystal structure, the octyl group of a copillararene deeply inserted into the electron-
rich cavity of the adjacent copillararene and the monomers were arranged along an
axis to form a head-to-tail linear supramolecular polymer.

The cationic molecules could also be encapsulated into the cavity of pillar[n]
arenes for their electron-rich cavity [9]. Due to the different sizes of pillar[5]arene

4 | '”*i'-\. /x‘ _..\"'?“j"\. R P
. s o
1 i;\ A )/

Fig. 3 (a) Schematic illustration of formation of supramolecular polymer reported by Huang and
coworkers, (b) crystal structure of formed linear polymer. (Reprinted with permission from Ref. [8].
Copyright © 2011, John Wiley and Sons)
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and pillar[6]arene, they exhibited different binding affinities with different guest
molecules. Traditionally, the pillar[5]arene had a better binding ability with the
secondary ammonium salt, while the bulky guest molecules, such as paraquat and
positively charged DABCO derivatives, preferred to binding with pillar[6]arene
(Fig. 4) [10]. Therefore, the same strategy with the previous research, the secondary
ammonium salt was modified to the pillar[S]arene to form the A-B-type monomer,
whose binding constant was determined to be (2.40 + 0.20) x 10> M~ in the
chloroform. Driven by the strong host-guest interaction between these two motifs,
the linear supramolecular polymer was formed. In addition, the obtained supramo-
lecular polymer had anion responsiveness due to the ion-pair effect.

As well known, the decrease in the ion-pair interaction would increase the binding
ability, and the inverse proposition was also correct [Sc, 11]. Therefore, the addition of
CI" into the polymer solution, the formed supramolecular polymer would disassemble
for the formation of tight ion pairs between the secondary ammonium cation and
halide anion. If the imidazole unit was incorporated into the pillar[S]arene, a pH-
responsive supramolecular polymer could be successfully constructed, in which the
difference in the binding constants between pillar[5]arene/imidazolium motif and
pillar[S]arene/imidazole motif played the vital role, whose values were
(1.0 = 0.3) x 10* M~" and (2.3 4 0.2) x 10> M, respectively, in chloroform
[12]. These results indicated the pH would affect the degree of polymerization of these
molecules, which meant in the acidic solution the higher-molecular-weight supramo-
lecular polymer would be formed than in the neutral solution, concluded by the
theoretical relationship between the association constant and degree of polymerization.

Besides the single constituent to form the A-B-type supramolecular polymer, the
hybrid polymers could be formed by adding another host molecule. Along with this
line, Wang and coworkers synthesize a novel host molecules, in which the cryptand
was fused into the pillar[5]arene, thus affording a host molecule with two cavities with
different binding abilities (Fig. 5) [13]. From the fundamental research in the host-
guest property, it was delighted to find that the cryptand cavity could selectively bind
pyridinium cation and the pillar[5]arene cavity selectively bound the neutral guest with
the cyano group at the end in an orthogonal manner. Therefore, the orthogonal
supramolecular polymer could be successfully constructed by addition of two homo-
ditopic guests with pyridinium cation and cyano group into the host solution.

13.2.2 Supramolecular Polymer Formed by Hydrogen Bonding and
Halogen Bond

Hydrogen bond, as an extensively exited noncovalent interaction, has been one
of the research hotspots and widely applied into molecular recognition, construction
of foldamers and helix structures, crystal engineering, as well as the supramolecular
polymer. Among all types of hydrogen bond structures, ureidopyrimidinone (UPy)
has attracted tremendous attention due to the high binding constant (10’ M~" in
chloroform), self-complementary structures, and easy access [7c]. Wang and

coworkers firstly introduced this motif into the pillar[5]arene-based supramolecular
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Fig.5 Hybrid polymer constructed by Wang and coworkers. (Reprinted with permission from Ref.
[13]. Copyright © 2015, Royal Society of Chemistry)

polymer systems (Fig. 6) [14]. Due to the self-complementary nature of UPy motif,
a series of UPy interlocked rotaxanes has been successfully synthesized using the
strategy of “diamine threading followed by endcapping with UPy units,” in which
the pseudorotaxane was firstly formed between the diamines and pillar[5]arenes
followed by the endcapping reaction to form the UPy motif. In such novel dynamic
polyrotaxanes, the UPy motifs particularly played quite important roles in the
reversible formation of main-chain backbones of supramolecular polymers.
The stepwise and one-pot strategies would provide a novel and efficient methodol-
ogy for the smart design and construction of new types of higher-ordered architec-
tures and sophisticated molecular devices.

Wang and coworkers also reported other types of supramolecular polymer by
modifying the UPy motif on the side ring of pillar[5]arene to form the bifunctional
UPy pillar[5]arene, which could self-assemble into the linear supramolecular poly-
mer by hydrogen bonding [15]. In this self-assembly manner, the cavity of pillar[5]
arene was not occupied by other guest molecules. Therefore, the addition of the
corresponding guest molecules would produce different topological self-assembly
manners. The polypseudorotaxane could be constructed by adding diamine into the
pillar[S]arene polymer [15b], and the polymer network could be formed by the
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Fig. 6 Graphical representation of the construction of dynamic polyrotaxanes reported by Wang
and coworkers. (Reprinted with permission from Ref. [14]. Copyright © 2012 American Chemical
Society)

addition of homoditopic guest with pyridinium cation molecule [15a]. Besides
the abovementioned self-complementary UPy-based supramolecular polymer, the
supramolecular polymer could also be constructed between the monofunctional
UPy pillar[S]arene by introducing another noncovalent interaction [15¢]. Herein,
an orthogonal supramolecular polymer was reported by Wang and coworkers by
introducing the homoditopic guest with pyridinium cation molecule into the mono-
functional pillar[5]arene. As well known, the host molecule could form a dimer in
the solution due to the strong binding affinity of UPy motif, and the pyridinium unit
could be encapsulated into the cavity of pillar[S]arene. Based on these results, the
orthogonal supramolecular polymer was formed.

Halogen bond [16], similar to other noncovalent interaction, occurs when “there is
evidence of a net attractive interaction between an electrophilic region associated with
a halogen atom in a molecular entity and a nucleophilic region in another, or the same,
molecular entity.” Although it is the least exploited noncovalent interaction, it has been
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widely applied in liquid crystals, nonlinear optics, separation of isomers, catalysis, and
anion binding. Researches also have been conducted on the fabrication of pillar[5]
arene-based supramolecular polymers [17]. Huang and coworkers firstly introduced
halogen bond into pillar[5]arene-based supramolecular polymer [17a]. A pillar[5]
arene derivative bearing two pyridyl groups as the halogen bond acceptor was
synthesized, which could form a linear supramolecular polymer backbone with 1,4-
diiodotetrafluorobenzene (DITFB) in chloroform as well as in solid state (Fig. 7). With
the supramolecular polymer backbone in hand, a linear side-chain supramolecular

Fig. 7 Schematic representation of the formation of the supramolecular polymer backbone and the
side-chain polypseudorotaxane. (Reprinted with permission from Ref. [17a]. Copyright © 2018,
John Wiley and Sons)
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polypseudorotaxane could be constructed by adding n-hexane. Moreover, the forma-
tion of polypseudorotaxane was certificated by X-ray crystal analysis. Potonski and
coworkers reported two crystalline supramolecular polypseudorotaxanes constructed
by combining permethylated pillar[5]arene as a macrocyclic wheel with 1,4-bis(1-
imidazolyl)butane and 1,4-bis(iodoethynyl)benzene or 1,4-diiodo-1,3-butadiyne
linked by C—I---N halogen bonds and creating a polyrotaxane axis [17b].

13.2.3 Supramolecular Polymer Formed by Metal-Ligand Binding

Mental-ligand binding is also another widely existed binding module in the nature,
which gradually evolved to be a controllable and highly efficient methodology for
the construction of supramolecular architectures with well-defined shapes and sizes.
The moderate bond energy (15-50 kcal/mol) of metal-ligand bonds, as well as their
directional and predictable features, endowed these supramolecular coordination
complexes considerable stability yet reversibility [18].

Along with this line, a new 120° monofunctionalized pillar[S]arene dipyridyl
donor and 180° linear di-Pt(Il) acceptors with different lengths were selected
and synthesized to construct the hexakis-pillar[5]arene metallacycles by Yang and
coworkers (Fig. 8) [19]. Due to the well-defined structures of the hexamers, they

Cross-linked supram olecufar polymers

Fig. 8 Schematic representation of the formation of supramolecular polymer gels reported by Yang
and coworkers. (Reprinted with permission from Ref. [19]. Copyright © 2014 American Chemical
Society)
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could act as the cores for the further construction of supramolecular polymer
network after the addition of homoditopic guest molecules to form the host-guest
complexation with pillar[5]arene. More importantly, by taking the advantages of
the dynamic nature of metal-ligand bonds and host-guest interactions, reversible
multiple stimuli-responsive gel-sol phase transition of such polymer gels was suc-
cessfully realized, which could be destroyed by addition of TBABr and competitive
guests and recovered by adding AgOTf to remove Br- and pillar[5]arene to remove
competitive guests.

Wang and coworkers adopted “threading followed by coordination” method to
synthesize coordination polymer [20]. Firstly, the guest molecule with the pyridine
unit as the ending group was synthesized, which could form a stable 1:1 complex-
ation with pillar[5]arene. Due to the introduction of pyridine motif, the complex
could further coordinate with metal cation to form the supramolecular polymer.
Therefore, the Pd(OAc), was added to form the linear polymer for the 1:1 binding
ratio between the pyridine guest and Pd(OAc),. Interestingly, due to the partial
encapsulation of guest molecules by pillar[S]arene, the intramolecular hydrogen
bonding would exist between the formed polyrotaxane backbones, leading to the
further cross-linking to form the supramolecular gel.

Moreover, Shi and coworkers reported an orthogonal supramolecular polymer, in
which the host-guest interaction, m---w stacking, and metal-ligand binding were
introduced into this system (Fig. 9) [21]. Firstly, the terpyridine derivative with
a long bromoalkyl chain was synthesized, which could form the 1:1 inclusion
complex with pillar[S]arene by the recognition motif of bromoalkyl chain, as well
as the 2:1 coordination compound with the Eu(Ill) ion by the terpyridine motif.

e 4‘"‘ R= Emyl EtP5

Bo N b

EtP5,°2 2 High host-guest complex
‘ Concentrationl Self-Assembly

“exo-wall” complex

L T ;iﬁ
. g ’
*“‘3??; .}"-\ i (EtP5,92+ Jﬁ:

1,*Eu),
Linear Supramolecular Polymer
Fig. 9 The cartoon representation of the formation of a linear supramolecular polymer reported by

Shi and coworkers. (Reprinted with permission from Ref. [21]. Copyright © 2017, Royal Society of
Chemistry)
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Then, the electron-poor molecule, N,N'-bis(n-butyl)pyromellitic diimide, was added
to form an “exo-wall” complex with electron-rich pillar[5]arene due to the meeen
stacking, thus affording the linear Eu(IlI)-coordination fluorescent supramolecular
polymer.

13.2.4 Supramolecular Polymer Constructed by Covalent Polymer

The researches on covalent polymer-based supramolecular polymer was firstly
conducted by Harada and coworkers, in which the cyclodextrins were used as the
host molecules to encapsulate the linear polymer, such as PPG, PEG, and PVA, to
form the polypseudorotaxane [22]. This combination of macrocyclic molecules and
covalent polymers could expand the application of traditional polymer and construct
functional materials, such as self-healing materials, slipping materials, isolated
molecular wires, etc. Pillar[n]arene, as a new generation of host molecules with
excellent properties, could also be applied to construct this type of supramolecular
polymers, and the researches were mainly focused on two parts, one is to form the
main chain encapsulated polymers, and the other is the side-chain supramolecular
polymers.

Similar with cyclodextrin-based main chain encapsulated polymers, Ogoshi and
coworkers firstly reported the main chain polypseudorotaxane, by incorporating
pillar[5]arene and viologen polymer (VP-8)) (Fig. 10) [23]. In this work, the
inclusion complex was formed both in DMSO and the mixed solution of CH3;CN
and acetone and results in the charge transfer complex while exhibiting different
dynamic behaviors. In the CH3CN and acetone system, the pillar[5]arene shuttling
along the polymer axis was faster than the NMR time scale, concluded from NMR
spectra. While in the DMSO solution, this shuttling movement was much slower
than the NMR time scale. This dynamic behavior depended on the external temper-
ature, at temperature above 60 °C, the shuttling movement of pillar[5]arene was
faster than the NMR time scale, and pillar[5]arene molecules dethreaded from the
viologen polymer chain at temperature above 110 °C. Moreover, the alkyl linker
length between viologen motifs also affected the formation of supramolecular
polymer; the shorter chain would decrease the potential to form inclusion complex.
The adamantyl group was applied for the conversion of polypseudorotaxane to
polyrotaxane as the stopping group, which exhibited excellent to stabilize the radical
cation species due to the electron donors of pillar[5]arene molecules. Besides the
viologen polymer, the polyaniline could also be concluded by pillar[S]arene for the
strong reducing ability of the EB form in polyaniline. And tri(ethylene oxide)
modified pillar[5]arene encapsulated polytetrahydrofuran to form the similar
polyrotaxane.

Some researches are also conducted to synthesize conjugated polymer incor-
porated pillar[5]arene. The pioneering work was firstly conducted by Miillen and
coworkers by using the Sonogashira polycondensation between the diyne mod-
ified pillar[5]arene and dihalo-aromatic compound to obtain the conjugated
polymer with the number-average molecular weight at 16 kDa [24]. However,
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Fig. 10 (a) Chemical structures of pillar[5]arene and viologen polymers, (b) dynamic behavior of
polypseudorotaxane reported by Ogoshi and coworkers. (Reprinted with permission from Ref. [23].
Copyright © 2010 American Chemical Society)

the further construction of polypseudorotaxane was not conducted. The
Sonogashira polycondensation was also applied by Cao and coworkers to syn-
thesize another pillar[5S]arene incorporated conjugated polymer (P/) with the
number-average molecular weight (Mn) about 13 kDa. After binding the homo-
ditopic guest, the polypseudorotaxane was successfully constructed (Fig. 11)
[25].

Besides the mentioned polymer, the side-chain supramolecular polymers have
also been fabricated. Wang and coworkers successfully synthesized the side-chain
functionalized polyphenylethynylene, whose linker was flexible alkyl chain. After
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the binding with pyridinium cation, the polypseudorotaxane could be formed with
the decrease in fluorescence intensity, which could be recovered by addition of
halide ion to destroy the polypseudorotaxane [26]. Moreover, the pillar[6]arene
and ferrocene were also be modified to the side chain of different polymers,
respectively. Due to the high binding affinity between pillar[6]arene and ferrocenium
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Fig. 11 (A) Synthesis of pillar[5]arene-based conjugated polymer, (B) formation of poly-
pseudorotaxane. (Reprinted with permission from Ref. [25]. Copyright © 2017, John Wiley and
Sons)

cation (K = (2.0 £ 0.1) x 10* M), the supramolecular cross-linked network could
be formed after the addition of external redox reagent [27].

13.3 Function of Pillar[N]Arene-Based Supramolecular Polymer

As well known, supramolecular polymer was defined as polymers based on mono-
meric units held together by directional and reversible noncovalent interactions,
which exhibited the dynamic nature upon the external stimuli, such as the temper-
ature, pH, light, or competitive molecules. Therefore, with the careful design of pillar
[n]arene-based supramolecular polymer, we could obtain the functional systems,
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which showed potential application in the chemical sensors, drug delivery systems,
or other smart materials.

13.3.1 Chemical Sensors

Fluorescent sensors have attracted attention for both analytical sensing and optical
imaging because of their high sensitivity, fast response time, and technical simplicity
[28]. Once the analyte is recognized by the receptor, the fluorescence signal
can be observed in the form of quenching, enhancement, or shift in the fluorescence
maxima due to either electron transfer, charge transfer, or energy transfer processes.
This allows on-site and real-time detection in an uncomplicated and inexpensive
manner, providing qualitative and quantitative information.

Wang and coworkers reported a pillar[5]arene-modified conjugated host poly-
mer (M1), using the polyphenylacetylene as the backbone (Fig. 12) [26]. Therefore,
this polymer could form the side-chain supramolecular polymer with n-
octylpyrazinium cation guest. Due to the strong charge transfer between the guest
molecules and conjugated polymer, the fluorescence was quenched. After the addition
of the halide anion (tetrabutylammonium salts), the fluorescence recovery could be
observed due to the strong ion-pair interaction between n-octylpyrazinium cation and
halide anion. The fluorescence enhancement of this system increased in the order of
I” < Br < CI, and the differences in fluorescence intensity could be easily distin-
guished by naked eyes under UV light illumination, acting as the halide anion probe.

Wu and coworkers reported a thymine-substituted copillar[5]arene, which could
coordinate with Hg*" tightly through a T—Hg*'—T pairing to produce linear supra-
molecular polymer (Fig. 13) [29]. Moreover, a tetraphenylethylene (TPE) derivative
was synthesized with a nitrile motif at the end of alkyl chain, which exhibited strong
binding affinity with the pillar[S]arene. The copillar[5S]arene and TPE derivative
could only form the host-guest complex, which could not restrict the rotation of TPE
motif, resulting in no fluorescence in the mixture solution. However, the addition of
Hg”" would lead to the formation of supramolecular network resulting from both the
coordination interaction and the host-guest interaction, in which fluorescence of TPE
would be on for restriction of TPE motif. Moreover, this system could selectively
bind with Hg**, due to the unique coordination capacity of Hg>" toward the thymine
moieties, and shield the interference of other metal ions. Finally, the bonded Hg*"
could be removed by the addition of S*~, resulting in the generation of HgS
precipitate, to regenerate the sensor systems.

Lin and coworkers synthesized a bis-naphthalimide functionalized pillar[5]
arene (MP5), in which the naphthalimide group could act as a &---x stacking site for
the formation of linear supramolecular polymer as well as a fluorophore (Fig. 14) [30].
After the formation of the supramolecular polymer, it could further self-assemble into
the stable m-gel, with strong aggregation-induced fluorescence in the cyclohexanol.
Moreover, this supramolecular ni-gel could successively sense Fe®* as well as efficiently
remove Fe*" in water. The addition of Fe*" into the gel would destroy the &---x stacking
between the naphthalimide group and form the cation---x interaction, which could also
maintain the structure of gels, while induce the quench in the fluorescence emission.
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Fig. 14 (a) Synthesis of bis-naphthalimide functionalized pillar[5]arene (MPS5), (b) external
stimuli of pillar[S]arene-based gels. (Reprinted with permission from Ref. [30]. Copyright ©
2018. Royal Society of Chemistry)
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Compared with other reported fluorescent sensors for Fe**, this work showed a lower
detection limit, which was 6.06 x 10~8 M. Meantime, the quenched fluorescence could
be recovered by L-Cys, which acted as the competition of xt---x stacking and cation---x
interactions in the gel state.

Wei and coworkers reported a pillar[5]arene-based supramolecular organic
framework for the detection of both metal ions and anionic molecules, in which
two kinds of pillar[5S]arene were incorporated (Fig. 15) [31]. Firstly, the bis-
thioacetylhydrazine functionalized pillar[S]arene (DPSH) could self-assemble into
linear supramolecular polymer through the hydrogen bond. Then this
linear assembly could further bind the bis-bromohexane functionalized pillar[5]
arene (DPHB) through the host-guest interaction, which result in the successful
construction of supramolecular organic framework. This framework showed
a fluorescent response for Fe*, Cr**, Hg?*, and Cu?" ions; the fluorescence emission
of the framework was quenched. The lowest fluorescent response concentration of
Fe**, ¢r*", Cu?', and Hg2+ for the framework was determined in the range of
1.0 x 107 M to 1.0 x 10~7 M by fluorescent titrations. Moreover, the framework
containing the metal cations could also be used as the fluorescence probe for
the anionic molecules for the competitive binding with the metal ions. For example,
to the framework solution containing Fe*", only the F~ and L-Cys could induce
the emission of bright blue fluorescence at 456 nm. Other tested frameworks
exhibited similar phenomena, the framework containing Hg?" could selectively
sense Br~, and Cu-framework could selectively bind L-Cys. And the lowest fluo-
rescent response concentrations were all determined to be in the range from
1.0 x 1077 M to 1.0 x 10~® M. This work showed a novel and efficient way for
the development of multifunctional framework materials for multi-guests detection
and recyclable separation.

13.3.2 Stimuli-Responsive Soft Materials

Gels are soft solids or solid-like materials that immobilize a large amount of solvent
in a three-dimensional network held together by covalent bonds and noncovalent or
topological interactions [32]. These materials are appealing to various applications
owing to their compositional and structural versatility that allows introducing
responsiveness to external stimuli.

Yang and coworkers prepared multiple stimuli-responsive supramolecular gels
using metal-ligand bonds and host-guest interactions, in which discrete hexakis-
pillar[5]arene metallacycles with different diameters were prepared by metal-ligand
bonds between the di-pyridine modified pillar[5]arene and different linear di-Pt(Il)
acceptors [19]. Then the addition of ditopic guest containing nitrile motif, acting as
the cross-linker, would result in the formation of cross-linked polymer, which further
convert into the gels. These obtained supramolecular gels not only exhibited the
thermal responsiveness but also exhibited responsibility to halide ions as well as
the competitive guest molecules. As well known, the metal-ligand bonds possessed
relatively moderate bond energies, which could be destroyed by the competitive
ligand. In this system, the gel to sol transition behavior was observed when bromide
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anions were added, because the metal-ligand bonds were dissociated by the forma-
tion of Pt-Br complexes. The addition of AgOTf could remove the Br anion
by formation of AgBr precipitate, thus resulting in the reformation of the
discrete hexakis-pillar[S]arene metallacycles. Moreover, the competitive guest,
1,4-dicyanobutane, could also induce the gel-sol transition by destroying the host-
guest interaction between the ditopic guest and the metallacycles. And the addition
of the native pillar[5]arene to include the competitive guest would lead to the
recovery of supramolecular gels.

Wang and coworkers reported rotaxane-based stimuli-responsive supramolecular
gels, in which the pseudorotaxane could be formed by the ditopic guest containing
the pyridine as the ending motifs and pillar[5]arene (Fig. 16) [20]. After the addition
of Pd(OAc),, the metalla-supramolecular polymer could be formed with the rotaxane
as the main backbone. Thanks to the intermolecular hydrogen between the guest
molecules, the supramolecular gels could be obtained in a high concentration.
Due to the dynamic nature of hydrogen bond, this gel exhibited responsiveness to
the external temperature as well as the concentration of the gelators. Moreover, the
gel to sol transition could also be achieved by the addition of PPhs to destroy the
previous metal-ligand bonds. However, due to the occurrence of precipitate,
the reverse sol to gel transition could not be achieved.

Yang and coworkers reported a stimuli-responsive blue fluorescent supramolec-
ular gel based on the pillar[5]arene-modified TPE derivatives and corresponding
guest molecules [33]. Firstly, they successfully synthesized the pillar[5]arene-mod-
ified TPE derivatives (H/) and the ditopic guest molecules (G2) containing the nitrile
motifs (Fig. 17a) [33a]. Similar to the above gel formation process, the 2D supra-
molecular polymer could be generated by mixing the host and guest molecules,
which could further aggregate into gels. The formation of large-scaled supramolec-
ular polymer could restrict the rotation of TPE motif, affording the strong blue
fluorescence emission. This fluorescent supramolecular gel exhibited responsiveness
to the temperature and solvent. The increase in the temperature destroys not only the
host-guest interaction but also the aggregation manners, leading to the destruction of
supramolecular gels and the decrease in the fluorescence intensity. Moreover, they
also explored the influence of alkyl chain length on the formation of stimuli-
responsive supramolecular gels (Fig. 17b) [33b]. Two sets of pillar[5]arene-modified
TPE derivatives (SH and LH) and neutral guests (SG and LG) with three binding sites
were synthesized; the only difference in these molecules was the alkyl chain length,
which could both form the supramolecular polymer by simply mixing corresponding
host and guest molecules. However, only the set with long alkyl chain could form the
supramolecular gels, resulting from the flexible structure induced looser supramo-
lecular networks to include solvent molecules. And this supramolecular gel also
exhibited external stimuli to the change in temperature.

Zhang and coworkers synthesized a copillar[5]arene derivative containing one
1,4-bis(hexadecyl)benzene unit, which could form the supramolecular gels in the
CH;CN solution, driven by the C-H:--n interaction and the van der Waals forces [34].
This gel showed the aggregation-induced enhanced emission at 450 nm. The addition
of the electron poor competitive guest molecule, hexadecylpyridinium chloride,
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Fig. 16 Schematic of the formation of polyrotaxanes and sol-gel transformation reported by Wang
and coworkers. (Reprinted with permission from Ref. [20]. Copyright © 2016. Royal Society of
Chemistry)

would result in the destruction of the linear supramolecular polymer by the formation
of host-guest complexation. Moreover, due to the strong charge transfer from the
electron-rich pillar[5]arene and electron-poor guest molecule, the fluorescence could
be quenched. The external temperature could also induce the reversible sol-gel
transition, as well as the reversible change in the fluorescence emission.
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Researches also have been conducted on the polymer-based supramolecular gels,
in which the cross-linked network was constructed by the host-guest interaction
between the pillar[n]arene and corresponding guests. Wang and coworkers
constructed a redox-responsive gel based on copolymers containing pillar[6]arene
moieties and ferrocene derivatives (Fig. 18) [27]. Herein, the copolymers containing
pillar[6]arene moieties and ferrocene derivatives were prepared. No supramolecular
gels were formed by mixing these two polymers in an organic solvent because
no complexes were formed between the ferrocenes and pillar[6]arenes moieties.
However, the addition of an oxidant to the mixture triggered the formation of
a supramolecular gel because the ferrocenes were converted to ferrocenium cations,
which could be included by pillar[6]arene, resulting in the formation of cross-linked
network. Moreover, this gel to sol transition could be achieved by the addition of
competitive host (native pillar[6]arene) and competitive guest (cobaltocenium hexa-
fluorophosphate), which could destroy the formed stable inclusion complex, leading
to the destruction of supramolecular gels.

Liao and coworkers constructed another type of polymer-based supramolecular
gels (Fig. 19) [35]. Firstly, they synthesized a copolymer with pendant pillar[5]arene
via free radical polymerization. Herein, a ditopic guest molecule with the pyridinium
cation was synthesized for the cross-linker, which was different with the previous
research by using the copolymer containing the guest molecules. The supramolecular
polymeric gel based on the pyridinium-pillar[5]arene motif was fabricated readily by
mixing the bifunctionalized guest with the copolymer. On the basis of the competition
of host-guest interactions, such a gel could be transformed to sol by addition of
competitive host (native pillar[S]arene) or guest molecules (butanedinitrile). Besides
host-guest interactions, ordered stacking of pillararenes played an important role in
construction of this supramolecular gel, which could realize the gel-sol transition by
increasing temperature and the reverse process by decreasing temperature.

13.3.3 Application for the Nano-carrier

With the development of supramolecular chemistry, supramolecular delivery
systems are providing incredible opportunities for biomedicine, especially for the
diagnosis and treatment of diseases, due to the dynamic nature of noncovalent
interaction leading to the diversification of delivery systems [36]. The combination
of macrocyclic molecules and the covalent polymers could provide more external
stimuli responsiveness than the traditional polymeric drug delivery systems.
Inspired by biodegradable and biocompatible polyglutamic acid, Wang and
coworkers synthesized a butyl-ammonium group functionalized polymer (polymer
3) with the biotin moiety as the targeted unit (Fig. 20) [37]. Due to the host-guest
interaction between butyl-ammonium group and the anionic pillar[5]arene (WP5),
the side-chain supramolecular polymer could be obtained, which could further self-
assemble into vesicles thanks to the electrostatic interaction and hydrophobic effect.
Furthermore, this hollow assembly could encapsulate the hydrophilic anticancer
drug mitoxantrone (MTZ). And the release of the encapsulated MTZ could be
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Fig. 19 Schematic illustration of dynamic gels reported by Liao and coworkers. (Reprinted with
permission from Ref. [35]. Copyright © 2016, American Chemical Society)

achieved in the cancer cell environment, resulting in the death of cancer cells.
Moreover, the MTZ-loaded vesicles with targeting biotin ligands could not only
improve the anticancer efficiency of MTZ but also effectively reduce the undesirable
cytotoxicity toward normal cells. This method to construct polymetric nano-carriers
based on host-guest complexation with covalent polymer showed great advantages
in comparison to traditional polymers; tedious synthesis is often required.

Huang and coworkers reported a dual-responsive nano-carrier based on
azobenzene-containing random copolymer (3) and tri(ethylene oxide) modified
pillar[7]arene (WP7) (Fig. 21) [38]. In this system, the azobenzene unit could be
included into the cavity of pillar[7]arene, leading to the formation of poly-
pseudorotaxane. Due to the introduction of pillar[7]arene, the amphipathy of the
copolymer was changed, thus resulting in the formation of vesicles, which could
encapsulate the model drug (calcein). Because of the thermoresponsiveness of tri
(ethylene oxide) modified pillar[7]arene and photoresponsiveness of the azobenzene
unit, the reversible transformations between solid nanospheres based on the self-
assembly of the polymer backbone and vesicles based on the self-assembly of the
supra-amphiphilic polypseudorotaxane are achieved by adjusting the solution tem-
perature or UV-visible light irradiation. Therefore, the controlled release of the
encapsulated cargoes could be achieved by both light and temperature. The same
research group also conducted research on the pillararene-based amphiphilic supra-
molecular diblock polymer-based on the host-guest recognition between a water-
soluble pillar[S]arene and a viologen salt. The efficient encapsulation and release of
anticancer drug (doxorubicin hydrochloride) could be realized for the efficient
cancer therapy.

Liu and coworkers synthesized a novel lateral-modified pillar[5]arene derivative
through bromination reaction at methylene bridge of the dimethoxypillar[5S]arene,
which could form the covalent polymer with cystamine dihydrochloride, exhibiting
highly stable nanostructures, and possess very thin shells composed of lateral
covalent cross-linked pillar[5]arenes (Fig. 22) [39]. By taking advantages of the
structural features of the nanocapsule shell that composed of host macromolecules,
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Fig. 20 Schematic illustration of (a) the strategy for the construction of supramolecular poly-
mersomes and (b) the fabrication of supramolecular polymersomes and their applications in
targeted drug delivery. (Reprinted with permission from Ref. [37]. Copyright © 2014. Royal
Society of Chemistry)

the tumor-penetrating peptide with the binding site with pillar[S]arene was intro-
duced to construct the supramolecular polymer-based nano-carriers by host-guest
manner, thus successfully developing it as a new target smart vehicle for efficient
drug delivery.

Huang and coworker synthesized a TPE and bipyridinium derivative modified
brush copolymer (PTPE), which could form the side-chain supramolecular polymer
with biotin-modified pillar[5]arene (P5-PEG-Biotin) due to the inclusion
bipyridinium unit into the cavity of pillar[5]arene (Fig. 23) [40]. Furthermore, this
supramolecular polymer could self-assemble into nanoparticles resulting in the



369

13 Pillararene-Based Supramolecular Polymer

(K39100§ [eOTWIAYD) UBdLIDWY ‘G107 O WSHAdo) [g¢] Joy woy uorssturad yim pajunidoy) ‘sopnodjowr urao[eds
Jo osed[a1 aarsuodsal-fenp Jo ssao01d oy) pue s9[OISIA Ie[nodjoweldns Jo A[qUISSSESIP pue A[qUIdsSe PI[[onuod dAlsuodsar-fenp ay) jo uonensnj] Lz ‘bi4

1801 <1 .
c_wu_mo Ec mwm/
wu sey . —
‘ ) [\V\ ®

1s071>1
mmwa_mz Jajem ul Jajem ul

aAlsuodsal-leng Alqwesse-jjag x_nEmmmm-:mm

Y
A

e
. -® ® co:oﬂwE_

\ ’ 1s8nB-1s0H
W 1S01>1 wu m 9¢
—. W m 1SD1<1 J\wﬂ
*
P
¢ "
o

ll z*
5
O
!




X. Wu et al.

370

(K19100g [EOTWIOYD) UBOLIOWY ‘R1(T © WSUAdOD [6¢] Joy woxy uoisstuad yyim

pajuriday) “K1oa1op Snup 1oouednue unadie) 10y sojnsdesoueu 1owAjod 194e] JB[NOd[OW S[3uls paseq-ouare[glie[[id oarsuodsal-oanonpar jo SutuSisoq ze *bid

oy * uonepeibap
\o PEONPUILHSO

Y

UDIRUOX0(1q G SUILEPOL ‘&

B0IOWNL .- oyerdn e
o I ._,..:n... PN wiseidoko
ooooolooloooooooooo..coc.o.ooooo.!o..on_o ooo.o aoooooo_-o_ooo.l-clﬁo.ooton.o.o epq/eydewbey = )
ooo-.-.P--.-:::.H::ooco s “iessssnsssss ._._ooﬂ-o.:o
apqdad Bugegeuad 4Oy
M, L pueby goy
RTINS
uoljeayipod
JUB[BACO-UON gl aun
s N A~GS NH = —
»
sajnsdesoueu Bunabie) sdinas yoojq Buipjing
] L ]
® e & I e l —
° o uonepesBap Alquasse-jjas MM =
° &o paonpul-uolanpay = lus|eaod 8 b
o060 35290y sjusjuod pajensdesus ¥20|q Buiping \

yym sajnsdesouep



13 Pillararene-Based Supramolecular Polymer 371

.+ .%.% Hydrophobic parts ) . m
FP e et P5-PEG-Biotin "™ <M -l g -

<@ Amphiphilic supramolecul:

"ﬁg, brush polymer
‘%?z
Drug release «- o
—~ae——— ot
: DOX

“~-Targeting group

Dual-fluorescence quenched Highl

Dual-flucrescence recovery DOX-loaded SNPS SNPs with AIE

Fig. 23 (a) Chemical structures and cartoon representations of M, P5, P5-PEG-Biotin, and PTPE.
(b) Schematic illustration of the formation of SNPs self-assembled from the amphiphilic supramo-
lecular brush copolymer P5-PEG-Biotin. PTPE and their use as drug delivery vehicles. (Reprinted
with permission from Ref. [40]. Copyright © 2014. Royal Society of Chemistry)

enhanced fluorescence emission of TPE moiety at 471 nm, and due to the well
overlap between the emission spectrum of TPE and the absorption spectrum of
DOX, indicating that TPE could act as a fluorescent donor for DOX, the DOX
was successfully loaded into the formed nanoparticles to form a self-imaging drug
delivery system. This dynamic FRET system exhibited some advantage in the
potential clinical therapy. When the DOX was released in the cancer cells, the energy
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transfer process would be broken, resulting in a variation in the fluorescence signal,
which could be used to track the process of translocation, drug release, and excretion
of the nanomedicine.

13.3.4 Application for Optical Materials

Fluorescent material is an important kind of smart material, which can be applied in
fluorescent sensors, optoelectronics, probes, biomedicine imaging, and light-emit-
ting diodes [41]. Among the various fluorescent materials, fluorescent supramolec-
ular polymers are very interesting as the fluorescent nature of the chromophores can
be controllably regulated by polymerization process of supramolecular polymers.
Yang and coworkers reported the switchable optical waveguide microfibers
based on fluorescent supramolecular polymer for the first time (Fig. 24) [42]. Firstly,
the pillar[5]arene-based supramolecular polymer was constructed by mixing the
bispillar[S]arene host and diphenylanthracene-derived guest with ditopic binding
sites. And the supramolecular polymeric microfibers were prepared easily from
the viscous solution. This obtained microfibers could act as an active optical
waveguide material with long propagation distance (400 pm) and low optical
propagation loss (0.01 dB/pm), which was much longer than the most reported
organic micro—/nanocrystalline waveguide materials, providing a chance to inves-
tigate the long-distance light propagation. Moreover, the ternary supramolecular
microfibers could be obtained by the addition of dithienylethene-based guest molec-
ular. Due to the overlap between the emission band of diphenylanthracene and the
absorption band of dithienylethene in the closed form, the switchable optical wave-
guide system could be successfully constructed, in which the clear blue emission
was detected at the other tip, indicating the light propagation of this microfiber, while
after the irradiation, the light propagation of the microfiber was inhibited, ascribing
to the energy transfer from the diphenylanthracene units to the dithienylethene units.
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Fig. 24 Switchable optical waveguide microfibers reported by Yang and coworkers. (Reprinted
with permission from Ref. [42]. Copyright © 2018, American Chemical Society)



13 Pillararene-Based Supramolecular Polymer 373

Wang and coworkers reported a FRET-capable supramolecular polymers based
on a boron-dipyrromethene (BODIPY)-bridged pillar[5]arene dimer with BODIPY
guests for mimicking the light-harvesting system of natural photosynthesis [43].
Herein, two guest molecules were synthesized with bis-binding sites and tri-binding
sites for pillar[5]arene, thus constructing the AA/BB-type and A,/B;-type supramo-
lecular polymers. Due to the overlap between the emission band of host molecules
and the absorption band of guest molecules, the fluorescence (or Forster) resonance
energy transfer (FRET) could be occurred, and the transfer efficiency was calculated
to be 51% and 63%, respectively. This was the first example of pillar[5]arene-based
supramolecular polymers for mimicking the light-harvesting system.

Tian and coworkers reported an emission-tunable supramolecular polymer by
changing metal ion types or using mixed metal ions (Fig. 25) [44]. Firstly, the
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homotritopic pillar[5]arene monomer (B;) was synthesized, which comprised of
three symmetrical pillar[5]arene groups linked by rigid alkynyl chains, as well as
the heteroditopic building block (4C), which contained a terpyridyl ligand group and
a triazole binding site. After the addition of metal ions, the hyperbranched polymer
could be constructed by orthogonal self-assembly: pillararene-based host-guest
interaction and metal-ligand bond. By simply altering the metal ions or the percent-
age of mixed metal ions, different emission colors could be observed. Moreover, the
addition of competitive ligand could result in the quench in the fluorescence emis-
sion. This method would provide a convenient approach toward the construction of
structure-tunable fluorescent supramolecular materials with different colors.
Moreover, Cao and coworkers also pioneeringly conducted researches on the
OLED devices based on the AA/BB-type supramolecular polymers constructed by
pillar[S]arene (Fig. 26) [45]. The monomers H3 and G3 were designed based on
fluorene derivatives that lead to a blue emission. Another guest molecule G4 was
synthesized based on fluorene-co-benzothiadiazole derivatives with a green-emitting
character as the dopant unit in the formed linear AA/BB-type supramolecular poly-
mers. As a result of the efficient energy transfer caused by the exciton trapping on
narrow band gap guest G4, by applying a doping strategy, the light-emitting color of
the resulting polymers could be easily turned from blue to green. Meanwhile, photo-
luminescent efficiencies up to 81.6% were obtained. All the supramolecular polymers
prepared in this work were utilized as the emissive layers (EMLs) in light-emitting
devices, and a maximum luminance efficiency (LE) of nearly 5 cd A~' was achieved.

13.3.5 Other Functional Materials

Thermal responsive materials have been widely researched due to their potential
application in controlled drug release, molecular separation, and tissue culture sub-
strates [46]. As well known, their lower critical solution temperature (LCST) was
depended on their external environment. Along with line, Yu and coworkers
constructed a side-chain supramolecular polymer by using the paraquat modified
copolymer and water-soluble pillar[10]arene (WP10) [47]. After the formation of
supramolecular polymer, the T-p was improved by the gradual addition of WP10,
caused by the increased electrostatic repulsion and steric hindrance arising from
the introduction of WPI0, which inhibited intra—/interpolymer aggregations in
solution more effectively. Moreover, the addition of competitive guest molecule,
1,10-phenanthrolinium, would destroy the supramolecular polymer, resulting in the
recovery of T¢p to the original value, reflected by the transparency of the solution.
This method to tune the transparency of solution would be applied as the smart
window [48]. Wang and coworkers synthesized a supramolecular cross-linker poly-
mer network by the host-guest interaction between the glycol-modified pillar[6]
arene (EGP6) and the ferrocene groups [48b]. Due to the thermal responsiveness
of EGP6, the transparency of the hydrogel could be reversibly tuned by the temper-
ature. In the relatively high temperature, the hydrogel became turbid, thus regulating
the input of solar energy for a more comfortable indoor environment. Moreover, by
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addition of ATO nanoparticles, which could result in plasmonic heating induced by
NIR absorption, the photoresponsive smart window was successfully constructed
(Fig. 27) [48a].

The swelling-shrinking materials have been utilized as shape-memory polymers,
artificial muscles, and actuators [49]. However, the swelling-shrinking transition of
hydrogels was either in small degree or did not efficiently exhibit responsiveness to
external multistimuli in these systems. Wang and coworkers report a smart hydrogel
whose swelling ratio could be dramatically promoted by host-guest interaction based
on water-soluble pillar[6]arene (WP6), and the well-swollen hydrogel showed good
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Fig. 27 Chemical structures and schematic illustration of sunlight-induced photo-thermochromic
supramolecular nanocomposite hydrogel film for smart window reported by Wang and coworkers.
(Reprinted with permission from Ref. [48a]. Copyright © 2018, John Wiley and Sons)
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tions and subsequently pH-responsive swelling-shrinking transition and application in controlled
drug (DOX-HCI) release. (Reprinted with permission from Ref. [50]. Copyright © 2016, American
Chemical Society)

multistimuli responsive behaviors (Fig. 28) [50]. Firstly, the ferrocene group mod-
ified cross-linked polymer was synthesized, which exhibited little swollen ratio.
After binding with WP6, formation of side-chain supramolecular cross-linked poly-
mer, the swollen ratio was dramatically improved to more than 25 times. Moreover,
in an acidic environment, the swelled hydrogel could shrink, and this process
exhibited excellent reversibility. Taking advantage of this swelling-shrinking transi-
tion, the controlled uptake and release of DOX could be achieved, which might have
potential application as controlled drug delivery systems.

13.4 Conclusion

In summary, the pillar[n]arene-based supramolecular polymer has attracted tremen-
dous attention in the past decade. We could easily construct various pillararene-
based supramolecular polymeric assemblies with various topologies and properties
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by employing the host-guest properties of pillararenes for their facile modification
and intrinsically intriguing inclusion properties. Moreover, due to the dynamic
nature of the noncovalent interaction between pillar[n]arene and corresponding
guest molecules, these assemblies exhibited excellent responsiveness to external
stimuli, such as pH, concentration, solvent polarity, temperature, photochemistry,
and competitive components. Therefore, they might have potential application
into the chemical sensors, stimuli-responsive materials, and optical materials.

However, compared to crown ethers, cyclodextrins, calixarenes, and
cucurbiturils, it is still an immature project to build pillararene-based supramolecular
polymers. There are a lot of challenges and opportunities in this emerging research
field. Firstly, although various pillar[n]arene-based supramolecular polymer was
successfully constructed, little efforts had been engaged in the research their prop-
erties and applications, especially in the energy and environment fields. Secondly, to
date most researches were conducted in the organic solvent and mainly focused on
the pillar[S]arene and pillar[6]arene, which would limit their potential application in
the biological fields as well as the real life. Finally, how to combine the lab research
with the industrial production was still the barrier to overcome.
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