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Molecule-Responsive Supramolecular Hydrogel Constructed from
Pillar[5]arene Based on Host-Guest System

Wang, Jiao Yao, Hong* Zhou, Qi Kan, Xiaotong Fan, Yanqing

Guan, Xiaowen Zhang, Youming Lin, Qi Wei, Taibao*
(Key Laboratory of Eco-environmental Polymer Materials of Gansu Province, Key Laboratory of Eco-functional Polymer
Materials of the Ministry of Education, College of Chemistry and Chemical Engineering,
Northwest Normal University, Lanzhou 730070)

Abstract The host-guest interaction was qualified as an ideal drive force to form stable inclusion complexes with macrocy-
clic host molecules in aqueous solution. Herein, a multi-responsive supramolecular hydrogel was constructed based on a func-
tionalized benzimidazole derivative guest (M) with soluble pillar[5]arene as a host group. The mechanism of hydrogel for-
mation was explored by the '"H NMR, 2D NOESY and scanning electron microscope (SEM) in depth study. Interestingly,
host-guest inclusion, the ordered “exo-wall” n-m interaction and hierarchical stacking of pillar[S]arene was indispensable to
obtain the supramolecular hydrogel, which endowed the gel system with response to temperature change/chemical stimuli.
Upon addition of competitive guests adiponitrile (ADN)/paraquat (PQ), pillar[5]arene-based hydrogel could be converted into
sol. Herein, the organic molecules could be selectively recognized by the hydrogel.

Keywords supramolecular hydrogel; soluble pillar[5]arene; competitive inclusion; molecular recognition; self assembly

1 Introduction which endows them with remarkable stimuli-responsive
abilities.” ~® Supramolecular hydrogels constructed by
hydrogen bonding or host-guest interactions showed ex-
cellent thermal responsiveness. Simultaneously, stimu-
li-responsive supramolecular hydrogels can be utilized in
chemo/biosensors, self-healing materials, etc.” Moreo-
ver, when multiple responsive functional moieties or
non-covalent interactions are involved, the application can

Supramolecular hydrogels have caused numerous inter-
ests in plethora fields due to their extensive applica-
tions.!"?! Taking advantage of far-ranging tunable func-
tional groups and delicate non-covalent interactions, su-
pramolecular hydrogels are facile to disassemble and reas-
semble under the stimulation of external environments,
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be achieved simultaneously or sequentially by different
stimuli.'” " '? Stimulus-responsive properties have been
widely used in the construction of functional materials
through host-guest interaction. Recently, many stimu-
lus-responsive systems have been developed to fabricate
smart materials,!*'*! among which responsive hydrogels
that can reversibly switch between free-flowing liquid and
free-standing gel states have aroused increasing interest
due to their applications in molecule sensors.

Host-guest interaction, a kind of fascinating noncovalent
driving force, is susceptive to be destroyed by environ-
mental changes so that they can provide supramolecular
systems with stimuli-responsive properties.!'”> '? For ex-
ample, Qiu et al."™ reported multi-responsive supramolec-
ular gels based on charge transfer interactions in 2018.
Chen et al.!"**" reported supramolecular nanoplatforms via
cyclodextrin  host-guest recognition for synergistic
gene-photodynamic therapy in 2018. Since the host-guest
interactions between pillar[n]arenes and cationic guests
(such as imidazolium, ammonium and pyridinium salts)
are high-selective and reliable.”'**! It’s convincing to ex-
plore the application of pillar[n]arene-based host-guest
chemistry in the field of molecular recognition.”*) Much
interest in using macrocycles with intrinsic cavities as de-
sirable hosts for the specific recognition of small molecular
targets has been aroused. Pillar[n]arene, as a new family of
macrocyclic host molecules, was first reported by Ogoshi
et al.** in 2008. Pillar[n]arenes have various supramolec-
ular assembly driving forces including C—H-**&t, ©-w, cat-
ion-m, hydrophobic/hydrophilic interaction,”?* etc.
Meanwhile, pillar[n]arenes!”’**) are endowed with consid-
erable capacity for binding various guest molecules and
constructing diverse supramolecular systems. Moreover,
the incorporation of variable functional groups is well es-
tablished for pillar[n]arenes,” which renders them ideal
candidates for gel material. So far, researches about pil-
lar[n]arenes are mainly concerned about the pillar[n]arene
monomers, which are lack of linkages with different mol-
ecules each other and behave a monotonous way. So, it is
still a challenge to construct supramolecular systems by
host-guest interactions bearing pillar[n]arenes.””'** Partic-
ularly, multi-responsive supramolecular hydrogels based
on small molecules and pillar[S]arenes has been less re-
ported.”*** It aroused our interest whether small mole-
cules and pillar[5]arene could form supramolecular hydro-
gel.

In recent years, recognition and detection of toxic mol-
ecules and organic moleculars have gained paramount im-
portance in biological, chemical and environmental appli-
cations. Among the various molecules, adiponitrile is con-
sidered to be toxic molecules for human health, natural
environment and pollution to water bodies. Besides, para-
quat (PQ), which is also called N,N’-dimethyl-4,4'-
bipyridinium salt,”” has high toxicity. As one of the
non-selective, high-efficiency and quick-acting herbicides,
it possesses considerable risks to human health and envi-
ronmental protection.[3 81 Therefore, sensitive, selective,
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and technically effective methods for detection of adiponi-
trile and PQ are still needed.

On the basis of the above phenomena, two-component
supramolecular host-guest hydrogel (named SH-BP5S)
based on benzimidazole derivative (M) and pillar[5]arene
(BP5) was prepared. The hydrogel could form stable 3D
supramolecular aggregation-induced emission (AIE) hy-
drogel through the host-guest interactions, C—H-:*m,
“exo-wall” m-m interactions”’ ") and hierarchical assem-
bly. Benzimidazole derivative (M) with alkyl chain as the
hydrophobic guest was synthesized by employing the fol-
lowing strategy (Eq. 1). Next, soluble pillar[5]arene (BPS)
with strong hydrophilicity was introduced as host mole-
cule. Finally, AIE hydrogel SH-BP5 was obtained via
host-guest interaction. Interestingly, by rationally intro-
ducing competitive molecules adiponitrile (ADN)/paraquat
(PQ) into the hydrogel SH-BPS5, the disassembly of
SH-BP5 could be obtained, meanwhile, the gel state was
collapsed. Recognition of specific organic pollutant mole-
cules was achieved.

)0\11H23 C11H23
CH,COOCH; HyC— ¥ A~ CH,COOCHS
N7 N7 CHal, 32 h NN
Sl )
CH:CN, 85°C
M

2 Results and discussion

2.1 Synthesis of compound M

Compound M was synthesized using the method de-
scribed in our previous article (Eq. 1).*” In this experi-
ment, we found that M could not only form a gel with cy-
clodextrin, but also form a supramolecular hydrogel with
the pillar[5]arene through the host-guest interaction.

2.2 AIE of hydrogel SH-BP5

Hydrogel SH-BPS showed an aggregation-induced flu-
orescence emission (AIE)*'" ! in pure water with the re-
duction of temperature. The destruction of hydrogen bonds
at elevated temperature also induced the sol-gel phase
transition, which indicated that SH-BP5 has ther-
mo-stimuli-response. Such a performance is highly benefi-
cial for potential applications in fluorescence soft materi-
als.

2.3 Host-guest complex between M and BP5

In order to explore the self-assembly mechanism be-
tween M and BP5, '"H NMR, 2D NOESY and X-ray dif-
fraction (XRD) had been performed. First, 'H NMR titra-
tion was utilized to confirm the host-guest complexation
between BP5 and M molecule. As shown in Figure lc,
upon addition of 0.5 equiv. of BPS, H-1, H-2, CH, (H-6),
CH; (H-7) signals on BP5 and Hy, H., H;, protons on M
showed downfield shifts, respectively. This downfield
shifts could be attributed to the dissociation of M and the
C—H---O hydrogen bonding interactions existed between

Chin. J. Org. Chem. 2020, 40, 175~180
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M and BPS. Meanwhile, multiple C—H-+*7 interactions
between C—H (Hj.;) moieties of M and the n-electron-rich
pillar[5]arene cavity were formed. To test if M could be
efficiently released from the SH-BPS complex by compet-
itive replacement with ADN, 'H NMR experiment was
conducted to characterize the process of competitive bind-
ing. In Figure 1d, with the addition of 0.5 equiv. of ADN
to SH-BPS, the protons Hy, H, H;.,, on M gradually shifted
upfield, which suggested that M was released from the
SH-BP5 complex and ADN occupied the cavity of BP5.
Simultaneously, the hydrogel was destroyed due to the
change of C—H:**n interactions. In addition, the assign-
ment and correlation of the protons were further validated
by the 2D NOESY spectra of BPS and M. As shown in
Figure 2, the cross peaks A/A' represented the correlations
between the signal of protons H-2 on aromatic protons and
Hg, Hf on M, which implied that the aromatics moieties
were included in the BP5 cavity.
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Figure 1 'H NMR spectra (600 MHz, D,0, 298 K) of (a) BP5
solution (6.0X 107 molsL™"), (b) M solution (1.2X 10> mole
L"), (¢) M and BP5 mixed solution (M : BP5, 1 : 0.5 in molar
ratio) and (d) upon the addition of 0.5 equiv. of ADN into (c)

To further certify possible host-guest interaction mecha-
nism, the XRD experiments were carried out. For M, there
was a sharp peak at 25.52° and the corresponding d value
was 0.352 nm, indicating the existing of n-n stacking. The
peak at 260=30.1° corresponding to the d-spacing value of
0.296 nm indicated the existence of hydrogen bond in solid
state. What’s more, the d value of 1.401 nm at 260=6.3°
was less than twice the length of the theoretical alkyl chain
of M molecules, which was due to the combination of two
M molecules through hydrophobic interaction in each unit
of the arrays. After the formation of SH-BPS5, the peak at
20=6.3° on SH-BP5 was disappeared. Meanwhile, the
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d-spacing of 0.308 nm at 20=29.98° suggested that n-nt
stacking existed in SH-BPS5.
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Figure 2 2D NOESY spectrum of M and BP5 (M/BPS5, 1: 0.5
in molar ratio) mixed solutions in D,O

2.4 Molecular recognition characteristics of SH-BP5
for ADN/PQ

It is well known that pillar[n]arenes can form complex
with positively charged guests. Pillar[5]arene shows very
strong binding affinities with the competitive guest adi-
ponitrile/paraquat (ADN/PQ), so it is envisioned that hy-
drogel SH-BP5 could be disassembled by addition of a
competitive guest. The competitive guest ADN/PQ was
added to SH-BP5, and the obtained solution could not
form hydrogel by heating or cooling because ADN/PQ has
stronger competitive binding with pillar[S]arene than M,
resulting in the destruction of the gel state (Figure 3). In
terestingly, as shown in Figure 4, several kinds of organic
molecules were added into the hydrogel SH-BP5, respec-
tively, only the addition of ADN gave SH-BP5 obvious
gel-sol transition. The results indicated that the hydrogel
SH-BP5 can selectively recognize ADN. Meanwhile, the
SEM image (Figure 5) also showed that the network struc-
ture of hydrogel SH-BP5 was destroyed and turned into a
well-regulated bulk structure of SH-BP5-ADN.

According to the above experimental results and the
structural parameters of BP5 reported in the literatures,**!
the possible inclusion modes between BP5 and M were
presented in Scheme 1. The aromatic moieties of M pene-
trated into the cavity of BP5 by host-guest interactions and
inclusion interactions. Thus, a stable hydrogel SH-BP5
was formed. However, when ADN/PQ was added into
SH-BP5, SH-BP5 was disrupted because of competitive
interaction between M and ADN/PQ (Scheme 1). Supra-
molecular hydrogel SH-BP5 exhibited a peak at m/z=
422.3913, corresponding to BP5+M, indicating that the
complexation reaction between BP5 and M was 1 : 1
stoichiometry.

3 Conclusions

In conclusion, host-guest interactions have become one
of practical and popular interactions in the construction of
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Figure 3 Formation process and chemical stimuli-response of supramolecular hydrogel SH-BP5 (1.,=340 nm)
(a) M solution (8.0X 10 ¢ moleL "), (b) M (8.0X 10 ® molsL ") and BP5 (4.0 X 10 ® mol-L ") hot sol, (c) SH-BP5 hydrogel (w=2.0%, M : BP5, 1 : 0.5 in molar
ratio), (d) after adding of ADN (1.6 X 10 > molsL ") into hydrogel SH-BP5 (c), (d") after adding of PQ (1.6 X 10 ° mol+L ") into hydrogel SH-BP5 (c), (¢) and (¢')
after adding of BP5 (4.0 X 10 ® mol-L ") into (d) and (d') hydrogel recovered again

Ethanol Dimethylformamide

Acetone

Petroleum ether

Adiponitrile

Figure 4 Responsive properties of organic solvents for the hydrogel SH-BP5 (w=2.0%, A, =340 nm, M/BP5, 1 : 0.5 in molar ratio)

Figure 5 SEM images of the xerogels of (a) SH-BPS, (b)
SH-BP5-AND and (c) SH-BP5-PQ

supramolecular hydrogels. Supramolecular hydrogel
SH-BPS5 based on the benzimidazole M and pillar[5]arene
BPS was successfully developed. Salient features of
SH-BPS5 included the thermal-responsive nature and the
reversible chemical-stimuli-responsive behavior. On the
basis of the competition of host-guest interactions, the 3D
network hydrogel could be transformed to sol by addition
of competitive guest molecules (ADN/PQ). This was
mainly due to the effectively disassembled process which
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was destructed the “exo-wall” 7-m interactions and
host-guest interactions of SH-BP5. More importantly, with
addition of enough BPS5 to the disassembled sol and the gel
state was recovered again. The reason why M could be
released from its host-guest complex was the higher bind-
ing affinity of ADN/PQ with pillar[S]arene than that of M
molecule. These phenomena showed that the SH-BP5 has
excellent molecular recognition behavior.

4 Experimental section

4.1 Synthesis and characterization of guest M

N-Methoxycarbonylmethyl-2-undecyl-1H-benzimidazole
(1.03 g, 3.0 mmol) was added into 50 mL of acetonitrile,
and stirred at room temperature for 15 min. Then iodome-
thane 1.27 g, 9.0 mmol) was slowly dripped into the solu-
tion. The mixture was stirred under reflux at 85 ‘C for 32
h under nitrogen atmosphere. Then the solution was evap-
orated under vacuum. The residue was collected, recrystal-
lized with acetone/water and t.en dried in vacuum. 0.78 g
of white powder compound M (73% yield) was obtained.
m.p. 108~110 ‘C; 'H NMR (600 MHz, D,0) o: 7.89~
7.68 (m, 4H), 5.50 (s, 2H), 4.10 (s, 3H), 3.86 (s, 3H), 2.73
(s, 2H), 1.76~1.79 (m, 2H), 1.43~1.45 (m, 2H), 1.25~
1.27 (m, 14H), 0.85 (t, J=12 Hz, 3H); >C NMR (CDCl;,
150 MHz) o: 168.65, 154.27, 153.96, 131.58, 133.95,
131.17, 126.83, 113.72, 112.63, 50.38, 110.61, 40.39,
31.81, 31.57, 29.63, 26.17, 20.78, 14.06; HRMS (ESI)
caled for C,,H3sN,0, (M—1)" 359.5320, found 359.2949.
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Scheme 1 (a) Chemical structures of M, BP5, ADN and PQ, (b) proposed assembly mechanisms of supramolecular hydrogel SH-BP5
and (c) disassembly of SH-BP5 with competitive guest ADN/PQ and the gel state destroyed after addition of guest molecules

4.2 Preparation of hydrogel SH-BP5

First, the gelator (M), pillar[5]arene (BP5) and pure wa-
ter were put in a reagent bottle (1.0 mL) and then heated
until the solids were dissolved completely. After the solu
tion was cooled to room temperature, the hydrogel
SH-BP5 could be obtained, respectively, and the corre-
sponding critical gel concentration was about 2.0 mge mL~
!. The pillar[5]arene was synthesized using a method de-
scribed in our lab previously.!*>4¢!

4.3 General procedure for '"H NMR experiments

For '"H NMR titrations, the host molecule (BP5) and 1
equiv. of guest (M) stock solutions were prepared in deu-
terium water. Aliquots of the two solutions were mixed
directly in NMR tubes.

Supporting Information 'H NMR, "C NMR and
ESI-MS spectra of M; 'H NMR spectrum of BP5 and
ESI-MS spectrum of the complex between BPS and M. The
Supporting Information is available free of charge via the
Internet at http://sioc-journal.cn.
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