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The two-dimensional surfaces have been fueled by the infinite possibility they offered for basic research,
and for novel technologies in nanoelectronics. To realize many of these promises, the effective strategies
were to design and control their surface chemistry, which plays a vital role in determining the chemical
and physical properties. Macrocyclic host-guest chemistry with the reversible noncovalent interactions
between macrocyclic hosts and suitable guests can be readily used for constructing multifunctional
surfaces. Macrocyclic pillararenes, possessed the unique structure, have attracted the attentions of
researchers in recent years. This feature article covers the recent development of pillararene-based two-
dimensional interfaces, including the fabrication and function of the hybrid composite. The combination
of pillararenes and materials platform exhibited the novel property because of the characteristic of cavity

of macrocyclic host and confined spaces of surfaces. We anticipate that this review will be helpful to the
researchers working in the fields of supramolecular chemistry and materials science.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction

The researches on two-dimensional (2D) surface have attracted
tremendous attentions in the last decade [1-5]. In fact, the 2D
surface exist extensively within many objects in the real world. For
example, in biological systems, many of processes such as material
transfer by the proteins channels and interactions of viruses with
certain cells the strongly are related to interfacial behaviors [6-11].
Inspired by the behaviors in organism, chemist used 2D layered
graphene oxide membranes to construct biomimetic gate-induced
ion channels [12,13]. Moreover, the unique optical, electronic, and
mechanical properties of 2D interfacial materials served as key
components in novel applications for catalysis and optoelectronics
[14-18]. The intelligent regulation of 2D surfaces properties can be
achieved by imparting the responsive nature of surfaces with vital
functionality [19-21]. Hence the functionalization of surface is
considered precious and vital. Although some technologies have
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been described for fabricating the functional 2D surfaces such as
electrochemical deposition and calcination, it remains a challeng-
ing issue [22-24].

Macrocyclic host-guest systems [25-28], being the conven-
tional focus of supramolecular chemistry and incorporating a novel
idea to manage reversible noncovalent interactions between
macrocyclic hosts and suitable guests, allow for the construction
of various smart surfaces that can adapt to external stimuli, such as
self-cleaning surfaces and biomimetic surfaces [29-32]. The
emergence of new macrocyclic hosts can enrich the field of
supramolecular chemistry due to themacrocyclic hosts such as
crown ethers, cyclodextrins, cucurbiturils and calixarenes, have its
own special host-guest features [33-45]. Many important reviews
have been reported based on macrocyclic host-guest interactions
at 2D surfaces in the last few years [46-49]. As one novel type of
macrocyclic host, pillararenes are cyclic oligomers through
hydroquinone units linked by methylene bridges at the para-
positions, accompanying with the characteristics of rigid columnar
symmetrical structures and easy modification [50-55]. The
specific positive charged and neutral guest molecules can be
bound in the electron-rich cavity of pillararenes by non-covalent
interactions such as hydrogen bonding, electrostatics, and

1001-8417/© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



3096 R.-H. Li et al./Chinese Chemical Letters 31 (2020) 3095-3101

hydrophobic interactions [56-62]. Due to these merits, the more
and more researchers are fascinated by pillararenes, being one of
the hot topics in supramolecular chemistry, especially in the area
of the functional materials.

This review article aims to outline the very recent and
important progresses in the field of hybrid 2D surfaces constructed
through pillararenes based host-guest systems (Scheme 1). The
review can be divided into five sections according to type of
substrates. First, we described the pillararene-based responsive 2D
functional materials on Au substrates. Second, we summarized the
pillararene-based multilayer films constructed by layer-by-layer
on quartz substrates. In Sections 4 and 5, we mainly discussed the
self-assembly adsorption behavior of pillararene-based silicon
interfaces and the 2D supramolecular composites based pillarar-
enes on graphene substrates. In Section 6, we focused on the
applications of hybrid 2D surfaces constructed by pillararenes,
especially in the field of smart windows. Finally, it is a summary
and outlook on the development of pillararenes based on 2D
interfaces.

2. Pillararenes based Au substrates

Au surfaces possess the good stable physical characteristics and
charming chemical properties. Attaching the specific molecules to
Au surfaces is of substantial interest for the preparation of
advanced nanodevices, leading to various applications [63,64]. In
this section, we discussed pillararenes based 2D functional gold
interfaces, including the thermal and chiral responsive behaviors.

Thermal stimulation is of great interest due to its cheap, clean
and easy to obtain characteristics. As shown in Fig. 1, Li and co-
workers demonstrated a thermoresponsive switch on Au interface
by incorporating the functionalized anthracene pillar[5]arene and
imidazolium ion liquid [65]. The host was attached to the Au
interface via the self-assembly, leading to fluorescent “ON” with
the wettability of surface changing from hydrophilicity to
hydrophobicity. Upon the increasing of temperature, the anthra-
cene pillar[5]arene was released because of the disassembly of
host-guest, leading to fluorescent “OFF” with the wettability of
surface returning to hydrophilicity. Interestingly, the functional
interface has high sensitivity and good reversibility toward
temperature stimuli through the process of binding and release
between host and guest. The above behaviors were confirmed by
temperature depending NMR and contact angle (CA) experiments.
These studies show that the thermal-responsive host-guest
chemistry can be potentially applied in memory storage, drug
delivery systems, and sensors.

Chirality is one of the fundamental properties of physiological
process of life [66-68]. The chiral sensor can be regulated by
biological events on the biomimetic surfaces [69]. Thus, the
fabrication of chiral interface is conducive to the exploration of
chiral phenomena in living systems. Li and his group reported
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Scheme 1. The brief outline for tailor and application of hybrid 2D surfaces
constructed by pillararenes based host-guest chemistry.
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Fig.1. Scheme of the temperature-responsive switch constructed by pillar[5]arene-
based host-guest interactions. Copied with permission [65]. Copyright 2016,
American Chemical Society.
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Fig. 2. (A) Structures of the L/D-AP5. (B) The schematic of the design and
preparation of D/L-AP5-interfaces. (C) Electrochemical impedance spectroscopy of
the D/L-AP5-interfaces after immersing them in ctDNA solution. (D) Underwater oil
contact angle of the D/L-AP5 interfaces before and after ctDNA adsorption. Copied
with permission [70]. Copyright 2019, Royal Society of Chemistry.

chiral-responsive interfaces introducing p-alanine-pillar[5]arene
and 1-alanine-pillar[5]arene (D/L-AP5) on the gold interface (Fig. 2)
[70]. The D/L-AP5-interfaces were characterized by X-ray photo-
electron spectroscopy, atomic force microscope, and electrochem-
ical impedance spectroscopy to confirm the formation of D/L-AP5
based surfaces. More interestingly, the chiral surfaces showed
significantly different towards the adsorption amount of calf
thymus DNA (ctDNA), which probably explained by the stereotac-
tic hydrogen bond interactions, electrostatic interaction, and chiral
selectivity. The method for constructing a chiral responsive
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interface provides an ideal chiral platform for the study of
biological chirality and the development of chiral devices.

Similarly, Li and coworkers reported a gold interface modified
with chiral phenethylamines (PEA), which can be further assem-
bled with water-soluble pillar[5]arenes (WP5) to achieve highly
enantioselective adsorption of lysozyme proteins on the interface
[71]. The experimental results showed that the R-PEA-WP5 surface
exhibited a stronger preference in lysozyme protein adsorption,
which is probably due to the planar chirality of WP5 can be induced
by chiral PEA through the host-guest interactions, achieving the
chiral amplification in the confined space. On the basis of these
findings, the chiral interfaces based on pillararenes offered real
promise for constructing biological devices in the adsorption of
lysozyme and exploring, and developing the device of chiral
recognition.

3. Pillararenes based quartz substrates

The approach of layer-by-layer (LbL) assembly has been
extensively employed in the design and preparation of multilayer
films with explicit components and functions [72]. Multilayer
films are normally prepared by continuous adsorption of
polyelectrolytes with opposite charges on a solid substrate
[73]. Quartz plates are dominantly selected as substrates to
prepare multilayers due to the smooth surface and readily
available characteristics. In this section, pillararenes were used as
building blocks to fabricate multilayer films on quartz substrates,
and achieve the uptake and release of guest molecules by host-
guest interactions. For example, Zhang and co-workers reported
pillar[6]arene-containing multilayer films with artificial binding
sites by alternating deposition of diazoresin (DAR) and a complex
consisting of anionic pillar[6]arene with methyl viologenanion
(MV) (Fig. 3) [74]. The binding site is relatively stabilization even
though multilayer films possess the features of high softness and
flexibility. The multilayer films can selectively recognize MV
guest molecules and showed good reversibility for MV uptake and
release, treatment with the mixed solvent of H,O/DMF/ZnCl, to
release MV.

Subsequently, Zhang and co-workers discovered that the
preparation process of multilayer films no longer required the
pre-complexation of the carboxylated pillar[6]arene (WP6)
building blocks with MV guest [75]. The pH trigger was introduced
to optimize the release system of multilayer films, which can
precisely regulate the absorption and release of MV guest
molecules. The formation of host-guest stoichiometric complexes
with WP6 and MV was studied through UV-vis spectroscopy and
illustrated that electrostatic interactions were the main driving
force of the complexation. The decrease of pH leads to the
disruption of the interaction between WP6 and MV, leading to the
release of MV from the multilayer films. The above studies indicate

Fig. 3. Schematic representation of multilayer films and the structures of the
building blocks for the layer-by-layer assembly. Copied with permission [74].
Copyright 2015, American Chemical Society.

that pillar[6]arene-containing multilayer films have potential
application and promising prospect in the area of storage and
separation.

Recently, Ogoshi and co-workers developed an approach for the
preparation of pillararene-containing multilayer films with well-
defined micropores through LbL assembly [76]. The pillararene-
based multilayer films assembled by alternating adsorption of the
building block of anionic and cationic pillar[5]arene (P-, P+) (Fig. 4).
Compared with the ortho- and meta-dinitrobenzene, the films
exhibited preference for adsorption of para-dinitrobenzene (p-
DNB) depended on the surface electrostatic potential. Moreover,
the capacity of adsorption can be enhanced by increasing the
quantity of layers of the films. The pillararene-based multilayer
films can uptake and release guest molecules through host-guest
interactions. The fabrication of microporous films by the LbL
assembly provides a new effective method for the preparation of
controlled microporous films.

4. Pillararenes based silicon substrates

Micro/nanostructured silicon surface can amplify signal output
with respect to wettability alterations [77]. Chemists used the
silicon wafer as the substrates for the investigation of behaviors of
self-assembly, such as the adsorption of proteins, pesticide guests,
and enantiomers.

Li and co-workers prepared a pH-driven protein adsorption
interface switch on silicon surface [78]. Pillararenes based 2D
surfaces were fabricated by three steps. The authors primarily used
compound 3-aminopropyltrimethoxysilane to decorate the silicon
surface. The guest adipic acid (AA) can further react with 3-
aminopropyltrimethoxysilane by classical condensation reaction.
Subsequently, the butoxy pillar[5]arene (WP5) host was assembled
on the interface via host-guest interactions. The change of contact
angle before and after modification displayed that the host-guest
chemistry successfully assembled on the interface. Interestingly,
the functional surface showed a preference for BSA proteins. The
experiment of cyclic CA between base and acid environments
exhibited the good reversibility of the interface switch (Fig. 5).
Furthermore, the atomic force microscopy confirmed that the
interface switch based on WP5 host-guest system can achieve the
reversible absorption of BSA through pH regulation. This pillar-
arene-based interface may have the potential applications in the
production of new biosensors and immunological tests.

In agricultural field, paraquat is a widely used herbicide [79,80].
The high toxicity of paraquat brings considerable risks to human
health and environment [81,82]. The adhesion of herbicide
droplets on leaf interfaces play an important role in the absorbing
herbicides of crops [83,84]. Li and co-workers reported a
functionalized silicon interface to study the dynamic self-assembly
adhesion of paraquat on the interface (Fig. 6) [85]. The results of

Attractive

Fig. 4. Sketch of pillararene-based multilayer films constructed by LbL assembly of
anionic pillar[6]arene with cationic pillar[6]arene and size-selective and interface
potential-dependent molecular recognition of the films. Copied with permission
[76]. Copyright 2015, American Chemical Society.
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Fig. 5. (A) The WP5 and AA self-assembled host-guest system on a silicon interface
and cycling CA between basic and acid environments. (B) Sketch of BSA adsorption
interface switch. Copied with permission [78]. Copyright 2016, John Wiley and Sons.
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Fig. 6. (A) Structures of host and guest molecules. (B) Schematic of the dynamic
self-assembly of paraquat droplet on the interface. (C) The sliding angle of G1-G5 at
different concentrations. Copied with permission [85]. Copyright 2016, John Wiley
and Sons.

the contact angle hysteresis showed that the paraquat G2 was
dynamically self-assembly adhered to the interface, while the
other paraquat derivatives G1-G5 slid rapidly from the interface.
The quartz crystal microbalance was used to study the binding
strength of paraquat droplets on pillar[5]arene-modified function-
alized interface. Compared with those of other paraquat deriva-
tives, the adsorption of G2 droplets on the P5A-interface was
significantly stronger. The method of dynamic self-assembly

adhesion of herbicide droplets on the interface provides a way
to improve the efficiency of herbicides.

Chlormequat is a widely used plant growth regulator. Li and co-
workers reported a pillar[5]arenes-based functional interface to
investigate the selective spreading of chlormequat droplets on a
hydrophobic interface (Fig. 7) [86]. The selective host-guest
recognition between chlormequat and hydroxyl pillar[5]arene
(HO-P5) can be used to effective spreading of chlormequat droplets
on the hydrophobic interface. The experiment of contact angle
measurement demonstrated that the CA value of the interface can
be decreased due to the binding of the guests on the HO-P5
interface. It provides a new method for selective spreading of
agricultural droplets on the hydrophobic interface and promoting
the efficiency of capture for crops.

Subsequently, Li and co-workers fabricated the pillararene-
based interfaces which can distinguish histidine enantiomers at
the macrolevel [87]. They prepared p-tartaric acid functionalized
pillar[5]arene (D-TP5) and discovered that p-TP5 exhibited the
chiral discrimination towards histidine enantiomers due to the
difference of the binding constant. To develop the chiral device, the
chiral interfaces were fabricated by introducing D-TP5 on the
silicon interface and characterized by contact angle measurements
and attenuated total reflection-Fourier-transform infrared spec-
troscopy as well as X-ray photoelectron spectroscopy. Interesting-
ly, L-His droplets can be selectively and dynamically adhered to the
D-TP5 interface.

5. Pillararenes based graphene substrates

Benefiting from excellent electrochemical properties and
biocompatibility, graphene and its derivatives are widely used in
the field of electrochemistry and biology. We described the
pillararene-based supramolecular composites on the surface of
graphene and derivatives and their applications in electrochemical
sensing and biological imaging.

Diao and co-workers used an amphiphilic pillar[5]arene (AP5)
to modify the surface of reduced graphene oxide (RGO) for
formation of nanocomposite [88]. As-prepared gold nanoparticles
(AuNPs) primarily self-assembled onto the surface of RGO-AP5 via
amido groups located in AP5 to generate RGO-AP5-AuNPs nano-
composites. Electrochemical results showed that the RGO-AP5
exhibited selective supramolecular recognition and enrichment
capability toward guest molecules due to the synergetic action of
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Fig. 7. Schematic of the chlormequat droplets selected interface and structures of
host and guest molecules. Copied with permission [86]. Copyright 2020, American
Chemical Society.
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multifunctional nanocomposites. Similarly, Diao and co-workers
reported a nanocomposite constructed by anchoring the carbox-
ylated pillar[5]arene-modified silver nanoparticles (CP5-AgNPs)
onto the surface of graphene oxide (GO) through 7m-7 stacking
interaction and hydrogen bond between CP5 molecules and GO
(Fig. 8) [89]. Notably, the CP5-AgNPs/GO modified glass carbon
electrodes (GCE) could be used for the electrochemical detection of
paraquat (PQ).

Photoacoustic (PA) imaging combines the merits of ultrasound
imaging and optical imaging, which integrates the excellent tissue
penetration and high sensitivity. In order to improve the
performance of PA imaging, Chen and co-workers reported a
supramolecular hybrid material constructed by graphene oxide
(GO) and a host-guest complex between tertiary amine function-
alized pillar[6]arene (CP6) and the guest (PyN) containing a pyrene
tail (Fig. 9) [90]. Driven by m-7 stacking between GO and the
pyrene, the host-guest complex CP6-PyN is anchored onto the
surface of GO to form a hybrid material. Interestingly, upon near-
infrared (NIR) laser irradiation, the bicarbonate counterions on the
surface of the hybrid material were decomposed into CO,
nanobubbles due to the NIR light mediated photothermal effect
of GO. The experimental results showed that the CO, nanobubbles
act as “molecular boosters” for the significant amplification of
ultrasound and PA signal. This supramolecular strategy has
developed a distinctive way to construct the imaging-guided
therapy.

Additionally, Li et al. introduced the competitive host-guest
recognition systems onto graphene to fabricate a fluorescent
switch, which can be used as a fluorescence probe for paraquat in
living cells and mice [91]. Hydrazino-pillar[5]arene-based gra-
phene (HP-G) was easily prepared. The fluorescent switches can be
controlled through the competition of guests between paraquat
and safranine T indicator. Upon adding the paraquat to the complex
formed by HP-G and safranine, it leads to release of fluorescent dye
from the cavity of HP-G, along with the enhancement of
fluorescence. More importantly, this experiment can be well
applied in living cells and mice. This study would be conductive to
develop an approach of quantitative living intracellular imaging.

6. Application of the pillararenes based hybrid surfaces

The combination of host-guest systems and substrates
endowed the hybrid surfaces with fascinating characteristics.
Smart windows are kind of functional materials which can
improve the building energy efficiency and indoor comfort through
the reversible modulation of the amount of solar radiation entering
into the buildings [92,93]. It is remarkable that thermochromic
materials for controlling the transmittance of solar irradiation by
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Fig. 8. Schematic of the construction of CP5-AgNPs/GO and sensing paraquat by
electrochemical method. Copied with permission [89]. Copyright 2019, Elsevier B.V.
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Supramolecular hybrid material

Fig. 9. (A) Structures of CP6 and PyN. (B) Schematic of supramolecular hybrid
material fabricated from GO and the host-guest complex CP6-PyN by hierarchical
self-assembly. (C) Schematic of ultrasound and PA signals enhancement under the
irradiation of NIR light. Copied with permission [90]. Copyright 2018, the Royal
Society of Chemistry.

thermal stimulation have great potential in the application of
smart windows [94,95]. Wang and co-workers reported a photo-
thermochromic supramolecular nanocomposite hydrogel film
based on pyridinium-modified polyacrylamide networks by the
combination of antimony-tin oxide (ATO) nanoparticles and
ethylene glycol-modified pillar[5]arene (EGP5) (Fig. 10) [96].
Owing to the thermo-responsiveness of EGP5 and plasmonic
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Fig. 10. Diagrammatic sketch of sunlight-induced photo-thermochromic film with
good cyclic performance for smart window. Copied with permission [96]. Copyright
2018, John Wiley and Sons.
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heating induced by near-infrared (NIR) absorption of ATO, the
obtained film exhibits an outstanding photo-thermochromic
effect, resulting in good sunlight-induced solar modulation.
Meanwhile, the functional film possesses high repeatability and
durability because of the reversibility and dynamicity of EGP5-
based host-guest interaction. Interestingly, the supramolecular
film is used to fabricate smart windows for regulating indoor
temperature. The result demonstrates that the smart window
obtained by the strategy of supramolecular nanocomposite can
preferentially trigger towards sunlight-induced photo-thermo-
chromic effect to decrease an indoor temperature.

Considering the influence of emotion and psychology, the color
of light also has a tremendous importance in the applications of
smart windows. Wang and co-workers further developed a warm/
cool-tone switchable thermochromic hydrogel material for smart
windows by orthogonally integrating the properties of ethylene
glycol-modified pillar[6]arene (EGP6) and ferrocene (Fc) based on
polyacrylamide networks [97]. The hydrogel material (Fc-
gel-EGP6) exhibited warm/cool tone-switchable property due to
the reversible transformation of Fc between orange and green
under the stimulation of redox. More importantly, owing to the
thermal responsiveness of EGP6, the Fc-gel-EGP6 can regulate the
input of solar energy in both warm and cold tones. The host-guest
interactions endow the supramolecular materials with the
reversibility and dynamicity. In general, by employing the
thermochromic effect, the pillararene-based host-guest systems
can be used to construct functional materials for smart windows
applications. This strategy paves a distinctive way to develop
functional materials for smart windows applications.

7. Conclusions and outlook

In this feature article, we outlined the fabrication of the
functionalized pillararene-based 2D interfaces. It provides an
effective way to construct the 2D functional interfaces by
introducing the host-guest recognition system of pillararenes into
the interface. Pillararenes can bring good properties to the
confined surface because of their characteristic of unique structure
and easy modification. There are, broadly speaking, two ways of
tailoring 2D surfaces: one is to attach specific guests for providing
the binding sites, further perfectly reassembling the reasonable
pillararenes via host-guest chemistry, the other is to design
functional pillararenes directly to be assembled (Fig. 11). However,
compared with other mature macrocyclic hosts such as crown
ethers, cyclodextrins and calixarenes, continuous efforts are
required to investigate the hybrid 2D surface activated by
pillararenes. From our point of view, the following three important
aspects should be considered in the development of pillararenes on
2D interfaces:

(i) To construct functional interfaces with desired properties,
various functional ligands such as polymers can be used to modify
pillararenes.

Pillararenes based
hybrid surfaces

T

&

strategy 1 H H

2D surfaces

e —

strategy 2

Fig. 11. Schematic strategies for tailoring 2D surfaces with pillararenes based host-
guest chemistry.

(ii) The construction of 2D interface based on larger pillar[7-10]
arenes has rarely explored. The characteristic of cavity would
provide the possibility to recognize macromolecules and bio-
molecules.

(iii) Major efforts in this field have been focused on the
construction of 2D pillararene-based interfaces, while relatively
less attention to focus on the applications of those of 2D interfaces.
The potential applications in materials, biology and environmental
science should expand in the future.

It is remarkable that pillararenes can also be modified in
artificial nanochannels via similar strategies to construct biomi-
metic materials [98]. We expect that this feature article can
motivate interests and fresh ideas in the field of pillararenes on 2D
interface and to develop the various pillararene-based 2D
interfaces with novel structures and functions.
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