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ABSTRACT: A monofunctionalized anthracene pillar[5]arene
(MAP5) was designed and synthesized by a click reaction. MAP5
was bound to an ionic liquid through host−guest interactions to
modify a gold interface. The bonding and release of MAP5 was
readily and reversibly controlled by temperature regulation. The
developed temperature-responsive switch at an interface can be
used in memory storage, drug delivery, and sensing.

Stimuli-responsive host−guest systems have attracted much
interest because of their application in a broad range of

fields such as memory storage, drug delivery systems, sensors,
and functional nanodevices.1 Numerous external stimuli such as
heat, pH, redox, and light have been utilized in these systems.2

Thermal stimulation is of special interest because it can work
rapidly, cheaply, and cleanly and is readily available. Thermally
responsive systems have a wide range of specific uses in
controlled drug delivery,3 smart surfaces,4 biomaterials,5 and
mass separation.6 For example, thermoresponsive polymers
such as poly(N-isopropylacrylamide),7 poly(vinyl methyl
ether), and poly(2-ethyl-2-oxazoline) exhibit inverse phase
behavior in solution. Most thermoresponsive systems have been
studied in solution; thermally responsive interface systems are
largely unexplored even though they could be widely applied in
heat transfer, drug separation and transfer, and microfluidics.8

To develop a new thermoresponsive interface system, here
we propose a new strategy involving host−guest interaction on
a surface. Pillar[n]arenes (n = 5−10), composed of hydro-
quinone units linked by methylene bridges at the para
positions, are rigid and soluble in organic solvents, and the
hydroquinone units can be conveniently functionalized with
various substituents. The unique structure and easy function-
alization of pillararenes afford them with outstanding ability to
selectively bind different kinds of guests and act as a useful host
platform to construct supramolecular surfaces.9 For instance,
Huang et al.10 reported a pillar[5]arene−ionic liquid (IL)
host−guest system that opened a new avenue to construct
thermoresponsive systems. We considered that its rigid
electron-rich cavity makes pillar[5]arene a good candidate as
a host molecule for various electron-deficient guests. Therefore,
here we design and synthesize a new pillar[5]arene with

fluorescent anthracene groups by a click reaction (Scheme 1).
We also modify a gold (Au) interface with an imidazolium IL to
act as a thermoresponsive interface switch with the pillar[5]-
arene. For the host−guest interaction between the developed
monofunctionalized anthracene pillar[5]arene (MAP5) and IL,
MAP5 is attached to an Au interface through thiol−Au self-
assembly. When MAP5 bonds to an IL−surface-modifying

Received: January 21, 2016
Published: February 18, 2016

Scheme 1. Synthetic Strategy and Crystal Structure To
Prepare Monofunctionalized Anthracene Pillar[5]arene
(MAP5)
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additive surface at room temperature, the pillar[5]arene is
pulled out from the IL with increasing temperature. The
current can be recovered by controlling the temperature
(Figure 1), so the system shows good switchable temperature-

responsive properties. This interface system based on the
thermal response of a host−guest interaction is attractive for
use in thermoresponsive memory storage, drug delivery
systems, and sensors.
MAP5 with fluorescent groups was synthesized as outlined in

Scheme 1. MAP5 was synthesized by click reaction of
monofunctional pillar[5]arene 1 (300 mg, 0.376 mmol), azide
anthracene (87.6 mg, 0.376 mmol), sodium ascorbate (68.2 mg,
0.376 mmol), and copper(II) sulfate pentahydrate (94 mg,
0.376 mmol) in 20 mL DMF overnight at 80 °C. When the
reaction was completed, 20 mL of H2O was added, and the
mixture was extracted three times with ethyl acetate. The
organic phase was washed with saturated brine and dried by
anhydrous MgSO4. The product was purified by column
chromatography to obtain 390 mg of yellow solid, yield 82%.
The structure of MAP5 was characterized by 1H NMR
spectroscopy (Figure S5), 13C NMR spectroscopy (Figure
S6), and MS (Figure S7). Single-crystal X-ray analysis (Scheme
1) confirmed the formation of MAP5. Crystals of MAP5
suitable for X-ray analysis were grown by slow evaporation of a
solution of MAP5 in dichloromethane and methanol.
The rigid electron-rich cavity of pillar[5]arenes makes them

good candidates as host molecules for various electron-deficient
guests or other neutral molecules such as viologen derivatives,
bis-imidazolium cations, n-hexane, alkanediamines, n-octyltri-
methylammonium, and neutral bis(imidazole) derivatives.7 It
has been reported that pillar[5]arenes can also bond to ILs, so
we designed an imidazolium with thiol groups(IL). To study
the interaction between MAP5 and the IL, 1H NMR
measurements were performed. The 1H NMR spectra showed
that protons Ha, Hb, and Hc of the IL shifted upfield in the
presence of MAP5; this indicates that MAP5 interacts with the

IL (Figure 2). Computer simulation revealed that the formation
of a complex between MAP5 and the IL was energetically
favorable (Figure S13).

Then, the binding of MAP5 with the IL was investigated by
fluorescence spectroscopy. As shown in Figure 3, the

fluorescent intensity of MAP5 increased markedly with
increasing temperature until 60 °C, when the fluorescence
intensity sharply decreased. The fluorescence intensity
recovered as the temperature was lowered. The fluorescence
experiments show that temperature has a strong influence on
the host−guest interaction in the system. We have been
determined the variation of fluorescence intensity of the
MAP5/IL host−guest system with temperature, but we found
the intensity to be temperature independent. At the same time,
the association constant (Ka) for MAP5/IL was calculated to be
2.6 × 104 M−1 using the Benesi−Hildebrand equation, which
indicates that MAP5 readily interacts with the IL (Figure S9).
To study the mechanism of host−guest interactions in the

MAP5/IL system, 1H NMR measurements were performed at
different temperatures. The resonances of the protons on the
imidazole ring of the IL, Hb, and Hc, shifted downfield by 0.15
and 0.06 ppm with increasing temperature, respectively (Figure
4). This indicates that the IL is bound in the cavity of MAP5 at
room temperature and is then released from the cavity of
MAP5 as the temperature is inceased.

Figure 1. Schematic diagram of a temperature-responsive switch
constructed using an anthracene-functionalized pillar[5]arene-based
host−guest interaction.

Figure 2. Partial 1H NMR spectra (DMSO, 400 MHz) of (a) 8 mM
MAP5; (b) 8 mM MAP5 + 8 mM IL; (c) 8 mM IL. The resonances of
the protons on the imidazole ring of the IL Ha and Hb shifted upfield
by 0.11 and 0.10 ppm, respectively, upon the binding of MAP5. At the
same time, Hc of the IL exhibited an upfield shift of 0.15 ppm, showing
that MAP5 could bind to the IL at 298 K.

Figure 3. (A) Changes of fluorescence intensity with temperatures of
25.2, 28.8, 32.2, 36.5, 40.7, 44.1, 48.3, 51.8, 54.6, 55.9, 57.3, 59.1, and
60.3 °C, indicating the ionic liquid was released from the cavity of the
pillar[5]arene at room temperature as the temperature gradually
increased. (B) Cyclic changes in fluorescence with temperature
variation, revealing the high temperature sensitivity of the system.
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The fluorescent quenching thermoresponsive mechanisms of
MAP5 and IL were comprehensively investigated by theoretical
calculations. At room temperature, the binding of MAP5 with
IL formed compact species, which restricted the motions of the
anthracene unit in the IL. The electron-deficient IL forces the
anthracene unit to move closer to MAP5, limiting the rotation
of the anthracene unit because of the steric crowding between
MAP5 and the IL. These results confirm that formation of a
host−guest complex between MAP5 and the IL decreases the
fluorescence of MAP5 by restricting the rotation of the
anthracene unit. Meanwhile, the fluorescence intensity of the
bound IL was dramatically enhanced. With decreasing temper-
ature, the IL was released from MAP5, and the anthracene unit
of MAP5 was able to freely rotate, allowing the fluorescence of
MAP5 to recover.
Wettability switches have attracted considerable attention

because of their potential application in lab-on-a-chip devices,
smart surface systems, and material harvesting. In general, self-
assembled monolayers (SAMs) on controllable surfaces can
switch reversibly between two stable states upon molecular
stimulation because of their inherent physicochemical proper-
ties under specific environmental conditions. Therefore, we
constructed a structured Au interface because the rough Au
surface can amplify the output wettability signal (Figure 5).
First, the Au surface was washed with acetone, ethanol, and
water and then dried under nitrogen. The cleaned Au surface
was soaked in a solution of 10−3 M IL for 2 h. The contact
angle (CA) of the Au interface before modification was 132.4 ±
2.3° but decreased to 37.4 ± 2.0° following IL modification.
That is, the Au interface changes from hydrophobic to
hydrophilic, which indicates that a SAM of IL had been
constructed. X-ray photoelectron spectroscopy (XPS) is
another method used to characterize interfaces. Figure S6
reveals that after modification with IL the Au surface contained
nitrogen and sulfur. This confirms that the Au interface was
modified with IL.
The IL-modified Au surface was hydrophilic. The IL-

modified Au surface was immersed in a solution of MAP5 for
2 h and washed with organic solvents. The measured CA of the
MAP5-bound IL-modified Au interface was 146.2 ± 1.8°,
revealing that the modified Au interface was super-hydro-

phobic. This indicates that MAP5 bound to the IL. Upon
heating, the modified Au interface became highly hydrophilic.
On the basis of these results, a cooperative molecular

mechanism is proposed for MAP5 binding to the IL (Figure 6).

MAP5 possesses a rigid electron-rich cavity that makes it a
suitable host for an electron-deficient IL guest. Binding of the
IL in the cavity of MAP5 is stabilized through electrostatic
interactions at room temperature, including C−H···π and C−
H···O hydrogen-bonding interactions. The fluorescence in-
tensity of the Au interface increased when MAP5 was bound to
the IL. With increasing temperature, MAP5 was released from
the IL, which quenched the fluorescence intensity in solution.
Meanwhile, when MAP5 was bound to the IL on the Au
interface, the interface was hydrophobic. Upon heating, the Au
interface turned hydrophilic as MAP5 was released.
In conclusion, a monofunctionalized anthracene pillar[5]-

arene was synthesized and then characterized by NMR
spectroscopy, ESI-MS, and single-crystal X-ray diffraction.
The host−guest interaction between MAP5 and the IL was
confirmed by 1H NMR and fluorescence measurements. 1H
NMR spectroscopy and CA measurements revealed that the
MAP5/IL host−guest system was responsive to temperature. A
temperature-responsive switch was designed on the basis of an
Au interface modified with MAP5 and IL. The interface system
based on the thermoresponsive host−guest interaction between

Figure 4. Partial 1H NMR spectra of host and guest at temperatures of
(a) 328 K; (b) 348 K; (c) 368 K; (d) 373 K; (e) 378 K. The spectra
indicate that the ionic liquid was bound in the cavity of the
pillar[5]arene at room temperature and was released at high
temperature.

Figure 5. (A) Binding model of pillar[5]arene and ionic liquid on the
an Au surface at room (left) and high (right) temperature. (B) Cycling
experiment of the wettability switching behavior of IL-modified Au
surfaces with MAP5 and water. Good reversibility between binding
and release of the ionic liquid is obtained by temperature regulation.

Figure 6. Model of the interaction between the pillar[5]arene and
ionic liquid at room (left) and high (right) temperature.
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MAP5 and an IL may be applied in memory storage, drug
delivery systems, and sensors.

■ ASSOCIATED CONTENT
*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.or-
glett.6b00097.

Experimental details, MS spectra, and XPS (PDF)
X-ray crystallographic data for MAP5 (CIF)

■ AUTHOR INFORMATION
Corresponding Author

*E-mail: lhbing@mail.ccnu.edu.cn.

Author Contributions
†J.B. and X.Z. contributed equally to this work.

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was financially supported by the National Natural
Science Foundation of China (21572076, 21372092), Natural
Science Foundation of Hubei Province (2013CFA112,
2014CFB246), Wuhan scientific and technological projects
(2015020101010079), and Self-determined research funds of
CCNU from the colleges’ basic research and operation of MOE
(CCNU15KFY005).

■ REFERENCES
(1) (a) Livoreil, A.; Dietrich-Buchecker, C. O.; Sauvage, J. P. J. Am.
Chem. Soc. 1994, 116, 9399. (b) Kelly, T. R.; De Silva, H.; Silva, R. A.
Nature 1999, 401, 150. (c) Feringa, B. L.; Koumura, N.; Zijlstra, R. W.
J.; Van Delden, R. A.; Harada, N. Nature 1999, 401, 152. (d) Jeon, Y.
J.; Bharadwaj, P. K.; Choi, S. W.; Lee, J. W.; Kim, K. Angew. Chem., Int.
Ed. 2002, 41, 4474. (e) Muraoka, T.; Kinbara, K.; Kobayashi, Y.; Aida,
T. J. Am. Chem. Soc. 2003, 125, 5612. (f) Niu, Z.; Gibson, H. W. Chem.
Rev. 2009, 109, 6024. (g) Ge, Z.; Hu, J.; Huang, F.; Liu, S. Angew.
Chem., Int. Ed. 2009, 48, 1798. (h) Wang, F.; Zhang, J.; Ding, X.;
Dong, S.; Liu, M.; Zheng, B.; Li, S.; Wu, L.; Yu, Y.; Gibson, H. W.;
Huang, F. Angew. Chem., Int. Ed. 2010, 49, 1090. (i) Cao, D.; Amelia,
M.; Klivansky, L. M.; Koshkakaryan, G.; Khan, S. I.; Semeraro, M.;
Silvi, S.; Venturi, M.; Credi, A.; Liu, Y. J. Am. Chem. Soc. 2010, 132,
1110. (j) Li, Y.; Park, T.; Quansah, J. K.; Zimmerman, S. C. J. Am.
Chem. Soc. 2011, 133, 17118. (k) Niu, Z.; Huang, F.; Gibson, H. W. J.
Am. Chem. Soc. 2011, 133, 2836. (l) Ji, X. F.; Yao, Y.; Li, J. Y.; Yan, X.
Z.; Huang, F. J. Am. Chem. Soc. 2013, 135, 74. (m) Ji, X. F.; Dong, X.
Y.; Wei, P. F.; Xia, D. Y.; Huang, F. Adv. Mater. 2013, 25, 5725.
(n) Yan, X.; Xu, D.; Chi, X.; Chen, J.; Dong, S.; Ding, X.; Yu, Y.;
Huang, F. Adv. Mater. 2012, 24, 362.
(2) (a) Sauvage, J. P. Acc. Chem. Res. 1998, 31, 611. (b) Armaroli, N.;
Balzani, V.; Collin, J. P.; Gaviña, P.; Sauvage, J. P.; Ventura, B. J. Am.
Chem. Soc. 1999, 121, 4397. (c) Philip, I. E.; Kaifer, A. E. J. Am. Chem.
Soc. 2002, 124, 12678. (d) Jones, J. W.; Bryant, W. S.; Bosman, A. W.;
Janssen, R. A.; Meijer, E. W.; Gibson, H. W. J. Org. Chem. 2003, 68,
2385. (e) Tian, H.; Qin, B.; Yao, R.; Zhao, X.; Yang, S. Adv. Mater.
2003, 15, 2104. (f) Moon, K.; Kaifer, A. E. J. Am. Chem. Soc. 2004,
126, 15016. (g) Moon, K.; Grindstaff, J.; Sobransingh, D.; Kaifer, A. E.
Angew. Chem., Int. Ed. 2004, 43, 5496. (h) Vella, S. J.; Tiburcio, J.;
Gauld, J. W.; Loeb, S. Org. Lett. 2006, 8, 3421. (i) Dong, S.; Luo, Y.;
Yan, X.; Zheng, B.; Ding, X.; Yu, Y.; Ma, Z.; Zhao, Q.; Huang, F.
Angew. Chem., Int. Ed. 2011, 50, 1905. (j) Du, P.; Liu, J.; Chen, G.;
Jiang, M. Langmuir 2011, 27, 9602.

(3) (a) Chang, Y. C.; Yang, K.; Wei, P.; Huang, S. S.; Pei, Y. X.; Zhao,
W. Angew. Chem., Int. Ed. 2014, 53, 13126. (b) Zhou, Z. X.; Ma, X. P.;
Murphy, C. J. Angew. Chem., Int. Ed. 2014, 53, 10949.
(4) (a) Garcia-Tunon, E.; Barg, S.; Bell, R. Angew. Chem., Int. Ed.
2013, 52, 7805. (b) Feng, S. L.; Wang, S. J.; Gao, L. C. Angew. Chem.,
Int. Ed. 2014, 53, 6163.
(5) (a) Tanrikulu, I. C.; Raines, R. T. J. Am. Chem. Soc. 2014, 136,
13490. (b) Truong, V. X.; Ablett, M. P.; Richardson, S. M. J. Am.
Chem. Soc. 2015, 137, 1618.
(6) (a) Uzarevic, K.; Halasz, I.; Dilovic, I. Angew. Chem., Int. Ed.
2013, 52, 5504. (b) Imbrogno, J.; Nayak, A.; Belfort, G. Angew. Chem.,
Int. Ed. 2014, 53, 7014.
(7) (a) Schild, H. G. Prog. Polym. Sci. 1992, 17, 163. (b) Shibayama,
M.; Norisuye, T.; Nomura, S. Macromolecules 1996, 29, 8746.
(8) (a) Chilkoti, A.; Dreher, M. R.; Meyer, D. E.; Raucher, D. Adv.
Drug Delivery Rev. 2002, 54, 613. (b) Hinrichs, W. L.; Schuurmans-
Nieuwenbroek, N. M.; Van de Wetering, P.; Hennink, W. E. J.
Controlled Release 1999, 60, 249. (c) Sershen, S. R.; Westcott, S. L.;
Halas, N. J.; West, J. L. J. Biomed. Mater. Res. 2000, 51, 293. (d) Yin,
X.; Hoffman, A. S.; Stayton, P. S. Biomacromolecules 2006, 7, 1381.
(9) (a) Ma, N.; Wang, Y. P.; Wang, Z. Q.; Zhang, X. Langmuir 2006,
22, 3906. (b) Conti, I.; Marchioni, F.; Credi, A.; Orlandi, G.; Rosini,
G.; Garavelli, M. J. Am. Chem. Soc. 2007, 129, 3198. (c) Liu, M.; Yan,
X.; Hu, M.; Chen, X.; Zhang, M.; Zheng, B.; Hu, X.; Shao, S.; Huang,
F. Org. Lett. 2010, 12, 2558. (d) Wang, Y.; Bie, F. S.; Jiang, H. Org.
Lett. 2010, 12, 3630. (e) Nguyen, T. T.; Türp, D.; Wang, D.; Nolscher,
B.; Laquai, F.; Mullen, K. J. Am. Chem. Soc. 2011, 133, 11194.
(10) Dong, S. Y.; Zheng, B.; Yao, Y.; Han, C. Y.; Yuan, J. Y.;
Antoniettius, M.; Huang, F. H. Adv. Mater. 2013, 25, 6864.

Organic Letters Letter

DOI: 10.1021/acs.orglett.6b00097
Org. Lett. 2016, 18, 1092−1095

1095


