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Supramolecular fluorescence sensor for liquefied
petroleum gas
Yi-Yang Zhan 1,3, Jingyuan Liao1,3, Mizuho Kajita2, Tatsuo Kojima 1, Satoshi Takahashi 1,

Tomohisa Takaya 2, Koichi Iwata 2 & Shuichi Hiraoka 1

Sensing systems of nonpolar gas molecules without functional groups such as natural gas and

liquefied petroleum gas (LPG) remain difficult to develop because of lacking selective

detection of such molecules over other gas molecules. Here we report a supramolecular

fluorescence sensor for LPG using a 2-nm-sized cube-shaped molecular container i.e. a

nanocube self-assembled from six molecules of gear-shaped amphiphiles (GSA) in water.

The nanocube selectively encapsulates LPG, while it does not bind other gas molecules. Upon

encapsulation of LPG in the nanocube, the fluorescence from the nanocube is enhanced by

3.9 times, which is caused by the restricted motion of the aromatic rings of GSA in the

nanocube based on aggregation-induced emission. Besides the high selectivity, high sensi-

tivity, quick response, high stability of the nanocube for LPG, and easy preparation of GSA

satisfy the requirement for its practical use for an LPG sensor.
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Liquefied petroleum gas (LPG), which is mainly propane or
butane or both, has been one of widely used fuels in daily life
(cooking and automobile) and industry for a century all over

the world. Recent increase in the use of LPG for refrigerant and
aerosol spray has made LPG more familiar in our life unwittingly.
As LPG is liquefied under pressure of ca. 1 MPa at room tem-
perature, which is much lower than the required pressure for
compressed natural gas (20–32MPa), LPG has a great advantage
in terms of transportation compared with other fuel gases1.
However, its low explosive limit (~0.2 vol%) has often caused
accidents and harm2. Thus, an LPG sensor that can selectively
respond to LPG at low concentration has been awaited. Most of
the LPG sensors reported are composed of metal oxides3–7 or
their composites with conductive polymers8–10. On the surface of
these solid materials, LPG is oxidized by O− or O2− to CO2 to co-
produce electrons, which enhance the electric conductance of the
materials, as is basically the same as conventional semiconductor
sensors. A main drawback of this type of sensors is low selectivity
for LPG over other gaseous molecules11.

Here we report a supramolecular sensor for LPG that can
selectively respond to LPG and output enhanced fluorescence in
visible region. The supramolecular sensor is a 2-nm-sized cube-
shaped assembly i.e. nanocube consisting of six molecules of gear-
shaped amphiphiles (GSAs), which tightly mesh with each
other12. The nanocube has an ~1-nm-sized hydrophobic inner
cavity, where several hydrophobic and anionic species are
encapsulated to alter the size of the nanocube in an induced-fit
manner13. It was found that the self-assembly of the nanocube
caused a blue fluorescence from hexaphenylbenzene moieties in
GSAs at ~450 nm through aggregation-induced emission (AIE)14

and that the fluorescence intensity was enhanced upon encap-
sulation of hydrophobic guest molecules by a balance between
AIE and aggregation-caused quenching (ACQ)15 of the GSAs. As
far as gas molecules are concerned, the nanocube selectively
encapsulates LPG molecules to increase its fluorescence intensity,
indicating a great response to LPG. The fluorescence intensity
quickly changed depending on the concentration of LPG
(response and recovery times are 15 and 6 s, respectively) without
any decomposition of the nanocube. This high selectivity, sensi-
tivity, response, and stability of the nanocube for LPG enable us
to fabricate a simple sensing system for LPG, whose working
principle is different from conventional gas sensors.

Results
Fluorescence of the nanocube. The GSA used in this research is a
C2v-symmetric hexaphenylbenzene (HPB) derivative, 1·Cl2
(Fig. 1a), six molecules of which assemble into a nanocube, [16]
Cl12, in water, while 1·Cl2 retains its monomer state in metha-
nol12. Absorption and emission spectra of [16]Cl12 and of 1·Cl2
were measured in water and in methanol, respectively. Although
the absorption spectra of the monomer GSA (1·Cl2) and the
nanocube ([16]Cl12) are similar, their fluorescence spectra are
quite different; the nanocube showed a strong blue fluorescence
band at ~450 nm, while the fluorescence of the monomer was
very weak (Fig. 2a). The decay of the fluorescence for the
monomer and the nanocube contains two exponentials (Supple-
mentary Figs. 1 and 2). Fluorescence lifetimes of the nanocube,
9.5 ± 0.5 ns and 38.9 ± 0.8 ns (Supplementary Fig. 1) in water, are
significantly longer than those of the monomer, 1.3 ± 0.06 ns and
8.2 ± 0.5 ns in methanol (Supplementary Fig. 2), suggesting that
most of the excited energy in the monomer was lost by non-
radiative processes. This fluorescence from the nanocube would
be due to the restricted motion of the aromatic rings of the HPB
core (colored in red in Fig. 1a) that tightly mesh with each other
in the nanocube (AIE mechanism)14 (Fig. 1b). The quantum yield

of the fluorescence of the nanocube is 5.4%, which is lower than
those reported in other AIE systems. This is partly due to the
stretching vibrational motion of the nanocube along its S6-axis16

and to ACQ arising from π-stacking of the outer aromatic rings
(phenyl and pyridinium groups colored in purple and cyan,
respectively, in Fig. 1a, b) in the nanocube.

Similar absorption spectra of the monomer and the nanocube
(Fig. 2a) indicate that the first excitation state in the nanocube is
similar to that of the monomer. A large Stokes shift for the
nanocube suggests that the first excitation state ([(1*)15]12+),
which resembles to the excited monomer state ((1*)2+), is
converted into energetically stabilized emissive states. The
observation of two emission bands at 450 and 470 nm suggests
the formation of two kinds of vibrational structures. To elucidate
the emissive states of the nanocube, time-dependent fluorescence
anisotropy measurement for [16]Cl12 was carried out (Fig. 2c).
When the excitation and emission dipoles are non-degenerate
and parallel to each other, fluorescence anisotropy shows the
maximum value of 0.4. This situation is often realized right after
the excitation of molecules. However, the fluorescence anisotropy
for monomer 1·Cl2 decreased from 0.14 (Fig. 2c), which suggests
a faster energy-migration process than the rotation of the excited
12+17, 18. This is probably due to the ipso-conjugation in the HPB
core19–22 of 1·Cl2. Similarly, the decay of the fluorescence
anisotropy of the nanocube started from 0.16. The relaxation
time for the nanocube (0.12 ns) is shorter than that for the
monomer (0.20 ns), which indicates that a very fast process
except that caused by the ipso-conjugation occurred in the
nanocube. This would be attributed to the energy migration
between the GSAs in the nanocube to produce the emissive state,
[16*]12+, where the excited energy is delocalized in the nanocube
(Fig. 2b). There is a possibility that the initial anisotropy values
smaller than 0.4 represent the fast delocalization of the electronic
excitation among degenerate electronic states rather than non-
degenerate states. It is not possible, however, to distinguish the
difference by the current time-resolved fluorescence anisotropy
measurements.

Effect of guest molecules on fluorescence. The effect of the
encapsulation of guest molecules on the fluorescence property of
the nanocube was investigated. The encapsulation of n-alkanes
from n-propane to n-decane in the nanocube13 brought about the
increase in the fluorescence intensity without changing the
fluorescence wavelength (Fig. 2d). The fluorescence lifetime for
the nanocube encapsulating two n-decane molecules (8.0 ± 0.6
and 39.4 ± 0.4 ns) is slightly shorter than that of the free nanocube
(Supplementary Fig. 1). To exclude the possibility of the vapor-
ization of the guest molecules encapsulated in the nanocube, n-
decane was used as a guest in this measurement. The decay of the
fluorescence anisotropy was also not affected by the encapsulation
of the guest molecules (Fig. 2c). These results indicate that the
guest molecules in the nanocube do not affect the emissive states
except the fluorescence intensity. Among n-alkanes tested, n-
butane led to the highest fluorescence intensity and the increase
in the fluorescence intensity gradually decreased with increase in
the total volume of the n-alkanes encapsulated larger than 300 Å3

(Fig. 2e). This would be because AIE is diminished by weaker
molecular meshing between the GSAs in the nanocube encap-
sulating n-alkanes whose total volume are larger than 300 Å3. On
the other hand, when the nanocube contracted by the encapsu-
lation of anionic species (Na2[10B12H12]) (Supplementary Fig. 3),
which is induced by the electrostatic attraction between the
cationic nanocube ([16]12+) and the anionic guest, the fluores-
cence intensity decreased by ~39%. This is probably due to
stronger ACQ caused by π-stacking of the outer aromatic rings
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(colored in cyan and purple in Fig. 1b) than AIE mainly caused
by the restricted motion of the aromatic rings in the HPB core
(colored in red in Fig. 1b) upon the contraction of the nanocube.

Sensing of LPG by the nanocube. The performance of the
supramolecular sensor for LPG was evaluated. LPG was injected
in a solution of the nanocube and the fluorescence intensity at
450 nm was monitored (Fig. 3a). Surprisingly, the nanocube
selectively responded to LPG (a mixture of n-butane (60 vol%), i-
butane (39 vol%), and propane (1 vol%)) with the highest fluor-
escence intensity (3.9 times at 450 nm), which is ~1.5 times
higher than that observed when pure propane or n-butane was
encapsulated in the nanocube (Fig. 2d). Thus, the encapsulation
of LPG in the nanocube can clearly be visualized by UV-
irradiation (Fig. 3b). The quantum yield of the fluorescence also
increased to be 16.5% upon encapsulation of LPG. When i-butane

molecules are encapsulated, the fluorescence intensity increased
by 3.5 times. This result indicates that the shape of guest mole-
cules affects the fluorescence efficiency. Other gas molecules
shown in Fig. 3c were not encapsulated in the nanocube,
which was confirmed by 1H NMR spectroscopy (Supplementary
Figs. 4–9), so only negligibly small change in the fluorescence
intensity of the nanocube was observed for these gas molecules
(Supplementary Fig. 12). The reason why smaller alkanes than
propane (methane and ethane) cannot be trapped in the nano-
cube13 would be due to entropic disadvantage arising from that
more methane or ethane molecules should be needed to properly
fill the inner space of the nanocube.

The 1H NMR spectrum of the nanocube encapsulating LPG
showed a simple signal pattern with only three p-tolyl methyl
signals (Hi) and two N-methyl signals (Hj) of 1·Cl2 (Fig. 1d),
which indicates the formation of a single species. However, this
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spectrum is different from those of propane3@[16]Cl1213,
(n-butane)3@[16]Cl12 (Supplementary Figs. 10 and 17), and (i-
butane)x@[16]Cl12 (x= 3 or 4) (Supplementary Figs. 11 and 18).
According to the integration of the signals for the encapsulated n-
butane and i-butane, n-butane and i-butane were found to be
encapsulated in the nanocube in a 2:1 ratio, indicating that (n-
butane)2(i-butane)@[16]Cl12 was selectively produced23. In con-
trast, when i-butane molecules were encapsulated, two sets of p-
tolyl methyl signals of the nanocube were observed in a 1:2 ratio,
suggesting the formation of two kinds of nanocubes where the
number of the encapsulated i-butane molecules is different. The
integration of the signals of the encapsulated i-butane indicated
that (i-butane)3@[16]Cl12 and (i-butane)4@[16]Cl12 were equili-
brated in a 2:1 ratio. The total volume of two molecules of n-
butane and one molecule of i-butane (285 Å3) is almost the same
as that of three molecules of n-butane or i-butane (285 Å3). Thus,
the selective formation of (n-butane)2(i-butane)@[16]Cl12 should
be due to high shape complementarity between the cube-shaped
inner space of the nanocube and a cluster of two molecules of n-
butane and one molecule of i-butane. However, no desymme-
trization of the [16]Cl12 nanocube by the guest molecules
indicates that tumbling motion of the guests in the nanocube is
faster than the NMR time scale. Higher fluorescence intensity of
(n-butane)2(i-butane)@[16]Cl12 is also due to the high shape
complementarity, which strongly reduces the motion of the
aromatic rings in the hexaphenylbenzene core.

The LPG concentration dependence of the fluorescence
intensity of the nanocube was investigated. It was found that

the fluorescence intensity linearly increased against the logarithm
of the concentration of LPG ranging from 0.1 to 100 vol% (Fig. 3d
and Supplementary Fig. 21). This result indicates that the
nanocube can detect LPG whose concentration is lower than
the low explosive limit (0.2 vol%) and that the concentration of
LPG in the sample air can be determined by the fluorescence
intensity of the nanocube, so 3.9 times increase in the
fluorescence intensity by the encapsulation of 100 vol% LPG is
high enough to sense as low concentration of LPG as can be
detected by previously reported LPG sensors (Supplementary
Table 1).

The encapsulation and release of LPG under sensing condition
(bubbling of sample gas with different concentration of LPG) do
not exactly take place under equilibrium, but it is worth
discussing the performance of the supramolecular sensor based
on its binding constant. Considering that the binding constant
(Kb) relates to the rate constants of binding (kon) and release
(koff), Kb= kon/koff, when kon≫ koff, the sensitivity of the sensor
is high and the recovery time would be long. Thus, in general, the
sensitivity to the target, which is mainly determined by Kb, and
the recovery efficiency, which relates to koff, compete with each
other. With this in mind, supramolecular sensors that realize
real-time monitoring need as large koff as enables the sensor to
release the target molecule(s) quickly upon decreasing their
concentration. The nanocube does not disassemble at all even at
100 °C and the inner space of the nanocube is surrounded by six
GSAs, which made one worry if the encapsulation and release of
the target molecules in and from the nanocube were difficult; kon
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and koff would be very small. The rates of exchange (kex= kon+
koff) of butanes between in and out of the nanocube were
determined by exchange spectroscopy (EXSY) measurement
(Supplementary Figs. 19 and 20). The exchange rates for n-
butane (2.65 s–1) and for i-butane (0.153 s–1) are much faster
than expected from the fact that there exist only very small halls
in the nanocube. As the GSAs in the nanocube only mesh with
each other without strong chemical bonds, the encapsulation and
release of the guest molecules would take place by partial
opening of a GSA. The result that kex for i-butane is smaller than
that for n-butane indicates that i-butanes are more strongly

bound in the nanocube, which is consistent with the higher
shape complementarity between i-butanes and the nanocube
expected by the stronger fluorescence intensity upon the
encapsulation of i-butanes.

The response and recovery times, which are defined as the time
required to reach 90% of the change in the fluorescence intensity
compared to the converged states (LPG-bound and free states),
were determined using 0.2 vol% LPG and air with a flow rate of
0.5 L min−1. As expected, the response time of 15 s and the
recovery time of 6 s are fast enough for us to apply this
supramolecular LPG sensor to practical use (Fig. 3e).
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The recycle use of the supramolecular sensor was tested
by alternate injection of LPG and air in an aqueous solution of
[16]12+ (Fig. 3f). The nanocube could respond to LPG at least five
times, though the fluorescence intensity of the free nanocube
gradually increased with cycles. The reason for the increase in
the fluorescence intensity is unclear. The 1H NMR spectra of the
solution after the injection of air perfectly recovered to
the original one (Supplementary Fig. 22), indicating that all the
LPG molecules encapsulated in the nanocube were removed
by bubbling of air. The encapsulation of CO3

2– and HCO3
– in

the nanocube during the injection of air containing CO2

was excluded by the result that CO3
2– and HCO3

– were not
encapsulated in the nanocube and by that the same slight increase
was observed by injection of N2 gas.

Discussion
Unlike conventional gas sensors based on semiconductors or
others, this supramolecular sensor exhibits extremely high
selectivity for LPG over other gas molecules, which is reasonable
because the supramolecular sensor, [16]Cl12, possesses a 1-nm-
sized hydrophobic inner space suitable for the accommodation of
several LPG molecules. This supramolecular sensor works at
room temperature, while many semiconductor gas sensors
require high temperature of 200–500 °C, indicating that the
supramolecular sensor operates with lower power consumption.
Molecular hosts that can bind gas molecules23–37 have been
developed so far. A main difference between the nanocube and
other molecular hosts is that the nanocube finely responds to the
guest molecules and outputs a strong fluorescence signal. This
high responding property of the nanocube arises from its precise
induced-fit ability13, which causes slight change in the molecular
meshing between the GSAs in the nanocube to modulate AIE and
ACQ. As the GSA (1·Cl2) can easily be synthesized in a large
scale38, the supramolecular LPG sensor can be fabricated from
inexpensive materials (1·Cl2 and water) and several commercial
devices (UV lamp, detector, and monitor) shown in Fig. 3a.

Methods
General. All NMR spectra were recorded using a Bruker AV-500 (500MHz)
spectrometer. UV-vis absorption measurements were performed using JASCO V-
670. Steady-state fluorescence spectra were obtained using a FP-6500. Quantum
yields were measured using Quantaurus-QY. Time-resolved fluorescence spectra
were recorded by a laboratory-built time-resolved fluorescence spectrometer.
Unless otherwise noted, all reagents were obtained from commercial suppliers (TCI
Co., Ltd., WAKO Pure Chemical Industries Ltd., KANTO Chemical Co., Inc., and
Sigma-Aldrich Co.) and were used as received. Gaseous methane, ethane, and
propane were obtained from GL Sciences Co. Liquified petroleum gas (LPG), which
contains a mixture of 60 vol% n-butane, 39 vol% i-butane, and 1 vol% propane is
obtained from Nichiren Co., Ltd. Na2[10B12H12] was provided by Stella Chemifa
Co. 1·Cl2 was prepared according to the literature38.

Time-resolved fluorescence spectroscopy. Time-resolved fluorescence spectra
were recorded by a laboratory-built time-resolved fluorescence spectrometer. The
output from a Ti:sapphire regenerative amplifier (Micra/Legend Elite-HE, Coher-
ent; 800 nm, 1 kHz, ~3.0W, 40 fs) was converted to 305 nm pulses by an optical
parametric amplifier (OPerA Solo, Coherent). The 305 nm radiation was used for
fluorescence excitation. The 305 nm pump pulses were focused on the sample
solution in a quartz cell while it was stirred by a magnetic stirrer. The pump pulse
energy on the sample position was 0.1–0.03 μJ. The fluorescence signal was focused
into a spectrograph (Acton SpectraPro SP-2300, Princeton Instruments) through a
polarizer, a polarization scrambler and UV cut filters. Two-dimensional spectral
and time profiles of the fluorescence signals were obtained by a streak camera
(C10627, Hamamatsu). The fluorescence component polarized at 54.7° with
respect to the pump pulse polarization was corrected for recording the excited-state
decay kinetics. The fluorescence decay curve I(t) was obtained by adding the
fluorescence intensities I(λ, t) on each time delay t for a window wavelength range,

I tð Þ ¼
X

λ

I λ; tð Þ ð1Þ

The fluorescence lifetime was calculated by least-squares analysis, with a model

function of double exponential function convoluted with a Gaussian response
function.

For measuring fluorescence anisotropy, we measured the fluorescence signals at
time delay t, polarized at parallel and perpendicular directions to the pump
polarization, I||(t) and I⊥(t). The fluorescence anisotropy at t, r(t), was then
calculated as

r tð Þ � Ik tð Þ � I? tð Þ
Ik tð Þ þ 2I? tð Þ ð2Þ

Each of the observed fluorescence anisotropy decay curves was fitted by an
exponential function

r tð Þ ¼ r 0ð Þ exp � t
τ

� �
ð3Þ

where τ is the time constant of the anisotropy decay. The anisotropy value r(0)
corresponds to an angle θ between the absorption and fluorescence transitional
moments when they are non-degenerate.

r 0ð Þ ¼ 1
5

3 cos2 θ � 1
� � ð4Þ

The anisotropy becomes 0.4 when the two transition moments are parallel with
each other. It is −0.2 when they are perpendicular.

Water was deionized and distilled before it was used for the spectroscopic
measurements. Methanol (HPLC grade) was purchased from Wako Pure Chemical
Industries and used as received. All measurements were performed at 25.0 °C.

Host–guest complexation between [16]Cl12 and guest molecules. Gaseous
molecules were introduced through bubbling into a D2O solution of [16]Cl12 ([12+]
= 1.0mM) and a Milli-Q water solution of [16]Cl12 ([12+]= 2.25 μM) for NMR
measurements and fluorescence measurements, respectively. The stoichiometry
between [16]Cl12 and the guests were determined by the integrals of the 1H NMR
signals of the encapsulated guest. As to Na2[10B12H12], the stoichiometry between
[16]Cl12 and the encapsulated 10B12H12

2– was determined by titration experiment
using the 1H NMR signals for the nanocube encapsulating 10B12H12

2–. After
addition of Na2[10B12H12] to an aqueous solution of [16]12+, the solution was heated
at 60 °C for 30 min to complete the encapsulation. Complexes between [16]12+ and
liquid alkane molecules were prepared according to the literature13.

Preparation of the gaseous mixtures of LPG with different concentrations in
air. LPG and air were introduced to a balloon, in which the residual air was
removed by vacuum before use, sequentially to prepare 0.1, 0.2, 0.5, 1.0, 5, 10, 30,
and 50 vol% LPG with air.

Data availability
The authors declare that all the other data supporting the findings of this study are
available within the article and its supplementary information files and from the
corresponding author upon request.
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Liquefied petroleum gas (LPG) as a medium-term option in the transition
to sustainable fuels and transport. Renew. Sust. Energy Rev. 32, 513–525
(2014).

2. Davenport, J. A. Hazards and protection of pressure storage and transport of
LP-Gas. J. Hazard. Mater. 20, 3–19 (1988).

3. Mitra, P. & Maiti, H. S. A wet-chemical process to form palladium oxide
sensitiser layer on thin film zinc oxide based LPG sensor. Sens. Actuators B 97,
49–58 (2004).

4. Yadav, B. C., Singh, S. & Yadav, A. Nanonails structured ferric oxide thick film
as room temperature liquefied petroleum gas (LPG) sensor. Appl. Surf. Sci.
257, 1960–1966 (2011).

5. Kumara, E. R., Jayaprakasha, R., Devib, G. S. & Reddy, P. S. P. Synthesis of Mn
substituted CuFe2O4 nanoparticles for liquefied petroleum gas sensor
applications. Sens. Actuators B 191, 186–191 (2014).

6. Dhawale, D. S., Gujar, T. P. & Lokhande, C. D. TiO2 nanorods decorated with
Pd nanoparticles for enhanced liquefied petroleum gas sensing performance.
Anal. Chem. 89, 8531–8537 (2017).

7. Fu, Y. et al. Detecting liquefied petroleum gas (LPG) at room temperature
using ZnSnO3/ZnO nanowire piezo-nanogenerator as self-powered gas sensor.
ACS Appl. Mater. Interfaces 7, 10482–10490 (2015).

8. Singh, N. et al. Fabrication and characterization of polyaniline, polyaniline/
MgO(30%) and polyaniline/MgO(40%) nanocomposites for their employment

ARTICLE COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-019-0212-6

6 COMMUNICATIONS CHEMISTRY |           (2019) 2:107 | https://doi.org/10.1038/s42004-019-0212-6 | www.nature.com/commschem

www.nature.com/commschem


in LPG sensing at room temperature. J. Mater. Sci. Mater. Electron. 30,
4487–4498 (2019).

9. Dhawale., D. S. et al. Room temperature liquefied petroleum gas (LPG) sensor
based on p-polyaniline/n-TiO2 heterojunction. Sens. Actuators B 134, 988–992
(2008).

10. Dhawale, D. S., Dubal, D. P., More, A. M., Gujar, T. P. & Lokhande, C. D.
Room temperature liquefied petroleum gas (LPG) sensor. Sens. Actuators B
147, 488–494 (2010).

11. Bari, R. H. & Patil, S. B. Nanostructured CdO thin films for LPG and CO2 gas
sensor prepared by spray pyrolisis technique. Int. Lett. Chem. Phys. Astron. 18,
31–46 (2014).

12. Zhan, Y.-Y. et al. Hyperthermostable cube-shaped assembly in water.
Commun. Chem. 1, 14 (2018).

13. Zhan, Y.-Y. et al. Induced-fit expansion and contraction of a self-assembled
nanocube finely responding to neutral and anionic guests. Nat. Commun. 9,
4530 (2018).

14. Mei, J., Leung, N. L. C., Kwok, R. T. K., Lam, J. W. Y. & Tang, B. Z.
Aggregation-induced emission: together we shine, united we soar! Chem. Rev.
115, 11718–11940 (2015).

15. Hong, Y., Lam, J. W. Y. & Tang, B. Z. Aggregation-induced emission. Chem.
Soc. Rev. 40, 5361–5388 (2011).

16. Mashiko, T. et al. Molecular dynamics and principal components analysis for
a self-assembled nanocube in aqueous solution. Chem. Lett. 43, 366–368
(2014).

17. Lakowicz, J. R. Principles of Flurescecence Spectroscopy 3rd edn (Springer,
2006).

18. Fleming, G. R. Chemical Application of Ultrafast Spectroscopy (Oxford
University Press, 1986).

19. Lambert, C. Hexaarylbenzenes—prospects for toroidal delocalization of charge
and energy. Angew. Chem. Int. Ed. 44, 7337–7339 (2005).

20. Rosokha, S. V., Neretin, I. S., Sun, D. & Kochi, J. K. Very fast electron migrations
within p-doped aromatic cofacial arrays leading to three-dimensional (toroidal)
π-delocalization. J. Am. Chem. Soc. 128, 9394–9407 (2006).

21. Shukla, R., Lindeman, S. V. & Rathore, R. Electron transfer prompted ejection
of a tightly bound K+ from the ethereal cavity of a hexaarylbenzene-based
receptor. Org. Lett. 9, 1291–1294 (2007).

22. Tanaka, Y., Koike, T. & Akita, M. 2-Dimensional molecular wiring based on
toroidal delocalization of hexaarylbenzene. Chem. Commun. 46, 4529–4531
(2010).

23. Shivanyuk, A., Scarso, A. & Rebek Jr, J. Coencapsulation of large and small
hydrocarbons. Chem. Commun. 1230–1232 (2003).

24. Cram, D. J., Tanner, M. E. & Knobler, C. B. Guest release and capture by
hemicarcerands introduces the phenomenon of constrictive binding. J. Am.
Chem. Soc. 113, 7717–7727 (1991).

25. Rudkevich, D. M. Emerging supramolecular chemistry of gases. Angew. Chem.
Int. Ed. 43, 558–571 (2004).

26. Rudkevich, D. M. Progress in supramolecular chemistry of gases. Eur. J. Org.
Chem. 2007, 3255–3270 (2007).

27. Leontiev, A. V., Saleh, A. W. & Rudkevich, D. M. Hydrophobic encapsulation
of hydrocarbon gases. Org. Lett. 9, 1753–1755 (2007).

28. Gibb, C. L. D. & Gibb, B. C. Templated assembly of water-soluble nano-
capsules: inter-phase sequestration, storage, and separation of hydrocarbon
gases. J. Am. Chem. Soc. 128, 16498–16499 (2006).

29. Branda, N., Wyler, R. & Rebek, J. Jr. Encapsulation of methane and other
small molecules in a self-assembling superstructure. Science 263, 1267–1268
(1994).

30. Ajami, D. & Rebek, J. Jr. Gas behavior in self-assembled capsules. Angew.
Chem. Int. Ed. 47, 6059–6061 (2008).

31. Nakazawa, J. et al. Size-selective and reversible encapsulation of single small
hydrocarbon molecules by a cavitand–porphyrin species. Angew. Chem. Int.
Ed. 44, 3744–3746 (2005).

32. Chaffee, K. E., Fogarty, H. A., Brotin, T., Goodson, B. M. & Dutasta, J.-P.
Encapsulation of small gas molecules by cryptophane-111 in organic solution.
1. size- and shape-selective complexation of simple hydrocarbons. J. Phys.
Chem. A 113, 13675–13684 (2009).

33. Florea, M. & Nau, W. M. Strong binding of hydrocarbons to cucurbituril
probed by fluorescent dye displacement: a supramolecular gas-sensing
ensemble. Angew. Chem. Int. Ed. 50, 9338–9342 (2011).

34. Aoki, S. et al. Molecular recognition of hydrocarbon guests by a
supramolecular capsule formed by the 4:4 self-assembly of tris(Zn2+–cyclen)
and trithiocyanurate in aqueous solution. Chem. Asian J. 7, 944–956
(2012).

35. Pan, S. et al. Selectivity in gas adsorption by molecular cucurbit[6]uril. J. Phys.
Chem. C 120, 13911–13921 (2016).

36. Scarso, A., Pellizzaro, L., De Lucchi, O., Linden, A. & Fabris, F. Gas hosting in
enantiopure self-assembled oximes. Angew. Chem. Int. Ed. 46, 4972–4975
(2007).

37. Tartaggia, S., Scarso, A., Padovan, P., De Lucchi, O. & Fabris, F. Gases as
guests in benzocyclotrimer cage hosts. Org. Lett. 11, 3926–3929 (2009).

38. Liao, J., Kojima, T., Takahashi, S. & Hiraoka, S. Gram-scale synthesis of a C2v-
symmetric hexaphenylbenzene with three different types of substituents.
Asian J. Org. Chem. 7, 2057–2060 (2018).

Acknowledgements
This research was supported by JSPS Grants-in-Aid for Scientific Research on Innovative
Areas “Dynamical Ordering of Biomolecular Systems for Creation of Integrated Func-
tions” (25102001, 25102005, and 16H00782), MEXT KAKENHI JP18H05351, the Mit-
subishi Foundation, Innovation inspired by Nature” Research Support Program,
SEKISUI CHEMICAL CO. LTD, and MEXT-Supported Program for the Strategic
Research Foundation at Private Universities, 2015–2019.

Author contributions
Y.-Y.Z., J.L., T.K., S.T. and S.H. conceived the project. S.H. prepared the manuscript and
all the authors discussed the results and commented on the manuscript. Y.-Y.Z. and J.L.
synthesized the GSAs and carried out 1H NMR measurements, steady-state absorption,
and fluorescence measurements of the nanocube in the presence and absence of guest
molecules. M.K., T.T. and K.I. performed time-resolved fluorescence and fluorescence
anisotropy measurements.

Additional information
Supplementary information accompanies this paper at https://doi.org/10.1038/s42004-
019-0212-6.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-019-0212-6 ARTICLE

COMMUNICATIONS CHEMISTRY |           (2019) 2:107 | https://doi.org/10.1038/s42004-019-0212-6 | www.nature.com/commschem 7

https://doi.org/10.1038/s42004-019-0212-6
https://doi.org/10.1038/s42004-019-0212-6
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commschem
www.nature.com/commschem

	Supramolecular fluorescence sensor for liquefied petroleum gas
	Results
	Fluorescence of the nanocube
	Effect of guest molecules on fluorescence
	Sensing of LPG by the nanocube

	Discussion
	Methods
	General
	Time-resolved fluorescence spectroscopy
	Host–nobreakguest complexation between [16]Cl12 and guest molecules
	Preparation of the gaseous mixtures of LPG with different concentrations in air

	Data availability
	References
	Acknowledgements
	Author contributions
	Additional information




