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Sulfonatocalix[4]arene lowers the critical aggregation concentration of fluorocarbon surfactant pronouncedly by a factor of ca. 
100 to form binary amphiphilic aggregates on the basis of host-guest complexation, which was identified by 1H NMR spec-
troscopy, fluorescence spectroscopy, optical transmittance spectroscopy, dynamic laser scattering, high-resolution transmission 
electron microscopy, scanning electron microscopy, and surface tension experiments. Moreover, the resulting aggregates can 
respond to external stimuli, including temperature and inclusion of competitor guest. Therefore, the present system may have 
potential applications in drug delivery systems. 
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1  Introduction 

In recent years, researches on supra-amphiphile have be-
come quite fascinating owing to its simplicity, versatility, 
and especially reversibility, which endow its typical appli-
cations in various fields of chemistry, biology, and materials 
science [1–6]. Macrocyclic compounds [7–11], such as 
crown ethers, cyclodextrins, calixarenes, and cucurbiturils, 
have exhibited great advantages in building supramolecular 
architectures [12, 13]. Among them, calixarenes [14], com-
posed of phenolic units linked by methylene bridges, have 
been frequently employed in building self-assembled na-
noscaled micellar and vesicular aggregation on the basis of 
their intrinsic cone shape and relatively rigid framework 
[15]. However, construction of calixarene-based supra- 
amphiphile is still a challenging topic up to now. 

p-Sulfonatocalix[n]arenes (SCnAs), which are demon-
strated to promise biological, pharmaceutical, analytical and 
crystal-engineering applications, generate versatile inclu-
sion/complexation properties for kinds of guest molecules 

[16, 17]. We and others recently have found that SCnAs 
possess the capability of inducing the aggregation of cati-
onic surfactants to form supramolecular vesicles, micelles, 
and other amphiphilic assemblies [18–21]. Owing to the 
host-guest complexation, calixarenes can decrease the criti-
cal aggregation concentration (CAC) of free amphiphilic 
molecules to obtain higher-order assemblies. Calixarene- 
induced aggregates (CIAs) have potential applications in 
drug delivery, gene therapy and biomembrane modeling 
systems [22, 23], as these nanostructrues are easy to be 
tuned and also response to several external stimuli such as 
temperature, pH, voltage, redox and light [24–28]. 

On the other hand, fluorocarbon surfactants, substituted 
H atoms in traditional hydrocarbon surfactants with F atoms, 
are a particular class of functionalized amphiphilic mole-
cules exhibiting surface activity in both aqueous and organ-
ic solutions [29]. Moreover, they are quite stable in heating, 
acid, base, as well as oxidizing and reducing solutions [30]. 
These unique features endow them irreplaceable applica-
tions in several fields, such as paints, waxes, pharmaceuti-
cals, firefighting foams, plane hydraulic fluids, and coatings 
for clothing fabrics [31, 32]. 

Our particular interest herein is to fabricate CIAs through  
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Scheme 1  Structural illustration of SC4A, C7F15N, and competitor guest 
1,4-dimethyldiazabicyclo[2.2.2]octane (MDBO). 

host-guest complexation of SC4A with fluorocarbon sur-
factant C7F15CONH(CH2)3NCH3I (C7F15N) (Scheme 1). 
Combining advantages of calixarenes and fluorocarbon sur-
factants, we expect a novel smart material showing feasible 
applications in drug delivery and controlled release systems. 

2  Experimental 

Fluorocarbon surfactant C7F15N and 4-phenolsulfonic so-
dium were commercially available from Beijing FLUOBON 
Surfactant Institute and Acros, respectively. They were used 
without further purification. SC4A [33–35] and MDBO [36] 
were synthesized and purified according to the procedures 
reported previously. 

1H NMR spectra were recorded on a Bruker AV400 
spectrometer in D2O at 25 °C. 

Steady-state fluorescence spectra were recorded in a 
conventional quartz cell (light path 10 mm) on a Varian 
Cary Eclipse equipped with a Varian Cary single-cell Peltier 
accessory to control the temperature (λex = 335.0 nm, band-
width (ex) 10 nm, bandwidth (em) 2.5 nm).  

The optical transmittance of the aqueous solution was 
measured in a quartz cell (light path 10 mm) on a Shimadzu 
UV-3600 spectrophotometer equipped with a PTC-348WI 
temperature controller.  

The static surface tension in aqueous solution was meas-
ured by using a QBZY full-automatic surface tensiometer 
by the method of platinum plate at 25 °C. 

The sample solution for dynamic laser scattering (DLS) 
measurements was prepared by filtering the solution 
through a 450 nm Millipore filter into a clean scintillation 
vial. The samples were examined on a laser light scattering 
spectrometer (BI-200SM) equipped with a digital correlator 
(Turbo Corr.) at 532 nm at a scattering angle of 90°. The 
concentrations of SC4A and C7F15N were 0.04 and 0.15 
mM, respectively. 

High-resolution transmission electron microscopy (TEM) 
images were recorded on a Tecnai 20 high resolution trans-
mission electron microscope operating at an accelerating 
voltage of 200 keV. The sample for TEM measurements 
was prepared by dropping the solution onto a copper grid. 
The grid was then air-dried. Scanning electron microscopy 
(SEM) images were recorded on a Hitachi S-3500N scan-
ning electron microscope. The sample for SEM measure-
ments was prepared by dropping the solution onto a    

coverslip, followed by evaporating the liquid in air. The 
concentrations of SC4A and C7F15N were 0.04 and 0.15 
mM, respectively. 

3  Results and discussion 

A supramolecular amphiphilic assembly was fabricated on 
the basis of host-guest complexation of SC4A with C7F15N. 
1H NMR measurements were performed to determine the 
host-guest inclusion phenomenon. As shown in Figure 1, 
the proton signal of quaternary ammonium undergoes up-
field chemical shift and the  (∆δ = δcomplex – δfree) is –2.01. 
This indicates that the cationic head group of C7F15N pene-
trates into the calixarene cavity, as protons of the quaternary 
ammonium are affected by the ring current effect of the 
aromatic nuclei of calixarene. This notable chemical shift 
confirms the inclusion interaction between SC4A and 
C7F15N. 

Free C7F15N generates amphiphilic assembly spontane-
ously owing to its hydrophilic quaternary ammonium head 
group and hydrophobic fluorocarbon long chain. Its CAC 
was determined by monitoring the relative fluorescence 
intensity of pyrene probe molecules. Kalyanasundaram and 
Thomas [37] have demonstrated that vibronic band intensi-
ties in pyrene monomer fluorescence can be used as a con-
venient probe to accurately measure CAC values. The de-
pendence of relative fluorescence intensity of pyrene (III/I 
ratio) on the concentration of C7F15N increases gradually, 
showing a sigmoid curvature as fluorocarbon surfactant 
provides hydrophobic domain above CAC. As can be seen 
from Figure 2, the CMC is estimated to be 6.0 mM. 

The complexation of SC4A with C7F15N would generate 
large-size aggregates affecting the optical transmittance of 
solutions. The CAC value of C7F15N in the presence of 
SC4A was then determined by monitoring the dependence 
of the transmittance at 450 nm on the concentration of 
C7F15N [38–40]. In the absence of SC4A, the transmittance 
of C7F15N solution at 450 nm displays no appreciable 
change as the concentration of C7F15N increases from 0.01 
mM to 0.20 mM (Figure 3(a)). In the presence of SC4A, the 
transmittance of solution decreases gradually as the concen-
tration of C7F15N increases, which results from an am-
phiphilic assembly of large size (Figure 3(bd)). According 
to the plot of transmittance at 450 nm versus concentration 
of C7F15N, two lines can be obtained and the intersection 
point represents the calixarene-induced CAC value. As 
shown in Figure 3(bd) insets, the CAC of SC4AC7F15N 
complexation is evaluated to be 0.07 mM at 0.02 mM SC4A, 
0.08 mM at 0.05 mM SC4A, and 0.10 mM at 0.08 mM 
SC4A, respectively. Excitingly, the CAC value of C7F15N 
decreases pronouncedly by a factor of ca. 100 owing to the 
complexation of SC4A. In a control experiment, SC4A has 
no tendency to self-aggregate in aqueous solution [41]. 

Surface tension measurements were further conducted to  



 Cao Y, et al.   Sci China Chem   March (2014) Vol.57 No.3 373 

 

Figure 1  1H NMR spectra of SC4A (a), SC4AC7F15N complex (b) and C7F15N (c) in D2O (1.0 mM). The solvent (H2O) is denoted as symbol ●. 

 

Figure 2  Dependence of III/I ratio on the concentration of C7F15N 
(25 °C). [pyrene] = 0.001 mM. ex = 335 nm. I and III represent fluores-
cence intensity of pyrene at 372 nm and 383 nm, respectively. 

detect the distinguishable amphiphilic aggregation between 
SC4A and C7F15N (Figure 4). In the presence of 0.04 mM 
SC4A, the surface tension of the solution decreases contin-
uously with adding C7F15N until a minimum is reached, and 
after that the value is tend toward an equilibrium state, in-
dicating that binary complex starts to aggregate in aqueous 
solution. The CAC of C7F15N in the presence of 0.04 mM 

SC4A determined by the surface tension measurements is 
0.06 mM, agreeing well with the result from optical trans-
mittance spectra. Moreover, the result displays that the 
SC4AC7F15N aggregates are amphiphilic due to the re-
markable decline of surface tension. 

In experiments above, SC4A can indeed decrease the 
CAC value of C7F15N remarkably. However, it is still pre-
requisite to determine the optimal molar fraction between 
SC4A and C7F15N to construct a robust amphiphilic assem-
bly. Figure 5 shows the optical transmittance spectra and the 
plot of transmittance at 450 nm as a function of the concen-
tration of SC4A with a fixed C7F15N concentration at 0.15 
mM. The transmittance at 450 nm undergoes a rapid de-
crease and then a gradual increase to reach a quasi-plateau 
upon addition of SC4A. In the left-hand portion of the curve, 
a higher-order complex is formed by SC4A and C7F15N 
with a tendency toward amphiphilic aggregation, whereas in 
the right-hand portion, the formed complex disassembles 
upon addition of excess SC4A to a simple inclusion complex. 
The minimum transmittance point reaches at 0.04 mM SC4A, 
and the inflection appears at a SC4A/C7F15N molar ratio of 
4:15, representing the best molar fraction of SC4A/C7F15N 
for the amphiphilic assembly. The solution of SC4AC7F15N 
system exhibits clear Tyndall effect (Figure 5 inset), which 
reveals the existence of abundant nanoparticles. 
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Figure 3  Optical transmittance of aqueous solutions of C7F15N at differ-
ent concentrations in the absence (a) and presence of SC4A: (b) 0.02 mM, 
(c) 0.05 mM, (d) 0.08 mM at 25 °C. Insets: dependence of the transmit-
tance at 450 nm on C7F15N concentration in the absence (a) and presence of 
SC4A: (b) 0.02 mM, (c) 0.05 mM, and (d) 0.08 mM. 

 

Figure 4  Surface tension data of aqueous solutions of C7F15N at different 
concentrations in the presence of 0.04 mM SC4A at 25 °C. 

 

Figure 5  (a) Optical transmittance of aqueous solutions of SC4A at dif-
ferent concentrations in the presence of 0.15 mM C7F15N at 25 °C; (b) 
dependence of the transmittance at 450 nm on SC4A concentration in the 
presence of 0.15 mM C7F15N. Inset: tyndall effect of SC4AC7F15N system, 
[SC4A] = 0.04 mM, [C7F15N] = 0.15 mM. 
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Control experiments show that replacing SC4A by its 
building unit 4-phenolsulfonic sodium cannot decrease the 
transmittance at 450 nm of the system (Figure 6), which 
indicates that the aggregation of C7F15N results mainly from 
the host-guest complexation of SC4A. Electrostatic interac-
tions between the negative sulfonate groups and positive 
quaternary ammonium groups reinforce the complex stabil-
ity. Furthermore, the descending transmittance at 450 nm in 
a normal saline solution reveals that SC4A and C7F15N can 
still form amphiphilic aggregates in high ionic strength me-
dium. 

Stability of the SC4AC7F15N (4:15) aggregates was 
measured by monitoring the dependence of the transmit-
tance at 450 nm on the time variation. As can be seen from 
Figure 7, the transmittance at 450 nm of the solution un-
dergoes a drop before 100 min showing the gradual for-
mation of the supermolecular nanoscaled aggregates, and 
the system has tendency to reach the stable state after 100 
min. 

DLS, TEM and SEM were employed to identify the size 
and morphology of the amphiphilic SC4AC7F15N (4:15) 
aggregates. In DLS measurements, free C7F15N does not 
exhibit a size distribution under the same conditions, indi-
cating that no aggregates have been formed (Figure 8(a)). 
However, amphiphilic aggregates generated by the complex 
exhibit a narrow size distribution, giving an average diameter 
of 392 nm at a scattering angle of 90° (Figure 8(b)), which is 
larger than the aggregates (194 nm) formed by SC4A and 
hydrocarbon surfactant myristoylcholine possessing similar 
structure and CMC [23]. This is because larger volume of 
fluorine atoms and stronger hydrophobicity of fluorocarbon 
chains led by the high electronegativity of fluorine atoms 
result in the fluorocarbon surfactant C7F15N occupying 
greater hydrophobic area inside the membranes than hydro-
carbon surfactant myristoylcholine. Therefore, the curvature  
 

 

Figure 6  Optical transmittance of C7F15N, SC4A, C7F15NSC4A, and 
C7F15N4-phenolsulfonic sodium at 25 °C in water, and C7F15NSC4A in 
normal saline solution; [C7F15N] = 0.15 mM, [SC4A] = 0.04 mM, 
[4-phenolsulfonic sodium] = 0.16 mM. 

radius of the SC4AC7F15N aggregates is larger than that of 
the SC4Amyristoylcholine aggregates. 

SEM images (Figure 9(a, b)) show the spherical mor-
phology with a diameter ranging from 200 to 500 nm, in 
nice agreement with the DLS result (Figure 8(b)). Such 
spheres are also found in TEM images (Figure 9(c, d)). 

The SC4AC7F15N aggregate has the capability of re-
sponding to external stimuli, such as temperature and 
host-guest inclusion [42, 43]. Temperature is a useful signal 
with easy and safe medical applications in comparison with 
the rest external stimuli [44]. The SC4AC7F15N aggregate  

 

 

Figure 7  (a) Optical transmittance of the SC4AC7F15N (4:15) system on 
different time at 25 °C; (b) dependence of the transmittance at 450 nm on 
different time. 

 

Figure 8  (a) DLS data of free C7F15N; (b) DLS data of the SC4AC7F15N 
aggregates.  
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displays a satisfactory sensitivity to the external temperature 
in Figure 10. The transmittance at 450 nm increases gradu-
ally when temperature ascends from 25 to 70 °C, and de-
creases inversely when temperature descends from 70 to 
25 °C, reflecting the reversible disassembly/assembly. The  

 

 

Figure 9  SEM (a and b) and TEM (c and d) images of the SC4AC7F15N 
aggregates. 

 

Figure 10  (a) Optical transmittance of the SC4AC7F15N aggregate at 
different temperatures (2570 °C); (b) dependence of the transmittance at 
450 nm on temperature between 25 and 70 °C. 

left assembly curve is almost symmetric to the right disas-
sembly one. High temperature disperses the aggregates, 
since heating weakens the enthalpy-driven complexation of 
sulfonatocalixarenes with organic guest molecules [45, 46]. 
SC4A, C7F15N, and 1:1 SC4AC7F15N simple complexes 
may be the final disassembled products [47]. 

We previously reported that SC4A formed the highly 
stable complex with MDBO, and the binding affinity is up 
to the magnitude of 107 M1 [48]. It is reasonably envisaged 
to trigger the disassembly of the SC4AC7F15N aggregate 
by adding MDBO, representing a direct application of 
competitive binding. In Figure 11, the transmittance at 450 
nm increases gradually upon continuous addition of MDBO, 
and reaches an equilibrium state when MDBO concentration 

is around 0.08 mM, which means that ca. 2 equiv of MDBO 
is required to fully disrupt the aggregates. The complexation- 
directed disruption presumably ascribes to expelling C7F15N 
out of the cavity of SC4A by MDBO, since MDBO can be 
more tightly captured by SC4A than quaternary ammonium. 

4  Conclusions 

We have successfully fabricated a self-assembled binary  

 

 
Figure 11  (a) Optical transmittance of the SC4AC7F15N aggregate at 
different concentrations of competitor MDBO; (b) dependence of the 
transmittance at 450 nm on concentration of competitor MDBO. 
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amphiphilic aggregate in virtue of the host-guest complexa-
tion of SC4A with fluorocarbon surfactant C7F15N. With the 
complexation of SC4A, the CAC value of C7F15N decreases 
pronouncedly by a factor of ca. 100. Furthermore, the am-
phiphilic aggregate exhibits highly efficient responsiveness 
to external stimuli. High temperature and inclusion of com-
petitor guest can lead to the disruption of the formed aggre-
gate completely. We believe that with the advantages of 
fluorocarbon surfactants and the reversible nature of 
host-guest noncovalent assembly, the obtained assembly 
possesses promising applications in drug delivery and con-
trolled release systems. 

This work was supported by the National Basic Research Program of Chi-
na (2011CB932502) and the National Natural Science Foundation of Chi-
na (91227107 and 21172119), which were gratefully acknowledged. 
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