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Synthesis of supramolecular gels based on
electron-transfer reactions between clay
nanotubes and styrene†

Jingqi Zheng, Xianfeng Ou, Fan Wu and Mingxian Liu *

A novel supramolecular gel is synthesized using styrene and

halloysite nanotubes under ultrasound treatment, in which the

nanotubes act as gelators for the styrene gel. The formation of

the gel arises from electron-transfer reactions between styrene and

the aluminium atoms at the crystal edges and the transition metal

ions of the clay. The supramolecular gel is transparent and sensitive

to temperature, which shows promising applications in sensors,

templates, and gelling fuels.

Halloysite nanotubes (HNTs) are a kind of clay mineral.
The chemical formula of HNTs is Al2Si2O5(OH)4�nH2O which
is similar to that of kaolin.1 Microscopically, HNTs have a
hollow tubular structure with a length of 200–1500 nm and
an outer diameter of about 50 nm.2 The application of HNTs in
various fields is based on their particular tubular structure.
Generally, HNTs show high reinforcing ability towards poly-
mers and a good dispersion state.3 In the biomedical field,
HNTs are applied to fabricate tissue engineering scaffolds
as well as drug delivery systems, and also serve as gene transfection
vectors.4 Additionally, HNTs undergo self-assembly during their
aqueous solution drying, which will form special patterns for
capturing cells or directing the growth of stem cells.5,6 HNTs
are also widely used in the field of sewage treatment, catalysts,
electrolytes for lithium batteries, and so on.7,8

Clay minerals have been involved in the abiotic origin of life
on Earth as a consequence of their ability to adsorb, protect,
concentrate, and transform biomolecules.9 Clay minerals react
with different types of organic compounds in particular ways.
Generally, there are three kinds of interactions between
clay minerals and organic molecules, including adsorption,
intercalation and cation exchange.10 For example, kaolin can
adsorb particular types of organic compounds on its surfaces.

Montmorillonite can be intercalated by various organic molecules
into the interlayer space. The intercalation of guest molecules can
be used for the preparation of polymer composites. Solomon et al.
found that certain clay minerals (attapulgite and montmorillonite)
can act as catalysts in polymerization of unsaturated organic
compounds such as styrene (St) and hydroxyethyl methacrylate.11

This process is related to a charge transfer reaction between clay
minerals and organic molecules. Clay minerals provide sufficient
electron accepting sites while organic molecules donate electrons,
which is evident in the polymerization of organic matter. The
electron accepting sites are aluminium atoms and transition
metals (such as ferric ions) in the higher valence state at the edge
of the clay mineral crystal.12 Under certain conditions, the organic
substance is active to undergo polymerization after electron
transfer, as shown in Fig. 1A. Here, we report another electron
transfer reaction between St and HNTs and the phenomenon
of formation of a stable supramolecular gel under ultrasound

Fig. 1 The electron transfer mechanism of St and clay (A) and the
schematic showing the formation of the St@HNT supramolecular gel by
electron transfer interactions (B).
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treatment. Pure HNT hydrogel can be formed at a concen-
tration of nanotubes higher than 40 wt% in aqueous solution.13

No HNT organic gel has been reported until now.
In the St and HNT gel, HNTs play a role as gelators. In

comparison to kaolin, HNTs are easy to disperse and easily provide
more crystal edges due to their tubular morphology. Free electrons
derived from the conjugated structure of St can be transferred to
aluminium atoms and ferric ions on the crystal edges of HNTs. The
polycations of St molecules are then adsorbed on HNTs by electro-
static interaction which is generated between the cationic groups of
the pre-polymer and the negatively charged surfaces of HNTs.14

When numerous St polycations are adsorbed on HNTs, a gel-like
layer of St is formed around the nanotubes. Raw HNT powder is
microscopically agglomerated nanotubes. Upon addition of HNTs
to St, large agglomerates are broken into small clusters under the
ultrasound effect. Clusters composed of several nanotubes are
homogenously distributed in the St medium via strong electrostatic
interaction. Hence, a styrene@halloysite nanotube (St@HNT) supra-
molecular gel is formed when a sufficient amount of HNT powder is
mixed with the St solvent (Fig. 1B). The samples were characterized
by zeta potential testing and the dynamic light scattering (DLS)
method. As shown in Fig. S1A (ESI†), the absolute value of the zeta
potentials of St@HNTs decreases compared with those of raw
HNTs. For example, the zeta potentials of St@HNTs 100-10 and
St@HNTs 100-20 are �20.7 mV and �20.3 mV respectively, while
that of raw HNTs is �25.2 mV. At the same concentration of water
dispersions, the particle size distribution of HNTs is obviously
smaller than that of St@HNTs (Fig. S1B–F, ESI†). These results
suggest that the surfaces of HTNs are covered by positively charged
St polycations via electrostatic interaction. In addition, St@HNTs
100-20 was characterized by electron paramagnetic resonance (EPR).
As shown in Fig. S2 (ESI†), a signal can be obtained, which indicates
that there are free radicals in this system. This confirms the
mechanism of free radical formation via electron transfer. However,
the signal is not easy to detect because the concentration of free
radicals is low in comparison to the polymerization of St using an
organic initiator.15,16

As shown in Fig. 2A, the appearance of St is clear and
transparent. As the amount of HNTs increases, the transparency
of the mixture slightly decreases. After St and HNTs are evenly
mixed under ultrasound treatment, HNTs would sink to the

bottom under the action of gravity. At a concentration of HNTs
higher than 90.9 mg mL�1, the mixture of St and HNTs begins to
show a gel state. The gel does not flow even upon inverting the
bottle. The appearance of St@HNTs 100-20 is light yellowish
green with a certain light transmission. After a large amount of
HNTs is added for example 272.7 mg mL�1, the mixture becomes
a yellow gel without transparency. However, St and other clay
minerals such as attapulgite, montmorillonite and kaolin are
mixed in the same manner and ratio, but the appearances of
these mixtures are unlike that of St@HNTs 100-20 (Fig. S3A–C,
ESI†). The curled crystal structures of HNTs provide a greater
number of charge transfer sites than those of other types of clay
minerals.16,17 Thus, a small number of HNTs would interact with
St and they will form a uniform gel. After the crystal edges of
HNTs are masked by sodium tripoly phosphate, the electron
accepting properties of the crystal edges of HNTs are lost, and
thus the mixture of St and HNTs shows fluidity (Fig. S3D, ESI†).

HNTs have a high aspect ratio, which could form an ordered
arrangement to display the polarization phenomenon.18,19

St@HNTs were characterized by polarized optical microscopy
(POM) to observe the distribution of HNTs in the St medium.
Aggregates with yellow and blue color shown in Fig. 2B and
Fig. S4 (ESI†) illustrate that HNTs present a partially dispersed
state in St rather than tube dispersion on the nanoscale, which
is the reason for the generated birefringence observed under
POM.13 With the increase of HNT content, the number and size
of the aggregates increase. In the same observation area, when
the rotation angle is 1801, the color of HNT aggregates is the
same as that in the POM images, as shown in Fig. S5 (ESI†).
The color of aggregates changes when the rotation angle of the
observed sample is less or more than 1801. The rheological
properties of St@HNTs 100-20 and St@HNTs 100-5 are shown
in Fig. S6 (ESI†). In comparison to St@HNTs 100-5 which is in
liquid state, the viscosity of St@HNTs 100-20 is larger. St@HNTs
100-20 shows a shear thinning behaviour due to the breaking of
the HNT network as shown in Fig. S6B (ESI†). In the linear
viscoelastic region of St@HNTs 100-20 (Fig. S6C, ESI†), the
critical stress is 53.8 Pa. After exceeding the critical stress, the
storage modulus of St@HNTs 100-20 begins to decline.

The dispersion state of HNTs in St was characterized by TEM
and SEM. In the diluted dispersion, it is easy for HNTs to form
ring-like agglomerates in St, as shown in Fig. 3A and Fig. S7
(ESI†). However, at the same concentration of the aqueous
dispersion of HNTs, single tubes and bundles are randomly
distributed as shown in Fig. 3B. The surface of raw HNTs has
hydrophilic groups and exhibits excellent dispersibility in aqueous
solution. The stability of HNT dispersion in water is due to the
surface of HNTs with a highly negative charge.13 The stability of
the gel arises from the network structure formed by nanotubes.
Fig. 3C shows the morphology of HNTs in St@HNTs 100-20 which
is dried at room temperature and St is volatilized completely.
It is clear that HNTs are stacked in a cluster state with certain
alignment, and there are certain gaps between the HNT clusters
(corresponding to the St location). The dry skeleton of nanotubes
forms a certain ordered structure. In the gel, St is fixed in the
spacing among the ordered nanotubes. This result is consistent

Fig. 2 The appearance of St@HNTs (A) and polarized optical micrograph
of St@HNTs (B).
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with the POM result. HNTs were also dispersed in water in the same
ratio to prepare a control sample and the water in the sample was
also evaporated at room temperature. This shows that HNTs are
randomly dispersed and stacked to form a relatively flat surface, as
shown in Fig. 3D. This also indicates that the interaction between St
and HNTs is different from that between water and HNTs.

For investigating the preparation conditions for the
formation of the St@HNT gel, different ultrasound time was
employed to synthesize St@HNTs 100-20. Fig. S8 (ESI†) reveals
that the macroscopic stability of the gel increases when the
ultrasound time increases. Under ultrasound treatment, HNT
aggregates can be broken in the St medium. It is apparent that
the large agglomerates become smaller as the ultrasound time
increases. The longer the ultrasound time is, the more uniform
the dispersion of the nanotubes is. The interface area between
St and HNTs is enhanced by the formation of HNT clusters.
This proves that the ultrasound treatment is the driving force
for HNTs to be dispersed in the St medium. The interaction
between HNT clusters and St is the key for the formation of the
gel. The thermal stability of St@HNTs has also been studied
(Fig. S9, ESI†). As we know, the melting point of St is �30.6 1C.
At �80 1C, St in the gel is frozen. When the frozen gel is kept at
room temperature again, the frozen solvent quickly liquefies
and solid–liquid separation of HNTs and St in the gel occurs.
With ultrasound treatment again, the phase-separated St@HNT
mixture would form a stable gel again. After storing at �20 1C,
60 1C and 80 1C for 24 h, St@HNTs 100-20 still remains stable.
Generally, St is polymerized under heat treatment. Thus, after
being treated at 60 1C for 14 days, the gel (St@HNTs 100-20)
becomes a viscous fluid which demonstrates that a certain
degree of polymerization of St in the gel has occurred. Fig. S10
(ESI†) proves that HNTs in the gel are further uniformly
dispersed in St during the polymerization of St which is
initiated by the thermal effect. By further extending the heat
treatment time, the HNTs@polystyrene (HNTs@PS) composite
was finally obtained and its cross section was observed by SEM

(Fig. S11, ESI†). Markedly, the clusters of HNTs are immobilized
in the PS matrix. HNTs in each cluster have a preferred alignment,
while HNT clusters are randomly distributed in the PS matrix,
which is consistent with the SEM images of the HNT skeleton
of St@HNTs 100-20.

The interaction between St and HNTs is further investigated.
The FTIR spectra of St, St@HNTs 100-20 and HNTs are shown
in Fig. S12A (ESI†). The peaks of St from 3094 to 2977 cm�1 are
attributed to the C–H bonds on the benzene ring and the peaks
near 1496 cm�1 are assigned to the vibrations of the benzene
ring.20 The peak at 685 cm�1 is related to a single substitution
of the vinyl group on the phenyl ring. The peaks of HNTs that
appeared at 3699 and 3619 cm�1 are attributed to the stretching
vibrations of O–H groups.21 Obviously, the FTIR spectrum of
St@HNTs 100-20 contains characteristic peaks of both St and
HNTs, but no new peak appears which indicates that there is no
chemical bonding between St and HNTs. The standard IR
spectrum of PS is used for comparison, which clearly shows
that St in the gel is mostly like the St monomer. This indicates
that polycations undergo a small degree of polymerization
at the beginning. As shown in Fig. S12B (ESI†), the crystal
structures of HNTs in the gel and HNTs in the dry gel are
consistent with the crystal structure of HNTs. No intercalating
effect of St or PS towards HNTs has been identified since the
layer spacing of the (001) plane is still maintained at 7.0 Å. It is
further proved that the interaction between St and HNTs is
physical rather than chemical. It can be seen from the UV-vis
spectrum (Fig. 4) that the St@HNTs samples at different ratios
are consistent in the n - p* absorption band (281.6 nm) of St,
but the B absorption band (290.3 nm) is slightly different.
This indicates that the p - p* transition of the carbon atom
in the benzene ring on St is influenced by HNTs. The excellent
physical adsorption capacity of HNTs towards organics is
related to their special microstructure. Interactions between
St and HNTs are more than physical adsorption. There is no
gelation between other organic solvents (such as cyclohexane)
and HNTs under ultrasound treatment. So, it is considered that
a supramolecular St@HNT gel is obtained via the electron
transfer interactions. The preparation method is also effective
to form an a-methyl styrene@HNT gel (Fig. S13A, ESI†).

Fig. 3 TEM image of HNTs dispersed in the St solvent (A) and in water (B);
SEM image of the St@HNT gel (100-20) (C) and 20 wt% water dispersion
solution of HNTs (D).

Fig. 4 UV-vis spectrum of St@HNTs.

ChemComm Communication

Pu
bl

is
he

d 
on

 1
0 

Ju
ly

 2
01

9.
 D

ow
nl

oa
de

d 
by

 J
in

an
 U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

10
/1

0/
20

19
 7

:3
9:

07
 A

M
. 

View Article Online

https://doi.org/10.1039/c9cc04102h


This journal is©The Royal Society of Chemistry 2019 Chem. Commun., 2019, 55, 10756--10759 | 10759

Ethyl benzene was also mixed with HNTs (181.8 mg mL�1). As
shown in Fig. S13B (ESI†), HNTs have a good compatibility with
ethyl benzene. However, their appearance is unlike that of
St@HNTs and a-methyl styrene@HNTs at the same concen-
tration, which appears white without transparency. Their zeta
potential shows a small difference from that of St@HNTs
100-20 (Fig. S13C, ESI†). These organic molecules all have a
conjugated structure, but their degree of conjugation with ethyl
benzene is smaller than that with styrene and a-methyl styrene.

In summary, a supramolecular gel composed of St and HNTs
is prepared under ultrasound treatment. The mechanism of gel
formation is ascribed to the electron-transfer reaction. Electrons on
the conjugated St molecule are transferred to the clay surfaces
through the electron accepting sites of aluminium atoms and Fe3+

ions in HNTs. HNTs play a role as gelators of the supramolecular
gel while the polycations of St are adsorbed in the HNT skeleton.
The results of the morphology and the UV-vis spectrum prove the
interaction mechanism. The prepared St@HNT gels have promising
applications in sensors, templates, and gelling fuels.
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Experimental details: 

1. Materials 
Halloysite nanotubes (HNTs) were purchased from Guangzhou Runwo Materials 
Technology Co., Ltd., China. HNTs were purified according to the reference to remove 
the impurities.1 Styrene (St) was obtained from Tianjin Damao Chemical Reagent Co., 
Ltd, China. Other chemicals used in the experiment were supplied by Aladdin Industrial 
Co., China. 

2. Sample preparation  
HNTs were added to St and they were mixed by shaking. Then, the mixture was placed 
in an ultrasonic cleaner for sonication for a certain time to obtain gel. Mixture of St and 
HNTs was denoted as St@HNTs with St and HNTs weight ratio. For example, 
St@HNTs 100-20 meant the weight ratio between St and HNTs was 100: 20. St@HNTs 
meant 5 kinds of mixtures: St@HNTs 100-1, St@HNTs 100-2, St@HNTs 100-5, 
St@HNTs 100-10 and St@HNTs 100-20. Additionally, α-methyl styrene@HNTs and 
ethyl benzene@HNTs were prepared with a weight ratio between corresponding 
organic substance and HNTs was 100: 20. 
HNTs masked by sodium tripoly phosphate were prepared as follows. HNTs and 
sodium tripoly phosphate were added in ultrapure water in proportion of 0.05 mol 
sodium tripoly phosphate per 100 g HNTs. The suspension was stirred for 6 h. Then, 
HNTs in the suspension were centrifuged and washed three times with ultrapure water. 
After drying under 60oC, HNTs masked by sodium tripoly phosphate were obtained. 
3. Characterization 
Zeta potential. The samples were diluted to 0.5 wt% aqueous suspensions for testing, 
which were tested by a Nano ZS zeta-potential analyzer (Malvern Instruments Co., 
U.K.).  
Dynamic light scattering (DLS). The samples were prepared by diluting HNTs or 
St@HNTs to 0.045wt% suspension with ultrapure water, which were tested by a 
nanoparticle size and zeta potential analyzer (Omni, Brookhaven Instruments Co., 
USA). 
Electron paramagnetic resonance (EPR). The test method of EPR test was based on the 
relevant literature.2 St (300 µL) and HNTs (54 mg) were placed in a Pyrex EPR tube 
(i.d. 3.8 mm). The solution in tube was degassed through repeated freeze and thaw 
cycles. Then, the tube was saturated with argon. After being sealed, it was placed in the 
cavity of the EPR spectrometer (JES FA300, JEOL Ltd., Japan) to test. Spectra were 
recorded repeatedly until the spectral pattern showed no further change. 
Polarized optical microscopy (POM). St@HNTs gels were coated to a glass slide and 
covered with another piece of glass to get the samples which were observed under a 
polarized optical microscope (BX51, Olympus, Japan). 
The rheological behavior. The dynamic viscosity was measured by a hybrid rheometer 
(TA Discovery HR-2, USA) using a parallel plate model with a diameter of 40 mm at 
25°C. The shear rate of the shear stress and the dynamic viscosity was from 10-1 s−1 to 
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102 s−1. The strain scan range of St@HNTs 100-20 was from 10-4% to 103%. 
Transmission electron microscopy (TEM). The HNT dispersion (in St solvent or 
ultrapure water) was dropped on carbon film supported by a copper grid. After 
evaporation of the solvent, the samples were characterized by TEM (JEM-2100F, JEOL 
Ltd., Japan). 

Scanning electron microscopy (SEM). St@HNTs 100-20 and water dispersion of HNTs 
(20 wt%) were coated on the glass and the solvent were fully volatilized. The images 
were taken through SEM (Ultra-55, Carl Zeiss Jena Ltd., Germany) with an accelerating 
voltage of 5 kV. The cross sections of HNTs@polystyrene (HNTs@PS) to be observed 
were obtained after being broken in liquid nitrogen. 

Fourier transform infrared spectroscopy (FTIR). The FTIR spectra were characterized 
by a Thermo FTIR (Nicolet iS50, Thermo Fisher Scientific Ltd., USA). The 
wavenumber ranged from 4000 cm-1 to 500 cm-1. 

X-ray diffraction (XRD). The XRD patterns were recorded through an X-ray 
diffractometer (MiniFlex-600, Rigaku Co., Japan). The scanning angle was from 5o to 
60o while the scanning speed was 5o/min. 

UV-vis spectrum. St@HNTs gel was diluted to 500 ppm with alcohol and scanned in 
200-800 nm by an ultraviolet spectrophotometer (UV-2550, Shimadzu Instrument Ltd., 
Japan). 
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Supporting figures: 

 
Fig. S1 Zeta potential of HNTs and St@HNTs (A); DLS results of HNTs and St@HNTs 
(B: HNTs; C: St@HNTs 100-2; D: St@HNTs 100-5; E: St@HNTs 100-10; F: 
St@HNTs 100-20). 
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Fig. S2 EPR curves of St@HNTs 100-20 at different time. 
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Fig. S3 The appearance of mixture of St and clay minerals with ultrasound treatment 
for 30 min (A: attapulgite; B: montmorillonite; C: kaolin; D: HNTs masked by the 
polyphosphate). 

 
  



S7 
 

 
 
 
Fig. S4 Polarized optical micrograph of St@HNTs with different magnification. 
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Fig. S5 Polarized optical micrograph of St@HNTs 100-20 in the same area by 
rotating different angle.  
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Fig. S6 Shear stress vs shear rate curves (A) and shear viscosity vs shear rate curves (B) 
of St@HNTs gel (St@HNTs 100-20 and St@HNTs 100-5); strain scanning curves (C) 
of St@HNTs 100-20. 
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Fig. S7 TEM image of HNTs dispersed in St with different magnification. 
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Fig. S8 Effect of ultrasonic time on St@HNTs 100-20 (15 min: A, B, C, D, E, F; 30 
min: G, H, I, J, K, L; 60 min: M, N, O, P, Q, R). 
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Fig. S9 Effect of temperature on St@HNTs 100-20 (-80oC: A, F; -20oC: B, G; 25oC:  
C, H; 60oC: D, I; 80oC: E, J). 
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Fig. S10 Polarized optical micrograph of St@HNTs 100-20 placed under 60oC for 14 
days with different magnification. 
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Fig. S11 SEM image of the cross section of HNTs@PS polymerized at 60oC (A, B) 
and polymerized at 80oC (C, D). 
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Fig. S12 FTIR spectrum (A) of St, St@HNTs 100-20, PS and HNTs; XRD pattern (B) 
of HNTs, powder of dry St@HNTs 100-20 and St@HNTs 100-20. 
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Fig. S13 The appearance of α-methyl styrene@HNTs (A) and ethyl benzene@HNTs 
(B); zeta potentials of α-methyl styrene@HNTs and ethyl benzene@HNTs (C). 
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