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Abstract

The authors report a novel thermo-responsive hydrogel design based on the thermally induced
aggregation of two kinds of nonionic surfactants: triblock copolymer poly(ethylene
oxide)—poly(propylene oxide)—poly(ethylene oxide) (EPE) and 4-octylphenol polyethoxylate
(TX-100). In the preparation of the hydrogel, agarose is used to host the aqueous surfactant
molecules, allowing them to move freely through its intrinsic network structure. To study it,
EPE molecules are labeled with fluorescent Rhodamine B, and the aggregation phenomenon

under various temperatures is imaged by fluorescence microscopy. In order to realize flexible
control of the opaque/transparent transition temperature (OTTT), the surfactants’ aggregation is
modified by adding ionic surfactant or salts. The rate of the opaque/transparent transition and

applications in the smart window and smart roof based on this kinds of hydrogel are also

investigated.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recent advances in intelligent hydrogels have resulted in
new materials that have found applications in many areas
of materials science [1-13]. Novel applications presently
being considered for thermochromic materials are thermally
adjustable smart windows, smart roofs, large-area information
displays and traffic engineering, as well as temperature-
sensing applications in medical technologies [14-16]. This
is one of the most promising applications of what are
called intelligent hydrogels, based on their opaque/transparent-
reversibility property for temperature or electric fields, which
can control the passage of light. In the last decade, reversible
thermochromic hydrogels sensitive to external temperature
have been extensively investigated, though, with the exception
of poly(N-isopropylacrylamide) (PNIPAAm) hydrogel, they
have only rarely been analyzed. PNIPAAm hydrogel, from
which many kinds of hydrogels have been derived, is the best
known temperature-sensitive polymeric network [3—10]. All of
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these hydrogels present properties of volume phase transitions
when either the temperature or pH changes [4, 11-14].
Recently, Ling et al reported a brine-prepared PNIPAAm
hydrogel that undergoes transparent—opaque transitions with
increasing NaCl concentration [3]. Unfortunately, this
kind of high-NaCl hydrogel breaks into pieces due to
its poor strength and volume phase transition. Yang
et al investigated a novel thermo-responsive supramolecular
hydrogel consisting of cucurbit[6]uril and butan-1-aminium 4-
methylbenzenesulfonate, which together effect a gel (opaque)—
sol (transparent) transition with temperature [15]. Seeboth
and Chung developed a type of hydrogel that, by means of
dye embedded in the polyvinyl alcohol/borax/surfactant gel
network, responds to temperature changes with reversible color
transformations [16, 17].

Agarose, a familiar hydrogel base, is a linear polymer
made up of repeating monomeric units of agarobiose. The
molecular structure of this polysaccharide, double helices
formed of left-handed threefold helices, imparts the capacity

© 2011 IOP Publishing Ltd  Printed in the UK & the USA


http://dx.doi.org/10.1088/0964-1726/20/7/075005
mailto:phwen@ust.hk
http://stacks.iop.org/SMS/20/075005

Smart Mater. Struct. 20 (2011) 075005

JLietal

to form gels that are very strong, even at low concentrations.
These double helices are stabilized by the presence inside their
cavities of bound water molecules [18, 19]. Exterior hydroxyl
groups allow the aggregation of up to 10000 of these helices
to form suprafibers and, thereby, stable hydrogel.

All thermally induced hydrogels have many advantages
including high transparency, freedom from an organic solvent,
non-flammability, biodegradability, and others. However,
they are often high cost, difficult to fabricate, volume phase
change, and narrow transition temperature range. To remedy
this problem, we formulated a stable, innocuous, easily
adjustive and completely biodegradable hydrogel using cheap
and readily available industrial materials.

2. Experimental section

2.1. Chemical materials

Agarose (the hydrogel base); poly(ethylene oxide)-poly(propy-
lene oxide)—poly(ethylene oxide) (EPE) (total average molec-
ular weight: 2000; molecular PEO weight: 1600) and 4-
octylphenol polyethoxylate (TX-100) (the surfactants); sodium
dodecyl sulfate (SDS) and sodium sulfate (the additives);
Rhodamine B. All of these chemicals, purchased from Sigma-
Aldrich, were analytical grade and used without further
purification.

2.2. Preparation

Preparation of the agarose, surfactants and additives stock
solution. The stock solutions containing 2 w/v% agarose,
2 w/v% surfactant EPE, 5 w/v% TX-100, 1 w/v% SDS,
5 M Na,SO, were further diluted with deionized water to the
required concentrations in preparing the hydrogels.

2.3. Synthesis of hydrogels

The hydrogels were synthesized by mixing hot surfactant,
agarose, and additive solutions to different ratios under stirring
and sonication. The transparent hydrogels formed after the
mixed solutions were left to cool (without stirring).

2.4. Measurements

The temperatures were measured with a digital thermal
meter, and the absorption spectra were obtained with a
Lambda 20 (Perkin Elmer) UV-Visible spectrometer. The
fluorescence was imaged under an inverted fluorescence
microscope (Axiovert 200 M, Zeiss) equipped with a cooled
charge-coupled device camera (Diagnostic Instruments). All
transparency of the hydrogel was measured after the sample
was equilibrated at the expected temperature for 5 minutes.
The thermal transport on the surface was measured using a
thermo camera (FLIR ThermoVision A40).

3. Results and discussion

We chose as the support matrix agarose, a linear polymer
composed of repeating monomeric units of agarobiose.

Agarose is insoluble in cold water but in boiling water
dissolves, yielding random coils. Gelation has been reported to
follow a phase separation process and association on cooling
(~35°C), forming gels of up to 99.5% water that remain
solid up to about 85°C [18-20]. In the present study,
we used 0.5 w/v% agarose solution as the hydrogel base.
Agarose is the most popular medium for electrophoresis for
it has a large size for rapid diffusion and low background
visibility [20, 21]. The pore size of the agarose gel, related
with its concentration and temperature, ranges from 400 to
1200 nm at different temperatures when its concentration
is 0.5 w/v% [19]. Therefore, the surfactants, additives
or fluorescent molecules can disperse uniformly in the gel
network of agarose (figures 1(b) and (c)).

In preparing the thermally induced hydrogel, we incor-
porated nonionic surfactants into the agarose network [21].
The principle of a thermally induced reversible hydrogel is
straightforward. In the preparation of EPE hydrogel, hot
nonionic surfactant EPE solution (turbid) is mixed with hot
agarose solution. Then the uniform solution was cooled
to room temperature without stirring for over 20 min, and
solidified into hydrogel. At low temperatures, the nonionic
surfactants, as individual molecules, are dissolved completely
in the water of the hydrogel (figure 1(b)). When the
hydrogel is heated, the surfactant molecules, owing to the
dehydration of the hydrophobic groups, begin to form micelles
dispersed uniformly in the hydrogel matrix and to undergo
phase separation [22, 23]. If the hydrogel is heated to the
opaque/transparent transition temperature (OTTT), neighbor-
ing micelles aggregate into larger clusters (figure 1(c)), the
morphology of which is the cause of the turbid appearance.
The whole process completed within half a minute including
the heating time. At higher and equal OTTT, complete
hydrogel opaqueness, which blocks radiation such as sunlight.
To verify the micelles’ larger cluster formations, we dissolved
a trace amount of Rhodamine B (red fluorescence) into the
water of the hydrogel during the preparation process and
then imaged the fluorescence under an inverted fluorescence
microscope. Rhodamine B is the source of the hydrogel’s
affinity for surfactant molecules, which is also the rationale for
its use in surfactant phase labeling [24]. Next, the hydrogel
was laid on an ITO glass connected to heating electrodes. We
took 3D hydrogel images (200 um x 200 um x 20 pm) at low
and high temperature. Below the OTTT, there were no distinct
fluorescent spots detected (figure 1(e)). Above the OTTT,
55 °C, many distinct micron fluorescent clusters were observed
quickly within one second as the individual surfactants became
micelle clusters (figure 1(d)), which eventually produced the
turbidity. Such a phenomenon was reversible if the temperature
variation was reversed. When the whole sample was cooled to
25 °C, those fluorescent clusters disappeared within 1 s.

To enable flexible cloud point (CP) control, we variably
charged the nonionic surfactant by adding ionic surfactants
or salt. It is well known that nonionic surfactants in the
aqueous solution phase separate at the CP [25], this process
involves a drastic increase in the turbidity of the solution,
which influences the light transmittance. The CP of nonionic
surfactants is very sensitive to interaction between molecules,
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Figure 1. (a) Preparation procedures of agarose-based thermo-sensitive hydrogel: the agarose was dissolved in hot water to form an aqueous
solution, and then hot surfactant and Rhodamine B colloid suspension was added, stirred, and let stand while cooling. (b) Outline of
hydrogel-containing Rhodamine B at 55 °C (high temperature). (c) Outline of hydrogel-containing Rhodamine B at 25 °C (low temperature).
(d) In the aggregated surfactant micelles the density of Rhodamine B molecules is higher at a high temperature (55 °C), which produces
fluorescent spots under fluorescence microscopy. (e) Aggregation of surfactant micelles is absent at low temperature (25 °C) so that
Rhodamine B molecules are uniform in the region, which means no fluorescent spots can be detected.

and also affected by other chemicals [25-32]. The effect
of added salt and ionic surfactants on the CP of nonionic
surfactants has already been investigated [23, 33, 34]. In
the present study, we investigated two kinds of nonionic
surfactant, EPE and TX-100. These two molecules, containing
both hydrophobic and hydrophilic groups, can, owing to the
dehydration of hydrophobic groups at a certain temperature,
self-assemble to form micelles in aqueous solution. We used
two kinds of additive to tune the CP of the two surfactants
so that the OTTT of the hydrogel can be controlled. The
anion surfactant, SDS, can increase the CP temperature of
EPE [23, 33], while the salt, Na;SOy,, can depress the CP
temperature of TX-100 [28, 29].

To determine the viability of the hydrogel transparency
control, for the EPE hydrogel we used 1 w/v% EPE, with
different concentrations of SDS added to a 0.5 w/v% agarose

solution base, as the medium to control the passage of
light through the 2 mm thick hydrogel membrane. As
for the EPE hydrogel without SDS, at 25°C it maintained
perfect transparency while it was completely opaque at 30 °C
(figure 2(c)). After 0.6 w/v% SDS was added, the OTTT was
increased to 55 °C as shown in the insets of figure 2(a). From
25°C to 48°C the transparency did not change appreciably,
and the hydrogel retained the same appearance as the pure
agarose hydrogel. However, at 52°C some turbidity could
be observed, and after the temperature was raised to 55 °C,
the hydrogel became completely light-tight (inset images in
figure 2(a)). For the TX-100 hydrogel, we used 2 w/v%
TX-100 solution containing Na,SO,4 with different contents.
The OTTT of pure TX-100 hydrogel (~70°C) is much higher
than that of pure EPE hydrogel (27°C). Below 300 nm, the
transmission through TX-100 hydrogel, unlike the EPE type,
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Figure 2. (a) Temperature dependence of transparency of the sample (1 w/v% EPE, 0.6 w/v% in 0.5 w/v% agarose hydrogel).
(b) Temperature dependence of transparency of the sample (2 w/v% TX-100, 0.2 M SS in 0.5 w/v% agarose hydrogel). In both (a) and (b),
the insets show the hydrogel in a glass tube at different temperatures. (¢c) 1 w/v% EPE in 0.5 w/v% agarose hydrogel. (d) 2% TX-100 in

0.5 w/v% agarose hydrogel.
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Figure 3. (a) Influence of SDS concentrations on transmittance of EPE hydrogel, and (b) influence of SS concentrations on transmittance of
TX-100 hydrogel, both measured at 350, 700, and 1100 nm wavelengths.

is totally blocked due to absorption (figure 2(b)). The TX-
100 hydrogel is perfectly transparent at 68 °C and completely
opaque at 70°C (figure 2(d)). When 0.2 M Na,SO; was
added to this hydrogel, its OTTT fell to ~54°C. The
hydrogel transparency diminishes with a gradually increasing
temperature but is recoverable if the temperature decreases
again. Based on this property, hydrogels can be employed
as media for control of the passage of light through the smart
window or roof, which utility we studied.

We mixed 0.1-0.7 w/v% SDS into the EPE hydrogel
base, and 0.1-0.6 M Na,SOy, into the TX-100 hydrogel base,
respectively. The sunscreen efficiency of the hydrogel was

determined by measuring the light transmittance as a function
of temperature at 350, 700 and 1100 nm wavelengths (figure 3).
For both hydrogels, the transparency at 350 nm was less than
50%, much lower than those measured at 700 and 1100 nm.
The region from the maximum transparency temperature to the
minimum increased with the wavelength (350 nm < 700 nm <
1100 nm). To illustrate the effect of SDS and Na,SO, in
improving or depressing the OTTT, the opaque temperature
as a function of SDS/Na,SO,4 concentration is plotted in
figure 4. With increasing SDS concentration, the temperature
at which the EPE hydrogel attained its opaque state was shifted
markedly higher, but with increasing Na,SO,4 concentration,
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Figure 4. Influence of additives (SDS, Na,SO,) concentration on
opaque temperature of hydrogel measured at 350, 700 and 1100 nm
wavelengths.

that of the TX-100 hydrogel was shifted downward. It can
be seen that the OTTT of both hydrogels is lower at short
wavelengths, and that the OTTT gaps between both of the two
sets of neighbored wavelengths of the EPE hydrogel are larger
than those for the TX-100 hydrogel. OTTT modification was
shown, thus, to be a potential means of actively controlling the
passage of light through the hydrogel. Through this method,
we can obtain the desired OTTT for different hydrogels.
Hydrogel becomes reversibly more and more opaque as
it is heated. The rate of the opaque/transparent transition
is a function not only of the properties of the surfactant but
also of the thermal conductivity of the hydrogel. Preparatory
to studying surface thermal transport, a piece of hydrogel
(~20°C) was attached to a large-capacity thermal source
applying a constant temperature (~75 °C). The temperature of
the hydrogel surface was measured using a thermo camera. The
experiment results are summarized in figure 5. It is apparent
that the thermal transport distance increases with time (see
the insets) and that the temperature decreases with increasing
distance from the source. In figure 5(b), the temperature
evolutions are shown at four points laying at different distances

Figure 6. Photos of 1% EPE, 0.3% SDS solution at 50 °C (a) 5 min,
(b) 8 h, 1% EPE, (c) 0.3% SDS and 0.5% agarose hydrogel at 50 °C
8 h, 2% TX-100, 0.3 M Na,SO, at 50°C, (d) 5 min (e) 8 h, (f) 2%
TX-100, 0.3 M Na,SO, and 0.5% agarose hydrogel at 50°C 8 h.

from the thermal source. It can be seen that the temperatures
arrive at equilibrium within half a minute for this sample while
it has a complete transition in nearly the same period of time,
which means that thermal transport mainly effects the speed of
the hydrogel’s opaque/transparent transition.

Compared with solution-based thermally induced mate-
rial, solid hydrogel is much more stable. Sedimentation
occurs in colloidal systems because of the density mismatch
between different phases, as accentuated by particles (micelle
clusters) aggregation. It can be seen in figure 6 that the
solution sample at 50 °C was a uniform milk-white emulsion
(figure 6(a): EPE/SDS solution; figure 6(d): TX-100/Na;SOy4
solution) at the beginning, whereas after letting it stand for
8 h, there was some white (figure 6(b): EPE/SDS solution) or
transparent (figure 6(e): TX-100/Na,SO4 solution) deposition
at the bottom of the bottle. These results reflected the fact
that surfactant micelles at high temperature aggregate clusters
and get larger and larger, undergo phase separation and slowly
sink to the bottom over time. Hydrogel, in contrast, is almost
unchanged after even several days, due to the gel networks of
agarose preventing the aggregation of large micelle clusters
(figures 6(c) and (f)). The agarose is not only the base of
the hydrogel but also the basal network that stabilizes the
emulsion.

We used the hydrogel as a medium to control the passage
of light through a smart window. In order to demonstrate the
light screen, a piece of hydrogel membrane (2 mm thickness)
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Figure 7. Smart hydrogel membranes at different temperatures, hydrogel membranes in water at (a) 25 °C, (b) 52°C, (c) 55 °C, model of
greenhouse at (d) 25 °C (inset image is of piece of hydrogel membrane), (e) 39 °C, (f) 41 °C.

was immersed into water and a paper with different color
words was placed under the transparent water container. The
temperature of the hydrogel was controlled by the water in
the container. At room temperature, the hydrogel membrane
was transparent and the colored words, accordingly, were
clearly visible (figure 7(a)). But when the room-temperature
water was exchanged for 52°C hot water (near the OTTT),
the resultant turbidity imparted cloudiness to the membrane
within half a minute, and the profile of the colored words
became obscure (figure 7(b)). Once the temperature exceeded
the OTTT (55 °C), the hydrogel membrane screened most of
the light, becoming completely opaque within half a minute,
no background being visible (figure 7(c)). This process
is reversible: when the temperature of the water cools to
room temperature, the hydrogel membrane will recover its
transparent state within several minutes, according to how fast
the temperature can be lowered. Utilizing this reversibility
property, we used the membrane as either a thermo-sensitive
smart window or smart roof of a greenhouse (figures 6(d)
and (e)).

4. Conclusions

A new, thermo-responsive and tunable hydrogel system was
rapidly built from agarose gel networks containing nonionic
surfactants and additives, which are very cheap and common
industrial materials offering excellent biocompatibility and
biodegradability. It is likely that other thermally sensitive
functional materials will manifest similar behavior in hydrogel
networks. The interesting thermal and optical phenomena
of this kind of hydrogel indicate that further investigation
of the physical properties and the possible applications of
these materials is merited. In the future, these high-
transparency hydrogels will serve as economical substitutes
in electrochromic [35] and photochromic [36, 37] applications
such as large-scale sun-blocking smart windows or the roofs of
greenhouses.
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