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The pressing-induced formation of a large-area
supramolecular film for oil capture†

Wenkai Wang, Mengqi Xie, Hongjun Jin, Wanwan Zhi, Kaerdun Liu, Cheng Ma,
Peilong Liao, Jianbin Huang and Yun Yan *

The ability to quickly and efficiently capture oil from diverse bodies of water is very important for

environmental considerations. Here, we report a supramolecular film that displayed quick oil adsorption,

specifically within minutes, with this film fabricated by carrying out a pressing of precipitates formed

from commercially available poly(sodium 4-styrenesulfonate) (PSS) and oppositely charged dimethyldi-

tetradecylammonium bromide (DTTAB). Under mechanical pressure, the DTTAB molecules were found

to form large lamellar mesophases with sizes comparable to the wavelength of visible light. These

mesophases were further connected electrostatically via PSS chains into the bulk film. Oils could be

captured by the hydrophobic mesophases in the film owing to the effect of the ‘‘like likes like’’ principle.

This effect, being independent of pore size, afforded the complete adsorption of oil within minutes in

water samples ranging from dilute water to saline water. Oil recovery was carried out here using a

desorption process, and the desorbed film could be reused. Furthermore, the film was regenerated

under mechanical pressure after being damaged. Mass-scale fabrication of the film was shown to be

possible using a household noodle machine. All these features make the present film a competitive oil

adsorption material that can be extended to future industrial production.

Introduction

Water pollution has become the most serious threat to the lives
of organisms at various positions of ecological chains, leading
to catastrophic results for human beings. Oil and organic
chemical spillages are the primary origins of water pollution.1,2

To remove these pollutants from water, effective but economic
adsorbents are highly desired. Conventional adsorbents, such as
activated carbon,3 natural fiber,4 and zeolite,5 suffer from several
problems, such as low adsorption capacity, non-recyclability, or the

need to consume energy sources to regenerate them using current
processes. To tackle these problems, many efforts have been
devoted to developing advanced adsorbents.6–14 Heretofore,
several extraordinary materials have been fabricated, such as
boron nitride nanosheets,8 graphene-based aerogels/sponges,11,15–21

and carbon nanotube (CNT)-based aerogels/sponges.22–24 However,
they are expensive and their preparation conditions are harsh,
which prevent their scaled-up production and practical
application.25 Adsorbents that are inexpensive, easy to prepare,
renewable, and amenable to scaled-up production would, of
course, be more promising than their counterparts made using
complicated procedures.

Efficient adsorption of oil requires the adsorbents to have
large specific surface areas.25,26 In this regard, porous and
film/membrane materials are inherently advantageous.10,26,27

Compared to porous materials that are often made with com-
plicated chemistries, films can be generated much more easily.
For instance, a recent study in our group revealed that large-
area self-supporting thin films can be made by pressing supra-
molecular precipitates.28,29 We have therefore expected to be
able to generate films using a similar strategy to collect oil.
To this end, we have focused our attention on the precipitates
formed from commercially available polyelectrolytes and oppo-
sitely charged surfactants. Precipitates formed from polyelectro-
lytes and oppositely charged surfactants have been reported to
form various types of films when cast from organic solutions.30
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We supposed that pressing the fresh precipitates would also lead
to the formation of supramolecular films owing to the fusion of
the surfactant domains under mechanical pressure. In the mean-
time, the surfactant domains in the film would be expected to
serve as reservoirs for oil in the process of oil recovery. However,
this hypothesis has not yet been tested.

In this work, we showed that pressing the precipitates formed
from the commercially available poly(sodium 4-styrenesulfonate)
(PSS) and the oppositely charged vesicle-forming surfactant
ditetradecylammonium bromide (DTTAB) (Fig. 1a and b) can
indeed lead to the formation of supramolecular films (Fig. 1)
capable of adsorbing oils from both fresh and salty water.
In contrast to the case for the simple condensing of small
particles in powder materials, the mechanical pressure facili-
tated the formation of large lamellar domains of DTTAB when
the precipitates were pressed, a result that indicated the
generation of supramolecular materials from the amorphous
precipitates. Since the film was formed by pressing the PSS–
surfactant precipitates with mild mechanical pressure, any
damaged film could be regenerated or mended under the same
pressure; and reuse of the film was shown to be possible after
the oil was recovered. Compared to strategies previously
reported for various oil adsorbents, the current strategy involved
only room-temperature physical production techniques in
aqueous conditions with commercially available materials;
and mass-scale fabrication of the film was found to be possible

using a household noodle machine, a process amenable to
advancing the key goal of global sustainability.

Results and discussion
Synthesis and basic characterizations of the thin films

The commercially available ditetradecylammonium bromide
(DTTAB) and poly(sodium 4-styrenesulfonate) (PSS) were chosen
as the oppositely charged pair of polyelectrolyte and surfactant
(Fig. 1a and b). DTTAB can, at appropriate concentrations, self-
assemble into vesicles in water.31 The vesicle membrane is
composed of tail-to-tail-arranged DTTAB bilayers,32,33 which
provide a sufficiently hydrophobic environment for oil adsorp-
tion (Fig. 1e). In the current study, a TEM observation revealed
the diameter of the dried vesicles to range from 50 to 200 nm
(Fig. S1a, ESI†), whereas dynamic light scattering (DLS)
measurement suggested much larger in situ dimensions of
these vesicles of about 400 nm (Fig. S1b, ESI†). The scattering
of light by these large vesicles endowed the aqueous DTTAB
system with a bluish hue (Fig. S2, ESI†). After adding the PSS
solution to the vesicular DTTAB system, white flocculates
formed as the charge of the system reached a balance (Fig. S2,
ESI†). Amazingly, the fresh white flocculates could be finger
pressed into a whitish film under mechanical pressures greater
than 5 MPa, and this film gradually became transparent within

Fig. 1 (a) The chemical structure of DTTAB and an illustration of the self-assembly of DTTAB into vesicles. (b) The chemical structure of PSS.
(c) A schematic illustration of the process used to generate DTTAB–PSS films. This process involved mixing the aqueous solutions of oppositely charged
DTTAB vesicles and PSS, and then directly pressing the generated white precipitates into a transparent plastic film under ambient conditions. (d) Mass-
scale fabrication of the DTTAB–PSS film: (i) a photograph of a flexible film with dimensions of 150 mm � 80 mm � 0.3 mm and (ii) a photograph of a
rolled 150 mm � 80 mm � 0.3 mm film. (e) Schematic illustrations of the lamellar structure formed from PSS and DTAB after the application of
mechanical pressure.
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30 min (Fig. 1c and Fig. S2, ESI†). By comparing the weight of the
film with those of the solid PSS and DTTAB materials, the yield of
the film was estimated to be 75%. Elemental analysis revealed
that the film was a charge-neutral product composed of the
polystyrene sulphate polyanions and ditetradecyl ammonium
cations (Table S1, ESI†), but thermal gravimetric analysis (TGA)
suggested that each pair of the oppositely charged unit contained
two bound water molecules (Fig. S3, ESI†). Differential scanning
calorimetry (DSC) measurements revealed an endothermic peak
at �30.8 1C in the cooling process and exothermic peak at
�25.5 1C in the heating process, but no phase transition in the
temperature range of 0–200 1C (Fig. S4, ESI†). This result indicated
that the DTTAB chain melted at temperatures below 25 1C, but
remained in a stable liquid crystalline state in the broad tempera-
ture range of 0–200 1C, a set of features ensuring their further
application as stable film materials. Hydration of the ion pairs of
PSS and DTTAB with very tightly bound water molecules may have
provided the major contribution to the plasticization of the
DTTAB–PSS film.34

The structure of the film was further analyzed with X-ray
diffraction (XRD) (Fig. 2a). Three Bragg diffraction peaks,
corresponding to distances of 32.1 Å, 16.1 Å and 10.7 Å, were
observed; these peaks indicated the presence of lamellar
structures.35 The thickness of the lamellae was determined
from the 001 diffraction peak to be 32.1 Å, i.e., approximately
two times the length of an extended DTTAB molecule (Fig. S5,
ESI†). This result indicated that the DTTAB molecules assembled
into bilayers in the film. The oppositely charged PSS chains were

thus expected to fold in between the bilayers to neutralize the
charges on the ammonium heads of DTTAB. Two-dimensional
grazing incidence X-ray diffraction (2D GIXRD) measurements
revealed a strong ring for the 001 diffraction, but a weak arch for
the 002 diffraction, indicating a random orientation of the DTTAB
bilayers36 (Fig. 2b and Fig. S6, ESI†). In line with this conclusion,
colored birefringence of the film was observed under a polarized
optical microscope (POM) (Fig. 2c). Strong extinction occurred as
the sample in between two vertically oriented polarizers were
aligned at angles of 0, 90, 180 and 270 degrees relative to the
polarizers, whereas the brightest birefringence was observed when
these angles were 45, 135, 225 and 315 degrees, indicating the
presence of large area of ordered liquid crystalline mesophases in
the film.37

An SEM image of a cross section of the film, shown in Fig. 2d,
further confirmed the formation of lamellar structures in the film.
In this image, the morphology of the cross section of the film was
observed to be very coarse, which probably was due to the apparent
random orientation of the bilayers. Furthermore, the large sizes of
the bilayer domains were confirmed in the SEM image as well.
Some parallel ridges were observed, and they were apparently cross
sections of bilayers vertical to the cut. The bilayer lamellae were
observed to have dimensions of up to several micrometers (Fig. 2d),
much larger than the wavelength of visible light. This observation
was consistent with the film having displayed evident birefringence
under a polarized optical microscope (POM) (Fig. 2c).

Because the DTTAB–PSS film was formed by pressing the
fresh precipitates with a mechanical force, it could—regardless

Fig. 2 (a) The XRD pattern of the DTTAB–PSS film. (b) The 2D GIXRD pattern of the DTTAB–PSS film. (c) POM images of the transparent DTTAB–PSS film
aligned at various angles relative to two surrounding vertically arranged polarizers. (d) SEM image of a cross section of the DTTAB–PSS film.
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of what damage it incurred—be regenerated again and again
under the same mechanical pressure after being wetted with
water. As shown in Fig. 3a, after wetting the film with water
drops, the fragments of the film could be quickly kneaded
together. Pressing the kneaded complex by hand over a glass or
using a household noodle machine (Fig. 3b) led to the produc-
tion of a new DTTAB–PSS film. Compared with the originally
made film, the regenerated DTTAB–PSS film showed no detect-
able loss of mass and maintained the original transparency.
The film could be made as thin as about 20 mm (Fig. S7, ESI†)
using finger pressure. Meanwhile, mechanical tests showed
that the regenerated DTTAB–PSS film retained the mechanical
properties of the original one (Fig. 3c). In particular, its tough-
ness remained constant in the range 100–115 kJ m�3 (Fig. 3d).
This property manifested itself in nearly unchanged energies
and structures of the film for successive remolding cycles
during plastic deformation.38 Carrying out the recycling test
dozens of times did not noticeably change the mechanical
properties of the film (Fig. 3c). This result indicated the ability
to engineer an excellently reversible DTTAB–PSS film.

Removal of petroleum and organic solvent from water surfaces

The film, due to its being full of hydrophobic domains formed
by DTTAB, was expected to have an inherent ability to adsorb
oil and organic chemicals from water as a result of the ‘‘like
likes like’’ principle. As shown in Fig. 4a, in the presence of the
film, floating oil was adsorbed rapidly, specifically within
minutes. The oil adsorption rate was not noticeably influenced

by the thickness of the film: films with different thicknesses,
specifically 0.30 mm, 0.46 mm, 1.22 mm, 1.69 mm, and
2.51 mm, respectively, were made using a household noodle
machine, with the different thickness resulting from adjusting
the distance between the two rollers of the machine; and the
relative adsorption capacities of these five films toward petroleum
each reached about 50% within the initial 10 seconds, and then
100% within 5 minutes (Fig. 4b). We supposed that in the initial
10 seconds, the petroleum was quickly captured by the hydro-
phobic domains in the film via the ‘‘like likes like’’ mechanism,
whereas the oil capture rate then decreased with time due to a
reduction in the relative number of unoccupied hydrophobic
domains.

It should be mentioned, however, that the relative adsorp-
tion capacity did decrease with increasing film thickness
(Fig. S8, ESI†). As the thickness of the film was increased from
0.3 mm to 2.51 mm, the weight of the adsorbed petroleum
dropped from 220% of the film to below 50%. This result
indicated that it was difficult for the petroleum to diffuse
into the film as the thickness of the film was increased.
Consequently, for practical considerations, we suggest use of
0.3 mm-thick films. Although it was possible to obtain even
thinner films, they were found to be not as durable in terms of
mechanical damage.

After adsorbing petroleum, the saturated DTTAB–PSS film
still floated on the water surface (Fig. 4a), which indicated
that the film would be easy to collect and remove. It was very
exciting to discover the ability to simply apply petroleum ether

Fig. 3 (a) The procedure used to regenerate the film. (b) The large-scale production of the DTTAB–PSS film using a household noodle machine.
(c) Stress–strain curves of the DTTAB–PSS films subjected to different numbers of cycles of remolding. (d) Toughness values of the original and
regenerated films.
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to wash off this physically adsorbed petroleum, and to then
reuse the desorbed film (Fig. 4c and Fig. S9, ESI†). The reused
film did exhibit a slight yellowish color (Fig. S9, ESI†), due to
the presence of residual oil in the film.

XRD measurements revealed that the 001 diffraction peak,
for example, shifted to a lower angle after the petroleum
adsorption, yet moved back towards the higher angle after
the desorption, although not quite to its original position
(Fig. 5a). This result confirmed that the adsorbed oil was hosted
in the bilayers of DTTAB, and that after desorption there was
still some residual oil in the film. As shown in Fig. 5c, the
amount of petroleum adsorbed by the fresh 0.3 mm-thick
DTTAB–PSS film was 220 wt% of its weight, whereas the
adsorption capacity of the film decreased when the film was
repeatedly used for another cycle of oil recovery. Nevertheless,
the petroleum adsorption capacity of the DTTAB–PSS film was
still 121.7% after ten cycles of reuse. The maximum swelling
rate in pure water (i.e., the weight ratio of the water taken up)
was 19.6% within 72 h. This result indicated that the film was
still able to adsorb a mass of petroleum comparable to its own
mass. Many oil-capturing materials have been shown to be
capable of capturing oil with masses over ten times their own
respective masses.39 However, most of these materials require

expensive and energy-consuming fabrication processes, and
can hardly be regenerated. In contrast, the current film was
generated in an extremely economical manner and found to
display excellent rejuvenability and reusability.

In most cases, oil spillage occurs in the sea. Therefore, it is
very relevant to test the oil-adsorbing ability of a film in salty
water. To this end, the fresh water was replaced by a 33% NaCl
solution. Amazingly, in this condition the initial oil capture
ability was 237.1%, i.e., 8.2% better than that in fresh water
(220.0%) (Fig. 5c). This enhanced oil-capturing ability was
attributed to the unique ionic interaction between DTTAB
and PSS. Because the ionic interaction can be shielded by
NaCl,40 the molecular packing in the film would become looser
in a salt solution. As a result, the oil molecules could more
easily enter the film, so that the hydrophobic domains can be
better utilized. It is worth noting that the oil recovery in salty
water was also found to be more complete than in fresh water.
As shown in Fig. 5b, the 001 diffraction peak for the film after
desorption of oil occurred nearly at the same position as in
the original film, indicating that the slightly weaker ionic inter-
action between PSS and DDTAB would be beneficial for capturing
oil in the sea. Strikingly, the film according to our measurements
was not be damaged by salty water (Fig. 5b and Fig. S10, ESI†), with

Fig. 4 (a) Photographs of the oil adsorption process using the DTTAB–PSS film with a thickness of 0.30 mm. (b) Relative adsorption capacities of
DTTAB–PSS films of different thicknesses to adsorb petroleum. (c) A schematic diagram of the procedure used to recycle the film for petroleum
adsorption.
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this lack of damage attributed to the oil adsorption process being
so quick that it completed within a couple of minutes. The film was
in fact found to remain stable in salty water for 72 hours (Fig. S11,
ESI†). Furthermore, our results indicated that the film adsorbents
tolerated dirty water that contained much dust (Fig. S12, ESI†).
Also, no noticeable effect of any adsorption of dust by the film
surface on the efficiency of oil recovery was expected due to the
‘‘like likes like’’ mechanism of the oil capture. As shown in Fig. 5c,
the recycling ability of the film in dirty water was indeed the same
as that in clean water. This result indicated that the dust did not
block the oil adsorption pathways in the film. Thus, the present
film displayed a distinct advantage in practical application over
those porous materials that can be deactivated in dirty water.

The oil capture results of the film for another nine water
pollutants including alkanes (cyclohexane, n-pentane, n-octane),
alcohols (2-propanol, octanol), aromatic compounds (benzene,
toluene) and major substances of petrochemical–carbon 9
(mesitylene, indene) were investigated (Fig. 6a and b). The film
was found to be capable of adsorbing all of the tested chemicals
(Fig. 6a, b and Fig. S13, ESI†). Finally, guided oil capture was

shown to be possible by doping magnetic Fe3O4 nanoparticles
into the film. The special film formation process allowed the
loading of magnet nanoparticles in the film facilely by copre-
cipitating the nanoparticles into the film. As the suspension of
Fe3O4 nanoparticles was previously added to PSS or DTTAB
solution, the Fe3O4 nanoparticles could be doped into the film.
As a result, the DTTAB–PSS film could be made to move in a
specified direction under the control of an external magnet
(Fig. 6c). Moreover, a slightly remote guiding of the film was
shown to be possible (Fig. 6d), a feature that would provide
practical convenience to collecting any residual oil in gaps
difficult to reach with the film.

Conclusions

In summary, we developed an inexpensive facile physical
approach, involving pressing the precipitates formed from
polystyrene sodium sulphate and DTTAB, to generate a supra-
molecular film that was shown to be usable for capturing

Fig. 5 (a and b) XRD patterns of the DTTAB–PSS film before it was used to adsorb petroleum, after it was used to adsorb petroleum, and after it was
regenerated in (a) DI water and (b) 33 wt% NaCl solution. (c) Recycling test of the adsorption capacities of the DTTAB–PSS film for petroleum in DI water,
33 wt% NaCl solution, and dirty water containing much dust, respectively. Ten cycles were tested. (d) The petroleum adsorption efficiency of the DTTAB–
PSS film in DI water, 33 wt% NaCl solution, and dirty water containing much dust, respectively. The thickness of the film was 0.3 mm.
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spilled oil in water. The film was composed of hydrophobic
bilayers, which can adsorb spilled oil within minutes from both
fresh and salty water via a ‘like likes like’ mechanism. This
mechanism apparently avoided the blocking of pores suffered
by many porous materials, and thus allowed for good practical
applications of the film in natural dirty water systems.
Compared with other adsorbents, the developed film displayed
rapid and efficient adsorption and high reusability and recycl-
ability, features that are important for achieving energy savings.
It is noteworthy that the thin films developed in this work
provide a new material platform for the development of special
and customizable film materials on the micro- and macro-
scales, which opens up opportunities for advanced applications
for the multifunctional operation of films.

Experimental
Preparation of the DTTAB–PSS film

Dimethylditetradecylammonium bromide (DTTAB) and sodium
polystyrene sulfonate (PSS, Mw B 70 000) were purchased from
the Sigma-Aldrich Corporation. All other reagents were of AR grade.
An aqueous solution of DTTAB and an aqueous solution of PSS
were combined in such a manner so as to yield final concentrations
of 20 mM for the sulfonate negative charges of PSS and 20 mM for

the ammonium positive charges of DTTAB. White precipitates
immediately formed after these components were mixed, and they
were separated from the suspensions by subjecting the mixture to
centrifugation at a speed of 10 000 rpm for 5 min. The collected
precipitates were then treated in two parallel ways: (1) subjected to
a pressure imposed by finger pressing and (2) household noodle
machine manufacturing under an ambient environment. The
household noodle machine used was a ‘‘Baijie Noodle Machine’’.
It contained two stainless steel rollers, and the gap between them
could be varied from 0.3 mm to 3 mm. By loading the pre-collected
precipitates in the gap, the film was obtained as the machine was
switched on, where the two rollers rotated in opposite directions.
The thickness of the film was controlled by setting the width of
the gap.

The yield of the DTTAB–PSS film (Y) was calculated using the
equation Y = Md/(MPSS + MDTTAB) � 100%, where Md denotes the
mass of the dried PSS-DTTAB film, MPSS the mass of the PSS
added, and MDTTAB the mass of the DTTAB added. To test the
H2O swelling capability of the DTTAB–PSS film, the film was
first weighed at its dry state, i.e., its dry weight (Wd) was
determined. Then it was immersed in DI water at a constant
temperature of 20 1C for 72 h and the wet weight (Ww) was
assessed after the removal of extra water with the help of a
tissue. The mass swelling ratio (Q) was calculated using the
equation Q = (Ww � Wd)/Wd � 100%, where Ww denotes the

Fig. 6 (a) Recycling test of the adsorption capacities of the DTTAB–PSS film for petroleum and other organics. Ten cycles were tested. (b) Efficiency
curves for the adsorption of petroleum and organic solvents by DTTAB–PSS films. (c and d) The magnetically driven removal of mesitylene, which was
dyed using Oil Red O, from the surface of water. As shown in panel (d), remote magnetic removal of the film was found to be possible.
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mass of the wet film sample and Wd the mass of the dried film
sample.

Functionalized DTTAB–PSS film

To fabricate functional materials based on this kind of film,
Fe3O4 was embedded into samples of the film by carrying
out coprecipitation processes. The Fe3O4 nanoparticles were
pre-dispersed in either the solution of polyelectrolyte or the
solution of surfactant before mixing. After coprecipitation, the
resultant precipitates were subjected to pressing, in order to
fabricate the functional plastic films.

Damaging, remolding and rejuvenating of DTTAB–PSS Film

Films were cut into separate pieces either by using a razor blade
or scissor. The pieces of such cut films were then brought
together using hands or tweezers. After dropping water onto
these pieces, they softened and could be remolded into any
other desired shape. Under the load exerted by a noodle
machine or human fingers, the softened materials could, for
example, be re-molded into transparent films instantly without
any cracks, and this process of re-juvenescence was carried out
repeatedly many times without detectable fatigue in the
mechanical properties of the film.

Petroleum removal and recycling tests

The adsorption capacity, W (wt/wt)%, values were obtained by
measuring the mass of the dry DTTAB–PSS film, and then the
mass after it was used to adsorb petroleum. For the oil adsorp-
tion efficiency test, a film was used to adsorb oil, and the oil
adsorption mass (Wn) was recorded as a function of time. When
the oil adsorption remained unchanged, 100% of the possible
oil adsorption of the film was considered to have been achieved
(Wfull). Therefore, the oil adsorption efficiency of each time
point was obtained using the formula (Wn/Wfull) � 100%. For
the recycling test, after the petroleum was adsorbed by the film
on the water surface, the film was transferred into petroleum
ether for washing for a few minutes. Then the resulting clean
film was taken out, and from it a new film was constructed by
following the above-described ‘remolding and rejuvenating’
method. The experiments on the relationship between film
thickness and oil adsorption efficiency were carried out by
preparing five films with different thicknesses (0.30 mm,
0.46 mm, 1.22 mm, 1.69 mm and 2.51 mm) using the house-
hold noodle machine, and then investigating their oil adsorp-
tion efficiencies, respectively.

Organic solvent removal and recycling tests

Nine different kinds of organic solvents were used in this study.
The adsorption capacity, W (wt/wt)%, values were obtained by
measuring the mass of the dry DTTAB–PSS film, and then the
mass after solvent adsorption. For the recycling test, after
the organic solvent was adsorbed by the film, the film was
transferred to a vacuum drying chamber and left in there for
2 hours. The resulting clean film was then taken out, and used
to constructed a new film by following the above-described
‘remolding and rejuvenating’ method.

Mechanical tests

The mechanical properties of the films were tested by using
a WDW3020 electronic universal testing machine at room
temperature. Stress–strain data were collected with a strain
rate of 5 mm min�1. All mechanical tests were conducted on
dumbbell-shaped samples. Samples undergoing different num-
bers of remolding cycles of the same original film were used to
measure the re-juvenescence ability of the materials; this ability
was found to be outstanding.

Characterizations

Scanning electron microscopy (SEM) measurements were taken
using a Hitachi S4800 microscope at an acceleration voltage of
1.0 kV. The films were placed on clean silicon wafers for SEM
observations. X-ray diffraction (XRD) measurements were taken
using a Rigaku Dmax-2400 diffractometer with Cu Ka radiation.
The solid samples were placed on clean glass slides for small-
angle range tests. Two-dimensional (2D) grazing incidence
X-ray diffraction (GIXRD) patterns of the DTTAB–PSS film was
obtained by using a Ganesha system (SAXSLAB, US) equipped
with a multilayer focused Cu Kalpha radiation as the X-ray
source (Genix 3D Cu ULD) and a semiconductor with LaB6 for
the wide-angle region and silver behenate for the small-angle
region. A Linkam TST350 stage was used to study the evolution
the structure with changing temperature. Regarding polarizing
optical microscopy (POM) studies, photographs of birefrin-
gence were captured by using a LV100N polarizing microscope
(Nikon Co.) at room temperature. Dynamic light scattering
(DLS) measurements were taken using a NanoBrook NanoOmni
instrument. All measurements were taken using DI water at
20 1C. Samples were photographed with y ranging from 01 to
3601, where y denotes the angle between the analyzer and the
alignment direction of the sample. TGA experiments were
carried out under nitrogen flow on a TA Instrument Q600
SDT at a heating rate of 10 1C min�1. Differential scanning
calorimetry (DSC) experiments were carried out under nitrogen
using a TA Instrument Q2000 DSC at a heating rate of
10 1C min�1 with cycling between �80 1C to 220 1C.
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