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General strategies leading to scale-span molecular

self-assembly are of crucial importance in creating

bulk supramolecular materials. Here, we report that

under mechanical pressure, caking of the precipitat-

edmolecular self-assemblies led to bulk supramolec-

ular films. Massive fabrication of supramolecular

films became possible by employing a simple house-

hold noodle machine. The film could be endowed to

acquire diversified functions by depositing various

functional ingredients via coprecipitation.We expect

that our current work opens up a new paradigm

leading to large-scale functional solid molecular

self-assembled materials. Keywords: self-assembly, pressing, film, large scale

Introduction
Molecular self-assembly represents a practical bottom-

up process to create structural materials with emergent

functionalities.1–4 Typically, they are prepared in solutions

in the form of suspensions,5,6 which have rare applica-

tions in places where solid materials of large scales are

required. Since solid materials are employed extensively

in fields ranging from military to everyday life, scale-

span molecular self-assembly is highly desirable for the

achievement of solid supramolecular materials. However,

so far, except for various hydrogel,7–11 Layer-by-Layer

(LBL) films,12,13 casting-films,14 or polymeric composite

materials,15–17 few molecular self-assembly could lead to

other scale-span bulk solid structures.18,19

In contrast, nature is very good at creating scale-span

behaviors. The most common example is the caking of

powder materials, such as milk powder,20 which is a

process of aggregation of small crystalline particles into

a large one.20,21 One of the main reasons for caking is the

moisture-triggered rearrangement of molecules or ions

to form bridges between the individual particles.21,22
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Accordingly, the formation of giant cakes reduces the

interfaces between particles, thereby, assuming much

lower energy, which triggers a spontaneous caking

process.22 Powders composed of irregular or poly-

dispersed crystalline particles undergo caking readily

owing to the sizeable interparticle contact areas.23 This

inspired the concept that caking might also occur in the

precipitated molecular self-assembling system, as the

self-assembled domains are similar to micro-crystalline

structures, predicted to act as “crystalline seeds” in the

process of caking. Compared with conventional powder

materials containing small crystalline particles, the

particles in the precipitated molecular self-assemblies

likely have a strong tendency to merge, owing to the

presence of non-covalent interactions between the

molecules on the edge of neighboring particles. There-

fore, we proposed that if the particles in the precipitated

molecular self-assembling system were condensed

enough, they would merge into a bulk material via

rearrangement of molecules. Herein, we report that un-

der mechanical pressure, the caking of condensed pre-

cipitates containing ordered molecular domain indeed

leads to scale-spanmolecular self-assembly, which trans-

forms the amorphous precipitates into an entire trans-

parent supramolecular film. Due to the well-known fact

that the oppositely charged polyelectrolyte (PE)-

surfactant systems form precipitates containing ordered

surfactant domains,24 we started this research with

PE-surfactant precipitates and subsequently, fabricated

them into a bulk film. Our research revealed that the

disordered small surfactant domains in the precipitates

might have transformed into liquid crystalline meso-

phases under mechanical pressure, which reduced the

domain boundaries to form the bulk film. The crystalline

mesophases rendered the film with excellent birefrin-

gence, and the alternatively arranged hydrophobic/

hydrophilic domains made it possible to dope various

functional components facilely through coprecipitation

in water, regardless of their hydrophobicity and afforded

the filmwith an open platform for diversified functions. In

particular, biomolecules, such as enzymes, were able to

sustain activity in the film. It is a general method to

develop scale-span bulk supramolecular films by press-

ing any combination of oppositely charged PE and

surfactant. The simplicity of their fabrication, their avail-

ability from both renewable and commercial resources,

their judicious functional modality, and the possibility

of industrial-scale production, bode well for future

applications.

Experimental Methods
Materials and chemicals

Cetyl trimethyl ammonium bromide (CTAB) and 1-butyl-

3-methyl imidazole acetate ([BMIm]Ac) were purchased

from Aladdin Industrial Corporation (Beijing, China) and

were used as received. Sodium polystyrene sulfonate

(PSS; Mw ∼ 70,000) was purchased from Sigma-Aldrich

Corporation (Shanghai, China). All other reagents used

were of analytical reagents (AR) grade. The aqueous

solutions were prepared by using Milli-Q water of 18 MΩ.

Precipitate and film formation

To an aqueous solution of PSS, an aqueous solution of

CTABwas added, reaching final concentrations of 20mM

for the negative charges of PSS and positive charges of

CTAB. The white precipitates formed were separated by

centrifugation at 5000 rpm. Then the collected preci-

pitates were pressed by fingers or a noodle machine to

form transparent plastic films. For films generated in the

mixed solvent of water–ionic liquid, the same procedure

was carried out using 9∶1 mixed H2O and [BMIm]Ac

(volume ratio). Doping of functional molecules was per-

formedbyvarying addeddopants in the aqueous solution

ofCTABor PSSbeforemixing; these dopantswere copre-

cipitated in the process of mixing the two oppositely

charged solutions. The same pressing procedure as the

PSS/CTAB film was adopted to obtain functional films.

Mechanical tests

The mechanical properties of the plastic films were test-

ed using a WDW3020 electronic universal testing

machine at room temperature and 50% relative humidity.

These include graphs obtained from stress–strain curves,

tensile strength parameters, maximum strains, and

Young’s moduli, and stress–strain data were gathered

with a strain rate of 1 mm/min. The thicknesses of the

films ranged from 20 to 400 μm. Dumbbell-shaped sam-

ples were utilized to conduct all mechanical tests shown

as amodel in Supporting Information Figure S15. Samples

undergoing different remolding cycles of the same

original film were used to measure the outstanding

juvenescence ability of the materials.

Characterizations of the films

We carried out elemental analyses of the films using

energy-dispersive spectroscopy (EDS) measurement

with a Hitachi S4800 microscope (Shanghai, China) at

an acceleration voltage of 7 kV (Supporting Information

Table S2) and Vario EL elemental analyzer (Elementar

Analysensysteme GmbH, Langenselbold, Germany). We

performedX-ray diffraction (XRD)measurements using a

Rigaku D/max-2400 diffractometer (Tokyo, Japan) with

Cu Kα radiation. Two-dimensional (2D) small-angle X-ray

scattering (2D-SAXS; Qingdao Jiuyi Graphite Co., Ltd.,

Shandong, China) patterns of the films, and the powders

were recorded by a Ganesha SAXS system with a 2D

detector. Polarized microscopy was obtained with an
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LV100N polarizing microscope (Nikon Co., Irving, CA) in

ambient environmental conditions (room temperature =

20–25 oC; pressure = 1 atm; humidity = 50–60%). Samples

were photographed with θ ranging from 0° to 359°,

where θ is the angle between the analyzer and the align-

ment direction of the sample.

Results and Discussion
We demonstrate the strategy of scale-span molecular

self-assembly using the pressing-induced caking of

the precipitates formed by the oppositely charged

PE-surfactant pair of sodium PSS and CTAB. It is well-

known that upon mixing the two aqueous solutions at

charge balancing ratio, they form white precipitates,

which could be cast into thin films from organic solution

after washing and drying several times to remove

inorganic salts.25 Our study showed that the PSS–CTAB

precipitates could be transformed directly into a large

transparent film after pressing the precipitates with a

mild mechanical pressure of ∼5 MPa, as illustrated in

Figure 1a. All the tested combinations of the oppositely

charged polyelectrolytes and surfactants in this study

could serve a purpose (see Supporting Information

Table S1 and Figures S1–S3).

Contrary to the white precipitates that are dark under

polarized optical microscopy (POM) (Figure 2a and b),

the self-supporting transparent film displays strong bire-

fringence (Figure 2c–e). Figure 2f shows that the XRD

pattern of the original precipitates has weak diffraction in

the low-angle region. The distance corresponding to this

diffraction is 4.3 nm, which is nearly twice as long as the

extending length of the CTAB molecule (2.2 nm), con-

firming that there are ordered surfactant domains in the

precipitates (illustrated as an inset in Figure 2f). However,

the diffraction peak for the film is sharpened extensively

and intensified, indicating an increase in the size of

the surfactant domains.26 According to the Scherrer

equation,27 the average domain size in the precipitates

and the consequent film are ∼40 nm and 400 nm,

respectively. The large size of 400 nm is comparable to

visible light, which is the reason why the film displayed

birefringence.28 2D-SAXS measurements displayed

concentric rings both for the original precipitates and

for the film (Figure 1b), indicating that the large surfac-

tant domains in the film, similar to the small ones present

in the precipitates, are randomly oriented.

Notably, the sharpened and intensified diffraction peak

of the film (Figure 2f) is followed by two extra weak

diffractions. The three diffractions acquired a spacing

ratio of 1∶
ffiffiffi

3
p

∶
ffiffiffiffi

4
p

, corresponding to (100), (110), and

(200) Miller Indices of a 2D hexagonal mesostructure,

respectively.29–31 The corresponding lattice parameter, a,

is 4.9 nm, where a=4π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2þk2þhk
p

ffiffiffi

3
p

qhkl
.32 This means that under

mechanical pressure, the CTAB molecules, which are

bonded electrostatically to the PSS chains, rearranged

into wormlike micelles, and packed further into hexa-

gonal phases33 (inset in Figure 2f).

The role of the mechanical pressure was to condense

the precipitates. Figure 3a shows that the application of

small pressure only led to condensed precipitates, as

Figure 1 | (a) Press-induced transparent supramolecular films from precipitated polyelectrolyte–surfactant com-

plexes, illustrated with the sodium PSS and CTAB system. (b) 2D-SAXS for the precipitates and the film, respectively.
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reflected by the diffraction intensities being proportional

to the pressure (inset in Figure 3a). However, the size of

the ordered molecular domain did not increase appreci-

ably since the width of the diffraction peak remained

almost unchanged.Water is very crucial in the rearrange-

ment of the molecules and the film formation. Our ther-

mogravimetric (TGA) analysis suggested that there was

9% water in the precipitates (Figure 3b). When these

water molecules were removed by freeze-drying with

subsequent pressure application, it did not lead to trans-

parent film formation (Figure 3c), and the X-ray diffrac-

tion intensity of the resultant white cake remained the

same as the original precipitate (Supporting Information

Figure S4). However, upon loading with a drop of water,

the white cake spontaneously transformed into a trans-

parent filmwithin 15min (Figure 3c), accompanied by the

occurrence of birefringence (Figure 3c). The XRD pattern

of the directly pressed film and the water-triggered film

were identical (Figure 3d), and TGA measurements

revealed that the films had the exact amount of water

as the precipitates (Figure 3b). This confirmed that a

caking process, as illustrated in Figure 3e, had occurred

in the condensed precipitates, and because of the pres-

ence of strong van der Waals attraction between the

surfactant chains, the small surfactant domains rear-

ranged to form long wormlike micelles, which further,

tightly packed into hexagonal mesophases.

Also, the bridging ability of PSS chains between these

randomly oriented surfactant domains of CTAB is very

crucial. As PSS was replaced by small anionic molecule

such as the anionic surfactant, sodium dodecylbenzene

sulfide (SDBS), application of mechanical pressure failed

to lead to a self-supporting film (Supporting Information

Figure S5). Nonetheless, almost any combination of

oppositely charged PE and surfactant resulted in

self-supporting transparent films (Supporting Information

Table S1 and Figures S1–S3), but the lattice structure in the

mesophasemightvarywidelywithdifferentcombinations

of PE-surfactant, similar to the casted PE-surfactant

films.25,32,34,35 We observed both hexagonal phases

(Supporting Information Figure S6) and lamellar phases

(Supporting Information Figure S7) for various tested

systems. Therefore, we inferred that the film formation is

indeedhighly analogous to thecakingprocess thatoccurs

naturally in powder materials.

The caking-facilitated scale-span molecular self-

assembly allows the fabrication of large-scale

birefringent film materials. By loading the kneaded fresh

precipitates, just as loading a kneaded dough to a house-

hold noodle machine, a massive production of the

birefringent film was possible (Figure 4a). Figure 4b

shows a 20 cm × 30 cm film, which could be produced

in rolls (Figure 4c). Figure 4d is the birefringence of the

large film in between two 20 cm × 20 cm polarizers.

Furthermore, this new principle of scale-span supra-

molecular films allowed manipulation of the mechanical

property and the function of the film to occur readily. For

instance, if the solvent water was replaced with the

mixed solvent of water and ionic liquid, the mechanical

strength and the brittleness of the film could be im-

proved. Figure 4e shows that without employing the

ionic liquid, 1-butyl-3-methyl imidazole acetate ([BMIm]

Ac), the film could endure maximum stress of ∼0.6 MPa

with a strain of ∼10%. In contrast, replacement of water

by a mixture of water/[BMIm]Ac at a volume ratio of 9∶1,
the maximum stress was enhanced to 1.0 MPa, and the

strain attained was as high as 75%. Figure 4f shows that

the film generated from aqueous precipitates becomes

fragile due to loss of water at a humidity below 30%,

whereas that produced from water–ionic liquid mixtures

are flexible under the same condition, and thus, could be

bent and folded freely just like plastics. TGA and proton

Figure 2 | (a, b) The precipitates of sodium PSS/CTAB under polarizer; (c, d) the film obtained by pressing the

precipitate in (a). The scale bar in (c) is 1 cm. (e) The birefringence of the fabricated film. (f) XRD pattern of the

precipitate and the film, respectively. The insets show the molecular arrangement in the precipitate and the film,

respectively.
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nuclear magnetic resonance (1H NMR) measurements

revealed that the water molecules in the film had been

replaced by the nonevaporating ionic liquid molecules

(Supporting Information Figures S8 and S9).

Finally, the caking-facilitated film hasmany advantages

over casting films. First of all, the entire aqueous process

and the presence of water allowed the preservation of

the activity of enzymes in the film. As a demonstration,

Figure 3 | (a) Variation of the XRD intensity as increasing mechanical pressure; (b) TGA curves for the film, the

freeze-dried precipitate, and the water-treated pressed precipitate. (c) Variation of the birefringence with time for

water-treated precipitate. (d) Comparison of the XRD patterns for the films obtained by pressing and water-enabled

spontaneous formation. (e) Illustration of water-facilitated rearrangement of the molecules in the caking process of

the sodium PSS/CTAB precipitate.
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Figure 4 | (a) Massive fabrication of a sodium PSS/CTAB film using a household noodle machine; (b) a 20 cm × 30 cm

PSS/CTAB film generated with the noodle machine; (c) the film in (b) can be rolled. (d) The birefringence of the

large-scale PSS/CTAB film observed in-between two vertically aligned 30 cm × 30 cm polarizers. (e) Comparison of

the brittleness of the film prepared from aqueous precipitates and water–ionic liquid mixed solvent. The ionic liquid

is 1-butyl-3-methyl imidazole acetate ([BMIm]Ac) used in the film-fabrication reaction and the volume ratio of

H2O/[BMIm]Ac = 9/1. (f) Comparison of the mechanical property of the films made from water and that from the

mixed solvent of H2O/[BMIm]Ac = 9/1.
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we have shown in Figure 5 that the p-nitrophenol palmi-

tate (PNPP)-doped film was permeable to lipase and

maintained its activity: The PNPP-doped film was trans-

parent initially but turned yellow when incubated in

lipase buffer, as a result of hydrolysis of the colorless

PNPP into yellow p-nitrophenol.36 This indicated that the

lipase enzyme was able to diffuse into the film and

retained its catalytic activity. Since an abnormally high

level of lipase features a condition known as acute pan-

creatitis,37 which imposes a severe threat to people’s

lives, the PNPP-doped film is promising for easy detec-

tion of the degree of lipase activity in a clinical setting.

Secondly, the presence of orderly arranged hydropho-

bic/hydrophilic domains allows the doping of various

functional components into a film, regardless of their

hydrophobicity, which opens up a material protocol

Figure 5 | Lipase testing film by doping the hydrophobic testing kit p-nitrophenol palmitate into the sodium

PSS/CTAB film. (a) The lipase-triggered hydrolysis reaction of p-nitrophenol palmitate. (b) Photographs, showing

the color change of the lipase solution (in phosphate buffer) in the presence of a PSS/CTAB film doped with

p-nitrophenol. The lipase reaction was set at 37 °C. (c) Photographs, showing the color change of the film after the

lipase-triggered reaction occurring in the buffer.

Figure 6 | Illustration of the multifunctionality of the sodium PSS/CTAB film by doping with different functional

agents.

RESEARCH ARTICLE

DOI: 10.31635/ccschem.020.201900088

CCS Chem. 2020, 2, 98–106

104

https://doi.org/10.31635/ccschem.020.201900088


leading to multifunctional platforms. Almost all function-

al molecules, ranging from nanoparticles to polymers,

irrespective of their hydrophobicity, could be doped into

the film by coprecipitation, rendering it an open platform

toward functional diversity. As a conceptual description,

Figure 6 illustrates that the film could be fabricated into

humidity-responsive, biosensing, conductive, lumines-

cent, photochromic, chemical-sensing, and redox-

responsive materials, to name a few. Extended data for

these examples could be found in Supporting

Information Figures S10–S14.

Conclusion
We report a general strategy of pressing-facilitated

scale-scan molecular self-assembly, initiated by genera-

tion of precipitates containing self-assembled nanostruc-

tures. Mechanical pressure application condensed the

particles present in the precipitates. Accessibility of

physically adsorbed water facilitates the surfactant

chains toward rearrangement, owing to the strong van

der Waals attraction between the surfactant chains, and

leads to the formation of large surfactant mesophases.

These mesophases are connected further by the PE

chains to form a bulk film. This process is highly analo-

gous to the caking of powdermaterials in nature, which is

an energy-favorable process. We have shown in our

present study that any combination of oppositely

charged PE and surfactant displays such thermodynami-

cally feasible behavior. We have, thus, developed a gen-

eral method leading to scale-span bulk molecular self-

assembly, which holds the promise of building massive

advanced supramolecular materials.
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