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Poly(N,N-diethylacrylamide)-endowed
spontaneous emulsification during the breath
figure process and the formation of membranes
with hierarchical pores¥

Di Zhou, Ping Fu, Wan-Ting Lin, Wan-Long Li, Zhi-Kang Xu ‘2 and
Ling-Shu Wan (2 *

The spontaneous emulsification for the formation of water-in-oil (W/O) or oil-in-water (O/W) emulsions
needs the help of at least one kind of the third component (surfactant or cosolvent) to stabilize the
oil-water interface. Herein, with the water/CS,-soluble polymer poly(N,N-diethylacrylamide) (PDEAM) as
a surfactant, the spontaneous formation of water-in-PDEAM/CS, emulsions is reported for the first time.
The strong affinity between PDEAM and water or the increase of PDEAM concentration will accelerate
the emulsification process with high dispersed phase content. It is demonstrated that the spontaneous
emulsification of condensed water droplets into the PDEAM/CS, solution occurs during the breath
figure process, resulting in porous films with two levels of pore sizes (i.e., micron and submicron). The
emulsification degree and the amounts of submicron-sized pores increase with PDEAM concentration
and solidifying time of the solution. This work brings about incremental interest in spontaneous emulsifi-
cation that may happen during the breath figure process. The combination of these two simultaneous
processes provides us with an option to build hierarchically porous structures with condensed and
emulsified water droplets as templates. Such porous membranes may have great potential in fields such
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Introduction

Spontaneous emulsification, also called self-emulsification,
refers to a phenomenon in which when two immiscible liquids
come into contact, emulsion droplets can be spontaneously
formed with very little or even no external energy input (e.g,
mechanical or thermal energy)." It has impacts in many fields
such as pharmaceutics, food, chemistry, and cosmetics.?
A typical example is the generation of O/W or W/O emulsions
during the enhanced oil recovery process by spontaneous
emulsification, which is more cost-effective and efficient com-
pared with other emulsification methods.> The mechanism
behind this phenomenon is generally agreed to be the diffusion
of water (or oil) across the interface, reaching supersaturation
in another phase, and subsequent nucleation and growth into
small droplets.® The emulsions are widely used to build porous
materials. Generally, amphiphilic polymers are dissolved in the
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as separation, cell culture, and biosensing.

continuous oil phase and act as stabilizers of the oil-water
interface. After the gradual evaporation of the oil, the organic
phase is solidified, and then porous materials are formed with
the self-emulsified dispersed water droplets as templates for
pores.*?

The breath figure method also takes advantage of water
droplets as templates for preparing porous materials. The
breath figure process involves the condensation of water vapor
because of evaporation-induced surface cooling of the organic
solution. Porous structures imprinted with the shape of the
condensed water droplet arrays are generated after the com-
plete evaporation of the solvent and water.®® Clearly, both
spontaneous emulsification and breath figure processes are
involved with phase transitions, during which heterogeneous
nucleation and growth of water droplets occur.

The hierarchy of materials in porosity and morphology is the
key for improved performance and sustainability in various
kinds of applications.’ Researchers have developed a series of
strategies to prepare hierarchically porous films based on the
breath figure technique.® Strategies include but are not limited
to: (1) embedding with porous patterns by top-down methods
(e.g., loading with metal meshes);'>"" (2) post-modification™
or dissolving/etching selective components of the porous
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films;">'* (3) delicate design of the experimental conditions;">™"”
(4) selective swelling of the components and successive collapse
during drying;***® and (5) phase separation.’® These methods
have strict requirements for raw materials and other conditions or
require necessary post-treatment. Besides, spontaneous emulsifi-
cation is a method to build pores with size of only tens to
hundreds of nanometers (one order of magnitude smaller than
pores built by the breath figure method), which provides us with a
new option.

In 2014, Bae et al. prepared a polystyrene-block-poly(N-
isopropylacrylamide) (PS-b-PNIPAM) porous film by the breath
figure method. The commercial amphiphilic block copolymer
was doped with inorganic salts, and they proposed that the
high osmotic pressure in the polymer/CHCl; phase caused the
spontaneous emulsification of the condensed water droplets
during the breath figure process.>® Small pores inside the
skeletons of the large pores were then generated. A few other
researchers have reported similar results and also claimed that
the small pores in the hierarchical structures are ascribed to
the emulsification of the condensed water.”"** The combi-
nation of the two processes to construct hierarchical structures
provides the possibility to facilely adjust the pore size, which is
easy-processing and avoids additional steps for template
removal. However, there is a lack of knowledge of the system
in which the two processes happen simultaneously. Specifically,
hierarchical pores have been prepared simply by the breath figure
method in some papers, while the mechanism for the formation
of such structures is still unclear, in which the possible sponta-
neous emulsification phenomenon is neglected.>*°

In this work, we carried out a detailed study on the sponta-
neous emulsification that occurs during the breath figure
process. Poly(N,N-diethylacrylamide) (PDEAM) is soluble in
water and CS, with different solubility, which goes through
coil-globule transition with increased temperature when dis-
solved in water. First, a new spontaneous emulsification system
of water and PDEAM/CS, was proposed. The influences of
PDEAM concentration and temperature on the self-emulsi-
fying properties were investigated. Then, by introducing
PDEAMY/CS, into the breath figure system, it is demonstrated
that the breath figure and emulsification processes happen
simultaneously, resulting in hierarchically porous films. Both
enhanced convection flow inside the evaporating solution and
the decreased temperature accelerate the emulsification pro-
cess, during which the PDEAM concentration and solidifying
time of solutions play significant roles. This work provides
insights for the spontaneous emulsification in the dynamic
breath figure process from both theoretical and experimental
perspectives, and a new method has been proposed to prepare
polymer films with hierarchical pores.

Experimental section

Materials

PDEAM (M, = 22900 Da) was synthesized as reported in our
previous work.”” The monomer N,N-diethylacrylamide (DEAM,
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98%, D-Chem) was used after distillation under reduced pressure.
Poly(N-isopropylacrylamide) (PNIPAM, M, = 3000-4000 Da) was
purchased from Bidepharm (China). The amphiphilic block copo-
lymer polystyrene-block-poly(N,N-dimethylaminoethyl methacry-
late) (PS,0s-b-PDMAEMA,,) was also synthesized in our lab as
reported.”® Rhodamine 6G (R6G) was purchased from Aladdin
(China). Solvents including carbon disulfide (CS,), chloroform
(CHCly), toluene, and benzene were purchased from Sinopharm
(China) and used as received. Water was de-ionized using the
ELGA LabWater system (France) with a resistivity of 18.2 MQ cm.
PET films were kindly provided by Hangzhou Tape Factory.

Preparation of water-in-CS, emulsions by spontaneous
emulsification

The CS, emulsions containing hundred-nanometer-sized water
droplets were generated by directly adding water onto PDEAM/
CS, solutions with various concentrations or injecting PDEAM/
CS, solutions into water. The emulsions in the CS, phase were
spontaneously and gradually generated and achieved steady
states after certain time without the need for vigorous shaking
or ultrasonication.

Preparation of porous films by the breath figure method

PS-b-PDMAEMA and PDEAM were dissolved in CS, or CHCI;
with designed concentrations. The static breath figure method
was employed to build porous films in most cases. The solu-
tions (50 pL) were cast onto PET substrates in a sealed con-
tainer with a fixed relative humidity of ~90%. The dynamic
breath figure method was also employed as discussed in the
text. The solutions (50 uL) were cast onto PET substrates which
were placed under humid airflow with different gas flow rates.
After the evaporation of the solvents and condensed water,
porous films were obtained.

Preparation of porous films with aerosol water droplets as
templates

PS-b-PDMAEMA (10 mg mL™') and PS--PDMAEMA/PDEAM
(10/2 mg mL™") solutions with CS, as solvents were first
prepared. The solutions (100 puL) were cast onto PET films
under ambient conditions, which were quickly transferred
below the outlet of a working ultrasonic humidifier (OCA67C6S,
MU]JI). After only three seconds, they were quickly transferred to
an environment with a relative humidity of ~20% and dried
thereafter.

Characterization

Optical photographs were taken using smart phones with con-
stant shooting parameters. The optical microscopy (DM750P,
Leica) images of CS, solutions or emulsions were taken in a
transmission mode for bright-field images and in a reflection
mode for fluorescence images (water was dyed by R6G,
0.01 mg mL ') at constant shooting parameters. The emulsions
were prepared in capillary tubes with an inner diameter of
0.9 mm by injecting the CS, solutions (1 pL) into the tubes
which were pre-filled with de-ionized water. The diameter of the
emulsion droplets was measured by dynamic laser scattering

This journal is © The Royal Society of Chemistry 2024
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(DLS, Nano-ZS, Malvern), and the water-in-CS, emulsion was
prepared with a PDEAM/CS, concentration of 2 mg mL~". The
interfacial tension between organic solution and water was
measured by a pendent drop method using a contact angle
system (DropMeter A-200 MAIST). The same instrument
was used to take optical photographs of the CS,/water interface.
UV-vis spectroscopy (UV2450, Shimadzu) was used to measure
the transmittance (at 550 nm) of the emulsions. Field emission
scanning electron microscopy (FESEM, SU8010, Hitachi) was
used to reveal the surface and cross-sectional morphology of
the prepared porous films.

Results and discussion

Static observation of PDEAM-endowed spontaneous
emulsification

PDEAM is a thermo-responsive water-soluble polymer. It goes
through coil-globule transition upon heating when dissolved in
water. The lower critical solution temperature (LCST) of PDEAM
is around 31.6 °C, depending on molecular weight, concen-
tration, etc. The LCST of PDEAM is close to that of the tradi-
tional thermo-responsive polymer PNIPAM (~ 32 °C).>” PNIPAM
possesses a secondary amide group and thus shows strong
polarity and capability to form hydrogen bonds with water.
PDEAM has a tertiary amide group in its repeating unit (Fig. 1a)
and exhibits better solubility in less polar solvents.>> PDEAM
shows higher solubility in CS, at higher temperature, and the
solubility is larger than 4 mg mL™" at 25 °C (Fig. S1, ESIY).

It is found that the interfacial tension between water and
PDEAM/CS, solution (2 mg mL ") is as low as 4.1 mN m/,
which is much lower than that between pure CS, and water
(48 mN m™ ). This indicates the strong capability of PDEAM to
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adsorb and orient itself at the interface. The good affinity
between PDEAM and water/CS, offers the possibility of sponta-
neous emulsification. As shown in Fig. 1b, after the addition
of water onto the PDEAM/CS, solution and leaving it under
agitation-free conditions, the bottom CS, solution becomes
turbid gradually. It takes ~40 min for the emulsion to reach
dynamic equilibrium. Optical images of upside-down pendant
water droplets show a difference when the environment is
switched from pure CS, (Fig. 1c) to PDEAM/CS, (Fig. 1d).
Shadow fluids appear in the PDEAM/CS, phase around the
interface (Fig. 1d). The water-saturated CS, works well as the
solvent for PDEAM (Fig. S2, ESIf), demonstrating that the
clouds in the PDEAM/CS, solution (Fig. 1b and d) do not
originate from the precipitation of PDEAM induced by water.
Therefore, the shadow fluids indicate the formation of small
dispersed water droplets.” We dyed the water phase with
fluorescent R6G before the emulsification, and the red dots
shown in the fluorescence microscopy image of the generated
CS, emulsion demonstrate the existence of tiny water droplets
(Fig. 1e). The above phenomena confirmed the spontaneous
formation of water-in-CS, emulsions. The formation and evolu-
tion of the dispersed droplets in the CS, phase can be observed
in situ by optical microscopy (Fig. S3, ESIT). The diameter of the
dispersed water droplets shows bimodal distribution at
~10 nm and ~300 nm, as revealed by DLS (Fig. 1f).

Control experiments were further conducted to demonstrate
the specificity of the spontaneous emulsification between water
and PDEAM/CS,. For example, there are limitations in the types
of oils. When CS, is replaced by CHCI;, the interfacial tension
between water and PDEAM/CHCl; (2 mg mL™") is 20.0 mN m ™,
and there is no clouding in the bottom CHCI; phase (Fig. S4,
ESLt sample II and Fig. S5d, ESIt). The clouding in the
water phase of samples II and III should result from the

'
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Fig. 1 (a) Molecular structure of PDEAM. (b) Typical optical photographs of the solutions (upper: pure water; bottom: PDEAM/CS,, 1 mg mL™) at
different times. (c) and (d) Optical images of upside-down pendent water droplets in (c) pure CS, and (d) PDEAM/CS, (2 mg mL™). (e) Fluorescence image
of the CS, emulsion containing dispersed water droplets labeled by R6G. (f) DLS results of the size distributions by intensity of the dispersed droplets.
Scale bars in (b) and (e) are 0.5 cm and 200 um, respectively; scale bars in (c) and (d) are all 500 pm.
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cononsolvency effect.® The term cononsolvency refers to the
phenomenon where a polymer is less soluble in the mixture of
two solvents (in this work, CHCl,-containing water) than it is in
either one of them (Fig. S5a, ESIt). CHCl; can disrupt the
interaction between PDEAM and water, causing the collapse
and aggregation of PDEAM chains.?™*> The instant precipita-
tion of PDEAM in the aqueous phase was also found when
injecting a drop of pure CHCl; into the PDEAM/H,0 solution
because of the diffusion of CHCIl; into water (Fig. S5b, ESIt).
Also, water will not self-emulsify into PDEAM/benzene and
PDEAM/toluene solutions (Fig. S6, ESIT). Moreover, the spon-
taneous emulsification is direction-specific. CS, can diffuse
and dissolve in PDEAM/H,0 solution, as the solubility of CS,
in water is ~0.1% at 20 °C, while it is not likely to form stable
CS,-in-water emulsion droplets (Fig. S7, ESIt, sample I). This
phenomenon demonstrates that the initial location of PDEAM
is an important parameter which will influence the sponta-
neous emulsification. On the other hand, whether the emulsi-
fication occurs or not is also relevant to the types of surfactants.
For example, PNIPAM is soluble in both water and CHCI;
(insoluble in CS,) and can effectively decrease the interfacial
tension down to 7.1 mN m~! when dissolved in CHCl;, while
water cannot spontaneously form stable dispersed droplets in
PNIPAM/CHCI; (Fig. S7, sample II, and Fig. S5e, ESIt). Similar
to PDEAM, PNIPAM will also form aggregates in chloroform-
containing water (Fig. S5, ESIt).

Factors influencing the spontaneous emulsification process
and the mechanism

In this system we studied, it takes about 40 min for the CS,
emulsions to reach a steady state with constantly low transmit-
tance when no external energies are input (Fig. 1b). By record-
ing the time-dependent transmittance of CS, solutions once
they come into contact with water, it can be observed that the
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emulsifying behaviors are closely related to the concentration
of PDEAM in the oil phase and the temperature of the system
(Fig. 2). At a constant environmental temperature of 25 °C,
optical microscopy images demonstrated that the density of
emulsified micron-sized water droplets increases with the
concentration of PDEAM in CS, when the systems reach a
dynamic equilibrium (Fig. 2a). The phenomenon is also sup-
ported by the decreased transmittance of the final emulsions
(Fig. 2b). An increase of concentration help to speed up the
generation of obvious emulsion droplets and cause turbidity.

Interestingly, decreased temperature can also accelerate the
emulsification process. At 34 °C, which is higher than the LCST
of PDEAM, there is no decrease of transmittance of the CS,
solution over 90 min (Fig. 2c). A small amount of PDEAM can
gradually diffuse into the aqueous phase and then collapse to
form aggregates (Fig. S8 and S9, ESIT). However, by cooling the
solution to 25 °C, the CS, solution turns into a white haze
within 6 min and the turbidity in water fades away (Fig. S9,
ESIT). In this case, the emulsification rate is much greater by
first heating and then cooling, since energy (heat) is introduced
into the system. The switch between the clear and cloudy states
of both oil and aqueous solutions with opposite direction
can be constantly repeated by changing the environmental
temperature.

Since there are various phase behaviors for different self-
emulsification systems, the emulsification process can be
instantaneous (e.g., ouzo effect)’ or slow due to kinetic barriers.
Normally, the kinetic barriers can be reduced by applying
external energy. In this work, the emulsification involves a
few steps including diffusion of water into CS,, supersaturation
of water molecules in CS,, and nucleation and growth of water
droplets (reverse micelles) stabilized by PDEAM." The opaque
that forms at the interface at first are then driven into the
CS, bulk solution by capillary flow,** and the aforementioned
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Fig. 2 (a) Bright-field optical microscopy images of resultant CS, emulsions with different PDEAM concentrations. (b) Time-dependent transmittance
(550 nm) of CS; solutions with different PDEAM concentrations after being contacted with water at 23 °C. (c) Time-dependent transmittance (550 nm) of
CS, solutions after being contacted with water at different environmental temperatures with a PDEAM concentration of 1 mg mL™. (d) Concentration-
dependent interfacial tensions between PDEAM/CS, and water at three different environmental temperatures.
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process is repeated. Therefore, the increased concentration of
PDEAM in CS, provides the ability to stabilize a larger inter-
facial area, thus increasing the number of dispersed water
droplets and the opacity of the emulsion. The increased
PDEAM concentration also facilitates the capture and stabili-
zation of the nuclei of water, and therefore the emulsification
rate is enhanced.

Considering the dynamic feature of this process, tempera-
ture should influence the kinetic behaviors of each kind of
molecule. For instance, the diffusion rate of water into CS, is
suppressed with the decreased temperature. However, from the
point of view of thermodynamics, the solubility of water in CS,
also greatly decreases, making it easier for water that diffuses
across the interface to reach supersaturation and start nucleat-
ing. Therefore, the decreased temperature is capable of pro-
moting the emulsification process (Fig. 2c). PDEAM is rather
hydrophobic at 34 °C. The hydrophile-lyophile balance (HLB)
of PDEAM at 34 °C is inappropriate for the stabilization of
the water-in-CS, interface. In this case, the water molecules that
diffuse across the interface are miscible in PDEAM/CS,, and a
single phase is formed (Fig. 2c and Fig. S9, ESIt). However,
once the temperature is reduced, the solubility of water in CS,
decreases and water becomes supersaturated; thus, phase
separation occurs quickly, and water starts to nucleate and
generate small droplets (Fig. S9, ESIf). On the other hand,
PDEAM becomes hydrophilic again and is able to act as a
surfactant to stabilize water droplets. Therefore, a stable
water-in-CS, emulsion is formed. The system becomes turbid.
If the self-emulsification occurs at a constant temperature of
25 °C, it takes time for water to diffuse into the CS, phase and
reach supersaturation, which is much slower than the process
of phase separation by decreasing temperature. Once the
already-formed emulsions are heated, dehydration of thermo-
responsive PDEAM that locates at the water-CS, interface
occurs.®® The dispersed phase of water becomes unstable and
water dissolves in CS, gradually. Hence, the cloudy emulsions
disappear (Fig. S9, ESIY).

Overall, PDEAM is a non-ionic polymeric surfactant, which
can significantly decrease the interfacial tension between CS,
and water down to 4-6 mN m~' when the concentration
reaches 0.1 mg mL ', and it can also be adapted for other
oil-water systems. It is interesting that the temperature does
not show significant influence on the interfacial tension
(Fig. 2d), unlike PNIPAM whose interfacial activity declines at
temperature higher than its LCST*” or ionic surfactant systems
where interfacial tensions decrease with temperature.>®

Formation of hierarchical pores by simultaneous processes of
breath figure and spontaneous emulsification

The above-mentioned results demonstrate the self-emulsi-
fication of water toward PDEAM/CS, under experimentally
static conditions. The CS, phase is sealed by water; and the
evaporation of CS,, so is the convection inside the liquids, is
greatly suppressed. It takes ~40 min for the CS, emulsion to
reach a steady state (Fig. 1b). Although the breath figure
method is a fast-moving process, during which a solid porous

This journal is © The Royal Society of Chemistry 2024
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film can be generated in less than 2 minutes, the various kinds
of convection (e.g., Marangoni flow) inside the breath figure
system and the decreased temperature still provide the possi-
bility for the condensed water droplets to self-emulsify into the
CS, phase simultaneously.

Recently, Mathias et al. reported the preparation of stable W/
O emulsions by directly spraying the aqueous aerosol droplets
onto an oil solution.*” With an appropriate composition
of surfactants in both aqueous and oil phases and thus the
appropriate interfacial tensions, the sprayed micron-sized
water droplets can be successfully engulfed by oils, forming
the dispersed phase and remaining stable. Herein, we also
prepared water-in-CS, emulsions cast on PET substrates by the
same method, and then the emulsions were transferred to a dry
environment to allow the evaporation of CS, (Fig. 3a). We
aimed to investigate whether the pre-engulfed water droplets
will undergo self-emulsification afterwards. After the complete
solidification of the solution, pores with water droplets as
templates can be formed. It should be noted that, if the only
solute in CS, solution is PDEAM, one cannot obtain porous
structures since PDEAM would dissolve in water. Therefore,
water-insoluble PS-b-PDMAEMA acts as the skeleton of the
templated pores. Moreover, as an amphiphilic block copoly-
mer, PS-b-PDMAEMA can decrease the interfacial tension
between CS, and water and hence improve the stability of water
droplets.”® The time for which solutions were exposed to
aerosol is rather short (3 seconds), and thus the reduction of
solution temperature and time for water vapor condensation
are nearly negligible,*®**° which makes the condensed water
droplets inconspicuous compared with the engulfed aerosol
droplets.

The step III in Fig. 3a is similar to the normal static breath
figure process in some aspects since they both involve the
evaporation of the volatile solvent. We studied the morphology
of the films of PS-b-PDMAEMA and PS-b-PDMAEMA/PDEAM
(Fig. 3b-e). Only large pores originating from the engulfed
aerosol water droplets were observed in the PS-b-PDMAEMA
film (Fig. 3c). In contrast, when PDEAM was introduced into the
CS, solution, it can be observed from Fig. 3e that the big pores
are surrounded by a large number of small submicron-sized
pores. Since the water vapor condensation should be negligible,
the small water droplets (templates for the small pores) should
originate from the spontaneous emulsification of the engulfed
big aerosol water droplets, and this phenomenon does not exist
in PS-h-PDMAEMA/CS, solution. It can be deduced that, with
the aid of enhanced convection inside the cast solution and the
evaporative cooling (10-20 °C lower than the environmental
temperature of 25 °C),*®° the self-emulsification of water
into CS, will occur within a few minutes, following the same
procedure discussed in the above section.

Afterwards, we investigated the spontaneous emulsification
endowed by PDEAM during the breath figure process. The
emulsification degree can be distinguished by the size and density
of the smaller pores from the cross-sectional SEM images of the
porous films. The results are summarized in Fig. 4, 5, and Fig. S10
(ESIf), showing the influence of concentrations of both

Soft Matter, 2024, 20, 1905-1912 | 1909


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sm01603j

Open Access Article. Published on 30 January 2024. Downloaded on 1/23/2026 9:37:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Soft Matter

PS-b-PDMAEMA

0 %%, o
0°¢° 0 % 0®9°0°0%%0 g,
g0 000 °® %
° ° °® o
oo o ° e
—» "e®t° " %%e M pPspPOMAEMA
C > /PDEAM
; . 0@
|. Drop-cast the solution IIl. Treated with aerosol water droplets s@,—ﬂ&*wﬂ’!&ﬁ& 0y

Fig. 3

(a) Schematic illustration of the process for the preparation of porous films by spraying aerosol water droplets and successive drying. (b) and (d)

Surface and (c) and (e) cross-sectional SEM images of the films prepared from (b) and (c) PS-b-PDMAEMA (10 mg mL™) and (d) and (e) PS-b-PDMAEMA/

PDEAM (10/2 mg mL™Y). Scale bars in all SEM images are 3 pm.

4/0.05 4/0.2 4/0.5 mg mL-"

6/2 mg mL-"

Fig. 4 Surface (upper row) and cross-sectional (bottom row) SEM images
of porous films of PS-b-PDMAEMA/PDEAM prepared at various concen-
trations by the static breath figure method. Scale bars are 5 pm.

PS-b-PDMAEMA and PDEAM. PS-b-PDMAEMA shows strong
capability in the stabilization of condensed water droplets
during the breath figure process,”®*! and thus leads to hexa-
gonally packed and single-layered pores at concentrations of
2-6 mg mL ™' (Fig. 4 and Fig. S10, ESIf). The small surface
pores around the large pores on “6/0”” and “4/0” films origi-
nated from the second round of water vapor condensation
(Fig. 4 and Fig. S10, ESI{). Water vapor can nucleate and grow

1910 | Soft Matter, 2024, 20, 1905-1912

into droplets at the places that are not occupied by previously
formed water droplets before complete solidification. For the
“2/0” sample, the solidifying time is shorter and there is not
enough time for the second round of condensation. However, it
can be observed that the regularity of surface pores is deterio-
rated to different extents when PDEAM is introduced (Fig. 4).
It originated from the extremely low oil-water interfacial
tension. In this case, the condensed water droplets will over-
spread and tend to coalesce with each other, which is unfavor-
able for producing droplets with even size.**** Additionally,
pores whose sizes are one order of magnitude smaller appear in
the skeleton. For multi-layered porous films generated by the
conventional breath figure method, the pore size is generally
close or decreasing by gradient from bottom to top because
of the natural nucleation-growth-submergence process experi-
enced by each water droplet.**™*” Both the theoretical consid-
erations and experimental results demonstrated that small
pores are the imprints of spontaneously emulsified water
droplets coming from the condensed large water droplets.

By injecting water (~ 1.5 pL) into the CS, solutions, it can be
observed that the shadow fluids near the interface appear
earlier with the increase of PDEAM concentration (Fig. S11,
ESIT). For example, when the PS-b>-PDMAEMA/PDEAM concen-
trations are 4/2 mg mL ", the shadow fluid appears apparently
in 15 s, which indicates the rapid formation of self-emulsified
water droplets. The shadow fluids become darker with PDEAM
concentration, demonstrating a larger amount of dispersed
water. This phenomenon is consistent with the aforementioned
static observations, i.e., the increased concentration of PDEAM
in the oil phase accelerates the emulsification process. There-
fore, as shown in the cross-sectional SEM images, the number
of submicron-sized pores templated by emulsified water dro-
plets increases with the concentration of PDEAM when the

This journal is © The Royal Society of Chemistry 2024
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20/2 mg mL-"

Fig. 5 Surface (upper row) and cross-sectional (bottom row) SEM images
of porous films of PS-b-PDMAEMA/PDEAM at 10/2 or 20/2 mg mL™* by
the static breath figure method. Scale bars are 10 um.

concentration of PS-b-PDMAEMA is fixed at 4 or 6 mg mL ™"
(Fig. 4).

It should be noted that the decreased interfacial tension will
also cause the increased nucleation rate of water vapor.*®*?
Therefore, it tends to form multi-layered condensed water
droplets when PDEAM is introduced, compared with the
single-layered pores of “4/0” and “6/0” films (Fig. 5 and
Fig. S10, ESIt). The relatively large pores underneath the sur-
face can also originate from the coalesced emulsified water
droplets, or the uneven size distribution of the as-formed
emulsified droplets. Therefore, it is worth noting that the origin
of the pores with middle sizes is still vague.

In addition to PDEAM concentration, the time available for
spontaneous emulsification also plays an important role. When
the volume of the cast solution is fixed at 50 pL, the increase
of PS concentration will slow down the evaporation of the
solvent,** and thus prolong the solidifying time of the solution
and the time for emulsification. The rationality of this idea is
examined by comparing the porous structures of “4/0.5” and
“6/0.5” films (Fig. 4), or finding out the significant differences
between “6/2”, “10/2”, and “20/2” films (Fig. 4 and 5). At the
same concentration of PDEAM, the number of small pores
increases significantly with the concentration of PS-b-
PDMAEMA, while the size remains close. The solidifying time
also shows great importance on the porous structures fabri-
cated from solutions with different volumes (Fig. S12, ESIT).
With similar spreading area of the solutions, the increased
volume leads to larger solution thickness and brings about
prolonged solidifying time. The amount of the submicron-
sized pores increases correspondingly. Films prepared by the
dynamic breath figure method at different gas flow rates also
highlight the influence of solidifying time (Fig. S13, ESIT). At a
low flow rate of 0.8 L min ", the porous structure is close to the
one fabricated by the static breath figure method. Once the flow
rate increases, the evaporation of CS, was accelerated, and the
small pores originating from the emulsification can hardly be
distinguished. Further increase of the flow rate of humid gas
to 5 L min~" would facilitate water vapor condensation and
strengthen the convection inside the solution, forming multi-
layer-stacked condensed water droplets.

This journal is © The Royal Society of Chemistry 2024
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Water cannot self-emulsify into PDEAM/CHCI; solution as
discussed above. Therefore, when CHCI; is used as the solvent
for the breath figure process, the introduction of PDEAM into
the PS-b-PDMAEMA solution makes no difference, and hence
multi-layered pores with similar structures are generated
(Fig. 14, ESI}).

Due to the dynamic nature and diverse phase behaviors of
the processes studied in this work, there still remain some
unanswered questions and challenges. For example, we are not
sure whether the coalescence of emulsified water droplets
would occur during the film-forming process or not. The precise
control of the pore size, size distribution, and the ordered packing
of pores at both size levels still remains challenging.

Conclusions

In summary, a spontaneous emulsification system composed of
PDEAM/CS, and water is reported for the first time; and the
influencing factors including PDEAM concentration and tem-
perature are discussed. PDEAM-endowed emulsification beha-
vior of water is incorporated in the breath figure process,
generating hierarchical pores templated by micron-sized con-
densed droplets and submicron-sized emulsified droplets. The
porous structures obtained by solidifying a preformed water-in-
PDEAM/CS, emulsion in a dry environment support the idea,
i.e., enhanced convection and evaporative cooling would acceler-
ate the emulsification of water. Therefore, the spontaneous
emulsification of condensed water droplets occurs during the
breath figure process. The increases of PDEAM concentration and
solidifying time of the solution are beneficial to the increase of
emulsification degree, resulting in a larger number of small pores
in the films. The combination of self-emulsification and the
breath figure process is conceptually simple and scalable to
prepare hierarchically porous materials. It should be applicable
to a wide range of other spontaneous emulsification systems.
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