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Metal Soap Membranes for Gas Separation
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Metal soaps or metal alkanoates are metal–organic complexes held together 

with metal cations and the functional groups of hydrocarbon chains. They 

can be synthesized at a high yield by simply mixing the metal and organic 

sources, forming crystalline frameworks with diverse topology, and have 

been studied in the past because of their rich polymorphism-like liquid 

crystals. Their ability to melt while retaining the crystalline properties upon 

cooling is unique among nanoporous materials and is especially attractive 

for membrane fabrication. Herein, metal soaps as a new class of material 

for molecular separation are reported. Three metal soaps, Ca(SO4C12H25)2, 

Zn(COOC6H13)2, and Cu(COOC9H19)2, hosting lamellar structure with 

molecular-sized channels are synthesized. They are processed in thin, 

intergrown, polycrystalline films on porous substrates by two scalable 

methods, interfacial crystallization and melting with an extremely small 

processing time (a minute to an hour). The resulting crystalline films are 

oriented with the alkyl chains perpendicular to the porous substrate which 

favors molecular transport. The prepared membranes demonstrate attrac-

tive gas separation behavior, e.g., 300-nm-thick Ca(SO4C12H25)2 membrane 

prepared in a minute using interfacial crystallization yields H2 permeance of 

6.1 × 10−7 mol m−2 s−1 Pa−1 with H2/CO2 selectivity of 10.5.
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layer is to advance the material chemistry 
and engineering such that one can obtain 
a good separation performance (a com-
bination of gas permeance and gas pair 
selectivity), while at the same time, can 
process the material in a scalable way. For 
example, polymers are predominately used 
as the selective material for membranes 
because they are highly processible. Rigid 
nanoporous materials with ordered pores 
such as zeolite, MOFs, and COFs have 
been successfully used to form the selec-
tive layer with improved performance, 
however, one compromises the processa-
bility. Typically, to obtain an attractive per-
formance from these materials, one has to 
crystallize an intergrown polycrystalline 
film. However, to synthesize high-quality 
nanoporous membranes, generally, one 
needs to reduce the density of pinholes 
and grain-boundary defects which often 
require time-consuming complex steps. In 
this regard, the synthesis of gas-selective, 
nanoporous, crystalline materials that can 
be readily processed into high-quality thin 

films by scalable approaches is greatly desired.[28]

Metal soaps or metal alkanoates, well-known by their rich 
polymorphism and polymesomorphism, have been used as 
a barrier coating,[29–34] thermotropic ionic liquid crystals,[35] 
nonlinear-optical materials,[29] etc.[36–39] They are constructed 
by predominantly inorganic bonding between metal cations 
(Li+, Na+, K+, Cs+, Mg2+, Ca2+, Sr2+, Ba2+, Zn2+, Cu2+, Cd2+, Co2+, 
Ni2+, Y3+, Tb3+, etc.) and the functional head group (carboxylate 
(COOH), sulfite (SO3H), sulfate (SO4H), etc.) of a hydro-
carbon chain (alkyl, enyl, aryl, etc., with carbon number > 3). 
The resulting MO bonds are thermally and chemically robust 
making metal soaps attractive for practical applications. The 
MOx polyhedra form a layer of rods/chains or sheets that are 
sandwiched between the layers of lipidic hydrocarbon chains, 
leading to a lamellar structure (Figure  1 and Figure S1, Sup-
porting Information). As early as the 1960s, Luzzati et  al. 
reported the crystal structure of alkaline earth metal soaps 
by X-ray diffraction (XRD) where they revealed the ordered 
arrangements of metal cations and correlated the lattice param-
eters with the length of the hydrocarbon chain.[40]

Due to the high flexibility of the long alkyl chains in the 
structures, most metal soaps can melt at a moderate temper-
ature (100–200 °C), forming a disordered/amorphous liquid 
phase or a mesophase, which was first discovered back in 
1855.[35] The liquid phase can be readily cooling down, upon 

1. Introduction

Molecular separation using membranes is highly energy-effi-
cient because the driving force for separation does not rely on 
the relatively expensive thermal energy but on the chemical 
potential difference across the membranes.[1–9] Several materials 
and chemistries have been used to develop the selective layer 
of the membranes, including polymers,[2,7,10,11] carbon,[12–14]  
zeolites,[1,15,16] and more recently, metal–organic frameworks 
(MOFs)[4,17–22] and covalent–organic frameworks (COFs).[23–27] 
One of the most sought-after strategies to develop the selective 
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which, the disordered structure quickly turn back to the orig-
inal crystalline state. Because of the hydrophobicity of the long 
alkyl chains, metal soaps have been used as a “green” corrosion 
barrier by constructing metal soaps on the surface of metals.[31] 
They also play an important role in analytical and preparative 
science as a means to reduce surface tension, for example, to 
unfold highly ordered macromolecules such as proteins.[33] 
Besides, due to the high polarization between metal cations and 
lipidic chains during melting, metal soaps have been proved to 
be attractive as a nonlinear-optical material.[31]

To the best of our knowledge, molecular separation using 
metal soaps has not been reported. This presents an oppor-
tunity to evaluate this class of material for the preparation 
of gas separation membranes especially in the context of 
a large number of ordered porous metal soaps that could 
allow separation of several gas pairs. They are particularly 
attractive for membranes because the synthesis of metal 
soap is facile, and most of them crystallize rapidly in suf-
ficiently high yields in aqueous solutions when the reactants 
(metal and organic sources) are mixed. Additionally, they 
provide processability advantage as one could synthesize the 
selective layer of a membrane (thin films) by exploiting the 

solid-to-liquid transition ability of metal soaps and the fact 
that they do not lose crystallinity upon cooling down. Finally, 
the melting property could also be used in the postsynthetic 
healing of pinhole defects that often ruin the membrane 
selectivity, by simply annealing the film near the melting 
temperature.

Herein, three metal soaps, Ca(SO4C12H25)2, Zn(COOC6H13)2, 
and Cu(COOC9H19)2, termed henceforth as CaC12, ZnC6, and 
CuC9, respectively, are synthesized in polycrystalline thin 
film morphology, loaded on porous supports, by two scalable 
methods: interfacial crystallization and melting. In the case of 
interfacial crystallization, a continuous film is formed on the 
surface of the water within 1 min, following which the film 
could be easily transferred to porous substrates. In the case of 
the melting method, the membranes were formed by melting 
a layer of deposited metal soap crystals at 120–150 °C in less 
than 1 h. The resulting films are crystalline and are oriented 
on the porous support with the alkyl chains perpendicular 
to the substrates, favoring the molecular transport. Because 
of the large grain size in these films (extending to several 
micrometers), all membranes show promising gas separation 
properties.

Figure 1. A) Crystal structure of CaC12. B) Structure of the 2D layer and pore sizes in CaC12. C) Crystal structure of ZnC6. D) Structure of the 2D layer 
and pore sizes in ZnC6. E) Crystal structure of CuC9. F) Structure of the 1D rods and pore sizes in CuC9. G) Scheme of CaC12 membrane formed by 
interfacial crystallization. H) Schematic of ZnC6 and CuC9 membranes formed by the melting.
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2. Results and Discussion

2.1. Crystal Structure of Metal Soaps

Metal soaps are composed of two parts: a metal cation part and 
an organic part. The metal cations and the functional groups 
from the organic part form an inorganic backbone while the long 
alkyl chains attached to the backbone form a lamellar structure 
(Figure 1 and Figure S1, Supporting Information). For example, 
CaC12 has a 2D structure where the Ca2+ ions are bonded with 
the sulfate groups from sodium dodecyl sulfate (SDS) and form 
a 2D backbone, while dodecyl groups from SDS are located on 
both sides of the 2D layer (Figure  1A,B).[41] There are two dis-
tinct channels in CaC12: one comprising of gaps between the 
dodecyl groups with the size of ≈3.1 Å (the sizes were measured 
by calculating the shortest distances in the gap and subtracting 
the radii of the edge atoms), and the other inside the four-mem-
bered inorganic ring made of Ca2+/sulfate groups with a size of 
≈0.5 Å (Figure  1B). The crystal structure of ZnC6 is similar to 
CaC12 (Figure 1C).[42] Zn2+ and carboxylate groups from heptanoic 
acid form a 2D backbone, with hexyl groups from heptanoic acid 
presenting in both sides of the layer, albeit with an asymmetric 
arrangement. The channel sizes between hexyl groups on the 
two sides of the 2D layer are ≈3.2 and 3.3 Å (Figure 1D). The pore 
size of the four-membered ring made of Zn2+/carboxylate groups 
is ≈2.8 Å. In contrast, CuC9 has a 1D structure where a rod is 
formed by bonding of Cu2+ with the carboxylate groups of deca-
noic acid (Figure  1E), and nonadecyl groups extend away from 
the rod.[37] The channel formed between the gaps of the nona-
decyl groups are ≈2.9 Å in size (Figure 1F). The channel between 
Cu2+/carboxylate rods is impermeable with a size of 1.5 Å.

2.2. Synthesis of Metal Soap Membranes

CaC12 membranes were synthesized by the interfacial crys-
tallization route (Figure  1G). During the synthesis of CaC12 
powders, we noticed that a film was formed on the water sur-
face spontaneously when the two reactants (SDS and calcium 
nitrate) were mixed (Video S1, Supporting Information, and 
Figure  2A). This gave us a clue to synthesize CaC12 mem-
branes by the interfacial crystallization route because one can 
prepare the membrane by simply lifting off the floating film. 
ZnC6 and CuC9 did not form a film at the air–water interface. 
Even when the surfactant chain length was increased to up to 
17 (e.g., CuC11, CuC17, Figure S6, Supporting Information), we 
did not observe interfacial crystallization. Therefore, ZnC6 and 
CuC9 membranes were synthesized by the melting route attrib-
uting to the unique melting properties of these metal soaps 
(Figure 1H).

For the synthesis of CaC12 membrane, SDS was added drop-
wise into the calcium nitrate aqueous solution (see the Experi-
mental Section). Because of its amphiphilic nature, SDS forms 
a film on the water surface. The sulfate groups of SDS reacted 
immediately with Ca2+ in the solution, forming a CaC12 film 
covering the whole water surface (Figure  2A and Video S1, 
Supporting Information). The defects in the floating film were 
quickly healed by the spontaneous reaction, and once the film 
formation was complete (usually in less than 1 min), the final 
membrane was obtained by scooping the film with a porous 
substrate. Because of the flexibility of the process, we could 
use a number of porous supports such as porous polytetra-
fluoroethylene (PTFE), metal mesh, and anodic aluminum 
oxide (AAO).

Figure 2. A) Image of CaC12 film floating on water. B) SEM cross-sectional view of CaC12 membrane on AAO with a pore size of 100 nm. C) XRD of CaC12 
powder and membrane on AAO with a pore size of 100 nm. D) XRD of CaC12 powders after immersed in acidic and basic aqueous solutions for 6 h.
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For preparing ZnC6 and CuC9 membranes, we did not 
observe a similar film on the surface of the water. Therefore, 
we collected the precipitated metal soap crystals and prepared 
a suspension which was then vacuum filtered on to AAO sub-
strates to form a deposit (Figures 1H and 3A, and Figure S7A, 
Supporting Information). Subsequently, the powder deposit 
was heated for a short time (150  °C and 40 min and 120 °C 
and 40 min for ZnC6 and CuC9, respectively) to obtain a melt. 
Finally, the molten film was cooled down to crystallize an inter-
grown membrane. Clogging of the AAO pores by the liquid 
melt was avoided to a large extent by flipping the AAO/powder 
assembly during heating (AAO at the top) exploiting the com-
bined effect of the high viscosity of the liquid melt and gravity.

2.3. Characterizations of Metal Soap Membranes

Upon optimization of the deposition steps, we could pre-
pare crack-free membranes for all three metal soaps. CaC12 
film prepared by the interfacial crystallization method led to 
an extremely thin and flexible membrane with a thickness 

of ≈300 nm (Figure  2A,B, and Figures S2 and S17, Sup-
porting Information). The grains in the film were quite large, 
exceeding tens of micrometers. As a result, the film was quite 
smooth and lacked textural features when viewed by the scan-
ning electron microscope (SEM), atomic force microscope 
(AFM), and polarized optical microscope (POM) (Figure  2A, 
and Figures S2 and S17–S20, Supporting Information). As 
for ZnC6 and CuC9, the melts generated by heating the pow-
ders to a temperature above their melting points filled up the 
void spaces resulting in a highly dense structure (Figure 3C,D 
and Figure S7C,D, Supporting Information). The film thick-
ness could be controlled by optimizing vacuum filtration 
conditions. In the present case, the average film thicknesses 
are 2 and 4 µm for ZnC6 and CuC9 films, respectively. These 
thicknesses are much less than that from the powders depos-
ited on AAO before melting (60 and 20 µm for ZnC6 and 
CuC9 powders, respectively). From the cross-section images, 
it is clear that the pore channels of AAO are not clogged by 
the metal soap. Therefore, we avoided a problem that has been 
previously reported with the melting route (Figure  3D and 
Figure S7D, Supporting Information).[43]

Figure 3. SEM images of the deposited ZnC6 and as-synthesized membrane on AAO with a pore size of 100 nm: A,C) top view and B,D) cross-sectional 
view, respectively. E,F) XRD of as-synthesized powders and membranes: ZnC6 and CuC9.
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The crystallinity of the synthesized metal soap powders and 
the membranes was confirmed by XRD. The XRD patterns of 
three as-synthesized metal soap powders are almost identical 
to the simulated XRD patterns, indicating the phase purity of 
all three materials (Figures 2C, 3E, and 3F). Similarly, the XRD 
patterns showed high crystallinity for all three membranes 
(Figures 2C, 3E, and 3F). And the intensities of 00l peaks (001, 
002, and 003 for CaC12, 002, 004, and 006 for ZnC6, and 001, 002, 
and 003 for CuC9, respectively) from membranes were much 
higher compared to other peaks, which is in contrast to the simu-
lated powder XRD patterns. This means the metal soap films are 
oriented on the substrate, with c axis perpendicular to the surface 
of the support. The stacking of layers is also evident in the cross-
sectional SEM images of CaC12 and ZnC6 and transmission elec-
tron microscopy (TEM) image of CaC12 membrane (Figure 3D, 
and Figures S2 and S16, Supporting Information). According to 
the crystal structures of the three membranes (Figure  1A,C,E), 
it is clear that all the alkyl chains are in a similar direction of  
channels from the substrates, which could favor gas transport.

The thermal and chemical stability of the metal soap 
powders were also investigated after the powders of CaC12, 
ZnC6, and CuC9 were immersed in water, HCl (pH = 4), and 
NaOH (pH = 10) aqueous solutions for 6 h (Figure 2D, and 
Figures S8 and S9, Supporting Information). CaC12 is stable in 
water and acid solutions. There are slight peaks splits around 
6° and 9° of XRD after CaC12 in NaOH solution for 6 h, indi-
cating partially unit-cell distortions could have happened 
(Figure  2D), however, this does not hinder the application of 
CaC12 in gas separation. ZnC6 is stable in all solutions, and the 
XRD peaks maintained almost the same as the simulated pat-
tern (Figure S8, Supporting Information). For CuC9, the powder 
survived in water and acid solutions for 6 h. A small new peak 
around 5° of CuC9 powder in HCl solution appeared after 
6 h, indicating the structure could start to change (Figure S9,  
Supporting Information). Although these three structures are 
similar, the different metals and organic parts lead to different 
behavior in acid and basic solutions.

The stability of the prepared film in water was also studied, 
by immersing the films in water for 24 h, to understand the 
relevance of these membranes for application in separations 
involving liquid water. As shown in Figure S21 (Supporting 
Information), the morphology of the CuC9 membrane is sim-
ilar to that of the as-synthesized film. A comparison of the 
XRD data before and after the immersion test (Figure S22, 
Supporting Information) indicated that there were no changes 
in the film crystallinity, confirming the stability of CuC9 mem-
branes in water. However, water could delaminate CaC12 imme-
diately and the delaminated film floated on the surface of the 
water. ZnC6 membranes also delaminated during the test. 
Thermogravimetric analysis (TGA) curves of CaC12, ZnC6, and 
CuC9 in the air atmosphere showed they were thermally stable 
up to 150 °C (Figures S10, S11, and S12, Supporting Informa-
tion), making them attractive for gas separation.

2.4. Gas Permeation Studies

Based on the crystal structure, the pore size relevant for the 
gas transport in the three metal soaps are approximately in the 

range of 2.8–3.3 Å. In addition, the flexibility of alkyl chains 
in the structures is expected to provide some tolerance for gas 
transport. All indicate that these structures could be useful 
in light gas separations such as hydrogen sieving (H2, kinetic 
diameter of 2.89 Å) or carbon capture (CO2, kinetic diameter 
of 3.3 Å). N2 adsorption isotherms of all three materials were 
collected at 77 K (Figures S13–S15, Supporting Information). All 
showed negligible uptake of N2, which is consistent with the 
small pore sizes (2.8–3.3 Å) in these materials compared to the 
kinetic diameter of N2 (3.64 Å). Accordingly, we tested the as-
prepared crack-free membranes for gas separation.

The three metal soap films exhibited characteristically dif-
ferent permeation properties. The 300-nm-thick films of 
CaC12 prepared by interfacial crystallization exhibited the 
highest gas permeance among the studied metal-soap films 
(Figure  4A,B; data based on five membranes). Single-compo-
nent gas permeation studies at 25 °C revealed H2 permeance of 
6.1 × 10−7 mol m−2 s−1 Pa−1 with an average H2/N2 and H2/CH4 
selectivity of 4.4 and 5.5, respectively, which are higher than 
the corresponding Knudsen selectivities (3.7 and 2.8, respec-
tively). However, CO2 despite having a kinetic diameter of 3.3 Å 
exhibited the lowest permeance resulting in H2/CO2 selectivity 
as high as 10.5. This anomalous behavior is likely due to much 
stronger adsorption of CO2 with the CaC12 structure that may 
result from the strong bonding between Ca2+ and CO2, where the 
bonding energy of Ca2+ and CO2 is 8.0 kcal mol−1, much larger 
than 4.6 kcal mol−1 for Ca2+ and N2.[44] Similar behavior was also 
reported for 2D ZIF-L films.[45] Considering the crystal struc-
ture of CaC12, there are two kinds of pores with pore sizes 0.5 
and 3.1 Å. Gas molecules cannot pass through the pores in the 
metal layers (0.5 Å) but they can transport across the gaps in the 
organic domain (3.1 Å). Because CaC12 membranes are oriented 
on the support with the metal layers parallel to the surface of 
the support, gas molecules will inevitably pass the gaps between 
structure domains. This means Ca2+ ions on the edges of struc-
tural domains could attract CO2, leading to the low CO2 perme-
ance in this membrane (Figure S30A, Supporting Information).

Gas transport studies from ZnC6 membranes revealed H2/
CO2, H2/CH4, and He/CH4 ideal selectivities of 6.2, 11.3, and 
5.6, respectively, at 25 °C (Figure  4C,D; data based on three 
membranes). These selectivities are significantly higher than 
the corresponding Knudsen selectivities (4.7, 2.8, and 2.0, 
respectively), and indicate separation based on molecular size 
with permeance in the order of H2  > He > CO2  > CH4, with 
average H2 permeance of 2.1 × 10−9 mol m−2 s−1 Pa−1. The lower 
permeance of He with respect to H2, despite the smaller size of 
He, can be explained by negligible heat of adsorption of He.[46–48]  
The relative permeation rates depending on the kinetic diam-
eter of gases in ZnC6 membranes indicate transport dominated 
by diffusion. This has origin in its structure. Both pore sizes 
of metal layers and organic layers (2.8, 3.2, and 3.3 Å) are suit-
able for the transition of gases (especially for H2). In addition, 
organic chains in ZnC6 are the shortest compared to CaC12 
and CuC9 (which means the structure of ZnC6 could be more 
rigid than CaC12 and CuC9). Gas molecules could pass both 
the metal layers (for H2) and gaps between structure domains 
(Figure S30B, Supporting Information).

The permeation characteristic of CuC9 was different from 
that of CaC12 and ZnC6 membranes. With average CO2 
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permeance of 1.5 × 10−8 mol m−2 s−1 Pa−1, CO2 permeated 
faster than H2 through the CuC9 membrane. An attractive 
CO2/N2 ideal selectivity of 13.6 was realized. CO2 permeance 
did not change when the feed was pressurized from 1.5 to  
3 bar, although the CO2/N2 ideal selectivity decreased slightly 
to 10.7 (Figure S24, Supporting Information). When an equi-
molar CO2/N2 feed was used, CO2 permeance did not change 
while the CO2/N2 separation factor was 12.2 at feed pressure 
of 3.0 bar (Figure S25, Supporting Information). The trans-
port of CO2 was thermally activated, and CO2 permeance 
increased when the temperature was increased from 25 to  
75 °C (Figure S26, Supporting Information). When the tem-
perature was increased to 100 °C, close to the melting temper-
ature of CuC9, permeances of CO2 and N2 decreased a little 
perhaps attributing to possible structural changes near the 
melting point.

By decreasing the amount of CuC9 powders filtered on the 
substrate before melting, an extremely thin (≈250 nm) yet con-
tinuous CuC9 membrane could be obtained (Figure S27, Sup-
porting Information). The CO2/N2 ideal selectivity was 5.5–6.4, 
much above the Knudsen selectivity indicating that pinhole 
defects in the film were negligible (Figure S28B, Supporting 
Information). The CO2 permeance from this membrane was 
about 6.2 × 10−8 mol m−2 s−1 Pa−1, four times higher than the 
thicker membrane reported above (Figure S28A, Supporting 
Information). The gain in CO2 permeance was not as high as 
expected, where the film thickness was decreased by 16-fold, 
which could be attributed to infiltration of CuC9 in the support 
pores during melting. The separation performance from mixed 
feed (equimolar CO2/N2) was similar to that obtained from 
the single component (Figure S29A, Supporting Information), 
and the performance did not change as a function of time  

Figure 4. A,C,E) Gas permeances: CaC12, ZnC6, and CuC9, and B,D,F) ideal selectivities of membranes: CaC12, ZnC6, and CuC9, as a function of the 
kinetic diameters at 25 °C. Error bars in the figure represent the standard deviations across several membranes.
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(Figure S29B, Supporting Information). Mixing feed with the 
water vapor close to saturation also did not affect the perfor-
mance (Figure S29C, Supporting Information).

Similar to what is commonly observed with a number of 
nanoporous polymers (polymers with intrinsic microporosity or 
PIM, poly[1-(trimethylsilyl)-1-propyne or PTMSP, polydimethyl-
siloxane, etc.),[49–54] the single-component gas permeance for 
CuC9 decreased in the order CO2 > H2 > CH4 > N2 with CO2/
H2, CO2/CH4, and CO2/N2 selectivities of 2.9, 3.9, and 13, 
respectively (Figure  4E,F, based on two membranes). The 1D 
rod-like structures of CuC9 are similar to polymer chains which 
might explain the similar permeation characteristics.

In all, although these three materials are all metal soaps, 
their behaviors in gas permeations are different, attributing to 
their unique structure and chemical composition. ZnC6 mem-
branes appear to separate molecules based on their size, CuC9 
membranes similar to nanoporous polymers with a high per-
meation rate of CO2, while CaC12 membranes inhibit the per-
meation rate of CO2. The diverse gas separation performance 
indicates that metal soap membranes can act as flexible poly-
mers as well as rigid nanoporous materials, attributing to their 
rich diversity of structures, which contain both long carbon 
chains and bonding of metal cations and functional groups, 
and are highly crystalline at the same time.

Compared to the recent reports of MOF glass membranes,[43] 
metal soaps retain their crystallinity in the final membrane 
structure. It should be noted that the melting points of metal 
soaps are much lower than that of MOFs (about 100–200 °C vs 
400 °C). The facile processability of the metal soap membranes 
prepared either by the simple interfacial crystallization tech-
nique or by the melting method and a large number of poten-
tially interesting structures, make them an interesting class of 
materials for molecular separation.

3. Conclusion

In conclusion, we report for the first time, the synthesis of crack 
and defect-free metal soap membranes and their application 
in gas separation. The rapid interfacial crystallization and the 
melting methods demonstrated here add to the ongoing efforts 
to rapidly synthesize crystalline nanoporous films to improve 
their scale-up potential. The diverse structure of metal soaps 
is reflected in their gas separation behavior leading to perfor-
mance resembling nanoporous materials as well as polymeric 
chains, attributing to the presence of inorganic layers as well 
as organic channels in the metal soaps. There are many more 
possibilities of metal soaps depending upon the combination of 
metal cation, surfactant chain length, and the functional group 
of the surfactant.

4. Experimental Section

The syntheses of metal soap powders were carried out by a slight 
adaptation of the method reported in the literature.[37,41,42] For CaC12, 2.36 g  
Ca(NO3)2·4H2O and 5.76 g SDS were dissolved in 10 mL deionized 
water, respectively. A white precipitate formed immediately after the two 
solutions were mixed. For ZnC6, 2.97 g Zn(NO3)2·6H2O was dissolved 
in 10 mL deionized water. A mixture of 2.60 g heptanoic acid and 0.8 g 
NaOH was also dissolved in 10 mL deionized water. The two solutions 

were then mixed, and a white precipitate appeared in few seconds. For 
CuC9, 2.41 g Cu(NO3)2·3H2O was dissolved in 10 mL deionized water. A 
mixture of 3.44 g decanoic acid and 0.8 g NaOH was also dissolved in 
10 mL deionized water. Then the two solutions were mixed to get blue 
precipitate in a few seconds. In all cases, the precipitate was filtered 
and washed with water. The powder was obtained by drying in air 
overnight. For the synthesis of CaC12 membrane, 5 mL of 0.1 m of SDS 
was added dropwise into 10 mL of 0.1 m Ca(NO3)2 aqueous solution. 
Once the whole water surface was covered, the film was scooped using a 
suitable porous substrate. Several kinds of porous substrates were used 
including AAO hosting 100 and 20 nm pores, porous PTFE membranes 
with pore sizes of 300 nm, and a metal mesh with pore sizes of 5 µm. 
All membranes were dried overnight under the ambient conditions. 
Both ZnC6 and CuC9 membranes were synthesized by the following 
recipe: At first, 10 mg of ZnC6 or CuC9 powders were dispersed in 20 mL 
deionized water by ultrasonication for 30 min. 2 mL of the suspension 
was subsequently vacuum-filtered on AAO hosting 100 nm pores. Finally, 
the ZnC6 or CuC9 powder on AAO was heated at high temperatures for a 
fixed time (150 °C and 40 min for ZnC6 and 120 °C and 40 min for CuC9, 
respectively), and then cooled down slowly to form the membranes.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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