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‘Click’ conjugated porous polymer nanofilm with a large domain 
size created by a liquid/liquid interfacial protocol  
Joe Komeda,a Ryo Shiotsuki,a Amalia Rapakousiou,b Ryota Sakamoto,*c Ryojun Toyoda,a Kazuyuki 
Iwase,d Masaki Tsuji,e Kazuhide Kamiyad,e and Hiroshi Nishiharaa 

A liquid/liquid interfacial method is used to synthesize a conjugated 
porous polymer nanofilm with a large domain size. Copper-
catalyzed azide–alkyne cycloaddition between a triangular terminal 
alkyne and azide monomers at a water/dichloromethane interface 
generates a 1,2,3-triazole-linked polymer nanofilm featuring a large 
aspect ratio and robustness against heat and pH.  

Two-dimensional (2D) polymeric materials have received 
considerable interest, and research has focused on inorganic 
materials such as graphene1 and transition-metal 
dichalcogenides,2 which are obtained by exfoliating bulk layered 
crystals. The promise of inorganic 2D materials has also 
stimulated research on molecule-based 2D materials over the 
last 15 years.3 Our group has reported metal–organic 
nanosheets synthesized by gas/liquid or liquid/liquid interfacial 
methods.4 Organic ligand molecules with two or more 
connecting points in organic solvent and metal ions in water 
were layered, so that reversible coordination bond formation 
occurred at the gas/liquid or liquid/liquid interface. The 
resultant nanofilms had nanometre thicknesses, but only 
reached lateral domain sizes on the order of micrometres to 
centimetres, depending on the nanosheet composition. We 
have also performed gas/liquid or liquid/liquid interfacial 
synthesis of covalent organic nanosheets based on irreversible  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Synthetic scheme for “click” nanofilm NF1. (b) Schematic illustration of the 
liquid/liquid interfacial synthesis of NF1. (c) Photograph of the liquid/liquid interfacial 
reaction holding NF1. (d) NF1 domains suspended in acetone, where NF1 was picked up 
using a tweezer. 

carbon–carbon bond formation.5 For example, graphdiyne was 
tethered precisely with the corresponding monomer, 
hexaethynylbenzene, through multiple alkyne-alkyne 
dimerization.5a Another important class of molecule-based 2D 
materials is conjugated microporous polymer nanofilms (CMP-
NFs).6,7 The strategy for creating CMPs is to use heavily cross-
linked polymer motifs; however, the low solubility of such 
motifs often hampers the fabrication of films and membranes, 
and instead favours the formation of powdery particles. To 
overcome this problem, Livingston and coworkers 
accomplished a support-assisted liquid/liquid interfacial 
synthesis of CMP-NFs between carboxylic acyl chlorides and 
phenols/amines.6a,b Jiang and coworkers conducted 
electropolymerization of triangular redox-active monomers to 
form several polymer films.6c,d Tsotsalas and coworkers used a 
metal–organic framework thin film as a removable scaffold, on 
which a CMP-NF was grown by copper-catalyzed azide–alkyne 
cycloaddition (CuAAC)8 via a layer-by-layer technique.6e,f In the  
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Fig. 2. Macroscopic and microscopic observations for NF1. (a) Photograph on a glass 
substrate with a diameter of 12 cm. (b) Optical microscopic image on a glass substrate. 
(c) AFM height image on a HMDS-modified SiO2/Si(111) substrate. (d) AFM cross-
sectional profile along the white line in (c). 

present paper, we describe the bottom-up, liquid/liquid 
interfacial synthesis of a click CMP-NF (NF1, Fig. 1a). We 
previously reported a prototype of the click CMP-NF, although 
its domain size was only 50 μm.9 In contrast, the modified 
liquid/liquid interfacial protocol we report here produced free-
standing NF1 with a large domain size 12 cm in diameter. We 
characterize and obtain macro- and microscopic observations of 
the vast domain, and we measure the porosity, chemical, and 
thermal durability, and metal and dye molecule uptake of NF1. 
 The synthetic scheme and chemical composition of the click 
CMP-NF, NF1, are shown in Fig. 1a. NF1 comprises commercially 
available 1,3,5-triethynylbenzene (2) and 1,3,5-tris(4-
azidophenyl)benzene10 (3). The liquid/liquid interfacial 
synthesis allowed the starting monomer materials to react with 
each other and form a film with a large domain size (Fig. 1b). 
The hydrophobic lower phase consisted of dichloromethane 
containing equimolar amounts of three-way terminal alkyne 2 
and azide 3. The hydrophilic upper phase comprised a mixture 
of water and DMSO (19:1 v/v) containing sodium L-ascorbate 
and a complex of copper(II) chloride and tris[(1-benzyl-1H-
1,2,3-triazol-4-yl)methyl]amine (CuCl2-TBTA).11b The Cu2+ ions 
were reduced in situ by sodium L-ascorbate to Cu+, which is the 
catalyst for CuAAC.8 TBTA is a co-catalyst that accelerates 
CuAAC.11 The biphasic reaction system was left to stand at room 
temperature for 48 h, during which time an NF1 film was  

 

 

 

 

 

 

 

 

 

 

Fig. 3. (a,b) XPS for NF1 on a SiO2/Si(111) substrate: (a) survey scan and (b) narrow 
scan focusing on the N 1s region. Black solid: experimental; yellow and green: 
fitting Gaussian functions; black dashed: background; red dotted: residual error. 
(c) IR spectra of NF1 as a KBr pellet. (d) Raman spectrum of NF1 on a copper 
substrate. 

 
 
 
 
 
 
 
Fig. 4. TGA charts for NF1 before and after the immersion in aqueous 10 M HCl or 10 M 
NaOH for 10 d at room temperature.  

formed (Fig. 1c). Time-course growth of NF1 indicated that at 
least 13.5 h was required to cover the whole liquid/liquid 
interface (Fig. S1†). The NF1 film was rinsed with 
dichloromethane, aqueous HCl, water, and acetone to remove 
reaction residues and the coppercatalyst. The NF1 film was 
sufficiently robust, insoluble, and free-standing to pick up with 
tweezers (Fig. 1d). A typical yield of NF1 was 27%.  
 An advantage of the liquid/liquid interfacial synthesis shown 
in Fig. 1b is that the domain size of the nanofilm can be tuned 
by choosing the size of the reaction container. We synthesized 
a single-domain NF1 film with a diameter of 12 cm, which could 
be transferred onto any substrate, such as a glass plate, without 
introducing visible defects (Fig. 2a). In a similar manner, 7- and 
4-cm-diameter NF1 films were also fabricated (Fig. S2†). This 
series of results is attractive for producing membrane materials. 
The liquid/liquid interfacial reaction without TBTA produced a 
small domain only 20 μm in size.8 The morphology of NF1 was 
examined by several microscopic techniques. An optical 
microscopic image of NF1 showed a sheet morphology with a 
folded structure (Fig. 2b). Atomic force microscopy (Fig. 2c) 
showed an NF1 domain partially folded over, again indicating 
that it was a sheet. The AFM cross-sectional profile showed that 
the folded region was rippled, whereas the intact NF1 domain 
had a flat height profile (Fig. 2d). The thickness of NF1 could be 
controlled by the reaction time (Fig. S3†). Fig. S4† assembled an 
AFM height histogram for a sheet of NF1, indicative of its flat 
surface. The average thickness of NF1 was 93±5 nm. 
 NF1 was characterized by various spectroscopic techniques. 
Fig. 3a shows an X-ray photoelectron spectroscopy (XPS) survey 
scan for NF1 on a SiO2/Si(111) substrate, which identified 
constitutive nitrogen and confirmed that no copper catalyst 
peak was present around 930 eV. Fig. 3b shows a narrow scan 
for the N 1s region, featuring a double peak that was 
deconvoluted into two Gaussian functions centered at 399.4 
and 400.8 eV. Based on the binding energy, the two peaks were  

 

 

 

 

 

 

 

 

Fig. 5. (a) SEM image of Pt@NF1 on a SiO2/Si(111) substrate. (b-d) SEM/EDS 
images of Pt@NF1 for (b) carbon; (c) copper; and (d) platinum. Scale bar: 1 μm.  
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assigned to -N-N=N- and -N-N=N- chemical species in the 1,2,3-
triazolyl group, respectively.12 The two Gaussian functions had 
an area ratio of 2:1, consistent with the abundance of the 
nitrogen species in the triazole group. Azides tend to appear at 
around 404 eV;13 however, NF1 did not show a peak in this 
region, indicating that there were no azides derived from 3. The 
infrared (IR) spectrum for NF1 showed typical absorption bands 
for 1,2,3-triazole, at 1239 cm−1 (C–N) and 1400–1800 cm−1 (N=N 
and C=C) (Fig. 3c).14 However, there were no peaks at 
around2100 cm−1 derived from the monomers (C≡C and N3).8 
The Raman spectrum was consistent with the IR spectrum (Fig. 
3d); there were no signals derived from C≡C and N3 groups at 
around 2100 cm−1, whereas there were bands at around 600 nm 
and 1100-1600 cm−1 originating from the 1,2,3-triazolyl group.15 
The spectroscopic analysis indicated the quantitative 
generation of the 1,2,3-triazolyl linkage in NF1, with negligible 
residual terminal alkyne and azide residues. The porous 
structure of NF1 was confirmed by N2, water, and CO2 
adsorption/desorption, and the Brunauer–Emmett–Teller 
surface area was 110 m2 g-1 for N2 (Fig. S5†).  
 Chemical stability was determined by immersing NF1 in 
aqueous 10 M HCl or 10 M NaOH for 10 day at room 
temperature. After immersion, the N 1s peak in XPS had not 
change substantially, and was deconvoluted in the same way 
(Fig. S6†) as before immersion (Fig. 3b). Furthermore, before 
and after immersion, NF1 was subjected to thermogravimetric 
analysis (TGA). It showed good thermal durability up to 300 °C, 
and negligible changes after immersion (Fig. 4). Thus, NF1 
showed good chemical and thermal stability.  
 The porous structure of NF1 was examined in three 
experiments. The out-of-plane proton conductivity of NF1 was 
tested using the set-up shown in Fig. S7a†; however, the 
conductivity was low despite the basicity of the triazolyl 
groups16 (Fig. S7b,c†). Next, the coordinating ability of triazole16 
was tested in the uptake of platinum. NF1 was immersed in an 
aqueous solution of K2PtCl4, and the conjugate was reduced in 
aqueous NaBH4 to obtain Pt@NF1. Fig. 5a shows a scanning 
electron microscopy (SEM) image of Pt@NF1, and Fig. 5b–d 
show SEM/electron dispersive X-ray spectroscopy (EDS) images. 
The images showed the presence of Pt and the absence of Cu. 
Nitrogen was not observed by SEM/EDS because of the low 
sensitivity of the technique; however, its presence was 
confirmed by XPS, as well as by the coordination of Pt (Fig. S8†).  
 Fig. S9† represents a preliminary result for another click 
CMP-NF, NF4, which employed a different azide monomer. In 
this case the liquid/liquid interfacial protocol realized the 
formation of a nanofilm.  
 In conclusion, we performed a liquid/liquid interfacial 
synthesis of CMP-NF. Three-way terminal alkyne 2 and azide 3 
were tethered using an interfacial click CuAAC reaction, forming 
free-standing CMP-NF NF1. The addition of TBTA allowed the 
formation of a large-domain nanofilm with a large aspect ratio, 
with a lateral size of up to 12 cm but a thickness of only 90 nm. 
Spectroscopic analysis confirmed the formation of the 1,2,3-
triazolyl group and the absence of the ethynyl and azide 
residues from the monomers. NF1 resisted hydrolysis under 
harsh conditions in concentrated acidic and basic aqueous 

solutions, and also showed thermal stability up to 300 °C. Its 
porosity was investigated by gas adsorption/desorption 
experiments and by the uptake of platinum and Rhodamine B. 
The present work offers a new strategy for fabricating 
functional 2D porous polymeric nanofilms with large domain 
sizes.  
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Synopsis: Copper-catalyzed azide–alkyne cycloaddition between a triangular terminal alkyne and azide monomers at a wa-
ter/dichloromethane interface generates a 1,2,3-triazole-linked polymer nanofilm with a large aspect ratio, a lateral dimension of 12 cm, 
and thickness of 90 nm. The robust hyper-cross-linked triazole linkage allows the nanofilm to resist hydrolysis under harsh acidic and 
alkaline conditions, and to resist pyrolysis up to 300 °C.  
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