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Abstract: Introduction of mechanical flexibility into proton-conducting 
coordination polymers (CPs) is in high demand for future protonic 
applications such as fuel cells and hydrogen sensors. Although such 
mechanical properties have been primarily investigated in one-
dimensional (1D) CPs, in this study, we successfully fabricated highly 
flexible free-standing CP membranes with a high surface-to-volume 
ratio, which is beneficial for enhanced performance in the 
aforementioned applications. We fabricated a layered CP, 
Cu2(NiTCPP) (H4(H2TCPP); 5,10,15,20-tetrakis(4-
carboxyphenyl)porphyrin), in which a two-dimensional (2D) square 
grid sheet composed of tetradentate nickel porphyrins and 
paddlewheel-type copper dimers was connected to each other by 
weak van der Waals forces. The mechanical flexibility was evaluated 
by bending and tensile tests. The flexural and Young’s moduli of the 
membrane were significantly higher than those of conventional Nafion 
membranes. Electrochemical impedance spectroscopy analysis 
revealed that the in-plane proton conductivity of the membrane was 
maintained even under applied bending stress. Because the X-ray 
diffraction analysis indicates that the proton-conducting pathway 
through the hydrogen bonding network remains intact during the 
bending operation, our present study provides a promising strategy 
for the fabrication of new and advanced 2D CPs without using 
substrates or additional polymers for protonic devices. 

Porous coordination polymers (PCPs) are crystalline materials 
formed by the self-assembly of metal ions/clusters with organic 
linkers via coordination bonds.[1] Because the judicious selection 
of components can control the surface potential (i.e., 
hydrophilicity/hydrophobicity and Lewis acidity/basicity) and 
geometrical structure of the pore spaces, PCPs provide a 
versatile platform for proton conduction when Lewis acidic 
molecules (e.g., phosphoric acid) or Lewis basic molecules (e.g., 
water) are accommodated in the pores.[2] Therefore, PCPs have 
great potential for protonic applications, such as proton exchange 
membrane fuel cells,[3] proton field-effect transistors,[4] hydrogen 
sensors,[5] and proton separation.[6] 

To date, most studies on proton-conducting CPs have been 
conducted exclusively on their crystalline or pelletized form.[7] It is 
known that the introduction of flexibility, namely, excellent 
mechanical stability against external forces, such as compressive, 
tensile, and flexural forces into the CPs not only increases 
feasibility for various applications but also expands the range of 
their practical use; for example, flexible proton exchange 
membrane fuel cells offer significant advantages over 
conventional cells such as mechanical stability, easy integration, 
and excellent portability.[8] However, the framework structure 

consisting of directional covalent or coordination bonds poses 
difficulty in introducing their mechanical flexibility.[9] To overcome 
this drawback, researchers have utilized low-dimensional CPs 
with an open-framework structure where each chain or sheet unit 
is connected by weak van der Waals interactions. The flexural 
properties of needle-shaped crystalline CPs with one-dimensional 
(1D) coordination structures have been extensively 
investigated;[10] however, mechanically flexible crystalline CPs 
with two-dimensional (2D) coordination structures have been 
almost unexplored despite their high surface-to-volume ratio, 
which is potentially beneficial for various applications mentioned 
above. Although there are several flexible polymer composites 
embedded with CPs,[11] it is known that the chemical/physical 
properties of the composites largely depend on the type of 
polymer and loading amount of CPs.[12] Therefore, the realization 
of a flexible membrane composed solely of CPs is desirable for 
the rational design of mechanically flexible proton-conducting 
CPs and their applications in protonic devices. Furthermore, a key 
issue in promoting the application of CPs is the stability of their 
structural and proton-conducting properties during repetitive 
sequences between flat and bending states; however, there is yet 
to be a report on the effect of applied external force on the proton 
conductivity of 2D CPs. 

We have focused on proton-conducting 2D CPs composed of 
tetradentate metal porphyrins and paddlewheel-type metal dimers 
connected by coordination bonds.[13] Highly flexible behavior, 
which is a reflection of the layered structure formed by interlayer 
van der Waals interactions, Cu2(CuTCPP) (H4(H2TCPP); 
5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin) membrane was 
first reported by Xu et al.,[13c] whereas our group recently realized 
an all-solid proton-rectifying device with exceptionally high 
performance (rectification ratio > 200) using Cu2(CuTCPP) 
membrane.[13d] In this study, we investigated the proton-
conducting behavior of a highly oriented free-standing membrane 
of a nickel substituent, Cu2(NiTCPP), under applied bending 
stress (Figure S1). Excellent mechanical properties, which were 
visually manifested with the low limited bending radius, were 
quantitatively evaluated using bending and tensile stress-strain 
tests. Our present study is the first to demonstrate that the proton 
conductivity of a membrane composed solely of CPs remains 
almost constant during repetitive sequences between flat and 
bending states, which would be an important step toward the 
future exploration of mechanically flexible 2D CPs. 
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Cu2(NiTCPP) nanosheets were prepared by a stepwise 
synthesis procedure. H4(NiTCPP) was prepared by reacting 
meso-tetrakis(4-carboxyphenyl)porphyrin (H4(H2TCPP)) with 
Ni(OAc)2·4H2O according to literature (Supporting Information for 
details).[14] The successful synthesis of H4(NiTCPP) was verified 
by ultraviolet–visible (UV–vis) absorption (Figure S2), Fourier 
transform infrared (FT-IR) (Figure S3) spectra in addition to 1H 
nuclear magnetic resonance (NMR) spectra (Figure S4). Purple 
crystalline Cu2(NiTCPP) nanosheets were obtained by a 
solvothermal reaction in N,N-dimethylformamide, used as a 
solvent, as previously reported (Supporting Information for 
details).[13c] The powder X-ray diffraction (XRD) pattern of the 
pulverized Cu2(NiTCPP) nanosheets is consistent with the 
simulated pattern of homobimetallic 2D CP, Cu2(CuTCPP) 
(Figure S5) with a layered structure.[13] As shown in Figure 1a, 
each Cu2(NiTCPP) sheet has a square grid structure in the ab 
plane, which is composed of tetradentate nickel(II) porphyrin 
(NiTCPP4–) and paddlewheel-type copper(II) dimers. Along the c 
axis, the reticulate layers were assembled mainly through the van 
der Waals interactions in the AB stacking mode, where the B layer 
shifted by approximately a/4 relative to the A layer. The FT-IR 
spectra show the disappearance of the peak corresponding to the 
N−H bending mode (966 cm−1 in H4(H2TCPP)) in H4(NiTCPP), 

indicating the metallization of the porphyrin units (Figure 1b). The 
disappearance of the C=O stretching mode in COOH groups 
(1676 cm−1 in H4(NiTCPP)) in Cu2(NiTCPP) confirms that four 
carboxyl groups of the NiTCPP units successfully coordinated to 
the adjacent copper ions to form copper paddlewheel units.[15] X-
ray photoelectron spectroscopy (XPS) detected peaks of 
characteristic Cu and Ni atoms in Cu2(NiTCPP) (Figures 1d and 
1e). The peaks at approximately 955 and 935 eV are assigned to 
Cu 2p1/2 and Cu 2p3/2, respectively,[16] whereas those at 
approximately 873 and 856 eV are assigned to Ni 2p1/2 and Ni 
2p3/2, respectively.[17] The Cu/Ni molar ratio estimated from the X-
ray fluorescence (XRF) analysis (1.9) was consistent with the 
expected composition. Thermogravimetric analysis indicates that 
Cu2(NiTCPP) is thermally stable up to ca. 340 °C (Figure S6). The 
transmission electron microscope (TEM) image of Cu2(NiTCPP) 
deposited onto a carbon-coated copper substrate by dropping 
ethanol suspension reveals a nanosheet-like morphology (Figure 
1c). 

Owing to the good dispersion of Cu2(NiTCPP) nanosheets in 
ethanol, the ethanol suspension was filtered through a 
polyvinylidene difluoride (PVDF) membrane filter to yield a highly 
oriented membrane. The membrane with high flexibility could be 
readily peeled from the filter after drying at 50 °C. Figure 2a shows 
a photograph of the free-standing membrane with a diameter of 
17 mm and a thickness of approximately 8 μm. The thickness can 
be controlled in the range of less than ten to hundreds of 
micrometers by adjusting the loading amounts of the suspension. 
The cross-sectional scanning electron microscope (SEM) image 
(Figure 2b) shows the membrane formed by stacking nanosheets, 
which is consistent with the SEM image of the membrane surface 
(Figure S8). Figure 2c shows the out-of-plane and in-plane 
grazing incidence XRD patterns of the membranes. The out-of-
plane XRD pattern was dominated by the interlayer (002) 
reflection, indicating the preferred orientation of the membrane 
along the crystallographic c-axis. In the in-plane XRD pattern, all 
the peaks can be assigned to (hk0) reflections because of the 
highly oriented stacking of nanosheets in the membranes. 

Figure 1. (a) Simulated 2D sheet structure of Cu2(NiTCPP). (b) Infrared 
spectra of H4(H2TCPP) (black), H4(NiTCPP) (red), and Cu2(NiTCPP) 
(blue). (c) Transmission electron microscope image of Cu2(NiTCPP) 
nanosheets. X-ray photoelectron spectra of (d) Ni 2p and (e) Cu 2p regions 
in Cu2(NiTCPP) nanosheets, where the blue, green, and purple lines are 
fitted to the measured data (open circles). 

Figure 2. (a) Photograph of Cu2(NiTCPP) free-standing membrane. (b) 
Cross-sectional scanning electron microscope image of Cu2(NiTCPP) 
membrane. (c) Out-of-plane (red) and in-plane (blue) X-ray diffraction 
(XRD) patterns of Cu2(NiTCPP) membrane. 
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In general, crystalline CPs are highly fragile because of their 
three-dimensional network formed by directional coordination and 
covalent bonds.[10d] However, the present Cu2(NiTCPP) 
membrane possessed excellent flexibility, possibly because of its 
2D layered structure. The limited bending radius (R) of the 8-μm-
thick membrane is less than 1 mm (Figures 3a and S9), which is 
significantly smaller than that of a 500-nm-thick graphene 
membrane obtained by chemical vapor deposition (R ≈ 2.3 
mm).[18] No morphological changes were observed on the surface 
or cross-section of the membrane after bending and folding 
(Figure S10), demonstrating that the structure of the membrane 
is intact against the mechanical stress. Furthermore, we 
confirmed that the membrane returns to its original flat state after 
repeated bending and relaxation operations of the membrane at 
least 20 times (Figure S9) while maintaining the layered structure 
(Figure S11). 

A tensile stress-strain test was performed on the rectangular 
membrane (Figure S12). As shown in Figure 3b, the curves for 
the 13-μm and 46-μm-thick membranes exhibit a toe region in the 
initial stage, possibly arising from the stretching of the wrinkled 
membrane, followed by a linear elastic behavior until the abrupt 
fracture. Young's modulus was calculated to be 1.9 and 0.9 GPa 
for 13-μm-thick and 46-μm-thick membranes, respectively, from 
the slope of the curve in the linear region, which is higher than 
those of commercial Nafion membranes (ca. 0.2 GPa).[19] The 
higher Young's modulus of the thinner membrane can be 
associated with the less wrinkled or denser structure of its surface 
layers owing to the surface tension during vacuum filtration. The 
fracture strength, which is defined as a stress level at the fracture 
location, of the 13-μm-thick membrane (8.6 MPa) is higher than 
that of the 46-μm-thick membrane (6.3 MPa). This can be 
ascribed to the same reason as that of Young's modulus of the 
membranes, that is, the smaller inter-sheet spacing in the thinner 
membrane.[20] The fracture strain of the membranes was 
estimated to be 0.86% and 0.94% for the 13-μm-and 46-μm-thick 
membranes, respectively. Notably, the Cu2(NiTCPP) membrane 
exhibited the same level of mechanical properties (Young's 
modulus, fracture strength, and fracture strain) as membranes of 

typical 2D nanomaterials, such as graphene and WS2 fabricated 
by a similar procedure (Table S1).[21]  

We also performed a three-point bending test of the 46-μm-
thick membrane (Figure S13). Notably, the flexural modulus 
(approximately 2.8 GPa) was comparable with that of typical 
commercial polymers, such as polycarbonate (PC), poly(butylene 
terephthalate) (PBT), poly(ethylene terephthalate) (PET), and 
poly(ether ether ketone) (PEEK).[22] The structural durability of the 
membranes against bending and folding was validated by 
measuring in-plane and out-of-plane XRD patterns, which 
remained unchanged after the bending operation (Figure 3c). 

Room-temperature in-plane proton conductivity (σ) of a 
Cu2(NiTCPP) membrane with a thickness of 60 μm was measured 
using the a.c. impedance method. As shown in Figure S14, the 
size of the high-frequency semicircle in the Nyquist plot 
decreased as the relative humidity (RH) increased from 75% RH 
to 95% RH. Given that the water vapor sorption isotherm shows 
a steep increase in water uptake above P/P0 ~ 0.6 (Figure S15), 
this tendency indicates that the protons originating from the 
uncoordinated carboxylic groups[23] act as main charge carriers 
through Grotthuss hopping between the water molecules in the 
interlayer spacing.  

Figure 3. (a) Bending resistance test of Cu2(NiTCPP) free-standing 
membrane with a thickness of 8 μm. (b) Tensile stress–strain curves of the 
membranes with the thickness of 13 μm (black) and 46 μm (red). (c) In-
plane and out-of-plane XRD patterns of the membrane before (blue/red) 
and after (pale blue/pale red) bending, as shown in Figure 3a. 

Figure 4. (a) Nyquist plots of Cu2(NiTCPP) membrane at 25 °C and 98% 
RH in various bending states; F: flat, B1: 1st bending state (R = 5.3 mm), 
B2: 2nd bending state (R = 3.8 mm); F’, B1’, and B2’ are equivalent to 
those of F, B1, and B2, respectively, in the second cycle. (b) Proton 
conductivity (σ) of Cu2(NiTCPP) membrane at 25 °C and 98% RH in 
various bending states (the inset s the photographs of each bending state). 
Temperature dependence of the Nyquist plots of Cu2(NiTCPP) membrane 
in the (c) F, (d) B1, and (e) B2 states at 98% RH. (f) Arrhenius plots of σ 
of Cu2(NiTCPP) membrane in various bending states. 
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To validate the robustness of proton conductivity against the 
applied bending stress, the impedance spectra of the membrane 
formed in a rectangular shape (length: 9.40 mm, width: 5.92 mm, 
thickness: 35 μm) were measured in three bending states, i.e., flat 
(F), 1st bending (B1; R = 5.3 mm), and 2nd bending (B2; R = 3.8 
mm) (Figure S17). The application of bending stress had minimal 
effect on the Nyquist plot (Figures 4a and S18); thus, the σ of 8.0 
to 8.5 × 10–6 S cm–1, as calculated from the semicircle, was 
comparable regardless of the bending state (Figure 4b). An 
additional durability test during repetitive sequences between the 
flat and bending states confirmed the retention of proton 
conduction (Figure S19). Given that the packing structure in the 
membrane remained intact during bending, as shown in Figure 3c, 
the excellent mechanical properties allow to envisage the present 
membrane for feasible applications as flexible protonic devices. 

Figures 4c–4e display the temperature dependence of the 
Nyquist plots of the membrane in the F, B1, and B2 states, 
respectively. As expected, the σ value at 25 °C is almost constant 
under different bending stresses. For all bending states, the σ 
value steadily increased with increasing temperature and 
eventually reached 1.2 to 1.3 × 10–5 S cm–1 at 45 °C in different 
bending states; namely, their proton conductivities are maintained 
even under heating. Figure 4f shows the Arrhenius plots for the 
σT values of the membrane in the three bending states. Each 
activation energy (Ea) was estimated to be 0.20, 0.21, and 0.23 
eV in F, B1, and B2 states, respectively, using the Arrhenius 
equation given by σT = A exp(–Ea/kBT) (A: pre-exponential factor; 
kB: Boltzmann constant). The low Ea values suggest that proton 
conduction is primarily governed by the Grotthuss mechanism,[24] 
which refers to the proton migration via an infinite network of 
hydrogen bonds in the conducting medium. Given that the Ea 
value highly depends on the concentration of the proton species 
or the distance between proton-hopping sites,[7c] the comparable 
values confirmed the retention of the proton-conducting pathway 
under the applied bending stress. 

In conclusion, we fabricated highly flexible free-standing 
membranes composed of 2D CP, Cu2(NiTCPP). The membrane 
was highly oriented and had excellent mechanical properties 
owing to the weak interlayer interactions of van der Waals type. 
The σ value of the membrane remained almost unchanged even 
under applied bending stress. The proton-conducting properties 
and structural features in different bending states strongly indicate 
that the proton-conducting pathway through the hydrogen 
bonding network remained intact during bending operation. This 
is the first study to demonstrate the robust proton conduction of 
2D CP against the applied bending stress. The prominent 
advantage of the present membrane for future flexible protonic 
devices is that it can be fabricated free from any substrate and 
shows excellent bending stability even without blending with the 
polymer matrix. Thus, this study will offer the opportunity to extend 
the range of feasible applications of CPs in protonic devices. 
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We fabricated a highly oriented free-standing membrane composed of a two-dimensional (2D) coordination polymer (CP) with excellent 
mechanical properties under stress. This is the first study to demonstrate the robust proton conduction of 2D CPs under an applied 
bending stress. We found that proton conductivity remained almost constant during bending. 


