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Porous coordination polymers (PCPs) or metal-organic frameworks (MOFs) have been
widely studied as a new type of proton conductors owing to their crystallinity,
designability, and high porosity which are important factors to control proton conductivity
because one can introduce diverse functional groups into their framework to achieve the
desired performance. Research on proton-conducting CPs is not limited to improving
proton conductivity but also exploring unique proton-conducting behavior. The unique
conduction behavior includes unidirectional and stimuli-responsive proton transport and
the retention under special conditions, which dramatically broaden the application of CPs
in the protonics field. However, most studies on proton-conducting CPs have been carried
out in the crystalline and pellet forms, which significantly limit the practical application of
CPs due to their fragile nature. This thesis aims to achieve the unidirectional proton
transport and explore the proton transport maintained against the mechanical stress using
flexible free-standing CP membranes. The author applies porphyrin-based CPs with two-
dimensional (2D) structure, because the 2D CPs with a higher specific surface area have
the prominent advantage of being suitable for protonic applications such as fuel cells and
hydrogen sensors. The author fabricated the heterogeneous membrane with a hydroxide
ion-conducting membrane to achieve a unidirectional proton transport driven by the pH
gradient. It should be noted that the all-solid-state proton rectifier can effectively prevent
the liquid leakage. In addition, the author investigated the proton-conducting property of
the free-standing membranes under applied bending stress.

Chapter 2. High-Performance All-Solid-State Proton Rectifier Using a
Heterogeneous Membrane Composed of Coordination Polymer and Layered Double
Hydroxide

This part focuse on the fabrication of all-solid-state proton rectifier by the facile
mechanical lamination of two free-standing membranes; namely, a proton-conducting CP,
Cuz(CuTCPP) (H2TCPP: 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin)), and hydroxide
ion-conducting layered double hydroxide (LDH), Mg-Al-LDH(NO3). The I-V characteristics
of the heterogeneous membrane provide a rectification ratio as high as > 200 at 25 °C
under 90% RH, which is the highest recorded value among the all-solid-state proton
rectifiers. In addition to the remarkable performance under solvent-free conditions, the
present heterogeneous membrane has the potential to modify and control the water
permeability, H*/OH- mobility, and pK, in the pores, which noticeably affect the rectifying




behavior, by selecting components such as metal ions and organic linkers. These results
will open the way for the exploration of new and more advanced all-solid-state proton
rectifiers through rational design.

Chapter 3. Robust Proton Conduction against Mechanical Stress in Flexible Free-
Standing Membrane Composed of Two-Dimensional Coordination Polymer

The author fabricated a highly flexible free-standing membrane composed of 2D CP,
Cuz(NiTCPP). The membrane was highly oriented and excellent mechanical properties by
virtue of weak interlayer interactions of van der Waals type. The proton conductivity of
the membrane remains almost unchanged even by applying bending stress. The proton-
conducting properties, as well as the structural features, in different bending states
strongly indicate that proton-conducting pathway through the hydrogen bonding network
is kept intact during the bending operation. This is the first study to demonstrate the

robust proton conduction of 2D CP against the applied bending stress.

Chapter 4. Proton Conducting Behavior in Flexible Coordination Polymer Free-
Standing Membranes

To expand the research scope of flexible proton-conducting CPs, the author investigated
the proton-conducting behavior of free-standing membranes composed of 2D porphyrin-
based CPs with different metal ions; namely, Cuz(NiTCPP), Cuz(CuTCPP), and Cuz(ZnTCPP).
The membranes were highly oriented and had excellent mechanical properties owing to
the weak interlayer interactions of van der Waals type. The ¢ value of the Cuz(NiTCPP),
Cuz(CuTCPP), and Cuz(ZnTCPP) membrane reached 4.53 x 10-5, 2.00 x 10->, and 4.73 x 10->
S cm-1 at 45 °C and 98% RH conditions, respectively. It is possible that the different
conductivities are attributed to the different coordination ability of water molecules to the
central metal ion of porphyrin molecules. This is the first study to fabricate a series of
flexible CP free-standing membranes. The prominent advantage of the present membranes
for future flexible protonic devices is the fabrication free from any substrate and the

excellent bending stability even without blending with the polymer matrix.
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