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Metal—organic frameworks (MOFs), made from
various metal nodes and organic linkers, provide diverse research
platforms for proton conduction. Here, we report on the super-
protonic conduction of a Pt dimer based MOF, [Pt,(MPC),Cl,Co-
(DMA)(HDMA)-guest] (H,MPC, 6-mercaptopyridine-3-carboxylic
acid; DMA, dimethylamine). In this framework, a protic dimethy-
lammonium cation (HDMA®) is trapped inside a pore through
hydrogen bonding with an MPC ligand. Proton conductivity and X-
ray measurements revealed that trapped HDMA® works as a
preinstalled switch, where HDMA® changes its relative position and
forms an effective proton-conducting pathway upon hydration,
resulting in more than 10° times higher proton conductivity in
comparison to that of the dehydrated form. Moreover, the anisotropy
of single-crystal proton conductivity reveals the proton-conducting direction within the crystal. The present results offer insights into
functional materials having a strong coupling of molecular dynamic motion and transport properties.

metal—organic frameworks, polynuclear-metal complexes, platinum, proton conduction, structural transition

Among the polynuclear metal units, Pt dimer complexes are
known not only as building blocks for electrically conductive
one-dimensional (1D) coordination polymers but also as key
units for unique optical properties in the solid state due to
metal—metal interactions.”>~>* Many kinds of polynuclear
metal complexes have been used for secondary building units
(SBUs) of MOFs,'°”"* but only a few series of 1D
coordination polymers based on a Pt dimer have been
achieved.”*™** Notably, there has been no report on Pt
dimer based MOFs with 2D and 3D extended structures. In
this work, we have designed a novel MOF based on a Pt dimer
complex, Pt,(HMPC), (H,MPC, 6-mercaptopyridine-3-car-
boxylic acid) shown in Figure 1a. This platinum dimer unit has
four additional carboxyl groups, which can be expected to act
as coordination sites for other metal ions.>> We successfully
obtained a novel MOF, [Pt,(MPC),Cl,Co(DMA)(HDMA)-
guest], (1; DMA, dimethylamine), from a solvothermal
reaction using Pt,(HMPC), and cobalt ion. To the best of
our knowledge, 1 is the first example of a MOF based on a
platinum dimer SBU. In the solid state, the dimethylammo-

Metal—organic frameworks (MOFs), which are crystalline
polymeric microporous materials made from metal ions linked
to organic ligands, have applications in a wide variety of fields,
such as gas storage and separation, catalysis, and switching
properties." > In comparison with other classical porous
materials such as activated carbon®’ and zeolites,”® MOFs
have high degrees of freedom of the polynuclear metal node
and multidentate organic ligand selection. Accordingly, MOFs
enable diversity in structural design, tunable surface area,
porosity, and physical properties.'”~'* Among them, MOFs
have recently been intensely studied as a versatile platform for
proton conductors toward their potential application as solid-
state electrolytes of fuel cells. Due to the structural
designability, a large number of proton-conductive MOFs
have been developed and thoroughly studied."*~"? The design
strategy of highly proton conductive MOFs is classified into
the following three types: type I incorporates protic ions (ie.,
H;0" and NH,") into the pore, type II attaches acidic
functional groups (i.e, —COOH, —SO;H, and —PO;H,) on
the pore, and type Il includes guests (i.e., imidazole and adipic
acid) as a proton source.”””' The proton-conducting September 3, 2021
mechanism can be classified into two mechanisms: one is the January 3, 2022
Grotthuss mechanism,””*® where the protons diffuse through

hydrogen bonds between the conducting media such as

H;0"—H,O0, and the other is the vehicle mechanism,”* which

is a direct diffusion of mobile carriers (i.e.,, H;O").
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Figure 1. Schematic representation of the synthetic route of the Pt
dimer based MOF 1: (a) synthetic scheme and X-ray molecular
structure of the divalent Pt dimer unit, Pt,(HMPC),; (b)
solvothermal synthesis of 1. A typical example of a single crystal is
shown on the right.

nium cation, HDMA', is trapped by a carboxylate group of the
organic ligand part. We found that the trapped protic HDMA*
cation works as a preinstalled switch with a change in relative
position to make an effective proton-conducting pathway upon
hydration, as evidenced by a proton conductivity that was
more than 10° times higher than that of the activated form and
by synchrotron powder X-ray structural analyses. Although the
measurement of single-crystal conductivity is a crucial
technique to confirm the conducting pathway, the proton
conductivity of MOFs measured along multiple crystallo-
graphic axes has rarely been discussed.””*” This time, on the
basis of the anisotropy of single-crystal proton conductivity,
the proton-conducting direction is also successfully demon-
strated.

The synthetic route for the new MOF 1 is shown in Figure 1.
First, the divalent Pt dimer Pt,(HMPC), was obtained from
the reaction of cisplatin and the ligand H,MPC (Figure la)
according to a method similar to that in a previous report.’®
We also confirmed the molecular structure by single-crystal X-
ray crystallography. Next, using the Pt,(HMPC), as the
starting material, 1 was obtained as needle-shaped single
crystals from an oxidation reaction using Cl, gas followed by a
solvothermal reaction with Co ion (Figure 1b). From the
results of elemental analyses, including Cl and S analyses, 1
contains coordinated and noncoordinated guests (see the
Supporting Information for details).

We investigated the crystal structure of 1 by single-crystal X-
ray crystallography (Figure 2 and Figures S1—S6). It is clear
that 1 is composed of a Pt dimer unit and a Co ion (Figure
2a,b). Focusing on each metal center, we can see that the Pt
part has a clear paddlewheel-type dimer structure, where an
MPC ligand coordinates with two Pt ions as an in-plane ligand
and two chloride ions coordinate to the apical position of each
Pt ion (Figure S1). This indicates that the Pt ion is trivalent, as
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seen in many previous examples.zm0 The existence of a Pt
dimer unit is also reflected in the characteristic vibration
modes and the electronic transition and supported by a density
functional theory (DFT) calculation (Figures S7—S9 and
Tables S1 and S2). Three out of the four carboxyl groups of
the MPC ligand in the Pt dimer and the neutral DMA
coordinate with a trivalent Co ion, forming a six-coordinated
octahedral geometry (Figure S2). The valence states of Pt and
Co ions were also confirmed by X-ray photoelectron
spectroscopy (Figure S10). Without the noncoordinated
DMA and H,O, the structure contains a lar§e void (31% of
the unit cell volume, calculated by PLATON;” see also Figure
S3). From the solvent-accessible surface map (Figure 2c and
Figure S4), two kinds of channels along the a—c direction
(channel A) and the b direction (channel B) were found, and
they were linked. The isolated cavity C was also formed. The
overall structure (Figure 2b) is composed of a stacked 2D layer
structure along the a—c direction (Figure S5). The adjacent 2D
layers are linked through two kinds of intermolecular
interactions, namely a short S—S contact (~3.38 A, Figure
S6) and a ligand—guest hydrogen bond (Figure 2d). In the
structure, one of the four carboxyl groups (—COO™) of the
MPC ligand in the Pt dimer interacts with guest DMA via
hydrogen bonding, making an acid—base pair. The difference
Fourier map indicated that the guest DMA was protonated
(H6A and H6B) to form HDMA*, where one HDMA* was
shared by two carboxyl groups (Figure S11). As a result, a 1D
hydrogen-bonding network was formed along the b axis.
Because this kind of protic HDMA® works as a good proton
source of a proton-conductive MOF,””**~* 1 was expected to
display high proton conduction.

Because noncoordinated DMA and H,O can be easily removed
above room temperature (RT), as confirmed by thermogravi-
metric analysis (Figure S12), the H,O sorption isotherm was
measured on an activated form of 1 at 25 °C. A high uptake of
H, O was observed, and the total amount of adsorbed H,O was
about 16 molecules per formula unit (Figure 3a). A sharp
increase in adsorbed amount was observed at P/P, ~ 0.8,
suggesting the formation of continuous hydrogen-bonding
networks among the guest molecules inside the pore. As
discussed above, the obtained 1 had a protic HDMA™ guest,
forming a hydrogen-bonding network categorized as type I or
I in highly proton-conductive MOFs.””*" Therefore,
alternate current (AC) impedance spectroscopy measurements
on pelletized polycrystalline powder were examined (Figure 3
and Figures S13 and S14). Prior to AC impedance measure-
ments, the powder sample was evacuated at RT to remove
noncoordinated guests, same as the H,O sorption measure-
ment condition.

Figure 3a shows the relative humidity (RH) dependence of
the proton conductivity at 25 °C. The proton conductivity
significantly increased with increasing RH, reaching 1.4 X 1073
S cm™ at 95% RH and 25 °C. It is worth noting that a
conductivity jump was observed at 80% RH, where a sharp
increase in H,O sorption occurs. As is clearly observed, at 60
°C (95% RH), the proton conductivity reached 7.1 X 107> S
cm™ in the range of superprotonic conductivity (Figure 3b
and Figure S13d). From the Arrhenius plots, the activation
energy was estimated to be 0.40 eV, suggesting that the
proton-conducting mechanism is expected to be similar to the
Grotthuss mechanism (Figure 3b).”***** For comparison, the
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Figure 2. X-ray crystal structure of 1 at 100 K. (a) ORTEP drawing of the asymmetric unit (50% probability). (b) 3D packing structure along the b
axis. Representative structural component and intermolecular interactions are denoted as dotted lines. (c) Solvent-excluded surface representation
in the packing structure (probe radius: 1.4 A). (d) X-ray structure (left) and schematic representation (right) of the carboxyl groups (—COO~) of
the MPC ligand—guest HDMA" pairs. The N6-:OS and N6---O6 distances are 2.72 and 2.80 A (light blue dotted lines), respectively. Pt, Co, Cl, S,
C, N, O, and H atoms are shown in orange, purple, green, yellow, gray, blue, red, and pink, respectively. For (a)—(c), the structures are drawn in a
ball-and-stick model, and noncoordinated DMA and H,O molecules are omitted.

proton conductivity under anhydrous conditions was examined
(0% RH, Figure 3b and Figure S13e). Although protic
HDMA" was present in the structure, the observed proton
conductivity was more than 5 orders of magnitude lower than
that under the hydrous condition. These results indicate that
both the HDMA™ cation and adsorbed H,O contribute to the
superprotonic conduction, where protic HDMA® works as an
effective proton source and protons can migrate through the
continuous hydrogen-bonding networks among carboxyl
groups of MPC, HDMA?, and adsorbed H,O.

The anisotropy of proton conductivity was also investigated
using the single-crystal sample to clarify the proton-conducting
pathway (Figure 3a and Figures S15—S17). For the single-
crystal AC impedance measurement, gold electrodes and wires
were attached along specific crystallographic axes: the [100],
[010], and [001] directions (Figure S15). A high proton
conductivity above 107* S cm™' was observed in each
experimental direction (Figure 3a). At 95% RH and 25 °C,
the highest proton conductivity of 1.6 X 107 S cm™' was
observed along the [010] direction (i.e., Il to the b axis),
whereas lower conductivities of 2.7 X 107* and 1.8 X 107* §
cm™' were observed along the [100] and [001] directions,
respectively. It should be noted that the proton conductivity
along the [010] direction reached 2.2 X 107> S cm™" at 95%

mm

RH and 60 °C, higher by a factor of 20 than that in the [001]
direction (Figures S16 and S17). The observed proton
conductivity is very high and is among the most proton
conductive MOFs reported to date, which is comparable to
that of the practical proton-exchange polymer Nafion used in
fuel cells.'””""*' In addition, the overlapping peaks in the
impedance and modulus spectra indicate the long-range
migration of protons (Figure S16d).*> The conductivity
along the [010] direction was in the same range as that of
the pelletized sample, suggesting that an effective proton-
conducting pathway is formed along the b axis.

To clarify in detail in the origin of realization of the
superprotonic conduction, the crystal structures of activated
(1A) and hydrated (1H) forms were analyzed. Because 1 loses
single crystallinity upon the activation and hydration processes,
we analyzed both structures using a Rietveld refinement on
synchrotron powder X-ray diffraction data (Figure S18). Using
the single-crystal X-ray structure of 1 as an initial structure,
both structures were successfully determined with good
reliability factors (Figures $19—S22). Both 1A and 1H have
structures similar to that of the original as-synthesized 1, but
there is a clear difference in the hydrogen bonds between MPC
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Figure 3. Sorption and proton-conducting properties of 1. (a) Water
vapor adsorption/desorption isotherms (circles) and humidity
dependence of proton conductivity (triangles) at 25 °C. (b)
Arrhenius plots of the proton conductivity under 95% (circles) and
0% RH (triangles) conditions. Least-squares fitting results are also
shown. In (a), conductivity values measured with a single-crystal
sample (hexagon, diamond, and square) are also shown (see text).

and HDMA" (Figure 4). Figure 4a shows the relative positions
of MPC and HDMA* (the same as in Figure 2d) on the basis
of the Rietveld refinements. It is worth noting that the HDMA™*
changes its relative position along the b axis, suggesting a
change in the hydrogen-bonding manner. To visualize the
intermolecular interaction, the maximum-entropy method
(MEM) was applied to the Rietveld refinement results (Figure
4b). Weak but clear charge densities (~0.7 e/A’) were found
between MPC and HDMA" (white arrows), indicating a
hydrogen bond.** Using these MEM charge density maps,
different manners of hydrogen bonding were successfully
visualized (Figure 4b,c). For 1H, the 1D hydrogen-bonding
network is almost the same as that of the as-synthesized 1,
where one HDMA" is shared by two carboxyl groups. In
addition, there is an additional hydrogen bond between the
carboxyl group and H,0 molecule (OS---O20; see also Figure
Sb). In contrast, for 1A, HDMA* changes its position and is
strongly trapped by one carboxyl group, indicating that a 1D
hydrogen-bonding network is not formed (Figure 4c).

On the basis of the result of single-crystal AC impedance
measurements and the structural differences between 1A and
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Figure 4. Difference in hydrogen bonds between MPC and HDMA*
revealed by synchrotron powder X-ray analyses. X-ray structures (a),
2D MEM charge density views sliced in the (400) plane (b), and
schematic representations of (c) 1A (left) and 1H (right). (a) and (c)
are drawn as same as in Figure 2d. For (b), the 2D maps are drawn in
the selected ranges (—0.1 <y < 1.4 and 0.1 < z < 0.4) to fit (a) and
(c). White arrows denote possible hydrogen bonds. For (a), the color
code is same as in Figure 2.

1H, the realization of superprotonic conduction upon
hydration can be explained as described in Figure S: in 1A,
there is no hydrogen-bonding network, and protons cannot
diffuse easily. Upon hydration, the protonated HDMA" slides
like a preinstalled switch, where its relative position switches
the hydrogen-bonding network from the “off” state (1A) to the
“on” state (1H). The difference in the hydrogen-bonding
energy of the MPC—HDMA" pair between the 1A and 1H
states on the basis of the DFT calculations on simple model
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Figure S. Plausible proton-conducting pathway in 1. (a) 3D packing
structure of 1H along the b axis. (b) Schematic representation
(depicted from the black dotted area in (a)) of the proton-conducting
pathway of 1 based on the single-crystal proton conductivity
measurements and a structural analysis. Isolated O atoms denote
H,0 molecules of crystallization found in the structural analysis.
Possible hydrogen bonds are drawn as light blue dotted bonds, where
interatomic O---O and N---O distances are between 2.43 and 2.84 A.
The color code is the same as in Figure 2.

structures was estimated to be 0.33 eV, which is in good
agreement with the difference in the activation energy (~0.4
€V) of proton conductivity (Figure $23 and Tables S3 and S4).
The “on” state (1H) provides the 1D hydrogen-bonding
network among the carboxyl groups of MPC, HDMA" cations,
and adsorbed H,O molecules along the a axis (see orange
dotted line in Figure S). Accordingly, a continuous hydrogen-
bonding network among adsorbed H,O molecules is formed
simultaneously inside channel B (along the b axis; see green
dotted line in Figure S), where the protons provided from the
HDMA?* cation can diffuse easily within the crystal through
this pathway; this is schematically shown by magenta arrows in
Figure Sb (i.e., the Grotthuss mechanism). As was observed in
Figure 3a, the significant increase in proton conductivity upon
hydration is derived from the completion of continuous
hydrogen-bonding networks among carboxyl groups, HDMA,
and H,0 along the a and b axes. In addition, the fact that the
highest single-crystal proton conductivity was observed along
the b axis strongly supports the formation of an effective
conducting pathway inside channel B.

In conclusion, we successfully synthesized the first example of a
Pt dimer based MOF, 1. In the crystal, protonated HDMA™ is
trapped as a guest through a hydrogen bond with the carboxyl
group of the MPC ligand. The trapped HDMA" works as a
preinstalled protic switch for superprotonic conduction, where
its relative position changes from the “off” (activated) state to

113

the “on” (hydrated) state upon water adsorption. The
formation of the hydrogen-bonding network within the crystal
is triggered by the humidity-dependent movement of the protic
cation and plays an important role in an effective Grotthuss-
type proton transport, as confirmed by an increase in proton
conductivity by a factor of more than 10° upon hydration and
also by synchrotron X-ray structural analyses. The anisotropy
of proton conductivity based on the single-crystal conductivity
measurements along multiple crystallographic axes was also
discussed; it clearly indicated the direction of the effective
proton-conducting pathway. The findings presented here will
contribute to the further development of new switching
materials with a molecular dynamic motion coupled proton
transfer system.

A DMEF solution of Pt,(HMPC), (20 mmol/L, 10 mL) was treated
with Cl, and stirred at 80 °C for 12 h. To 3.5 mL of this solution were
added a DMF solution of CoCl,-6H,0 (40 mmol/L, 0.5 mL) and
toluene (0.5 mL), and the mixture was sealed in a screw-capped glass
vial (15 mL). After heating at 100 °C for 72 h, single crystals were
obtained by slow cooling (Yield: $5.6 mg, 62% based on
Pt,(HMPC),). Anal. (caled, found) for C,gH,,Cl,CoNOgPt,S,
DMA-0.5H,0: C (28.20, 28.33); H (2.76, 2.87); N (7.67, 7.44), Cl
(5.55, 5.65); S (10.04, 10.05).

An X-ray crystal structure analysis of 1 was carried out using a Bruker
SMART APEX II CCD detector with graphite-monochromated Mo
Ka radiation (4 = 0.71073 A) at 100 K. A single crystal of 1 was
mounted on MicroMesh (MiTeGen) with Paratone-N oil (Hampton
Research) to avoid the loss of guest molecules. The details of the
crystallographic data are described in the Supporting Information.

Water vapor adsorption/desorption isotherms were measured using a
BELSORP-max apparatus (MicrotracBEL Corp.). The polycrystalline
powder sample (~100 mg) was dried under high vacuum (<107" Pa)
at RT for 3 days prior to measurement.

AC impedance measurements were carried out using a Solartron 1260
impedance/gain—phase analyzer and 1296 dielectric interface
(frequency range: 10 MHz—1 Hz). The RH and temperature were
controlled using an Espec Corp. SH-221 apparatus.

Synchrotron PXRD data were measured in the range of 26 = 1.5—50°
with a step of 0.01° at 298 K, using a large Debye—Scherrer camera
with imaging plate detector installed on the BL02B2 beamline at
SPring-8, Japan. The incident X-rays were monochromated to 21.3
keV (4 = 0.58016 A) with a Si (111) double-crystal monochromator.
Polycrystalline powder samples in different states were sealed in a
borosilicate glass capillary (WJM-Glas Miiller GmbH). The details of
the crystal structure determination are described in the Supporting
Information.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.1c00388.

Full materials and methods, crystallographic data,
supporting characterization data, and DFT calculations
including additional figures and tables as described in
the text (PDF)

Crystallographic data for Pt,(HMPC), (CIF)
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CCDC 2075516—2075519 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; Fax: +44 1223 336033.
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