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ABSTRACT: Proton conductivity through two-dimen-
sional (2-D) hydrogen-bonding networks within a layered
metal—organic framework (MOF) (NH,),(H,adp)-
[Zn,(0x);]-3H,0 (Hyadp = adipic acid; ox = oxalate)
has been successfully controlled by cation substitution. We
synthesized a cation-substituted MOF, K,(H,adp)-
[Zn,(0x);]-3H,0, where the ammonium ions in a well-
defined hydrogen-bonding network are substituted with
non-hydrogen-bonding potassium ions, without any
apparent change in the crystal structure. We successfully
controlled the proton conductivity by cleavage of the
hydrogen bonds in a proton-conducting pathway, showing
that the 2-D hydrogen-bonding networks in the MOF
truly contribute to the high proton conductivity. This is
the first example of the control of proton conductivity by
ion substitution in a well-defined hydrogen-bonding
network within a MOF.

he control of proton conductivity is important in

chemistry, biology, and materials science due to a
fundamental interest in understanding proton transport
phenomena,’ as well as potential applications in devices such
as gas sensors” and fuel cells.” Recently, proton conductivity
control using metal—organic frameworks (MOFs)* is a topic of
interest because the ability to rationally design and chemically
tune their architecture allows chemists to establish various
methods to control the proton conductivity.” The well-defined
crystalline frameworks of MOFs can allow us to observe the
exact structures of the proton-conducting pathways, giving
deeper insight into their proton conducting properties.

We have proposed three types (types I-III) of concepts to
give high proton conductivity to MOFs.>* In type I, proton
carriers are introduced as counterions into the pores (e.g,
H,0%). In type 1I, acidic groups are placed on the framework
(e.g, —COOH). In type III, charge-neutral proton-conducting
species are incorporated within the pores (e.g, H;PO,).
However, for the control of proton conductivity, only types
IT and III have been realized in actual cases to date.>*"® For
example, acid functionalization of the terephthalate ligand
within MIL-53 has been used to control the proton
conductivity in this MOF (type II).°° In other examples,
amphoteric charge carriers (e.g, imidazole or H;PO,) were
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introduced into the pores of insulating MOFs to impart various
proton-conductive properties to the frameworks (type III).>%8
To demonstrate the proton conductivity control of a MOF
using the type I concept, there is a requirement that cations
playing a critical role for proton transfer within the highly
proton-conducting MOF should be possible to be substituted.
Furthermore, it is ideal that the structure of proton-conducting
pathway does not change due to the ion substitution because
the structural change of conducting-pathway might be a major
factor for a change of proton conductivity.

In this communication, the focus is on the control of proton
conductivity within well-defined proton-conducting pathways
by utilizing the type I concept. We were the first to succeed in
controlling the proton conductivity by cation substitution (type
I) using an analogous proton-conducting pathway without
significant change in the main framework. We employed a
layered MOF (NH,),(H,adp)[Zn,(0x);]-3H,0 (Hyadp =
adipic acid; ox = oxalate), having both type I and type III
features; (NH,),(H,adp)[Zn,(0x);]-3H,0 shows high proton
conductivity because of the existence of two-dimensional (2-D)
hydrogen-bonding networks, which act as a crystalline proton-
conducting pathway.>* We now propose a new way to control
proton conductivity through such hydrogen bonded networks
utilizing the type I feature of the MOF, namely, changing
hydrogen-bonding networks by cation substitution using non-
hydrogen-bonding species without changing the crystal
structure of the main framework. We report on the effects of
ion substitution in a highly proton-conductive MOF to control
proton conductivity. We succeeded in constructing a novel
MOF, K,(H,adp)[Zn,(ox);]-3H,O (abbreviated as 1-3H,0),
isostructural with the highly proton-conductive
(NH,),(H,adp)[Zn,(0x);]-3H,0 (2:3H,0),>* which has a
well-defined proton-conducting pathway. We observed differ-
ences in proton conductivity between the potassium-ion-
substituted 1:3H,O0 and ammonium-ion-including 2:3H,O0.
Proton conductivity was successfully controlled and the ion-
substituted MOF had a conductivity of 1.2 X 107* S cm™
under 98% RH at 25 °C, which is 2 orders of magnitude lower
than that of the ammonium-ion including 2:3H,0, proving the
fact that the 2-D hydrogen-bonding networks truly contribute
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to the high proton conductivity. We also succeeded in
determining the crystal structure of anhydrate phase (1),
having the same structure as ammonium one (2). Herein we
describe the synthesis, characterization, and the effect of cation
substitution on the proton conductivity in this MOF.

Crystals of 1:3H,0 were synthesized by a hydrothermal
method. A mixture of zinc oxide, adipic acid, oxalic acid
dihydrate (H,(ox)-2H,0), potassium oxalate monohydrate
(K,(ox)-H,0), and water was heated at 130 °C for 24 h
(details are shown in the Supporting Information). The crystal
structure of 1:3H,0 was determined by single-crystal X-ray
diffraction (SCXRD) measurement at 113 K (Figure 1), and

-COOH + K* + H,0
—t

Figure 1. Crystal structure of 1-3H,O. Representation of (a)
honeycomb-shaped layered structure and (b) 2-D layered structure.
Comparison of hydrogen-bonding networks of (c) 1-3H,0 and (d) 2+
3H,0 in the interlayer space.

the parameters of the analysis are shown in Tables S1 and S2,
Supporting Information. The anionic component of
[Zn,(0x);]4>", where the zinc ions are octahedrally coordi-
nated by ox ions, forms a typical honeycomb-shaped layered
framework that incorporates H,adp molecules vertically. The
potassium ions, water molecules, and carboxylic acid groups are
located in the interlayer space. As shown in Figure S1,
Supporting Information, the positions of the components of the
framework and the included guests are almost the same as in
the case of the 2:3H,0 except for the existence of potassium
ions instead of ammonium ions. It is clear that the replacement
of ammonium ions by non-hydrogen-bonding potassium ions

was successfully achieved in this well-defined hydrogen-
bonding network, while the structure of the main framework
was maintained. Note that the occupancy of the O(10) atom is
50%, as is the case with 2:3H,0,™ indicating that a hydrogen
bond is not formed between O(10) and O(10)’, even though
the O(10)-+-0(10)" distance (2.481(6) A) is short enough to
be recognized as a hydrogen bond.° In 1:3H,0, there are
several hydrogen bonds between ox ion and H,adp (O(1)--
0(7), 2.678(2) A); between Hyadp and water molecules
(0(7)--0(10), 3.043(4) A, O(7)---0(9), 3.122(3) A); and
between water molecules (O(9)--0(10); 2.711(7) A). These
distances are close to those of 2:3H,0 (2.688(4), 2.993(8),
3.037(5), and 2.638(12) A, respectively), confirming that the
replacement of ammonium ions by potassium ions does not
cause remarkable changes in the arrangement of the guest
molecules.

The hydrogen-bonding networks among water, H,adp
molecules, and counterions in the 2-D spaces in 1:3H,0 and
2:3H,0 are illustrated in Figure lc,d. There is a significant
difference in the hydrogen-bonding networks between 1:3H,0
and 2:3H,0 due to the existence of non-hydrogen-bonding
potassium ions instead of hydrogen-bonding ammonium ions,
although the positions of these atoms are almost the same. The
several hydrogen bonds associated with the ammonium cations
disappeared, as shown in Figure lc. However, the distances
between potassium ions and neighboring atoms in 1:3H,0O are
similar to those in 2:3H,0, while those are not hydrogen
bonds, for example, K(1)---O(9) (2.788(4) A) and N(1)---O(9)
(2.850(7) A); K(1)--0(10) (2.635(3) A) and N(1)--O(10)
(2.789(7) A); K(1)--O(8) (2.908(2) and 2.742(1) A) and
N(1)--O(8) (2.953(6) and 2.845(4) A), respectively. This
suggests that there should be Coulomb interaction between the
positively charged potassium ions and water molecules instead
of hydrogen bond formation. Considering that there are
significant changes in the 2-D hydrogen-bonding networks in
the interlayer space while the main framework structure is
maintained, the proton conductivity is expected to differ
because this 2-D hydrogen-bonding network likely acts as the
proton-conducting pathway, as we previously reported.Sb

We also performed thermogravimetric analysis and water
vapor adsorption measurements to characterize the hydrated
phases of the compound. Compound 1:3H,0 showed 8.1%
weight loss below 130 °C (Figure S2, Supporting Information),
which is attributable to desorption of 3.0 water molecules
included in the interlayer space, suggesting that this compound
has stoichiometric phases of trihydrate and anhydrate (1). It is
also clear that the framework structure is stable below 250 °C.
Water vapor adsorption analysis was performed using a sample
of 1 dried under vacuum at 80 °C overnight. As shown in
Figure 2, 1 exhibited a large amount of water vapor adsorption
in the low-pressure region, compared with 2:3H,0, where a
two-step water uptake was observed (Figure 2). The amount of
adsorption is almost three water molecules at maximum
humidity, confirming that there are stoichiometric phases of 1
and 1:3H,0. Compared with the case of 2:3H,0, it seems here
that the absence of ammonium ions in 1 contributes to a
stabilization of the trihydrate phase.

To obtain information about the structure of dehydrated 1,
we performed X-ray powder diffraction (XRPD) measurements
(Figure 3). A sample of 1 was sealed in a glass tube after
heating at 80 °C under vacuum overnight in order to avoid
water exposure. Both 1 and 1:3H,0 had sharp peaks in XRPD
patterns, confirming that both are crystalline phases; however,
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Figure 2. Water vapor adsorption/desorption isotherms of 1 (blue
square) and 2 (red triangle)Sb at 25 °C. Filled and open symbols
correspond to adsorption and desorption, respectively.

Intensity (a. u.)

i A

10 20 30 40 50 60
20 (degree)

Figure 3. XRPD patterns of (a) 1-3H,O (simulation from SCXRD
data), (b) air-dried sample of 1-:3H,0, and (c) 1, prepared by heating
1-3H,0 under vacuum at 80 °C overnight.

the pattern of the air-dried sample of 1-3H,0 was completely
different to that of 1, indicating that a structural transformation
occurred upon dehydration. To clarify the crystal structure of 1,
we performed Rietveld analzfsis using the structural model of
the anhydrate phase of 2.>” We recognized that the crystal
structure of potassium-ion-including 1 is fundamentally the
same as that of ammonium-ion-including 2 (Figures S3 and S4
and Table S3, Supporting Information).

To clarify the proton conductivity of the cation-substituted
system, we performed ac impedance measurements using a
quasi-four-probe method on a pelletized sample (Figures 4 and
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Figure 4. Arrhenius plots of the proton conductivity of (a) 1:3H,0
under 98% RH (blue). A reported value of (b) 2:3H,O is also shown
for comparison (red).> Least-squares fitting is shown as a dotted line.

SS, Supporting Information). The hydrated 1:3H,0 showed
proton conductivity of 1.2 X 107" S cm™ at 25 °C under
maximum humidity conditions of 98% RH, which is
approximately 2 orders of magnitude lower than that of 2-
3H,0 (0.8 X 1072 S cm™, 25 °C, 98% RH)>* under the same
conditions. Considering that the guest arrangement and
framework structure of 1:3H,O is almost the same as that of
2:3H,0, the decrease in proton conductivity of 1:3H,0 must
arise from the difference in the counter cations; the hydrogen-
bonding networks in 2:3H,0 truly contribute to its high proton
conductivity, and the ammonium ions play a critical role in
promoting high proton conductivity within the well-defined
hydrogen-bonding networks. Ammonium ions should play two
roles in the proton conduction in this system; the first is to
increase proton carrier in the pores due to their acid character
(pK, = 9.2), and the second is to promote proton transport by
formation of a hydrogen-bonding network with neighboring
atoms. The relatively high proton conductivity of 1:3H,0 (1.2
X 107" S em™, 25 °C) suggests that there should exist another
proton-conducting pathway consisting of adipic acid and water
molecules, even though the conductivity is lower than 2:3H,0.
We think that 1-D channels consisting of O(10) and O(9)
(Figure 1c) contribute to the proton-conducting pathway even
though there is a relatively long distance between O(9) and
0(9)" (3.442(3) A, slightly long for a hydrogen bond), which is
similar to 2:3H,0.%® The results of further studies on neutron
scattering measurements for 1:3H,0 and 2:3H,0 revealed that
rotational motion of ammonium ions also plays an important
role in the higher proton conductivity in 2:3H,0, as is reported
previously.” It should be noted that this is the first example of
the successful control of proton conductivity using the type I
feature (cation substitution) in the well-defined hydrogen-
bonding networks of a MOF. From the Arrhenius plots,
measured under 98% RH (Figure 4), the activation energy (E,)
of proton conductivity in 1:3H,0 was estimated to be 0.45 eV.
The value of E, is still relatively high® compared with that of
typical hydrated proton conductors, which conduct through a
Grotthuss mechanism,” such as Nafion.'® As mentioned in the
previous paper,> we are of the opinion that such a high value of
E, in this closely packed proton-conducting pathway, where the
Grotthuss mechanism is likely occur, is partially derived from
some other process, such as the direct diffusion of additional
protons with water molecules (the vehicle mechanism''), as
estimated from the half-occupied oxygen sites of O(10) in 1-
3H,0. We also measured the proton conductivity of the
anhydrate 1 under helium atmosphere (0% RH) after
dehydration under vacuum. The conductivity of 1 at room
temperature was determined to be 2.2 X 1072 S cm™, which
has almost the same value as that of 2 (1.4 X 1072 § cm™!).%®
This clearly indicates that the counter cations do not migrate in
the interlayer space even with some space around them and
that the conductivity of the hydrated state 1:3H,O is purely
due to the proton transport. The conducting mechanism of the
hydrated phase is likely a Grotthuss-type mechanism, and the
ion substitution significantly affects the proton conductivity.
In conclusion, we have demonstrated the first example of
proton conductivity control in a MOF using the type I concept.
We have succeeded in synthesizing a novel MOF including
potassium counter cations instead of ammonium ions in a 2-D
layered framework making it isomorphous to the highly proton-
conductive ammonium phase. By cation substitution within the
well-defined proton-conducting pathway, the conductivity is
significantly altered, while the 2-D layered framework structure
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is maintained. The potassium-ion-substituted MOF exhibited
proton conductivity that was two orders lower than that of an
ammonium-ion-including MOF with the same crystal structure.
This result is an important demonstration of proton
conductivity control using MOFs and may offer a general
method to impart or enhance the proton-conducting properties
to MOFs through ion substitution.
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