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Although no evident hydrogen-bond network appears, an
ultrahigh proton conductivity of 2.91 x 102 s ecm™ at 363 K and
90% RH with an ultralow activation energy of 0.10 eV was
observed in an anionic lanthanide-organic framework
Na,[Eu(SDB),(C00)]-0.375DMF-0.4H,0  (1); both
approach the records among all reported proton-conducting

values

MOF materials. This suggests that the proton conduction
process in 1 is reminiscent of the Grotthuss mechanism, which
together reveals an effective proton transportation pathway
associated with aligned Na* and their coordinated-water.

Metal-organic frameworks (MOFs) have become ideal candidates
for applications of proton conductivity, because of the abilities to
tune pore sizes without hindering the chemical stability, uniform
architecture, and the feasibility of hybridization with various of
materials.”® Due to their well-defined crystalline structures, MOF
materials can provide deep insight into proton conduction
mechanisms by providing the exact pathway in which the process is
carried out. Defining these mechanisms helps to synthesize
crystalline materials endowed with higher proton conductivity. To
achieving high proton conductivity in MOFs, there are generally
three routes: building of materials with ordered hydrogen bond
network,g‘19 isomorphous ligand replacement of the framework to
introduce acidic functional groups such as carboxyl or sulfonate,”®
incorporation of proton-carriers within the pores (e.g. phosphoric
acid)'u-za

Alkali metal ion and alkali-water clusters have been intensively
investigated in many fields owing to the importance of ion-water
interactions in a variety of chemical and biochemical phenomena.
5 n general, the process of proton transportation predominantly
occurs by water molecules playing a pivotal role, not only by
forming hydrogen-bonding network within the framework, but
acting as proton carriers.”? Owing to the strong interactions
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between alkali cations and water, alkali-based MOFs show a lot of
advantages in proton conduction. For instance, Demadis and co-
workers  have reported a series of alkali metal
phosphonocarboxylates via reactions of a multitude of alkali metal
ions with racemic R,S-hydroxyphosphonoacetate (M-HPAA; M = Li,
Na, K, Cs). Because this series possesses frameworks with different
dimensions, they exhibit a range of proton conductivity from 3.5 x
10° t0 5.6 x 10° S cm™ at 24 °C and 98% relative humidity (RH). %
However, researches regarding proton conduction in anionic MOFs
whose channels contain alkali ions are extremely rare, and the
function of these cations during proton conduction remains
unclear.

Herein, we introduce a new 2D anionic MOF with Na* orderly
arranged in channels, Na,[Eu(SDB),(CO0)]-0.375DMF-0.4H,0
(denoted as 1, H,SDB = 4,4'-sulfonyldibenzoic acid). The synthesis of
1 was optimized by utilizing a solvothermal reaction of
Eu(NO3);:6H,0 and H,SDB in a mixture of DMF and H,O.
Remarkably, 1 shows high proton conductivity (2.91 x 102 Scm™ at
363 K and 90% RH) with an ultralow activation energy (0.10 eV).
Proton conduction experiments were also carried out with 1
exchanged with Li*, and the significant change in proton
conductivity and activation energy confirms the key role that
ordered Na' plays in proton transportation.
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Figure 1. a) The coordination environment of Eu®* center. b) The metal-formate
chains with ordered Na®. c) The layer connected by ligands; d)The layered
structure with Na* arrange orderly in channels. Color code: Eu in orange, Na in
green, O in red, C in blue, and S in yellow. All hydrogen atoms have been
removed for clarity.

Single crystal X-ray diffraction analysis reveals that 1 crystallizes
in the orthorhombic space group, Pnma. As shown in Fig. S1, the
asymmetric unit of 1 consists of one half of the Eu®* ion and
formate, one SDB” as well as one Na* ion. The Eu* metal centre is

J. Name., 2013, 00,1-3 | 1



ChemComm

eight-coordinate, whereby six oxygen atoms are donated from four
SDB ligands and two are from two formate groups. This means that
one C=0 group is left free from coordinating Eu’* and instead help
to establish an ordered series of Na* down the c-axis. Formate
ligands link adjacent europium distorted square antiprisms to
propagate a metal-organic chain down the c-axis. SDB* ligands
bend into a V-shaped linker to connect these 1D-chains to form
layers between which 1D rhombus channels are observed. It is
within these channels that Na* cations reside. The Na" cations are
surrounded by six oxygen atoms from carboxylate, formate, and
one of the S=0 group to further form a pseudo-3D structure. The
distance between adjacent Na* cations is 5.7141(5) A, which is too
far to achieve ionic conduction. The distance between two adjacent
oxygen atoms from one 0=5=0 of ligand is 2.4904(2) A which is
suitable for forming a hydrogen bond; however no residual density
indicative of a hydrogen bound to these oxygen atoms was located.
The distance between two oxygen atoms from adjacent 0=S=0
groups is 3.4853(3) A. Not only are $=0 groups terminal in 1, but
C=0 groups from SDB ligands accent the porous channels, a
distance between two adjacent oxygen atoms is 5.7141(5) A. This
distance is identical to that of Na" described above, supporting the
strong interactions between these two species.

Powder X-ray diffraction (PXRD) analysis reveals the phase
purity of 1. Thermal gravimetric analysis was performed to
confirm the thermal stability of 1. As shown in Fig. 2a, approx.
0.8% weight loss occurs before 100 °C and is indicative of the
loss of 0.4 H,0. A second weight loss up to 285 °C of approx.
3.1% has been attributed to the loss of DMF. Beyond this,
collapse of the framework occurs in steps up to the final
temperature of 900 °C. Taking into consideration of the strong
interaction between Na' and water in the structure, water
vapor adsorption in 1 was measured at different RH. 1 exhibits
a moderate water vapor adsorption ability of ca. 110 cm’® g'1
(Fig. 3), despite possessing a relatively high porosity of 62.29%
(ca. with PLATON27). In addition, from the low angle peaks in
the PXRD patterns taken under different RH (from 40% RH to
90% RH), a water induced shrinking of layer spacing was
observed (Fig. S4, S5 and S6). It is most plausible that
adsorbing water molecules would prefer to reside in a
thermodynamically favorable position within 1. A further
inspection on the coordination geometry of Na® yields a highly
distorted octahedron geometry with considerable amount of room
to locate an adsorbed water molecule (Fig. S13). From our
structural analysis, open pores provide access to terminal
oxygen atoms (i.e. C=0, $S=0) and ordered Na' in close enough
proximity to vyield sites strong
interactions with water The newly formed
hydrogen bond is consistent with the shrink of layer spacing
(Fig. S7). In addition, the existence of highly mobile protons in
the system can be confirmed by the 'y double-quantum (DQ)-
filtered solid-state NMR spectrum (Fig. 58).23

capable of producing
molecules.
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Figure 2. a) TGA of 1 from 0 to 900 °C. b) PXRD of 1 after water vapor adsorption
(1, red), after proton conduction (2, black), as-synthesized (blue), and simulation
(pink).
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Figure 3. Water vapor adsorption in 1.

The proton conductivity of 1 was measured under various
temperature, humidity, and electrochemical conditions. The
conductivity of a thin pellet sample 1 was measured at 303 K and
40% and 60% RH to be 8.67 x 10° S cm™ and 4.34 x 10* S cm™
(Fig. 4d), respectively. Further humidification of 1 is
accompanied by a higher proton conductivity of 8.78 x 10°Scm
! at 303 K and 90% RH (Fig. 4b). Increasing the temperature of
the measurement to 363 K at 90% RH allows 1 to achieve an
even higher proton conductivity of 2.91 x 107 S cm™ (Fig. 4a).
This direct relationship between the drastic increase in proton
conductivity with the increase in humidity reveals that proton
transportation in 1 is associated with water adsorption.
Traditional low-temperature proton-conducting materials
behave similarly, where water content significantly affects the
efficiency of proton transportation. Moving further, the
activation energy of 1 was calculated from the temperature-
dependent behavior determined from the AC impedance spectra
to be 0.10 eV (Fig. 4c), one of the lowest values ever reported
for a proton-conducting MOF,ZQ'31 indicating that the proton-
conducting mechanism is the Grotthuss mechanism.? The high
proton conductivity and low activation energy together manifest
from adsorbing water molecules residing in suitable positions
that facilitate the formation of a highly effective proton-
conducting pathway. PXRD reveals that 1 can maintain its
crystallinity after both water vapor adsorption and proton
conduction (Fig. 2b).

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. a) Impedance spectrum of 1 at 353 K (6=2.21 x 102 S cm™) and 363 K
(6=2.91 x 10S cm™) under 90% RH, and b) 313 K (6=9.85 x 10° S cm™) and 323
K (6=1.10 x 107's cm‘l) under 90% RH. c) Arrhenius plot of the temperature-
dependence on proton conductivity in 1 at 90% RH. d) Humidification (black line)
and dehumidification (red line) cycles of 1 under 303 K showing nearly
overlapped dependent conductivity values.

Although 1 possesses high proton conductivity exceeding 102's
cm'l, surprisingly, there is no evident hydrogen-bond network
existing within the structure. To confirm the pivotal role that Na*
cations play in proton conduction, Li* was exchanged into 1 and
identical experiments were subsequently carried out. From the ICP-
MS analysis, we calculated that 33.48% of available Na* was
replaced by Li*, in consistency with the EDS analysis (Table S2). The
change in proton conductivity (e.g. 6=2.52 x 102 cm™ vs. 2.91 x
107%'s cm'l, 363K) and activation energy (0.15 eV vs. 0.10 eV) of 1
after Li* exchange suggests that alkali metal cations are indeed
facilitating proton conduction in this material (Fig. $10, S11 and
S$12). Therefore, a new mode of proton transportation has been
revealed and is associated with the ordered Na® and adsorbed
water in 1. Considering both the moderate water vapor adsorption
of 1 and the interaction between Na® and H,0, we ensure that
water molecules distribute and engulf the chain of Na cations
associated with terminal C=0 and S=0 groups as a bridging motif to
conduct protons. This construct allows a highly effective proton-
conducting pathway to achieve both high proton conduction and
low activation energy. The proton conductivity of 2.91 x 102Scm™
of 1 is higher than most water-mediated proton-conducting MOFs*

32

, which confirms that the one-dimensional ordered Na* is an

essentially important motif in the process of proton transportation.
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Figure 5. Mechanism of proton conduction in 1.
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In summary, we have successfully synthesized a new anionic
MOF (1) with Na' ordered between pseudo-3D Eu-formate
layers. Specifically, ordered Na* and terminal/non-coordinating

This journal is © The Royal Society of Chemistry 20xx

oxygen atoms from nearby C=0 and S=O groups cooperate to
create an environment that facilitates highly effective proton
Although there is no evident hydrogen-bond
network in 1, it displays both a high proton conductivity of 2.91

conduction.

x 102 Scm™ at 363 K and 90% RH with a low activation energy of
0.10 eV. The change in proton conductivity and activation energy of
1 after Li* exchange suggests that Na' indeed participates in the
process of proton conduction and this is a new mode of proton
transportation associated with ordered alkali metal cation and
adsorbed water exists in 1.
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