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Three new alkaline earth metal based MOFs have been synthesized

by using 4,40-sulfobisbenzoic acid (SBBA) and alkaline earth metal

salts M(NO3)2, M = Ca, Sr, Ba. These MOFs exhibit interesting

structural diversity, variable chemical stability as well as proton

conductivity.

Design of proton conductors is enormously important in proton

exchange membrane based fuel cells (PEMFCs). Currently,

Nafion is used as a proton conductor in PEMFCs,1 which suffers

from dehydration followed by very low proton conductivity

above 80 1C. Several attempts have been made to design

inorganic, organic and hybrid materials2 that will show proton

conduction at temperatures higher than 80 1C. MOFs, being a

crystalline class of compounds, with diverse topological architecture

have the potential to overcome the limitation of Nafion based

membranes in terms of their proton conductivity. Surprisingly,

MOFs as proton conductors have not been explored as widely

as applications like gas sorption,3 catalysis,4 and magnetism.5

Unlike classical porous materials, MOFs provide the opportunity

for highly tunable architecture as well as control over hydro-

phobicity or hydrophilicity via judicious choice of organic

linkers. Till date very few proton conducting MOFs have been

reported where the lattice backbone, guest molecules6 in anhydrous

medium, or already present water chains and clusters inside the

framework7 act as a proton carrier. However, the effect of metal

ion substitution on proton conducting MOFs is still unexplored.

Hence, there remains a necessity to understand the judicious

choice of metal nodes to design organic–inorganic hybrid

materials for proton conduction.

Herein, we present three new two dimensional MOFs, namely

Ca-SBBA, Sr-SBBA and Ba-SBBA, constructed from alkaline

earth metals i.e. Ca(II), Sr(II) and Ba(II) as metal nodes and

4,40-sulfobisbenzoic acid (SBBA) as an organic linker. The

polysulfone backbone in polymers is well known for high proton

conductivity applications.8 SBBA also possesses a similar sulfone

functionality, apart from the carboxylate functionalities, which

motivated us to choose SBBA as an effective candidate to

design proton conducting MOFs. Interestingly, the structures

are completely different from each other although they bear the

same ligand and the same group of metal atoms. All these three

MOFs have thermal stability up to 500 1C, with a crystalline

phase change above 100 1C. Most interestingly, they exhibit

noticeable difference in proton conductivity under hydrous

conditions. Ca-SBBA shows proton conductivity of 8.6 �
10�6 S cm�1, whereas Sr-SBBA shows proton conductivity of

4.4 � 10�5 S cm�1 at 298 K under 98% humidity. Ba-SBBA

does not show any proton conductivity under similar conditions.

To the best of our knowledge this the first report of a systematic

study of architectural diversity and proton conduction ability of

the alkali earth metals.

Ca-SBBA can be synthesized by mixing equimolar amounts

of Ca(NO3)2�4H2O (0.2 mmol) and SBBA (0.2 mmol) in

N,N0-dimethylformamide (2 mL) and heating subsequently

at 100 1C for 48 h. Sr-SBBA can be synthesized in a similar

way, only prolonged heating (96 h) is necessary. For synthesis

of Ba-SBBA, N,N0-diethylformamide serves as a suitable

solvent (Section S1 in ESIw). Ca-SBBA and Sr-SBBA are

stable in moisture and most common organic solvents

(CH3OH, CH3CN, C2H5OH, THF, dioxane etc.), as confirmed

by the Powder XRD diffraction (see Fig. S23 and S24 in ESIw).
The Ca(II) center adopts an octahedral geometry, with four m2
carboxylate oxygens of SBBA at equatorial positions and two

DMF molecules at axial positions. These m2 carboxylate

oxygens connect another Ca(II) and form a one dimensional

network9 which upon interconnection results in a two dimensional

sheet like architecture (Fig. 1). These sheets further self-assemble

through two C–H� � �O10 hydrogen bonds between coordinated

and non-coordinated DMF molecules entrapped between two

sheets to form the 3D supramolecular architecture (Fig. 1).

The crystal structure of Sr-SBBA consists of an unusual

pentanuclear metal cluster linked through carboxylate groups

of the SBBA ligand, creating three distinct SBUs, where Sr(II)

metal centers form either ten coordinated SrO10 or eight

coordinated SrO8 polyhedra. Among these three SBUs,

SBU-1 consists of one Sr(II) atom coordinated to two m1, six
m2 carboxylate groups. SBU-2 contains one Sr(II) atom coordinated

to two m1, two m2 carboxylate oxygens and two coordinated DMF

molecules, whereas SBU-3 consists of one m1 formate anion,

four m2 carboxylate oxygens and two coordinated DMF

molecules. The clusters are connected to neighboring clusters

via four SBBA ligands to form the 2D architecture. In the crystal
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structure of Ba-SBBA, three types of SBUs are present, where

the Ba(II) metal centers create either nine coordinated BaO9

polyhedra (SBU-1 and -2) or ten coordinated BaO10 polyhedra

(SBU-3), SBU-1, -2, -3 of Ba-SBBA consist of two m2 carboxylate
and three, four and three m2 carboxylate functionalities,

respectively. These m2 carboxylate groups link two neighboring

Ba(II) to form a one dimensional Ba chain along the crystallo-

graphic a axis. SBBA links these two Ba chains in a zigzag

fashion to construct the two dimensional architecture. Interestingly,

these threeMOFs possess completely different architectures despite

containing the same Group II metals of the periodic table, possibly

due to diverse metal coordination number (six for Ca, eight

and ten for Sr and nine and ten for Ba), different binding

modes (m2 coordinated carboxylate for Ca whereas m3 coordinated
carboxylate for Sr and Ba) and bending angles (1131 for Ca, 971

and 1041 for Sr and 971 for Ba) of the SBBA ligand (see Section S3

in ESIw for crystallographic details of Ca-SBBA, Sr-SBBA and

Ba-SBBA).

In order to confirm the phase purity of the bulk materials,

powder X-ray diffraction (PXRD) experiments were carried

out on Ca-SBBA, Sr-SBBA and Ba-SBBA. All major peaks of

experimental PXRD of as synthesized MOFs match well with

simulated PXRDs, indicating their crystalline phase purity

(see Fig. S20–S22 in ESIw). The architectural rigidity, as well

as the thermal stability of all three MOFs, was well reflected

from their VTPXRD data (see Fig. S30–S32 in ESIw). The
VTPXRD patterns of Ca-SBBA, Sr-SBBA and Ba-SBBA

reveal that the frameworks undergo irreversible structural

transformation to a different crystalline phase above 100 1C,

due to loss of occluded solvent molecules, and all these

transformed crystalline phases are stable up to 500 1C. However,

the transformed phases hold the same metal–ligand connectivity

like the as-synthesizedMOFs, as confirmed from IR spectroscopic

comparison of the as-synthesized and heated materials at 500 1C

of Ca-SBBA, Sr-SBBA and Ba-SBBA (see Sections S4, S8 and

S12 in ESIw). The DSC patterns are also in accordance with the

VTPXRD data, which shows that all these materials undergo

irreversible phase transformation above 100 1C, confirmed by an

endothermic peak at B100 1C. High bond energy between the

alkali earth metal and the carboxylate moiety is primarily

responsible of this high thermal stability. The TGA trace for as

synthesized materials showed a weight-loss step (25–200 1C)

which signifies escape of floating and coordinated DMF or

DEF molecules. The long plateau from 200 1C to 500 1C

represents the thermal stability of these MOFs, followed by a

weight loss step due to the decomposition of the framework.

We have also performed the TGA analysis of the humidified

Ca-SBBA and Sr-SBBA, which shows less weight loss than

as-synthesized MOFs, which justifies the fact that high molecular

weight DMF molecules are replaced by low molecular weight

water molecules (see Fig. S36 and S37 in ESIw). Ca-SBBA
and Sr-SBBA have good chemical stability under humidified

conditions, which is evident from well matched simulated and

humidified samples PXRD patterns collected after 24 and 48 h

of humidification under 98% humidity (see Fig. S25 and S26

in ESIw). However, Ba-SBBA loses its crystallinity and phase

purity upon humidification and converts to an amorphous

material (see Fig. S27 in ESIw).
Ion conduction in solid state materials11 occurs intrinsically

through the material or via some carrier mediated pathway

(e.g. H2O, H3O
+, HO� etc.). Proton conduction in Ca-SBBA

and Sr-SBBA was measured by a quasi-four-probe method,

with a Solartron 1287 Electrochemical Interface with a 1255B

frequency response analyzer. Interestingly, the as synthesized

compounds do not show any proton conductivity. Only after

humidification for 24 h they start showing proton conduction,

which eventually confirms the role of water as a proton carrier.

Presumably, the water molecules are absorbed within the

crystal by strong hydrogen bonding with the carboxylate

bound metal clusters, highly electronegative sulfone groups

and the non-coordinated DMFmolecules, which facilitates the

proton conduction. The proton conductivity value was measured

for Ca-SBBA as 8.58 � 10�6 S cm�1, whereas Sr-SBBA shows

higher proton conductivity of 4.4 � 10�5 S cm�1, respectively, at

ambient temperature (298 K) under 98% relative humidity (RH)

(Fig. 2a and 3a). The conductivities were determined from the

semicircles in the Nyquist plots, as shown in Fig. 2 and 3. These

values are highly humidity-dependent and dropped to 2.87 �
10�7 S cm�1, 3.47 � 10�6 S cm�1 at 60% RH, respectively, for

Ca-SBBA and Sr-SBBA at 298 K. Ca-SBBA and Sr-SBBA show

proton conductivity up to 318 K and 313 K, respectively. The

proton conductivity value of Ca-SBBA is comparable with that

of MIL-53 based MOFs (10�6–10�7 S cm�1)12 whereas the

proton conductivity value of Sr-SBBA is comparable with those

of PCMOF-3 (3.5 � 10�5 S cm�1)11e and Zn(l-LCl)(Cl)(H2O)2
(4.45 � 10�5 S cm�1).11f Low temperature proton conductivity

measurement reveals the activation energy of 0.23 eV and

0.56 eV for Ca-SBBA and Sr-SBBA, respectively. Hence the

proton conduction for Ca-SBBA follows the Grotthuss proton

hopping mechanism.12 However, higher activation energy for

Sr-SBBA indicates the Grotthuss mechanism along with some

other processes such as direct diffusion of additional protons

Fig. 1 (a) Schematic representation of architectural diversity of the

alkali earth metal (Ca, Sr, Ba) based MOFs showing different binding

modes of SBBA as well as different coordination of metals [color code:

green: Ca, magenta: Ba, red: O, yellow: S, violet: Sr, black/grey: C].

Pu
bl

is
he

d 
on

 2
7 

M
ar

is
i 2

01
2.

 D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

3/
07

/2
02

5 
08

:3
1:

28
. 

View Article Online

https://doi.org/10.1039/c2cc31135f


5000 Chem. Commun., 2012, 48, 4998–5000 This journal is c The Royal Society of Chemistry 2012

with water molecules or DMF molecules (vehicle mechanism).13

The fact that Sr-SBBA exhibits higher proton conduction than

Ca-SBBA despite the large Ea (0.56 eV for Sr-SBBA whereas

0.23 eV for Ca-SBBA) is indicative of a high carrier concen-

tration, originating from the combination of metal clusters,

coordinated and non-coordinated solvent molecules. The

structural stability upon humidification was justified by well

matched PXRD patterns of Ca-SBBA and Sr-SBBA before and

after the proton conduction experiment (see Fig. S28 and S29 in

ESIw). However, Ba-SBBA fails to show any conducting property

due to phase change and loss of crystallinity upon humidification.

Thus, these three alkali earth metal based MOFs exhibit

significant difference in proton conductivity owing to their

structural variation as well as physico-chemical properties.

In conclusion, we have successfully synthesized three new

MOFs using alkali earth metal salts and 4,40-sulfobisbenzoic

acid. These three MOFs exhibit interesting structural variation

and distinct bindingmotifs. Most interestingly, these threeMOFs

show significant difference in their proton conducting ability.

This study may motivate researchers to engage in detailed study

and systematic exploration of proton conduction in thermostable

MOFs of a less explored group of metals to compete with Nafion

and zeolite based materials for practical applications.
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Fig. 2 (a) The Nyquist plot for proton conductivity of Sr-SBBA at

298 K in 98% humidity. (b) Proton conductivity plots of Sr-SBBA at

higher temperatures showing decreasing trend of proton conductivity.

(c) Proton conductivity plots of Sr-SBBA at lower temperatures

showing decrease in proton conductivity. (d) Arrhenius plot of activation

energy for Sr-SBBA showing activation energy value of 0.56 eV.

Fig. 3 (a) The Nyquist plot for proton conductivity of Ca-SBBA

at 298 K in 98% humidity. (b) Proton conductivity plots of Ca-SBBA

at higher temperatures showing decrease in proton conductivity.

(c) Proton conductivity plots of Ca-SBBA at lower temperatures

showing decrease in proton conductivity following Grotthuss proton

hopping mechanism. (d) Arrhenius plot of activation energy for Ca-SBBA

showing activation energy value of 0.23 eV.
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