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ABSTRACT: The mechanism of proton conductivity in
porous solids (i.e., Grotthuss or vehicular) is related to the
structure and chemical environment of the pores. Direct
observation of structure—function relationships is difficult
because state-of-the-art solid proton conductors are often
amorphous. Here, we present a systematic elucidation of
two distinct proton transport pathways within MIT-25, a
mesoporous metal—organic framework that exhibits
parallel channels of ~27 A and ~4.5 A width. We
characterize transport through these pores using temper-
ature- and humidity-dependent proton conductivity
measurements and density functional theory. Through
control of vapor pressure we are able to sequentially fill the
small and large pores, promoting proton conductivity with
distinct activation energies at low and high relative
humidity, respectively.

O ne of the limiting factors in the design and
implementation of highly efficient fuel cells is the
chemical performance and stability of the electrolyte.'™>
Among solid state electrolytes for intermediate- and high-
temperature fuel cells, metal-organic frameworks (MOFs)
provide compelling attributes including tunable hydrophilicity
and pore size."”° From a design perspective, MOFs are
attractive also because they provide crystallographically defined
proton conduction pathways,”"' in contrast to polymeric
electrolytes such as Nafion, a highly conductive but amorphous
material.'” Because electrolyte performance is intimately related
to both pore size and the polarity of the proton-conducting
channels, detailed characterization of the proton conduction
pathways can provide important clues for the design of better
electrolytes.™” It is this broad compositional and structural
tunability that has led to important advances in the use of
MOFs as solid electrolytes for fuel cells."*™"’

Assigning a specific mechanism to proton conduction in
confined pores is difficult, however, because the mechanisms
are typically convoluted and the activation energies measured
are often averages for overall transport. Indeed, although the
Grotthuss (i.e., hopping)zo and the vehicular (ie., diffusive)?'
mechanisms are typically distinguished by the difference in their
specific activation energies (E,), with the former exhibiting a
lower barrier for transport, only rarely can they be distinguished
under normal operating conditions.”* ™’

The Grotthuss mechanism is thought to occur through the
dissociation of an H-bonded proton, and subsequent relay

-4 ACS Publications  © Xxxx American Chemical Society

through the material.”’ The E, for this process is usually smaller

than ~0.4 eV, the typical O---H hydrogen bond dissociation
energy. In contrast, the vehicular mechanism features larger E,
associated with a combination of solvent rearrangement and ion
diffusion through a dielectric medium. The activation energy is
intimately related to both the topology of the conductive
medium and the concentration of charge carriers/hopping sites.
Specifically, the E, will decrease with increasing relative
humidity (RH) regardless of transport mechanism. If the
Grotthuss mechanism is operative, increasing RH decreases E,
owing to the increase in the number of available hopping sites
(i.e., water molecules) in a given volume.”® If proton transport
is vehicular, E, decreases with RH because diffusion of the
proton carrying unit (i.e, hydronium ions) is more facile in a
pore filled with water than in an empty pore. Here, we report
that MIT-25, a mesoporous MOF with two distinct channels, is
capable of proton conduction that depends on the degree of
pore filling. This study provides valuable insight into the
operative design principles for next generation solid-state MOF
electrolytes.

Mg,H(H;0)(TTFTB); (MIT-25, TTFTB*" = tetrathiaful-
valene-tetrabenzoate)” is mesoporous and thus unlikely to
exhibit high absolute proton conductivity or utility as a proton
conducting dense membrane. Regardless, its unprecedented
large proton content (8 acidic protons per formula unit) and
compositionally integral hydronium ions make it an excellent
platform for fundamental investigations of proton transport
(Figure S1). As shown in Figure la, MIT-25 exhibits two
cylindrical parallel pores: the larger 27 A-wide mesopore is
decorated with two structurally integral u,-H-bridged carboxylic
acids per Mg** center. The small 4.5 A-wide pore contains an
additional pair of y,-H-bridged carboxylates that protrude into
the pore and give rise to a helical channel (Figure 1b and c).
Although the stoichiometric H;O" ion resides primarily in the
small pore and occupies part of the void volume, there remains
ample room within this small pore for additional guest H,O
molecules. We thus surmised that the small pore could afford
an ideal environment for Grotthuss-type proton conductivity
with no contribution from the mesopores, which otherwise
could remain empty to provide a highly porous, proton-
conducting MOF.

The adsorption isotherm for water vapor in desolvated MIT-
25, shown in Figure 2, is indeed characteristic of water uptake
in a material with two distinct pores. The first water uptake step
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Figure 1. (a) Crystal structure of Mg,Hs(H;0)(TTFTB),; (MIT-25)
viewed along the ¢ axis. (b) The small pore contains protruding H-
bonded protons. (c) The local coordination environment of each Mg**
center: one y,-H-bridged carboxylic acid points into the small pore,
and two u,-H-bridged carboxylic acids run along the walls of the large
pore.

at extremely low RH is associated with adsorption in a very
hydrophilic pore, likely the small pore. This confirms that
despite partial occupation by H;O", water is still absorbed and
intercalated through this narrow channel. A second adsorption
step, at approximately 50% RH, is associated with a slightly less
hydrophilic pore and is in line with what would be expected for
the larger, more hydrophobic pore. At even higher pressures
(ie, RH), the isotherm indicates a persistent uptake of water,
characteristic of structural swelling. This swelling could be
attributed for instance to further oxidation of TTF causing a
flattening of the TTF core, an effect observed recently in other
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Figure 2. Water adsorption (filled circles) and desorption (hollow
circles) isotherms in MIT-25, indicating filling of the small pore and
large pore near 0% and 50% RH, respectively.

TTF-containing MOFs.”® Although upon desorption MIT-25
exhibits both retention of water (even at low RH) and loss of
long-range crystallinity (Figure S4), chemical connectivity is
likely not lost during this step: crystallinity can be recovered by
exposing the material to a single drop of the solvent mixture
used for its synthesis (IN,N-dimethylformamide/ethanol/water
= 3.4:3.8:3). Additionally, even though the crystallinity of MIT-
25 decays above 70% RH, the pore size distribution is
conserved (Figure SS), supporting the assertion that short-
range order and porosity are maintained and the loss in
crystallinity is due to decay in long-range order.

Water filling of the small pore at low RH is also supported by
computational studies of the electrostatic potential and pore
volume of this channel. (Direct DFT computation of this
residual void space is not tractable because (i) the TTFTB
organic secondary building unit hosts a delocalized hole,
making calculations of hydronium-loaded MIT-25 extremely
computationally demanding even with state-of-the-art computa-
tional facilities, and (ii) the shallow potential energy surface of
the hydronium ion results in extremely slow geometric
convergence. There are opportunities for molecular dynamics
simulations to provide further insights if a force field can be
developed to sufficiently describe the redox behavior of the
TTFTB.) It was shown previously that the small pore in
hydronium-free MIT-25 exhibits high and negative potential.
This formed the basis for assigning the position of the
compositionally integral H;O" ion inside this small pore. To
determine the possibility of water filling the remaining volume
of this pore after occupation by H;O", we estimated the total
pore volume by analysis of the electrostatic potential as
computed for hydronium-free MIT-25 (Figure 3a, b). Although
the small pore features cavities that are much larger than the
smallest electrostatic pore opening of 4.42 A (depicted in
Figure 3b), a conservative estimation of the volume of the
electrostatic vacuum is given by approximating the pore as a

Figure 3. (a) Electrostatic potential in MIT-25 plotted from 5 V
(black) to —S V(purple); grid lines drawn at 1 V intervals. (b) The
small pore has an aperture (measured from nuclei centers) of ~7 A
and an electrostatic potential void of 4.42 A. (c) This is sufficient to
accommodate both hydronium and water. The former has a maximum
potential radius of 3.16 A (given the nature of the cation, the potential
is plotted from —100 to 0 V with grid lines drawn at 10 V intervals).
(d) Structurally integral hydronium ions within the small pore leave
ample room for guest water.
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cylinder with a radius of 2.2 A. Given a unit cell with a ¢
parameter of 10.26 A, the estimated electrostatic volume of the
small pore is ~156 A®. Approximating H;O" as a sphere with a
radius of 1.6 A and using the analytical electrostatic potential
shown in Figure 3¢, the electrostatic volume of H;O" is ~17 A%.
There are 1.5 H;O" jons in a single small pore cylinder, and
considering that H,O has nearly the same electrostatic volume
as H;O", this calculation suggests that ~7.5 H,O molecules can
be accommodated within the volume of the small pore even in
the presence of H;0" (Figure 3d). This corresponds to
approximately 5 mmoly o/molyor and is in excellent agree-

ment with the experimentally observed sharp water uptake in
MIT-25 at low RH (Figure 2), as well as thermogravimetric
analysis (Figure S6) which suggests that the weight loss from a
sample kept at 40% RH (where only the small pore is filled)
corresponds to a loss of six H,O molecules.

To test the potential for proton transport and investigate the
nature of the transport mechanism in MIT-2S, pelletized
powder samples were subjected to humidity- and temperature-
dependent conductivity measurements using electrochemical
impedance spectroscopy (EIS). (Pelletized samples can feature
intergrain condensation that likely enhance the maximal proton
conductivity observed at high RH.) At constant temperature,
the conductivity (o) increased with increasing humidity, as
expected when protons are involved in conduction (Figure 4a).
At 40% RH, the proton conductivity increases from 1.58 X 10~
S/cm at 25 °C to 1.03 X 10™* S/cm at 75 °C, giving an E, of
0.36 (+0.0074) eV. At 95% RH, the proton conductivity
increases from 6.8 X 107> S/cm at 25 °C to 5.1 X 107* S/cm at
75 °C, giving an E, of 0.40 (+0.0009) eV. Despite the relative
difference between the E, values at 40% and 95% RH, the
excellent linear fits suggest a possible change in conduction
mechanism or transport pathway in shifting from low to high
RH.

Based on the water adsorption isotherm, computational
analysis, and examination of the pore topology, only the small
pore should be filled at less than or equal to 40% RH. Hence, at
40% RH we propose that proton transport occurs exclusively
through the small pore, with an activation energy of 0.36 eV
that is typically characteristic of the Grotthuss mechanism. The
larger pore, which is sufficiently wide to support both Grotthuss
and vehicular proton transport, is filled at higher RH, and only
above 40% RH. Although the convolution of transport through
both small and large pores prevents us from determining the
absolute E, for the large pore, we attribute the unusual
observation of increasing E, with increasing RH to the fact that
two distinct pores are competent for proton transport in MIT-
25, with the contribution from the smaller pore becoming
increasingly insignificant for overall transport as water fills the
larger pore. The observation of distinct proton transport
profiles that correlate closely with the degree of pore filling
highlights the unique ability to selectively conduct protons
through crystallographic pores using only changes in vapor
pressure, a property unique to metal—organic frameworks.

In summary, MIT-25, a material that exhibits both
micropores and mesopores, allows for controlled step-like
filling of each type of pore upon changes in relative humidity,
which altogether contribute to distinct proton conduction
profiles for the two pores. The humidity-dependent proton
conductivity in MIT-25 highlights the importance of pore
aperture in determining the mode of proton conductivity and
provides an avenue for future materials design.
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Figure 4. (a) Proton conductivity, o, as a function of RH at 25 °C. (b)
Conductivity at 40% RH (A) and 95% RH (V) as a function of
temperature in the range 25—75 °C. (c) Activation energy as a
function of RH.
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