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ABSTRACT: Understanding the role that crystal imperfec-
tions or defects play on the physical properties of a solid
material is important for any application. In this report, the
highly unique crystal structure of the metal−organic frame-
work (MOF) zirconium 2-sulfoterephthalate is presented. This
MOF contains a large number of partially occupied ligand and
metal cluster sites which directly affect the physical properties
of the material. The partially occupied ligand positions give
rise to a continuum of pore sizes within this highly porous
MOF, supported by N2 gas sorption and micropore analysis.
Furthermore, this MOF is lined with sulfonic acid groups,
implying a high proton concentration in the pore, but defective
zirconium clusters are found to be effective proton trapping
sites, which was investigated by a combination of AC impedance analysis to measure the proton conductivity and DFT
calculations to determine the solvation energies of the protons in the pore. Based on the calculations, methods to control the pKa
of the clusters and improve the conductivity by saturating the zirconium clusters with strong acids were utilized, and a 5-fold
increase in proton conductivity was achieved using these methods. High proton conductivity of 5.62 × 10−3 S cm−1 at 95%
relative humidity and 65 °C could be achieved, with little change down to 40% relative humidity at room temperature.

■ INTRODUCTION
Defects in solid-state materials have an unequivocal role on the
physical properties of the solid. Intrinsic, extrinsic, or
nonstoichiometric defects can give rise to a large range of
magnetic, electronic, or optical properties, and by controlling
the defect composition these properties can be tuned and
optimized.1 One class of solid materials where an under-
standing of the role of defects still remains unclear is metal−
organic frameworks (MOFs). MOFs are crystalline materials
composed of cationic metals or metal clusters which are
bridged through organic ligands into infinite two- or three-
dimensional lattices. The importance of MOFs arises from the
highly tunable hybrid metal−organic nature of the material,
giving rise to a huge variety of structures2 and a number of
applications, including gas storage and separation,3 catalysis,4

and ionic conductivity.5 It has come to light recently that
defects can occur naturally in some MOF materials, and these
defects have been shown to affect the stability, catalytic, or gas
storage properties of the MOF.6 Defects in MOFs make sense
from an entropic standpoint, and these recent reports bring to

light the fact that the crystal structures reported for many
MOFs may not fully relate to the physical properties of the
material. Kinds of extrinsic defects can also be created by partial
ligand replacement or metal ion replacement,7 and the surfaces
can be altered by addition of surfactants.8 Moreover, by careful
selection of additives in the synthesis, bridging ligands can be
replaced with nonbridging ligands, providing a method to fine-
tune the sorption or catalytic properties of the MOF by
addition of defects, without altering the overall crystal
structure.9 A better understanding of the role that these defects
play on the physical properties is of key importance for fine-
tuning MOFs for desired applications.
Recently, we have been interested in how defects can affect

the proton conducting properties of MOFs. MOFs have gained
significant popularity as proton conductors owing to their
highly designable nature, with potential application as novel
electrolytes for low and medium temperature hydrogen fuel
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cells. The pores of the MOF can be functionalized with an
acidic proton source such as a phosphonic or carboxylic acid,
and solvent included within the pores provides a pathway for
facile proton transport, some even at temperatures above 100
°C.10 To date, high conductivity in the range of 10−2 S cm−1

has been demonstrated for hydrated MOFs,11 but discussions
about the nature of the proton conductivity focus mainly on
features revealed by the crystal structures. The roles of defects
and crystal surfaces have been given little regard, even though
they may have a strong influence on their conductive behavior.
For example, surface conductivity has been suggested to have a
major contribution to the total conductivity for some MOF
materials,12 and we have shown recently that the introduction
of defects into the zirconium terephthalate UiO-66 can
significantly enhance proton mobility.13 These reports indicate
that defects can have a major contribution to the conductive
behavior of the MOF, but more understanding is needed in
order to further optimize these materials for applications as
proton conductors.
In order to gain further insight into the role defects may play

in the overall conductivity, we wished to investigate an acid
functionalized MOF as they typically show the highest levels of
conductivity, likely due to high charge carrier concentration.
These MOFs have a high density of acidic protons within their
pores, but are often rather dense structures. The high density
positively affects the proton carrier concentration, as the pores
are lined with many acidic protons, but tends to leave restricted
pathways for proton diffusion through confined solvent. As the
conductivity is a product of the charge carrier concentration,
charge carrier mobility, and charge, simultaneous enhancement
of the carrier concentration and mobility will lead to
enhancement of the conductivity. The introduction of ligand
defects into an acid functionalized MOF is an optimal route to
achieve this; ligand defects would slightly reduce the carrier
concentration by removal of the acid functionalized ligands, but
the enhanced proton mobility would likely outweigh this
reduction, leading to enhanced conductivity. For this, we
wanted to investigate a sulfonated MOF material, as pores lined
with sulfonic acid groups should provide a high number of
mobile protons due to the low pKa of the acid.14 There have
been some reports of sulfonate functionalized MOFs
recently,11c,15 but one material stood out as a good candidate
to test this hypothesis: zirconium 2-sulfoterephthalate. This
crystalline material was reported to have activity as an acid
catalyst, suggesting mobile protons in the pore, but no structure
was reported beyond having hexanuclear zirconium clusters.16

This was an ideal candidate as it is a zirconium-based MOF,
which typically show good stability to water and heat.17

Furthermore, defects may be easily introduced into zirconium
MOFs by the use of additives during synthesis,9e,f,18 suggesting
that this may be a method to tune the proton conductivity in
this MOF.
We set out to determine the structure of zirconium 2-

sulfoterephthalate MOF and enhance the conductivity by defect
control. What we found was a unique, highly porous MOF with
an inherently defective structure containing a large number of
partially occupied ligand and zirconium centers within the
lattice. These defective sites have consequences on both the
porosity and proton conductivity of this MOF, creating a
continuum of pore sizes and greatly affecting the surface
properties of the pores. Herein we present the role of these
defects using a combination of gas sorption analysis, AC
impedance analysis, and DFT calculations on model zirconium

clusters, and present methods to control the pKa and enhance
the conductivity based on DFT proton transfer energy
calculations on defective cluster models.

■ RESULTS AND DISCUSSION
The sulfonated zirconium terephthalate (1) was synthesized
using a slight modification of the previously reported synthetic
procedure,16 whereby H+ exchange on the sodium 2-
sulfoterephthalic acid was performed prior to reaction with
ZrCl4. To ensure complete removal of residual soluble
byproducts after synthesis, 1 was boiled in fresh ultrapure
water and subsequently washed and soaked at least four more
times in fresh ultrapure water. After washing, the powder was
dried on cellulose filter paper in air, and remained stable (by
PXRD) for greater than one year when stored under humid
conditions greater than ∼40% relative humidity (RH). From a
combination of ICP-AES and CHN analysis, an overall formula
of Zr6O4(OH)8L4.2·xH2O was determined (Zr/S = 1.43)
assuming the sulfonate groups remain protonated, which agrees
fairly well with the Zr/S of 1.5 reported previously. By
thermogravimetric analysis (TGA) (Figure S1), a two step mass
loss is observed, with 44 wt % loss between room temperature
and 100 °C, likely corresponding to included water, and a
second decomposition step beginning at 350 °C. After drying in
air, 1 was measured by powder X-ray diffraction (PXRD), and
was indexed using TOPAS software19 to a cubic Im3 space
group with a = 41.49 Å.
For full structural analysis, indexing and structural refinement

of 1 was performed using PXRD data collected in the BL02B2
beamline at SPring-8, Japan (Figure 1) (full refinement details

in the Supporting Information). Using this data, 1 was indexed
to a cubic Im3 space group with a = 41.490(6) Å at 300(2) K,
which is roughly double the length of the related zirconium
terephthalate UiO-66 cell constant (a = 20.7004(2) Å,
Fm3m),20 suggesting that the two structures should be related.
UiO-66 consists of hexanuclear zirconium oxy-hydroxide
clusters (Zr6O4(OH)4(R-CO2)12) in a face-centered arrange-
ment in the unit cell. In UiO-66, these clusters, considered from
an octahedral arrangement, have 6 Zr atoms situated at the
corners, 8 μ3-O/OH in the faces, and 12 carboxylate groups
which bridge two Zr centers each along the 12 edges of the
octahedron. The clusters connect to 12 neighboring clusters
through the linear ligand forming adjoining octahedral and
tetrahedral-shaped pores. 1 can be considered to have related
hexanuclear Zr clusters, but the unit cell doubling arises because

Figure 1. Rietveld plot of 1 (a) with observed (blue), calculated (red),
and difference (green) curves. Indexing and refinement details inset.
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there are “vacant” cluster sites (along with ligands protruding
from these clusters) equatorially at six of the eight corners of
the UiO-66 unit cell (Figure 2a). These vacant cluster sites are
the reason for the unit cell doubling and the body-centering of
1, as the faces and edges of the doubled unit cell have no Zr
clusters. There are 12-connected Zr clusters in the body
centered positions of the unit cell which are analogous to those
in UiO-66, connecting to 12 clusters centered at the (1/4, 1/4,
0) position and symmetry related sites through ordered 2-
sulfoterephthalate ligands. The clusters at the (1/4, 1/4, 0)
position on the other hand are only 9-connected due to the
“vacant” sites at the faces and along the edges of the unit cell.
These clusters are connected to one 12-connected cluster via
one unique ligand and eight symmetry related 9-connected
clusters via two other crystallographically unique ligands, one
ordered and one with sulfonate groups disordered over two
sites. This connectivity leads to three types of pores in 1, ∼0.5
nm diameter tetrahedral pores with sulfonates occupying the
pore windows, ∼0.6 nm diameter octahedral pores with
disordered sulfonates partially occupying the pore space, and
∼1.2 × 2.5 nm large pores which results from the vacant cluster
sites (Figure 2b). The large pores are connected through ∼0.6
× 1.3 nm rectangular windows, forming continuous pores along
the a, b, and c axes (Figure 2c).
As stated previously, the Zr/S ratio for this material was

found to be 1.43 by ICP analysis and 1.5 in the previous report.
If all of the atomic sites in the determined structure remain fully
occupied, a Zr/S ratio of 1.3 is found, which significantly differs
from the experimental results and leads to large differences in
relative intensity between the observed and calculated PXRD
patterns. In order to account for this discrepancy, many of the
atomic positions must remain partially occupied, meaning the
apparent structure is composed of a variety of pore sizes and
cluster types. For an optimal fit between the observed and
calculated structure, as well as the observed Zr/S ratios, atoms
forming the 9-connected zirconium clusters and the two unique
ligands joining these clusters must be made partially occupied,
while the 12-connected body-centered Zr-clusters and the
symmetry related protruding ligands from this cluster remain
fully occupied. The 9-connected cluster is formed from five
unique Zr atoms (Zr2−Zr6), with occupancies of 0.6 for Zr2, 1
for Zr3, 0.8 for Zr4, 0.73 for both Zr5, and 0.85 for Zr6. The
eight symmetry related O/OH of this cluster have occupancies
of 0.8 and the nine bridging ligands have occupancies of 0.65
(×4), 0.72 (×4), and 1 (×1). This reduced occupancy gives an
overall formula of Zr4.71O5.96(OH)0.44(R-CO2)6.48 for this
cluster (assuming sulfonate groups are not charge balancing).

As a result of the reduced occupancies, the walls of the pores in
1 are also highly defective, with three of the six ligands forming
the edges of the Td pore having a reduced occupancy of 0.72,
meaning the Td pore has an average of 0.84 ligand vacancies out
of 6 connecting ligands. The Oh pore has significantly more
defects, with an average of 3.8 vacancies out of the 12 ligands
which form the pore. Overall, this means that the pore structure
of 1 is really a continuum of pore sizes based on the
occupancies of the zirconium clusters and ligand connectors.
This large number of partially occupied atoms is a rather
unique feature, and to our knowledge has not been observed in
another MOF system, although a partially occupied inter-
connected lattice has been reported previously.6e The
mechanism for the formation of these unusual defects is
currently unknown, but we believe it may be related to a
combination of the highly acidic conditions during synthesis
and the steric bulk of the sulfonate group. From the refined
structure of 1, a Zr/S ratio of 1.39 was determined, which
matches fairly well with the Zr/S of 1.43 determined from ICP
analysis of the sample.
Given the large unit cell size and highly porous nature of the

MOF, full refinement of included solvent positions was difficult.
In order to determine the positions of some of the water
molecules in the pore, a combination of a simulated annealing
method and maximum entropy method were utilized with
EXPO2013,21 RIETAN-FP,22 Dysnomia,23 and VESTA soft-
ware,24 as this method is useful for visualizing the electron
density of included guest molecules in porous materials.25

These analyses revealed significant residual electron density
within the pore, and from this several water positions were
tentatively identified (Figures S2 and S3). A formula of
Zr6O7.24(OH)0.89L4.31·55H2O was determined from the struc-
tural solution, which agrees well with the Zr6O4(OH)8L4.2·
54H2O formula determined by elemental analysis, but given
that the solution was from Rietveld refinement of the PXRD
data, the occupancies of the atoms are still somewhat variable
while maintaining an acceptable Rwp value. The determined
formula may suggest that some of the sulfonate groups on the
ligand are deprotonated and charge balancing the Zr4+, which
would increase the OH/O ratio in the formula, but since no
refinement of proton positions was possible, this remains
unknown; it is possible that the occupancy of the O positions
on the clusters is simply higher.
The structure determined from Rietveld refinement indicated

that the pores in 1 are not well-defined due to the reduced
occupancy of many atomic positions, so details about the
micropore structure of the sample was necessary to support this

Figure 2. (a) Representations of the zirconium clusters in 1, and their connectivity within the unit cell; the 12-connected clusters (green polyhedra)
and 9-connected clusters (teal polyhedra) are differentiated. (b) Tetrahedral (top left), octahedral (bottom left), and large pore (right) within 1. (c)
View along the a-axis of 2 × 2 × 2 cubic cells of 1 showing the large continuous pores. C, black; O, red; S, yellow; Zr, green and teal polyhedra.
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model. For this, N2 gas sorption analysis was collected at 77 K,
and Saito−Foley (SF) micropore analysis was performed on
the adsorption data (Figure 3).26 1 remains stable in ambient

conditions for over one year, but is rather unstable to activation,
decomposing rapidly upon heating with loss in crystallinity. In
order to prepare the samples for gas sorption analysis, a gentle
process involving solvent exchange and activation at room
temperature was performed following a previously reported
procedure.27 The included water in 1 was exchanged three
times each for methanol and then chloroform, after which the
sample was rapidly filtered, transferred into the sample tube for
gas sorption analysis and placed under vacuum for activation at
room temperature. Activation was continued for 1−2 weeks,
after which the N2 gas sorption analysis was performed. Overall,
N2 adsorption occurs in a two step process between 10−6 −
0.15 P/Po, with saturation of 16.9 mmol/g at 0.5 P/P0, followed
by some capillary condensation at 0.92 P/P0. The BET surface
area was calculated to be 1187 m2/g, showing that this structure
is indeed highly porous, as indicated by the crystal structure.
Water sorption analysis was performed at 295 K following the
N2 sorption analysis (Figure 4), and a two step uptake was
observed, with saturation at ∼50% relative humidity (RH) and
a total uptake of 19.7 mmol/g at 96.1% RH; hysteresis was

observed upon desorption. The sample remained crystalline by
PXRD after both sorption measurements (Figure 4, inset). The
shape of the N2 isotherm suggests the existence of two well-
defined pores in the sample, and SF micropore analysis was
performed to determine the micropore size distribution and
volume. From SF analysis, the total micropore volume was
found to be 0.69 cm3/g. It is clear that there are three well-
defined pores in the sample, with peaks at 0.59, 0.73, and 1.71
nm, which likely correspond to the tetrahedral, octahedral, and
large pores, respectively, with significant overlap between the
0.59 and 0.73 nm peaks. Furthermore, the peaks at 0.73 and
1.71 nm are rather broad, and there is a range of pore size
distributions between them. This data corroborates the partial
occupancies of ligands observed in the crystal structure, as this
would result in the large range of pore sizes observed in the SF
data. The large pore sizes with highly defective connectors may
also explain why the sample is so prone to losing crystallinity
upon heating, as rapid thermal fluctuations or rapid localized
pressure changes may easily result in pore collapse due to the
reduced connectivity of the framework.
To test the stability of the sample to heating, activation of

separate batches of 1 were also performed at 30, 50, 70, and
120 °C for 24 h each under vacuum, and N2 gas sorption
analysis was performed (Figure 3, inset). Significant losses in
porosity were observed by increasing the activation temper-
ature, with total uptake reduced by 10.3%, 37.5%, 47.0%, and
97.9% at 30, 50, 70, and 120 °C activation respectively, from
the 16.9 mmol/g uptake after room temperature activation. SF
micropore analysis of this data (Figure 3) suggests that the
larger 1.71 nm pores collapse under mild conditions, with some
loss at 50 °C and complete loss at 70 °C activation. The 0.73
nm peak is also significantly reduced at 70 °C, and total
micropore collapse is observed at 120 °C. This data also
supports that the most defective and largest pores are the least
stable, as there are a higher percentage of ligand defects
observed for the Oh and large pores compared with the Td
pores. PXRD patterns collected after activation at higher
temperatures show significant loss of crystallinity at 70 °C and
nearly total amorphization at 120 °C (Figure S5).
Based on the structure of 1, it appears that it should make for

a fantastic proton conductor, as it combines a number of
important structural features which promote high proton
conductivity: First, the structure is lined with a significant
number of highly acidic sulfonic acid groups (1.26 × 1021 cm−3

based on the unit cell volume), which is comparable to
benchmark sulfonated polymeric electrolytes.28 Second, 1
contains large, open, hydrated, three-dimensionally intercon-
nected pores, which suggests that any protons should be highly
mobile within the framework structure. And finally, the ligand
defects which result from the reduced ligand occupancy should
further promote high charge mobility as the pores are more
open than the crystal structure would suggest. As such, pseudo-
four-probe AC impedance analysis was performed on pelletized
samples of 1 in order to determine the bulk proton
conductivity. After pelletization, gold electrodes were affixed
to the surface of the pellets and the samples were equilibrated
under controlled temperature and humidity. Variable temper-
ature impedance analysis was performed on two sample batches
of 1 at 95% RH between 15 and 65 °C in order to determine
the activation energy (Ea) for proton transport (Figure 5). For
each sample, the AC frequency was cycled from 107 Hz to 1 Hz,
and two distinct semicircles were observed, which indicates
separate grain interior and grain boundary contributions

Figure 3. Saito−Foley pore size analysis of 1 under various activation
conditions (given temperatures) with the N2 gas sorption isotherms
collected at 77 K (inset).

Figure 4. Water vapor adsorption (filled diamonds) and desorption
(open diamonds) of 1 collected at 295 K with the post adsorption
PXRD pattern (red) and simulated pattern (black) inset.
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(Figure S6). The resistance was found by fitting parallel RC
elements to the first semicircle (Figures S7−S11), and the
conductivity was determined from this using the pellet
dimensions. At 65 °C, the conductivity of both samples was
determined to be comparable at 1.93 × 10−3 and 1.82 × 10−3

S/cm, with low activation energies of 0.25 eV for both samples,

which suggests proton transport by a Grotthuss-type
mechanism.29 The comparable values for conductivity for
both samples show that the result is reproducible. But while
these values of conductivity are good, they are roughly 2 orders
of magnitude lower than the benchmark polymeric electrolytes,
and about 1 order of magnitude lower than many other MOFs
under similar measurement conditions. The highly porous
nature of the MOF should promote high proton mobility, so
the reduced conductivity likely stems from a reduction in the
H+ concentration within the pore. This suggests that there is
some feature in the MOF which causes the sulfonate groups to
have reduced acidity.
Variable humidity impedance analysis was also performed on

1 (Figure 5, inset), and the material showed very little
desorption of water down to ∼40% RH, suggesting it might
have good conductivity at lower humidity. The conductivity
was measured from 95% RH to 30% RH at 25 °C, and
remarkably there was little change in the conductivity down to
30% RH, with the conductivity decreasing from 7.15 × 10−4 S/
cm at 95% RH to 4.66 × 10−4 S/cm at 40% RH and 30% RH to
2.75 × 10−4 S/cm. This is remarkable considering that for most
hydrated MOF proton conductors the conductivity typically
drops by orders of magnitude upon decreasing relative
humidity, even between 95% RH to 80% RH. The high
conductivity even at low relative humidity highlights the
hydrophilic nature of 1, and correlates well with the saturation
plateau and hysteresis observed in the water desorption

Figure 5. Variable temperature conductivity of two separate samples
batches of 1 collected at 95% RH which show linear Arrhenius
behavior. The variable humidity conductivity is inset.

Figure 6. Structural models of the clusters used for DFT calculations (C, black; H, blue; O, red; S, dark yellow; Zr, teal) and their estimated pKa’s in
water in comparison to known acids (a, H2SO4; b, HNO3; c, CH3SO3H; d, H2CO3; e, CH3COOH; f, imidazole; g, phenol). The positions of the
acidic protons are indicated by the arrows.
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isotherm. The high conductivity at low % RH makes 1 among
the highest proton conducting MOFs under reduced humidity.
While the conductivity is high at low relative humidity, the

unexpectedly low conductivity at high relative humidity
suggests that the proton carried by sulfonic acid groups within
1 may be trapped in some way, significantly lowering the charge
carrier concentration. This is remarkable, considering the highly
acidic synthetic conditions (pH < 1) with excess ligand used
during synthesis, and indicates that the zirconium oxohydroxy
clusters may act as proton trapping sites. To understand this
behavior, density functional theory calculations were performed
on model structures. The model crystal structure was
constructed by adding hydrogens and sulfonic acid groups to
a defect free framework from the previously reported UiO-66
crystal structure using Materials Studio 7.0 software. Defective
frameworks were constructed by omitting ligands and Zr4+

from this model. The models were optimized as a periodic
structure using the molecular mechanics simulator Forcite with
a Universal Force Field30 incorporated within Materials Studio.
The acidity was evaluated as the energy required for proton
transfer from the model cluster HA to H2O in water:

+ + Δ = +− +EHA H O A H O(aq) 2 (aq) 3 (aq)

The five model structures for HA are df-SO3H, df-ZrOH, d-
SO3H, d-ZrOH, and d-ZrOH2 (Figure 6), where df is defect
free, d is defective, and formula after indicates the position of
the acidic H+. The two model structures for A− are df-SO3

− and
d-SO3

−. The defect free cluster is the typical Zr6O4(OH)4(R-
CO2)12 cluster, while the defective cluster was constructed from
this by omitting two Zr4+ and four ligands, giving a
Zr4O4(OH)4(R-CO2)4 cluster (Figure S12). While many
other model defective clusters are possible based on the crystal
structure of 1, we were unable to examine the full gamut of
cluster types due to limited computational resources. For single
point energy calculations on the solvated models, we employed
density functional theory (B3PW91 hybrid functional)
implemented in the Firefly QC package31 which is partially
based on the GAMESS (US)32 source code. For Zr, the
Stuttgart RSC 1997 ECP basis set was applied, while for the
other elements 6-31D(d) basis sets were used. To represent
negatively charged states, diffuse functions were added to the
basis functions for oxygen and sulfur. To improve the SCF
convergence, components that gave overlap-matrix eigenvalues
less than 4 × 10−6 were omitted from the basis function. The
solvation energy was corrected with the polarizable continuum
model.

The ΔE’s of common acids were calculated (Table S3), and
are in a roughly linear relationship with their experimental pKa
in water (Figure 5),38 so accordingly, the pKa of the model
clusters can be estimated from the calculated ΔE’s using the
equation:

= Δ −K Ep 0.103 16.2a

From this, the estimated pKa of the sulfonic acid group in d-
SO3H is −2.3, which is comparable to strong acids such as
nitric and sulfuric acid. In comparison, the sulfonic acid group
in df-SO3H shows weaker acidity (pKa = 0.6), but is still
comparable to, for example, CH3SO3H. Therefore, if there were
no other factors, the introduction of sulfonic acid groups into 1
would result in a high concentration of H+ in the pores.
However, from our models, released protons are found to be
trapped at the defective cluster sites, forming a more stable
structure than d-SO3H. The μ2-oxide in the defect containing
cluster can act as a strong proton trapping site (d-ZrOH), since
the estimated pKa of 13.3 is comparable to alcohols. The μ2-
hydroxyl (d-ZrOH2) on the other hand does not strongly trap
protons (pKa = 0.9), but interestingly can be further stabilized
by breaking one bond between the μ2-water and Zr4+ (d-
ZrOH2d), resulting in a structure that is more stable by 115.7
kJ/mol (Scheme S1). Our calculations do not indicate the
energy barrier of this process, but it is safe to say it is an
irreversible process. This stabilization by coordination bond
breaking may be the source of instability to activation in this
MOF, as loss of bridging water would likely lead to collapse of
the cluster. Trapping of a proton at the oxide in the defect free
cluster (df-ZrOH) results in a pKa of −7.7, which is far smaller
than df-SO3H, suggesting that the defect free cluster does not
act as a H+ trapping site. This strongly indicates that the
partially occupied clusters within 1 regulate the pore acidity by
significantly lowering the charge carrier concentration, acting as
an intrinsic buffering system. This result has implications not
only for proton conductivity, but any process involving protons
within the MOF, for example, acid catalysis. This also suggests
that cluster defects causing exposed hydroxyl/oxides in related
Zr4+ based MOFs may be a source of instability to strong acids.
The computational results indicated that the proton

conductivity of 1 could be improved if the proton trapping
nature of the defective sites could be saturated by the addition
of stronger acids into the synthesis, thereby causing partial
protonation of the sulfonate groups and reducing the pKa of the
MOF. To test this hypothesis, three more samples were
prepared in the presence of excess acidic additives. For two

Figure 7. (a) PXRD charts of samples 1−4. (b) Variable temperature conductivity of samples 1−4 collected at 95% RH (solid lines) and 40% RH
(dashed line) showing linear Arrhenius behavior. (c) Variable humidity conductivity at 25 °C of samples 1−4.
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samples, an excess of a secondary acid was added during
synthesis: acetic acid (2) and sulfoacetic acid (3). For the third
sample, 1 was soaked in 0.1 M H2SO4(aq) overnight
postsynthetically (4). Sulfoacetic acid and sulfuric acid were
chosen because it has previously been demonstrated that
sulfuric acid can bind to related zirconium clusters and strongly
increase the acidity of the MOF.27 All of the treated samples
were washed extensively and soaked multiple times in ultrapure
water to ensure the removal of any residual acid. The carboxylic
acid additives were added during synthesis with the hope that
they may also fill some of the defective zirconium cluster sites
and increase the stability of the MOF. By 1H NMR analysis of
dried samples dissolved in a D2O/D2SO4 solution, sample 2
contained acetate (s, 2.08 ppm) and 2-sulfoterephthalate (d,
8.50 ppm; d of d, 8.19 ppm; d, 7.69 ppm) in a 20:1 ligand to
acetate ratio by integration. Sample 3 contatined sulfoacetate
(s, 3.47 ppm) and a second residual peak (s 3.17 ppm), giving a
25:1 ligand to sulfoacetate ratio; the second residual peak may
be a result of the partial decomposition of the sulfoacetic acid
during synthesis or NMR sample preparation. Elemental
analysis on the samples following treatment showed that they
all have a formula of roughly Zr6O4(OH)L4·xH2O, with Zr/S
ratios of 1.50 for 2 and 3, and 1.56 for 4, and the PXRD
patterns of all of the treated samples remained unchanged
(Figure 7a).
N2 gas sorption analysis was performed at 77 K on 2−4 after

undergoing the same gentle activation procedure as 1, and each
showed high porosity, and the same shape of isotherm as 1,
suggesting similar micropore structure (Figure S13). There
were minor variations in the total uptake, but these differences
may result from residual solvent in the pores from the gentle
activation procedure, rather than changes in pore structure; 3
had the greatest uptake of 19.1 mmol/g at 0.50 P/P0. Water
vapor sorption at 295 K (Figure S14) showed significant uptake
of water for 3 (30.4 mmol/g at 97.9% RH) and 4 (26.9 mmol/g
at 94.5% RH), but significantly reduced uptake for 2 (12.0
mmol/g at 96.8% RH); hysteresis was observed for all of the
samples. The ∼50% greater uptake of water for 3 compared to
1 suggests that the pores in 1 may have slightly collapsed
following the N2 sorption. The uptake of water for 3 was 52.5
mol/mol at 0.98 P/Po, which matches well with the 55 mol/
mol determined by XRD. Post adsorption PXRD (Figure S15)
showed that 2 had undergone some decomposition and
structural changes, suggesting partial pore collapse, while 3
and 4 remained mostly stable, with some line broadening. The
overall stability of the samples also remained unchanged with
the acidic additives, being stable when hydrated, but
decomposing rapidly upon heating under ambient conditions.
To test whether the acid treatment improved the proton

conductivity of the samples, AC impedance analysis of
pelletized powders of samples 2−4 was carried out (Figure
7b). The samples were equilibrated under 95% RH, and
variable temperature measurements were carried out. Sample 2,
treated with the relatively weaker acetic acid, had about double
the conductivity compared to 1, with a maximum of 2.40 ×
10−3 S/cm at 65 °C and the same Ea of 0.25 eV. On the other
hand, samples 3 and 4, treated with highly acidic sulfoacetic and
sulfuric acid, respectively, showed significantly improved
conductivity with a maximum of 5.62 × 10−3 and 3.46 ×
10−3 S/cm at 95% RH, respectively, with similar activation
energies of 0.24 and 0.25 eV. If the gains in conductivity are
solely from increased carrier concentration, it would suggest
that the acid treatment causes the carrier concentration to

increase by roughly 5-fold in 3. The nearly equivalent Ea for 1−
4, along with the nearly equivalent porosities indicate that the
proton transport mechanism and likely diffusion coefficients
remain unchanged by acid treatment. This result shows that, as
indicated by the computational analysis, the treatment of the
MOF with more acidic protic species results in the partial filling
of proton trapping sites, thus increasing the carrier concen-
tration within the pores.
Variable humidity measurements were also performed

between 95% RH and 40% RH on samples 2−4, and similar
behavior to 1 was observed (Figure 7c). The conductivity of
samples 2−4 fell slightly between 95% to 80% RH, but
remained relatively constant down to 40% RH, with long
equilibration times of 1 day for each point. In particular, sample
3 had a conductivity of 1.4 × 10−3 S/cm at 40% RH, which is
remarkably high for the moderate %RH value, and to our
knowledge the best performing hydrated MOF under such
conditions. In order to measure the Ea at 40% RH, the
temperature was cycled between 15 and 65 °C for 3. Upon
heating, it became clear that the high conductivity observed at
40% RH represented a metastable state of hydration, as the
conductivity dropped upon increasing the temperature, reach-
ing a value of 3.78 × 10−4 S/cm at 65 °C. Upon cooling, the
conductivity again showed Arrhenius behavior, with an Ea of
0.35 eV, likely from more restricted proton mobility in 3 at 40%
RH, and the MOF remained crystalline after analysis (Figure
S16). Despite the drop in conductivity upon heating, the value
still remains high compared to other MOF materials under the
low humidity conditions. These results show that measuring
conductivity as a function of relative humidity for MOF
materials may require higher temperatures in order to
accurately represent the equilibrium state of hydration.

■ CONCLUSIONS

Here we have reported a new and unique structure of a
sulfonated zirconium based MOF containing an ordered defect
sublattice, its proton conducting properties, and the role of the
defects in controlling the acidity within the MOF. The
sulfonated zirconium MOF 1 is highly porous, with a three-
dimensional interconnected framework having the unique
feature of many partially occupied ligand and cluster sites,
which gives rise to a continuum of pore sizes. The proton
conductivity of the MOF was measured, and despite being
functionalized with numerous sulfonic acid groups, the carrier
concentration is attenuated by the presence of the defective
oxohydroxy zirconium clusters which have increased basic
character compared to defect free clusters. Calculations on the
charge trapping nature of the zirconium cluster suggested that
acid treatment of the MOF could saturate the charge trapping
sites and improve the overall conductivity, and by synthesis in
the presence of sulfoacetic acid, a 5-fold improvement of the
conductivity was achieved, reaching a maximum of 5.62 × 10−3

S cm−1 at 95% relative humidity and 65 °C. Overall, these
results demonstrate that defective sites within MOFs can
significantly alter the surface properties of the MOF, in this case
causing large changes to the proton trapping nature of the
material. These results not only are important for the
application of MOFs as proton conductors, but also give
insight into their stability and potential limitations as acid
catalysts. Hopefully, the results presented here can be utilized
for the design of more active protic MOF materials.
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