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Acidic Properties of Known and New COOH-Functionalized

M(IV) Metal-Organic Frameworks

Mirjam Patricia Margarete Poschmann,™ Karl Petter Lillerud,” and Norbert Stock*™

Abstract: Herein, we report two new COOH-functionalized
metal-organic ~ frameworks =~ (MOFs) of  composition
MO, (OH)(PMA),(H,PMA)] x H,0, M=Zr, Hf), denoted CAU-61,
synthesized by using pyromellitic acid (H,PMA), a tetracarbox-
ylic acid, as the linker and acetic acid as the solvent. The
structure was determined from powder X-ray diffraction data
and one-dimensional inorganic building units are connected
through tetracarboxylate as well as dicarboxylate linker
molecules, resulting in highly stable microporous framework
structures with limiting and maximum pore diameter of ~3.6

~
and ~5.0 A, respectively, lined with —COOH groups. Thermal

stabilities of up to 400°C in air, chemical stability in water at
pH 1 to 12 and water uptake of 17 mol/mol prompted us to
study the proton exchange of the p,-OH, p;-OH of the IBU
and —COOH groups of the linker by titration with LiOH.
Comparison of the pK, values with three UiO-66 derivatives
confirms distinct pK, value ranges and trends for the different
acidic protons. Furthermore, the preparation of Zr—CAU-61
membranes and first results on permeation of dyes and ions
in aqueous solutions are presented. )

Introduction

Metal-organic-Frameworks (MOFs) are of high interest be-
cause of their modular assembly and therefore tunable pore
sizes and structures. The high thermal, chemical and mechan-
ical stability of most Zr-based MOFs and the comparatively
high occurrence of zirconium make these compounds
particularly promising for various practical applications.'™
The first carboxylate-based Zr-MOF, UiO-66" (UiO=Universi-
tetet i Oslo), exhibits one of the most common and therefore
well characterized structure types in Zr-MOF chemistry. By
varying the linker molecules, an easy functionalization of the
pore surface is possible and generates the UiO-66 type
family. Representatives are discussed for example for CO,
capture,”) as acidic catalysts®” and as membrane
materials,®'” and the synthesis and properties of acidic
MOFs have been recently reviewed."" MOFs as acidic
catalysts are of special interest as the pores can favor the
formation of a particular isomer or provide active sites in
direct proximity."*'¥ Membrane materials are important for
example for gas separation,™ water purification™'® or
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separation of organic solvents.'”” Membranes containing

MOFs are often MOF films grown on a porous substrate or
mixed matrix membranes with micro- or nanoparticles as
fillers in polymer matrices.'>8?

Most  Zr-MOFs contain the hexanuclear cluster
{Zr;0,(OH),} as the inorganic building unit (IBU) although
they can assemble into various topologies as observed for
example in DUT-67%" (DUT =Dresden University of Technol-
ogy), MOF-808" and PCN-222%? (PCN = porous coordination
network). In addition, some Zr-MOFs with other IBUs are
known, for example CAU-22,%'" CAU-27,2" CAU-39*
Zr,,—TPDC?® (TPDC* =triphenyldicarboxylate) CAU-45%"Y/
MIP-206% (CAU = Christian-Albrechts Universitat; MIP =ma-
terial of the Institute of Porous Materials of Paris) and MIL-
140% (MIL=Matériaux de IInstitut Lavoisier). In the first
examples, different kinds of condensed hexanuclear clusters
and in MIL-140 a chain of {ZrO;} polyhedra were observed.
These IBUs were found when non-standard linker molecules,
solvents or reaction conditions were employed, such as
monocarboxylic acids as solvents or harsh synthesis con-
ditions. High-throughput (HT) methods allow a fast, efficient
and systematic screening of chemical and process parameters
thus facilitating the discovery of new compounds and are
therefore the ideal tool to screen reaction conditions.

Herein, we report on the synthesis and characterization of
CAU-61, which was discovered in a HT linker screening
experiment, its acidic properties in comparison to three other
acidic UiO-66 derivatives, and the preparation of free stand-
ing membranes that were used in permeation experiments in
aqueous solutions.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Results and Discussion

The discovery and synthesis optimization of M—CAU-61 was
performed using our high throughput setup with 2 mL Teflon
inserts.’™™ Based on the results of a previous study,”” acetic
acid was employed as the solvent and reaction temperatures
of 180°C were used. Eight linker molecules with different
geometry, number of —COOH groups and size were chosen
and the influence of NaOH and HCl as modulators on the
phase formation and the crystallinity was determined. The
use of pyromellitic acid (H,PMA) resulted in crystalline
products. An excess of ZrCl, (ZrCl,:linker=1:0.5) leads to the
formation of CAU-61, while with increasing amounts of linker,
mixtures of CAU-61 and UiO-66 are observed.

Synthesis optimization resulted in the optimized compo-
siton of the reaction mixture of composition
ZrCl,:H,PMA:HCI:H,0:CH;COOH=1:0.5:1:3.4:144 and
HfCl,:H,PMA:HCl:H,0:CH;COOH=1:0.5:2:6.9:143  which
led after a reaction time of 70 h at 180°C to a microcrystalline
reaction product of CAU-61. Details on the syntheses are
given in Supporting Information section 2.

For structure elucidation, a PXRD pattern of Zr—CAU-61
and the program TOPAS®" were used to perform indexing
and Pawley refinement. Unit cell parameters indicated
structural similarities to CAU-22 and therefore, a structural
model was built using Materials Studio.®? However, the
successful Rietveld refinement against PXRD data using
TOPASEB" was only possible by removing monocarboxylate
ligands from the starting model and changing the framework
connectivity. Details of the structure determination are given
in the Supporting Information section 3. The same IBU as
previously observed for CAU-22 is found, which consists of
edge sharing hexanuclear clusters that form chains (Ta-
ble S3.1, Figure 1a). Thus, there are acidic p;-OH in the
hexanuclear cluster and p,-OH groups from cluster condensa-
tion present. In contrast to CAU-22, a new connectivity by
the linker molecules is found. According to the composition
[MeO4(3-OH)4,(u,-OH),(PMA),(H,PMA)], two linker molecules
per formula unit coordinate with four and the third linker
with two carboxylate groups (Figure 1c). The non-
coordinating —COOH groups are accessible through the one-
dimensional, triangular pores (Figure 1b). The limiting and
maximum pore diameters were determined to be ~3.6 A and
~5.0 A, respectively. Due to the different framework con-
nectivity, the topology changes from the uninodal net bnn
(point symbol {4%.6%) for CAU-22 to a three nodal 3,5,6-c net
(point symbol {32.4°5%.6°.7.8},{3*.4%.8"}{4.6},) in CAU-61 (Fig-
ure 1d and Supporting Information section S3).

To further confirm the plausibility of the refined structure,
a geometry optimization was performed in Materials
Studio® in space group P-1 using the code Dmol3. Only very
small differences between the calculated and the refined
structure were found (further details in Supporting Informa-
tion section S4). The refinement of the Hf—CAU-61 was
successfully performed using the structure of Zr—CAU-61.5%
The composition of the two compounds was confirmed by
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Figure 1. Top: IBU (a) and structure of M—CAU-61 (with M=Zr, Hf) viewed
along the one-dimensional pores (b) and the two linker molecules with
different coordination geometry (c1, c2). Bottom: Topology of M—CAU-61 in
b- (d1) and c-direction (d2). Nodes representing the carboxylate groups are
colored in pink and those representing the linker molecules in orange.

thermogravimetric (Tables S8.1 and S$8.2) and elemental
analysis (Table S7.1) as well as '"H NMR (Figures S6.1 and 56.2).

The thermal properties were investigated by thermogravi-
metric analysis (TGA), temperature programmed desorption /
mass spectrometry (TPD/MS) and variable temperature
powder X-ray diffraction (VT-PXRD). TGA demonstrates ther-
mal stabilities of 390°C for Zr— and Hf—CAU-61. The weight
losses prior to framework decomposition are due to the loss
of adsorbed water molecules and water molecules resulting
from the dehydration of the IBU (Figure S8.2). VT-PXRD
measurements demonstrate structural integrity up to the
decomposition temperature (Supporting Information sec-
tion 8). Above 400°C, a slight shift of reflection positions and
a steady loss of intensity up to total decomposition at 470°C
(for Zr—CAU-61) and 480 °C (for Hf—CAU-61) are observed.

Sorption measurements using nitrogen (at 77 K), water
and carbon dioxide (at 298 K) confirm the microporosity of
CAU-61 (Supporting Information, section S9). With N, as the
adsorptive, type 1 isotherms are observed and specific
surface areas of age;=320 and 285 m?/g were calculated for
Zr— and Hf—CAU-61, respectively. The isotherm shape and the
ager value were also determined for Zr—CAU-61 using the
Sorption Module as implemented in Materials Studio®” and
are in good agreement (aggr, ;. = 308 m?/g). CAU-61 is hydro-
philic with a maximum uptake of 17 mol water per mol MOF,
but adsorbs 3.5 and 4 mol/mol CO,, respectively. Details are
given in the Supporting Information section S9.

CAU-61 is stable in several organic solvents, water,
aqueous HCl- and NaOH-solutions in a pH range of 1 to 12
and phosphate buffer solution. At pH=13 the structure
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decomposes and an X-ray amorphous product is formed
(Supporting Information section S11).

The stability in aqueous solutions and the presence of
accessible p,-OH, p;-OH and —COOH groups at the IBU and
the linker, respectively, prompted us to study and compare
the acidic properties to three known and well-studied UiO-66
type materials, i.e. UiO-66-BDC, UiO-66-TMA and UiO-66-PMA
(Figure 2, top, H,BDC=benezenedicarboxylic acid, H;TMA=
trimellitic acid, H,PMA = pyromellitic acid). These compounds
exhibit additional acidic groups, i.e. coordinating H,O mole-
cules and OH™ ions, due to the presence of linker defects. The
amount of linker defects for each sample was additionally
determined by TGA measurements (Table $13.2). Details on
syntheses and characterization of the UiO-66 type com-
pounds are given in the Supporting Information section S12.

Sample preparation prior to titration experiments is a
very important aspect to obtain reproducible results. All
samples must be stirred multiple times in water to remove all
impurities and the pH of the starting solution must be
adjusted by adding HCl in order to be able to determine the
first pK, value. Titrations with LiOH solution were performed
using a procedure similar to that described by Klet et al.** In
general, ~50 mg MOF were dispersed in 60 mL water, pH was
adjusted to 2.8 by addition of diluted HCl and the titrations
were carried out with LiOH solutions (c =0.01 to 0.05 mol/L)
and titration rates between 0.1 and 0.5 mL/min, depending
on the MOF. This is described in detail in Supporting
Information S13.1.

The titration curves of all five samples are given in the
Supporting Information S13, here the ones for Zr—UiO-66-
BDC and Zr—CAU-61 are presented (Figure 2, bottom).

Zr-Ui0-66- Zr/Hf-CAU-61
BDC TMA PMA
COO-M COO-M COO-M COO-M COO-M
COOH COOH COOH COO-M
HOOC HOOC M-00C
COO-M COO-M COO-M COO-M COO-M
defects in IBU: H,0 -OH
IBU: H;-OH M,-OH
linker: -COOH pK,
Zr-Ui0-66-BDC Zr-CAU-61
12 12

1"
10

derivative
pH
derivative
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mol(LiOH)/mol(MOF)

o

1 2 3 4 5 6
mol(LiOH)/mol(MOF)

Figure 2. Top: Acidic groups in the linker molecules (blue) and the IBU (red)
in the UiO-66 type MOFs and in Zr/Hf—~CAU-61 and their approximate order
of pK, values. Bottom: Titration curves of Zr—UiO-66-BDC (left) and Zr—CAU-
61 (right) with the three and two marked equivalent points (EPs),
respectively.
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In the titration curve of Zr—UiO-66-BDC three different
equivalent points (EP) are observed (Figure 2, bottom left,
and Supporting Information section $13.2). The first EP can
be attributed to the p;-OH groups in the cluster, and the
second and third EP are assigned to the H,0 and OH™ ligands,
respectively.® The pK, values differ slightly from those
reported earlier (Table $13.3).5¥ This can be explained by the
different sample preparation, the defect rich structure or the
slightly different titration procedure (Supporting Information
section S13.1).

The influence of non-coordinating —COOH groups in the
framework on the titration curves was systematically studied
for the other compounds. The deprotonation of the acidic
protons of p;-OH and —COOH groups occurs in a similar pH
range. Therefore, only an average pK, value can be given
(Figure 3). Titration curves of Zr—UiO-66-TMA and Zr—UiO-66-
PMA (Supporting Information sections S13.3 and S13.4) are
very similar. The pK, values of the three UiO-66 type MOFs
are listed in Figure 3. Similar pK, values for the deprotonation
of the p;-OH and —COOH groups are found, but the pK,
values associated with the linker defects (5.98 <pK,<6.52
and 8.35<pK,<8.81) shift to smaller values the more
carboxylate groups are in the linker molecule. This is due to
the -l effect of the —COOH groups, which causes a slight
decrease of the partial charges of the Zr** ions, which in turn
increases the acidity of the coordinating —OH and H,O
groups. This observation is in agreement with the results of
Ragon et al. who investigated the Lewis and Brgnsted acidity
of Zr-Ui0-66-BDC, Zr—Ui0-66-TMA and Zr—UiO-66-PMA by IR
and acetonitrile sorption experiments.®® The results of the
titration experiments, i.e. the difference between the EP1
and EP3 values, can be used to determine the number of
linker defects (see Supporting Information 13.1). Thus for
Ui0-66-BDC, -TMA and -PMA, defect concentrations of 1.25,
1.5 and 1.5 linker molecules per formula unit were found
(Tables S13.2-S13.4). These values are in agreement with the
results of the TG analyses.

Zr—CAU-61 and Hf—CAU-61 are almost defect-free accord-
ing to the TG analysis and accordingly only two EP values are
observed in the titration curves (Figure2 and Supporting
Information sections S13.5 and S13.6). The pK, values can be
assigned to the p;-OH/—COOH and the p,-OH groups
respectively. The values of Hf—CAU-61 are slightly lower than
those of the Zr analog (3.09/3.16 and 6.83/6.94, respectively)
which is consistent with the results described for UiO-66-BDC

p;-OH/-COOH  H,0 1,-OH -OH  pK,
Zr-Ui0-66: 3.15 6.52 8.81
Zr-Ui0-66-TMA:  3.11 6.03 8.56
Zr-Ui0-66-PMA:  3.18 5.98 8.35
Zr-CAU-61: 3.16 6.94

Hf-CAU-61: 3.09 6.83

Figure 3. Assignments of the pK, values determined by titrations of Zr—UiO-
66-BDC, Zr—Ui0-66-TMA, Zr—Ui0-66-PMA, Zr—CAU-61 and Hf—CAU-61 with
LiOH solution.
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compounds.?¥ The acidity of the u,-OH groups is between
that of the p;-OH and the OH- ligands.

Thus, titration is a powerful instrument to investigate the
acidity of different acidic groups in a MOF.

As the narrow pores of M—CAU-61 are accessible to metal
ions and the compounds are highly stable in water, free
standing MOF-membranes were prepared and tested in
osmosis cells (details in Supporting Information section $14)
with Patent Blue V and metal chlorides of Li*, Na*, K", Mg®"
and Ca’*. Pure MOF membranes of 0.6 mm thickness and
2 cm in diameter proofed to be mechanically and chemically
stable. Chemical stability was confirmed by PXRD (sec-
tion S14.11). Diffusion of water molecules through the pure
MOF membrane is clearly seen (Figures 4, and S14.1). lon
transport was first detected by conductivity and pH measure-
ments (Figure $S14.9), and the metal ion concentrations were
recorded by ICP-OES. Metal ions diffuse slowly through the
membrane, but no size-dependent sieving effect was found
(Table S14.2). This is probably due to interparticle diffusion
and therefore the use of the binder SilRes MP50E®, up to
15 wt.%, was tested. Patent Blue V was chosen as a large,
colored analyte. Increasing the amount of binder leads to a
decrease of permeation as determined visually by the color
changes (Figure 4, left, Figures S14.1-514.8). For a membrane
containing 15 wt.% of the binder, no color change was
observed after one week. Subsequently, membranes contain-
ing 5 and 10% binder were used in a permeation study
employing a solution containing all five metal salts at
concentrations of approximately 0.25 mol/L. The results are
presented in Figure 4, right and in Tables S14.3-S14.4, Fig-
ure S14.9-14.13. As the binder content increases, the perme-
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Figure 4. Top: Image of the MOF membrane with grease, which was used for
sealing and volume change in osmosis cell with MgCl, solution (1 mol/L).
Bottom: Visually determined permeation time for Patent Blue V depending
on the binder amount (left) and calculated permeation flux for the ions K™,
Na*, Li*, Ca>" and Mg®" for membranes with 5 and 10 wt.% binder SilRes
MP50E® (right). No permeation of Patent Blue V in a membrane containing
15 wt.% was detected after 1 week (indicated by the arrow).

Chem. Eur. J. 2023, 29, e202301760 (4 of 6)

ation flux decreases. Although diffusion of all ions through
the membrane is observed, the permeation flux of K* ions is
higher compared to the other ions (Figures S14.11 and
S$14.13). This can be explained by the smaller Stokes radius of
the K* ion (Table S14.1). There is plenty of room for
optimizing the permeation properties of such membranes,
such as the use of other binder, the thickness and density of
the membrane, but these studies are not within the scope of
this study.

Conclusions

In conclusion, we presented the discovery, synthesis optimi-
zation and crystal structure of a new, highly stable MOF
denoted as M—CAU-61 (M=Zr, Hf). It contains a rarely
observed IBU and the framework exhibits small pores and
non-coordinating —COOH groups. The acidic properties were
determined by titration experiments and compared with
other Zr-MOFs. In contrast to the other Zr-MOFs investigated
in this study, CAU-61 contains negligible amounts of linker
defects. The high chemical and mechanical stability
prompted us to test free standing and binder containing
membranes using Zr—CAU-61. Osmosis through the mem-
branes was observed and for a mixture of Li*, Na*, K*, Mg>*
and Ca’" ions the highest permeation flux was found for K.

Supporting Information

The authors have cited additional references within the
Supporting Information B

Experimental Section
All chemicals were used as received without further purification.

Synthesis of Zr—CAU-61: 420 mg ZrCl, (1.8 mmol) and 229 mg
H,PMA (0.9 mmol) were transferred to a 30 mL Teflon insert.
14.85 mL acetic acid and 150 uL HCI (1.8 mmol) were added. The
sealed reactor was heated at 180°C for 70 h and cooled to RT
within 10 h. The colorless powder was isolated by filtration and
washed with 30 mL water and 30 mL acetone. (EA: meas. [calc.] C=
21.0[21.0] H=2.5[2.5] wt%; NMR: 500 mHz, sample dissolved in
20% NaOD in D,O: 6.92 (linker), 4.90 (D,0), 2.64 (acetone), 1.29
(acetic acid) ppm; yield: 409 mg (~26 %).

Synthesis of Hf—CAU-61: 577 mg HfCl, (1.8 mmol) and 229 mg
H,PMA (0.9 mmol) were transferred to a 30 mL Teflon insert.
14.70 mL acetic acid and 300 uL HCl (3.6 mmol) were added. The
sealed reactor was heated at 180°C for 70 h and cooled to RT
within 10 h. The colorless powder was isolated by filtration and
washed with 30 mL water and 30 mL acetone. (EA: meas. [calc] C=
16.2[15.5] H=2.0[2.3] wt%; NMR: 500 mHz, sample dissolved in
20% NaOD in D,0: 6.92 (linker), 4.90 (D,0), 2.64 (acetone) 1.30
(acetic acid) ppm; yield: 702 mg (~ 34 %).

Characterisation: Initial PXRD measurements were performed using
a Stoe Stadi P diffractometer equipped with an xy-stage and a
Mythen 1K detector operating with Cu K, radiation. PXRD
measurements for the structure determination were carried out
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with a Stoe Stadi MP diffractometer in transmission geometry using
Cu K, radiation. VT-PXRD measurements were performed using a
Stoe Stadi P diffractometer equipped with a STOE capillary furnace
and a Mythen 1K detector operating with Cu K, radiation. IR
spectra were measured on a Bruker ALPHA-P A220/D-01 FTIR
spectrometer equipped with an ATR unit. DTA/TG data were
recorded using a Linseis STA 1600 analyzer with heating rates of 4
or 8 K/min under floating air. The TPD-MS measurement was
performed using a home-build setup for the oven with a heating
rate of 4°C/min, synthetic air (N,/O,) and a Pfeiffer Vacuum
Omnistar online mass spectrometer with MID for gas detection.
Elemental analyses were carried out using a EuroVector EuroEA
analyzer. NMR spectra were recorded with a Bruker DRX 500
spectrometer and the MOFs were dissolved in 20% NaOD in D,O.
Nitrogen and water sorption measurements were performed with a
BELSORP-max instruments (BEL Japan Inc.) at —196°C (77 K) and
25°C, respectively. CO, sorption measurements were carried out
using a BESLORP-miniX apparatus (Microtrac) at 25°C. ICP-OES
measurements were performed with an ICP-OES Avio 200 instru-
ment (Perkin Elmer). Particle size and charge were determined
using a DelsaNano C Submicron Particle Size Analyzer equipped
with 3 mL cuvettes or the zeta potential cell. Osmosis cells were
built using two glass cells with a maximum volume of 40 mL each
and a membrane bracket for membranes with a diameter of 2 cm.
pH measurements were performed with an iUnitrode (Metrohm)
and conductivity measurements with a Greisinger GMH 3451.
Titration curves were recorded using a pH module of Metrohm
equipped with a Dosino and an iUnitrode. For each titration
~50 mg of MOF was dispersed in ~60 mL of water by stirring and
1 min treatment in an ultrasonic bath. All samples were titrated at
least three times with and without additional HCI. The LiOH
solution was always prepared fresh or used within one week of
preparation. The concentration of the LiOH solution was deter-
mined by titration of oxalic acid dihydrate. Sample pretreatment,
preparation and titration rate were chosen individually and more
details are given in Supporting Information Table S1.1 and
section S13.
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