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ABSTRACT: Surface halogenation is an important means to
tune or improve functionalities of solid-state materials.
However, this concept has been hardly explored and exploited
in the engineering of metal-organic frameworks (MOFs).
Here, a facile approach to obtain halo-functionalized
derivatives of zirconium fumarate (MOF-801) is developed
by reacting zirconium halides (ZrX4; X = Cl, Br, I) in water
with acetylenedicarboxylic acid. The latter quantitatively
undergoes an unusual in situ linker transformation into
halofumarate via trans addition of HX to the −CC− triple
bond. This HX addition and MOF formation happen in a one-
pot reaction, that is, the in situ generated halogenated linker reacts with zirconium ions in solution to yield three microporous
HHU-2-X MOFs (X = Cl, Br, I) with an fcu topology, containing UiO-type [Zr6O4(OH)4] secondary building units 12-fold
connected by halofumarate linkers. The halogen (Cl) groups in HHU-2-Cl result in increased hydrophilicity for water vapor
sorption as well as increased gas uptakes of 21% SO2, 24% CH4, 44% CO2, and 154% N2 when compared to the non-
halogenated MOF-801. The tuning of the inner surface chemistry is realized to yield multipurpose adsorbent materials for
enhanced gas and vapor uptakes over their non-halogenated analogues. The gas sorption properties of the chlorinated HHU-2-
Cl material indicate its suitability for CO2, N2, and SO2 capture and separation, while its water sorption profile yields a high heat
storage capacity of 500 kJ kg−1, making it promising for adsorption-based thermal batteries and dehumidification applications.

■ INTRODUCTION

Metal-organic frameworks (MOFs) are porous materials
consisting of organic ligands coordinatively connected to
metal clusters into a three-dimensional network.1,2 MOFs
promise a wide range of technological applications, such as gas
storage and separation,3−6 catalysis,7−9 adsorption-driven
chillers and heat pumps,10,11 proton conduction,12−14 and
water harvesting from air.15 Decorating the inner surface of
MOFs with polar groups has been proven to be an effective
means to tune their affinity for gas/vapor molecules in view of
target applications, with amino-, carboxyl-, hydroxyl-, and
nitro-functionalization dominating the field.16,17 Substituting
linkers with electron-withdrawing halogens was shown to have
a multiplicative effect on the Lewis acid catalysis with MOFs.18

Yet, astonishingly few studies of the effect of halogen-
decorated pores on the gas/vapor adsorption properties of
MOFs are reported.19−22 At the same time, the necessity that

synthesis methods and functionalization approaches should
economize time and cost, as well as ensure sustainability, is
increasingly becoming an essential issue, as MOFs are
progressively shifting from laboratories to industry.23

Alkyne-containing ligands pose platforms to halo-function-
alize a MOF via halogenation reactions on the triple bond.24

Marshall et al. demonstrated that post-halogenation of linker-
integral −CC− bonds was possible in zirconium(IV)-based
MOFs containing alkyne moieties, with retention of structure
topology. They reported the postsynthetic bromination of the
UiO-type 4,4′-(ethyne-1,2-diyl)dibenzoate-based Zr-MOF to
an isostructural 4,4′-(1,2-dibromoethene-1,2-diyl)dibenzoate-
based MOF.24,25 However, halogenated MOFs obtained by
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direct reaction of prefunctionalized ligands are also known. For
example, Meek et al. reported the synthesis of a series of
halogenated versions of MOF-5 using halogenated terephthalic
acid as starting ligands.26 In principle, an in situ transformation
of an alkyne-containing linker into a halo-substituted alkene-
containing linker and subsequent/simultaneous MOF for-
mation should be an interesting approach to halo-function-
alized MOFs. This was observed in the formation of
copper(II) chlorofumarate and lithium hydrogen iodofumarate
coordination polymers, starting from acetylenedicarboxylic
acid.27,28 Such an approach would have benefits of reducing
synthesis steps, time, and cost, as well as yielding materials that
might not be obtained by direct synthesis or postmodifica-
tion.29

For acetylenedicarboxylate (ADC), being the shortest
alkyne-containing dicarboxylate linker, we recently communi-
cated a strategy to synthesize a chloro-functionalized version of
zirconium(IV) fumarate via in situ hydrochlorination of the
−CC− triple bond of acetylenedicarboxylic acid (H2ADC)
to chlorofumarate (Scheme 1).30 This discovery prompted us

to investigate here the generation of other halo- (bromo-, iodo-
)functionalized versions of zirconium fumarate by the same
strategy but with some amendment in the first synthesis
procedure. Thereby, we verify that bromine and iodine can
also be successfully hydrohalogenated to acetylenedicarboxylic
acid. This could not be necessarily inferred from the reported
hydrochlorination, as it is known that changing reaction
conditions in the synthesis of MOFs (and especially the metal
source) can yield no or other products as targeted.31 The
hydrohalogenation approach should be of wider interest not
only because of its environmental friendliness (water as
solvent, low reaction temperature, short reaction time, and
high yield) but also because it presents an easy access to
halofumarate-based MOFs for which linkers as acids are
otherwise very expensive. As a matter of fact, 50 mg (!) of 2-
chlorofumaric acid presently cost 144 €, compared to 25 g
H2ADC for 210 € at Sigma-Aldrich, while 2-bromofumaric acid
and 2-iodofumaric acid do not appear to be commercially
available.
Zr-fumarate, which is named MOF-801, crystallizes in an fcu

net topology, consisting of octahedral [Zr6O4(OH)4] secon-
dary building units (SBUs) each connected by 12 fumarate
linkers to yield a three-dimensional framework with octahedral
cages of 7.4 Å diameter and two slightly differently sized
tetrahedral cages with pore diameters 4.8 and 5.6 Å,
respectively [Figure S1 in the Supporting Information

(SI)].32 This material features high chemical and thermal
stability like the parent UiO-66 and was studied for its
potential application in water harvesting from air and
adsorption cooling.33,34 To date, only two functionalized
versions of MOF-801 have been reported, namely, zirconium
mesaconate, which has a methyl-substituted fumarate linker,35

and our Zr-chlorofumarate, which was named HHU-2.30

Functionalizing the fumarate linker with polar and not very
sterically hindering groups such as halogens should be of great
interest in tuning or enhancing the properties of the underlying
Zr-fumarate (MOF-801) material. This hydrohalogenation of
H2ADC (Scheme 1) also provides a basis to investigate the
effect of halogen functionality on the hydrophilicity of MOFs
and their gas adsorption capacity and selectivity. So far, there
have been limited studies to demonstrate that aryl or aliphatic
halogen groups provide any enhancement of low-pressure gas/
vapor uptake and/or affinity.22

We herein report the synthesis of three novel halo- (i.e.,
chloro-, bromo-, and iodo-)functionalized Zr-fumarates, that is,
halo-functionalized MOF-801, having chlorofumarate, bromo-
fumarate, and iodofumarate as linkers, following our recent
communication of the in situ formed Zr-chlorofumarate,
HHU-2. Their thorough characterization and possible
applications in water-sorption-based thermal batteries, gas
(SO2, CH4, CO2, and N2) storage and separation are
investigated, as well as the mechanism of the in situ
functionalization leading to these halogenated materials.

■ EXPERIMENTAL SECTION
Materials and Methods. Zirconium chloride (ZrCl4, purity

99%), zirconium bromide (ZrBr4, purity 99%), and acetylenedicar-
boxylic acid (H2ADC, purity 97%) were obtained from Alfa Aesar.
Zirconium iodide (ZrI4, purity 99.99%) was obtained from Sigma-
Aldrich, acetic acid (purity 100%) from VWR Chemicals, and
methanol (analytical reagent grade) from Fisher Chemical. All
chemicals were used without further purification.

Infrared (IR) spectra were obtained on a Bruker FT-IR Tensor 37
spectrometer in the 4000−550 cm−1 region with 2 cm−1 resolution as
KBr disks.

Raman spectra were obtained on a Bruker MultiRAM-FT Raman
spectrometer equipped with a Nd:YAG laser (wavelength 1064 nm).
All Raman spectra were measured in the solid state for 2500 scans
with a laser power between 10 and 20 mW.

Powder X-ray diffraction (PXRD) data were collected on a Bruker
D2 Phaser diffractometer using Cu Kα1/α2 radiation with λ = 1.5418
Å at 30 kV covering 2θ angles in the range 5−50° over a time of 1 h,
that is, 0.0125° s−1. Diffractograms were obtained on a flat silicon
layer sample holder, where the beam spot was strongly broadened at
low angles, so that only a fraction of the reflected radiation reached
the detector, which led to low relative intensities measured at 2θ < 7°.

Thermogravimetric analyses (TGA) were carried out at a ramp rate
of 5 °C min−1 in N2 flow with a Netzsch Thermo-Microbalance
Apparatus TG 209 F3 Tarsus.

Scanning electron microscopy (SEM) images were obtained using a
JEOL JSM-6510LV QSEM advanced electron microscope with a LaB6
cathode at 5−20 keV. The microscope was equipped with a Bruker
Xflash 410 silicon drift detector for energy-dispersive X-ray (EDX)
spectroscopy element analysis. The samples for SEM imaging were
coated with gold using a JEOL JFC 1200 fine-coater (20 mA for 25 s).

X-ray photoelectron spectroscopy, XPS (ESCA), measurements
were performed with a Fisons/VG Scientific ESCALAB 200X XP
spectrometer, operating at 70−80 °C, a pressure of 7.0 × 10−9 bar,
and a sample angle of 33°. Spectra were recorded using polychromatic
Al Kα excitation (11 kV, 20 mA) and an emission angle of 0°.
Calibration of the XPS was achieved by recording spectra with Al Kα

Scheme 1. Reaction of Acetylenedicarboxylic Acid to
Halofumarate-Based UiO-Type MOFs HHU-2-Cl, HHU-2-
Br, and HHU-2-I by in Situ Hydrohalogenation
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X-rays from clean samples of copper, silver, and gold at 50 and 10 eV
pass energies and comparison with reference values.
Conventional cross-polarized magic-angle spinning (CP MAS)

solid-state NMR measurements were carried out at room temperature
on a Bruker AVANCE II+ spectrometer at 400 MHz proton
resonance frequency, employing a Bruker 4 mm double resonance
probe. 13C CP MAS spectra were recorded utilizing ramped CP MAS
sequences at a spinning rate of 8 kHz. Contact time was set to 1.5 ms
and two-pulse phase-modulated (tppm) decoupling with a 15° phase
jump was applied during data acquisition.36 13C spectra were
referenced with respect to tetramethylsilane (TMS). Frequency-
switched Lee Goldburg (FSLG) CP MAS heteronuclear correlation
(HETCOR) spectra were recorded at 8 kHz and contact times of 500
μs and 1500 μs. The tppm decoupling sequence with a 15° phase
jump was applied during data acquisition. 1H spectra were recorded
utilizing FSLG homonuclear decoupling, applying the same LG field
strength and step width as those for the FSLG-HETCOR spectra. 1H
shift values of the direct dimension of these spectra were utilized to
reference the indirect dimensions of the FSLG-HETCOR spectra.
The direct dimensions of the 1H spectra were referenced with respect
to TMS. Solution 1H, 13C, heteronuclear single quantum coherence,
and heteronuclear multiple bond correlation spectra were measured
with a Bruker Avance III-300 at 300 MHz frequency. Prior to solution
NMR analysis, an activated sample of HHU-2-X and zirconium
fumarate MOF was digested as follows: 15 mg of MOF and 10 mg of
cesium fluoride were suspended in dimethyl sulfoxide-d6 (0.65 mL).
Five drops of aqueous DCl (35 wt % in D2O) were added. As soon as
the light yellow/white solid of MOF had dissolved (after 15−30 min),
12 mg K2CO3 was added to neutralize the acid.37

Water vapor sorption isotherms were measured at 20 °C on a
VSTAR vapor sorption analyzer from Quantachrome. An accurately
weighed amount (about 25 mg) of the activated sample was
introduced into the measuring cell and connected to the analysis
port of the analyzer. Gravimetric water vapor sorption isotherms were
measured using a Projekt Messtechnik SPS11 gravimetric vapor
sorption analyzer. The weight of the dried powder (≈150 mg) was
constantly monitored with a high-resolution microbalance (±0.1 μg)
under pure water vapor pressures. The kinetic curve was obtained by
measuring the real-time mass change at a fixed relative humidity (RH)
of 30% at 25 °C.
For gas sorption studies, nitrogen, carbon dioxide (CO2), and

sulfur dioxide isotherms were measured on a Quantachrome Autosorb
iQ MP at 77 K (N2) and 293 K (N2, CO2, SO2), respectively. The
temperature of 77 K was set by a liquid nitrogen bath, whereas 293 K
was set by a temperature-controlled water bath. The specific surface
area was calculated from the nitrogen sorption isotherms using the
Brunauer−Emmett−Teller (BET) equation. Nonlinear density func-
tional theory (NLDFT) calculations for pore size distributions were
done with the NovaWin 11.03 software using the “N2 at 77 K on
carbon, slit pore, NLDFT equilibrium” model. Methane (CH4)
isotherms were measured at 293 K using a Micromeritics ASAP 2020
automatic gas sorption analyzer equipped with oil-free vacuum pumps
(ultimate vacuum <10−8 mbar) and valves, which guaranteed
contamination-free measurements. The sample was connected to
the preparation port of the sorption analyzer and degassed under
vacuum until the outgassing rate, i.e., the rate of pressure rise in the
temporarily closed manifold with the connected sample tube, was less
than 2 μTorr min−1 at the specified temperature of 120 °C. After
weighing, the sample tube was then transferred to the analysis port of
the sorption analyzer. All gases for the sorption measurements were of
ultrapure grades (99.999%, 5.0).
For safety precautions of toxic SO2, a Drag̈er Pac 6000 SO2

detector (1−100 ppm) was used in close range to the sorption
device. The exhaust of the Quantachrome sorption instrument was
directed to a hood for safe removal of desorbed gases.
Synthesis Procedure. All three HHU-2-X compounds (X = Br,

Cl, I) were obtained following the same acetic acid modulated
synthesis. Typically, 1 mmol ZrCl4 (233 mg), ZrBr4 (411 mg), or 0.5
mmol ZrI4 (300 mg) was dissolved in a solvent mixture containing 2.5
mL of water and 2.5 mL of acetic acid. Then, 1 or 2 mmol (114 or

228 mg) of acetylenedicarboxylic acid was added to the solution. The
resulting clear mixture was introduced into a 10 mL screw-capped
Duran glass vial and stored for 6 h in an oven preheated at 85 °C.
After cooling to room temperature, the precipitate was separated from
the mother liquor by centrifugation, and re-dispersed in and
centrifuged from distilled water (3 × 10 mL) and methanol (3 ×
10 mL). Afterward, the product was dried in air. Yield: 243 mg (86%)
for HHU-2-Cl; 296 mg (94%) for HHU-2-Br; and 121 mg (76%) for
HHU-2-I based on the zirconium salt.

The washed and dried as-synthesized samples were heated for 6 h
at 120 °C under dynamic vacuum (10−4 mbar) to yield activated
samples, prior to various further characterizations.

■ RESULTS AND DISCUSSION
Synthesis and Characterizations. The reaction of

acetylenedicarboxylic acid with zirconium chloride (ZrCl4) in
water at 85 °C in the presence of acetic acid unexpectedly
yielded, within 1 h, the new MOF HHU-2 of the ideal formula,
[Zr6(μ3-O)4(μ3-OH)4(Fum-Cl)6]·solv (Fum = fumarate/trans-
1,2-ethylenedicarboxylate).30 For differentiation, HHU-2 is
named HHU-2-Cl, as the reaction was repeated using
zirconium bromide and iodide as the metal source, yielding
the new MOFs, HHU-2-Br and HHU-2-I, respectively, of ideal
formulae [Zr6(μ3-O)4(μ3-OH)4(Fum-X)6]·solv (X = Br, I)
(Scheme 1) (HHU stands for Heinrich-Heine-University
Düsseldorf). Although a rapid formation of products was
observed, the reaction was allowed to continue for 6 h to
ensure maximum yield. Reaction yields reached up to 94%
yield based on the zirconium salt. It should be noted that the
synthesis was carried out only in water and did not require
dimethylformamide or organic solvents.
The transformation of the initial ADC linker into a

halofumarate was first discerned by Raman spectroscopy
analysis. The −CC− triple bond in alkyne-containing
molecules, such as acetylenedicarboxylic acid, displays in
Raman spectroscopy a characteristic very strong stretching
band at about 2230 cm−1.38 In the diagnostic Raman spectra
(Figure 1), complete disappearance of the −CC− stretching

band at 2225 cm−1 was observed. This observation suggested
an addition reaction to the acetylenedicarboxylic acid triple
bond, giving a new double-bond-containing linker. The bands
at 681, 744, and 672 cm−1 in the infrared spectra (Figure S6 in
SI) are attributable to the C−Cl, C−Br, and C−I stretching
vibrations in HHU-2-Cl, HHU-2-Br, and HHU-2-I, respec-
tively.39,40

Figure 1. Raman spectra of HHU-2-Cl, HHU-2-Br, and HHU-2-I in
comparison to acetylenedicarboxylic acid. The band at 2225 cm−1 has
disappeared in the spectra of HHU-2-X.
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Solid-state (1H and 13C) NMR (ssNMR) spectroscopy
analysis was conducted to further investigate the nature of the
linkers in the new HHU-2-X materials.41−43 For HHU-2-Cl,
using ZrOCl2 as the metal salt30 and again with ZrCl4, the
1H−13C FSLG-HETCOR spectrum (Figures 2 and S7)

unambiguously elucidated the linker as a substituted
chlorofumarate.30The ssNMR spectra showed additional
signals attributable to the coordinated acetate modulator and
methanol used as the exchange solvent (Figure 2), as the
analysis was conducted on a nonactivated sample. Solid-state
and liquid NMR analyses of HHU-2-Br and HHU-2-I also
clearly identify a monosubstituted fumarate as the linker (see
details in the SI).
To prove hydrohalogenation (addition of HBr, HCl, and HI,

respectively, and thereby exclude addition of H2O), X-ray
photoelectron spectroscopy (XPS) was conducted on all
materials. The presence of organic chlorine in HHU-2-Cl
was shown through the Cl 2p peak at 201.65 eV binding
energy (Figure S14 in the SI). The presence of bromine in
HHU-2-Br was shown through Br 3d peaks at 70.61 (3d5/2)
and 71.66 (3d3/2) eV binding energies (Figure S17), and the
presence of organic iodine in HHU-2-I was shown through the
couple of I 3d peaks at 621.67 (3d3/2) and 632.95 (3d5/2) eV
binding energies (Figure S21). All of these values are indicative
of C−X bound organic chlorine, bromine, and iodine in HHU-
2-Cl, HHU-2-Br, and HHU-2-I, respectively. The signal of free
halide ions would occur at 198 eV for Cl−, at 68.4 and 68.9 eV
for Br−, and at 618.6 and 630.1 eV for I−.44−46

Scanning electron microscopy (SEM) with energy-dispersive
X-ray (EDX) spectroscopy elemental mapping (Figures 3, S25,
and S28) confirms the even distribution of Cl, Br, I, and Zr

across the entire samples of HHU-2-Cl, HHU-2-Br, and HHU-
2-I, respectively. The presence of a proton bonded to the
CC double bond in the 1H NMR analysis also excludes a
dihalogenation reaction of the alkyne triple bond.
The mechanism of HHU-2-X formation most likely consists

of zirconium halogenide (ZrX4; X = Cl, Br, I) reacting with
acetic acid and water to produce hydrogen halogenide HX.
Afterward, a trans hydrohalogenation (addition of produced
HX) of the −CC− bond takes place with acetylenedicarbox-
ylic acid to give halofumaric acid, followed by formation of the
new MOF through acetate-to-halofumarate ligand exchange
(see details and Scheme S1 in the Supporting Information).
The thermal stability of HHU-2-X was assessed by

thermogravimetric analysis under a nitrogen atmosphere.
TGA traces (Figures S37−S39 in the SI) indicate that
HHU-2-Cl and HHU-2-Br are thermally stable till about 300
°C, slightly less than MOF-801 (400 °C), unlike HHU-2-I,
which is stable only till about 180 °C.

Structural Description and Defect Elucidation of
HHU-2-X. All three HHU-2-X (X = Br, Cl, I) materials were
obtained as highly microcrystalline powders. The PXRD
patterns of the three materials are similar to each other and
resemble that of unsubstituted MOF-801 (Figure 4), indicating
that they are isostructural with this UiO-type metal-organic
framework.

Similar to MOF-801, the HHU-2-X structures consist of
octahedral [Zr6O4(OH)4]

12+ secondary building units (SBUs)
each 12-fold connected by chlorofumarate (HHU-2-Cl),
bromofumarate (HHU-2-Br), or iodofumarate (HHU-2-I)

Figure 2. 1H−13C FSLG-HETCOR CP MAS of HHU-2-Cl at 8 kHz
spinning speed and 500 μs contact time.

Figure 3. SEM image of microcrystals with Zr- and Br-EDX elemental maps for HHU-2-Br, showing uniform and concomitant distribution of Zr
(red) and Br (green) over the entire sample.

Figure 4. PXRD patterns of HHU-2-X (X = Br, Cl, I) in comparison
with the MOF-801 simulated pattern from deposited cif-file under
CCDC 1002676. The sample for HHU-2-Br was obtained from a 1:1
H2ADC-to-Zr-salt molar ratio, and the other two samples were
obtained from a 2:1 ratio (see text for explanation). See Figure S30
for PXRDs of other respective ratios.
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linkers into a three-dimensional porous framework with an fcu
net topology (Figure 5).

It is worth noting that the H2ADC-to-Zr-salt molar ratio in
the synthesis mixture was found to have an impact on the
PXRD pattern of the obtained materials. When the molar ratio
was 1:1, two less intense diffuse reflections appeared at 5.9 and
7.3° 2θ angles (see the example for HHU-2-Br in Figure 4).
These reflections do not appear in the PXRD patterns of
materials obtained from a 2:1 ratio, that is, with excess linker
(HHU-2-Cl and -I in Figure 4; HHU-2-Br in Figure S32a in
the SI).
Similar diffuse forbidden reflections in the PXRD pattern

have already been reported for UiO-66 (Hf, Zr) but not yet for
any fumarate-based Zr-MOF.47,48 These reflections, which are
forbidden for the face-centered cubic fcu structure, reveal the
presence of correlated defect nanoregions with a reo topology
(Figure 5c). These defects were associated with missing linkers
and clusters in the MOF structure. Variation in the H2ADC-to-
Zr-salt molar ratio can thus be exploited to induce correlated
defect nanoregions in HHU-2-X MOFs. Cluster defects in
these materials could have an effect on the material properties
and serve as a basis for postsynthetic modification.49 However,
even samples not containing cluster-defective nanodomains do
contain some missing linker defect sites. This is substantiated
by the occurrence of the acetate modulator in HHU-2-X, as
revealed by ssNMR analyses. The amount of linker defects can
be calculated from the acetate-to-linker ratio using the signal
integration in the solution 1H NMR spectra (see the SI for
details) to be 0.7, 0.9, and 1.4 missing linkers per {Zr6}-cluster
for HHU-2-Cl, HHU-2-Br, and HHU-2-I, respectively. This
means that for HHU-2-Cl, for example, there are (6 − 0.7) =
5.3 linkers in its average formula unit and only (5.3 × 2) = 10.6
linkers coordinated to its average {Zr6}-cluster. Zirconium-

based MOFs are known to tolerate such a range of defect
amounts without compromising their stabilities.50

Porosity and Water Sorption Properties. Nitrogen
Sorption. Experiments at 77 K (Figure S30) yield a
composition of reversible type I isotherms in the low partial
pressure region and type II or type III for high relative pressure
for the three materials,51 establishing their permanent
microporosity. The Brunauer−Emmett−Teller (BET) surface
areas were calculated to be 852, 620, and 327 m2 g−1 for HHU-
2-Cl, HHU-2-Br, and HHU-2-I, respectively. The total pore
volumes were calculated to be 0.41, 0.31, and 0.18 cm3 g−1

(Table 1). The reversible increasing uptake at high P/P0 as in a
type II or type III isotherm is traced to monolayer−multilayer
adsorption in the interparticle macropores. BET surface areas
and pore volumes of HHU-2-X are lower than those of MOF-
801 (SBET = 939 m2 g−1, Vpore = 0.43 cm3 g−1, Table 1, see
Figure S3 in SI). This is in accordance with the introduction of
halogen functions at the pore surface, thereby reducing both
the surface area and the pore volume compared to MOF-801.
The order of reduction of surface area and pore volume of the
new MOFs relative to MOF-801 follows the trend of
increasing atomic size of the grafted halogen atoms (atomic
radius in nanometers: rCl = 0.099 < rBr = 0.111 < rI = 0.128).
Interestingly, there is an inversion in the relative N2

capacities of HHU-2-Cl and MOF-801 at 77 and 293 K,
respectively (Table 2). At 77 K, HHU-2-Cl has a lower N2
uptake (11.87 mmol g−1) compared to MOF-801 (13.20 mmol
g−1), whereas this trend is reversed at 293 K. This shows that
at a temperature of 77 K, the physisorption of nitrogen on
these MOF surfaces is the dominating process, yielding
adsorption capacities, which reflect the surface area and
porosity. At a high temperature, the adsorption capacity is
directed instead by the chemical affinity of materials with
nitrogen molecules, in which the quadrupole moment of N2
may play a role. Hence, HHU-2-Cl with its polar inner surface
will have a higher nitrogen affinity and uptake than
nonfunctionalized MOF-801.

Water Uptake.With respect to the previous communication
on the water sorption of HHU-2-Cl,30 we have not only
measured the water sorption profiles for HHU-2-Br and HHU-
2-I here, but added for HHU-2-Cl, the water adsorption
energetics and kinetics, as well as the multicycle adsorption−
desorption stability. It is expected that the presence of polar
halogen functions on the inner surface of the HHU-2 MOFs
should result in increased hydrophilicity relative to MOF-801.
To investigate this, water vapor sorption experiments were
carried out at 20 °C. All three MOFs display a water sorption
isotherm close to type Ib and two uptake steps at low P/P0
until 0.2 (Figure 6).
The exceptional high hydrophilicity in the order HHU-2-Cl

> -Br > -I is disclosed by an early and steep water uptake in the
low relative pressure range, 0 < P/P0 < 0.1. The isotherms

Figure 5. Structure depiction of HHU-2-X and MOF-801. (a)
Zr6O4(OH)4 cluster as polyhedra and connecting linkers as rod yield
(b) an fcu topology network and eventually (c) defective missing
cluster regions with a reo topology.

Table 1. Summary of Surface Area, Porosity Characteristics, and Water Capacities of HHU-2-X and MOF-801

materials BET surface area,a m2 g−1 total pore volume,b cm3 g−1 micropore volume,c cm3 g−1 water uptake,d mg g−1

HHU-2-Cl 852 0.41 0.275 267
HHU-2-Br 620 0.31 0.19 236
HHU-2-I 327 0.18 0.10 173
MOF-801 939 0.43 0.30 339

aObtained from seven adsorption points in the pressure range P/P0 = 0.001−0.05. bDerived at P/P0 = 0.9 for pores smaller than 20 nm. cVolume
that originates only from micropores, obtained by the V−t method with thickness method “DeBoer”. dUptake at P/P0 = 0.9.
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reach their plateaus between 0.1 and 0.3 relative humidity, and
the water capacities of HHU-2-X at P/P0 = 0.9 are 267, 236,
and 173 mg g−1 for HHU-2-Cl, HHU-2-Br, and HHU-2-I,
respectively (Table 1).
The hydrophilicity of HHU-2-X is higher than that of

nonfunctionalized MOF-801 with its S-shaped isotherm (see
Figure S36 in the SI), as the start of the water uptake is shifted
from 0.1 relative pressure in MOF-801 to near 0 in HHU-2-X.
Comparatively, the lower hydrophilicity when going from C−
Cl to C−I (HHU-2-Cl > HHU-2-Br > HHU-2-I) is revealed
by a shift of the saturation point to higher humidity (Figure
S35 in the SI). Conversely, with increasing electronegativity
(polarity) of the halogen atoms, there is an increasing water−
adsorbent interaction, and hence, an increasing uptake at lower
relative pressure. The introduction of halogen atoms on the
pore surface of MOFs is a means of adjusting the hydro-
philicity. It is worth noting that the increase of hydrophilicity
by halogen does not result in water isotherms with irreversible
and incomplete desorption branches, as is observed for MOFs
bearing hydrophilic −OH groups. Although the desorption
loop does not fully close at low partial pressure, which is an
indication that part of the water is retained by stronger
hydrogen bonding, the water can, however, be fully removed
by evacuation for 1 h at 100 °C under vacuum, with the
activated sample then showing again the full water uptake
capacity (Figure S41, SI).
In particular, the water uptakes for HHU-2-Cl and HHU-2-

Br of 10.7 and 8.4 mmol g−1, respectively, at relative humidity
as low as 15% make these materials good candidates for
dehumidification applications at an already low water vapor
concentration.52 An application-oriented example for such
dehumidification would be the dehydration of natural gas.53,54

For this, the material should have, at the same time, a low
methane adsorption capacity, which would be the case for
HHU-2-X (Figure S44 in the SI and Table 2).
Water sorption can be the basis for thermal batteries. The

power to operate on-board air-conditioning systems is
significant in both gasoline and electrically driven vehicles.
Conventional compressor air conditioners substantially reduce
the driving range of electric vehicles (EVs) and increase the
fuel consumption and greenhouse gas emissions in gasoline
vehicles. Research efforts are being made to develop more
efficient methods for on-board air conditioning.55,56

Adsorption-based thermal batteries (ATBs) were recently
introduced as an alternative to traditional air conditioners, for
delivering both heating and cooling in vehicles. The advantage
of ATBs is that they use for operation primary thermal energy
sources, such as thermal solar energy or the excess heat
released from engines. Their principle is based on cyclic water
adsorption/desorption on and from a porous material, upon
exchange of heat between a cold source and a hot source
without use of electricity or fossil fuel (Figure 7). It is,

therefore, evident that the efficiency of the thermal battery will
fundamentally depend on the performance of the applied
adsorbent material.57 Most importantly, the adsorbent material
should achieve a high water uptake at a low relative pressure
(P/P0 = 0.1) to reduce the need to incorporate a compressor
in the system. Also, the adsorption of water on the material
should release a large amount of heat to achieve high heat
storage capacity (CHS). The hydrothermal and multicyclic ad-/
desorption stability of the applied adsorbent should be ensured
as well.
The early water uptake of HHU-2-Cl with a working

capacity of 0.15 g g−1 at P/P0 = 0.1 prompted us to evaluate
this material for thermal battery applications. To assess the
hydrolytic stability of HHU-2-Cl upon cyclic water sorption,

Table 2. Summary of Gas Sorption Capacities of HHU-2-X and MOF-801 at 293 K and 1 bar

materials CO2 (cm
3 g−1, mmol g−1, wt %)a N2 (cm

3 g−1, mmol g−1, wt %)a SO2 (cm
3 g−1, mmol g−1, wt %)a CH4 (cm

3 g−1, mmol g−1, wt %)a

HHU-2-Cl 79.95 8.28 236.19 16.08
3.28 0.34 9.69 0.66
12.61 0.94 38.28 1.04

HHU-2-Br 44.60 1.95 147.95 10.72
1.83 0.08 6.07 0.44
7.45 0.22 28.00 0.70

MOF-801 55.57 3.16 195 12.91
2.28 0.13 8.00 0.53
9.11 0.36 33.88 0.84

aThe three units from left to right refer to the given values from top to bottom.

Figure 6. Water vapor ad- and desorption isotherms of HHU-2-Cl,
HHU-2-Br, and HHU-2-I at 20 °C (filled symbols adsorption, empty
symbols desorption).

Figure 7. Working principle of an adsorption-based thermal battery.
The thermal battery is charged with a temperature difference, just like
an electric battery is charged with a voltage difference.
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the ad-/desorption experiment was carried out over five
consecutive cycles, showing no loss of water adsorption
capacity or crystallinity (see Figure S38 and S41 in the SI).
The cycle conditions consisted of adsorption at 25 °C and
desorption at 100 °C under vacuum. These conditions
correspond to a vacuum tight system and regeneration
temperature of 100 °C. The heat of water adsorption
(ΔHads) for HHU-2-Cl was calculated by applying the
Clausius−Clapeyron equation (eq S3 in the SI) using the
water sorption isotherms obtained at 20, 30, and 40 °C,
respectively (Figure S42).
The plot of isosteric heat of water adsorption with increasing

water loading is shown in Figure 8a. For uptakes between 25

and 180 mg g−1, the heat of adsorption is at about 60 kJ mol−1,
which is well above the latent heat of vaporization of water
(40.7 kJ mol−1). This value and the plot profile are comparable
with the isosteric heat of water adsorption of MOF-801 within
the same uptake range, where also the heat of adsorption
increases notably during pore filling (Figures S46 and S47,
SI).58 This behavior has apparently not yet been addressed and
clarified in the literature. We suggest that it might be due to
the rearrangement to stable water clusters at higher pore filling.
Kinetics of Water Adsorption. The kinetics of water

adsorption on the porous material is also a figure of
importance when it comes to assess the influence of the
applied adsorbent performance on the heat exchanger
efficiency. The water adsorption experiment was conducted
gravimetrically to investigate the kinetics of water adsorption in
HHU-2-Cl. Figure 8b shows the plot of the fractional water
uptake (ratio of the mass, m, of water adsorbed at time t by the
mass, ms, at saturation) with time. The material reaches the
saturation equilibrium in less than 150 min at 25 °C and 30%

relative humidity, which indicates a fast kinetics when
compared to some other adsorbents such as aluminum
fumarate, CAU-10, and MIL-101 (all >340 min) under the
same conditions.59 The kinetics of water adsorption on HHU-
2-Cl is consistent with the Fickian diffusion model. The
diffusion constant kD was calculated to be 2.80 × 10−5 and 4.22
× 10−5 s−1 for short- and long-time adsorption, respectively
(see method and calculation details in the SI). The
corresponding diffusivity, D, using the average particle radius,
Rp, of 5.5 μm is 1.27 × 10−11 and 8.43 × 10−12 cm2 s−1.

Heat Storage Capacity. In view of their use for climate
control in electric vehicles (EVs) and hybrid electric vehicles,
the American Department of Energy (DOE) had set the
minimum heat storage capacity for ATBs to be 2.5 kWh as the
target and maximum weight of the heat exchanger system to be
35 kg.60

The heat storage capacity (CHS) for HHU-2-Cl was
calculated to be 500 kJ kg−1 (0.133 kWh kg−1) at a relative
pressure P/P0 = 0.1 (calculation details in the SI). This means
that 18 kg of HHU-2-Cl (out of 35 kg required for the system
by the DOE) could achieve the targeted minimum heat storage
capacity of 2.5 kWh, set by the American Department of
Energy (DOE) for thermal batteries.60 This makes HHU-2-Cl
a promising material applicable in adsorption-based thermal
batteries.

SO2 and CO2 Adsorption. The presence of polar groups in
HHU-2-X pores should also affect their gas sorption capacity
and/or selectivity. While functionalization of MOFs with polar
groups would rationally be expected to enhance gas affinity of
the framework, this does not always apply to gas uptake
capacities. The pore occupancy by functional groups usually
results in reduced porosity, surface area, and gas uptake
capacities. It is even more challenging for MOFs having quite
small pores, such as MOF-801, for which enhancement of gas
adsorption capacities through halogen functionalization may
not have been readily anticipated.61−63 To investigate the
effect of halogen functionalities on the gas adsorption
properties of the new materials, SO2, CO2, and N2 sorption
capacities of HHU-2-X (X = Cl, Br) were compared to those of
MOF-801 at 293 K. The isotherms obtained for both materials
are shown in Figures 9 and S45 (in the SI). SO2 sorption of
HHU-2-X and MOF-801 displays type I isotherms, with a
noticeable large hysteresis loop between the SO2 adsorption
and desorption branches in the case of HHU-2-Cl and HHU-
2-Br. Meanwhile, nitrogen sorption of the three MOFs shows

Figure 8. (a) Plot of isosteric heat of adsorption and (b) kinetic curve
of water adsorption at 25 °C and 30% RH for HHU-2-Cl.

Figure 9. CO2, N2, and SO2 sorption isotherms of HHU-2-Cl (green
symbols) and MOF-801 (blue symbols) at 293 K (see Figure S43 in
the SI for the respective isotherms of HHU-2-Br).

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.9b00524
Chem. Mater. 2019, 31, 8629−8638

8635

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00524/suppl_file/cm9b00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00524/suppl_file/cm9b00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00524/suppl_file/cm9b00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00524/suppl_file/cm9b00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00524/suppl_file/cm9b00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00524/suppl_file/cm9b00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00524/suppl_file/cm9b00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00524/suppl_file/cm9b00524_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.9b00524


the expected very low uptake. Gas adsorption capacities of
HHU-2-X and MOF-801 at 293 K and 1 bar are summarized
in Table 2. Noteworthy is that HHU-2-Cl features higher SO2,
CH4, CO2, and N2 capacities compared to the parent MOF-
801 in spite of its quite lower surface area. This interesting
increase of about 21% (SO2), 24% (CH4), 44% (CO2), and
154% (N2) in gas uptake is attributable to the presence of the
polar chloro-functionality in the HHU-2-Cl pores. The large
hysteresis loop observed in the SO2 sorption isotherm of
HHU-2-Cl unlike MOF-801, further indicates a strong SO2−
MOF interaction. This behavior is consistent with the increase
in hydrophilicity earlier observed in the water adsorption
profile. A PXRD measurement after SO2 sorption of HHU-2-
Cl verified the unchanged crystalline nature of the MOF, ruling
out any noticeable decomposition. The nitrogen sorption
experiment at 77 K confirms the pore accessibility of the
materials post-SO2-exposure, although with a slight decrease in
surface area (see Figure S31 and Table S7 in the SI).
When normalized to the surface area, gas adsorption

capacities of HHU-2-Br (CO2: 3.0 μmol m−2, SO2: 9.8 μmol
m−2, and CH4: 0.7 μmol m−2) are also higher than those of
MOF-801 (CO2: 2.4 μmol m−2, SO2: 8.5 μmol m−2, and CH4:
0.5 μmol m−2). These results strongly indicate that the
presence of halogen functionalities considerably enhances both
gas affinity and uptakes in metal-organic frameworks under
practically applicable conditions.
The calculation of linker defects (see the SI for details)

reveals that MOF-801 also contains missing linker defects (1.2
linker defects per {Zr6}-cluster in the unit formula) like HHU-
2-Cl (0.7 linker defects). The difference reported above for
HHU-2-Cl and MOF-801 for water and gas adsorption
affinities and capacities is, therefore, not due to the linker
defects in HHU-2-Cl but due to some other factor, namely, the
presence of the chloro-function decorating the surface of
HHU-2-Cl, since both materials have the same range of
defects. Furthermore, halogen atoms in molecular entities are,
on account of their high electronegativity, the basis of inter-
and intra-molecular interactions known as halogen bonding.64

While CO2 is considered to be the main greenhouse gas,
SO2 is an acidic gas responsible for environmental pollution
leading to acid rain and photochemical smog as well as human
respiratory diseases.65,66 Therefore, removal of these generated
toxic gases from flue gas is one of the main challenges in the
power and chemical industries. Among several clean-up
technologies of flue gases, capturing by advanced adsorbent
materials was suggested as a cost- and energy-saving solution.67

The CO2 adsorption capacity of HHU-2-Cl under ambient
conditions (293 K and 1 bar) of 3.28 mmol g−1 is higher than
those of UiO-66 (2.3 mmol g−1) and UiO-66−NH2 (2.6 mmol
g−1) under the same conditions.68 Thus, with a quite moderate
surface area, HHU-2-Cl is among the MOFs of the UiO-type
family with the highest (maybe it has the highest) CO2 uptake
capacity at 293 K and 1 bar (Table S9, SI).
The SO2 uptake capacity of 9.7 mmol g−1 for HHU-2-Cl is

among the highest reported at 293 K and 1 bar.69 With a quite
moderate surface area, HHU-2-Cl is already counted among
the MOFs with the highest SO2 uptake capacity per weight.
Noteworthily, HHU-2-Cl has the highest SO2 uptake capacity
per surface area, even ahead of MOFs reported as having
record uptakes per weight at 293 K and 1 bar (Table S10, SI).
Both HHU-2-Cl and MOF-801 show a high gas adsorption
capacity for molecules with larger quadrupole moment and
polarizability, CO2 vs N2 (CO2: 43.0 × 10−27 esu−1 cm−1 and

29.1 × 10−25 cm−3; N2: 15.2 × 10−27 esu−1 cm−1 and 17.4 ×
10−25 cm−3),70 and even more for dipolar molecules (SO2).
This is clearly due to the presence of μ3-O and μ3-OH groups
on Zr-oxoclusters, inducing gas affinity by μ3-O···C(S)O
and O−C(S)O···H−O− interactions. These interactions are
visibly reinforced by −Cl···C(S)O interactions in HHU-2-
Cl. In comparison to SO2 and CO2 uptakes, HHU-2-Cl and
MOF-801 adsorb only a small amount of N2 at 293 K and 1
bar. This indicates selective SO2 and CO2 adsorption over N2
and, therefore, the potential of HHU-2-Cl and MOF-801 for
selective capture and storage of these harmful gases. Although
HHU-2-Br displays lower gas adsorption capacities as
compared to HHU-2-Cl and MOF-801, it still features higher
SO2/N2 and CO2/N2 selectivity than MOF-801.

■ CONCLUSIONS
We have established the in situ hydrohalogenation of
acetylenedicarboxylic acid in water as a time-, cost-effective,
and sustainable approach to introduce chloro-, bromo-, and
iodo-functionalities in MOF pores. This approach was clearly
illustrated by the production of the three chloro-, bromo-, and
iodo-MOFs, HHU-2-Cl, -Br, and -I, respectively, as function-
alized derivatives of zirconium fumarate (MOF-801). The
inclusion of halogen functionalities in MOF pores was found to
have significant beneficial consequences on the comparative
sorption properties. The water sorption profiles of the new
HHU-2 materials are close to a type I isotherm and give a heat
storage capacity of 500 kJ kg−1 at 0.1 relative humidity (in the
case of zirconium chlorofumarate), indicating the applicability
of these materials in dehumidification/desiccation and thermal
batteries. A remarkable increase was also noticed in the CH4,
CO2, N2, and SO2 adsorption capacities of HHU-2-Cl over
MOF-801 under ambient conditions, indicating suitability of
the chlorinated material for noxious gas capture from flue gas.
Concerning gas uptake, this work also demonstrates that one
does not always need MOFs with very large, sophisticated, and
expensive linkers to achieve high sorption performance. Short,
simple, and relatively inexpensive linkers (such as in situ
formed chlorofumarate with an appropriate MOF structure)
can yield functionalized ultramicroporous adsorbents, which
could perform superior to more porous MOFs regarding both
gas adsorption affinity and capacity for various applications.
We hence broaden the scope of MOF functionalization and
believe that the reported hydrohalogenation approach could be
extended by using other alkyne-containing linkers and other
metal ions such as aluminum, as well as for fluoro-
functionalization.
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