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&Metal–Organic Frameworks

Realizing the Potential of Acetylenedicarboxylate by
Functionalization to Halofumarate in ZrIV Metal–Organic
Frameworks

Tobie J. Matemb Ma Ntep,[a] Helge Reinsch,[b] Bastian Moll,[a] Emrah Hast�rk,[a]

Serkan Gçkpinar,[a] Hergen Breitzke,[c] Carsten Schl�sener,[a] Laura Schmolke,[a]

Gerd Buntkowsky,[c] and Christoph Janiak*[a]

Abstract: A strategy was developed to obtain from acetyl-

enedicarboxylic acid either an acetylenedicarboxylate-
based ZrIV metal–organic framework (MOF) with fcu topol-
ogy or a halo-functionalized-MOF-801 through in situ
ligand hydrohalogenation. The new materials feature ex-
ceptionally high hydrophilicity and CO2/H2 adsorption en-
ergetics. The acetylenedicarboxylate linker and its

functionalizable triple-bond discloses its potential in the
engineering of microporous materials with targeted prop-
erties.

Acetylenedicarboxylic acid (H2ADC) should be an interesting

linker for metal–organic frameworks because of its rigidity and
its alkyne function,[1] the latter being a basis for various modifi-
cations by addition reactions. It was demonstrated that post-

halogenation was possible in zirconium-based MOFs contain-
ing alkyne moieties, with retention of structure topology.[2] The

ADC2� linker was already used to construct the smallest
member of the IRMOF (isoreticular MOF) series, namely IRMOF-
0, consisting of a two-fold interpenetrated MOF-5 type net-

work with low thermal stability relative to the other IRMOFs.[3,4]

Except for IRMOF-0 no other (potentially porous) MOFs but

solely densely packed coordination polymers or molecular
metal complexes with ADC have been reported to the best of
our knowledge.[5] The scarcity of MOFs with the ADC2� linker
can be understood from the often high temperature (above

100 8C) at which many MOFs are obtained,[6] which is not com-
patible with the thermal sensitivity of acetylenedicarboxylic

acid in solution.[7] Acetylenedicarboxylic acid decomposes in

solution above 110 8C. IRMOF-0 and coordination polymers
with ADC2� were obtained at room temperature either in solu-

tion by slow evaporation, by diffusion or by mechanochemical
methods (see Table S1 in the Supporting Information).

The in situ ADC transformation presents an easy access to
MOFs with substituted fumarate linkers, for example, to 2-

chlorofumarate MOFs for which the linker as the acid is other-

wise very expensive (50 mg of 2-chlorofumaric acid presently
cost 144 EUR, compared to 25 g of H2ADC for 210 EUR from

Sigma-Aldrich).
The design and construction of MOFs were significantly ad-

vanced with the introduction of reticular synthesis. Its principle
is to construct isotopic frameworks of predetermined structure,

with varying pore sizes by using linkers with the same connec-
tivity but different lengths.[8] A typical example is the UiO isore-
ticular MOFs series based on UiO-66 structure, consisting of oc-

tahedral [Zr6(m3-O)4(m3-OH)4]
12+ secondary building units (SBUs),

which are twelvefold joined by linear dicarboxylate linkers to
give a series of extended 3D fcu frameworks with increasing
pore sizes.[9] Acetylenedicarboxylate is the shortest straight di-

carboxylate linker that can be used to make a MOF with UiO-
66 topology, since oxalic acid reacts with Zr4+ ions to a poly-
meric structure, which does not feature the Zr6O4(OH)4 inor-
ganic building block.[10] However, no UiO-type MOF based on
this linker is yet reported.

As a contribution to fill this gap in the UiO family, we herein
report for the first time the successful synthesis at mild tem-

perature and characterization of a contracted member of the
UiO family using acetylenedicarboxylate as linker with zirconi-
um(IV) as metal cation. The interest of using

acetylenedicarboxylate as linker lies in providing a smaller pore
analogue of UiO-66, what was suggested by Rowsell et al. to

be a necessity with respect to applications such as hydrogen
storage; smaller pores account for moderately stronger adsorb-
ent–adsorbate interactions.[11] Pore size contraction was also

suggested as one strategy to improve carbon dioxide sorption
performance in MOFs.[12]

The reaction of acetylenedicarboxylic acid with ZrOCl2·8H2O
in DMF at 85 8C in the presence of acetic acid yielded the new

MOF HHU-1 of ideal formula [Zr6(m3-O)4(m3-OH)4(ADC)6]·solv
(Scheme 1) as microcrystalline powder with a morphology of
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octahedrally to cubic shaped crystallites with less than 0.5 mm
diameter (by scanning electron microscopy, SEM Figure S3 in

the Supporting Information). This shape is quite common for
microcrystals of Zr-based MOFs with UiO topology.[13] HHU-1
could not be obtained as crystalline materials without acetic

acid modulation. (HHU stands for Heinrich-Heine-University
D�sseldorf.)

When the reaction of acetylenedicarboxylic acid with
ZrOCl2·8H2O was carried out in water at 85 8C in the presence

of acetic acid, an unexpected in situ linker transformation to
chlorofumarate by addition of HCl to the C�C triple bond of

ADC took place,[14] as evidenced by the isolation of the UiO-

type MOF ZrIV-Fum-Cl of ideal formula [Zr6(m3-O)4(m3-OH)4(Fum-
Cl)6]·solv (HHU-2). Such an in situ addition reaction to acetyl-

enedicarboxylate, yielding a substituted fumarate linker, during
MOF synthesis is described here for the first time and realizes

the potential of this otherwise unstable acid for the formation
of important functionalized fumarate linkers in MOFs.[15]

In the diagnostic Raman spectrum of HHU-1 (Figure S2) the

band at 2225 cm�1 is ascribed to the stretching vibration of
the C�C triple bond of the linker. The powder-X-ray diffraction

(PXRD) pattern of HHU-1 resembles that of UiO-66 (Figure 1),
with reflections shifted to lower diffraction angles due to a

smaller lattice constant of the new material. This is in agree-
ment with the shorter acetylenedicarboxylate linker compared

to terephthalate in UiO-66. Indeed, following fumarate, acetyl-

enedicarboxylate is the next smallest linear and rigid

dicarboxylate linker, about 1.8 � shorter than benzene-1,4-di-
carboxylate (Scheme S1 in SI). The ADC-based MOF HHU-1 cor-
responds therefore to the third most contracted UiO series
member, after zirconium squarate[16] and zirconium fumarate

(MOF-801).[17] HHU-1 fills a gap between zirconium fumarate
and UiO-66 in the isoreticular UiO series.

The structure of HHU-1 was determined from powder dif-
fraction data with a=17.925(3) � in space group Fm3̄m using
the crystal structure of the terephthalate UiO-66 as a starting

point (see the Supporting Information for further details). The
UiO-type hexanuclear [Zr6O4(OH)4]

12+ SBU with the attached
ADC linkers and the face-centered cubic (fcc) packing diagram
of the fcu network are shown in Figure 2. The contact diame-

ters for the surrounding van der Waals radii of the octahedral
and tetrahedral cages are about 9.6 and 5.8 � diameter, re-

spectively, with a triangular window diameter 4.4 � (Figure S14

in the Supporting Information).

Argon and nitrogen sorption experiments at 87 and 77 K, re-

spectively, (Figure S21 in Supporting Information) yielded Bru-
nauer–Emmett–Teller (BET) surface areas of 619 and 551 m2g�1

with a pore volume for pore diameters less than 20 nm of 0.38
and 0.29 cm3g�1, respectively for HHU-1 (Table S5).
A theoretical pore volume investigation with the program

CrystalExplorer, a “void” calculation with Mercury and a “calc

void/solv” calculation with Platon (see Table S8, Supporting In-
formation) suggest a specific pore volume between 0.33 and
0.34 cm3g�1, which is between the experimental values of

HHU-1 from Ar and N2 sorption of 0.38 and 0.29 cm3g�1, re-
spectively (Table S5). A surface area calculation by Crystal-

Explorer on the other hand gives a specific surface area of
1700–1880 m2g�1, whereby overestimating the experimental

surface area. From our experience with CrystalExplorer, such an

overestimation by a factor of 2–3 is common. The theoretical
calculation probably counts adjacent, nearby or opposite sur-

faces of micropores twice, which in reality will be covered by
only one Ar atom or N2 molecule. The adsorbed gas–surface in-

teractions in small micropores will occur at both ends of the
Ar atom or N2 molecule or if the gas species is adsorbed on

Scheme 1. Reaction of acetylenedicarboxylic acid to the UiO-type MOFs
HHU-1 or HHU-2 (by in situ HCl addition) depending on the solvent.

Figure 1. Experimental and simulated PXRD patterns of HHU-1 in compari-
son with UiO-66 (simulated from deposited cif-file ; CCDC 837796 contains
the supplementary crystallographic data for this compound. These data are
provided free of charge by The Cambridge Crystallographic Data Centre).

Figure 2. (a) Secondary building unit of {Zr6(O)4(OH)4} with the 12 surround-
ing and connecting acetylenedicarboxylate linkers and the edge-sharing
square-antiprismatic ZrO8 coordination as polyhedra. (b) fcc packing diagram
of the fcu framework in HHU-1. The refined guest atoms are not shown for
clarity.
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one surface region the opposite surface region in such a
narrow micropore will be blocked and is no longer accessible

for another Ar atom or N2 molecule. The lower surface area
from (larger) N2 sorption versus (smaller) Ar sorption supports

this notion.
HHU-1 and Zr-fumarate (MOF-801) have very similar cell

constants and unit cell volumes (a=17.9239(3) � versus
17.9309(4) � and V=5758.4(3) �3 versus 5765.09 �3, respective-
ly), yet the BET surface area and porosity of HHU-1 was found

significantly smaller than for MOF-801 (Table S5). This could be
due to a higher linker flexibility and thereby better adaption to
guest molecules in MOF-801 together with a larger number of
linker defects, which both would give rise to a better ultrami-
cropore access and higher porosity. Alternatively, pore blocking
effects could have lowered the access and porosity in HHU-1.
Water vapor adsorption was measured at 20 8C for HHU-1 to

determine the hydrophilicity and give insight about the chemi-
cal environment inside the pores. HHU-1 unexpectedly dis-

plays a Type Ib water sorption isotherm, with a hysteresis loop
between the adsorption and desorption branches (Figure 3

and Figure S25). A Type I or Ib adsorption isotherm for water
vapor is rather unusual in MOFs without functionalization (as

for example in UiO-type MOF-804 (Zr6O4(OH)4[BDC-

(OH)2]6)).
[18,19] A Type I water vapor adsorption isotherm is given

by hydrophilic microporous zeolites, whereas less hydrophilic/

more hydrophobic MOFs display a Type V S-shaped iso-
therm.[20,21] This indicates a higher hydrophilicity of HHU-1
compared to MOF-801 (Zr-fumarate) and UiO-66 for which the
water sorption S-shaped isotherms show a hydrophobic region

(up to P/P0<0.1 for MOF-801 and P/P0<0.3 for UiO-66) due to

the hydrophobicity of the linker (as judged by the decreasing
solubility of the acid H2ADC, H2Fum and H2BDC in water). The

high affinity of the ADC linker for water is probably due to the
C�C triple bond.[1]

The early water uptake at P/P0=0.05 for HHU-1 is larger
than for MOF-801 and UiO-66. The water uptake of HHU-1 of
205 mgg�1 (at P/P0=0.9) correlates with the micropore volume

of 0.19 cm3g�1 (Table S5), as do the comparable water uptakes
of MOF-801 and UiO-66 with 280 mgg�1 and 375 mgg�1 at mi-
cropore volumes of 0.27 and 0.33 cm3g�1, respectively.

The more pronounced hysteresis for HHU-1 in comparison
to UiO-66 and MOF-801 is a further indicator of the hydrophi-

licity of this MOF, where most of the adsorbed water will be in
the first or second hydrogen-bonded coordination sphere of
the hydrophilic Zr3(m3-OH), Zr3(m3-O), and Zr2(m-O2C) sites. To-
gether with a possible structural adjustment of the framework

as a result of very strong H2O–MOF interactions, the hydrogen-
bonded water is kinetically slower to desorb. We note that the
initial hydrophilic regions of the sorption isotherms of UiO-66

and MOF-801 up to the steep increase also have a more pro-
nounced hysteresis than the isotherm after the increase.

The possibility to understand and tune the hydrophilicity of
MOFs is important for the possible technological application in
cycling water sorption for heat transformation.[21,22] Specifica-
tions for thermally driven adsorption chillers and adsorption

heat pumps can vary depending on the evaporation tempera-

ture, the heat rejection and condenser temperature as well as
the desorption temperature (range), which are possible for the

specific application. Hence, different MOF materials are desir-
able in order to cover different working windows. Also, further

understanding is needed on how to fine-tune MOFs for poten-
tial heat transformation applications under different boundary

conditions.[21,22]

The CO2 uptake of HHU-1 is in agreement with its surface
area and pore volume in comparison to other MOFs (Table S7).

From the CO2 sorption experiments at 195, 273, and 293 K (Fig-
ure S27) the isosteric heat of CO2 adsorption (Qst) was estimat-

ed by applying the Clausius–Clapeyron expression using the
sorption isotherms measured at 273 and 293 K (Figure 4a).[23]

The isosteric heat of CO2 adsorption at zero coverage (Q0
st)

is 60 kJmol�1. This value is more than double the Q0
st values of

the parent UiO-66 (28 kJmol�1) as well as that of functionalized
UiO-66-NH2 (29.4 kJmol�1), UiO-66-(OH)2 (30 kJmol�1), UiO-66-
(COOH)2 (34 kJmol

�1)[24] and is thus the largest reported value

of Q0
st for UiO type MOFs. It is also the largest reported value

so far for all MOFs without amine functionalization or open
metal sites.[25]

The Q0
st value of HHU-1 is also unexpectedly more than

double the Q0
st value for Zr-fumarate (MOF-801, Q0

st<

30 kJmol�1).[26] This high Q0
st value for HHU-1 clearly is not

Figure 3. Comparative water sorption isotherms of UiO-66, MOF-801 and HHU-1 (further details in the Supporting Information).
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only due to the small micropores, when compared to the simi-

lar pore system in MOF-801, but due to the synergistic effects
of the triple bond C�C, the pore confinement, and the m3-OH

groups on Zr-oxo clusters in HHU-1. The latter two factors are
already known to increase CO2 adsorption in MOFs[12,27] but the

triple bond adds a strong enhancement in such small micro-
pores. Note that, despite the drop of Qst with CO2 loading,

even at 4 wt% CO2 Qst is about 35 kJmol�1, which is higher

than Q0
st for UiO-MOFs (vide supra) and well above the heat of

liquefaction (condensation) of bulk CO2 with 17 kJmol�1.[28] The
isosteric heat of H2 at zero adsorption (Q0

st) of HHU-1 calculat-
ed from adsorption isotherms at 77 and 87 K (Figure S29) is

above 10 kJmol�1 (Figure 4b), which is comparable to Q0
st for

the parent UiO-66 (10 kJmol�1).[29]

Concerning the unusual in situ linker transformation in

[Zr6(m3-O)4(m3-OH)4(Fum-Cl)6]·solv (HHU-2), this was first hinted
at by the PXRD pattern, which is similar to that of zirconium

fumarate (MOF-801) (Figure 5). The transformation was con-
firmed by Raman spectroscopy analysis with complete disap-

pearance of the C�C stretching band at about 2250 cm�1

(Figure 6).[2]

In the 13C solid state (ss)NMR spectrum of HHU-2 in Fig-

ure S34, the signals at about 140 and 130 ppm chemical shift

are attributable to two carbons of a non-symmetrically bonded
C=C double bond. The 1H ssNMR spectrum (Figure S35) shows

a signal at about 6.9 ppm corresponding to one proton

bonded to the C=C double bond. The signal at 170 ppm in the
13C ssNMR displays a shoulder more visible in the FSLG-

HETCOR spectrum. This is ascribed to carbons of the two dif-
ferent carboxylates of the ligand, appearing at slightly different

chemical shifts. This is consistent with the non-symmetrically
bonded nature of the double bond. Signals at about 180 and

20 ppm are assignable to carbons of �COO and �CH3 from co-
ordinated acetate.
Furthermore, the 1H/13C correlations seen in the FSLG-

HETCOR spectrum recorded with 200 ms contact time, (Fig-
ure S36) possess the expected correlations within the terminal

CH3COO ligand, and two more correlations from the protons at
2.2 and 1.8 ppm onto carbons at 170 ppm. These correlations

can be assigned to the protons from m3-OH and acetate

groups coordinated to the zirconium clusters. Then these pro-
tons are in the vicinity of the carboxylate carbon atoms of the

bridging chlorofumarate linker (Figure S34) and therefore
these expected correlation peaks are an additional strong indi-

cator for the HHU-2 configuration. No detection of a second
phase is seen from the PXRD and solid-state NMR spectroscopy

Figure 4. Isosteric heat of HHU-1 for (a) CO2 adsorption (from adsorption data at 273 and 293 K) and (b) H2 adsorption (from adsorption data at 77 and 87 K).

Figure 5. PXRD pattern of as-synthesized HHU-2 comparison with MOF-801
simulated PXRD pattern from deposited cif-files. CCDC 1002676 contains
the supplementary crystallographic data for this compound. These data are
provided free of charge by The Cambridge Crystallographic Data Centre.

Figure 6. Raman spectrum of HHU-2 in comparison with that of acetylenedi-
carboxylic acid.
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analyses, excluding occurrence of insoluble side products, for
example, due to linker polymerization.

To prove the addition of HCl (exclude the addition of H2O)
the presence of chlorine was shown by X-ray photoelectron

spectroscopy (XPS) through the Cl2p peak at 200.4 eV binding
energy (Figure S8). This value is indicative of organic chlo-

rine.[30] SEM with energy-dispersive X-ray spectroscopy (EDX)
elemental mapping confirms the even distribution of Cl and Zr
across the entire HHU-2 sample with a molar atomic Zr:Cl ratio

of �1: 0.8 (Figure S6, Table S2 in the Supporting Information).
The deviation from the ideal 1:1 Zr:Cl ratio corroborates with

the calculated 1.5 missing linkers per Zr6 cluster from TGA and
solution NMR (see the Supporting Information for details).

HHU-2 is thermally stable to about 300 8C and has chemical
stability comparable to MOF-801 (Figures S16 and S19), unlike

HHU-1.
A water vapor sorption isotherm of HHU-2 (Figure S26)

showed an early uptake with overall Type Ib isotherm, similar

to HHU-1. Argon sorption yielded a BET surface area of
460 m2g�1 with a total and micropore volume of 0.22 cm3g�1

and 0.15 cm3g�1, respectively.
We think that this work will open the field of substituted fu-

marate linkers supplementing the already important (non-sub-

stituted) basic fumarate linker. To date, only one methyl-func-
tionalized version of zirconium fumarate has been reported,

namely zirconium mesaconate.[31] Substituting fumarate with
less bulky and polar group like chlorine rationally has the ad-

vantage of tuning the pore chemistry for selective gas adsorp-
tion, while preserving the MOF-801 porosity. Generating the

chlorofumarate in situ during MOF formation compared to

post-synthesis reduces reaction steps, cost, and time. Although
HHU-1 may be limited towards practical application due to its

low thermal and chemical stability, HHU-2 combines good
thermal and chemical stability. Together with its chloro-func-

tionalized micropores, the high hydrophilicity and Type I water
sorption isotherm make HHU-2 a prospective material for tech-
nological applications including gas/hydrocarbon separation

by selective adsorption, dehumidification, adsorption-driven
heat transformation[21, 22] and water harvesting from air.[32] On-

going work is currently being carried out in our group, to in-
vestigate HHU-2 for some of these applications.

Experimental Section

Experimental and synthesis procedures; IR, Raman, NMR, XPS, and
EDX spectra; gas/vapor sorption isotherms, gas sorption modeling;
pore size distribution; PXRD patterns of chemical stability tests;
TGA, SEM images; EDX maps; crystallographic data and cif files can
be found in the Supporting Information.
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ABSTRACT: New acetylenedicarboxylate (ADC) and chlorofu-
marate (Fum-Cl) based hafnium-metal−organic frameworks have
been synthesized by alternatively reacting acetylenedicarboxylic
acid in DMF or water with appropriate hafnium salt, in the
presence of acetic acid modulator. The two materials of respective
ideal formulas [Hf6O4(OH)4(ADC)6] (Hf-HHU-1) and
[Hf6O4(OH)4(Fum-Cl)6] (Hf-HHU-2) have been structurally
characterized by powder X-ray diffraction to be UiO-66
isostructural, consisting of octahedral [Hf6O4(OH)4]

12+ secon-
dary building units each connected to other units by 12 ADC or
Fum-Cl linkers into a microporous network with fcu topology.
This structure was confirmed by Rietveld refinement. Hf-HHU-2
is formed by in situ hydrochlorination of acetylenedicarboxylic
acid to chlorofumarate. Its presence has been determined by
combined Raman spectroscopy, solid-state NMR, scanning electron microscopy, energy dispersive X-ray and X-ray
photoelectron spectroscopies. Hf-HHU-1 and Hf-HHU-2 exhibit very high hydrophilicity as revealed by their water sorption
profiles, meanwhile Hf-HHU-2 adsorbs CO2 with an isosteric heat of 39 kJ mol−1. Hf-HHU-2 also adsorbs molecular iodine
vapor exclusively as polyiodide anions due to grafted chloro-functions on the pores surface. It has been observed that defective
nanodomains with reo tolopology can be introduced in the structure of Hf-HHU-2 by variation of the linker to metal-salt molar
ratio.

■ INTRODUCTION

Hafnium and zirconium have very similar chemical properties.1

Hf4+ has the same d0 electronic configuration and nearly
identical radius with Zr4+. As consequence, Hf-based MOFs
usually show isostructural Zr-based counterparts.2,3 This
chemical resemblance is also displayed in the engineering of
Zr- and Hf-metal−organic frameworks (MOFs). MOFs are
porous materials formed by linking metal−oxido clusters with
organic ligands into three-dimensional potentially porous
networks.4 Zirconium(IV)-based metal−organic frameworks
(Zr-MOFs) with polycarboxylate ligands have high hydro-
thermal and chemical stabilities,5−7 making them promising
porous materials for possible applications in heterogeneous
catalysis,8,9 gas storage and separation,10−12 drug delivery,13

sensing,14,15 water harvesting from air,16 and adsorption-based
heat transformations.17,18 The robust Zr−O bonds on the
highly charged and oxophilic Zr(IV) cations account for these

enhanced stabilities compared to MOFs based on low valence
metal cations.19,20

Prototypical Zr-MOFs are based on the isoreticular UiO
structures which are constructed by linking 12-fold-connected
octahedral [Zr6(μ3-O)4(μ3-OH)4] clusters with linear dicar-
boxylates into a network with fcu topology.21 By using the
same organic linkers and the same synthesis conditions, the
zirconium precursor salt (ZrCl4 or ZrOCl2) can be replaced by
a hafnium salt (HfCl4 or HfOCl2). Thus, nearly each UiO Zr-
MOF can also be obtained in its Hf-MOF version containing
octahedral [Hf6(μ3-O)4(μ3-OH)4] clusters.22 The known Hf-
based analogues of Zr-MOFs include Hf-UiO-66,23 Hf-UiO-
66-NH2,

24 Hf-UiO-67,25 and Hf-Fum.26
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We recently reported the synthesis of the first acetylenedi-
carboxylate-based Zr-MOF, namely HHU-1 (HHU stands for
Heinrich-Heine-Universitaẗ Düsseldorf) which is isoreticular
with the well-known UiO-66 (cf. Scheme 1).27 We also

demonstrated that using water as solvent in the synthesis
instead of DMF, yields rather a halogen-functionalized
zirconium fumarate MOF (HHU-2-Cl) based on the in situ
generated halofumarate linker, which is derived from the
hydrohalogenation of acetylenedicarboxylic acid. The chloro-
substituted zirconium fumarate MOF (HHU-2-Cl) featured an
increased hydrophilicity and gas sorption capacities compared
to parent zirconium fumarate. However, most especially, a
strong affinity with iodine vapor was noticed for this
halogenated material, which could be exploited for radioactive
iodine storage.
Given the close similarity in chemical properties of hafnium

and zirconium, and the fact that most Zr-MOFs have Hf-based
analogs, we were motivated to investigate the extensibility of
our previous findings with zirconium using this time hafnium
salts. Hence, we herein report the synthesis, structure and
characterization of the first acetylenedicarboxylate-based UiO-
type Hf-MOF and in situ generated chlorofumarate-based Hf-
MOF (Scheme 1). We investigate their stabilities, porosity, and
defect features, as well as their water, iodine, and CO2
adsorption properties.

■ RESULTS AND DISCUSSION
Synthesis and Characterizations. The reaction at 85 °C

of a mixture containing acetylenedicarboxylic acid, hafnium
oxychloride, and acetic acid as modulating agent in anhydrous
DMF, yielded within 2 h the new acetylenedicarboxylate-based
MOF Hf-HHU-1 of ideal formula [Hf6(μ3-O)4(μ3-
OH)4(ADC)6] (ADC = acetylenedicarboxylate) (Scheme 1).
This material was obtained as a microcrystalline powder. The
use of DMF as solvent was guided by most reports of
modulated synthesis of Zr- and Hf-MOFs, which are carried
out in DMF. Still, it took us several months to find the right
conditions (concentration of reactants, temperature, reaction
time, molar ratios) that gave the desired Hf-HHU-1 phase.
Therefore, no other solvents were tried.
The strong absorption bands in the FT-IR spectra (Figure

S1, Supporting Information) at around 1590−1610 and 1360−
1390 cm−1, can be ascribed to the asymmetric and symmetric
−CO2 stretching vibrations of coordinated linker. The bands at
1651 cm−1 is ascribed to −CO stretching vibration of
residual DMF solvent in the pores. In the Raman spectrum of
activated Hf-HHU-1 (Figure 1), the band at 2225 cm−1 is
ascribed to the vibrations of the −CC− triple bond of the
linker (Figure S2, Supporting Information). This band is

absent in the Raman spectrum of Hf-HHU-2 (Figure 1). This
indicates the transformation of the triple bond, and therefore
the transformation of the acetylenedicarboxylate linker into a
new linker.
When the reaction was carried out in water using instead

hafnium chloride as metal salt, the new MOF Hf-HHU-2 of
ideal formula [Hf6(μ3-O)4(μ3-OH)4(Fum-Cl)6] (Fum-Cl = 2-
chlorofumarate) was obtained as highly microcrystalline
powder (Scheme 1). Hf-HHU-2 results from an in situ
transformation of acetylenedicarboxylic acid to 2-chlorofuma-
ric acid (vide inf ra), and the new linker reacts readily with
hafnium clusters in solution to yield the new MOF. A similar in
situ linker transformation was previously obtained by us when
reacting zirconium chloride with H2ADC in water, yielding a
chlorofumarate-based Zr-MOF, namely Zr-HHU-2.27 This
transformation indicates that the first step of the modulated
reaction consists of the formation of soluble hafnium acetate
clusters with release of HCl in solution. The −CC− triple-
bond of H2ADC then undergoes a hydrochlorination (addition
of released HCl) to a chloro-functionalized double-bond
containing linker. Hf-HHU-2 is finally formed when 2-
chlorofumaric acid substitutes acetate on the hafnium−
oxido−hydroxido clusters.28 The high solubility of HCl in
water, coupled with the dissociation to H3O

+ and Cl− could
justify why this transformation is favored in water. Other
authors obtained hydrohalogenation of acetylenedicarboxylic
acid to halofumarate in water in the formation of copper(II)
chlorofumarate and lithium hydrogen iodofumarate coordina-
tion polymers.29

The powder X-ray pattern of Hf-HHU-1 resembles that of
Zr−acetylenedicarboxylate, Zr-HHU-1 and the diffractogram
of Hf-HHU-2 resembles that of Zr−chlorofumarate, Zr-HHU-
2 and both HHU-1 and HHU-2 patterns resemble each other
in view of the same underlying UiO-topology (Figure 2).
The solid-state NMR (ssNMR) analysis was conducted on

as-synthesized sample of Hf-HHU-2 to identify the nature of
the in situ formed linker in the MOF. The 13C CPMAS
spectrum (Figure S3 in Supporting Information) displays two
peaks at 129 and 140 ppm which are typical for olefinic
carbons. Water was exchanged by methanol during the washing
process. As the ssNMR analysis was conducted with the air-

Scheme 1. Reaction of Acetylenedicarboxylic Acid with
HfOCl2 in DMF or HfCl4 in Water to UiO-Type Hafnium
MOFs with Acetylenedicarboxylate Linker (Hf-HHU-1) or
in Situ Formed Chlorofumarate Linker (Hf-HHU-2)

Figure 1. Raman spectrum of Hf-HHU-1 (pink) and Hf-HHU-2
(green) compared with acetylenedicarboxylic acid (black). A
complete disappearance of the band assigned to the −CC− triple
bond is observed in Hf-HHU-2. The band at about 3000 cm−1 is
ascribed to the methyl groups (−CH3) of residual DMF in the pores
of Hf-HHU-1.
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dried, non-activated sample, methanol solvent in the pores
appears in the spectra.
It is observed in the FSLG-HECTOR spectra (Figure 3) a

very strong correlation of the carbon at 129 ppm with a proton

at 6.5 ppm. Clearly, this carbon is bonded to a hydrogen atom
(C−H). Meanwhile, the carbon at 140 ppm has a very weak
correlation with the same proton, indicating that it is not
bonded to a hydrogen atom. The carbon peaks at 170, 50, and
20 ppm shift are respectively ascribed to the carboxylate of the
linker, the methanol solvent in the pores and methyl group of

acetate modulator coordinated at linker defective sites. The
ssNMR spectra of Hf-HHU-2 are very similar to those
obtained for Zr-HHU-2,27 confirming that the transformation
leads to the formation of the same new linker as that observed
in the zirconium-based analogue.
From the HETCOR CP MAS of Hf-HHU-2 (Figure 3), we

can rule out the presence of protonated acetic acid modifier in
the pores. The carboxyl group carbon signals appear around
170 ppm. All proton shifts could be assigned. If the acetic acid
would be protonated then there should be a correlation from
the proton to the carboxyl region, which is only present there
and which correlates to no other carbon signal, except maybe
weakly to the methyl group of the acetic acid. There is,
however, no correlation of the carboxylate carbon signals of
acetate at 179 ppm with any proton. This allows to conclude
that the modifier is not found in the material as acetic acid, but
only as coordinated acetate.
The X-ray photoelectron spectroscopy (XPS) of a

thoroughly washed and activated sample of Hf-HHU-2 (Figure
4) shows the presence of chlorine in the material. The high

resolution XPS core level spectrum (Figure 4) displays the Cl2p
peak at 201 eV binding energy, which is indicative of organic
chlorine (C−Cl). The inorganic chloride (Cl−) Cl2p peak
would appear at about 198 eV binding energy.30 These results
prove occurrence of a hydrochlorination (addition of HCl) on
the ADC triple bond to a chlorofumarate containing MOF.
The deconvoluted Hf spectrum shows two peaks at 17.8 and
19.5 eV binding energy, corresponding respectively to 4f7/2 and
4f5/2 components of hafnium in the oxidation state HfIV.31

Fitting the C 1s spectrum reveals three components which can
be assigned to the carboxylate’s carbon −COO (289.4 eV), the
chlorine-bonded olefinic carbon C−Cl (285.2 eV) and the
hydrogen-bonded olefinic carbon C−H (283.3 eV). The
high-resolution O 1s spectrum (Figure 4) shows two
components attributable to the carboxylate oxygen C−O

Figure 2. Powder XRD pattern of (a) Hf-HHU-1 in comparison with
experimental pattern of Zr-HHU-127 and (b) Hf-HHU-2 in
comparison with experimental pattern of Zr-HHU-2.

Figure 3. 1H−13C FSLG-HETCOR CP MAS of Hf-HHU-2 at 8 kHz
spinning speed and 500 μs contact time.

Figure 4. XPS survey spectrum and high-resolution core-level in the
region of O 1s, C 1s, Cl 2p, and Hf 4f of Hf-HHU-2.
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(530.5 eV) and the oxygen of the hafnium cluster Hf−O
(530.8 eV).32,33

Since the sample of our material is not a flat surface, the XPS
analysis, which is known to be a surface probe of the material,
can be considered more for qualitative elemental determi-
nation, indicating the presence and type of C and O atoms in
the material. A quantification of the different carbon and
oxygen species is not possible. The typical surface impurities
could not be removed by cleaning the MOF surface with Ar+

sputtering or etching. In both cases, the MOF material would
decompose. Furthermore, the intensity of the C 1s signal is not
high enough for a more detailed analysis. Quantitative
discrepancy like in the ratio of the respective species should
therefore not be surprising.
Furthermore, scanning electron microscopy (SEM) coupled

with electron-dispersive X-ray spectroscopy (EDX) elemental
mapping (Figure S8 in the Supporting Information) shows that
chlorine, as well as hafnium, is evenly distributed across the
entire sample.
Thermal and Chemical Stabilities. The thermal

stabilities of Hf-HHU-1 and Hf-HHU-2 (both as synthesized)
were evaluated by thermogravimetric analysis. The thermog-
ravimetric curves in Figure S10 reveal that Hf-HHU-1 is
thermally stable until less than 200 °C, while Hf-HHU-2 is
stable until about 300 °C. The low thermal stability of Hf-
HHU-1 is attributable to the thermal liability of H2ADC,
which decomposes at 180 °C in its solid state. The low thermal
stability of Hf-HHU-1 is attributable to the thermal liability of
H2ADC, which decomposes at 180 °C in its solid state.
Furthermore, the thermal stability of ADC-based Hf-HHU-1
(less than 200 °C) is in agreement with the large majority of
metal−ADC compounds.34 A noteworthy exception is Sr−
ADC (Sr[C2(COO)2]) where a thermal stability up to about
450 °C was reported.35 Hf-HHU-1 and Hf-HHU-2 display
thermal stabilities similar to those of Zr-HHU-1 and Zr-HHU-
2 respectively.
The chemical stability of new materials was assessed by

stirring a sample of each 24 h in various solvents and solutions.
The crystallinity monitoring from the PXRD patterns of
samples after these experiments reveals that Hf-HHU-1 has a
low chemical stability in water, methanol, ethanol, acetone, and
aqueous solution of pH = 12 (Figure S11, Supporting
Information). An increased crystallinity was instead noticed
in aqueous solution of pH = 1. Hf-HHU-2 shows good
chemical stability in all aforementioned solutions, as the
material maintains its full crystallinity after each chemical
treatment (Figure S11, Supporting Information).
Crystal Structure. The structure of Hf-HHU-1 was

determined from powder diffraction data. Crystallographic
data for the structural analyses of Hf-HHU-1 have been
deposited with the Cambridge Crystallographic Data Center
(CCDC 1915835).
Hf-HHU-1 is isostructural with its previously reported

zirconium-based analogue Zr-HHU-1 and crystallizes in the
space group Fm3m. Its crystal structure consists therefore of
hexanuclear [Hf6O4(OH)4]

12+ secondary building units
(SBUs). The SBU is constructed of six Hf atoms defining a
regular octahedron, in which the triangular faces alternatively
contain μ3-O and μ3-OH capping groups. Together with the
oxygen atoms of the carboxylate groups, each Hf atom has a
square-antiprismatic coordination environment, thus yielding a
hexanuclear cluster of six vertex-sharing HfO8 square
antiprismatic polyhedra (Figure 5a). The octahedral SBUs

are 12-fold interconnected by acetylenedicarboxylate linkers in
a face-centered cubic arrangement, resulting in a porous three-
dimensional fcu network (Figure 5b and Figure 6) with
octahedral and tetrahedral cages of about 9.6 and 5.8 Å
diameter respectively (Figure 5c,d).

Hf-HHU-2 being isostructural with zirconium chlorofuma-
rate is also a UiO-type MOF like Hf-HHU-1. Its structure is
best rationalized by replacing the acetylenedicarboxylate linker
in Hf-HHU-1 structure by the chlorofumarate linker. Depend-
ing on the H2ADC to HfCl4 molar ratio of the initial mixture,
differences were noticed in the PXRD pattern of Hf-HHU-2.

Figure 5. (a) Secondary building unit of {Hf6O4(OH)4} with the 12
surrounding and connecting acetylenedicarboxylate linkers and the
edge-sharing square-antiprismatic HfO8 coordination as polyhedra
(b) fcc packing diagram of the fcu network in Hf-HHU-1, (c)
tetrahedral cage, and (d) octahedral cage with available pore (yellow
ball) and triangular windows (green ball).

Figure 6. Network topology image of Hf-HHU-1 and Hf-HHU-2. (a)
{Hf6O4(OH)4(O2C)12}-SBU as polyhedra and connecting linkers
(acetylenedicarboxylate or chlorofumarate, respectively) as yellow
rods to give (b) the fcu topology network and eventually (c) defective
missing cluster regions with reo topology.
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When the H2ADC to HfCl4 molar ratio was 3:1, that is with
excess linker, the PXRD pattern corresponds to the fcu
topology similar to zirconium chlorofumarate (Figure 2b).
Meanwhile, three diffuse less-intense reflections systematically
appeared at about 5, 7, and 11° 2θ angles (Figure 7), when the

initial reactants mixture was made of 1:1 H2ADC to HfCl4
molar ratio. Such diffuse reflections were previously observed
for Zr/Hf-UiO-66, and are associated with the presence of
correlated defect nanoregions with reo topology in the
structure (Figure S16).36 These defect nanoregions result
from missing clusters and linkers.36,37 A PXRD pattern of the
reo topology with a halofumarate linker was simulated and
compared to our experimental PXRD pattern of Hf-HHU-2
from a 1:1 linker to metal molar ratio. It is noticeable that the
three more visible diffuse reflections at 5, 7, and 11° fit well
with the (101), (110), and (200) reflections of the reo MOF.
Porosity and Gas Adsorption Properties. Nitrogen

Adsorption. In order to investigate their porosity, nitrogen
sorption experiments were conducted on activated samples of
Hf-HHU-1 and Hf-HHU-2 at 77 K. The resulting isotherms
shown in Figure 8 correspond to the type Ib isotherm
according to IUPAC classification,38 which indicates the
microporous nature of both materials. From the isotherms
obtained, the BET (Brunauer−Emmett−Teller) surface area
was calculated to 476 and 541 m2 g−1, while the total pore
volume was estimated to 0.20 and 0.25 cm3 g−1 for Hf-HHU-1
and Hf-HHU-2, respectively. The respective specific surface
area and porosity of Hf-HHU-1 and Hf-HHU-2 are contra-
dictory to expectations. Hf-HHU-2 was expected to have a
lower surface area and porosity than Hf-HHU-1 due to steric
occupation of chloro functions in the pores compared to free
pores in Hf-HHU-1. The linear and hydrogen-free ADC linker
should provide more space than the chlorofumarate linker in
corresponding MOFs. This discrepancy could be explained by
residual DMF solvent in small pores of Hf-HHU-1, therefore
reducing nitrogen access during the adsorption experiment.
DMF is usually difficult to be completely evacuated from small
pores, mostly when the activation process does not involve

elevated temperatures.39,40 This was confirmed by the
elemental analysis of the activated sample showing the
presence of nitrogen, which is due to residual DMF in the
pores of the material. From the CHN analysis, about 1 DMF
molecule per formula unit of [Hf6(μ3-O)4(μ3-OH)4(ADC)6]
can be estimated.
In order to have more clues on the porosity of Hf-HHU-1,

the surface area and pore volume were also theoretically
estimated from the crystallographic data using Materials
Studio.41 The theoretically accessible surface area calculated
for a probe molecule with the kinetic diameter of nitrogen
(3.64 Å) amounts to 707 m2 g−1 and the corresponding
theoretical micropore volume amounts to 0.26 cm3 g−1.

Water Sorption and Hydrophilicity. In order to investigate
their hydrophilicity, water vapor sorption was measured at 20
°C for Hf-HHU-1 and Hf-HHU-2. The two materials display
water sorption isotherms close to type Ib (Figure 9), with

some hysteresis loop between the adsorption and desorption
branches. This corresponds to a high hydrophilicity of these
two materials, indicating very strong H2O-MOFs interactions.
The respective isotherm shapes of Hf-HHU-1 and Hf-HHU-2
are similar to isotherms obtained for Zr-HHU-1 and Zr-HHU-
2 respectively. This is expected as these MOFs are isostructural
to their zirconium counterparts, differing only in their metal
cation and gravimetric porosities. The strong interaction of
water molecules with the framework was attributed to the
effect of −CC− triple bond and functional chlorine on the

Figure 7. PXRD pattern of Hf-HHU-2 containing defective
nanodomains with reo topology (green) and simulated pattern of
the fcu topology for Hf-HHU-2 (black). The pattern of Hf-HHU-
2defect shows the coexistence of the bulk framework of fcu topology
and minor reo topology. From the latter the clearly visible (101),
(110), and (200) reflections are indicated (see the pattern of reo
topology in Figure S16, Supporting Information). Their low
intensities reflect the minor contribution of the reo nanodomains
within the major fcu bulk phase (cf. ref 35).

Figure 8. Nitrogen sorption isotherms of Hf-HHU-1 and Hf-HHU-2
at 77 K.

Figure 9. Water vapor sorption isotherms of Hf-HHU-1 and Hf-
HHU-2 at 20 °C (filled symbols adsorption, empty symbols
desorption).
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inner pore surface of Zr-HHU-1 and Zr-HHU-2, respectively.
However, the polar chlorine function seems to induce a
stronger hydrophilicity as judged by a steeper slope of the
adsorption isotherm at lower relative pressure values. The
water adsorption capacities at P/P0 = 0.9 are 190 and 212
mg g−1 for Hf-HHU-1 and Hf-HHU-2, respectively (Table 1).
These values agree with obtained pore volumes from nitrogen
sorption.

Comparatively, Hf-HHU-1 and Hf-HHU-2 display lower
specific (mass based) nitrogen sorption capacities and BET
surface areas as well as water uptake capacities (Table 1), than
their zirconium analogs (see Table S4, Supporting Informa-
tion). This is expected as the hafnium MOFs have a higher
molecular weight, due to the higher atomic mass of Hf over Zr.
However, the corresponding analogs display similar shapes of
water sorption isotherms and a similar high hydrophilicity (see
Figure S17 in the Supporting Information), which is in
agreement with their isostructural nature.
The presence of defects in Hf-HHU-2defect could influence

the material properties. It can also be the basis of further
postsynthetic modifications.42 The porosity and water sorption
of Hf-HHU-2 and Hf-HHU-2defect were compared. Surpris-
ingly, Hf-HHU-2defect displays a lower surface area (302 m2

g−1), pore volume (0.13 cm3 g−1), and water uptake compared
to Hf-HHU-2 (Figure S17, Supporting Information). This is
contradictory to expectations. It is expected that defective
linkers and clusters sites should yield more space and therefore
higher specific surface area. Such erratic behavior was also
observed in the study of correlated defect nanoregions in Hf-
UiO-66, whereby a decrease in BET surface area and pore
volume was obtained with increasing defect content.36 This
result points out that defective nanodomains could have more
complexity than has yet been elucidated. Furthermore, Hf-
HHU-2defect displays a type I adsorption water sorption
isotherm (Figure S18, Supporting Information) indicating a
higher hydrophilicity compared to Hf-HHU-2. The latter
rather shows a lower sloped type Ib isotherm with a two-step
filling of pores of distinct sizes. It was also observed that the
defective Hf-HHU-2defect has a reduced stability compared to
the nondefective material. The PXRD pattern (Figure S19,
Supporting Information) after the water sorption experiment
shows amorphization of the sample containing defective
nanodomains. This indicates the collapse of the framework
under the water ad/desorption stress. On the contrary, the
nondefective sample retains its full crystallinity after the water
sorption experiment, attesting its hydrolytic stability (Figure
S19, Supporting Information). This is not surprising as defects
in MOFs are known to compromise their stability.43 The
hydrolytic instability of Hf-HHU-2defect could be due to water

molecules coordinating strongly to the metal clusters at
defective nanodomain sites. This results in the collapse of
the framework when the strongly attached water molecules are
removed during the desorption. However, even the sample
without clusters defect nanoregions do contain some level of
missing linker defects. This is substantiated by the presence of
acetate modulator in ssNMR spectra (Figure 3 and Figure S3,
Supporting Information). The acetate would coordinate the
Hf-clusters at missing linker sites. The amount of missing
linker defective sites was evaluated from solution NMR
experiment (Figure S4 in Supporting Information). From the
relative integration of protons from the linker and acetic acid
modulator in the 1H spectrum, the number of missing linker
molecules was calculated to 0.5 missing linker per {Hf6}-cluster
in Hf-HHU-2 (calculation details in the Supporting
Information).
Furthermore, CO2 sorption experiments were conducted on

Hf-HHU-2 at 273 and 293 K, respectively. The isosteric heat
(Qst) of CO2 adsorption was determined by applying the
Clausius−Clapeyron equation using the isotherm data
obtained at 273 and 293 K (see details in Supporting
Information). The CO2 sorption isotherms obtained are
shown in Figure 10a. At 1 bar, the CO2 adsorption capacity
of Hf-HHU-2 is 2.27 mmol g−1 (9.1 wt %) and 1.6 mmol g−1

(6.5 wt %) at 273 and 298 K, respectively. Figure 10b displays
the trace of the isosteric heat (Qst) of CO2 with increasing CO2
loading. It shows that the isosteric heat of adsorption at zero
coverage (Q0

st) is 39 kJ mol−1. The value of the isosteric heat

Table 1. Summary of Surface Area, Porosity Characteristics,
and Water Uptakes of Hf-HHU-1 and HF-HHU-2

material
SBET

(m2g−1)a
Vtotal pore

(cm3 g−1)b
Vmicropore
(cm3 g−1)c

water uptake
(mg g−1)d

Hf-HHU-1 476 0.20 0.17 190
Hf-HHU-2 541 0.25 0.18 212
Hf-HHU-2defect 302 0.13 0.10 150

aObtained from seven 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.

Figure 10. (a) CO2 sorption isotherms of Hf-HHU-2 at 273 and 293
K. (b) Plot of isosteric heat of CO2 adsorption from isotherms data at
273 and 293 K.
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of adsorption abruptly drops after the strong binding sites (μ3-
OH, μ3-O, and μ3-Cl) are saturated to converge to a value of
about 20 kJ mol−1 at higher loadings.
Iodine Adsorption. Iodine vapor adsorption experiment was

conducted gravimetrically at 20 °C with an activated sample of
Hf-HHU-2. The iodine adsorption was evidenced by a gradual
change of the sample color from white to dark brown (see
photograph Figure S20 in the Supporting Information). The
plot of iodine uptake with time shown in Figure 11a reveals
that iodine is gradually adsorbed and reaches a plateau after
about 10 days, corresponding to an iodine adsorption capacity
of 0.65 g g−1.

In order to investigate the interactions of iodine with the
material and the adsorption mechanism, Raman spectroscopy
analysis was conducted on iodine-loaded samples of Hf-HHU-
2. In Figure 11b and Figure S22, Supporting Information, the
Raman spectrum of the iodine-loaded sample I2@Hf-HHU-2
displays additional signals compared to the spectrum of
unloaded Hf-HHU-2, namely two strong bands at 111 and 170
cm−1. These bands are characteristic vibrations of I3

− and I5
−

polyiodides, respectively. A shoulder is also visible at 150 cm−1,
which is attributable to the vibration of the I4

2− anion.44,45 The
Raman absorption for neutral I2 would be expected at 180
cm−1. Thus, Hf-HHU-2 adsorbs iodine vapor exclusively as
polyiodide as no band for the molecular I2 vibration was
observed at 180 cm−1.
The formation of polyiodide chains in neutral I2-adducts is

known. The ß-cyclodextrin inclusion complex with iodine is a

typical example, whereby (neutral I2) iodine molecules, once
adsorbed, dissociate heterolytically to form polyiodide anionic
species.46 Such a reaction is also known to occur between
iodine and amylase or with O and N macrocycles.47 A plausible
mechanism of formation is based on a donor−acceptor
interaction, whereby I2 interacts with a donor atom (D).
The D···I2 adduct can further evolve into a (D-I)+·I− species,
which then leads to the formation of I3

−, I4
2− or I5

− from
various combinations of I− with I2. Due to their high
electronegativity, halogen atoms in molecular entities are the
basis of inter and intramolecular interaction known as halogen
bonding.48 Therefore, the Cl atom of the linker may act as
donor atom toward adsorbed iodine −Cl···I2 that evolves to
−(Cl··I)+·I−, leading to further formation of I3

−, I4
2−, or I5

−

from various combinations of I− with I2.
The PXRD pattern of iodine-loaded I2@Hf-HHU-2 and

washed samples (Figure S23, Supporting Information) shows
that Hf-HHU-2-Cl maintains its structural integrity upon
adsorption and desorption of iodine vapor. The presence of
hafnium in Hf-HHU-2, its hydrothermal stability, its strong
affinity for iodine due to chloro-functionality, and its iodine
adsorption capacity of 0.65 g g−1 makes it a potential material
for long-term iodine capture and sequestration.

■ CONCLUSIONS
In summary, two new Hf-MOFs based on acetylenedicarbox-
ylate and chlorofumarate linkers have been obtained. The
solvent used for the synthesis was found to direct the nature of
the product. Hafnium acetylenedicarboxylate was obtained in
DMF, while hafnium chlorofumarate was obtained in water
from an in situ transformation of H2ADC, that is a
hydrochlorination consisting of addition of HCl on the
−CC− triple-bond of H2ADC. The high crystallinity of
the new materials enabled to determine their structure from
PXRD and Rietveld refinement to be UiO-66 analogues. The
porosity investigated by means of nitrogen sorption reveals
that these materials are microporous as expected. Meanwhile
the type Ib water sorption isotherms for both materials disclose
their high hydrophilicity, with an additional enhancement
noticed on account of chloro-functions in Hf-HHU-2. The
CO2 and iodine adsorption properties were further investigated
on Hf-HHU-2, as well as formation of clusters defect
nanoregions with reo topology in its framework when the
reaction mixture contains a linker to metal−salt molar ratio of
1:1. We have hence obtained that the halogen MOFs
functionalization via in situ hydrohalogenation of acetylenedi-
carboxylic acid triple bond is also implementable with
hafnium-based MOFs like those recently developed for Zr-
MOFs.
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Figure 11. (a) Gravimetric iodine vapor adsorption trace of Hf-HHU-
2. (b) Raman spectrum of iodine-loaded Hf-HHU-2 in the
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Schröder, C. A.; Schneider, A. M.; Behrens, P. Insight into the
Mechanism of Modulated Syntheses: In Situ Synchrotron Diffraction
Studies on the Formation of Zr-fumarate MOF. CrystEngComm 2014,
16, 9198−9207. (b) Marshall, R. J.; Hobday, C. L.; Murphie, C. F.;
Griffin, S. L.; Morrison, C. A.; Moggach, S. A.; Forgan, R. S. Amino
Acids as Highly Efficient Modulators for Single Crystals of Zirconium
and Hafnium Metal-Organic Frameworks. J. Mater. Chem. A 2016, 4,
6955−6963.
(29) (a) Billetter, H.; Pantenburg, I.; Ruschewitz, U. Copper(II)
Chlorofumarate Trihydrate. Acta Crystallogr., Sect. E: Struct. Rep.
Online 2006, E62, m881−m883. (b) Billetter, H.; Pantenburg, I.;
Ruschewitz, U. Lithium Hydrogen Iodofumarate Monohydrate. Acta
Crystallogr., Sect. E: Struct. Rep. Online 2005, E61, m1857−m1859.
(30) (a) Papirer, E.; Lacroix, R.; Donnet, J.-B.; Nanse,́ G.; Fioux, P.
XPS Study of the Halogenation of Carbon black - part 2 Chlorination.
Carbon 1995, 33 (I), 63−72. (b) Li, Y.; Chen, H.; Voo, L. Y.; Ji, J.;
Zhang, G.; Zhang, G.; Zhang, F.; Fan, X. Synthesis of Partially
Hydrogenated Graphene and Brominated Grapheme. J. Mater. Chem.
2012, 22, 15021−15024.
(31) Alivio, T. E. G.; De Jesus, L.; Dennis, R. V.; Jia, Y.; Jaye, C.;
Fischer, D. A.; Singisetti, U.; Banerjee, S. Atomic Layer Deposition of
Hafnium(IV) Oxide on Graphene Oxide: Probing Interfacial
Chemistry and Nucleation by using X-ray Absorption and Photo-
electron Spectroscopies. ChemPhysChem 2015, 16, 2842−2848.
(32) Alexander, S.; Morrow, L.; Lord, A. M.; Dunnill, C. W.; Barron,
A. R. Branched Hydrocarbon Low Surface Energy Materials for
Superhydrophobic Nanoparticle Derived Surfaces. J. Mater. Chem. A
2015, 3, 10052−10059.
(33) Zhan, G.; Zeng, H. C. Synthesis and Functionalization of
Oriented Metal-Organic-Framework Nanosheets: Toward a Series of
2D Catalysts. Adv. Funct. Mater. 2016, 26, 3268−3281.
(34) (a) Billetter, H.; Hohn, F.; Pantenburg, I.; Ruschewitz, U.
[CuC2(COO)2}(H2O)3]÷H2O, the First Copper Complex of
Acetylenedicarboxylic Acid. Acta Crystallogr., Sect. C: Cryst. Struct.
Commun. 2003, 59, m130−m131. (b) Pantenburg, I.; Ruschewitz, U.
Co(C2(COO)2)(H2O)4÷2H2O and Co(C2(COO)2)(H2O)2: Two
CoordinationPolymers of the Acetylenedicarboxylate Dianion. Z.
Anorg. Allg. Chem. 2002, 628, 1697−1702. (c) Tranchemontagne, D.
J.; Hunt, J. R.; Yaghi, O. M. Room Temperature Synthesis of Metal-
Organic Frameworks: MOF-5, MOF-74, MOF-177, MOF-199, and
IRMOF-0. Tetrahedron 2008, 64, 8553−8557. (d) Ruschewitz, U.;
Pantenburg, I. [Cd{C2(COO)2}(H2O)3]÷ H2O, the First Cadmium
Salt of Acetylenedicarboxylic Acid. Acta Crystallogr., Sect. C: Cryst.
Struct. Commun. 2002, 58, m483−m484. (e) Stein, I.; Ruschewitz, U.
Mechanochemical Synthesis of New Coordination Polymers with
Acetylenedicarboxylate as Bridging Ligand. Z. Anorg. Allg. Chem.
2010, 636, 400−404. (f) Schuy, A.; Stein, I.; Ruschewitz, U. PbADC
and PbADC÷H2O: Two Coordination Polymers with Acetylenedi-
carboxylate (ADC2‑) as Bridging Ligand. Z. Anorg. Allg. Chem. 2010,
636, 1026−1031. (g) Michaelides, A.; Skoulika, S. Reactive
Microporous Rare-Earth CoordinationPolymers that Exhibit Single-
Crystal-to-Single-Crystal Dehydration and Rehydration. Cryst. Growth
Des. 2005, 5, 529−533. (h) Busch, S.; Stein, I.; Ruschewitz, U.
Hydrate Isomerism in Coordination Polymers of Bismuth and
Acetylenedicarboxylate. Z. Anorg. Allg. Chem. 2012, 638, 2098−2101.
(35) Hohn, F.; Pantenburg, I.; Ruschewitz, U. Sr[C2(COO)2]: The
First Anhydrous Salt of Acetylenedicarboxylic Acid. Chem. - Eur. J.
2002, 8, 4536−4541.
(36) Cliffe, M. J.; Wan, W.; Zou, X.; Chater, P. A.; Kleppe, A. K.;
Tucker, M. G.; Wilhelm, H.; Funnell, N. P.; Coudert, F.-X.; Goodwin,
A. L. Correlated Defect Nanoregions in a Metal-Organic Framework.
Nat. Commun. 2014, 5, 4176.
(37) Shearer, G. C.; Chavan, S.; Bordiga, S.; Svelle, S.; Olsbye, U.;
Lillerud, K. P. Defect Engineering: Tuning the Porosity and
Composition of the Metal-Organic Framework UiO-66 via Modulated
Synthesis. Chem. Mater. 2016, 28, 3749−3761.

(38) Thommes, M.; Kaneko, K.; Neimark, A. V.; Olivier, J. P.;
Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K. S. W. Physisorption of
Gases, with Special Reference to the Evaluation of Surface Area and
Pore Size Distribution (IUPAC Technical Report). Pure Appl. Chem.
2015, 87, 1051−1069.
(39) Mondloch, J. E.; Karagiaridi, O.; Farha, O. K.; Hupp, J. T.
Activation of Metal-Organic Framework Materials. CrystEngComm
2013, 15, 9258−9264.
(40) Howarth, A. J.; Peters, A. W.; Vermeulen, N. A.; Wang, T. C.;
Hupp, J. T.; Farha, O. K. Best Practices for the Synthesis, Activation,
and Characterization of Metal-Organic Frameworks. Chem. Mater.
2017, 29, 26−39.
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Acetylenedicarboxylate-based cerium(IV) metal–
organic framework with fcu topology: a potential
material for air cleaning from toxic halogen
vapors†

Tobie J. Matemb Ma Ntep,a Helge Reinsch, b Jun Lianga,c and
Christoph Janiak *a

The most contracted cerium(IV)-based metal–organic framework (MOF) with fcu topology incorporating

an alkyne-based linker, namely acetylenedicarboxylate (ADC), was synthesized under green conditions in

water at room temperature and thoroughly characterized. The structure of this new MOF, denoted as Ce-

HHU-1, was determined from powder X-ray diffraction data and Rietveld refinement and is made up of

octahedral [Ce6O4(OH)4]
12+ clusters, each of which is connected to other inorganic units by twelve ADC

linkers to give a porous network with fcu topology analogous with UiO-66. The permanent microporosity

of Ce-HHU-1 was confirmed by nitrogen sorption, meanwhile its high hydrophilicity was displayed by a

type I water vapor sorption isotherm. The adsorption of CO2 in Ce-HHU-1 features a remarkably high

zero-coverage isosteric heat of adsorption of 47 kJ mol−1, attributed to the presence of the –CuC–

triple-bond in the framework. The latter also allows for Ce-HHU-1 to capture and irreversibly chemisorb

Br2 vapors, as well as both chemi- and physisorb I2 vapors in an effective manner, making this material

potentially applicable for air cleaning from toxic halogen vapors.

Introduction

Metal–organic frameworks (MOFs) based on cerium(IV) (Ce(IV)-
MOFs) have recently attracted scientific attention due to the
redox activity of Ce(IV), yielding MOFs applicable in redox-cata-
lysis,1 and photocatalysis.2 Constructed by connecting Ce-
oxido clusters by organic ligands into porous materials, Ce-
MOFs are usually obtained by easy synthetic route within few
minutes. Since the first report in 2015 by Lammert et al. of
conditions to stabilize Ce(IV) cations in a MOF,3 many Ce-
MOFs have been synthesized displaying various net topologies
including reo, spn, scu, she, scq and fcu, depending on the
employed linker geometry.4,5 However, Ce-MOFs with the fcu
topology like UiO-66 are by far the most representative.6 Their

structure consists of octahedral [Ce6O4(OH)4]
12+ secondary

building units (SBUs), which are twelvefold connected to other
units by linear dicarboxylate linkers, forming an expanded
cubic close-packed porous framework.7 In this regard, many
linear dicarboxylate linkers have been used including benzene-
1,4-dicarboxylate, fumarate, 2,2′-bipyridine-5,5′-dicarboxylate,
pyridine-2,5-dicarboxylate, napththalene-2,6-dicarboxylate,
biphenyl-4.4′-dicarboxylate.3,4 However, no Ce-MOF based on
acetylenedicarboxylate (ADC) as the shortest straight linear
alkyne-based dicarboxylate linker (Scheme 1) is yet reported.

Very few ADC-based MOFs are known. Serre et al. obtained
the first Eu(III)-acetylenedicarboxylate open framework, which
showed irreversible pore contraction upon pore evacuation by
dehydration.8 Tranchemontagne et al. synthesized Zn-acetyle-
nedicarboxylate, the smallest member of IRMOF series

Scheme 1 Reaction of acetylenedicarboxylic acid to the UiO-type MOF
Ce-HHU-1.

†Electronic supplementary information (ESI) available: Additional information
on PXRD, IR, Raman, TGA, Rietveld refinement, halogen adsorption, isosteric
heat of CO2 adsorption. CCDC 1946853. For ESI and crystallographic data in CIF
or other electronic format see DOI: 10.1039/c9dt03518d
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(IRMOF-0), albeit as non-porous material due to double-inter-
penetration and trapped guest solvent molecules that could
not be removed.9 Gramm et al. also synthesized a series of
three-dimensional rare-earth acetylenedicarboxylate-based
coordination polymers,10 so extending a previous work of
Michaelides et al.11 However, none of these works could prove
the permanent porosity of the obtained ADC-based coordi-
nation polymers. Obviously, despite its simplicity as linear
linker, obtaining acetylenedicarboxylate-based metal–organic
frameworks with experimentally proven permanent porosity
had been a challenge in the MOF field. Nevertheless, we recently
reported the synthesis and porosity studies of an acetylenedicar-
boxylate-based zirconium-MOF having the fcu topology, namely
Zr-HHU-1 (HHU stands for Heinrich-Heine-University
Düsseldorf). This work was the first report of an ADC-based
MOF presenting experimentally assessed permanent porosity.12

Employing the ADC linker in the construction of MOFs is of
great interest not only because it provides MOFs spaced solely
by linear carbon arrays (hydrogen-free linker) but also because
of the functionalizable –CuC– triple-bond (Scheme 1). We
demonstrated that this could involve an in situ hydrohalogena-
tion to halogen functionalized MOFs.12 In addition, the alkyne
function could be the basis for post-synthetic modification of
the constructed ADC-based MOF via addition reactions. Post-
synthetic halogenation of integral unsaturated C–C bonds are
known for Zr- and Hf-MOFs constructed from 4,4′-ethynylene-
dibenzoate and 4,4′-(buta-1,3-diyne-1,4-diyl)-dibenzoate
linkers.13 Furthermore, the presence of –CuC– triple bonds in
the porous material could enhance the adsorption affinity/
capacity of some gases like CO2, as well as vapors like water
and molecular halogens.12,14

To broaden the scope of porous acetylenedicarboxylate-
based MOFs containing M(IV) cations, we herein report the syn-
thesis, structural characterization, porosity and gas/vapor sorp-
tion properties of a new fcu Ce(IV)-MOF based on the simple
ADC linker (Scheme 1). We also investigate the adsorption of
bromine and iodine vapors in the new material, in view of its
application for air cleaning from these toxic halogen vapors.

Experimental
Materials and methods

Cerium(IV) ammonium nitrate [(NH4)2Ce(NO3)6, purity 99%]
was obtained from Acros Organics; acetylenedicarboxylic acid
(H2ADC, purity 97%) was obtained from abcr; bromine
(Br2, technical grade) from Merck Schuchardt OHG, and
iodine (I2, purity 99.5%) from Grüssing.

Powder X-ray diffraction (PXRD) patterns were recorded
with the Brucker D2 Phaser diffractometer using a Cu-Kα1/α2
radiation with λ = 1.5418 Å at 30 kV. Diffractograms were
obtained on a flat silicon layer sample holder, with 2θ angles
ranging within 5–50° at a scan rate of 0.0125° s−1.

The infrared (IR) spectrum was obtained on a Bruker FT-IR
Tensor 37 Spectrometer in the 4000–550 cm−1 region with
2 cm−1 resolution as KBr disk. The Raman spectra were

measured on a Bruker MultiRAM-FT Raman spectrometer
equipped with a Nd:YAG-laser (wavelength 1064 nm).

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 samples for SEM
imaging were coated with gold using a Jeol JFC 1200 fine-
coater (20 mA for 25 s).

Thermogravimetric analysis (TGA) was carried out on a
Netzsch TG209 F3 Tarsus device under synthetic air atmo-
sphere and heating at a ramp rate of 5 K min−1 to 600 °C.

Liquid 13C NMR spectra were measured with a Bruker
Avance III-300 (300 MHz). Prior to solution NMR analysis,
20 mg of Ce-HHU-1-Br2 were dissolved in 0.5 mL of DMSO-d6.
For Ce-HHU-1-I2, 20 mg of iodine-desorbed MOF were sus-
pended in DMSO-d6 (0.65 mL) and 5 drops of DCl (35 wt% in
D2O) were added. After about 1 h, the yellowish formed solu-
tion was introduced in the NMR tube for the analysis.

Nitrogen and CO2 sorption isotherms were measured with a
Micromeritics ASAP 2020 automatic gas sorption analyzer at
77 K (N2), 273 K and 293 K (CO2). The Brunauer–Emmett–
Teller (BET) specific surface area and pore volume were evalu-
ated from the nitrogen physisorption isotherms.

Water sorption isotherm was obtained using a VSTAR™
vapor sorption analyzer from Quantachrome.

Water-based synthesis of Ce-HHU-1 at ambient temperature

In a 25 mL glass vial, 364 mg (3.2 mmol) of acetylenedicarbox-
lic acid were dissolved in 12 mL of water. 2 mL of an aqueous
solution of cerium ammonium nitrate (0.533 M) was added
under stirring. The yellowish precipitate, which was formed
instantly under mixture of the two solutions, was stirred for
15 min and separated from the mother liquor by centrifu-
gation. The solid product was then washed twice with water
and twice with ethanol and then centrifuged.

The activated sample was obtained by supercritical CO2

(scCO2) drying of the as-synthesized material, followed by out-
gassing under dynamic vacuum for 16 h at 40 °C. The use of
supercritical CO2 drying as activation procedure was adopted
because of the low thermal stability of Ce-HHU-1 (stable only
until about 120 °C, from TGA, Fig. S4, ESI†). We experienced in
our previous works that the analogous frameworks of Zr-HHU-1
and Hf-HHU-1 collapse over conventional activation by heating at
temperatures above 100 °C under vacuum.12 Since the acetylene-
dicarboxylate linker is thermally labile, the supercritical CO2

drying enables to avoid high temperatures for de-solvating/out-
gassing the pores of Ce-HHU-1. Elemental analysis of the
activated sample: calcd for Ce6C24H4O32 =
[Ce6O4(OH)4(OOC-CuC-COO)6]: C 17.52%, H 0.24%; found: C
18.33%, H 1.09%. Yield: 270 mg (92%) based on the cerium salt.

Bromine adsorption

30 mg of activated Ce-HHU-1 were distributed in a small open
vial, and a small amount of bromine was introduced in
another open vial (see Fig. 7). The two vials were transferred in
a vessel that was sealed to ensure a closed system. The sealed
vessel was allowed to stand at room temperature over a week.
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Iodine adsorption

About 40 mg of activated sample of Ce-HHU-1 were distributed
in a small open vial, while about 100 mg I2 crystals were dis-
tributed in a second open vial. The two vials were transferred
together in a vessel that was sealed to ensure a closed system
and stored at room temperature (see Fig. S9 in ESI†). Iodine
uptake was measured gravimetrically after regular adsorption
times.

Results and discussion
Synthesis and characterization

The new acetylenedicarboxylate-based cerium(IV)–metal–
organic framework termed as Ce-HHU-1 of formula [Ce6(μ3-
O)4(μ3-OH)4(ADC)6]·xH2O, was quantitatively obtained immedi-
ately after mixing aqueous solutions of acetylenedicarboxylic
acid and cerium(IV) ammonium nitrate (Scheme 1). It should
be noted that early syntheses of Ce(IV)-MOFs were performed
in a DMF/water solvent mixture with at times addition of a
monocarboxylic acid modulator like acetic or formic acid. In
the case of Ce-HHU-1, the synthesis is carried out in water
only and requires neither organic solvents like DMF, nor
monocarboxylic acid modulator. Furthermore, although a
water-based synthesis of Ce(IV)-MOF was recently reported at
about 100–110 °C,15 our synthesis takes place at room temp-
erature and within a shorter reaction time, making the syn-
thesis of Ce-HHU-1 even greener, as it consumes no energy
from heating. This easy synthesis would also enable to
produce Ce-HHU-1 at a large scale and competitive cost. This
aspect is very important considering industrial production of
this material towards commercial applications. The pro-
duction of metal–organic frameworks in a clean, fast and econ-
omical way is a current challenge to take MOFs from labora-
tories to industries towards practical applications.16

Interestingly, Ce-HHU-1 displays a very high crystallinity in
spite of its very rapid formation. SEM images of Ce-HHU-1
(Fig. S15, ESI†) reveal that the obtained product is made of
agglomerated crystallites. Individual crystals have a size of
about 100 nm, with no specific shape. The PXRD pattern of
the obtained yellow microcrystalline powder of Ce-HHU-1
resembles that of zirconium acetylenedicarboxylate (Zr-HHU-1)
(Fig. 1 and Fig. S1 in ESI†). However, the reflections in Ce-
HHU-1 are slightly shifted to lower values compared to those
of Zr-HHU-1. This indicates that the two MOFs are analogues,
with Ce-HHU-1 having a slightly larger cell parameter, which is
consistent with a larger ionic radius of Ce4+ (0.97 Å) in com-
parison to Zr4+ (0.84 Å).17

The strong band in the Raman spectrum at 2225 cm−1

(Fig. S2 in ESI†) is ascribed to the stretching vibration of the
–CuC– triple-bond of the ADC linker. The bands at 1600 cm−1

and 1371 cm−1 in the infrared spectrum (Fig. S3 in ESI†) are
due to asymmetric and symmetric vibrations of coordinated
carboxylate of the linker respectively.

The thermogravimetric analysis (Fig. S4, ESI†) shows that
Ce-HHU-1 is thermally stable to about 120 °C. After this temp-

erature, the material is decomposed in two steps to yield a
solid residue that was identified by PXRD to be CeO2 (see
PXRD of residue in Fig. S5, ESI†). Ce-HHU-1 is thermally less
stable than Zr-HHU-1 (180 °C).12 This is expected, as UiO-type
Ce(IV)-MOFs feature lower thermal stability compared to their
zirconium analogues.3 Furthermore, the vast majority of ADC-
based coordination polymers/complexes feature low thermal
stability (<250 °C) with some even decomposing in air at room
temperature.18 An exception is that of Sr-ADC for which a
thermal stability of up to 440 °C was observed.19 This relatively
low thermal stability is attributable to the thermal liability of
H2ADC linker. Solid acetylenedicarboxylic acid decomposes at
180 °C. However, Ce-HHU-1 has a good hydrolytic and chemi-
cal stability, as it maintains its crystallinity after stirring in
water, acidic solution (pH = 1) and various solvents at room
temperature for 24 h (Fig. S6 and S7, ESI†). Unfortunately, Ce-
HHU-1 would degrade in an alkaline solution (pH = 12) under
the same treatment.

The analysis of the TG curve reveals that the obtained Ce-
HHU-1 contains no missing linker defects. This result is in
accordance with other reports of Ce(IV)-MOFs synthesized
without monocarboxylic acid modulator.4 Missing ligand
defective sites in UiO-type Zr-MOFs are mainly due to the use
of monocarboxylic acid modulators. Indeed, a defect free
UiO-66 MOF was obtained by Lillerud et al. from a synthesis
done without monocarboxylic acid modulator.20

Structure

The structure of Ce-HHU-1 was determined by means of
Rietveld refinement from powder diffraction data obtained in
transmission geometry on a STOE Stadi MP, equipped with a
Dectris Mythen detector and using monochromated CuKα1
radiation. The indexation was done using TOPAS academics21

(details in ESI†). Some relevant parameters are summarized in
Table 1 and the final plot is shown in Fig. 2. Crystallographic
data for the structure of Ce-HHU-1 have been deposited with
the Cambridge Crystallographic Data Center (CCDC 1946853†).

The structure of Ce-HHU-1 consists of a face centered cubic
fcu net topology in space group Fm3̄m like UiO-66.7 Its frame-

Fig. 1 Powder X-ray diffractogram of Ce-HHU-1 compared to Zr-
HHU-1. The patterns are similar with that of Ce-HHU-1 being slightly
shifted to lower 2θ angle values.
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work is built up of octahedral [Ce6(μ3-O)4(μ3-OH)4] SBUs each
connected to other units by twelve ADC linkers. This results in
a porous network having tetrahedral cages of 5.8 Å diameter
and octahedral cages of 9.6 Å diameter. Pores are accessible
through triangular windows of about 4 Å diameter (Fig. 3). Ce-
HHU-1 can therefore be regarded as the most contracted fcu
Ce(IV)-MOF incorporating an alkyne-based linker, that is a
framework of –CuC– triple bonds joined at Ce6O8 SBUs.

Porosity, water vapor and CO2 adsorption

The porosity of Ce-HHU-1 was assessed by nitrogen sorption
experiment conducted with an activated (solvent evacuated)
sample at 77 K. The obtained isotherm is of type I (Fig. 4),
corresponding to a permanently microporous material.22 The
calculated BET surface area and micropore volume amount to
793 m2 g−1 and 0.24 cm3 g−1 respectively. These values are
comparable with the BET surface area and micropore volume
previously reported for cerium(IV) fumarate Ce-UiO-66-Fum
(SBET = 732 m2 g−1, VPmicro = 0.3 cm3 g−1).3 This is in agree-
ment with comparable sizes of ADC and Fum linkers. It is
worth noting that the surface area of Ce-HHU-1 is larger than
that we previously obtained for Zr-HHU-1 (570 m2 g−1).12 This
could be explained by the fact that Ce-HHU-1 is synthesized in
water without modulator, which could have enabled a better
evacuation of its pores, whereas Zr-HHU-1 was synthesized in
DMF and using acetic acid as crystallization modulator.

The water sorption isotherm obtained at 20 °C exhibits a
type I isotherm similar to that of Zr-HHU-1 (Fig. 5),12 revealing

the high hydrophilicity of the material. This is in agreement
with their analogous compositions and structures. The water
uptake capacity of about 208 mg g−1 is in agreement with the
micropore volume. It is worth noting that the crystallinity of
Ce-HHU-1 was maintained after the water sorption experiment
with only small loss in the surface area (793 m2 g−1 before and
731 m2 g−1 after water sorption). The high hydrophilicity and
water uptake capacity of Ce-HHU-1 indicate that this material
can be applied for dehumidification/desiccation purpose.23

The CO2 sorption isotherms of Ce-HHU-1 obtained at 273
and 293 K respectively (Fig. 6a), exhibit a type I shape which is
in agreement with its microporous nature. The CO2 uptake
capacity at 1 bar amounts to 3.2 and 2.5 mmol g−1 at 273 K
and 293 K respectively. We note that the CO2 uptake capacity

Table 1 Selected parameters for the Rietveld refinement of Hf-HHU-1

Compound Ce-HHU-1
Crystal system Cubic
Space group Fm3̄m
a = b = c/Å 19.1733(6)
α = β = γ/° 90
V/Å3 7048.4(6)
Rwp/% 6.6
RBragg/% 3.0
GoF 2.1

Fig. 2 Final Rietveld plot for Ce-HHU-1. The black curve represents the
measured data, the red curve is the theoretical data and the blue curve
indicates the difference. Vertical black bars mark the allowed Bragg
reflection positions.

Fig. 3 (a) Secondary building unit of {Ce6O4(OH)4} with the twelve sur-
rounding and connecting acetylenedicarboxylate linkers and the edge-
sharing square-antiprismatic Ce6O8 polyhedra (b) fcc packing diagram
of the fcu network in Ce-HHU-1 (c) tetrahedral cage (d) octahedral
cage.

Fig. 4 Nitrogen sorption isotherm for Ce-HHU-1 at 77 K (filled
symbols: adsorption; empty symbols: desorption).
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of Ce-HHU-1 is higher than most reports of CO2 adsorption in
Ce(IV)-based MOFs (see Table S1 in ESI†). Its uptake is also
comparable with those of Zr-UiO-66 (2.3 mmol g−1), Zr-
UiO-NH2 (2.6 mmol g−1) and Zr-UiO-67 (2.51 mmol g−1) under
ambient (293 K, 1 bar) conditions.24,25 Thus, Ce-HHU-1 has an
interesting CO2 adsorption capability and can therefore be
considered a prospective material for CO2 capture and storage.

The isosteric heat of absorption Qst calculated using the
Clausius Clapeyron equation from isotherms obtained at
273 K and 293 K is plotted in Fig. 6b (see calculation details in
ESI†). The zero coverage heat of adsorption Q0

st of about 47 kJ
mol−1 is higher than that reported for UiO-66 (28 kJ mol−1),
zirconium and hafnium fumarate (19–29 kJ mol−1) for
example.26 Such a high heat of adsorption was previously
attributed to the synergistic effect of pore size reduction, μ3-
OH groups on metal-clusters and most especially to the
–CuC– triple-bond in the framework.12

Adsorption of bromine and iodine vapors

The capital importance of elemental halogens (mostly Cl2 and
Br2) in industry contrasts with their hazardous nature due to
their high toxicity, volatility and corrosiveness.27 It is of great
importance to find solid materials that can capture bromine
and chlorine in case of spillage and leakage or for routine
safety of workers and installations in halogen production
units.28 Many studies highlight the negative impact of
bromine on human health and its contribution to ozone layer
depletion.29

The presence of the alkyne function within the framework
of Ce-HHU-1 prompted us to investigate its adsorption pro-
perties towards halogen vapors. When placed in a closed
vessel with a small amount of bromine, 30 mg of Ce-HHU-1
completely adsorb and clean up the vessel space from the
brownish smog, as well as empty the bromine container
within few days (Fig. 7). Surprisingly, the material is trans-
formed into a new highly crystalline and light yellow product
showing no trace of the red-brownish color of Br2 (Fig. 7). The
product Ce-HHU-1-Br2 has a completely different structure as
seen from the PXRD patterns (Fig. 8). This indicates that Br2 is
completely irreversibly chemisorbed by Ce-HHU-1. The liquid
NMR analysis reveals that the new adduct contains the 2,3-
dibromofumarate linker (see Fig. S10 in ESI†). This indicates
that the triple-bond of ADC in Ce-HHU-1 undergoes a solid
state dibromination leading to a dibromoalkene-based coordi-
nation polymer/complex in a microcrystalline-to-microcrystal-
line fashion. The new compound is soluble in water and other
organic solvents, suggesting that the Ce6O4(OH)4 cluster is also
altered by reacting with Br2. However, the determination of the

Fig. 5 Water vapor sorption isotherm for Ce-HHU-1 at 20 °C (filled
symbols: adsorption; empty symbols: desorption).

Fig. 6 (a) CO2 sorption isotherms at 273 K and 293 K. (b) Plot of isos-
teric heat of CO2 adsorption with loading for Ce-HHU-1 (filled symbols:
adsorption; empty symbols: desorption).

Fig. 7 Photographs of the set-up for bromine vapor adsorption with
Ce-HHU-1. A complete clean-up of the vessel from bromine is observed
after some days.
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exact structure of Ce-HHU-1-Br2 is out of the scope of this
work. We anticipate that a similar chemisorption with
Ce-HHU-1 could also take place with chlorine vapor.

Ce-HHU-1 has high ability for fixation of bromine vapor
and can therefore be used in filtration sets like gas masks, or
can be applied to clean polluted air from toxic bromine gas.
We note that scarce reports are found where a solid material
like Ce-HHU-1 can chemisorb bromine vapor and clean spaces
polluted by this toxic vapor.

The adsorption of molecular iodine (I2) vapor was also con-
ducted gravimetrically with an activated sample of Ce-HHU-1
at room temperature. The adsorption of I2 was evidenced by a
progressive color change of Ce-HHU-1 from yellow to brown
(Fig. S11, ESI†). The curve of iodine uptake with time (Fig. 9)
shows that Ce-HHU-1 has an iodine adsorption capacity of
about 0.8 g g−1. In the Raman spectrum of iodine loaded
sample I2@Ce-HHU-1 (Fig. S13, ESI†), a decrease in intensity
of the band related to the triple bond at 2225 cm−1 is observed,
as well as the increase of the band at 1600 cm−1 suggesting a
partial transformation of some triple-bonds to double-bonds.
The 13C NMR spectrum of the digested washed sample post-
iodine sorption (Fig. S12, ESI†) has three peaks at 167, 91, and

85 ppm corresponding to the carbon of the carboxylate, the
iodine substituted olefinic carbon and of the triple-bond
respectively. In addition, new distinct bands at 1000, 800, 717,
522 cm−1 appear in the Raman spectrum (Fig. S13, ESI†)
which correspond to the formation of new bonds, notably the
vC–I bond. It is worth noting that the new bands remain after
full I2 desorption by washing over one week. The washing con-
sisted in stirring I2@Ce-HHU-1 in ethanol for a week, changing
the solvent twice each day. The aforementioned observations
indicate that iodine is both physisorbed and chemisorbed in
Ce-HHU-1. The chemisorption consists of a diiodination of
some of the –CuC– triple bonds of the ADC linker to a diiodo-
fumarate linker. The PXRD pattern of the iodine-loaded
sample (Fig. 8) shows that the framework collapses upon
adsorption of iodine to a poorly crystalline phase. The adsorp-
tion of I2 in Ce-HHU-1, therefore results in the solid state diio-
dination of some of the triple-bonds in the framework.

The Raman spectrum of I2@Ce-HHU-1 presents also very
strong bands at 169 and 111 cm−1 (Fig. S13, ESI†). These bands
are characteristics for I5

− and I3
− polyiodides respectively.30

Interestingly, these bands persist in the thoroughly washed
sample, although slightly shifted (159 and 110 cm−1 for I5

− and
I3
− respectively) with reduced intensity. This indicates the for-

mation of stable polyiodide ions from the interaction of I2 with
covalently bonded I (vC–I⋯I2). The iodine adsorption and
storage capacity of Ce-HHU-1 demonstrates the potential appli-
cation of this material for radioactive I2 sequestration.

Conclusions

This work establishes the potential of the acetylenedicarboxy-
late linker in the construction of permanently porous metal–
organic frameworks. The new UiO-type MOF (Ce-HHU-1) based
on acetylenedicarboxylate linker and Ce(IV) cations has suc-
cessfully been synthesized and structurally characterized by
Rietveld refinement. Its permanent microporosity has been
demonstrated by nitrogen sorption experiment, while its high
hydrophilicity is evidenced from the water sorption isotherm
of type I. This material features a high isosteric heat of CO2

adsorption attributable to the effect of the triple-bond. Ce-
HHU-1 is a good halogen vapor adsorbent, of which bromine
undergoes a complete chemical fixation to a new crystalline
material via halogenation of the triple-bond. The later property
makes Ce-HHU-1 a potential material for application in the
capture of hazardous halogen vapors.
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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 −CC− 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 −CC− 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
−CC− 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

Chemistry of Materials Article

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

8630



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 −CC− 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 −CC− 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
CC 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 −CC− 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).
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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.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.chemma-
ter.9b00524.

IR, Raman, NMR, XPS, EDX spectra; gas/water
sorption isotherms; PXRD patterns of stability tests;
TGA, SEM images; EDX maps; functionalization
mechanism, heat, and kinetics of water adsorption
(PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: janiak@uni-duesseldorf.de.

Chemistry of Materials Article

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

8636



ORCID
Gerd Buntkowsky: 0000-0003-1304-9762
Christoph Janiak: 0000-0002-6288-9605
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We thank the German Academic Exchange Service (DAAD)
for funding to T.M.M.N. and the Federal Ministry of
Education and Research (BMBF) for project Optimat, grant
no. 03SF0492C.

■ REFERENCES
(1) Janiak, C.; Vieth, J. K. MOFs, MILs and More: Concepts,
Properties and Applications for Porous Coordination Networks
(PCNs). New J. Chem. 2010, 34, 2366−2388.
(2) Yaghi, O. M.; O’Keeffe, M.; Ockwig, M. W.; Chae, H. K.;
Eddaoudi, M.; Kim, K. Reticular Synthesis and the Design of New
Materials. Nature 2003, 423, 705−714.
(3) Lin, Y.; Kong, C.; Zhang, Q.; Chen, L. Metal-Organic
Frameworks for Carbon Dioxide Capture and Methane Storage.
Adv. Energy Mater. 2017, 7, No. 1601296.
(4) Suh, M. P.; Park, H. J.; Prasad, T. K.; Lim, D.-W. Hydrogen
Storage in Metal−Organic Frameworks. Chem. Rev. 2012, 112, 782−
835.
(5) Sumida, K.; Rogow, D. L.; Mason, J. A.; McDonald, T. M.;
Bloch, E. D.; Herm, Z. R.; Bae, T.-H.; Long, J. R. Carbon Dioxide
Capture in Metal−Organic Frameworks. Chem. Rev. 2012, 112, 724−
781.
(6) Li, J.-R.; Kuppler, R. J.; Zhou, H.-C. Selective Gas Adsorption
and Separation in Metal−Organic Frameworks. Chem. Soc. Rev. 2009,
38, 1477−1504.
(7) Zhu, L.; Liu, L._X.; Jiang, H.-L.; Sun, L.-B. Metal−Organic
Frameworks for Heterogeneous Basic Catalysis. Chem. Rev. 2017, 117,
8129−8176.
(8) Huang, Y.-B.; Liang, J.; Wang, X.-S.; Cao, R. Multifunctional
Metal−Organic Framework Catalysts: Synergistic Catalysis and
Tandem Reactions. Chem. Soc. Rev. 2017, 46, 126−157.
(9) Farrusseng, D.; Aguado, S.; Pinel, C. Metal−Organic Frame-
works: Opportunities for Catalysis. Angew. Chem., Int. Ed. 2009, 48,
7502−7513.
(10) Henninger, S. K.; Habib, H. A.; Janiak, C. MOFs as Adsorbents
for Low Temperature Heating and Cooling Applications. J. Am. Chem.
Soc. 2009, 131, 2776−2777.
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P.; Ngolui, J. L.; Lecomte, C.; Janiak, C. Water Vapor Single-Gas
Selectivity via Flexibility of Three Potential Materials for Autonomous
Indoor Humidity Control. Cryst. Growth Des. 2019, 19, 2869−2880.
(53) Gandhidasan, P.; Al-Farayedhi, A. A.; Al-Mubarak, A. A.
Dehydration of Natural Gas Using Solid Desiccants. Energy 2001, 26,
855−868.
(54) Cadiau, A.; Belmabkhout, Y.; Adil, K.; Bhatt, P. M.; Pillai, R. S.;
Shkurenko, A.; Martineau-Corcos, C.; Maurin, G.; Eddaoudi, M.
Hydrolytically Stable Fluorinated Metal-organic Frameworks for
Energy-Efficient Dehydration. Science 2017, 356, 731−735.

(55) Li, T. X.; Xu, J. X.; Yan, T.; Wang, R. Z. Development of
Sorption Thermal Battery for Low-Grade Waste Heat Recovery and
Combined Cold and Heat Energy Storage. Energy 2016, 107, 347−
359.
(56) Scapino, L.; Zondag, H. A.; Van Bael, J.; Diriken, J.; Rindt, C.
C. M. Sorption Heat Storage for Long-Term Low-Temperature
Applications: A Review on the Advancements at Material and
Prototype scale. Appl. Energy 2017, 190, 920−948.
(57) Narayanan, S.; Li, X.; Yang, S.; Kim, H.; Umans, A.; McKay, I.
S.; Wang, E. N. Thermal Battery for Portable Climate Control. Appl.
Energy 2015, 149, 104−116.
(58) Kim, H.; Cho, H. J.; Narayanan, S.; Yang, S.; Furukawa, H.;
Schiffres, S.; Li, X.; Zhang, Y.-B.; Jiang, J.; Yaghi, O. M.; Wang, E. N.
Characterization of Adsorption Enthalpy of Novel Water-Stable
Zeolites and Metal-Organic Frameworks. Sci. Rep. 2016, 6, No. 19097.
(59) Teo, H. W. B.; Chakraborty, A. Water Adsorption on Various
Metal Organic Framework. IOP Conf. Ser.: Mater. Sci. Eng. 2017, 272,
No. 012019.
(60) Advanced Research Projects Agency-DOE, HEATS Program
Overview. https://arpa-e.energy.gov/sites/default/files/documents/
files/HEATS_ProgramOverview.pdf (accessed Oct, 2016).
(61) Reimer, N.; Bueken, B.; Leubner, S.; Seidler, C.; Wark, M.; De
Vos, D.; Stock, N. Three Series of Sulfo-Functionalized Mixed-Linker
CAU-10 Analogues: Sorption Properties, Proton Conductivity, and
Catalytic Activity. Chem. − Eur. J. 2015, 21, 12517−12524.
(62) Yang, Q.; Wiersum, A. D.; Llewellyn, P. L.; Guillerm, V.; Serre,
C.; Maurin, G. Functionalizing Porous Zirconium Terephthalate UiO-
66(Zr) for Natural Gas Upgrading: a Computational Exploration.
Chem. Commun. 2011, 47, 9603−9605.
(63) Reinsch, H.; Waitschat, S.; Stock, N. Mixed-linker MOFs with
CAU-10 Structure: Synthesis and Gas Sorption Characteristics.
Dalton Trans. 2013, 42, 4840−4847.
(64) Cavallo, G.; Metrangolo, P.; Milani, R.; Pilati, T.; Priimagi, A.;
Resnati, G.; Terraneo, G. The Halogen Bond. Chem. Rev. 2016, 116,
2478−2601.
(65) Keith, D. W. Why Capture CO2 from the Atmosphere? Science
2009, 325, 1654−1655.
(66) Rezaei, F.; Rownaghi, A. A.; Monjezi, S.; Lively, R. P.; Jones, C.
W. SOx/NOx Removal from Flue Gas Streams by Solid Adsorbents: A
Review of Current Challenges and Future Directions. Energy Fuels
2015, 29, 5467−5486.
(67) Savage, M.; Cheng, Y.; Easun, T. L.; Eyley, J. E.; Argent, S. P.;
Warren, M. R.; Lewis, W.; Murray, C.; Tang, C. C.; Frogley, M. D.;
Cinque, G.; Sun, J.; Rudic,́ S.; Murden, R. T.; Benham, M. J.; Fitch, A.
N.; Blake, A. J.; Ramirez-Cuesta, A. J.; Yang, S.; Schröder, M. Selective
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The successful chloro-functionalization of aluminium fumarate (MIL-53-Fum) was achieved by in situ hydrochlorination
of acetylenedicarboxylic acid on reaction with aluminium chloride resulting in the formation of the aluminium
chlorofumarate metal–organic framework (MIL-53-Fum-Cl¼ [Al(OH)(Fum-Cl)]) in a one-pot reaction. The chloro

functional groups decorating the pores enhance gas (CO2, CH4, and H2) sorption capacities and affinity compared with
the non-functionalized MIL-53-Fum. The functionalization also results in a 2-fold increase in the selective adsorption of
CO2 over CH4 compared with MIL-53-Fum.
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Introduction

Composed of metal units that are bridged by organic ligands
into porous networks, metal–organic frameworks (MOFs)
allow for various functional groups to be introduced into the
material, hence tuning of the chemistry of their pore surface to

meet specific properties and potential applications.[1] Such
functionalization of MOFs can be done pre-synthetically, post-
synthetically or in situ.[2] For the latter, linker or cluster func-

tionalization and MOF formation occur in a one-pot reaction,
which offers the advantage of reducing synthesis steps and cost
when compared with post-synthetic modification, as well as

yields products that might at times not be obtained by direct
synthesis.[3]

We recently reported the halogen functionalization of MOFs

via in situ hydrohalogenation of linkers containing alkyne
moieties.[4] More precisely, chlorofumarate-based UiO-type
zirconium MOF was obtained by in situ hydrohalogenation of
the triple bond of acetylenedicarboxylic acid. Aluminium-based

MOFs are of great interest owing to the lightness and low
toxicity of aluminium, as well as the abundance of its sources.
Aluminium fumarate was one of the first commercialized

Al-MOFs owing to its easy and inexpensive synthesis route
at large scale.[5] Owing to its high thermal, chemical, and
hydrothermal stability, aluminium fumarate holds promise for

adsorption-based heat transformation applications,[6] adsorption
of fluoride from water,[7] carbon dioxide capture from wet gas

stream,[8] shape-based separation of hydrocarbons,[9] and as

anode material for lithium ion batteries.[10] Aluminium fuma-
rate, commercialized under the trademark Basolite A520, is also
named MIL-53-Fum because it is isostructural with the alumin-
ium terephthalate MOFMIL-53(-BDC).[11] The MIL-53 frame-

work is built up from chains of trans-corner-sharing AlO6

octahedra, linked together by fumarate to form lozenge-shaped
one-dimensional channels having a cross-section of,5.7� 6.0 Å2

(Fig. 1).[12]

The short fumarate linker in this material yields narrow pores
(ultramicroporous MOF), which are beneficial with respect to

the optimum adsorption of some gases and vapours like CO2 and
water. For example, the Al-fumarate MOF (MIL-53-Fum) and
the Zr-fumarate MOF (MOF-801) both display an S-shaped

water sorption isotherm. The high hydrophilicity of these MOFs
is demonstrated by a water step at a low relative pressure
range of P/P0¼ 0.2–0.3 (for MIL-53-Fum) and 0.05–0.1 (for
MOF-801) favourable for application in thermally driven

adsorption heat exchangers.[13,14] This hydrophilicity was
attributed to the small pores, which dictate easy water molecule
interaction with the framework and formation of hydrogen

bonds between neighbouring water molecules.[15] Also, the
short fumarate linker enables minimization or even cancelling
of the hysteresis loop between the water adsorption and desorp-

tion branches in MIL-53-Fum and MOF-801 compared with
what is observed for their respective terephthalate parentsMOFs

*Dedicated to Professor Richard Robson in commemoration of his seminal contribution to science.
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Designing a new aluminium muconate metal–
organic framework (MIL-53-muc) as a methanol
adsorbent for sub-zero temperature heat
transformation applications†

Tobie J. Matemb Ma Ntep,a Helge Reinsch, b Philipp P. C. Hügenell,c

Sebastian-Johannes Ernst, c Emrah Hastürka and Christoph Janiak *a

Employingmethanol as an adsorbate can enable adsorption-driven heat pumps and chillers to operate at/or

achieve temperatures below 0 �C, provided an appropriate pairing adsorbent is made available. By applying

the principle of reticular chemistry, an isoreticular twofold expansion of aluminium fumarate was designed

and synthesized using trans,trans-muconate as a linker to a new aluminium metal–organic framework

(MOF) termed MIL-53-muc. MIL-53-muc is isostructural to the prototypical aluminium terephthalate (Al-

MIL-53-BDC) and is therefore built from chains of trans corner-sharing AlO4(OH)2 octahedra connected

by muconate linkers to a microporous network with lozenge-shaped one-dimensional pores. Featuring

a high BET specific surface area of 1750 m2 g�1, a type V (S-shaped) stepwise methanol adsorption

isotherm in a 0.05–0.15 relative pressure range, a high methanol uptake capacity of about 0.5 g g�1 and

methanol stability of over 50 assessed ad/desorption cycles, MIL-53-muc is revealed as a promising

adsorbent applicable for adsorption-based heat transformation applications. The performance evaluation

indicates that high coefficient of performance COPH values above 1.5 could be reached for an

evaporator operating at a temperature as low as �5 �C under heat pump conditions, while very low

temperatures down to �10 �C could be achieved for refrigeration/ice making with COPC values of up to

0.73 under cooling conditions. This makes MIL-53-muc/methanol outperform most other working pairs

for adsorption-based cooling and heating applications under sub-zero temperature conditions.

Furthermore, MIL-53-muc is hydrothermally stable and presents a favorable water sorption profile

making this material also suitable for autonomous indoor humidity control applications.

Introduction

Adsorption-based heat pumps (AHPs) and thermally driven
adsorption chillers (TDCs) are air conditioning systems that
have been introduced as sustainable and clean alternatives to
traditional vapour-compression air systems operating on elec-
tricity or fossil fuels.1 As AHPs and TDCs operate using solar
heat or waste heat from industries, they can help to minimize
electricity consumption.2 Furthermore, unlike potentially ozone

depleting chlorouorocarbons (CFCs) used as the working uid
in compression heat exchangers, AHPs and TDCs use water,
methanol or ethanol as coolants.3

The working principle of AHPs and TDCs is shown in Fig. 1.
It is based on the evaporation and subsequent reversible
adsorption of a coolant onto a porous material. The process
releases heat during the working cycle and the uid is desorbed
and re-condensed by low temperature heating (solar heat or
waste heat) during the regeneration cycle.4

The efficiency of AHPs and TDCs primarily depends on the
performance of the applied adsorbent. The adsorbent should
achieve high vapour uptakes at low relative pressures (P/P0¼ 0.05–
0.3) with a stepwise isotherm (sigmoidal, S-shaped) featuring no
or minor hysteresis. The material should also be stable over
multiple adsorption–desorption cycles.5,6 Although several types
of materials have been applied for adsorption-based heat trans-
formations including zeolites, silica gels, aluminium phosphates
and activated carbons,7 metal–organic frameworks (MOFs) are
emerging asmore promisingmaterials for this application.5,8 This
is due to MOFs' high surface area and porosity, yielding higher
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uid uptake capacities and the possibility to ne tune their pore
size/shape and functionality.9 As these materials are constructed
by connecting metal clusters with organic ligands into porous
networks, MOFs can be designed by a judicious choice of metal
clusters and linkers to achieve a targeted uid adsorption
prole.10 Designing MOFs to feature peculiar properties in view of
their application for efficient heat transformation is hence
a currently intensive research focus.11 Aluminium-based MOFs
have especially shown promise for this application owing to their
high hydrothermal stability, the lightness and environmental
friendliness of aluminium, and the availability of its sources.12

Several Al-MOFs have been reported as good adsorbents for
adsorption heat exchangers including aluminium fumarate,13

CAU-10-H,14 MIL-160,15 and MIL-53-TDC.16

Depending on the working conditions and the aimed
achievable performance of a heat exchanger, the choice of the
adsorbent–adsorbate working pair is of key importance. A good
combination of the adsorbent–coolant working pair can enable
reaching a targeted adsorption prole.17 In this respect, water has
widely been used as the working uid on account of its avail-
ability, high heat of evaporation and lack of toxicity.18 However
water presents some limitations under some heat transformation
conditions like ice making. Water has a relatively high freezing
point (0 �C) and cannot be used at sub-zero temperatures.
Furthermore, the low saturation vapour pressure of water
imposes that the system should be vacuum tight to provide very
low pressures. These drawbacks can be addressed by using
methanol as the refrigerant.19 Methanol has a low freezing
temperature (�97.6 �C) and can therefore be operated below 0 �C.
Also, methanol has high saturation vapour pressure, which may
result in faster mass transfer. Furthermore, the ease of regener-
ation due to its lower boiling point leads to faster adsorption–
desorption cycles. In addition, the stability of MOFs under
alcohol adsorption is less of an issue compared to water for
which many MOFs are discarded for use in AHPs/TDCs on
account of their poor hydrolytic stability. However, very few
investigations of MOFs–methanol working pairs are reported.20,21

Changing the working uid usually makes adsorbents that
were promising with water inappropriate for AHPs/ADCs. An
example is that of methanol adsorption in aluminium fumarate
(Al-Fum) which yields a type I isotherm, rather than the aimed
type V S-shape obtained with water.19 This therefore makes Al-
Fum inappropriate for efficient heat transformations when
paired with methanol. Taking advantage of the structural feature
of Al-Fum, increasing the linker length by an isoreticular
expansion should shi the step of the methanol sorption
isotherm to higher relative pressure, on account of increased
hydrophobicity. This could result in an S-shaped methanol
sorption isotherm within the targeted relative pressure range,
which is benecial for sub-zero heat transformation. This should
additionally increase the uptake capacity relative to Al-Fum. By
using the principles of reticular chemistry,22 such an isoreticular
expansion could be achieved by replacing the fumarate linker
with the trans,trans-muconate linker in the MIL-53 structure.23

Muconic acid (trans,trans-1,3-butadiene-1,4-dicarboxylic acid ¼
H2muc) can be regarded as a twofold extension of the aliphatic
fumarate linker analogous to 4,40-biphenyldicarboxylate being
a twofold extension of the aromatic 1,4-benzenedicarboxylate
linker (see Scheme 1). Muconic acid is a renewable dicarboxylic
acid that can be obtained from biomass.24 This linker is therefore
of interest for constructing MOFs in the context of sustainability
underlying the use of adsorption-based heat exchangers.

The trans,trans-muconate linker had already been used to
expand the structure of iron(III) fumarate (MIL-88A) to MIL-89
(ref. 25) and the structure of zirconium fumarate (MOF-801) to
UiO-66-muc,26 but to the best of our knowledge no report of
muconate-based Al-MOFs is found.

We, herein, report the isoreticular twofold expansion of
aluminium fumarate (Al-Fum) by using the aliphatic trans,trans-
muconate dianion as a linker to a new MIL-53-muc MOF. The
synthesis, thorough characterization, water sorption and espe-
cially methanol sorption are investigated for the intended
application of this material as an adsorbent for sub-zero
temperature adsorption-based heat transformations.

Experimental
Materials and methods

trans,trans-1,3-Butadiene-1,4-dicarboxylic acid (t,t-H2muc,
purity > 98%) and aluminium nitrate nonahydrate

Scheme 1 Twofold extension of aliphatic fumaric acid to t,t-muconic
acid, in analogy to 4-40-biphenyldicarboxylic acid being the twofold
extension of aromatic benzene-1,4-dicarboxylic acid.

Fig. 1 Working principle of adsorption-based heat exchangers. In the
working cycle (1), the coolant is evaporated by taking up the heat of
evaporation Qevap from the ambient. The fluid vapour is subsequently
adsorbed on the porousmaterial, releasing adsorption heatQads. In the
regeneration cycle (2), a driving heat Qdes is applied to the saturated
adsorbent resulting in the desorption of the fluid. The desorbed
vapours condense at a medium temperature level, releasing
condensation heatQcond. Qevap is exploited for cooling in TDCs, while
Qads andQcond are exploited for heating in AHPs. The image was taken
with permission from ref. 4.
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(Al(NO3)3$9H2O, purity > 98%) were obtained from Alfa Aesar;
aluminium sulphate 18-hydrate (Al2(SO4)3$18H2O, purity >
99%) was obtained from Applichem Panreac; dimethylforma-
mide (DMF, analytical grade) was obtained from Fischer
Chemical. All reagents were used as received.

Powder X-ray diffraction (PXRD) patterns were recorded on
a Bruker D2 Phaser diffractometer using Cu Ka1/a2 radiation
with l ¼ 1.5418 Å at 30 kV, covering 2 theta angles 5–50� over
a time of 1 h, that is, at a scan rate of 0.0125� s�1. PXRD data for
structure determination were collected in transmission geom-
etry using a STOE Stadi MP diffractometer with mono-
chromated CuKa1 radiation, equipped with a Dectris Mythen
detector system.

Elemental analysis (CHN) was performed using a PerkinElmer
2400 series 2 elemental analyzer.

The infrared (IR) spectrum was obtained on a Bruker FT-IR
Tensor 37 spectrometer in the 4000–550 cm�1 region with 2
cm�1 resolution as KBr disks. The Raman spectrum was ob-
tained on a Bruker MultiRAM-FT Raman spectrometer equip-
ped with a Nd:YAG-laser (wavelength 1064 nm). The
measurements were executed in the solid state for 2500 scans
with a laser power between 10 and 20 mW.

Thermogravimetric analysis (TGA) was carried out with
a Netzsch Thermo-Microbalance Apparatus TG 209 F3 Tarsus, at
a ramp rate of 5 �C min�1 under an air ow. Scanning electron
microscopy (SEM) images were obtained using an ESEM Quanta
400 FEG SEM equipped with a secondary electron detector.

Vapour sorption isotherms of water and methanol were ob-
tained using a VSTAR™ vapour sorption analyzer (Model
number Vstar4-0000-1000-XS) from Quantachrome. For this
purpose, about 25 mg of activated sample were introduced in
the measuring cell and connected to the analysis port of the
analyzer. The methanol used was of gradient grade (purity
99.85%) ChemSolute from Th. Geyer.

Nitrogen sorption isotherms were measured on a Quantach-
rome Autosorb iQ MP gas analyzer at 77 K. The Brunauer–
Emmett–Teller (BET) specic surface area was evaluated from the
nitrogen physisorption isotherms. The pore distribution traces
were calculated using density functional theory (DFT) of NovaWin
11.03 soware using the “N2 at 77 K on carbon, slit pore,
nonlinear density functional theory (NLDFT) equilibrium”model.

Synthetic procedures

Conventional solvothermal synthesis in an oven. 250 mg of
t,t-muconic acid (1.76 mmol) and 600 mg of aluminium nitrate
nonahydrate (1.6 mmol) were ultrasonically mixed in a water/
DMF (5.6 mL/1.9 mL) solvent mixture. The obtained suspension
was sealed in a 12 mL Teon lined autoclave and placed for 3 h
in an oven preheated at 120 �C. Aer cooling to room temper-
ature, the yellow powder was decanted and separated from the
brown mother liquor by centrifugation. The powder was aer-
wards washed three times by stirring (about 2 h each) in DMF
and then three times in water. The product was nally centri-
fuged and dried in air.

Microwave assisted solvothermal synthesis. In a second
synthesis route, 232 mg of t,t-muconic acid (1.63 mmol) and

1088 mg of aluminium sulphate octadecahydrate (1.63 mmol)
were ultrasonically mixed in a water/DMF (7.5 mL/2.5 mL)
solvent mixture. The obtained suspension was sealed in a 20mL
Pyrex glass tube, placed in a monowave (400 W) microwave
reactor Anton Paar and heated for 1 h whilst stirring. Aer
cooling, the product was separated from the mother liquor and
washed the same way as aforementioned.

The activated sample was obtained by heating the dry as-
synthesized sample at 150 �C for 12 h under dynamic vacuum
(10�3 mBar). Elemental analysis of the activated sample: calcd
for [Al(OH) (C6H4O4)]$0.25H2O: C 38.17%; H 2.91%. Found: C
38.21%; H 2.84%. The yield based on the aluminium salt: 200
mg, 66% from classical solvothermal synthesis and 240 mg,
78% from microwave assisted synthesis.

Synthesis of aluminium fumarate. Aluminium fumarate was
synthesized according to a previously reported method.27 In
short, 513 mg of Al2(SO4)3$18H2O, 179 mg fumaric acid and 92
mg urea were dissolved in 5 mL water, sealed in a Teon lined
autoclave and heated for 32 h at 110 �C in an oven. The resulting
powder was washed with water and ethanol. It was activated by
heating for 7 h at 150 �C under a dynamic vacuum. This
synthesis procedure was adopted because it yields Al-Fum of
high crystallinity. This is of importance for a rational compar-
ison of the adsorption prole of Al-Fum with its twofold
expansion MIL-53-muc. Water sorption in Al-Fum obtained by
other synthetic routes usually displays a considerable hysteresis
loop and capillary condensation effect at high P/P0, which is
rather the result of a poor crystallinity of the material than
a reection of structural features.28

Structural modelling and elucidation. Anticipating that
extension of the fumarate linker to muconate would preserve
the fundamental framework structure, we initially generated
a structural model using force-eld calculations. Thus the
linker molecules in the aluminium fumarate structure were
extended and the structure was energetically optimised using
the universal force-eld as implemented in Materials Studio.29

This resulted in a model with a changed space-group symmetry
(C2/m compared to P21/c), which was subsequently super-
imposed. Based on the positions of the observed reections,
suitable unit cell parameters were deduced using the squared
Bragg equation for monoclinic symmetry. Aer imposing these
cell parameters and a second framework optimization by force-
eld calculations, the obtained model was rened by Rietveld
methods using TOPAS academics.30 The (half) linker molecule
was considered as a rigid body and residual electron density
inside the channels detected by Fourier synthesis was modelled
as partially occupied oxygen atoms. Moreover, a preferred
orientation along (110) had to be taken into account. However,
one additional peak had to be considered as not being part of
MIL-53-muc, indicating a crystalline impurity. Due to all these
necessary corrections, the rened structure must be interpreted
in any case only as a good model, since the low number of
reections and the limited crystallinity prevent a free rene-
ment. The most important parameters are summarized in Table
S1 and the Rietveld plot is shown in Fig. S5 (see the ESI†).

Multicycle methanol ad-/desorption experiment. The mate-
rial MIL-53-muc was cycled using a DVS vacuum from Surface
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Measurement Systems. The sample was cycled between 25 �C
and 100 �C with methanol as the adsorbate at a relative pressure
between 0.05 and 0.9P/P0. Before cycling, aer 25 cycles and
aer 50 cycles, the material was examined for equilibrium
conditions. Therefore, equilibrium points at 3%, 25%, 50%,
75% and 90% methanol moisture were approached. For the dry
mass equilibrium points, the material was heated at 120 �C
under vacuum.

Results and discussion
Synthesis

The new aluminium MOF termed MIL-53-muc of formula
[Al(OH)(muc)] was synthesized solvothermally by reacting t,t-
muconic acid with an aluminium salt in a water/DMF solvent
mixture at 120 �C. The material was obtained as a yellowish
microcrystalline powder with rectangular rod-like micro-crys-
tals about 10 mm long (Fig. 2). Obtaining MIL-53-muc was
successful by alternatively using aluminium sulphate (Al2(-
SO4)3$18H2O) under microwave assisted heating for 1 h or
aluminium nitrate (Al(NO3)3$9H2O) under conventional heating
in an oven for 3 h (see the ESI† for details concerning the use of
different Al salts).

Structure description

The powder X-ray diffraction (PXRD) pattern of MIL-53-muc is
shown in Fig. 3. Its pattern broadly resembles that of
aluminium fumarate (Al-Fum), except that the strongest
reection of MIL-53-muc is shied to lower 2q angle values. This
is the rst indication of their structural similarity, with MIL-53-
muc featuring a larger lattice size, consistent with the longer
linker compared to Al-Fum.

In the Raman spectrum of activated MIL-53-muc (Fig. S3 in
ESI†), the strong band at 1644 cm�1 is assigned to the stretching
vibration of C]C of the muconate linker, while the band at
about 103 cm�1 is attributable to the Al–O stretching vibration.
In the IR spectrum of the activated sample (Fig. S2, ESI†), the
bands at 1570 and 1420 cm�1 correspond to the asymmetric and
symmetric stretching modes of coordinated carboxylates of the
linker (–COO), respectively. The C]C stretching vibration
appears at about 1623 cm�1 and the olenic C–H at 3052 cm�1.
The band at 3666 cm�1 is attributable to the structural m2-OH,
characteristic for the corner-sharing chain of aluminium
octahedra.

Being an analogue of the archetypical MIL-53 structure, the
framework of MIL-53-muc is based on innite chains of trans-

corner sharing AlO6-polyhedra which are connected via OH-
groups. The remaining four oxygen atoms are part of carbox-
ylate groups of the muconate linker. In this manner, each
inorganic unit is connected to four adjacent innite units,
resulting in a framework with rhombic channels (Fig. 4). Their
maximum diameter can be estimated to be 8 � 11 Å, based on
the van der Waals radii of the framework.

Porosity determination

The nitrogen sorption at 77 K exhibits a fully reversible type I
isotherm according to the IUPAC classication (Fig. 5),31 indi-
cating the permanent microporosity of MIL-53-muc. The BET
specic surface area, total pore volume and micropore volume
were calculated to be 1750 m2 g�1, 0.72 cm3 g�1 and 0.52 cm3

g�1, respectively. These values are quite higher than those of
aluminium fumarate (SBET ¼ 1021 m2 g�1; Vmicro ¼ 0.45 from
the literature).13 The isoreticular expansion of aluminium
fumarate to MIL-53-muc therefore results in about 70%
increase in surface area. The average pore size was calculated to
be about 0.9 nm (see Fig. S10 in the ESI†).

Fig. 2 SEM micrographs of MIL-53-muc.

Fig. 3 Powder XRD pattern of MIL-53-muc (blue) in comparison with
aluminium fumarate (black).

Fig. 4 Section of the 1D infinite chain of AlO6 polyhedra (left) and the
unit cell packing diagram (right) in the structure of MIL-53-muc (guest
molecules are not shown and hydrogen atoms were not included in
the Rietveld refinement).
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Water and methanol sorption

The water sorption experiment at 20 �C gives a type V (S-shaped)
isotherm like aluminium fumarate (Fig. 6), which is in confor-
mity with the same structure. However, some important
differences are noticed: (i) the step of the water isotherm is
shied to higher relative pressures (P/P0¼ 0.4–0.6) compared to
aluminium fumarate (P/P0 ¼ 0.2–0.3). The decreased hydro-
philicity/increased hydrophobicity in MIL-53-muc can be traced
back to the extension of the hydrophobic (organic chain)
portion of the muconate linker. (ii) Unlike aluminium fuma-
rate, there is a pronounced type H1 hysteresis loop between the
adsorption and desorption branches in MIL-53-muc. (iii) The
water uptake capacity of MIL-53-muc at P/P0 ¼ 0.9 amounts to
0.54 g g�1 and is in agreement with the micropore volume
determined from the nitrogen sorption. This corresponds to
a 35% increase in water uptake capacity compared to
aluminium fumarate (0.4 g g�1 at P/P0 ¼ 0.9).

The isosteric heat of water adsorption DHads(H2O) was
calculated by applying the Clausius–Clapeyron equation from
water adsorption isotherms collected at 20, 30 and 40 �C,
respectively. The plot of the heat of water adsorption (Fig. S16 in

the ESI†) shows the same shape and trend as that previously
reported for Al-Fum,13 with an average value of 47–50 kJ mol�1

about 10% above the evaporation enthalpy of water (44 kJ
mol�1). This indicates that water adsorption in both materials
occurs following the same mechanism.

Meanwhile aluminium fumarate features an ideal water
sorption prole with respect to adsorption-driven heat trans-
formation as previously reported,13 MIL-53-muc rather falls
short due to its relatively high hydrophobicity and wide
hysteresis loop. Nevertheless, the water sorption prole of
MIL-53-muc happens to be convenient for autonomous indoor
moisture control application.32 It was established that a good
candidate material for such application should have (i) S-
shaped water vapour sorption isotherms with adsorption and
desorption branches separated in the 40–60% relative
humidity (RH) range (recommended by the American Society
of Heating, Refrigerating, and Air-Conditioning Engineers
ASHRAE)33 and (ii) a high water vapour uptake from the
adsorption branch between 40% and 60% RH. These proper-
ties demonstrated by MIL-53-muc would enable the dual
ability of starting to adsorb water as the RH exceeds 55% and
starting to release water as the humidity level drops below
45%. Very few reported adsorbents like MIL-53-muc display
these characteristics, among those that do are Y-shp-MOF-5,
MCM-41 and Cr-soc-MOF-1.32,34

The methanol vapour sorption of MIL-53-muc yields also
a sigmoidal shaped isotherm but with a negligible hysteresis
loop (Fig. 7). The step of the isotherm is located within the
narrow pressure range of 0.05–0.2 (inexion point a ¼ 0.08; the
inexion point is dened as the relative pressure a ¼ P/P0 at
which half of the total adsorption capacity is reached),19

achieving a methanol uptake capacity of about 0.5 g g�1 at P/P0
¼ 0.9. Compared to aluminium fumarate which has a methanol
adsorption isotherm with a type I prole and an uptake capacity
of 0.32 g g�1, the methanol sorption isotherm of MIL-53-muc is
slightly shied to higher relative pressure. The structure
expansion therefore results in a 50% increase of the methanol
uptake capacity for MIL-53-muc compared to Al-Fum.

Fig. 5 Nitrogen sorption isotherm of MIL-53-muc at 77 K.

Fig. 6 Water vapour sorption isotherm of MIL-53-muc (blue) at 20 �C
in comparison with aluminium fumarate (black) (filled symbols:
adsorption; empty symbols: desorption).

Fig. 7 Methanol vapour sorption isotherm of MIL-53-muc (blue) at 20
�C in comparison with aluminium fumarate (black) of MIL-53-muc
(filled symbols: adsorption; empty symbols: desorption).
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The methanol sorption prole of MIL-53-muc makes this
material a suitable adsorbent for adsorption-driven heat
transformation applications. The step position around 0.1P/P0
is especially favourable for adsorption thermal batteries (ATB)
as it reduces the need to incorporate a compressor into the
system. In this regard, the applied adsorbent should achieve
a high heat storage capacity (CHS).35

In order to evaluate the heat storage capacity CHS of the MIL-
53-muc–methanol pair, the isosteric heat of methanol adsorp-
tion DHads(MeOH) was determined using the Clausius–Cla-
peyron equation frommethanol adsorption isotherms collected
at 10 �C, 20 �C and 30 �C, respectively (calculation details for
DHads(MeOH) and CHS are in the ESI†). The plot of isosteric heat
of methanol adsorption is shown in Fig. S17 (in the ESI†). It has
an average value of 48 kJ for loading in the range of 100–320 mg
g�1. This value is well above the latent heat of methanol (34.4 kJ
mol�1). With a working capacity Dw of about 0.3 g g�1 (vide
infra), the heat storage capacity was calculated to be 450 kJ kg�1

(0.125 kW h kg�1).

Hydrothermal and chemical stabilities

The thermal and hydrolytic stabilities are basic requirements to
use an adsorbent for many applications, especially for heat
pumps and chillers.36 This is due to elevated temperatures and
the ubiquitous nature of water, even when water not the applied
working uid. The thermogravimetric analysis in air (Fig. S6†)
reveals that MIL-53-muc is thermally robust, withstanding
temperatures of up to 400 �C. Therefore, MIL-53-muc and
aluminium fumarate have similar thermal stabilities. The PXRD
pattern (Fig. S7 in the ESI†) of a sample stirred in water for 24 h
reveals complete retention of its crystallinity, while both the
crystallinity and water uptake capacity were retained over ve
consecutive water ad/desorption cycles (see Fig. S11 in the ESI†).
Furthermore, PXRD patterns of MIL-53-muc samples aer stir-
ring for 24 h in solvents/solutions like acetone, DMF, ethanol,
methanol, aqueous NaOH (pH ¼ 12) and aqueous HCl (pH ¼ 1)
(Fig. S7 ESI†) also show retention of their crystalline phase. These
observations show that MIL-53-muc is a material suitable for
practical use.

Multicycle methanol sorption stability test

To assess the multicycle stability of MIL-53-muc, a multicycle
sorption experiment under a pure methanol atmosphere was
performed. The plots of temperature, relative pressure and
relative uptake over time are shown in Fig. 8.

During the rst 25 cycles, the material shows a maximum
degradation of 5.6%. For the remaining 25 cycles, the equilib-
rium uptake during the isothermal measurement sequences
reveals a maximum degradation of another 1.4% (shown in
Fig. 8 and S12 in the ESI†). Over the entire 50 cycles, the
material shows a degradation of 7%. The decrease in degrada-
tion over cycles indicates that this is not a continuous process.
Therefore, the stability of Mil-53-muc towards methanol can be
concluded. A cycling experiment over 50 cycles in water vapour
(see Fig. S13 and related text in the ESI†) further indicated that
MIL-53-muc is stable towards cyclic ad-/desorption stress.

Performance evaluation

In order to assess the performance of the working pair MIL-53-
muc–methanol, achievable uptakes during the adsorption and
desorption stage have been calculated for a variety of evapo-
rator, middle and desorption temperatures making use of
a Dubinin–Astakhov approach.37 In general, two different
applications can be thought of using methanol as the working
uid: a heat pump process enabling evaporator temperatures
below 0 �C delivering heating temperatures of around 40 �C or
an adsorption chiller process supplying freezing temperatures
(e.g., direct freezing of sh on ships).21,38,39

The heatmap of achievable uptakes during adsorption in
Fig. 9 shows that MIL-53-muc can adsorb more than 0.3 g
methanol per gram MOF for a broad range of temperatures.
Even at temperatures as low as �5 �C and adsorption temper-
atures being sufficiently high to supply a oor radiation system
(40 �C), a fairly high methanol uptake of 0.15 g g�1 can be
achieved. For cooling applications, very low evaporator

Fig. 8 Sample temperature in �C (red), relative pressure (green) and
relative loading (blue) during the multicycle methanol ad/desorption
experiment plotted over time.

Fig. 9 Achievable methanol uptakes of MIL-53-muc during adsorp-
tion for different evaporator and adsorption temperatures calculated
using a fitted Dubinin–Astakhov approach.
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temperatures down to �10 �C can be reached for adsorption
temperatures of 28 �C showing the huge potential of MIL-53-
muc for freezing applications.

During desorption, the target is to dry the adsorbent as far as
possible at the preferred middle temperature (meaning
condenser and adsorption temperature) applying an as low as
possible desorption temperature. The heatmap for achievable
uptakes during the desorption stage is shown in Fig. 10. This
plot indicates that temperatures of up to 120 �C have to be
applied at a condenser temperature of 40 �C (heat pump mode)
and the efficiency of a heat pump cycle can further be increased
by applying a slightly lower condenser temperature of 35 �C and
a thereby enabled lower desorption temperature of 110 �C. For
a cooling process, a desorption temperature of slightly above
100 �C is sufficient to fully dry MIL-53-muc at condenser
temperatures of around 28 �C.

These boundary temperatures dene a process cycle and can
be used to calculate the efficiency of such a process, the so-
called coefficient of performance (COP). The COP is dened as
the useable amount of heat per amount of heat that has to be
spent for driving the process (eqn (1)) (see ref. 5, 19, 21 and 37
for further information):

COPHP ¼ Qads þQcond

Qdes

and COPC ¼ Qevap

Qdes

(1)

The thereby calculated COPs for heat pump conditions (middle
temperature of 40 �C, a variety of evaporator temperatures and
desorption temperatures) are plotted in Fig. 11. As can be seen,
even at evaporator temperatures of around 0 �C, a comparably
high COPHP of over 1.6 can be reached for desorption tempera-
tures of above 100 �C being in a range or slightly higher than other
MOFs like CAU-3, ZIF-8, HKUST-1, MIL-53(Cr) or UiO-67 that have
been investigated for the use in adsorption driven heat trans-
formation with methanol as the working uid before.5,19,21 It is
noteworthy that high COP values of almost 1.4 can still be reached
for evaporator temperatures of around �10 �C.

Due to the comparably high methanol uptake within
a demanded working window, also high values for COPC can be
reached (see Fig. 12). This large variety of feasible working
windows along with the proven cycling stability towardsmethanol
feature MIL-53-muc as a very promising material for applications
that require evaporator temperatures of around or below 0 �C.
Regarding the specic application for ice-making, the activated
carbon–methanol pair was reported to be one of the best per-
forming pairs with a COPC of about 0.6, surpassing all (but
limited) MOF–methanol pairs studied so far in this context.5,40

Interestingly, the COPC value for the MIL-53-muc–methanol
pair is over 0.7 under conditions for ice making (Tevap¼�5; Tads
¼ 25 �C; Tdes ¼ 85–105 �C) surpassing that of the activated
carbon–methanol pair.41

Conclusions

In summary, we have successfully synthesized a twofold
expansion of an aluminium fumarate metal–organic framework

Fig. 10 Achievable methanol uptakes of MIL-53-muc during
desorption for different condenser and desorption temperatures
calculated using a fitted Dubinin–Astakhov approach.

Fig. 11 Values of COP calculated for a middle temperature level of 40
�C and different evaporator and desorption temperatures.

Fig. 12 Values of COPC calculated for a middle temperature level of
28 �C and different evaporator and desorption temperatures.
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by replacing the fumarate linker by the t,t-muconate linker in
the MIL-53 structure. The new microporous material termed
MIL-53-muc possesses high hydrothermal and chemical
stabilities. Featuring a reversible stepwise (S-shaped) isotherm
of methanol adsorption with a relatively high methanol
capacity, combined with a multicycle stability upon methanol
adsorption–desorption, MIL-53-muc–methanol is disclosed to
be a very promising adsorbent–adsorbate pair applicable for
adsorption-based heat transformation applications. Further-
more, the methanol adsorption prole of MIL-53-muc allows
reaching evaporator temperatures as low as �10 �C both in the
heat pump and chilling modes with COP values of up to 1.6 at
that temperature. These characteristics make MIL-53-muc
a prominent material for heat transformation applications in
the realm of temperatures below 0 �C, outclassing at the same
time many materials reported for use in this context.
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