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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
Desseldorf.)

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 a 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) a 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 a diameter, re-

spectively, with a triangular window diameter 4.4 a (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) a versus
17.9309(4) a and V=5758.4(3) a3 versus 5765.09 a3, 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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