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Single crystals of the new metal-organic framework (MOF) In-adc (HHUD-4) were obtained through the
reaction of linear acetylenedicarboxylic acid (Hadc) with In(NOsz)3-xH,O as a racemic conglomerate in
the chiral tetragonal space groups P4z22 and P4,22. Fundamentally different from other MOFs with linear
linkers and trans-p-OH-connected infinite {MOg} secondary building units as in the MIL-53-type, the
linear adc?™ linker leads to the formation of cis-pu-OH connected {InOg} polyhedra, which have otherwise
only been found before for V-shaped ligands, as in CAU-10-H. A far-reaching implication of this finding is
the possibility that trans-p-OH/straight MIL-53-type MOFs will have polymorphs of CAU-10-H cis-u-OH/
helical topology and vice versa. HHUD-4 is a microporous MOF with a BET surface area of up to 940 m?
g~ and a micropore volume of up to 0.39 cm® g~*. Additionally, HHUD-4 features good adsorption
uptakes of 3.77 mmol g~* for CO, and 1.25 mmol g~ for CH, at 273 K and 1 bar, respectively, and a high isos-
teric heat of adsorption of 11.4 kJ mol™ for H, with a maximum uptake of 6.36 mmol g~* at 77 K and 1 bar.
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Vapor sorption experiments for water and volatile organic compounds (VOCs) such as benzene, cyclohexane
and n-hexane yielded uptake values of 135, 269, 116 and 205 mg g™, respectively, at 293 K. While HHUD-4
showed unremarkable results for water uptake and low stability for water, it exhibited good stability with steep

rsc.li/dalton VOC uptake steps at low relative pressures and a high selectivity of 17 for benzene/cyclohexane mixtures.

Introduction

Metal-organic frameworks (MOFs) are coordination com-
pounds consisting of metal centers or metal clusters and brid-
ging multifunctional organic molecules, also known as linkers
with a wide structural variety."™ In recent years the use of
acetylenedicarboxylate (adc) as a linker for MOF synthesis has
attracted attention due to its high hydrophilicity, high CO,
adsorption capacity and enthalpy, and the uptake of halogen
vapors by the first adc-based microporous MOFs with Ce(wv),
Hf(v) and Zr(v).*”

Institut fiir Anorganische Chemie und Strukturchemie, Heinrich-Heine-Universitdit
Diisseldorf, D-40204 Diisseldorf, Germany. E-mail: janiak@uni-duesseldorf.de
tElectronic supplementary information (ESI) available: Characterization of
HHUD-4 and In-fum; gas sorption results and literature comparison; isosteric
heat of adsorption and IAST calculations; vapor sorption with IAST calculations;
porosity calculation, TOPOS analysis and crystal data of HHUD. The adsorption
data are also supplied as separate files in AIF format. CCDC 2220400 and
2220401. For ESI and crystallographic data in CIF or other electronic format see
DOIL: https://doi.org/10.1039/d2dt03719j
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H,adc is the simplest and shortest straight linear alkyne-
functionalized linker, but despite its simplicity it has only
recently been used in the synthesis of MOFs with proven poro-
sity. The reason can be attributed to the low thermal stability
of the Hyadc linker, which did not allow the synthesis of MOFs
via hydrothermal or solvothermal methods.® There have been
several non-porous 3D coordination networks with the adc
linker being synthesized which were termed MOFs. An anionic
interpenetrated [Zn(adc),]*” network filled with charge com-
pensating triethylammonium ions, termed MOF-31, was
achieved through a room temperature synthesis with
Zn(NO3),-6H,0, H,adc and triethylamine by Kim et al.® The
3D networks [RE,(adc);(H,0)s] (RE** = La, Ce, Pr, Nd, Sm, Eu,
Tb and Dy) by Michaelides et al,'® and Gramm et al.'' or a
MOF-5-analogous  [Zn,(O)(adc);], called IRMOF-0, by
Tranchemontagne et al."> were reported as MOFs. However
none of these 3D networks exhibited permanent measurable
porosity, although it is noteworthy that the removal of the
non-coordinating water molecules with the retention of the
initial crystal structure for [Ce,(adc);(H,0)s] was possible.'®
More successfully, Hpadc has been used in the synthesis of 1D
to 3D coordination polymers and networks (CPs) in the work
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pioneered by the group of Ruschewitz. Despite the less ther-
mally stable Hyadc molecule the 3D networks [Sr(adc)] and
[Eu(adc)] show remarkably high thermal stabilities of above
400 °C and negative thermal volume expansion.™>**

In 2018, the first Hyadc-based MOF with permanent and
experimentally assessed porosity was found with Zr-HHUD-1,
which is structurally analogous to UiO-66,>'* followed by
NUS-36, another Zr-based MOF,'® and the Hf- and Ce-based
MOFs Hf-HHUD-1 and Ce-HHUD-1.”'7 The M-HHUD-1
MOFs showed very interesting gas sorption properties for CO,
and H, with high values for the isosteric heat of adsorption,
an increase in hydrophilicity compared to fumarate based
MOFs and exhibited potential for the chemisorption of hazar-
dous halogen vapors, like bromine and iodine.>”

While the isoreticular synthesis approach has been success-
fully used for the synthesis of IRMOF and UiO-66 analogous adc-
based MOFs, no synthesis based on the MIL-53 structure, which
also lends itself for the isoreticular MOF synthesis approach, has
been reported yet.>'>'® The MIL-53 secondary building unit
(SBU) consists of M**-chains (M = Al, In, Ga, Cr, Fe) with trans
bridging p-OH groups (Fig. 1a) which are interconnected through
bifunctional linkers to a 3-dimensional network.'*?> MIL-160,
CAU-10-H and CAU-23 are MOFs closely related to MIL-53 with
SBUs consisting of cis connected or a mixture of cis and trans
connected u-OH groups, respectively (Fig. 1b and ¢).>**°

cis-Only and mixed cis/trans connected p-OH groups have so
far usually been achieved through the use of V-shaped linker

trans-u-OH

Fig. 1
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molecules, like furandicarboxylate, isophthalate and thiophe-
nedicarboxylate, respectively. Linear ligands like terephthalate
or fumarate yielded only trans-connected p-OH groups with
MIL-53 type structures (Scheme 1).'%?%2%2°

The MOFs Al-MIL-53, MIL-160, CAU-10-H and CAU-23 are
frequently investigated for their properties such as structural
flexibility,>® sensing and selective separation of volatile organic
compounds like xylene,>”>° high thermal and water stability
with high water uptake and promising gas sorption properties
with high uptakes for H,, CO, and SO, and potential for the
separation of gases.>*3%3?

Herein we present the successful synthesis and characteriz-
ation of a new In-adc MOF, named HHUD-4 which shows cis-p-
OH connected {InO4} octahedra, unexpected for linear ligands.

Experimental
Materials and methods

All chemicals were obtained from commercial sources and
used without further purification. The starting material
In(NOj3);-xH,0 has no stoichiometrically defined water content
and is sold as an ‘x hydrate’. At the same time this compound
is hygroscopic. Attempts to quantify the water amount with
Karl-Fischer titration yielded 3.5-5 water molecules per
formula unit. Coulometric Karl-Fischer titration was performed
with an ECH/Analytik Jena AQUA 40.00 Karl Fischer titrator

Illustration of {MOg¢} chains with different u-OH connectivity: (@) Ga-fum (Ga-MIL-53(fum)) (straight chains; trans-p-OH), (b) CAU-10-H

(helical chains; cis-p-OH) and (c) CAU-23 (straight and helical chains; trans—cis-p-OH). The structures were redrawn from the cif files 1838533 (Ga-
fum), 1454066 (CAU-10-H) and 1878820 (CAU-23) deposited at the CCDC.*8202%

978 | Dalton Trans., 2023, 52, 977-989

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2dt03719j

Open Access Article. Published on 14 December 2022. Downloaded on 10/17/2025 9:49:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Dalton Transactions Paper
180° O 120° O 0 150° o 180° 1) 180°
(0] o~ (0] (on
=L SN o -6
o o} o 0" -0 — o)
(6]
adc ipa tdc bdc fum
HHUD-4 CAU-10-H CAU-23 or MIL-53-TDC Al-MIL-53 Al-fum, In-fum
N J )
Y cis/trans Y
cis trans

Scheme 1

nectivity of the {MOg} octahedra.1>2%2425 (ipa =

equipped with a headspace module. Thermogravimetric analysis
was carried out on a Netzsch TG 209 F3 Tarsus in the tempera-
ture range from 30 °C to 600 °C with a heating rate of 5 K min™"
under a nitrogen atmosphere. Powder X-ray diffraction (PXRD)
patterns were recorded on a Bruker D2 Phaser powder diffracto-
meter with a flat silicon, low background sample holder, at 30
kV, 10 mA with Cu-Ka radiation (4 = 1.5418 A). The most intense
reflection in each diffractogram was normalized to 1. The simu-
lated PXRD pattern was calculated with the MERCURY soft-
ware.*” Supercritical drying was carried out on a Leica EMPCD
300 over 18 exchange cycles with CO,. Raman spectra were
acquired using a Bruker MultiRAM-FT Raman spectrometer
equipped with a Nd:YAG-laser (lexc = 1064 nm). The spectra
were obtained for 2500 scans with a laser intensity of 50 mW.
Scanning electron microscopy (SEM) images were acquired on a
JEOL JSM-6510 Advanced electron microscope with a LaBg
cathode at 5-20 keV. The microscope was equipped with an
Xflash 410 silicon drift detector for energy-dispersive X-ray spec-
troscopy. Adsorption data for N, at 77 K (liquid nitrogen bath)
were collected on a Quantachrome NOVA 4000 gas adsorption
analyzer. Volumetric gas sorption experiments for H,, CO, and
CH, were carried out on a Quantachrome Autosorb iQ MP at 77,
87 and 100 K for H, and 273 and 293 K for CO, and CHy,,
respectively. Vapor sorption isotherms for H,O, benzene, cyclo-
hexane and hexane were measured on a Quantachrome VSTAR
vapor sorption analyzer at 293 K. For activation the supercriti-
cally dried HHUD-4 was outgassed at room temperature for a
minimum of 6 h while the In-fum sample was outgassed at
100 °C for at least 6 h before the sorption experiments.

Single crystal X-ray diffraction

Suitable crystals were carefully selected under a polarized-light
microscope, covered with protective oil and mounted on a
cryo-loop. The data were collected on a Bruker Kappa APEX 2
CCD X-ray diffractometer with a microfocus sealed tube, Mo-
Ko radiation (4 = 0.71073 A), and a multi-layer mirror mono-
chromator; data collection was done at 140 + 2 K using
w-scans, cell refinement was performed with APEX2,** data
reduction was performed with SAINT** and experimental
adsorption correction was done with SADABS.?> Structure ana-
lysis and refinement: the structures were solved by direct
methods (SHELXT-2015)***” and full-matrix least-squares

This journal is © The Royal Society of Chemistry 2023

Illustration of linker molecules relevant in this work, their opening angles and the resulting MOFs with their cis- and/or trans-u-OH con-
isophthalate, tdc = thiophenedicarboxylate, bdc = benzenedicarboxylate, fum = fumarate).

refinements on F> were carried out using the SHELXL-2017/1
program package. The hydrogen atoms for p-OH were posi-
tioned geometrically (with O-H = 0.95 A) and refined using a
riding model (AFIX 43 with Ujsoqr) = 1.2Ueq)-

Highly disordered solvent molecules have been masked
with the SQUEEZE option in PLATON.’®*° For crystal 1 the
resulting solvent accessible volume of 738 A® per unit cell con-
tained 243 electrons, which may correspond to about 9
ethanol (26 electrons each) or up to 24 water molecules (10
electrons each) as the solvent of crystallization per unit cell or
about 2.3 ethanol or 6 water molecules per asymmetric unit
(Z = 4). For crystal 2 the resulting solvent accessible volume of
735 A® per unit cell contained 158 electrons, which may corres-
pond to about 6 ethanol or 16 water molecules per unit cell or
about 1.5 ethanol or 4 water molecules per asymmetric unit.

Crystal data and details on the structure refinement are
given in Table 1. Details about selected bond distances and
angles are given in Section S8, ESIL.{ Graphics were drawn with
the program DIAMOND.*’

The crystallographic data for the structure have been de-
posited with the Cambridge Crystallographic Data Centre
(CCDC numbers 2220400 and 22204017).

Synthesis of HHUD-4 (In-adc)

186 mg (0.5 mmol for x = 4) of In(NO;);-xH,0 and 57 mg
(0.5 mmol) of acetylenedicarboxylic acid were sequentially dis-
solved in 700 pL de-ionized water in a 20 mL glass vial.
Afterwards 10 mL of ethanol were added leading to a white dis-
persion, which was placed in a programmable oven at 70 °C
for 48 h with a heating and cooling step of 3 h each to obtain
colorless crystals in the form of an elongated square bipyramid
(also named elongated octahedron, pencil cube or 12-faced
pencil cube)*’ (see Fig. S3 and S4, ESIY). For the purification of
the bulk material the mother liquor was then exchanged
against fresh ethanol (10 mL) twice a day for three days to
remove unreacted educts. Afterwards the solvent was removed
via supercritical drying with CO, yielding 92 mg (75%) of a
white precipitate.

Synthesis of In-fum

The synthesis of In-fum was carried out following a modified
literature reported procedure by Zhang et al®° 186 mg

Dalton Trans., 2023, 52, 977-989 | 979
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Table 1 Crystal data and structure refinement details of HHUD-4
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Crystal 1 Crystal 2
CCDC no. 2220400 2220401
Chemical formula C,HO;sIn C,HO;In
M; (g mol™) 243.87 243.87

Crystal system, space group
Temperature (K)

a=b(A)

c(d)

V(A%

zZ

p (mm™)

dcalc. (g Cmig)

F (000)

Crystal size (mm)

Tmim Tmax

Measured, independent, observed reflections
Parameters, restraints

Rint .

(Sin 0/ max (A1)

R, WR(F), S [F* > 26(F*)]

R, wR(F?), S [all data]®

A/)maxy A/)minb (e Ais)
Absolute structure parameter”

Tetragonal, P4,22
140

Tetragonal, P4;22
140

9.8021 (7) 9.8015 (9)
12.812 (1) 12.7970 (14)
1231.0 (2) 1229.4 (3)

4 4

1.90 1.90

1.316 1.318

456 456

0.31 % 0.18 x 0.17 0.24 X 0.22 X 0.20
0.882, 1.000 0.578, 0.685
8314, 1284, 1266 7274, 1889, 1843
47,0 47,0

0.023 0.018

0.628 0.716

0.0094, 0.0245, 1.127
0.0095, 0.0246, 1.127
0.21, —0.30
—0.017 (17)

0.0127, 0.0335, 1.084
0.0131, 0.0336, 1.084
0.90, —0.24
—0.009 (15)

Ry =[] |Fo| = |Fe| |J/§2|f,%|]; WR, = [T[W(Fs> — F 2P T[W(F2]]"2. Goodness-of-fit § = [Y[w(F,> — F.2)*)/(n — p)]"** ? Largest difference peak and

hole. ¢ Flack parameter.

(0.5 mmol for x = 4) of In(NO3);-xH,0, 58 mg (0.5 mmol) of
fumaric acid and 10 mL ethanol were mixed in a 20 mL glass
vial. The vial was placed in a programmable oven at 70 °C with
a heating and cooling step of 3 h each to obtain a white pre-
cipitate. The precipitate was washed with fresh ethanol
(10 mL) twice a day for three days and afterwards dried under
vacuum at 60 °C to obtain 85 mg (69%) of a white powder.

Results and discussion
Synthesis and the crystal structure of HHUD-4

HHUD-4 (In-adc) was obtained through the reaction of
In(NO3);-xH,0 with acetylenedicarboxylic acid (H,adc) in a
mixture of ethanol and de-ionized water at 70 °C. This syn-
thesis yielded colorless elongated square-bipyramidal crystals
of the formula [In(OH)(adc)]-solvent. The experimental mor-
phology of the crystals (Fig. S3 and S4, ESIT) matched the cal-
culated morphology from the crystal structure data using the
Bravais, Friedel, Donnay and Harker (BFDH) algorithm
embedded in MERCURY (Fig. S3bt).**

The phase purity and the retention of the structure through
the washing and activation procedures of the bulk
HHUD-4 material were confirmed through a positive match
between the simulated powder X-ray diffraction (PXRD) pattern
and the experimental pattern of the as-synthesized material
(Fig. 2). For activation, the solvent has been exchanged with
fresh ethanol three times before the sample was dried with
supercritical CO,. Afterwards the sample was outgassed at
room temperature under dynamic vacuum for at least 6 h. No
phase change or loss of crystallinity of the bulk material could

980 | Dalton Trans., 2023, 52, 977-989
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Fig. 2 Comparison of the simulated and experimental PXRDs of
HHUD-4 after sequential activation steps.

be observed after any of the sequential activation steps by
PXRD (Fig. 2).

HHUD-4 crystallizes in enantiopure crystals in the chiral,
enantiomorphic tetragonal space groups P4,22 or P4;22, most
likely as a racemic conglomerate.’®"” The asymmetric unit
consists of one In(m) ion, one p-OH-group and a half of an
adc®™ linker molecule in addition to strongly disordered
solvent molecules belonging to ethanol and/or water, which
have been removed with the SQUEEZE command in
PLATON.*®**° Each In(m) ion has a slightly distorted octahedral
coordination with In-OH bond lengths of 2.074(1) A and In-O

This journal is © The Royal Society of Chemistry 2023
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bond lengths between 2.165(1) and 2.174(1) A to the carboxy-
late O-atoms (Fig. 3). The acetylene (C2-C2™) bond distance
with a length of 1.183(4) A corresponds to the expected triple
bond character.*® The preservation of the C-C triple bond has
been further confirmed by Raman spectroscopy (Fig. S1t)
through a strong band at 2238 cm ™.

Each In(m) ion is connected to two neighboring In(m) ions
along the infinite {InO¢} secondary building units through two
cis-bridging p-OH groups and four bridging carboxylate adc®”
units which also link the adjacent infinite {InOg} strands,
leading to a 3-dimensional network with square channels
(Fig. 4a). The cis-u-OH connection of the In atoms leads to
fourfold helical chains with either a right-handed 4, or a left-
handed 4; helix around the crystallographic 4, or 4; axis,
respectively. The 4, or 4; axis runs parallel to the c-axis and
passes through the oxygen atoms of the u-OH groups (Fig. 4b).
From six investigated single crystals three crystallized in the

a)

Fig. 3
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space group P4,22 and the other three in P4;22 (Table 1). The
Flack parameters are close to zero, which supports the correct
absolute structure assignment and in combination with
normal atom temperature factors and no molecular disorder,
excludes the fact that chains of opposite helicity are present
within the investigated crystals in a significant amount.*>**
Fourfold helices were also seen in the structurally closely
related MOFs [Al(OH)(isophthalate)] (CAU-10-H) and [Al(OH)
(furandicarboxylate)] (MIL-160).>>** Both MOFs have V-shaped
ligands with opening angles of ~120° (Scheme 1), correlated to
the cis-u-OH connectivity. In dry CAU-10-H the structure is
centrosymmetric in the space group I4,/amd with both 4, and
4; helices in the crystal. Upon water uptake, CAU-10-H experi-
ences a reversible phase change to a non-centrosymmetric
structure in the space group I4,, proven by second harmonic
generation."”® In contrast HHUD-4 is the first literature-
reported MOF to utilize a linear ligand to obtain helical chains

(a) Extended asymmetric unit of HHUD-4 (50% thermal ellipsoids, H atoms with arbitrary radii). Symmetry transformations: (i) -y + 1, x, z +

1/4; (i) x+ 1y, —z+ 1; (i) y, x, =z + 3/4; (iv) x, -y + 2, =z + 1/2; (v) y, —x + 1, z — 1/4. (b) Section of the infinite {InO¢} SBU with the octahedral

coordination of the In(m) ions emphasized by polyhedra.

oo

oo &

a) b)

Fig. 4

(a) 3D-network structure and (b) the right-handed 4, helix alongside the crystallographic 4, axis (brown) which is colinear to the c-axis in

HHUD-4. The coordination environment of the In(i) ion is highlighted as yellow octahedra.

This journal is © The Royal Society of Chemistry 2023

Dalton Trans., 2023, 52, 977-989 | 981


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2dt03719j

Open Access Article. Published on 14 December 2022. Downloaded on 10/17/2025 9:49:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

through cis-bridging-u-OH groups. Thereby, HHUD-4 contra-
dicts the general assumptions accepted, so far, for cis- and
trans-p-OH connectivity in infinite {MOs} SBUs. From the
MOFs known in the literature it was assumed that linear
ligands would lead to trans-bridging-p-OH groups and MIL-53-
type structures.*>*°>' On the other hand V-shaped ligands
with an opening angle of ~120° between both carboxylate
groups would result in cis-u-OH bridging as seen in MIL-160
and CAU-10-H,**** whereas V-shaped ligands with an opening
angle of ~150° can either give a mixture of trans and cis as in
CAU-23 or trans-u-OH bridging only as in MIL-53-TDC (for
longer ligands).>>>?

Due to the linearity of the adc linker, the structure of
HHUD-4 differs slightly from the CAU-10-H structure in the
orientation of the helical chains to each other. While there are
both 4; and 4; chains with an image/mirror image relationship
with each other in both CAU-10-H(dry) and CAU-10-H(H,0), in
HHUD-4 the helical {MOgs}-chains have the same sense of
rotation and run exactly parallel to each other (Fig. 5).

The MOF HHUD-4 consists of square layers in the direction
of the c-axis (Fig. 4a and Fig. 6a). The topological analysis of
the structure with ToposPro>>** and the Topcryst database®*>°
yielded the sql-topology in the cluster representation, which is
a commonly found topology for MOFs with over 9000 struc-
tures in the Topcryst database.

The solvent depleted 3D network has potential porosity
from the square channels running along the ¢ axis with diag-
onals of about 9.2 A and widths of about 6.6 x 6.6 A” (between
the van der Waals surfaces). Smaller channels run along the

View Article Online
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crystallographic @ and b axes with cross sections of about
5.0 x 4.2 A? (Fig. 6b).

Gas sorption studies in HHUD-4 and In-fum

For the gas sorption studies, HHUD-4 has been activated by
solvent exchange with fresh ethanol three times before drying
with supercritical CO, and outgassing at room temperature
under dynamic vacuum (<30 mbar) for at least 6 h.
Interestingly, without any changes to the synthesis and acti-
vation procedures, volumetric nitrogen sorption experiments
for multiple samples of HHUD-4 at 77 K yielded BET surface
areas in the range from about 660 up to 940 m> g
(Table S17), with surface areas of about 700 m> g~' showing
the highest reproducibility. The nitrogen sorption isotherms
(Fig. 7) are of type I with a very minor H4 hysteresis which may
stem from inter-particle voids of the aggregated crystals. As a
point of reference for HHUD-4 the related MOF indium fuma-
rate, In-fum, was synthesized. In-fum has a linear, albeit
kinked linker with four carbon atoms and also a C-C multiple
(double) bond (Scheme 1). As a further difference, the {InOg}
octahedra are connected by trans-p-OH bridges. Still their simi-
larity should allow the assessment of the role of the triple vs.
double bond. Based on the isostructural Ga-fum framework
the In-fum framework (for which no crystal structure was de-
posited)*® also has square channels running along the a axis.
From the Ga-fum structure and with a covalent radius of In
0.2 A larger than for Ga, the channel diagonals in In-fum were
estimated to be about 8.0 A and widths to be about 6.2 x 6.2 A
(between the van der Waals surfaces). Smaller channels in In-

Fig. 5

(a) The parallel {InOg}-helices in HHUD-4 and (b) the mirrored {AlOg}-helices in CAU-10-H(H,0) (H,O molecules not shown for clarity)

similar to those in CAU-10-H(dry). The structure of CAU-10-H(H,0) is redrawn from the cif file 1454066 deposited at the CCDC.%*
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Fig. 7 Volumetric N, sorption experiments of high and low surface
area HHUD-4 and In-fum at 77 K (filled symbols for adsorption, empty
symbols for desorption).

fum run perpendicular to the a axis with estimated cross sec-
tions of about 4.2 x 1.5 A? (Fig. S7;t compared to Fig. 6 for
HHUD-4). Due to the superior thermal stability of the fumarate
linker, the bulk In-fum material was not supercritically dried
and instead outgassed at 100 °C under high vacuum
(<30 mbar) (PXRD, Fig. S27).

With a BET surface area of about 660 m”* g~ ", In-fum shows
a similar surface area to the ‘low surface area’ samples of
HHUD-4, while the ‘high surface area’ sample of HHUD-4 is
comparable to MIL-53-fum (1020 m” g~ *).*°

Due to the better reproducibility, the ‘low surface area’
HHUD-4 with about 660 m> g~' was further studied alongside
In-fum for their comparative gas sorption capabilities of CO,,
CH, and H, at varying temperatures (Fig. 8 and Table S2,
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ESIT). With a total CO, uptake of 2.74 mmol g™* at 293 K and 1
bar, HHUD-4 not only adsorbs about 56% more CO, than In-
fum (1.76 mmol g~') but also surpasses the other known adc-
based MOFs M-HHUD-1 (M = Zr, Ce and Hf)*” and NUS-36,'°
making HHUD-4 the adc-based MOF with the highest capacity
for CO,. HHUD-4 and M-HHUD-1 have similar surface areas.
The CO, uptake of HHUD-4 is also comparable to that of the
structurally related AI-MOFs MIL-53 (2.11 mmol g~'), CAU-10-
H (2.76 mmol g~') and Al-fum (2.52 mmol g~ ') but lower than
that of MIL-160 (4.22 mmol g~') and CAU-23 (3.97 mmol
¢ 1.7 The high CO, uptake of HHUD-4 in comparison with
In-fum illustrates the advantageous role of the C-C triple bond
for CO, adsorption. The isosteric heat of adsorption for
HHUD-4 and In-fum was calculated from the isotherms
obtained at 273 and 293 K (Fig. 9). The zero-coverage heat of
adsorption QY of about 29 kJ mol~* for HHUD-4 is lower than
that of other literature reported ade-MOFs (39-60 kJ mol™")*”
but comparable to that of MIL-160, CAU-10-H and MIL-53(Al)
(25-33 kJ mol*).>87°°

The CH, adsorption capacity of HHUD-4 at 293 K is
0.72 mmol g~ ', which is an increase of about 29% compared
to that of In-fum (0.56 mmol g~*), thus bringing HHUD-4 into
the range of the above-mentioned Al-MOFs (0.57-1.14 mmol
g 1).3H% n contrast to the maximum uptake both HHUD-4
and In-fum show a significantly higher QY for CH, of about 26
and 30 kJ mol™* than MIL-53, Al-fum, MIL-160, CAU-23 and
CAU-10-H (8-16 kJ mol "),*"** indicating attractive inter-
actions between the In-based MOFs and CH,. The kinetic dia-
meter of CH, is 3.8 A. A plausible explanation is that the suit-
ably-shaped C=C-triple and C=C-double-bond-lined windows
of the small channels along the a and b axes in HHUD-4 of
~5.0 x 4.2 A* and in In-fum of ~4.2 x 1.5 A% respectively,
(Fig. 6b and Fig. S7bt) offer several (CH,)CH---n contacts with
a significant cumulative strength.
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The selectivities for CO, versus CH, were calculated with
variable molar fractions at 273 K or 293 K and 1 bar with the
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Isosteric heat of adsorption of HHUD-4 (a) and In-fum (b) for CO,, CH,4 (from adsorption data at 273 and 293 K) and H, (from adsorption

(ideal adsorbed solution theory) calculations with Toth-fitted
isotherms yielded selectivities of 6.0 (273 K) or 6.9 (293 K) for
3PSim software (see Section S4f for further details).®® IAST HHUD-4 and 4.4 (273 K) or 3.5 (293 K) for In-fum at a molar
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fraction of 0.5, respectively. An IAST selectivity of 6.9 with
HHUD-4 for CO,/CH, separation is also better than that of Al-
fum (4.5, 273 K),** CAU-23 (5.3, 293 K),*' MIL-160 (6, 295 K)*®
and MIL-53 (6.3, 298 K).°®

The H, adsorption capacity at 77 K and 1 bar is 10% higher
for HHUD-4 with 6.36 mmol g~ than for In-fum (5.78 mmol
g~ "). For both In-MOFs the H, adsorption isotherms show no
saturation at 1 bar (Fig. 8). More interestingly HHUD-4 exhibits
a high near zero coverage QY of 11.4 kJ mol™', which is an
increase of about 40% compared to In-fum (8.2 k] mol™"). This
value puts HHUD-4 near the MOFs with the highest literature

1601 [ JHHUD-4 up to p-p,~" = 0.02

140 Il 'n-fum up to p-p,~" = 0.02
120
100

80 -

60

VOC uptake [mg-g™"]

40

20 +

benzene
n-hexane

cyclohexane

Fig. 10 Benzene, cyclohexane and n-hexane uptake capacity of
HHUD-4 and In-fum at a relative pressure of up to p/po = 0.02 at 293 K
(specific values in Table S97).
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Fig. 11 Benzene, cyclohexane and n-hexane vapor sorption isotherms at
symbols for desorption).
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reported isosteric heat of adsorption for H, such as SNU-15'
(15.1 kJ mol™),%” Ni(dhtp) (12.9 kJ mol™*, dhtp = 2,5-dihydroxy-
terephthalate)®®  and  Zns(bdc)s[Cu(pyen)]-(DMF)5(H,0)s
(12.3 kJ mol™", bdc = 1,4-benzenedicarboxylate and pyenH, =
5-methyl-4-oxo0-1,4-dihydro-pyridine-3-carbaldehyde).®®  Thus,
HHUD-4 presents the advantageous properties of C=C triple
bonds for hydrogen storage, similar to the results previously
reported by Farha et al for triple-bond containing large
ligands.”®

Vapor sorption studies in HHUD-4 and In-fum

Toxic gases and vapors of volatile organic compounds (VOCs)
in the atmosphere are a major concern and their removal,
degradation and the separation of mixtures with MOFs is of
scientific interest.”*””® Benzene, cyclohexane and n-hexane are
among the VOCs that can be found indoors and as they pose
health risks their removal is of importance. Benzene is com-
monly regarded as the most toxic indoor VOC, as it cannot be
biodegraded and thus is potentially cancerogenic,”*”” but also
n-hexane, which metabolizes to the nerve-damaging and toxic
2,5-hexanedione,”®”” is of significance for removal.
Additionally, the separation and purification of benzene and
cyclohexane with MOFs is of particular interest, since the
current industrial processes such as distillation and extraction
are energy intensive.”®®® Besides open metal sites, properties
such as double or triple bonds proved to be advantageous for
the adsorption of benzene due to their capability to interact
via m---n interactions with benzene.”® Thus, HHUD-4 and In-
fum are interesting candidates for such a comparative separ-
ation process to elucidate the role of the triple bond in the
framework surface.

In vapor sorption experiments for benzene, cyclohexane
and n-hexane at 293 K, HHUD-4 and In-fum show an overlap
of type I(a) or I(b) isotherms at lower pressures and type II iso-
therms at higher pressures (Fig. 11). Additionally, a very wide
hysteresis can be observed for the uptake of benzene in both

300 -
T 250 1
o
(o))
% 2001
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S 150 n-hexane @ 293 K
8 cyclohexane @ 293 K
> 1004
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=
£ 50
O # T T T T T
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b) relative pressure p/p, [-]

293 K for (a) HHUD-4 and (b) In-fum (filled symbols for adsorption, empty
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MOFs and cyclohexane in HHUD-4. Wide hystereses in
benzene adsorption experiments with MOFs are interpreted as
host-guest n---n or C-H---x interactions in the literature.®' The
desorption of cyclohexane and n-hexane in In-fum features a
small hysteresis, while no hysteresis can be seen for cyclo-
hexane in HHUD-4, indicating few host-guest interactions and
few restrictions regarding the movements of the molecules out
of the pores. The three molecules have a kinetic diameter of
5.85 A for benzene, 6 A for cyclohexane, and 4.3 A for linear
n-hexane.®” The critical molecular dimension for diffusion
through cylindrical pore cross sections is the width of 6.628 A
for benzene, 6.580 A for cyclohexane and 4.536 A for
n-hexane®® which are all smaller than the pore diagonals in
both In-MOFs (vide supra). Remarkably, cyclohexane has sig-
nificantly smaller uptakes in both MOFs, in particular in In-
fum. The high uptake of benzene can be rationalized through
its m---m or C-H---m interactions with the C=C-triple and C=C-
double bonds of the frameworks. Also, benzene has a higher
density (0.876 g cm ™) in a liquid-like adsorbate state for a
given pore volume than cyclohexane (0.779 g cm™) or
n-hexane (0.655 g cm™>) at 293 K. There is no special adsor-
bate-adsorbent interaction for n-hexane. Hence its relatively
high uptake (even higher than benzene in In-fum at low
pressure) can only be traced to having the smallest critical
dimension among the three VOCs (vide supra). Thereby,
n-hexane can enter narrow pores and pore window regions
which are not accessible for the larger cyclohexane and
benzene molecules.

HHUD-4 and In-fum show steep VOC vapor uptake steps in
the low pressure region with HHUD-4 reaching relative uptakes
of its maximum capacity of about 71, 77 and 63% for benzene,
cyclohexane and n-hexane at a relative pressure p/p, of 0.1,
respectively (Fig. 10 and Table S9,} p, = 95 mbar for benzene,
101 mbar for cyclohexane and 160 mbar for n-hexane). Even at
the very low relative pressure p/p, of 0.02, HHUD-4 still shows
a moderately high adsorption capacity of about 35 to 36% for
each VOC vapor, which is better than In-fum (Fig. 10 and
Table S91). On the other hand, for the particularly toxic
n-hexane, In-fum shows a remarkable uptake of 150 mg g
(61%) at the low relative pressure p/p, of 0.02. Since high
adsorption capacities at low relative pressures are important
for the removal of VOC traces, both HHUD-4 and In-fum are
interesting materials for the indoor capture and removal of
VOCs.

Selectivities for benzene/cyclohexane, benzene/n-hexane
and n-hexane/cyclohexane were calculated for a 50:50 (v/v)
mixture at 293 K and variable vapor pressure with the 3PSim
software (see Section S6f for further details). IAST (ideal
adsorbed solution theory) calculations yielded selectivities
below 5 in the low-pressure area for both MOFs (Fig. 12).
While no increase in selectivity can be observed for either
MOF for benzene/n-hexane mixtures, for benzene/cyclohexane
mixtures the selectivity increases with pressure to 17 for
HHUD-4 and 22 for In-fum at 90 mbar (Fig. 12). The prefer-
ence for benzene is probably due to &---n interactions between
the aromatic benzene ring and the double or triple bonds of
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Fig. 12 IAST selectivities for benzene/cyclohexane, benzene/n-hexane
and n-hexane/cyclohexane mixtures for (a) HHUD-4 and (b) In-fum.

the fumarate or acetylenedicarboxylate linker.®' Remarkably,
for n-hexane/cyclohexane mixtures in In-fum a rapidly increas-
ing IAST selectivity with pressure to about 47 at 90 mbar was
calculated (Fig. 12b). In the absence of special adsorbate-
adsorbent interactions for both Cg¢-alkane molecules, when the
smaller n-hexane enters the narrow pores and their vicinities,
the larger cyclohexane is even more effectively excluded.

The stability of HHUD-4 and In-fum against benzene, cyclo-
hexane and n-hexane was confirmed with PXRD and N, sorp-
tion experiments, showing no changes in the PXRD patterns
and only slight increases or decreases in the adsorbed volume
and the surface area for both MOFs (Fig. S18-S21 and
Table S10, ESIf). With good stabilities and selectivities of
above 15, both HHUD-4 and In-fum are promising candidates
for the separation of benzene/cyclohexane mixtures and In-
fum for the separation of n-hexane/cyclohexane mixtures in
the industry, where selectivities higher than 3 would already
be sufficient for application in such processes.”®%*

In addition to vapor sorption experiments for VOCs, water
sorption studies were also carried out. The sorption capabili-
ties of water are interesting for the possible application of
MOFs as adsorbents in water driver adsorption chillers or

This journal is © The Royal Society of Chemistry 2023
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Fig. 13 Water vapor sorption isotherms for HHUD-4 and In-fum at
293 K (filled symbols for adsorption, empty symbols for desorption).

adsorption heat pumps.'®***° For a good performance the

uptake step should be in a p/p, range of 0.1 to 0.2 with a steep
step and small hysteresis."®

Neither HHUD-4 nor In-fum fulfill these requirements as
both MOFs show a very wide hysteresis in a water vapor sorp-
tion experiment at 293 K (Fig. 13). Similar to other reports in
the literature the exchange of the fumarate linker through the
acetylenedicarboxylate linker leads to an increased hydrophili-
city of the MOF with a noticeable earlier and more sudden
step in uptake at a relative pressure p/p, of about 0.3-0.6 for
In-fum and a p/p, of about 0.05-0.1 for HHUD-4.” Yet, N, sorp-
tion experiments and PXRD measurements after the vapor
sorption experiment (Fig. S18 and S22, ESIt) show the conco-
mitant decomposition of HHUD-4.

Conclusions

The synthesis of the new indium acetylenedicarboxylate MOF
HHUD-4 could be achieved through the reaction of indium
nitrate with acetylenedicarboxylic acid. Instead of the expected
trans-u-OH connection of the {MOg} octahedra with linear
linkers (MIL-53 type), HHUD-4 shows for the first time cis-p-
OH connected polyhedra that have so far only been observed
for V-shaped dicarboxylate linkers with opening angles of
~120°. With the C=C-triple bond in the linker HHUD-4 shows
high uptake capacities for CO, and H, surpassing also other
adc-based MOFs and the MIL-53 analogous In-fum.
Additionally, a high isosteric heat of adsorption at zero cover-
age for H, and CH, has been calculated for HHUD-4. For vola-
tile organic compounds such as benzene, cyclohexane and
n-hexane both HHUD-4 and In-fum show steep uptake steps at
low relative pressures and high IAST selectivities for benzene/
cyclohexane mixtures underscoring the positive role of C-C
multiple bonds for benzene selectivity. There appears to be an
intricate balance between cis-u-OH and trans-pu-OH connectivity
and the concomitant helical and straight {MOs} chains in [M

This journal is © The Royal Society of Chemistry 2023
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(p-OH)(linker)] MOFs for M = Al, Ga, In. One may envision that
the difference between the cis-u-OH/helical and trans-p-OH/
straight structures does not only depend on V-shaped vs.
linear linkers but also on the synthesis conditions. That is, for
HHUD-4 with the linear linker and its CAU-10-H topology
there may also be a polymorph of the trans-p-OH/straight
MIL-53 topology. On the other hand, for Al-fum and MIL-53
there could also be polymorphs with the CAU-10-H cis-pu-OH/
helical topology.
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