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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 [Hf¢O,(OH),(ADC)s] (Hf-HHU-1) and
[Hf,0,(OH) ,(Fum- Cl)é] (HfHHU-2) have been structurally
characterized by powder X-ray diffraction to be UiO-66
isostructural, consisting of octahedral [Hf;0,(OH),]"*" secon-
dary building units each connected to other units by 12 ADC or ‘ S
Fum-Cl linkers into a microporous network with fcu topology. 7 | fcu topology
This structure was confirmed by Rietveld refinement. H-HHU-2 ‘ o
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. H-HHU-1 and Hf-HHU-2 exhibit very high hydrophilicity as revealed by their water sorption
profiles, meanwhile Hf-HHU-2 adsorbs CO, with an isosteric heat of 39 kJ mol™'. HfHHU-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 H-HHU-2 by variation of the linker to metal-salt molar
ratio.

HfsO4(OH),

B INTRODUCTION enhanced stabilities compared to MOFs based on low valence

. 19,20
metal cations. ”’

Hafnium and zirconium have very similar chemical properties.1
Prototypical Zr-MOFs are based on the isoreticular UiO

Hf* has the same d° electronic configuration and nearly

identical radius with Zr**. As consequence, Hf-based MOFs structures which are constructed by linking 12-fold-connected
usually show isostructural Zr-based counterparts.”® This octahedral [Zrg(3-O)4(u;-OH),] clusters with linear dicar-
chemical resemblance is also displayed in the engineering of boxylates into a network with fcu t0p010gy.21 By using the
Zr- and Hf-metal—organic frameworks (MOFs). MOFs are same organic linkers and the same synthesis conditions, the

porous materials formed by linking metal—oxido clusters with zirconium precursor salt (ZrCl, or ZrOCL) can be replaced by

organic ligands into three-dimensional potentially porous a hafnium salt (HfC, or HFOCL,). Thus, nearly each UiO Zr-
networks.” Zirconium(IV)-based metal—organic frameworks

(Ze-MOFs) with polycarboxylate ligands have high hydro- MOF can also be obtained in its Hf-MOF version containing

thermal and chemical stabilities,””” making them promising octahedral [Hfg(s;-0),(13-OH),] clusters.”” The known Hf-
. . 23 .
porous materials for possible applications in heterogeneous based analogues of Zr-MOFs include Hf-UiO-66," Hf-UiO-

catalysis,”” gas storage and separation,'’”"* drug delivery," 66-NH,,”* Hf-UiO-67,” and Hf-Fum.*’

sensing,M’15 water harvesting from air,16 and adsorption-based
heat transformations.'”'® The robust Zr—O bonds on the Received: May 14, 2019
highly charged and oxophilic Zr(IV) cations account for these Published: July 31, 2019
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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-Universitat Diisseldorf) which is isoreticular
with the well-known UiO-66 (cf. Scheme 1).”” We also

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

.0 0.
HO.__O  HfOCh Hf608>;< Hf 04
DMF, 2h 4 T -
0 O HfHHU-1
|| CH3COOH
\850(:‘ S
HCl4 H%0 o
68 ~
07 TOH H,0,6h 5 \ HE,08
H,ADC o} Hf-HHU-2

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 Hif-
MOF (Scheme 1). We investigate their stabilities, porosity, and
defect features, as well as their water, iodine, and CO,
adsorption properties.

B 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
DMEF, yielded within 2 h the new acetylenedicarboxylate-based
MOF Hf-HHU-1 of ideal formula [Hfg(u;-O),(us-
OH),(ADC),] (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. Stil], it took us several months to find the right
conditions (concentration of reactants, temperature, reaction
time, molar ratios) that gave the desired HffHHU-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 ™!, can be ascribed to the asymmetric and symmetric
—CO, stretching vibrations of coordinated linker. The bands at
1651 cm™' is ascribed to —C=O stretching vibration of
residual DMF solvent in the pores. In the Raman spectrum of
activated HFHHU-1 (Figure 1), the band at 2225 cm™ is
ascribed to the vibrations of the —C=C- triple bond of the
linker (Figure S2, Supporting Information). This band is

Hf-HHU-
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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 —C=C- triple
bond is observed in Hf-HHU-2. The band at about 3000 cm™' is
ascribed to the methyl groups (—CHj) of residual DMF in the pores
of H-HHU-1.

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 HffHHU-2 of
ideal formula [Hfg(15-0),(u5-OH)4(Fum-Cl)¢] (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 infra), 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 H,ADC in water, yielding a
chlorofumarate-based Zr-MOF, namely Zr-HHU-2.”” This
transformation indicates that the first step of the modulated
reaction consists of the formation of soluble hafnium acetate
clusters with release of HCI in solution. The —C=C- triple-
bond of H,ADC 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.”® The high solubility of HCI in
water, coupled with the dissociation to H;0" and CI™ 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(1l)
chlorofumarate and lithium hydrogen iodofumarate coordina-
tion polymers.”’

The powder X-ray pattern of H-HHU-1 resembles that of
Zr—acetylenedicarboxylate, Zr-HHU-1 and the diffractogram
of HE-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 *C 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-
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Figure 2. Powder XRD pattern of (a) HFHHU-1 in comparison with

experimental pattern of Zr-HHU-1*” and (b) HfHHU-2 in
comparison with experimental pattern of Zr-HHU-2.

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
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Figure 3. 'H—'3C FSLG-HETCOR CP MAS of HFHHU-2 at 8 kHz
spinning speed and 500 ps contact time.

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,%" 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 H-HHU-2 (Figure
4) shows the presence of chlorine in the material. The high
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Figure 4. XPS survey spectrum and high-resolution core-level in the
region of O 1s, C Is, CI 2p, and Hf 4f of HFHHU-2.

resolution XPS core level spectrum (Figure 4) displays the Cl,,
peak at 201 eV binding energy, which is indicative of organic
chlorine (C—Cl). The inorganic chloride (CI7) Cl,, peak
would appear at about 198 eV binding energy.’® These results
prove occurrence of a hydrochlorination (addition of HCI) 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 4f,/, and
4f;,, components of hafnium in the oxidation state Hf".”!
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
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(530.5 eV) and the oxygen of the hafnium cluster Hf—O
(530.8 eV).*>*

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 HfFHHU-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 H,ADC,
which decomposes at 180 °C in its solid state. The low thermal
stability of HFHHU-1 is attributable to the thermal liability of
H,ADC, 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.” A noteworthy exception is Sr—
ADC (Sr[C,(C0O0),]) where a thermal stability up to about
450 °C was reported.”” HE-HHU-1 and HfFHHU-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 HfHHU-1 was
determined from powder diffraction data. Crystallographic
data for the structural analyses of HfFHHU-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 [Hf;O,(OH),]'** secondary building units
(SBUs). The SBU is constructed of six Hf atoms defining a
regular octahedron, in which the triangular faces alternatively
contain y3-O and p;-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 HfOg square
antiprismatic polyhedra (Figure Sa). The octahedral SBUs

Figure S. (a) Secondary building unit of {Hf;0,(OH),} with the 12
surrounding and connecting acetylenedicarboxylate linkers and the
edge-sharing square-antiprismatic HfOg coordination as polyhedra
(b) fcc packing diagram of the fcu network in HfFHHU-1, (c)
tetrahedral cage, and (d) octahedral cage with available pore (yellow
ball) and triangular windows (green ball).

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

= linker

reo defect

Figure 6. Network topology image of HFHHU-1 and Hf-HHU-2. (a)
{Hf,0,(0OH),(0,C)1,}-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.

fcu structure

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 H-HHU-1 structure by the chlorofumarate linker. Depend-
ing on the H,ADC to HfCl, molar ratio of the initial mixture,
differences were noticed in the PXRD pattern of HFHHU-2.
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When the H,ADC to HfCl, 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 S, 7, and 11° 26 angles (Figure 7), when the

§ experimental Hf-HHU-2

simulated fcu Hf-HHU-2
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Figure 7. PXRD pattern of Hf-HHU-2 containing defective
nanodomains with reo topology (green) and simulated pattern of
the fcu topology for HFHHU-2 (black). The pattern of Hf-HHU-
24efect 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).

initial reactants mixture was made of 1:1 H,ADC to HfCl,
molar ratio. Such diffuse reflections were previously observed
for Zr/Ht-UiO-66, and are associated with the presence of
correlated defect nanoregions with reo topology in the
structure (Figure $16).>° These defect nanoregions result
from missing clusters and linkers.*>*” A PXRD pattern of the
reo topology with a halofumarate linker was simulated and
compared to our experimental PXRD pattern of HFHHU-2
from a 1:1 linker to metal molar ratio. It is noticeable that the
three more visible diffuse reflections at S, 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,*® 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 m® g~', while the total pore
volume was estimated to 0.20 and 0.25 cm® g~* for HEHHU-1
and Hf-HHU-2, respectively. The respective specific surface
area and porosity of H-HHU-1 and Hf-HHU-2 are contra-
dictory to expectations. HFHHU-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.
DME is usually difficult to be completely evacuated from small
pores, mostly when the activation process does not involve
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Figure 8. Nitrogen sorption isotherms of Hf-HHU-1 and Hf-HHU-2
at 77 K.

elevated temperatures.””*® 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 [Hf;(u;-O),(u5-OH),(ADC);]
can be estimated.

In order to have more clues on the porosity of H-HHU-1,
the surface area and pore volume were also theoretically
estimated from the crystallographic data using Materials
Studio.”' The theoretically accessible surface area calculated
for a probe molecule with the kinetic diameter of nitrogen
(3.64 A) amounts to 707 m* g' and the corresponding
theoretical micropore volume amounts to 0.26 cm® g™,

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

250
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Figure 9. Water vapor sorption isotherms of Hf-HHU-1 and Hf-
HHU-2 at 20 °C (filled symbols adsorption, empty symbols
desorption).

some hysteresis loop between the adsorption and desorption
branches. This corresponds to a high hydrophilicity of these
two materials, indicating very strong H,O-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 —C=C- triple bond and functional chlorine on the
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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/P; = 0.9 are 190 and 212
mg g~' for HFHHU-1 and Hf-HHU-2, respectively (Table 1).
These values agree with obtained pore volumes from nitrogen
sorption.

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

G5y G G T
Hf-HHU-1 476 0.20 0.17 190
HfHHU-2 541 025 0.18 212
HEHHU -2y 302 0.13 0.10 150

“Obtained from seven points in the pressure range P/P, = 0.001—
0.05. “Derived at P/P, = 0.9 for pores smaller than 20 nm. “Volume
that originates only from micropores, obtained by the V—t method
with thickness method “DeBoer”. dUptake at P/P, = 0.9.

Comparatively, HFHHU-1 and HfFHHU-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 hafnjum 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 HFHHU-24.¢.., could influence
the material properties. It can also be the basis of further
postsynthetic modifications.*” The porosity and water sorption
of H-HHU-2 and Hf-HHU-24.., were compared. Surpris-
ingly, HFHHU-2,¢.. displays a lower surface area (302 m*
g™'), pore volume (0.13 cm® g™"), and water uptake compared
to HFHHU-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.”® This
result points out that defective nanodomains could have more
complexity than has yet been elucidated. Furthermore, Hf-
HHU-2,.. 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 HFHHU-24.¢., 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.*’ The
hydrolytic instability of H-HHU-24¢. could be due to water
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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 'H spectrum, the number of missing linker
molecules was calculated to 0.5 missing linker per {Hfy}-cluster
in HfFHHU-2 (calculation details in the Supporting
Information).

Furthermore, CO, sorption experiments were conducted on
Hf-HHU-2 at 273 and 293 K, respectively. The isosteric heat
(Qq) of CO, 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 CO, sorption isotherms obtained are
shown in Figure 10a. At 1 bar, the CO, adsorption capacity
of HEFHHU-2 is 2.27 mmol g~" (9.1 wt %) and 1.6 mmol g™
(6.5 wt %) at 273 and 298 K, respectively. Figure 10b displays
the trace of the isosteric heat (Q,,) of CO, with increasing CO,
loading. It shows that the isosteric heat of adsorption at zero
coverage (Q°;) is 39 kJ mol™". The value of the isosteric heat
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Figure 10. (a) CO, sorption isotherms of H-HHU-2 at 273 and 293
K. (b) Plot of isosteric heat of CO, adsorption from isotherms data at
273 and 293 K.
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of adsorption abruptly drops after the strong binding sites (y/5-
OH, 45-O, and p3-Cl) are saturated to converge to a value of
about 20 kJ mol™" at higher loadings.

lodine 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 1la 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\
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Figure 11. (a) Gravimetric iodine vapor adsorption trace of H-HHU-

2. (b) Raman spectrum of iodine-loaded Hf-HHU-2 in the

wavenumber range 300—50 cm™L

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 HFHHU-
2. In Figure 11b and Figure S22, Supporting Information, the
Raman spectrum of the iodine-loaded sample L, @Hf-HHU-2
displays additional signals compared to the spectrum of
unloaded Hf-HHU-2, namely two strong bands at 111 and 170
cm™'. These bands are characteristic vibrations of I~ and I~
polyiodides, respectively. A shoulder is also visible at 150 cm™,
which is attributable to the vibration of the 1,2~ anion.*** The
Raman absorption for neutral I, would be expected at 180
cm™. Thus, H-HHU-2 adsorbs iodine vapor exclusively as
polyiodide as no band for the molecular I, vibration was
observed at 180 cm™.

The formation of polyiodide chains in neutral I,-adducts is

known. The 8-cyclodextrin inclusion complex with iodine is a
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typical example, whereby (neutral I,) iodine molecules, once
adsorbed, dissociate heterolytically to form polyiodide anionic
species.”® Such a reaction is also known to occur between
iodine and amylase or with O and N macrocycles.”’ A plausible
mechanism of formation is based on a donor—acceptor
interaction, whereby I, interacts with a donor atom (D).
The D--I, adduct can further evolve into a (D-I)*I” species,
which then leads to the formation of I,~, L~ or I~ from
various combinations of I” with I, Due to their high
electronegativity, halogen atoms in molecular entities are the
basis of inter and intramolecular interaction known as halogen
bonding."® Therefore, the Cl atom of the linker may act as
donor atom toward adsorbed iodine —Cl---I, that evolves to
—(CI-I)*T, leading to further formation of 17, 1,7, or I~
from various combinations of I” with I,.

The PXRD pattern of iodine-loaded L, @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~' makes it a potential material
for long-term iodine capture and sequestration.

B 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
DMEF, while hafnium chlorofumarate was obtained in water
from an in situ transformation of H,ADC, that is a
hydrochlorination consisting of addition of HCl on the
—C=C- triple-bond of H,ADC. 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
CO, 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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