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Defect concentrations and their compensating groups have
been systematically tuned within UiO-66 frameworks by using
modified microwave-assisted solvothermal methods. Both of
these factors have a pronounced effect on CO, and H,0
adsorption at low and high pressure.

Recent studies have shown that, like other solid-state
materials, defects can be systematically introduced into the
crystal lattice of some canonical metal-organic frameworks
(MOFs).?

imperfections,6 or may be introduced via ligand replacement

Such defects may be intrinsic such as crystal

with a non-bridging ligand such as hydroxide and solvent
molecules.” ® Defects can also be generated via surfactant
additives or created by substitution of the bridging ligand with
secondary Iigands,4’ %10 3nd may be present within a structure
as a partially occupied interpenetrated net.! Structural
disorder and heterogeneity within MOFs breaks the periodic
arrangement  of greatly the

pore/aperture sizes as well as the surface properties of the

atoms and influences
resulting materials,” which subsequently modifies their
performance in guest storage/separation, catalysis and proton
conductivity.l' 29,1113

Owing to their attractive thermal, mechanical and chemical
stabilities, zirconium (Zr) based UiO MOFs (UiO = University of
Olso) with the nominal chemical formula [ZrgO,(OH)4(L)s] (L =
linear dicarboxylate) have gained significant attention and
have demonstrated promise for industrial applications.”’ 1
UiO-66, [ZrgO4(OH)4(bdc)g] (bdc = 1,4-benzenedicarboxylate),
comprising six-centred Zr-oxyhydroxide clusters linked via
linear bdc ligands to form a face-centred cubic (fcu) net, is

considered as the pristine model for a family of isoreticular
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structures: Hf, Ce or U can substitute Zr, and a number of

different dicarboxylates can be used in lieu of the bdc anion."
19

The first indication of site defects on the [Zr504(OH)4]12+

SBU was derived from thermogravimetric analysis (TGA)

3,20 . . .
measurements, which suggested that approximately one in
12 of the bdc linkers were missing.20 This postulation was
recently supported through various analyses such as TGA,> 12
guest adsorption,4‘ B nhuclear magnetic resonance (NMR),10

IR/Raman spectroscopy,3 and X-ray or neutron diffraction.> *?
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Figure 1 a) Structural illustration and proposed chemical formula for defective d-UiO-
66-aC. Colour scheme: Zr-oxo secondary building unit (SBU, [Zrs04(OH)s]'*") in green;
1,4-benzenedicarboxylate (bdc) in black; formate (HCOO), chloride (CI), and/or
hydroxyl (OH') in blue. b) Normalised thermogravimetric analysis (TGA) for UiO-66 and
d-UiO-66-aC samples. Black dashed-line indicates the theoretical weight for perfect
UiO-66 at 350 °C. c) Pore-size distribution curves for UiO-66 and d-UiO-66-aC extracted
from the N, adsorption isotherms at 77 K by NLDFT model.

Almost all modified synthesis procedures for UiO-66 in the
literature result in missing linker defects.’ In the present study,
formic acid and concentrated hydrochloric acid (conc. HCI)
were selected as representative additives for d-UiO-66
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synthesis, which differ in their mechanism of defect-
generation. Formic acid acts primarily as a monodentate
to compete with bidentate bdc ligands for
coordination sites on Zr-oxo clusters.”’ In this case, the
formation rate of the MOF is decelerated and missing-linker
defects are mainly generated via incomplete exchange of the
pre-loaded formate on the SBUs. By contrast, conc. HCI
functions by accelerating the MOF synthesis kinetics, thus
favouring the formation of inherent defects either from
misconnections or dislocations during crystallisation or from
post-crystallisation cIeavage.zz’ 2 |n both cases, missing-linker
defects occur in UiO-66 with the concomitant incorporation of
formate, chloride and/or hydroxyl anions to the Zr-oxo clusters

modulator

for charge—compensation.24 Due to the difference in chemical
and physical properties, we suspect that these compensating
counter anions are of paramount importance in manipulating
the crystal quality, of which literature reports are limited prior
to the present work.

Herein, a microwave-assisted solvothermal synthesis
protocol was adopted to prepare pure phases of high-quality
crystalline d-UiO-66-aC frameworks with different defect
concentrations and compensating-ligand compositions (a and
C represent the volume (in mL; 05, 1 or 2) and type (HCI =
conc. HCl or FA = formic acid) of additives used in synthesis
protocols, respectively, see ESI for details).zs’ % perfect Ui0-66
was synthesised according to the literature procedure.27’ %
Carbon dioxide adsorption properties of the materials were
subsequently investigated to extract correlations between the
defect concentration and/or composition. The experimental
findings were further corroborated by computational studies.
Following MOF synthesis, the frameworks were washed with
N,N’-dimethylformamide (DMF, 3 x 20 mL), methanol (3 x 20
mL), and acetone (3 x 20 mL) and dried in vacuo. Notably, in
the microwave protocol, the introduction of H,O is crucial for
obtaining a pure UiO-66 phase, without which a polymorphous
MIL-140A phase appears even at low synthesis temperatures
(140 °C).

The defective UiO-66 samples were first characterised by
X-ray powder diffraction (XRPD) to study their crystallinity and
stability (ESI). All six d-UiO-66 samples (d-UiO-66-05HCI, d-UiO-
66-1HCI, d-UiO-66-2HCI, d-UiO-66-05FA, d-UiO-66-1FA, and d-
UiO-66-2FA) shared an identical XRPD pattern to that of UiO-
66 which was qualitatively indicated by Le Bail fittings (ESI).

The concentration of missing linker defects and the
composition of their compensating-ligands were further
systematically studied via TGA, energy dispersive spectroscopy
(EDS), and 'H NMR (see ESI for details). The chemical formulae
for UiO-66 and d-UiO-66-aC are listed in Table S4 (ESI). Notably,
the overall chemical compositions for d-UiO-66-aCs calculated
in this work may not precisely reflect the atomic composition
of the defect sites, which have been studied via simulation or
single-crystal diffraction in literature.”**

As expected for d-UiO-66-aCs, a higher dosage of conc. HCI
or formic acid results in a higher defect concentration, as
evidenced by TGA analysis (Figure 1b) and the molecular
formula calculations (the number of bdc ligands drop from 6
(theoretical value) to 4.60 and 4.46 in the most defective d-
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UiO-66-2HCI and d-UiO-66-2FA samples, respectively, Table S4
(ESI)). A further increase in the conc. HCl dosage from 2 mL (d-
UiO-66-4HCl and d-UiO-66-6HCI, ESI) did not result in more-
defective samples, indicating the maximum missing-linker
amount (around 3 out of 12 bdcs are missing in each Zr-oxo
cluster).30’31
66 are qualitatively consistent with the reported theoretical
(Table 1),*? for d-UiO-66-aCs, they
systematically increase as a function of the defect-
concentration (Table 1). d-UiO-66-2FA represents the highest
BET surface area (1789 mz.g'l) value for the UiO-66(Zr)
samples.33

The surface area and pore volume of perfect UiO-

values however,
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Figure 2 (a) CO, adsorption isotherms (up to 1 bar) at 298 K; (b) Isosteric heat of CO,
adsorption (| Qx| for d-UiO-66-aC frameworks; (c) CO2 adsorption isotherms at 298 K
(up to 35 bar) for d-UiO-66-aC; (d) Water adsorption isotherms measured at 298 K for

d-Ui0-66-aC.

Pore size distributions for d-UiO-66-aCs, obtained by non-
density functional theory (NLDFT, based on N2 —
Cylindrical Pores — Oxide Surface model) show four main pore
sizes centred at ca. 8.2, 11.0, 16.0, and 19.0 A, which are
interpreted as tetrahedral and octahedral cages in the pristine
UiO-66 structure as well as two different defect-related nano-
regions, respectively.z’ % 22 As a function of the additive
dosage, the proportion of the tetrahedral and octahedral

local

cages in d-UiO-66-aCs decrease, while the nano-cages increase
systematically. Interestingly, the secondary nano-regions (~2
nm) in d-UiO-66-aFAs only appeared in d-UiO-66-2HCI with the
highest conc. HCI dosage. The pore size distribution results for
the d-UiO-66-aCs gualitatively  consistent  with
computational calculations in the literature.** In addition, the

are
presence of nano-regions in the defective UiO-66 samples

(Figure 1c) indicates the existence of reo type defects (with ~
17 A cavities) in these materials.®*

This journal is © The Royal Society of Chemistry 20xx
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At 1 bar and 298 K, the maximum CO, uptake for UiO-66
and d-UiO-66-aCs decreased in the order UiO-66 > d-UiO-66-
O5HCI > d-Ui0-66-1HCI > d-UiO-66-2HCI and d-UiO-66-05FA >
d-Ui0-66-1FA > d-UiO-66-2FA (Figure 2a and Table 1). For CO,
adsorption at low pressure (< 5 bar), the uptake capacity is
mainly related to the CO,-sorbent interactions.®?® Perfect
UiO-66 with the least structural defects (ESI) and lowest pore
volume/specific surface area (Table 1) represents the highest
CO, capacity at 1 bar (2.16 mmol.g'l). The effect of the defect
concentration and compensating-groups on CO, adsorption is
more obvious in the CO, isosteric heats of adsorption (Q),
which were calculated using the Clausius-Clapeyron equation
(Figure 2b). At 1 mmol.g'1 CO, loading, the Q;; decreased in the
order d-UiO-66-05HCI > d-UiO-66-1HCI > d-UiO-66-2HCI > d-
UiO-66-05FA =~ d-Ui0O-66-1FA > d-UiO-66-2FA. The decreases
in Q,; observed for d-UiO-66-aCs (as a function of increasing
additive dosage) are attributed to their enlarged cavity sizes
(Figure 1c) originating from missing-linker defects. With a
similar amount of defects (Figure 1b and ESI), Q,; for d-UiO-66-
2HCl is ~5 kJ. mol™ higher than that for d-UiO-66-1FA, which
cannot be explained solely by the similar pore size
distributions, BET surface areas and/or pore volumes (Figure
1c and Table 1). In addition, compared with perfect UiO-66,
conc. HCl modified d-UiO-66-aHCls are characterised by higher
Q,; values relative to the formic acid modified samples. The
origin of this difference is primarily ascribed to different
interactions between the CO, molecules and the OH, CI
and/or HCOO which charge-compensate the defective Zr-oxo
cluster. DFT calculations indicate that the binding energy for
CO, to perfect and defective Zr-clusters decreases in the order
-OH (-36 kJ.moI'l) > -Cl (-31.06 kJ.moI'l) > perfect (-30.32
kl.mol™) > -OOCH (-29.55 kl.mol™), which is qualitatively
consistent with the trend in our experimental Q,; results (see
section S5 in ESI for detail).

Table 1 Comparison of physical properties and CO, adsorption performance of d-UiO-
66-aCs.

Entry® Seer” Viotal Ncoz, tbar Nco2, 3sbar
UiO-664m™ 1283 0.45 - -

Uio-66 1127.2(3) 0.44 2.16 207.20
1-05HCl 1376.6(9) 0.54 1.97 265.07
1-1Hcl 1427.1(11) 0.59 1.66 342.39
1-2Hcl 1652.1(16) 0.71 1.61 405.90
1-05FA 1355.7(9) 0.60 1.61 413.12
1-1FA 1590.8(14) 0.69 1.54 383.62
1-2FA 1789.3(16) 0.95 1.42 336.94

1 = d-Ui0-66; ®in mz.g'l, calculated from the N, adsorption isotherms measured
at 77 K. Values in parentheses indicate the uncertainties; “in cma.g'l, calculated
from the amount of N, at 1 bar at 77 K; din mmol.g'l, measured at 298K; ¢in cmg.g‘
! measured at 298K.

This journal is © The Royal Society of Chemistry 20xx

Dalton,Transactions

Similar to other MOFs, the high-pressure CO, adsorption
results for UiO-66 and d-UiO-66-aC are proportional to their
BET surface areas (Figure 2c and Figure S20). At 35 bar and 298
K, the CO, gravimetric capacity decreased in the order d-UiO-
66-05FA > d-UiO-66-2HCI > d-UiO-66-1FA > d-UiO-66-1HCI > d-
UiO-66-2FA > d-UiO-66-05HCI > UiO-66 (Figure 2c and Table 1).
For UiO-66 and d-UiO-66-aHCls, this trend is consistent with
previously reported results for other MOFs in which the
enlargement in the framework pore size enhances the high-
pressure CO, capacity.40

For d-UiO-66-aFAs, despite the increase in pore volume as
a function of formic acid usage, the CO, capacity decreases.
Among the studied samples, d-UiO-66-05FA represents the
highest CO, adsorption capacity at 35 bar (413.12 cms.g"1 or
44.8 wt%). Considering the moderate BET surface area and
pore volume of d-UiO-66-05FA, it is likely that the high CO,
capacity is due to the average pore diameter being of an
optimal size to confine CO, molecules. Despite the variation of
defect concentration and compensating groups, d-UiO-66-aCs
retain their crystallinity after high-pressure CO, sorption
studies.

As illustrated in Figure 2d, the missing-linker defects can
also drastically affect the hydroscopic properties of resulting
materials. In general, ideal UiO-66 is more hydrophobic than
defective samples.“’ *2 The water isotherm of ideal UiO-66 has
a sigmoidal shape with a water condensation pressure at P/P,
= 0.3 at 298 K (Figure 2d). However, for defective UiO-66
samples, the step pressure shifts to lower values as a function
of the defect amount, indicating that the missing organic
ligands in UiO-66 make the MOFs more hydrophilic (Figure 2d).
The graph of derivative water adsorption vs. relative humility
(ESI) shows that the major water adsorption occurs at P/P, =
0.3 for UiO-66, d-UiO-66-05HCI, and d-UiO-66-1HCI. However,
for d-UiO-66-2HCI and d-UiO-66-aFAs, another adsorption at
P/P, = 0.27 appears, which is consistent with the appearance
of the second 2 nm defect-related region in these samples. In
addition, at P/P, = 0.9 and 298 K, the maximum water uptake
increases in the order of UiO-66 < d-UiO-66-05HCI < d-UiO-66-
1HCI < d-UiO-66-05FA < d-UiO-66-1FA < d-UiO-66-2HCI < d-
UiO-66-2FA, which coincides with the increase in the defect
concentration in the samples. Thus, unlike the missing-linker
concentration and pore-size distribution, the type of
compensating group does not have a marked effect on the
hydroscopic properties of defective UiO-66s.

In conclusion, the synthesis and characterisation of a series
of defective UiO-66(Zr) frameworks has demonstrated the
relationship between defect concentration/composition and
CO, uptake abilities over both at low and high pressure ranges.
In principle, defect-free UiO-66 is ideal for CO, separation
below 1 bar, while defective UiO-66 is superior for high
pressure CO, storage. In addition, conc. HCI modified d-UiO-
66-aHCls show higher CO, affinities than those incorporating
formic acid. The presented experimental CO, sorption studies
are qualitatively consistent with the computational results in a
recent publication.34 In addition, water adsorption isotherms
illustrate that defects in the form of missing linkers make this
MOF more hydrophilic. Computational and experimental

J. Name., 2013, 00, 1-3 | 3
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results of CO, adsorption indicate that not only the amount of
defects but also their charge-compensating groups within the
materials have a marked effect on the loading of guest
molecules. More importantly, the present work illustrates that
instead of exploring MOFs with new topologies and/or
functionalities, systematically tuning the defect concentration
and the compensating groups in frameworks is a powerful tool
to obtain novel materials for designed applications.
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[Zr604(OH)4(bde) (HCOO),(CH(OH)4]

CO, heat of adsorption [kJ .mol™]
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Defect concentrations and their compensating groups have been systematically tuned within
Ui0O-66 frameworks and are found to have a pronounced effect on CO, and H,O adsorption
at low and high pressure.
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