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We report a defect-engineering approach to modulate the band gap
of zirconium-based metal-organic framework UiO-66, enabled by
grafting of a range of amino-functionalised benzoic acids at
defective sites. Defect engineered MOFs were obtained by both
post-synthetic exchange and modulated synthesis, featuring band
gap in the 4.1-3.3 eV range. First principle calculations suggest that
shrinking of the band gap is likely due to an upward shift of the
valence band energy, as a result of the presence of light-absorbing
monocarboxylates. The photocatalytic properties of defect-
engineered MOFs towards CO, reduction to CO in the gas phase and
degradation of Rhodamine B in water were tested, observing
improved activity in both cases, in comparison to a defective UiO-
66 bearing formic acid as the defect-compensating species.

Defect engineering has recently emerged as a new trend for
tuning the physical-chemical properties of metal-organic
frameworks (MOFs).13> Among other families within the MOF
realm, zirconium-based MOFs (Zr-MOFs) have gained the
spotlight as the most attractive platform for defect engineering,
owing to their ability to retain their stability even in the
presence of large quantities of defects.* This peculiar
characteristic of Zr-MOFs is attributed to the high degree of
connectivity between the hexanuclear [ZrgO4(OH)4]*?* clusters,
which allows the framework to tolerate the removal of part of
the linkages without undergoing collapse. This has inspired the
rapid development of synthetic approaches to introduce
defects in a controlled manner and to exploit these defects as
an alternative pathway to impart new functions to the
framework.>® The most straightforward method to generate
defects within Zr-MOFs is coordination modulation, i.e. the
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addition to the reaction mixture of superstoichiometric
amounts of monocarboxylic acids (typically formic acid, acetic
acid, benzoic acid) that compete with polycarboxylic linkers for
coordination to the metal clusters.’® Modulators slow down
crystallisation kinetics and, more importantly, can be retained
within the structure in place of the linkers, thus creating
defects, most often of missing-cluster nature.> ! The defect-
compensating monocarboxylates can be subsequently
exchanged post synthesis by soaking the defective MOF in a
solution of the desired functional mono- or polycarboxylate, a
process known as post-synthetic defect exchange (PSDE) (Figure
S$1).12 13 The resulting MOF is selectively modified at defect
sites, with the functional backbone of the newly installed
carboxylate exposed within the large cavity associated with a
missing-cluster vacancy. Functionalisation of the defective MOF
can alternatively be accomplished in one step, by employing the
desired functional monocarboxylate as a modulator (Figure
$2).% 1415 This method is of practical interest, since it involves
one less synthetic step than PSDE, but some functional
monocarboxylates may not be suitable to act as coordination
modulators, e.g. failing to provide a crystalline product or the
desired crystalline phase. Irrespective of the method chosen to
introduce functionalities in the MOF structure, the main
advantage of defect engineering is that this approach
potentially provides access to a much larger chemical space
than the classical method based on the use of modified linkers.
This is mainly because any species containing at least one
carboxylic acid group, and having size not exceeding the size of
the cavity generated by a missing-cluster defect, could in
principle be employed to functionalise the defective MOF. On
the other hand, a functionalised linker must have well-defined
features, in terms of length and geometry, to be incorporated
in a non-defective framework, which poses restrictions to the
range of accessible functional groups.

We have recently explored the potential of PSDE as a method
to improve the CO, capture performance of defective UiO-66,%3
the prototypical Zr-MOF based on 1,4-benzenedicarboxylic acid
(or terephthalic acid, hereafter BDC) as the linker. In the present
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work, we focus instead on providing proof of concept that the
band gap of UiO-66 can be systematically modulated through
defect engineering. Several reports in the literature®20 have
shown that replacement of BDC linker with aminoterephthalate
(ABDC) in UiO-66 reduces the band gap from about 4.0 eV to
about 2.8-2.9 eV, mainly thanks to the generation of a new
highest occupied crystalline orbital (HOCO), predominantly
localised on the organic linker. Inspired by these reports, we set
out to investigate whether a similar result could be achieved by
grafting of a range of commercially available and inexpensive
amino-functionalised benzoic acids (ABAs, Figure 1) at defective
sites, and how the relative arrangement of the carboxylic and
amine groups within the phenyl ring would affect the electronic
structure of the framework. The selected ABAs are 2-
aminobenzoic acid (2ABA), 3-aminobenzoic acid (3ABA), 4-
aminobenzoic acid (4ABA) and 3,5-diaminobenzoic acid
(35DABA). Benzoic acid (BA) was also employed, in order to
assess the effect of grafting a non-functionalised aromatic ring
at defective sites on the properties of the framework.

HO_ O HO_ O HO_ O HO_ 0O HO_ O
NH, HN NH,

NH,

2ABA 3ABA 4ABA 35DABA BA
Figure 1. Structural formulas of 2-aminobenzoic acid (2ABA), 3-aminobenzoic acid
(3ABA), 4-aminobenzoic acid (4ABA), 3,5-diaminobenzoic acid (35DABA) and benzoic
acid (BA).

In order to have a range of model systems that could allow
isolating the effect of a single variable, i.e. the position and
number of amine groups of the defect-compensating species,
we initially prepared defect-engineered MOFs by PSDE, using
the same defective MOF as a matrix for exchange. We prepared
a batch of defective, formic acid modulated UiO-66, named
FA_mod (see ESI for details on synthesis and characterisation,
Figures S3-8, Tables S1-3). FA_mod was then soaked in N,N-
dimethylformamide (DMF) solutions of the ABAs displayed in
Figure 1. Herein, we use the nomenclature FA_mod-X to refer
to samples prepared through PSDE, starting from FA_mod,
where X can be either BA, 2ABA, 3ABA, 4ABA or 35DABA. PSDE
led to a substantial decrease in surface area and pore volume of
the MOF and to the disappearance of the large pores having
diameter of about 8.5 A, which proves that the new functional
monocarboxylates have successfully been installed at defective
sites (Figures S5-6, Table S1). NMR analysis of the dissolved
solidsin 1 M NaOH in D,0 further confirms that FA was replaced
almost completely (Figures S9-13), while the crystallinity was
fully retained, as demonstrated by powder X-ray diffraction
(PXRD) patterns (Figure S3). TGA shows that introduction of
ABAs decreased the thermal stability of the framework in the
order FA_mod = FA_mod-BA > FA_mod-4ABA > FA_mod-3ABA
> FA_mod-2ABA > FA_mod-35DABA (Figure S6). We also
attempted to introduce 2,3-diaminobenzoic acid (23DABA), 3,5-
diaminobenzoic acid (25DABA) and 3,4-diaminobenzoic acid
(34DABA) by PSDE in the same conditions used for the other
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ABAs. The resulting solids were strongly coloured .after
exchange (dark red, dark purple and beige!: FespettivVén) aed
fully retained crystallinity (Figure S14). However, NMR of the
digested MOFs showed little or no presence of the desired ABA,
even though the BDC/FA ratio considerably decreased in all
cases (Figures S15-17).

To investigate the optoelectronic properties of the materials,
diffuse reflectance UV-Visible spectroscopy was carried out
(Figure 2). A clear red shift of the absorption frequency onset is
observed, in the order FA_mod = FA_mod-BA < FA_mod-4ABA
< FA_mod-3ABA < FA_mod-2ABA < FA_mod-35DABA.
Interestingly, this order mirrors what was observed for thermal
stability, suggesting that reduction of band gap is accompanied
by destabilisation of the framework (Figure S6). FA_mod-
35DABA shows a broad absorption feature throughout the
visible region, which is reflected by the brown colour of the
powder. The band gap for each compound was estimated from
the relative Tauc plots (Figure S18), obtaining the values
reported in Table 1. These results prove that systematic
modulation of the band gap can be achieved altering either the
position of the amino groups or their number in the aromatic
ring.

100 -
90
80
70
= |
o 60
Q
c
8 50
[&]
8 ]
2 40 4 ——FA_mod
-~ ——FA_mod-2ABA
] ——FA_mod-3ABA
20 - —— FA_mod-4ABA
1 FA_mod-35DABA
10+ ——FA_mod-BA
D T T T T T 1
200 300 400 500 600 700 800

Wavelength (nm)
Figure 2. Diffuse reflectance UV-Vis spectra for FA_mod (black), FA_mod-2ABA (red),
FA_mod-3ABA (olive), FA_mod-4ABA (blue), FA_mod-35DABA (orange) and FA_mod-BA
(magenta).

Comparison of the reflectance spectra for each MOF and the
corresponding free ABA (Figures S19-22) shows that their
photochemical behaviour is very similar, suggesting that
coordination of the acid to the metal clusters does not
significantly affect their ability to interact with light. In order to
test the stability of the defect-engineered MOFs under
prolonged irradiation, the powders were kept for 18 h under
combined visible and UV (365 nm) light. This treatment led to a
colour change, especially evident for FA_mod-2ABA, FA_mod-
3ABA and FA_mod-4ABA (Figure S23), and also evidenced by
UV-Vis spectroscopy, displaying the appearance of a broad
absorption feature in the visible region (Figures S24-27).
Thermal treatment at 150 °C for 4 hours did not produce the
same effect, suggesting that it is purely induced by light. The
process did not affect structural integrity of the MOFs (as

This journal is © The Royal Society of Chemistry 20xx
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demonstrated by PXRD, Figures S28-31), but it did lead to a
change in composition, as suggested by the increase of
BDC/ABA ratio observed by NMR analysis (Figures S32-35). Even
though the powders were not washed before being dissolved
for NMR analysis, we did not observe significant signals
attributable to other species than BDC or the ABA. FA_mod-
23DABA, FA_mod-25DABA and FA_mod-34DABA all showed
strong absorption in the visible (Figures S36-38) and low band
gaps of 2.1, 1.7 and 2.4 eV, respectively (Figure S39). However,
in the absence of clear evidence from NMR of the effective
presence of the ABAs is these samples, we decided not to
further characterise them. In order to have a term of
comparison for our defect-engineered MOFs, we prepared a
sample of mixed-linker UiO-66 incorporating 33% of ABDC (UiO-
66-NH,_33%), featuring the same —NH,/Zr ratio of FA_mod-
2ABA (Figures S40-43). The band gap determined from the Tauc
plot of Ui0-66-NH,_33% is 3.0 eV (Figure S44), nearly the same
as that usually reported for fully functionalised UiO-66-NH, (2.8-
2.9 eV).1820

Table 1. Band gap values, as extracted from Tauc plots, and calculated HOMO-LUMO
gaps for FA_mod and corresponding defect-engineered MOFs, presented in decreasing
order. A similar trend (i.e. the gap shrinks) can be found in both experimental and
calculated gaps. The calculations were done at PBE level, which underestimates the
band-gap and explains the discrepancy in the absolute values. Higher level of theory
could not be used due to the size of the system.

Experimental Calculated

Sample band gap HOMO-LUMO gap
(eV) (eV)
Defect-free UiO-66 4.1Y 3.2
FA_mod 41 3.2
FA_mod-4ABA 3.8 2.2
FA_mod-3ABA 3.5 1.9
FA_mod-2ABA 33 1.8
FA_mod-35DABA 33 1.6

We also explored the possibility of preparing defect-engineered
MOF samples by modulated synthesis. To the best of our
knowledge, only 4ABA was previously employed as a
modulator, for both UiO-66' and phase-pure NU-9012%
synthesis. 15 equivalents of each ABA were employed as
modulators, except for 35DABA, whose amount had to be
increased to 25 equivalents to produce a MOF with acceptable
crystallinity. These samples were named according to the
formula X_mod, where X can be either 2ABA, 3ABA, 4ABA or
35DABA. PXRD analysis shows that 2ABA_mod and 4ABA_mod
feature narrower diffraction peaks, indicative of larger
crystallite size, than 3ABA_mod and 35DABA_mod (Figure S45).
NMR analysis shows that a much larger amount of functional
groups could be introduced via modulated synthesis than by
PSDE, suggesting that much more defective frameworks were
obtained (Figures S46-49, Table S4). However, N, sorption
isotherms reveal low BET surface areas and feature evident
hysteresis, indicative of the presence of mesopores, for two
MOFs out of four (Figure S50, Table S5). PXRD patterns after N,
sorption analysis show that all the samples suffered from loss of
crystallinity (Figure S51). TGA shows that all the materials
undergo decomposition of the framework at lower temperature

This journal is © The Royal Society of Chemistry 20xx

than FA_mod, but they do not display major wejght.losses
below 300 °C (Figure S52). Loss of crysealliafti0ahdoptitosity
during activation could therefore be due to partial collapse of
the highly defective frameworks upon removal of solvent when
heated to 120 °C under vacuum. Despite the higher loading of
photoactive groups, diffuse reflectance UV-Vis spectra for these
samples do not largely differ from those of the samples
obtained by PSDE (Figures S19-22).

To gain insight into the effect of defect engineering on the
electronic structure of the framework, calculations were
performed using the Time Dependent Density Functional level
of Theory, which allows to study the electron excitation to the
unoccupied orbitals (see ESI for description of the
computational details). The defective UiO-66 frameworks were
simulated using the cluster approximation, as previously done
by some of us and other authors.”> 2225 Specifically, we
constructed fragments constituted of a hexanuclear cluster
coordinated by eight terephthalates and four
monocarboxylates, representative of the clusters found in the
reo defective topology associated with missing-cluster
defects.!! Table 1 reports the calculated gap between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), which can be reasonably
approximated to the gap between the valence and the
conduction band, respectively, in a solid.8 It is to be noted that,
due to the size of the simulated clusters (ca 220 atoms and ca
850 electrons), the calculations could only be run using the
generalized gradient approximations (GGA) functional Perdew,
Burke and Ernzerhof (PBE), which is known to underestimate
the band gap of UiO-66.26 However, it can be used to rationalise
and predict band gap, as well as to study frontier orbitals in
MOFs.?” The results in table 1 indicate that there is no
difference between a defect-free UiO-66 and a defective UiO-
66 where defects are compensated by FA, i.e. FA_mod.
Inclusion of ABAs as defect-compensating species shrinks the
HOMO-LUMO gap. A trend depending on the position and on
the number of NH, can be noted, which is consistent with that
experimentally observed by UV-Vis spectroscopy. For the
pristine, defect-free, UiO-66 crystal the Highest Occupied
Orbital (corresponding to the valence band) is a localised orbital
composed of the oxygen p orbitals,’® while the Lowest
Unoccupied Orbital (corresponding to the conduction band) is a
fully delocalised orbital between the inorganic node and the
organic ligand.'® A similar situation can be found in the HOMO
and LUMO of the single-cluster model for defect free UiO-66
(Figure S53), which validates our computational model. Figure 3
shows the comparison of the frontier orbitals for a FA-
compensated and a 2ABA-compensated defective model,
representative of FA_mod and FA_mod-2ABA, respectively (see
the ESI for more details).

J. Name., 2013, 00, 1-3 | 3
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FA_mod

FA_mod-2ABA

Figure 3. Calculated HOMO (bottom) and LUMO (top) for FA_mod (left) and FA_mod-
2ABA (right).

A major change occurs in the HOMO, which becomes a set of
two degenerate localised orbitals on the defect. On the other
hand, the LUMO seems to be basically unaffected by the
changes occurring at defective sites. A similar situation is
encountered when a range of mono- and disubstituted benzoic
acids are present as defect-compensating species, with lowest
predicted band gap for FA_mod-25DABA and FA_mod-26DABA
(1.2 eV, Figures S54-55, Table S6). We also simulated the
electronic structure of UiO-66-NH,_33% using the cluster model
(Figure S55), obtaining a very similar result to that observed for
UiO-66-NH, when the full periodic structure is taken into
account, i.e. the HOMO is localised on the ABDC linker.18-20 |t is
known that the band gap shrinkage in UiO-66-NH, is due to the
generation of a new gap state in the proximity of the valence
band.® Given the similar situation observed for our defect-
engineered MOFs, we infer that the shrinkage of the band gap
is likely to be mainly produced by a shift of the valence band to
higher energy.

To probe the photocatalytic activity of the materials, the defect-
engineered MOFs obtained by PSDE were tested for a
challenging gas phase reaction: CO, photoreduction, one of the
two reactions related to solar fuel production. Recent work has
shown that indeed MOFs can photoreduce CO,, albeit with low
efficiencies so far.2® The photocatalytic activity towards
reduction of CO, in the gas phase of FA_mod, FA_mod-2ABA
and FA_mod-35DABA was investigated. The setup described in
the ESI (Figure S56) was used, depositing the MOFs (30 mg) on
a stainless steel metal disc and irradiating for 6 hours with a Xe
lamp (300 W) emitting at wavelengths above 325 nm (Figure
S57), under a 1.5:1 CO,/H, atmosphere. P25 TiO, was also
measured as a reference material in the same conditions.
Before the tests, the MOF powders were further washed with
water and acetone to remove any trace of DMF from the pores,
and therefore any potential source of CO other than CO,
(Figures S58-60). Figure 4 shows the results of these tests,
demonstrating that all materials photoreduced CO, to CO with
a 100% selectivity. Both FA_mod-2ABA and FA_mod35-DABA
outperform FA_mod. In order to prove that the produced CO

4| J. Name., 2012, 00, 1-3

effectively derived from CO,, we performed,acontrel
experiment using FA_mod-2ABA as the cat&lysf anedP18e0L032¢0
was detected, confirming its origin was from the gaseous
stream and not the material and/or traces of solvent (Figure
S61). We note that the performance of FA_mod-2ABA is
comparable to that of P25, which is significant, given that recent
reports on gas phase CO, photoreduction using MOFs typically
point towards lower performance of the MOFs compared to
P25.29.30 Fyrther analyses on charge carrier dynamics should be
conducted to explain this improved catalytic activity.

0.8+

CO evolution rate (umol g h™)

B N &

a2 1 P |
I-

0.6
0.4
0.2
00 -
P25 FA_mod FA_mod FA_mod
2ABA 35DABA

Figure 4. Observed CO evolution rate after 6 hours of UV vis irradiation with H, as
sacrificial agent, for TiO, P25, FA_mod, FA_mod-2ABA and FA_mod-35DABA (Xe light
source, 300 W).

The ability of the defect-engineered MOFs obtained by PSDE to
function as photocatalysts was also evaluated for degradation
of the dye Rhodamine B in water. The tests were performed by
suspending 20 mg of each MOF in 20 mL of a 0.008 mM solution
of Rhodamine B in water inside a glass vial. Each MOF was
tested both in the dark and under light irradiation (visible and
365 nm UV light), keeping the suspension under vigorous
stirring (see ESI for additional details). This was done to isolate
the contribution of adsorption of the dye within the porous
structure of the MOFs from that of photocatalytic degradation.
The absorbance at 554 nm was taken as indicative of the
concentration of Rhodamine B in solution (Figures S62-64).
Figure 5 shows that FA_mod behaves exactly the same in the
dark and under irradiation, suggesting that disappearance of
the dye is purely due to adsorption. On the other hand,
FA_mod-35DABA is able to adsorb a smaller fraction of dye than
FA_mod, but its efficiency improves when irradiated, suggesting
that the dye is being photocatalytically degraded (Figure 5).
Similar results were obtained with the other defect-engineered
MOFs (Figures S65-70). NMR analysis of the recovered powders
after the tests suggests that part of the defect-compensating
groups was lost during the experiment, most likely replaced by
water/hydroxide couples (Figures S71-74). The MOFs tested
under light irradiation systematically lost more ABAs, which is
likely to be the result of combined effect of displacement by
water and prolonged exposure to light. This leaching of ABAs
from the defect/engineered MOFs could play a role in the
observed enhancement in dye removal, either by improved

This journal is © The Royal Society of Chemistry 20xx
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adsorption, due to increased porosity of the MOF, or by
increased photocatalytic activity of the free ABA released in
solution. Therefore, we ran two control experiments: one
where 15 mg of FA_mod and 5 mg of 35DABA were separately
added to the rhodamine B solution, another one where only 5
mg of 35DABA was employed (Figures S75-78). These two tests
saw very little removal of dye, suggesting that the improved
performance observed when using FA_mod-35DABA is in fact
due to photocatalytic degradation promoted by the defect-
engineered MOF.

FA_mod
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Figure 5. Evolution of the concentration of Rhodamine B in solution (expressed as C/C,,
C, = 0.008 mM) during experiments carried out in the dark (blue) and under light
irradiation (orange) using 1 mg/mL of FA_mod (top) and FA_mod-35DABA (bottom).

Conclusions

We have provided proof of concept that the band gap of the
prototypical Zr-MOF UiO-66 can be modulated through a
defect-engineering approach, introducing commercially
available amino-functionalised monocarboxylates as defect-
compensating species, both post-synthesis and by modulated
synthesis. The shrinking of the band gap in defect-engineered
MOFs mainly arises from the generation of a new HOMO,
localised on the grafted aminobenzoic acids, as shown by DFT
calculations. The defect-engineered MOFs display improved
photocatalytic properties, compared to the pristine defective
MOF containing formic acid as defect-capping species. Notably,
FA_mod-2ABA displays catalytic activity towards selective CO,
reduction to CO comparable to that of TiO, P25. The main
advantage of the defect-engineering approach is that it allows a
larger number of degrees of freedom, in terms of position and
number of amine groups, than the classical method involving
linker modification. We anticipate that the defect-engineering

This journal is © The Royal Society of Chemistry 20xx

approach could be readily applied to introduce other, functignal
groups able to absorb light and to systemBtIEANCRINGS A e
photochemical properties of the framework, thus contributing
to further expand the toolbox available to chemists to modify
the physical-chemical properties of MOFs.
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A simple defect engineering approach to systematically tune
the band gap of the prototypical zirconium-based metal-organic
framework UiO-66 is reported. Defect engineered materials
display enhanced photocatalytic activity.
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