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ABSTRACT: A near solvent-free synthetic route for Ce-UiO-66 metal-organic frameworks (MOFs) is presented. The
MOFs are obtained by simply grinding the reagents, cerium ammonium nitrate (CAN) and the carboxylic linkers, in a
mortar for few minutes with the addition of a small amount of acetic acid (AcOH) as modulator (1.75 eq, 0.1 ml). The slur-
ry is then transferred into a 1 ml vial and heated at 120°C for 1 day. The MOFs have been characterized for their composi-
tion, crystallinity and porosity and employed as heterogeneous catalysts for the photo-oxidation reaction of substituted
benzylic alcohols to benzaldaldehydes under near ultraviolet light irradiation. The catalytic performances, such as selec-
tivity, conversion and kinetics, exceed those of similar systems studied by chemical oxidation using similar Ce-MOFs as
catalyst. Moreover, the MOFs were found to be reusable up to three cycles without loss of activity. Density functional
theory (DFT) calculations were used in order to fully describe the electronic structure of the best performing MOFs and
to provide useful information on the catalytic activity experimentally observed.

Introduction

Metal-organic frameworks (MOFs) are a class of porous
crystalline materials constituted of metallic clusters and
organic linkers connected in an ordered fashion and con-
taining accessible channels to gases and solvents. They
have attracted increasing attention during the past dec-
ade due to their high porosity, stability, tunable struc-
tures and controllable surface functionalities. Therefore,
in view of potential industrial application the intensive
research on large scale and sustainable MOFs syntheses
is every day growing up."®*However, the most part of
MOFs still in their infancy stage and have not yet been
brought into the market place. In 2008, the catalysis sec-
tion at University of Oslo published UiO-66, the first zir-
conium-based MOF (Zr-MOF) reported, built from
Zrs0,(OH),>* nodes and 1,4-benzene-dicarboxylate (BDC)
linkers, which exhibits exceptional chemical and thermal
stability compared to other known MOFs.7 Furthermore,
the UiO-66 series can be tuned by partial/total linker or
node functionalization.®* A large number of Zr-MOFs
based on different clusters and with variable structure

and porosity has been recently reported.*3 At the same
time, the chemistry of Ce(IV) based MOFs has rapidly
grown because the use of Ce(IV) allows to get MOFs
isostructural to Zr- homologues with remarkable stability
and with potential interest in the field of redox and pho-
to-catalysis. Stock and co-workers reported in 2015 the
DMF synthesis of Ce-UiO-66 MOFs with several dicar-
boxylic ligands demonstrating the strong homologies be-
tween the Zr and Ce based hexanuclear clusters.* Other
topologies, based on the same building units were report-
ed later on.'>"7Finally, the syntheses of mixed Zr-Ce MOFs
and water based syntheses of Ce-MOF were recently pre-
sented.® Photocatalytic applications of MOFs have also
been widely analysed due to their semiconductor proper-
ties.’92> When a semiconductor is irradiated with energy
equal to or greater than their band gap, charge separated
states are generated, with the electrons on the valence
band (VB) excited to the conduction band (CB), leaving
positive holes (h*) in the VB. These photogenerated
charge carriers (electrons and holes) migrate separately to
the surface of the semiconductor particles and react with



surface-adsorbed substrates to promote photocatalytic
reactions.”

The rational design and modification of MOFs enables
control on the chemical and physical properties of photo-
catalysts at molecular level. So far, Silva and co-workers
firstly synthesized UiO-66-NH, by replacing H.BDC by 2-
NH.-terephthalic acid in the synthesis*> and Wu and co-
workers studied the photocatalytic selective oxidation of
alcohols to their corresponding aldehydes and reduction
of aqueous Cr(VI) utilizing this MOF as the photocata-
lyst. Following this research direction, a series of mixed-
linker Zr-based MOFs have been synthesized in one pot
reactions for the visible-light photocatalytic oxidation of
alcohol by Goh and co-workers.?+ The research on novel
efficient photocatalysts focussed our attention on cerium
based MOF. A recent paper of Gagliardi and co-authors
reported the application of Ce-MOF in photocatalysis
from a theoretical point of view.? In light of this, its fore-
cast encourages the synthesis and experimental applica-
tion in several reactions driven by light. The exchange of
metal center of MOFs does not show any effect on the
photocatalytic activity.®* In Ce-MOFs, ligand-to-metal
charge transfer (LMCT) can bring about the separation of
photogenerated charges, promoted by the low-lying emp-
ty 4f orbitals of Ce#. Another important structural varia-
tion that can be used to design a promising UiO-66(Ce)
photocatalyst, is linker functionalization.’> Combining
these ideas, herein we present a new green, solvent free,
synthetic methodology to get crystalline Ce-MOF with
several substituted dicarboxylic ligands, as well as the
electronic structure obtained by DFT calculations and the
application in photo-oxidation reaction of substituted
benzyl alcohols to aldehydes.

Results and discussion
Synthesis ad characterization

The linkers used for the synthesis of Ce-MOFs are
shown in Scheme 1. The corresponding MOFs are named
as Ce-UiO-66-X (with X = H,Br,NOz2), Ce-UiO-66-4F, Ce-
MiLi40A-4F and Ce-UiO-66-PDC.
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Scheme 1. Molecular structure of the linkers used.
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For obtaining Ce-UiO-66, a near solvent free strategy is
here proposed. This new synthesis, request a multiple
combined techniques to obtain MOFs. The first step con-
sists in an energetic grinding of the metal salts and linkers
with a small amount of acetic acid (0.1 ml, 1.75 eq), fol-
lowed by heating at temperatures comprised in the 110-120
°C range in small vials (1 mL) in a custom-made alumini-
um reactor block. Syntheses performed with larger vol-
ume vials generally lead to products with low cristallinity.
The method here presented can be considered a Liquid-

OH

Assisted Grinding (LAG) if the ratio Liquid/Solid reagents
is 0.1 or slurry if the ratio Liquid/Solid reagents is around
1, according to recent definitions in the field of solid state
syntheses of MOFs.26 The synthesis here reported is sol-
vent-free (except for washes) and it uses a low amount of
acetic acid (from 1.75 to 8.75 eq. respect to Ce) to obtain
the products, unlike recently reported works.>”>8 Besides,
to the best of our knowledge, Ce-UiO-66-Br was obtained
here for the first time. X-Ray Powder Diffraction (XRPD)
patterns (Figure 1) show the typical face-centered UiO-
66fcu phase peak positions at about 7.1° and 8.2°f 20,
which correspond to the lattice planes (1) and (002), re-
spectively. In addition to the UiO-66 phases the use of
F4-BDC also afforded the F4_MIL-140A(Ce) phase which
was recently reported via other synthetic procedures.?”
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Figure 1. XRPD patterns of the Ce-MOFs.

The N,adsorption-desorption isotherms at 77 K ob-
tained with the Ce-MOF samples are shown in Figure 2.
From the B.E.T. and t-plot analyses of the adsorption data
the specific surface area and micropore volumes were cal-
culated and reported in Table Si. The micropore volume
values indicate that all the samples are microporous. In
the case of Ce-UiO-66-H and Ce-UiO-66-PDC the mi-
cropore volumes were found to be 20 and 35% smaller
than the values of analogous MOFs reported in the litera-
ture, whereas for the MOF with the tetra-
fluoroterephthalate linker, they matches quite well with
the analogous material obtained by solvothermal synthe-
ses. 41729 This is probably due to the formation of a certain
percentage of non-porous impurities such as cerium ox-
ide, although the XRPD patterns show only the peaks be-
longing to the MOF structure. We can speculate that the
solvent very likely plays a fundamental role on the crystal-
lization process and on the formation of pores.
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Figure 2. N2 adsorption isotherms for Ce-MOFs.

Figure 3 displays the SEM images of the synthesized
MOFs. They have irregular octahedral shape with size
ranging between 30 and 150 nm, as reported in previous
studies.'+'7:29
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Figure 3. FE-SEM images of Ce-MOFs: a) Ce-UiO66-H; b)
Ce-UiO66-Br; ¢) Ce-Ui0O66-NO2; d)Ce-UiO66-4F ; e) Ce-
MIL140A-4F; f) Ce-UiO-66-PDC.

The morphology of the Ce-MIL140A-4F MOF, here ob-
served for the first time, is plate-like as in the case of the
isoreticular analogue of Zr.3° Focusing on this image, UiO
impurities are, very likely, present in the sample as small
octahedral crystals (Figure 3, e). Regarding the stability,
TGA analysis (Figure S1) shows that the weight loss of all
Ce-MOFs is the same to those already reported.'4'729

However, Ce-UiO66-H and Ce-UiO66-Br are more stable
than the other functionalized MOFs. It is known thatCe-
UiO66-4F undergoes explosive decomposition, which
leads to ejection of powder from the sample holder, as ev-
idenced by the vertical loss in the TGA curve of this
MOF.7 The same behaviour was also observed for Ce-
UiO-66-NO2 sample which exhibited a vertical drop of
mass at T higher than 250 °C. In order to detect the pres-
ence of impurities or unreacted reagents ionic chroma-
tography (IC) was also performed on digested samples.
The presence of nitrates was detected only in case of Ce-
Ui0-66-PDC sample (1.5 mmol/g). Very likely, nitrate ion
is present as counter anion of the protonated pyridine
group. FT-IR spectra are reported in Figure S2. 'H-NMR
spectra (Figure S3) were also recorded on digested sam-
ples in order to check the presence of acetic acid as mon-
ocarboxylic substituent. Notably, no AcOH was detected
in all samples suggesting that the MOFs could be defect
free. Table 1 reports the Amax and Emax values of the solid
state absorption spectra of Ce-MOFs. The spectra (Figure
S4) show a single broad absorbance band with the maxi-
mum in the near VIS region. The corresponding Eonset
provides the estimated Band-Gap values for all the sam-
ples.

Table 1. Amax, and E; . obtained from solid state ab-
sorbance measurements.

Sample Aonset Eonset Amax Emax

(nm) (eV) (nm) (eV)
Ce-UiO66-H 434 2.86 301 4,12
Ce-UiO66-Br 457 2.71 316 3,92
Ce-UiO66-NO, 420 2.95 320 3,87
Ce-UiO66-4F 458 2.71 300 4,13
Ce-MIL140A-4F | 448 2.77 305 4,06
Ce-UiO-66-PDC | 460 2.70 324 3,82

Photocatalytic tests

All MOFs were activated at 120°C for 1h before use. This
treatment was used in order to remove water molecules
on the catalyst surface, which can compete with the ad-
sorption of the substrate. At first, in order to test the cata-
lytic efficacy, the oxidation of 4-methoxybenzyl alcohol
(MeOBA) by Ce-UiO66-H (pristine) was chosen as a
probe reaction. We selected this alcohol because its redox
potential is lower than that of other benzyl alcohol deriv-
atives. The oxidation of MeOBA in ethanol (EtOH) as sol-
vent, photocatalyzed by Ce-UiO66-H and carried out un-
der 355 nm light irradiation (wavelength absorbed only by
the catalyst), produced the corresponding benzaldehyde
(Scheme 2) in quantitative yield within go min. Ethanol
proved to be an optimal solvent because it is polar
enough both to dissolve the substrate and to stabilize the
ionic intermediates known to form in the photo-oxidation
reaction (see below).The use of this solvent was possible
because it was inert to oxidation; in fact no acetaldehyde
trace was found among the products (see Supporting In-
formation). We also carried out the photocatalysis in H,O




and MeCN, but EtOH was the solvent in which the oxida-
tion of 4-methoxybenzyl alcohol was more efficient (see
Figure S8).
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Scheme 2. Photo-oxodation of MeOBA to 4-methoxy
benzaldehyde.

Oxidation experiments performed in the dark, or in the
absence of O, (under Ar), or with CAN (a potential strong
oxidant under irradiation?) instead of MOF, did not pro-
duce any product in all cases. The second step was that to
examine the substituent effect, such as Br, NO, and F, of
the BDC linker on the photo-oxidation yield of MeOBA.
As observed from the data reported in Table 2 and com-
pared to those of the pristine MOF, in case of Ce-UiO66-
NO:z: a significant lower conversion was observed, obtain-
ing quantitatively the aldehyde after 150 min. Ce-UiO66-
4F was even less reactive, producing only 2% of oxidation
product after go min. No aldehyde was detected when the
MIL-140_A analogue was employed. A possible explication
for this behavior can be due to the small pores of both F4-
BDC derivatives which do not allow an efficient diffusion
of alcohols molecules inside. A slightly higher yield than
that of pristine MOF was achieved with Ce-UiO-66-Br,
which reached the maximum value of product yield with-
in 80 min. From these results it is evident that the weak
electron-withdrawing substituents favor the photocataly-
sis. Anyway, the highest reactivity was shown by the Ce-
UiO-66-PDC MOF. Indeed, aldehyde complete conver-
sion was obtained just after 75 min, without any evidence
of the corresponding acid (see Figure S6). High selectivity
was observed in all reactions, contrary to what reported
by various previous studies,3*35 reporting that the photo-
catalysis of aromatic alcohols is often a not selective pro-
cess.3°

Table 2. Photo-oxidation of MeOBA.?

Photocatalyst tirr Alcohol® Aldehyde®
(min) (%) (%)
CAN 60 90 o
Ce-UiO-66-H¢ 90 94 o
Ce-UiO66-H 90 o 95
Ce-UiO66-Br 8o 0 94
Ce-UiO66-NO2 | 150 o 94
Ce-UiO66-4F 90 93 2
Ce-MIL140A-4F | 60 95 o
Ce-UiO-66-PDC | 75 o 94

3[MeOBA] = 1.00 x 10-2 M, [Photocatalyst] =8.25 x1 0+ M,
under Oxygen flux, with & = 355 + 20 nm. "Yields refer to

the initial amounts of substrate. The error is +5%. Exper-
iment under Argon condition.

Moreover, in our case the reaction times are in general
rather short compared to other examples of photocata-
lyzed oxidations by MOFs already reported.= All these re-
sults were rationalized with the mechanism schematized
in Scheme 3, which was formulated on the basis of that
already known for the heterogeneous photocatalysis with
titanium dioxide.3¢
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Scheme 3. Mechanism of photo-oxidation of benzylic al-
cohols with MOFs.

The first stage involves the absorption of light by the
MOF, in particular by the linker, with consequent charge
separation involving the electron located on the metal
and the positive hole on the linker."9*2> The alcohol, by
electron transfer from the aromatic ring to the positive
hole, forms the corresponding radical cation (eq. 2); this
intermediate, being more acidic than the corresponding
neutral substrate, deprotonates to 4-methoxy-a-hydroxy
benzyl radical (eq. 3), which evolves, by reaction with mo-
lecular oxygen, to the final oxidation product (eq 3, path
a).3%37 Another plausible reaction path of the radical could
be its oxidation by MOF to the corresponding 4-methoxy-
o-hydroxy benzyl cation, which leads to the formation of
aldehyde by subsequent proton loss. As regards the re-
duced metal, a back electron transfer with O, is hypothe-
sized, which regenerates the MOF in its initial oxidation
state, together with the superoxide anion (eq. 4), which
then evolves to hydrogen peroxide and oxygen in the
presence of acid (eqq. 5 and 6). ). Indeed, the hydrogen
peroxide was recovered in the reaction mixture, as de-
scribed in Supporting Information (Figure S7). Obviously,
the reaction efficiency of the hole with alcohol will be



conditioned by the rate of its recombination with the
electron to reform the initial MOF (back reaction of eq. 1).

The experimental data point out that the reactivity is
exactly the opposite of the theoretical oxidative power
(BDC-NO,> BDC-H> BDC-Br), expressed by their vacuum
aligned HOCO (highest occupied crystal orbitals) energy,
equal to —7.57, -6.73 and -6.19 eV, respectively.?> The rea-
son of this trend is rather to be sought on the effects that
influence the lifetime of the oxidizing hole. It is known
that, when Ce-MOFs are excited, the photogenerated
electrons undergo LMCT to form charge-separated states,
so preventing the rapid recombination of the photogener-
ated charges. The kinetics of this process can be related
with the LMCT energy, Eivcer, which is defined as the en-
ergy change upon transferring the photogenerated elec-
tron from the photoexcited linker orbital to the lowest
unoccupied metal orbital. This means that the substitu-
ents on the linker not only influence the oxidative ability
of MOF, but also the efficiency of separation of the pho-
togenerated charges. In particular, Eimer will be all the
more negative, i.e. the electron-hole separation will be the
more favored, as the substituent is less electron-
withdrawing. Accordingly, also the electron-hole recom-
bination rate, i.e. the competitive reaction with the pho-
to-oxidation, will slow down. Epycr values for Ce-BDC-Br,
Ce-BDC-H and Ce-BDC-NO, are -1.42, -1.43 and -1.33 eV,
respectively,® which are perfectly in line with the similar
reactivity of the first two catalysts and with the lower re-
activity of the third one. In the case of Ce-UiO-66-4F, the
presence of four electron-withdrawing substituents as
fluorine on the linker ring could increase the Epycr value,
favoring further the electron-hole recombination and this
is in agreement with the lowest reactivity observed for
this MOF.> Use of pyridine-2,5 dicarboxylates as a linker
produces a MOF (Ce-UiO-66-PDC) able to convert quan-
titatively MeOBA to the corresponding aldehyde in 75
min, a time shorter than that with Ce-BDC-Br. Reasona-
bly, the electron-withdrawing effect of nitrogen of the
pyridine could be similar to that of a bromide on a ben-
zene ring, but a contribution due to the HOCO energy
cannot be excluded.

With the aim of providing more quantitative infor-
mation on the reactivity, a systematic study was per-
formed on the photo-oxidation of a series of benzyl alco-
hol derivatives (benzyl alcohol, BA, 4-
trifluoromethylbenzyl alcohol, CF3BA, and4-chlorobenzy
alcohol, CIBA) by the best performing MOF, i.e. Ce-UiO-
66-PDC. Interestingly, the only product obtained from
the Ce-UiO-66-PDCphotocatalyzed oxidation of each al-
cohol, in oxygenated EtOH, was the corresponding ben-
zaldehyde (Table S3), as already observed for MeOBA,
proving that the process is always highly selective. All al-
cohols investigated were found to be less reactive than
MeOBA. In fact, while the complete conversion of 4-
MBOH occurred within 75 min, that of BA was quantita-
tive within 105 min. Increasing the electron-withdrawing
ability of the substituent, i.e. going from Cl to CF;, the re-
activity further decreased: after 360 min, 87% of 4-
chlorobenzaldehyde  and only 19% of 4-
trifluoromethylbenzaldehyde were formed. Thus, the re-

activity decreases with the increase of the oxidation po-
tential, which extends the range from 1.5 V for MeOBA to
2.7 V for CF3BA (oxidation potentials determined in
MeCN vs. SCE).3s These evidences lead to suppose that, on
the basis of the previously discussed photo-oxidation
mechanism (Figure 5), the electron transfer step (eq. 2) is
certainly rate determining. In addition, the reactivity of
MeOBA with Ce-UiO-66-PDC was identical to that of the
corresponding deuterated alcohol on the benzylic posi-
tion (4-OCH;-CsH,CD,OH). The lack of kinetic isotopic
effect of deuterium leads us to conclude that the slowest
step is not the radical cation deprotonation (eq. 3), but
the electron transfer step. It is interesting to compare our
results with those obtained by Shen et al,> who carried
out the photo-oxidation of some benzylic alcohols cata-
lyzed by Zr-NH,-UiO-66. Firstly, the Zr-NH,-UiO-66 sys-
tem showed much lower selectivity for the aldehyde with
electron withdrawing substituted alcohols compared with
that obtained with our MOFs. Furthermore, the reactivity
of the benzyl alcohols increased with the electron with-
drawing ability of the substituent and thus the deprotona-
tion reaction at the benzylic position as rate-determining
step was hypothesized. The different behavior may be due
to the lower reactivity of our catalyst compared to that of
Shen. Anyway, to rationalize the diverse oxidative reactiv-
ity of the two systems is complex, considering the many
factors involved in heterogeneous photocatalysis.

Recycling attempts, up to three times, were carried out
by using Ce-UiO-66-PDC in the photo-oxidation reaction
of MeOBA. After each reaction, the catalyst was separated
from the reaction mixture by filtration, washed with
CH.CL,, heated at 100°C for 1h in order to remove CH2Cl2
and then washed again with H,Oand, finally, dried under
vacuum at room temperature. For each cycle, X-ray dif-
fraction patterns were collected (Figure Ss). The photo-
catalyst showed to be successfully recyclable; indeed, after
75 min, the aldehyde yield was of 98% after each photo-
oxidation. On the basis of these results, we can state that
the MOF is subject to low leaching phenomena, covering
of the active phase or sintering, despite not having been
subjected to any treatment between one use and an other.
Release of Ce in solution was investigated using Induc-
tively Coupled Plasma spectroscopy (ICP-OES). The re-
sults reported in Table S4 show that Ce leaching after
three photocatalytic experiments is very low.

Theoretical calculations

To gain insight into the electronic and optical proper-
ties of these materials, DFT simulations have been carried
out to evaluate the density of states (DOS) of Ce-UiO-66-
H and Ce-UiO-66-PDC. Following a similar approach
proposed by Truhlar and cooworkers,® the electronic
properties were simulated with the HSEo6 hybrid func-
tional as implemented in VASP program package3®3° (see
Supporting Information for theoretical details). As already
reported HSEo6 nicely reproduces band gaps of various
functionalized UiO-66(Zr) showing quantitative agree-
ment with the experimental values.*° For Ce-UiO-66-H,we
calculated a band gap of 2.99 while for Ce-UiO-66-PDC
we obtain a value of 2.79 eV in excellent agreement with



the absorption onset (Aonset) Teported in Table 1. As we can
see from the DOS analysis in Figure 4, the organic mole-
cules mainly contribute to valence band (VB) states while
the CB is mainly constituted by the Ce states. To compare
the relative VB and CB energy levels, the Ce-UiO-66-
Hand Ce-UiO-66-PDC DOS was aligned to the Ce signal
present at around -15 eV and were set to zero at the Ce-
UiO-66-HHOMOlevel.Interestingly,wefound that the de-
creasing of the band gap found for Ce-UiO-66-PDC is es-
sentially related to an upshift of VB of about 0.2 eV due to
the presence of an additional band associated to the to
the pyridine states (see in Figure 4b the N contribution in
blue). In particular, while for Ce-UiO-66-Hwe found one
main intense band at the VB edge, for Ce-UiO-66-PDC we
observe two different bands: one at around -0.1 eV charac-
terized by the C and O contribution and one at 0.2 eV
showing the contribution of N, O and C. As a matter of
fact, in the Ce-UiO-66-PDC system the pyridine moiety
introduces an additional occupied band that is responsi-
ble of the upshift of the VB leading to the decreasing of
the band gap.
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Figure 4. DOS analysis of (a) Ce-UiO-66-H and (b) Ce-

UiO-66-PDC in black. Separated contribution of the

atomic species to the DOS are also reported in gray (Ce),

red (O), green (C) and blue (N).

Conclusions

In summary, a new quick and easy synthetic solvent-
free methodology for obtaining Ce-UiO-66 MOFs is here
presented. The procedure makes use of a very small

amount of acetic acid as modulator and no further sol-
vents are needed. The MOFs were obtained by using dif-
ferent substituted BDC linkers and pyridine dicarboxylic
acid. Their optical properties were investigated both from
the theoretical and the experimental point of view. The
effect of band-gap shift of the materials upon near UV
light is due to the molecular structure of the linker which
induced different charge separation states referred to
LMCT. The MOFs display good photocatalytic properties
towards the photo-oxidation of substituted benzylic alco-
hols to aldehydes. The activity of the photocatalytic sys-
tems depends on the electron withdrawing effects of the
aromatic substituent. Further investigation will be devot-
ed to fine tuning the band gap of the Ce-MOFs by choos-
ing appropriate linkers for other key reactions to be test-
ed upon photoirradiation.
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