
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/9
/2

02
5 

3:
43

:4
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Visible light med
aDepartment of Chemistry, University of Delh

chemistry.du.ac.in; Web: https://people.du.
bDepartment of Chemistry, Indian Institute

† Electronic supplementary information
2288469. For ESI and crystallographic dat
DOI: https://doi.org/10.1039/d4sc04105d

Cite this: Chem. Sci., 2024, 15, 18952

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 21st June 2024
Accepted 13th October 2024

DOI: 10.1039/d4sc04105d

rsc.li/chemical-science

18952 | Chem. Sci., 2024, 15, 18952–
iated photocatalysis by lanthanide
metal–organic frameworks: enhanced specificity
and mechanistic insights†
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and Rajeev Gupta *a

The utilization of earth-abundant photosensitizers with visible light absorption to enable sustainable

photocatalysis is a long-standing challenge. Overcoming such a challenge, in this work, two lanthanide

(Ln3+ = Tb, Eu) based metal–organic frameworks (Ln-MOFs) have been synthesized utilizing a Co3+-

based metalloligand. Both Ln-MOFs function as remarkable photocatalysts for the selective oxidation of

assorted alcohols and sulfides to their corresponding aldehydes/ketones and sulfoxides using visible

light. The photophysical behavior of both Ln-MOFs and mechanism of photocatalysis is comprehensively

investigated using time-resolved transient absorption spectroscopy, electrochemical impedance

spectroscopy, electron paramagnetic resonance spectroscopy, photoluminescence and

phosphorescence studies. In both Ln-MOFs, a metalloligand acts as a light-harvester, being excited by

visible light, while Ln3+ ions endow the resulting MOFs with long-lived triplet excited states. Ultrafast

transient absorption spectroscopy, further supported by electron paramagnetic resonance spectra,

revealed excited-state electron transfer from metalloligands to the Ln3+ ions and transient generation of

Ln2+ sites alongside the facilitation of intersystem crossing. The excited Ln2+ ions transfer energy to the

ground-state triplet oxygen (3O2) to generate singlet oxygen (1O2). The HOMO–LUMO positions of both

Ln-MOFs support the generation of cO2
− and 1O2 but inhibit strongly-oxidizing yet non-selective cOH

radicals. Scavenger experiments, 1O2 traps and electron paramagnetic resonance spectra confirmed the

generation of singlet oxygen. The heavy-metal effect of a lanthanide ion in Ln-MOFs for the generation

of triplet excitons is confirmed by the synthesis of a non-heavy-metal analogue involving a zinc ion via

a single-crystal-to-single-crystal transformation strategy. The present results are noteworthy and may

aid in the development of other earth-abundant metalloligand-based photocatalysts for challenging yet

sustainable catalysis.
Introduction

Solar energy has emerged as a promising alternative to
conventional fossil fuels and signicant efforts are being made
to utilize this sustainable source for myriad applications
including chemical synthesis.1–3 Among various visible-light
catalyzed reactions, selective oxidation of organic compounds
is immensely important.4,5 However, most common organic
compounds do not absorb light in the visible region, which
accounts for nearly 47% of the solar spectrum.6–8 This has
signicantly restricted the direct utilization of visible light in
organic transformations.6–8 However, this challenge has also
i, Delhi 110 007, India. E-mail: rgupta@

ac.in/∼rgupta/
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a in CIF or other electronic format see

18968
opened new avenues and approaches to design and develop
suitable catalysts to enable the use of visible light to drive
chemical reactions.1–3,9–14 One such approach is to activate
a target reaction via charge-transfer catalysis mediated by
a photosensitizer.8,15,16 Typical photosensitizers include conju-
gated organic molecules; metal oxides, suldes and phos-
phides; and coordination and organometallic complexes.15–20

Previously, polypyridyl complexes of ruthenium and iridium
have been extensively used as visible-light photosensitizers for
several photochemical reactions due to their absorption in the
visible region and superior excited-state lifetimes.17–23 Despite
remarkable achievements, progress is still limited with such
photocatalysts due to the use of precious metals, homogeneous
nature of catalysis, and limited reusability.21–24 From a sustain-
ability perspective, immobilization of such photocatalysts into
solid materials to develop heterogeneous catalysts has also been
explored but with limited success.25–28

Metal–organic frameworks (MOFs) have attracted signicant
interest as they offer several notable features including
© 2024 The Author(s). Published by the Royal Society of Chemistry
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a chemically stable and thermally robust network, high crys-
tallinity, high porosity, large surface area and architectural
manoeuvrability.29–33 As a result, MOFs have been designed and
developed for various notable applications including heteroge-
neous catalysis.34 The metalloligand strategy has also been
effectively utilized for the design of diverse architectures
including MOFs.35–38 A metalloligand allows the incorporation
of a desired metal ion that may facilitate light absorption in the
visible region of the solar spectrum.39–41 Such a strategy may
enable a metalloligand to act as a light harvester in the resultant
MOF.35–41 In contrast, use of an organic ligand(s) in a MOF oen
lacks this feature.42 An efficient photocatalyst is typically
composed of a photosensitive unit for light harvesting and an
active site for a potential catalytic reaction. Metalloligand-based
molecular architectures full both these roles well.35–41 While
a metalloligand may act as a light harvester (i.e. photosensi-
tizer), the secondary metal ion(s) may function as the catalytic
site.43 Importantly, the electronic structure of the resultant
architectures can be manipulated by the selection of (i) the
primary metal ion in a metalloligand; (ii) the associated
ligand(s) in a metalloligand; and (iii) the secondary metal
ion(s).35–38

Only a handful examples of metalloligand-based photo-
catalytic molecular architectures are available in the litera-
ture.44,45 The majority of such examples have utilized
photosensitizers that are based on precious metals, such as
ruthenium and iridium.43–45 Furthermore, most of these exam-
ples have been utilized either for CO2 reduction43 or dye
degradation.43–45 Very rarely have such architectures been
utilized for visible-light mediated organic transformations.46,47

In these cases, such molecular architectures function as semi-
conductor photocatalysts.43–45

Typically, in a semiconductor photocatalysis, a catalyst is
activated by light, generating energetic electrons and
holes.15,16,48 Such species can initiate oxidation and reduction
reactions to form a series of reactive oxygen species (ROS), such
as a superoxide radical (cO2

−), hydroxyl radical (cOH) and
singlet oxygen (1O2).1–3,48 Together with the photogenerated
holes (h+), such ROS can initiate various photocatalytic
reactions.4,9–16,48 In well-documented photocatalytic degrada-
tions, photogenerated holes and hydroxyl radicals are the major
yet non-selective oxidants with the potential to mineralize
organic compounds into simpler products such as CO2, N2,
H2O, etc.4,37 Similarly, such potent oxidants can also cause non-
selective oxidation of organic substrates; although with signif-
icantly lower yield and selectivity of the desired product.
Selective oxidation can only be accomplished with milder ROS,
such as cO2

− and 1O2.4,9 Therefore, the precise control over the
generation of ROS is critical for the desired photocatalytic
organic transformation. The selective oxidation of alcohols to
aldehydes and ketones is an important organic trans-
formation.49,50 A large number of both natural and synthetic
products, pharmaceuticals and drugs contain carbonyl groups,
thus emphasizing their signicance.49,50 Sulfoxidation is an
equally appealing reaction in organic synthesis, with the
desulfurization of fossil fuels and disposal of S-based chemical
warfare agents being some of the notable categories.51,52
© 2024 The Author(s). Published by the Royal Society of Chemistry
Utilizing semiconductor photocatalysis, there are two path-
ways for the generation of charge carriers.1–3,48,53,54 The type-I
process relies on electron transfer to generate ROS (cOH, cO2

−

and 1O2).1–5,48 In contrast, the type-II pathway is based on energy
transfer from triplet state excitons to molecular oxygen (3O2) to
generate the singlet oxygen (1O2).53,54 Besides the lower oxida-
tion potential of a photocatalyst, the formation of triplet state
excitons is a prerequisite for the generation of 1O2.53,54 Such
a pathway can be achieved either by incorporating heavy atoms
(e.g. Bi, I, Se) or by incorporating lanthanide metals that are
known for their long triplet state lifetimes.53–55 Taking these
critical points into consideration, in this work, a Co3+-based
metalloligand 1, offering appended arylacrylate groups, has
been utilized for the synthesis of lanthanide-based MOFs (Ln-
MOFs), 1-Tb and 1-Eu. Both structurally characterized Ln-
MOFs act as semiconductor photocatalysts and support visible
light-driven selective oxidation of alcohols and suldes. Tran-
sient absorption and EPR spectroscopy show electron transfer
from the light harvesting metalloligands to the Ln3+ ions,
generating active Ln2+ sites that function as reaction centers.
Photoluminescence and phosphorescence studies validate the
intersystem crossing. The triplet state excitons facilitate the
exclusive generation of singlet oxygen (1O2), which results in
selective oxidation reactions. The photocatalysis results are
corroborated by band gap energy calculations and various
mechanistic studies, including with a Zn-analogue of 1-Tb that
supports the heavy-metal effect of a lanthanide ion in a Ln-
MOF. To the best of our understanding, this work not only
provides an excellent substrate scope for catalysis but also
comprehensive mechanistic details of the entire photocatalytic
process.

Results and discussion
Synthesis and characterization of Ln-MOFs

The two Ln-MOFs, 1-Tb and 1-Eu, were synthesized by the
reaction of a Co3+-based metalloligand 1 (Fig. S1–S9, ESI†),
bearing four appended arylacrylate groups, with a Ln(OTf)3 salt
(Ln = Tb, Eu) (Fig. 1). Energy dispersive X-ray (EDX) spectros-
copy established the elemental compositions of both Ln-MOFs
(Fig. S10, ESI†). X-ray photoelectron spectroscopy (XPS) analysis
also showed the presence of Tb3+ and Eu3+ ions in 1-Tb and 1-
Eu, respectively, while further conrming the presence of Co3+

ions in both MOFs. Additionally, XPS studies revealed that the
binding energies of Co2p3/2 and Co2p1/2 were approximately the
same before and aer the coordination of the Ln3+ ions. Such an
observation shows that the oxidation state of the Co ion (+3)
remains unaltered in both the metalloligand and Ln-MOFs
(Fig. S11–S13, ESI†). Single crystal X-ray diffraction studies
revealed that both Ln-MOFs crystallized in a triclinic cell with
the P�1 space group (Tables S1–S5, ESI†). The asymmetric unit of
the two Ln-MOFs is composed of one metalloligand, one Ln3+

ion, one coordinated DMSO and two/three coordinated water
molecules (Fig. S14, ESI†).56 Both MOFs exhibited a very similar
structure in which a Ln3+ ion is coordinated by two carboxylate
groups originating from two different metalloligands, one
DMSO and two/three water molecules. In the case of 1-Tb,
Chem. Sci., 2024, 15, 18952–18968 | 18953
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Fig. 1 Synthetic routes and crystal structures of Ln-MOFs 1-Tb and 1-Eu. Conditions: I=NaH, DMF; II=Co2+ salt, O2; III=OH−; IV= Tb3+ salt; V
= Eu3+ salt.
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a combination of metalloligands and Tb3+ ions generate 1D
chains that are connected via Oamide groups, stemming from
another metalloligand, to form a double chain. Such double
chains are further joined through assorted H-bonds involving
Oamide groups of metalloligands and lattice water molecules.
The resultant architecture presented large cavities with
dimensions of 12.4 × 10.8 Å2. However, in the case of 1-Eu, two
parallel 1D chains are connected together by Ocarboxylate groups,
forming a double-chain structure. The resultant architecture
offered large cavities (13.2 × 18.7 Å2). In both Ln-MOFs, while
two arylacrylate groups coordinate with the Ln3+ ions, the other
two remained protonated and uncoordinated.

The presence of large cavities in both Ln-MOFs suggests
their porosity, which was substantiated by N2 sorption experi-
ments. The Ln-MOFs, 1-Tb and 1-Eu, exhibited BET surface
areas of 42 and 76 m2 g−1, respectively (Fig. S17, ESI†),
Fig. 2 (a) Diffuse reflectance spectra of 1-Tb (green trace) and 1-Eu (red
Schottky plots for (c) 1-Tb and (d) 1-Eu at two different frequencies; 0.5 k
Tb and 1-Eu depicting HOMO–LUMO positions versus NHE.

18954 | Chem. Sci., 2024, 15, 18952–18968
consistent with their cavity dimensions.57 The PXRD patterns of
the as-synthesised samples matched very well with the patterns
simulated from the single crystal diffraction analyses, indi-
cating phase purity of the bulk samples (Fig. S18, ESI†). The
diffuse reectance spectra (DRS) of 1-Tb and 1-Eu exhibited
absorptions at ca. 620–625 and ca. 425–433 nm (Fig. 2a). The
Mott–Schottky plots for both Ln-MOFs show positive slopes at
two different frequencies (Fig. 2c and d). This is consistent with
the behaviour of a typical n-type semiconductor.58 For 1-Tb, the
conduction band position (LUMO), determined from the
intersection, was −0.94 V versus NHE. The valence band
(HOMO) was then calculated to be 1.31 V versusNHE. Therefore,
the band gap energy of 1-Tb was found to be 2.25 eV from the
Tauc plot using the direct method (Fig. 2b).59 Similarly, the
band gap energy for 1-Eu was found to be 2.30 eV while the
LUMO and HOMO potentials were −1.09 and 1.21 V,
trace). (b) Tauc plots for 1-Tb (green trace) and 1-Eu (red trace). Mott–
Hz (pink spheres) and 1.0 kHz (brown spheres). (e) Energy profiles for 1-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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respectively (Fig. 2b–d). The band gaps for both Ln-MOFs were
also tted using the indirect band gap model as illustrated in
Fig. S19, ESI.†,59 The resulting indirect band gaps for both Ln-
MOFs were very close (±0.02) to those calculated using the
direct model. These parameters suggest adequate light
absorption and electron–hole separation ability of both Ln-
MOFs upon visible-light irradiation.48 Based on these results,
energy proles of both 1-Tb and 1-Eu are proposed in Fig. 2e.
The band gap positions potentially point toward the generation
of superoxide (cO2

−) radicals and not hydroxyl (cOH) radicals
upon visible light absorption (vide infra).4,9 These results
suggest that the present Ln-MOFs could be utilized for visible-
light-driven photocatalysis.

Photocatalytic alcohol oxidation

O2 activation is a critical step in O2-mediated oxidation reac-
tions.49,50 To investigate the ability of two Ln-MOFs in O2 acti-
vation, 1-Tb was employed as a model catalyst for the oxidation
of benzyl alcohol. 1-Tb efficiently promoted the oxidation of
benzyl alcohol to benzaldehyde under visible light irradiation in
the presence of air in water at 20(±1) °C. Notably, benzoic acid
was not detected, even when the reaction was allowed to run for
a longer duration. This reaction provided good evidence for the
selective photo-oxidative behaviour of Ln-MOFs.

Subsequently, the reaction conditions were optimized taking
benzyl alcohol as amodel substrate while catalytic reactions were
performed in water under visible light irradiation (Table 1). 1-Tb
acted as an efficient and selective photocatalyst by only
producing benzaldehyde (1a; Scheme 1, vide infra) with >99%
isolated yield within 15 min (entry 1, Table 1). This reaction
provided a turnover number (TON) of 279 and a turnover
Table 1 Control and optimization experiments for the photocatalytic
oxidation of benzyl alcohol

Entrya Reaction parameters Isolated yield (%)

1 1-Tb, O2, 15 min >99
TON = 279
TOF = 19 min−1

2 1-Eu, O2, 20 min >99
3 No catalyst, O2, 60 min NR
4 1-Tb, O2, no light, 60 min NR
5 1-Tb, O2, 60 °C, no light, 30 min 6
6 1-Tb, O2, sunlight, 30 min 98
7 1-Tb, N2, 30 min NR
8 1-Tb, air, 15 min 68
9 1, O2, 30 min NR
10 1-Tb, O2, NaN3, 15 min 12
11 1-Tb, O2, isopropyl alcohol, 15 min 98
12 1-Tb, O2, p-benzoquinone, 15 min 84

a Reaction conditions: benzyl alcohol (0.92 mmol), photocatalyst
(1 mol%), water (2 mL), temperature (25 °C). TON = molbenzaldehyde ×
mol1-Tb

−1; TOF = TON/15 min. NR = No reaction.

© 2024 The Author(s). Published by the Royal Society of Chemistry
frequency (TOF) of 19 min−1. The Eu-analogue, 1-Eu, also
resulted in the quantitative oxidation of benzyl alcohol (entry 2).
The photocatalytic nature of the oxidation reaction was estab-
lished by a series of control experiments (Table 1). Reaction
without a photocatalyst (entry 3) or in the absence of visible light
under otherwise identical conditions (entry 4) did not produce
any benzaldehyde. These reactions conrm the photocatalytic
nature of the transformation.37 To rule out the possibility of
a thermal reaction, catalysis was attempted at elevated temper-
ature (60 °C) but without any light source. Such a reaction only
resulted in a negligible amount of a product (entry 5), conrming
that the oxidation of benzyl alcohol is exclusively driven by the
visible light.49 The photocatalytic reaction was also performed
using sunlight as the irradiation source and a nearly quantitative
yield was obtained (entry 6). This illustrates that sunlight can be
conveniently used for the oxidation reaction. As expected, no
product was produced in the absence of O2 (entry 7), while the
presence of air reduced the benzaldehyde yield (entry 8).
Importantly, metalloligand 1 did not promote the photocatalytic
oxidation of benzyl alcohol (entry 9; vide infra). The 1-Tb cata-
lyzed oxidation of benzyl alcohol was used to investigate the
reaction kinetics.16 A plot of ln(Ct/Co) versus time revealed rst-
order kinetics with a rate constant of 9.27 × 10−2 min−1

(Fig. 3a and S20, ESI†).37 A high-rate constant conrms a fast
photocatalytic reaction. It can be noted that rate constants have
rarely been calculated for photocatalytic reactions;15,16 while rate
constants using external oxidants (e.g. H2O2) are inferior to that
of the present Ln-MOFs.4,5,15,16

To investigate the nature of the ROS involved in the oxida-
tion of benzyl alcohol, different scavengers were used. The use
of NaN3, isopropyl alcohol and para-benzoquinone are known
to specically inhibit the generation of 1O2, cOH and cO2

−,
respectively.37,60 The oxidation of benzyl alcohol was signi-
cantly suppressed by the use of NaN3 (<12% isolated yield, 88%
inhibition, entry 10). Meanwhile, the presence of isopropyl
alcohol (.OH scavenger) did not affect the oxidation of benzyl
alcohol (entry 11), and the use of para-benzoquinone (cO2

−

scavenger) only partially inhibited its oxidation (entry 12). These
results suggest that 1O2 is the primary ROS involved in the
photocatalytic oxidation of benzyl alcohol (vide infra).

To further conrm the generation of 1O2 by light irradiation,
a few 1O2 selective probes, such as 9,10-dimethylanthracene
(DMA) and 1,5-dihydroxynapthalene (DHN) were utilized.49,61

The intense uorescence of DMA, at 427 nm, was signicantly
quenched in the presence of 1-Tb under visible light irradiation.
This indicates that DMA was oxidized by 1O2 to endoperoxide,
DMA-O2 (Fig. 3b).49 Likewise, the absorbance of DHN at 301 nm
was decreased upon exposure to visible light in the presence of
1-Tb. Furthermore, a new band was generated at 420 nm due to
the photooxidative depletion of DHN to form 5-hydroxy-1,4-
napthalenedione (juglone) on reaction with 1O2 (Fig. 3c).61

These results corroborate the generation of 1O2 as the
predominant ROS. The kinetics were studied by monitoring the
change in the absorption peak of juglone at 420 nm, and the
rate constant was calculated to be 0.0542 min−1 (Fig. S21, ESI†).
The calculated rate constant is higher than that observed for
other common photocatalysts reported in the literature (Table
Chem. Sci., 2024, 15, 18952–18968 | 18955
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Scheme 1 Substrate scope for the photocatalytic oxidation of assorted alcohols and a scale-up reaction. Reaction conditions: substrate (0.92
mmol), 1-Tb (1 mol%), H2O (2 mL), temperature (25 °C). All yields are for the isolated products. The characterization data and the corresponding
spectra for the representative products are presented in Fig. S22–S84, ESI.†
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S6, ESI†).61 This indicates superior capacity of the present Ln-
MOFs for generating 1O2. Finally, a very high concentration of
1O2, based on 1-Tb was calculated to be ca. 84 mM.
18956 | Chem. Sci., 2024, 15, 18952–18968
Since radical scavenger experiments suggest that species
other than 1O2 could also be involved in substrate oxidation, we
investigated whether other ROS (cOH and cO2

−) are also formed
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04105d


Fig. 3 (a) Plot of ln(Ct/Co) vs. time for the photo-oxidation of benzyl alcohol. (b) Emission spectrum for the quenching of 9,10-dimethylan-
thracene under visible-light irradiation at different times (0–65 min at an interval of 5 min). (Inset) A chemical reaction forming 9,10-dime-
thylanthracene-9,10-endoperoxide. (c) Absorption spectrum for the generation of 5-hydroxy-1,4-napthalenedione under visible-light irradiation
at different times (0–55min at an interval of 5 min). (Inset) A chemical reaction of 1,5-dihydroxynapthalene and 1O2. (d) Emission spectrum for the
proposed generation of 7-hydroxycoumarin under visible light irradiation at different times (0–100 min). (Inset) A chemical reaction between
coumarin and the cOH radical. (e) Absorption spectrum for the decay of NBT-MF under visible-light irradiation at different times (0–40min at an
interval of 5 min) and a reaction between cO2

− and holes to form 1O2. (Inset) Absorption spectrum for the formation of NBT-MF from NBT under
visible-light irradiation at different times (0–60min at an interval of 5 min) and a chemical reaction between NBT and cO2

− to formMF. (f) X-band
EPR spectra under dark conditions (grey trace) and visible-light irradiation at different times (brown and blue traces). All studies are in the
presence of 1-Tb.
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in good quantities. Coumarin is particularly helpful for identi-
fying cOH radicals as it forms 7-hydroxycoumarin, which is
emission active.37,62 However, insignicant emission enhance-
ment was noted, suggesting that the hydroxyl radicals are not
the primary oxidant in the present case (Fig. 3d). This is further
supported by the fact that the HOMO potentials for both Ln-
MOFs are not sufficiently positive (EVB: 1-Tb = 1.31 V, 1-Eu =

1.21 V) to support the generation of a highly active yet non-
selective oxidant, cOH [E(cOH/OH−) = 1.89 V vs. NHE] (Fig. 2e).9

The scavenger nitro-blue tetrazolium (NBT) is exclusively
selective for cO2

−.37,62During the course of reaction for 60min in
an O2 saturated environment, a prominent absorption band was
© 2024 The Author(s). Published by the Royal Society of Chemistry
observed at 530 nm due to the formation of NBT-formazan. A
spectral titration allowed the calculation of the concentration of
cO2

− radicals, which was found to be ca 6 mM (Fig. 3e, inset).
Importantly, however, the concentration of NBT-formazan
species decreased rapidly. This suggests two possibilities;
either consumption of cO2

− radicals or conversion of cO2
−

radicals into some other species (Fig. 3e). The consumption of
cO2

− radicals is ruled out in the absence of any suitable reac-
tant. However, cO2

− radicals are known to react with holes (h+)
to form 1O2.4,62 In fact, the generation of 1O2 is certainly
conceivable in the present case as per the energy prole (cf.
Fig. 2e).
Chem. Sci., 2024, 15, 18952–18968 | 18957
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In essence, the proposed mechanism for the oxidation of
benzyl alcohol is consistent with the activation of O2 to
primarily produce 1O2 (ca. 84 mM) along with the limited
generation of cO2

− (ca. 6 mM) under visible light irradiation. The
band gap energies for both Ln-MOFs (1-Tb: 2.25 eV, 1-Eu: 2.30
eV) are ideal, favouring a facile generation of the mild oxidant,
1O2, while inhibiting the generation of a stronger but non-
selective oxidant, cOH. To further provide evidence for the
generation of ROS, electron paramagnetic resonance (EPR)
spectra were recorded under visible light irradiation. Upon
visible light irradiation, a sharp EPR spectral signal was detec-
ted at g = 2.004 (DH = 4 G), supporting a radical-based-
intermediate (1O2/cO2

−) (Fig. 3f).62

Of the two MOFs, 1-Tb catalyzed the oxidation of benzyl
alcohol in a shorter span of time, therefore acting as a better
photocatalyst (entries 1 and 2, Table 1). Therefore, 1-Tb was
used to explore the substrate scope by attempting the oxidation
of assorted alcohols. Various mono- (1b–1l), di- (1m) and even
tri-substituted (1n) benzyl alcohols were quantitatively oxidized
with exclusive selectivity for an aldehyde (Scheme 1). The type
and nature of a substituent(s) on an aromatic ring did not play
a signicant role in the reaction outcome, since all corre-
sponding products were obtained in nearly quantitative yields.
These results strongly suggest a radical mediated catalytic
pathway. However, substrates bearing electron-donating groups
required a slightly longer time for the completion of a reaction
when compared to the substrates with electron-withdrawing
groups.49 Similarly, o-substituted benzyl alcohol (1i) needed
a longer duration than that of m- and p-isomers (1j and 1k),
most probably due to the steric hindrance.63

Substrates bearing multiple aromatic rings such as 4-
biphenylmethanol and 2-napthylmethanol were successfully
oxidized providing the corresponding aromatic aldehydes in
excellent yields (1o, 1p). Likewise, dihydroxy substrates, such as
hydrobenzoin and 1,3-phenylenedimethanol, were also effi-
ciently oxidized to their corresponding carbonyl compounds in
quantitative yields (1q, 1r). On photocatalytic oxidation of cin-
namyl alcohol (allylic alcohol), the desired a,b-unsaturated
aldehyde was obtained in 96% yield (1s), thus highlighting the
chemoselectivity.63 Notably, aliphatic alcohols, such as
undecane-1-ol and morpholinomethanol, also afforded the
desired aldehydes (1t, 1u) in high yield and exclusive selectivity.
These examples justify the present Ln-MOFs as effective pho-
tocatalysts for the oxidation of aliphatic alcohols. It is signi-
cant that the selective oxidation of aliphatic alcohols has
seldom been reported as controlling their over-oxidation is
particularly challenging.64

In order to further expand the substrate scope, the oxidation
of secondary aliphatic alcohols was attempted. For example,
both 1,7,7-trimethylbicyclo[2.2.1]heptan-2-yl)methanol and
octan-2-ol yielded the corresponding ketones in high yields (1v,
1w). The oxidation of heteroaromatic alcohols such as 3-pyr-
idinemethanol, furan-2-ylmethanol, 5-nitrofuran-2-ylmethanol
and (5-(3-chloro-4-methoxyphenyl)-furan-2-yl)methanol also
afforded the expected aldehydes in excellent yields (1x-1aa).
Collectively, a broad range of both primary and secondary
alcohols were exclusively oxidized to their corresponding
18958 | Chem. Sci., 2024, 15, 18952–18968
aldehydes and ketones. In order to illustrate the oxidation of
challenging substrates, a few steroid-based aliphatic alcohols
such as 20a-hydroxysteroid progesterone, 17b-estradiol and 3a/
b-androstanediol were employed.63 Notably, in all three cases,
the corresponding products were obtained in excellent yields
(1ab-1ad). Finally, considering a straightforward process,
a gram scale reaction was performed. With 1 g of benzyl alcohol,
the reaction took longer (2 h), but an exclusive and quantitative
amount of benzaldehyde was obtained (0.95 g; 97%), thus
demonstrating a remarkable catalytic performance of Ln-MOFs
(Scheme 1).

Although a few reports in the literature mention the use of
nanoparticles and composite-materials for the selective oxida-
tion of alcohols,49 very few MOFs are known to be successful for
this reaction.55,65 Importantly, the photocatalytic efficiency of
the present Ln-MOFs for alcohol oxidation is far superior to that
of most of the previously reported MOFs and composite mate-
rials (Table S7, ESI†). More importantly, the reported examples
lack a detailed substrate scope and mechanistic investigations
(vide infra).49,55,56,65

In the present catalytic system, the oxidation of an alcohol is
predominantly associated with the action of 1O2, as suggested
by the scavenger studies. Based on these ndings, a plausible
mechanism is proposed in Fig. S85, ESI.† Upon visible light
irradiation, a Ln-MOF gets photoexcited followed by the sepa-
ration of an electron and a hole. The photo-electron activates O2

to 1O2 which oxidizes benzyl alcohol to a benzyloxy radical (I)
that rearranges to a carbon-centred radical (II).65 The species II
subsequently reacts with cOOH to form a peroxy hemiacetal (III)
which decomposes to give benzaldehyde as the nal product
and hydrogen peroxide (H2O2) as a by-product. Importantly, the
by-product H2O2 was conrmed using UV-Vis spectral moni-
toring of triiodide ions using an aqueous solution of KI
(Fig. S86, ESI†).66 More importantly, H2O2 was quantitively
estimated by titrating it against a KMnO4 solution that provided
its concentration as 2.68 mM.67 Considering that H2O2 could
also be a potential oxidant, a control experiment involving gallic
acid as an H2O2 scavenger was carried out.68 Notably, however,
the quantitative oxidation of benzyl alcohol to benzaldehyde
was noted in the presence of gallic acid. This conrms that the
photocatalytic oxidation of benzyl alcohol does not depend on
in situ formed H2O2.
Reusability experiments

To establish the recyclability and long-term stability of Ln-
MOFs, the photo-oxidation of benzyl alcohol, as a model
substrate, was carried out using 1-Tb, as a representative cata-
lyst. Aer the reaction, 1-Tb was recovered using a centrifuge,
washed three times with water, and reused for the photooxi-
dation of a fresh batch of benzyl alcohol. Notably, 1-Tb, as
a catalyst, was reused for een consecutive cycles. While there
was negligible change in product yield during the rst ten
cycles, a slight decrease (2–4%) was observed between the 12th
and 15th cycles (Fig. S87, ESI†). However, complete selectivity
was maintained throughout all 15 cycles. Furthermore, both the
FTIR spectra and PXRD patterns of the recovered catalyst did
© 2024 The Author(s). Published by the Royal Society of Chemistry
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not exhibit any signicant change compared to the as-
synthesized 1-Tb, indicating its stability and recyclability as
a heterogeneous photocatalyst (Fig. S88 and S89, ESI†). Addi-
tionally, both SEM and optical images of the recovered sample
did not show any obvious change compared to those of as-
synthesized 1-Tb indicating preservation of its surface
morphology (Fig. S90, ESI†). These results conrm the
remarkable stability and recyclability of Ln-MOF photocatalysts
that can serve as potential candidates for commercial processes.
Photocatalytic sulde oxidation

The outstanding photocatalytic oxidation of assorted alcohols
inspired us to extend the photocatalysis to other substrates such
as suldes. Oxidation of suldes is signicant in many elds
including organics and pharmaceuticals, petroleum products
and environmental remediation.51,52 Initially, photocatalytic
oxidation of thioanisole was chosen as a model reaction to
optimize the reaction conditions. Thioanisole was quantita-
tively oxidized to methylphenyl sulfoxide (2a; Scheme 2) with
100% selectivity, 242 TON and 16 min−1 TOF under visible light
irradiation in MeOH in the presence of 1-Tb as a catalyst. The
type and nature of the solvent had a signicant impact on the
catalytic outcome (Table S8, ESI†). In the presence of an aprotic
solvent (e.g. DMF, MeCN, THF), the isolated yield was low (60–
80%). A polar protic solvent (such as H2O) resulted in a higher
product yield (84%); however, quantitative oxidation was noted
Scheme 2 Substrate scope for the photocatalytic oxidation of assorted
oethyl-ethyl-sulfide (CEES). Reaction conditions: substrate (0.80 mmol),
isolated products. The characterization data and the corresponding spe

© 2024 The Author(s). Published by the Royal Society of Chemistry
in MeOH and EtOH.51,52 Importantly, in all cases, irrespective of
the reaction duration and/or solvent used, only sulfoxide was
obtained without any trace of undesired sulphone.

1-Tb exhibited a good substrate scope with very high yield for
most of the suldes. Photooxidation of diphenylsulde,
dibenzylsulde and their substituted analogues bearing both
electron-withdrawing and electron-donating groups produced
the corresponding sulfoxides in excellent yields (2b–2f). A nearly
quantitative yield was obtained for the photooxidation of tet-
rahydrothiophene (2g), a cyclic sulde. Importantly, several
aliphatic suldes (n = 4, 8 and 10) also yielded the respective
sulfoxides (2h–2j) in high yields. More importantly, both the
yield and the selectivity were not compromised for any such
substrate. Subsequently, sulfoxidation of thioanisole was
carried out on a gram scale that exclusively yielded 1.02 g of
methylphenyl sulfoxide in 92% isolated yield (Scheme 2). The
same reaction was used to monitor the rate of sulfoxidation.
The formation of methylphenyl sulfoxide was found to follow
rst-order kinetics with a rate constant of 0.0562 min−1 (Fig. 4a
and S114, ESI†). The photooxidation efficiency and selectivity of
1-Tb towards different suldes either matched or exceeded the
reported examples.51,54,60 It is worth mentioning that several
such literature examples suffered from the formation of unde-
sirable sulfone (Table S9, ESI†).60

Finally, 1-Tb was used for the detoxication of a mustard gas
simulant, 2-chloroethyl-ethyl-sulde (CEES).51,52 Only 1 mol% of
1-Tb exclusively oxidized CEES to non-toxic 2-chloroethyl-ethyl-
sulfides, a scale-up reaction and photocatalytic oxidation of 2-chlor-
1-Tb (1 mol%), MeOH (2 mL), temperature (25 °C). All yields are for the
ctra for representative products are presented in Fig. S91–S113, ESI.†

Chem. Sci., 2024, 15, 18952–18968 | 18959
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Fig. 4 (a) Plot of ln(Ct/Co) versus time representing first-order kinetics for the photo-oxidation of thioanisole in the presence of 1-Tb as
a photocatalyst. (b) Progress of the sulfoxidation reaction of CEES monitored by time-dependent 1H NMR spectra. (c) Proposed reaction
mechanism for the selective oxidation of CEES using 1O2.
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sulfoxide (CEESO, 2k). The selectivity for this photooxidation
was evaluated by proton NMR spectral experiment (Fig. 4b).
New signals were identied at 1.37, 2.85, 2.95, 3.19, and
3.98 ppm, which were consistent with the formation of CEESO
replacing the characteristic CEES peaks at 1.27, 2.61, 2.88, and
3.67 ppm. The reaction was complete within 15 min and only
sulfoxide was formed as the exclusive product. Even aer 24 h of
the initial photo-irradiation, no sulfone could be detected.
Similar to the selective oxidation of alcohols, only a few mate-
rials are known for the oxidation of suldes.51,52 In comparison
to the reported examples, the present Ln-MOF photocatalysts
offered a considerable improvement in the photocatalytic
activity, selectivity and substrate scope.61,65

Based on radical scavenger experiments, 1O2 is the key ROS
involved in the oxidation reactions. Accordingly, a mechanistic
pathway for the photooxidation of CEES is proposed (Fig. 4c).
Upon nucleophilic addition of the thioether substrate to the
electrophilic 1O2, a weakly bound persulfoxide intermediate I is
formed. Intermediate I undergoes quenching in a polar aprotic
solvent while it is stabilized in a protic solvent by H-bonding,
thus substantially enhancing the effectiveness of the photooxi-
dation in polar protic solvents.51,52 Control experiments also
supported this assertion (Table S6, ESI†). As a consequence of
the nucleophilic reaction between intermediate I and another
molecule of CEES, an unstable anionic hypervalent interme-
diate II is formed.51,52 Such an unstable intermediate breaks
down to give two molecules of sulfoxide, CEESO. Therefore,
each molecule of singlet oxygen has the ability to produce two
18960 | Chem. Sci., 2024, 15, 18952–18968
equivalents of sulfoxide, justifying a fast and efficient oxidation
of CEES to CEESO.

Mechanistic insights

The Ln-based photocatalysts are primarily composed of two key
components, the Co3+-based metalloligands (1) and the
secondary Ln3+ ions. Despite the fact that metalloligand 1
absorbs in the visible region of the spectrum, it was unable to
drive a photocatalytic oxidation reaction (entry 9; Table 1).
Therefore, it became essential to identify the structural
constituent(s) that is actually responsible for the generation of
singlet oxygen and subsequent photooxidation. For this
purpose, ultrafast transient absorption spectroscopy (TAS)
measurements were performed for ligand L (the organo-
analogue of 1), metalloligand 1 and Ln-MOF 1-Tb, with all
samples being excited at 375 nm and probed using white light
continuum over a wavelength range of 400–700 nm. The tran-
sient absorption (TA) spectra as a function of different delay
times are shown in Fig. 5a–c along with the associated kinetics
(Fig. 5d–f) and global tting analyses (Fig. S115, ESI†). All
samples show distinct and well-developed excited state
absorption (ESA) spectra with lESAmax varying depending on the
sample identity.69 For example, a Co3+-based metalloligand 1
shows a prominent red shi at 590 nm compared to ligand L
(565 nm). Bi-exponential global tting analyses of both L and 1
show a faster component (∼200 fs for L and ∼600 fs for 1) and
a relatively slower component (∼33 ps for L and ∼64 ps for 1)
(Fig. S115a and b, ESI†). We attribute the faster component to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Ultrafast transient absorption spectra for (a) L, (b) 1 and (c) 1-Tb (lpump = 375 nm) and the corresponding decay kinetics (probed at the
maximumof the excited-state absorption spectra) of (d) L at 565 nm, (e) 1 at 590 nm, and (f) 1-Tb at 560 nm. In situ EPR spectra for (g) 1where the
grey and black traces represent spectra under dark conditions and under visible-light irradiation, respectively; (h) Lwhere the grey and blue traces
represent spectra under dark conditions and under visible-light irradiation, respectively; (i) 1-Tb where the green and black traces represent
spectra under dark conditions and under visible-light irradiation, respectively; and (j) 1-Euwhere the grey and red traces represent spectra under
dark conditions and under visible-light irradiation, respectively. (k) A schematic representation of comprehensive data analysis of ultrafast
transient absorption spectroscopy for L, 1 and 1-Tb.
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intra-molecular vibrational relaxation (IVR) and internal
conversion (IC) while the slower one corresponds to the decay of
the excited state singlet to the ground state of a sample.
Superimposition of the decays shows a longer average decay
time (sav(1) = 58.91 ps) for 1 when compared to L (sav(L) = 24.20
ps) (Fig. S116, ESI†). This suggests greater electron
© 2024 The Author(s). Published by the Royal Society of Chemistry
delocalization in a metalloligand arising from the mixing of
ligand-p and cobalt-d orbitals and hence facilitation of its role
as a photosensitizer in the resultant architecture.44,45

For 1-Tb, along with a 5 nm blue shi of lESAmax to 560 nm,
unlike the TA spectra of both L and 1, the growth of a shoulder
in the ESA is seen to develop at around 200 fs (with the
Chem. Sci., 2024, 15, 18952–18968 | 18961
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wavelength maximum of the shoulder being at around 470 nm),
and this develops into a negative DA peak at around 450 nm at
20 ps (Fig. 5c). Moreover, the global bi-exponentially tted
kinetic prole also reveals an interesting probe wavelength
dependency (Fig. S115, ESI†). For the probe wavelength range of
450–535 nm, an increase in the signal (with negative amplitude)
of∼2 ps is observed alongside a slower component of∼6 ps (IC;
sD = time scale of intra-molecular vibrational relaxation;
Fig. S115c, ESI†). Beyond 540 nm, this growth component is
replaced by a decay component with a long lifetime of 2075 ps
(Fig. S115c, ESI†). We propose that this increase in signal, which
implies the development of a photoproduct, corresponds to the
generation of a Tb2+ state aer a facile electron transfer from
the metalloligand to the Tb3+ ion on a timescale of ∼2 ps (sET =
time scale of electron transfer).

To gain further insights into the photo-induced electron
transfer, EPR spectral experiments were carried out.13 The EPR
spectrum of 1, under dark conditions and a N2 environment,
did not exhibit any signal owing to the presence of a Co3+ ion
(d6, S= 0). Upon visible-light irradiation, a distinct signal at g =
2.01 (DH = 6 G) was observed (Fig. 5g). When the light was
turned off, the signal immediately disappeared, thus conrm-
ing visible-light-induced radical formation. A relatively small
value of g suggests that electron transfer during the photo-
induced process did not occur from the primary metal ion,
Co3+, but rather from the organic ligand of metalloligand 1. To
substantiate this, L was also subjected to the EPR spectral
investigation under visible light-irradiation. The EPR spectrum
of photo-induced L (g = 2.02; DH = 4 G) was very weak but
similar to the one observed for 1 (Fig. 5h). This conrms that
photo-induced electron transfer occurs from the organic ligand
of metalloligand 1. Importantly, the EPR spectrum of 1-Tb,
under an inert atmosphere, showed a broad signal at g = 2.00
(DH = 8 G), corresponding to a Tb3+ ion.70 Upon visible light
irradiation, a rather complex EPR spectrum was obtained
(Fig. 5i), in which a sharper signal is attributed to the para-
magnetic Tb2+ ion (g = 1.95; DH = 4 G). These results unam-
biguously validate electron transfer from a metalloligand to
a Tb3+ ion thus generating a Tb2+ site. To further support this,
EPR spectra were also measured for 1-Eu. In the absence of
visible light, no signal was detected as both Co3+ and Eu3+ ions
are EPR inactive.39 However, upon visible light irradiation,
signals at g = 2.05 (DH = 4 G) and g = 4.20 (DH = 9 G) appeared
(Fig. 5j). Such an EPR spectrum is attributed to a paramagnetic
Eu2+ species, generated as a result of electron transfer from
a metalloligand to an Eu3+ ion.39 Subsequently, an excited Ln2+

ion transfers its energy to the triplet oxygen (3O2) to generate
singlet oxygen (1O2), which is responsible for the photooxida-
tion reactions. Finally, electron transfer from a Ln2+ ion to
a metalloligand completes the catalytic cycle. In summary,
Fig. 5k illustrates a schematic representation of ultrafast TAS
results for L, 1 and 1-Tb.

To further support electron transfer, the photoluminescence
(PL) of metalloligand 1 and Ln-MOF 1-Tb were analysed. Both 1
and 1-Tb displayed strong absorption bands at 400–600 and
400–650 nm, respectively (inset of Fig. 6a and 2a). While an
intense absorption band at 400–500 nm corresponded to a Co3+-
18962 | Chem. Sci., 2024, 15, 18952–18968
centered metal-to-ligand charge transfer (MLCT) transition,
a relatively weak absorption band, at higher wavelength, is
ascribed to the d–d transition of the primary Co3+ ion. Notably,
the absorption spectrum of 1-Tb closely matches that of met-
alloligand 1, thus suggesting that the coordination of the
secondary metal ions (Tb3+) has not signicantly perturbed the
electronic environment of the Co3+ ion in 1.24 It was thus
assumed that coordination of a Tb3+ ion to a metalloligand
should not signicantly affect its PL properties. However, the PL
intensity of 1-Tb (at 452 nm) was signicantly quenched when
compared to the metalloligand 1 (Fig. 6a). A much lower
emission intensity for 1-Tb suggests a reduced population of the
singlet excitons since uorescence results from the radiative
decay of the singlet excitons.55 Notably, typical Tb3+-based f–f
emissions were also not observed in the PL spectrum of 1-Tb.
This further conrms electron transfer from a metalloligand to
a Tb3+ ion in the resultant Ln-MOF.71,72 Additionally, it suggests
that the recombination rate of photo-generated charge carriers
is higher in metalloligand 1 than in the Ln-coordinated-
metalloligand (i.e. 1-Tb).71 This is further validated by EIS
spectroscopy.72 The superior charge separation effectiveness of
1-Tb over metalloligand 1 was conrmed by its lower arc radius
in the Nyquist plot (Fig. 6b). These results convincingly support
the assertion that 1-Tb is a highly efficient photocatalyst when
compared to metalloligand 1. The catalysis results proved the
same.

Furthermore, from decay associated spectra of 1-Tb (DAS;
Fig. S117 and S118, ESI†), it is again evident that a decrease in
the amplitude of the e-transfer component coincides well with
an increase in the amplitude of the ∼2 ns long decay compo-
nent. This implies that the disappearance of the Tb2+ state is
accompanied by the appearance of this long component, which
is attributed to inter-system crossing (ISC) induced by the
reduced Tb2+ ion (sISC = time scale of inter-system
crossing).51,52,61 Thus, singlet excitons might have transitioned
to triplet excitons, as illustrated by the TAS studies.51,52,61 To
understand this phenomenon better, phosphorescence spectra
of 1 and 1-Tb were measured and compared.55 Ln-MOF 1-Tb
exhibited a strong phosphorescence peak at 519 nm (Fig. 6c),
displaying a 67 nm red-shi with respect to the uorescence
peak at 452 nm. In fact, a longer lifetime of 1-Tb (2.01 ms)
further shows that the red-shied emission is due to the triplet
excitons (Fig. 6d).55 In contrast, metalloligand 1 displayed
a negligible intensity in its phosphorescence spectrum. A
signicant difference in the phosphorescence intensities of 1-
Tb and 1 (lifetime = 8.29 ms; Fig. 6d, inset) suggests that 1-Tb
generates triplet excitons that are not produced by the metal-
loligand alone. Hence, it is evident that the generation of the
Tb2+ state facilitates singlet-to-triplet conversion followed by
emission via phosphorescence to the singlet ground state. One
should also take note of the fact that the amplitude of the rise
component starts decreasing (i.e. becoming less negative) from
around 500 nm and is lowest at 530 nm. This neatly coincides
with the maximum of the phosphorescence spectrum and
concomitant appearance of the ∼2 ns ISC component. In
summary, Fig. 6e presents a schematic representation of the ISC
exhibited by Ln-MOF 1-Tb.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Photoluminescence spectra of 1 (black trace) and 1-Tb (green trace), lex = 350 nm. (Inset) UV-Vis diffuse reflectance spectrum of 1. (b)
EIS spectra of 1 (black trace) and 1-Tb (green trace). (c) Phosphorescence spectra of 1 (black trace) and 1-Tb (green trace), lex = 400 nm. (d)
Time-resolved phosphorescence spectrum of 1-Tb. (Inset) Time-resolved phosphorescence spectrum of 1. (e) Proposed Jablonski diagram for
1-Tb illustrating intersystem crossing for the generation of singlet oxygen.
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Single-crystal-to-single-crystal transformation: a zinc
analogue (1-Zn) of 1-Tb

The heavy-atom like effect of a Ln3+ ion is anticipated to be the
primary reason for the existence of triplet excitons in 1-Tb.73 To
verify that the presence of a lanthanide ion such as Tb3+ can
induce triplet-to-singlet oxygen conversion, we synthesized
a non-heavy-metal analogue of 1-Tb, 1-Zn, by substituting Tb3+

by Zn2+ ions through a single-crystal-to-single-crystal trans-
formation (SCSC) strategy.74 The so-obtained 1-Zn exhibited
a complete replacement of Tb3+ ions by Zn2+ ions, as evidenced
by various studies (Fig. 7 and S119–S121, ESI†). Conclusive
evidence was obtained for the single crystal structure of 1-Zn,
which illustrated a clean and complete replacement of Tb3+ by
Zn2+ ions (Fig. 7e and S123, ESI†).75 In the crystal structure, for
© 2024 The Author(s). Published by the Royal Society of Chemistry
every two Tb3+ ions, three Zn2+ ions were found as a result of
charge balance; although the space group remained the same
(P�1) as that noted for 1-Tb. The crystal structure of 1-Zn showed
major structural changes when compared to 1-Tb (conrmed by
PXRD studies, Fig. 7c). A set of three Zn2+ ions were coordinated
by eight carboxylate groups emerging from six different metal-
loligands, resulting in a secondary building unit (SBU) of
[Zn3(1)6]. In contrast, 1-Tb showed the SBU's composition as
[Tb2(1)4]. This clearly shows the replacement of two Tb3+ ions in
1-Tb by three Zn2+ ions in 1-Zn. Notably, protonated arylcar-
boxylic acid groups in 1-Tb were fully deprotonated in 1-Zn and
were involved in coordination to the Zn2+ ions. Crystallo-
graphically, 1-Zn is composed of fully deprotonated metal-
loligands connected to the Zn2+ ions, offering large cavities with
Chem. Sci., 2024, 15, 18952–18968 | 18963
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Fig. 7 A figure presenting multiple characterizations of 1-Zn after its synthesis from 1-Tb via single-crystal-to-single-crystal transformation. (a)
FTIR spectra (black trace: 1-Tb; green trace: 1-Zn); (b) SEM images (left: 1-Tb; right: 1-Zn); (c) PXRD patterns (black trace: 1-Tb; green trace: 1-Zn);
(d) EDX spectra (upper trace: 1-Tb; lower trace: 1-Zn); and (e) crystal structure of 1-Tb and preliminary crystal structure of 1-Zn. (f) Ultrafast
transient absorption spectra of 1-Zn (lpump = 375 nm) and (g) the corresponding decay kinetics (probed at the maximum of the excited state
absorption spectra) of 1-Zn at 575 nm. (h) Phosphorescence spectra of 1-Tb (green trace) and 1-Zn (pink trace), lex = 380 nm.
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dimensions of ca 9.4 × 19.2 Å2. In fact, both the formation of
a double chain structure and presence of large cavities in 1-Zn
are quite similar to those of 1-Tb, thus justifying limited lattice
changes as a result of SCSC. The presence of fully deprotonated
metalloligands is also reected in its FTIR spectrum (Fig. 7a),
exhibiting sharp nO–H stretches for the lattice water molecules
and well-dened nCOO stretches for the carboxylate groups.

The newly synthesized 1-Zn provided an excellent opportu-
nity to test the heavy-atom effect of Tb3+ ions in 1-Tb in gener-
ating the triplet excitons. Similar TA spectral experiments were
carried out with 1-Zn and the lESAmax was noted to be 575 nm
(Fig. 7f and g). The global analyses revealed the presence of two
decay components of 7.5 ps (IC) and 53.3 ps (excited state
decay), while no probe-dependent rise component was observed
over the entire wavelength range (Fig. S124, ESI†). Therefore,
the absence of both growth phase and long decay components
suggests the absence of electron transfer and heavy-metal
induced ISC, and the latter indicates the absence of
phosphorescence.

Gratifyingly, the absence of a signal in the phosphorescence
spectrum of 1-Zn (Fig. 7h) indicates that in the absence of
18964 | Chem. Sci., 2024, 15, 18952–18968
lanthanide ions, triplet exciton generation is not a favorable
pathway. In fact, non-selective oxidation of benzyl alcohol to
benzoic acid by using 1-Zn pointed to the generation of strongly-
oxidizing cOH radicals. This was proved by the radical scavenger
experiments involving isopropyl alcohol, a known scavenger for
cOH radicals, which completely inhibited the oxidation of
benzyl alcohol.9–14,25–28 Finally, the presence of cOH radicals was
conrmed by the selective oxidation of coumarin to 7-hydrox-
ycoumarin, monitored by emission spectroscopy (Fig. S125 and
S126, ESI†), which provided its concentration as ca. 10 mM.

In essence, it is proposed that upon photoexcitation, elec-
tron transfer (Table S10, ESI†) takes place from the Co3+-based
metalloligands (1; sav(1)= 24.50 ps) to the secondary Tb3+ ions in
1-Tb (sav(1-Tb) = 1034.60 ps) generating the active Tb2+ sites
which are responsible for the generation of triplet state excitons
that activate triplet oxygen (3O2) to singlet oxygen (1O2). The
singlet oxygen, thus generated, selectively catalyses the oxida-
tion reactions. While evidence of a Tb2+ ion was obtained from
the EPR spectrum, phosphorescence of 1-Tb with a lifetime of
∼2 ms further conrms ISC from the excited rst singlet state
(S1) to the triplet manifold of the metalloligand induced by the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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heavy Tb atom. However, only ligand L and only metalloligand 1
solely cannot induce the generation of triplet excitons as
evident from both TAS and phosphorescence studies. There-
fore, both L and 1 are not capable of catalyzing any visible-light
mediated catalytic reaction. Similarly, the non-heavy-metal
analogue of 1-Tb, i.e. 1-Zn (sav(1-Zn) = 38.06 ps), cannot facili-
tate ISC that favours the generation of triplet excitons. In
conclusion, a Co3+-based metalloligand 1 functions as a photo-
sensitizer to facilitate light absorption in the visible region
while the catalytic reactions take place at the secondary Ln sites
in the resultant Ln-MOFs.

Conclusions

This work presents Ln-MOFs based on an “integrated assembly
approach” in which metalloligands performed the job of light
absorption while long-range energy transfer was executed by the
use of triplet excitons (i.e. Ln3+ ions). The Ln-MOFs were utilized
for the selective oxidation of a wide range of alcohols and
suldes to their corresponding aldehydes/ketones and sulfox-
ides. The catalysis exhibited excellent substrate scope including
pharmaceutically relevant compounds such as progesterone,
estrone, and androstanolone; and detoxication of a mustard
gas simulant. Nearly all catalytic reactions yielded quantitative
products in less than 30 min reaction duration while using
visible light. Transient absorption spectroscopy revealed
a synergism between the discrete molecular components where
electron transfer takes place from a metalloligand to the
secondary lanthanide ions. The excited lanthanide ions with
long triplet-state lifetimes, as conrmed by the phosphores-
cence studies, activated triplet 3O2 to generate singlet 1O2, as
a mild and selective oxidant. The scavenger studies and 1O2

traps further conrmed the photochemical generation of 1O2,
which illustrated its superiority in the selective oxidation of
substrates without forming any over-oxidation product. Photo-
luminescence and electrochemical impedance spectroscopic
studies showed that the coordination of Ln3+ ions to the met-
alloligands remarkably improved the charge-separation and
electron-transport in the resultant Ln-MOFs, leading to their
remarkably enhanced photocatalytic activity. The heavy-atom
effect of a lanthanide ion in the generation of triplet excitons
was conrmed by the synthesis of a non-heavy-metal analogue
involving a zinc ion via a single-crystal-to-single-crystal trans-
formation strategy. This work has demonstrated the novelty of
the metalloligand strategy to tune the optical properties of the
resultant materials. The utilization of an earth-abundant cobalt
metal in the metalloligand is signicant and a major shi from
the conventional Ru- and Ir-based metalloligands. This work
also opens up new avenues for developing metalloligand-based
molecular architectures as the visible-light-driven photo-
catalysts for challenging organic transformations while relying
on environmentally benign conditions.
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