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With Zn(II) porphyrin as a building block, nano-/microscale MOFs with

differentmorphologies were synthesized as sensitizers for O2 (forming
1O2). The sensitization efficiency was observed to enhance remarkably

with the decrease of morphological dimension of the sample. With

high sensitization ability, the one-dimensional MOF could selectively

photocatalyze the deprotection of oxathiolanes to ketones.
Emerging as a large group of inorganic–organic hybrid mate-
rials, metal–organic frameworks (MOFs) have shown potential
application in various elds.1–6 In particular, a MOF is an ideal
platform to construct photocatalysts,7–9 because chromophores
with various structures can be conveniently incorporated into
the MOF structure with organic linkers. The inserted chromo-
phores are compactly aligned but not in direct contact with each
other, which facilitates light harvesting and energy-transfer
processes and prevents self-quenching. The porous structure
and large surface area of a MOF photocatalyst also favours its
contact with the substrate. Although plenty of MOF photo-
catalysts have been reported in the literature, most of themwere
only applied to induce the deep degradation of pollutants.10–15

In contrast, examples using MOFs to photocatalyze the selective
conversion of organics are still rare. Only a handful of reactions,
including the oxidation of alcohols (to aldehydes),6,7 phenols (to
quinones),16,17 suldes (to sulfoxides)8,18 and arylboronic acids
(to phenols),19,20 the oxidative coupling of C–C9,18,20 and C]
N18,20,21 bonds, and the alkylation of aldehydes,22 have been
realized in MOF photocatalytic systems.

To induce the selective transformation of organics, ne
control of the excited-state properties of a photocatalyst is
required. Using well-studied chromophores as building blocks
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is a promising strategy to construct selective MOF photo-
catalysts, because the performance of the obtained MOF pho-
tocatalysts in the reaction could be rationally modulated with
knowledge about the photophysical properties of the chromo-
phores. Among these chromophores, porphyrin and its deriva-
tives have received particular attention because of their robust
structures and unique chemical properties.6,8,16,20 Additionally,
the excited-states of this kind of chromophores exhibit long
lifetimes,23 and can migrate rapidly in the MOF backbone,24,25

which ensures the high utilization efficiency of light energy.
Aside from composition, the size and shape of MOF photo-

catalysts, which determine the diffusion distance of the excited-
state, would also affect the catalytic efficiency. For example, Lin
and co-workers have studied the quenching kinetics of several
Ru-bpy based MOF materials, and observed that nearly all the
excited states could reach the particle surface to induce the
reaction when the particle size was reduced to microscale.5,26

Although the relationship between the photocatalytic perfor-
mance and morphology is of great signicance for the devel-
opment of MOF photocatalysis, the comparison among MOF
photocatalysts with different morphologies is still lacking.

In this work, with Zn(II) porphyrin as the building block,
three nano-/microscale MOF materials (P-1–3) with one to three
dimensional morphologies were synthesized. These materials
could generate singlet oxygen (1O2) through a photosensitiza-
tion process, and the efficiency was enhanced with a decrease of
the dimension of the MOF particles. Additionally, taking
advantage of the high 1O2 generation ability of the synthesized
1D MOF material, it was used as the photocatalyst to promote
the deprotection of oxathiolanes.

The MOF materials were synthesized by the hydrothermal
reaction of tetrakis(4-carboxyphenyl)porphyrin (H2TCPP) with
stoichiometric Zn(NO3)2 and 4,40-bipyridine (bpy). By the
adjustment of reactant concentration, the size and shape of the
product could be conveniently modulated. At high reactant
concentration (cH2TCPP ¼ 75 mM), the obtained product (P-1)
presents a 1D morphology of square rods (Fig. 1a). The widths
of these rods are in the range of 180–240 nm, showing the high
RSC Adv., 2016, 6, 26199–26202 | 26199
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Fig. 1 Typical SEM images of (a) P-1, (b) P-2 and (c) P-3. (d) PXRD
patterns of P-1–3. The PXRD patterns and SEM images of the samples
obtained by other batches are almost the same as those provided here.

Fig. 2 (a) Absorbance decay of the reacted DPBF solution at 410 nm
under different conditions. (b) The change of the absorption spectrum
of the reacted DPBF solution with P-1 as a sensitizer. 20 mg of
sensitizer, c0DPBF ¼ 60 mM, 100 mL of acetonitrile, with O2 bubbled
though the reaction, spectra were recorded after the separation of the
sensitizer.
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monodispersity of the sample. In contrast, the low concentra-
tion of reactants (cH2TCPP ¼ 25 mM) gave the 2D product (P-2) of
square sheets with sides of 3.3–4.8 mm and thicknesses of 130–
250 nm (Fig. 1b). The observed change of particle shape is
a typical example of the supersaturation dependence of crystal
morphology, in which supersaturation, determined by the
reactant concentration and working as the driving force for
crystallization, controls the preferential growth of crystal
surfaces with different energies.27,28 At a medium reactant
concentration (cH2TCPP ¼ 38 mM), a 3D product of microscale
cuboids was formed (Fig. 1c). The layer-by-layer marks on the
particles and their square-shaped interface illustrate that the
cuboids were assembled by the layered structures of P-2. It is
expected that, at this concentration, the critical point for the
changing of growth direction is not reached, so the initially
formed particles also have the square sheet morphology. A
relatively high reactant concentration enhances the amount of
sheet formation, reduces the distance between them, and thus
facilitates the assembly process to form cuboids. The above
observations show that the concentration of reactants has
a signicant inuence on the growth and assembly process of
the product, and thus determines the 1D to 3D morphology
change.

The coordination structures of P-1–3 were characterized
using PXRD (Fig. 1d). Well-dened diffraction peaks recorded
in the patterns show the good crystallinity of these samples. The
peaks of P-1–3 have close positions, and can be readily indexed
to the reported bulk phase of Zn3(TCPP)(bpy)1.5 (Fig. S1, ESI†),29

indicating that all of our products exhibit the same framework
structure. Elemental analysis (EA) showed that P-1–3 have
similar chemical compositions with 57.36–57.59% C, 4.41–
4.57% H and 9.24–9.28% N. Thermo-gravimetric analysis (TGA)
of these samples also gave similar weight loss curves (Fig. S2,
ESI†). From room temperature to 700 �C, the overall weight
26200 | RSC Adv., 2016, 6, 26199–26202
losses of P-1–3 were 86.68%, 84.77% and 83.40%, respectively.
Based on the results of EA and TGA, the empirical formula of P-
1–3 is dened as Zn3(TCPP)(bpy)1.5(DMF)3(H2O)4 (calcd: 57.45%
C, 4.32% H, 9.30% N; weight loss ¼ 83.86%).

Containing the building block of Zn(II) porphyrin, which is
a famous chromophore that can sensitize ground state O2 to the
singlet excited-state, P-1–3 are promising to be used as hetero-
geneous sensitizers for 1O2 generation. The photosensitizing
abilities of these MOF materials were evaluated in their O2

saturated suspensions of acetonitrile, and 1,3-diphenyliso-
benzofuran (DPBF) was used as the probe to capture the
produced 1O2 (Fig. 2). A 500 W halogen lamp was used as the
light source, and light below 450 nm was cut off to prevent the
photolysis of DPBF (curve 1 of Fig. 2a). In the presence of P-1,
the absorption of DPBF gave a rapid decrease and nearly van-
ished in 180 s under irradiation (curve 2). The tting of the
degradation plots of DPBF gives the 1O2 generation rate
constant of 2.5 � 10�3 s�1, showing that the sensitization effi-
ciency of P-1 is among the best recently reported MOF sensi-
tizers.30–32 P-2 and P-3 could also markedly degrade DPBF
(curves 3 and 4), but the rates (kP-2 ¼ 1.1 � 10�3 s�1 and kP-3 ¼
0.5 � 10�3 s�1) were much lower than that of P-1. The higher
sensitization efficiency of P-1 could be explained by its 1D
morphology, which magnies the external surface of particles
and thus favours the contact with O2. Aer the photosensitiza-
tion processes, the sensitizers were removed from the reaction
media by ltration, and DPBF was supplemented to the ltrates
to the original concentration. The further irradiation of the
ltrates caused negligible change on the absorption of DPBF
(curves 5–7), implying that the O2 sensitization processes of P-1–
3 are heterogeneous in nature and not due to components
leaching into the solution.

The 1O2 generation ability of P-1 was further conrmed with
an electron spin resonance (ESR) method. It has been estab-
lished that 2,2,6,6-tetramethylpiperidine (TMP) reacts with 1O2

to form a stable nitroxide radical (TMPO), which can be recor-
ded by ESR spectroscopy.33,34 The suspension containing P-1
and TMP was lled into a quartz capillary, and irradiated in
situ. As shown in Fig. 3a, aer only 2 s of irradiation, the typical
signal of TMPO (threefold peaks with intensities of 1 : 1 : 1)
appeared. The intensity of this signal enhanced linearly with
This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c6ra01599a


Fig. 3 (a) ESR spectra of the acetonitrile suspension containing P-1 (1
g L�1) and TMP (40 mM). (b) ESR spectra of the methanol suspension
containing P-1 (1 g L�1) and DMPO (40 mM). The suspensions were
scanned after 0, 2, 4, 6, 8, 10 and 12 s of irradiation (355 nm).

Table 1 Photocatalytic deprotection of oxathiolanes to ketones by P-
1a

Entry Substrate Time (min) Conv. (%) Sel.b (%)

1 1a 90 100 95
2c 1a 90 0 —
3d 1a 90 0 —
4e 1a 90 0 —
5f 1a 90 99 96
6 1b 90 97 99
7 1c 90 99 82
8 1d 110 100 86
9 1e 100 100 >99
10 1f 110 97 84
11 1g 90 100 >99
12 1h 90 100 >99

a Reaction conditions: 2 mg P-1, 50 mM oxathiolane, 2 mL of
acetonitrile, 1 atm of O2 300 W Xe lamp cutoff below 420 nm.
b Determined by GC with bromobenzene as an internal standard.
c Without irradiation. d In N2 atmosphere. e Without P-1. f The results
of the sixth reaction cycle.
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prolonged irradiation time (Fig. S3, ESI†), which denitely
corroborates the photosensitized formation of 1O2. Aside from
sensitization, it is also possible to activate O2 through the
electron-transfer process to form superoxide (O2

�c). The
potential formation of O2

�c was also tested by ESR (with 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) as a spin trapper).35,36

This experiment was carried out in methanol, which also works
as the electron donor. In contrast to the rapid formation of 1O2,
no resonance signal was recorded aer 12 s of irradiation in this
experiment (Fig. 3b). These results indicate that P-1 only acti-
vates O2 through the sensitization process and can be used as
a pure sensitizer to generate 1O2.

The transformation of oxathiolanes to ketones is extremely
important in organic synthesis because oxathiolane is a widely
used protecting group for carbonyls.37,38 This reaction was
traditionally induced with stoichiometric reagents, such as
mercuric cyanide,39 iodonium dicollidine perchlorate,40

RANEY® Ni,41 SeO2/H2O2 (ref. 42) and glyoxylic acid.43 Recently,
Lamb and co-workers reported a homogeneous photocatalytic
system to induce this transformation, in which 1O2 generated
from the sensitization of molecular dyes works as the main
active species.44 Considering the 1O2 generation ability of P-1,
we used it as a heterogeneous photocatalyst to promote this
reaction. The photocatalytic reactions were carried out in an
acetonitrile suspension containing P-1 and 1a under the irra-
diation of visible light (from a 300 W Xe lamp cutoff below 420
nm). The substrate was consumed completely in 90 min, and
nearly quantitatively transformed to acetophenone (Table 1,
entry 1). Control experiments showed that P-1, O2, and light
irradiation are all necessary for this reaction (entries 2–4). To
characterize the reusability of P-1, a cyclic experiment was
carried out. At the end of each cycle, the photocatalyst was
separated with centrifugation, washed thoroughly, and reused
for the next run. The photocatalytic ability of P-1 was main-
tained aer six experimental cycles with no remarkable loss of
activity or selectivity (Table 1, entry 5 and Table S1, ESI†). Based
on the determined formula of Zn3(TCPP)(bpy)1.5(DMF)3(H2O)4
(Mw ¼ 1505), the total turnover number (TON) of six cycles was
450, which explicitly proves that P-1 works as a photocatalyst in
this reaction. SEM observation revealed that the morphology of
the used catalyst was nearly identical with that of the as-
This journal is © The Royal Society of Chemistry 2016
prepared one (Fig. S4, ESI†), showing the high stability of P-1
in the reaction system.

To test the applicability of this reaction, other arylox-
athiolanes (1b–1f) were used as substrates. Similar to 1a, all of
these substrates could be smoothly transformed to the corre-
sponding ketones in the photocatalytic system of P-1 with
selectivity greater than 80% (entries 6–10). We further extend
the substrate scope to alkyloxathiolanes, and observed that the
photocatalytic deprotections of 1g and 1h were also nearly
quantitative (entries 11 and 12). These results are in contrast to
those of the reaction system reported by Lamb et al., in which
the yield of the ketone product is minimal in the absence of an
aryl substrate.44 The high selectivity of alkyloxathiolane depro-
tection in our photocatalytic system may be due to that P-1 only
activates O2 through the energy-transfer process to form 1O2

(Fig. 3), and thus prevents the side reactions induced by other
reactive oxygen species.
Conclusions

In summary, Zn(II) porphyrin based nano-/microscale MOF
materials were synthesized under solvothermal conditions in
this work. Reactant concentration was proven to play a signi-
cant role in the growth and assembly of MOF particles. With the
enhancement of reactant concentration, the MOF products with
2D (square sheet), 3D (layered cuboid) and 1D (square rod)
RSC Adv., 2016, 6, 26199–26202 | 26201
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morphologies were obtained in sequence. These MOF materials
could be used as heterogeneous sensitizers for the generation of
1O2, and the efficiency enhanced with the decrease of particle
dimension. Taking advantage of the 1O2 generation ability,
a photocatalytic method was developed for the deprotection of
oxathiolanes to ketones, and a high reaction rate and selectivity
were observed. To the best of our knowledge, this is the rst
time of realizing oxathiolane deprotection in the photocatalytic
system of MOFs. The results of this work illustrate the
morphology–function relationship of MOF sensitization, and
extend the reaction scope of MOF photocatalysis.
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