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A versatile synthetic route for the preparation of
titanium metal—organic frameworksy

Lanfang Zou,? Dawei Feng,? Tian-Fu Liu,? Ying-Pin Chen,® Shuai Yuan,®
Kecheng Wang,? Xuan Wang,? Stephen Fordham?® and Hong-Cai Zhou*®®

Exploitation of new titanium metal—organic frameworks (Ti-MOFs) with high crystallinity has been attracting
great attention due to their vast application potential in photocatalysis. Herein a versatile synthetic strategy,
namely, High Valence Metathesis and Oxidation (HVMO), is developed to synthesize a series of Ti-MOFs

with predesigned topologies and structures. The crystallinity of these Ti-MOFs was well maintained
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Accepted 1st November 2015 throughout, as confirmed by powder X-ray diffraction and gas adsorption measurements. Significantly,
there were only a few examples of Ti-MOFs, not to mention a general synthetic strategy for various

DOI: 10.1035/¢55c03620h kinds of Ti-MOFs in the literature. This contribution also illustrates the intriguing potential of Ti-MOF
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Introduction

Over the past few years, metal-organic frameworks (MOFs) have
attracted tremendous attention owing to their defined crystal-
line nature, pore tunability, structure diversity, as well as
numerous potential applications such as gas adsorption,*
separation,? catalysis,® and sensing.* Most of these applications
require robust MOFs, making those constructed with high val-
ent metals particularly desirable.®* While great efforts have been
devoted to the development of MOFs containing trivalent
metals, such as Fe*', Cr**, and AI**,° MOFs constructed with
tetravalent metals are much less explored. Recently, the
research on Zr-MOFs has flourished owing to the use of
modulating reagents, which facilitate the growth of large crys-
tals.” However, titanium, even though in the same group as
zirconium in the periodic table, has barely been adopted to
construct MOFs despite its great abundance in the Earth's crust,
low toxicity, and redox activity. Moreover, unlike zirconium
clusters, which merely act as inorganic nodes to sustain the
frameworks, titanium-oxo clusters in the previously reported
Ti-MOFs can be viewed as TiO, nanoparticles, endowing
Ti-MOFs with additional photocatalytic properties. The inte-
gration of tunable functions on organic linkers with the pho-
toactive inorganic nodes will turn Ti-MOFs into promising
photocatalytic platforms.
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Férey, Serre, and coworkers have initially demonstrated the
preparation of titanium MOFs, MIL-91*% and MIL-125.° In
particular, MIL-125 and its NH,-functionalized counterpart,
MIL-125-NH,," showed great potential in light-driven hydrogen
production™ and CO, reduction applications.”” Recently,
several other Ti-MOFs were reported, including NTU-9,*
PCN-22," Ti-MIL-101,"” and COK-69.'® However, Ti-MOFs have
rarely been reported despite the burgeoning of many other high-
valent-metal MOFs. Even for the few aforementioned Ti-MOFs,
their synthetic conditions significantly diverged. Presumably, the
following three major reasons may account for such synthetic
difficulties for Ti-MOFs: (a) the high charge to radius (Z/r) value
on Ti*" results in strong coordination bonds between titanium
nodes and the ligands. Accordingly, the poor reversibility of the
metal-ligand bond association/dissociation process prevents the
formation of crystalline products.”” (b) Most of the reactive tita-
nium sources suffer from severe hydrolysis, which greatly limits
the formation of Ti-MOFs. (c) Most of the known titanium
carboxylates exhibit low symmetry or unfavorable connectivity,
hindering the easy formation of periodic networks with the
organic linkers."®

Besides significant difficulties in direct synthesis, the
Ti-MOFs synthesized directly usually don't have the predicted
structures and topologies. Moreover, as the photocatalytic
properties of Ti-MOFs can be greatly affected by the titanium
oxo building units, the exploration of new synthetic approaches
to obtain various Ti-MOF materials is critical. Herein, we
present a general synthetic strategy, High Valence Metathesis
and Oxidation (HVMO), to obtain Ti(iv) MOFs: starting from
judiciously selected template frameworks, PCN-333(Sc),"” MIL-
100(Sc),” MOF-74(Zn),>® and MOF-74(Mg),>* we successfully
synthesized a series of porous photoactive titanium MOFs, PCN-
333(Sc)-Ti, MIL-100(Sc)-Ti, MOF-74(Zn)-Ti and MOF-74(Mg)-Ti,
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which is accomplished through Sc(u) to Ti(in) or Zn(u)/Mg(u) to
Ti(m) metathesis first, followed by a mild and effective oxidation
step to Ti(v) (Fig. 1). Generally, high valence metathesis is
difficult and rare, thus its application in MOF preparation
represents a significant step forward in Ti-MOFs synthesis. The
Ti-MOFs made via HYMO not only maintain their crystallinity
throughout the whole synthetic process, but also demonstrate
excellent photocatalytic property.

Results and discussion

Postsynthetic metathesis emerged as an alternative synthetic
strategy due to its exceptional capability of obtaining certain
MOFs that cannot or hardly be achieved directly.* S. Sevov and
coworkers have initially demonstrated the successful use of
oxidizing Ti(m) centers to obtain Ti(wv) open frameworks.”
Recently, the feasibility of postsynthetic exchange of Ti(wv) into
MOFs has been demonstrated by Cohen* and Dincé's groups.*
Moreover, HVMO strategy is built upon our previously reported
post-synthetic metathesis and oxidation (PSMO) strategy.”® In
the metathesis step of our strategy, starting from the divalent
metal species, it is surprising to see that the trivalent metal
species were successfully exchanged into the template MOFs,
which is not possible as demonstrated by PSMO method. More
importantly, we would be able to get the trivalent metal species
intermediate MOFs even starting from the supposedly stable
trivalent metal based template MOFs. The prerequisites to
successfully utilize the HVMO strategy are carefully examined,
both for the targeting metal species and for the template MOFs.

The prerequisites for the targeting metal species (Ti(iv) as an
example) in the HVMO approach include: first, the targeting
high valent metal species have to exhibit a suitable reduced
state that can be conveniently achieved. It should be pointed out
that during the synthesis of the Ti-MOFs, a pure titanium(m)
source with good stability under exchange environment is
crucial. In our case, the commercially available, titanium(ur)
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Fig.1 Schematic illustration of the stepwise HVMO procedure for the
design of Ti-MOFs from the template MOFs: (a) MIL-100(Sc) and PCN-
333(Sc) metal metathesis with Ti(i), followed by metal node oxidation
in the air (PCN-333(Sc) and MIL-100(Sc) have same topology but
different structures); (b) similar process for MOF-74(Zn) and MOF-
74(Mq).
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chloride tetrahydrofuran complex (1 :3), TiCl3(THF);, was
utilized as the titanium(im) source. Second, the reduced species
in lower oxidation state can undergo metal metathesis with
a considerable rate to guarantee the framework crystallinity.
The reduced state Ti(m), with lower charge and larger radius,
undergoes a ligand dissociation rate around 10° sec™ " in the
aqueous media, which is even faster than some M(u) transition
metal species in the third period, such as Ni(u).>” Third, the
reduced species can survive under the exchanging environment.
Ti(m)/Ti(iv) has higher redox potential than Cr(u)/Cr(m) in
similar coordination environment of weak field ligands, making
Ti(m) easier to handle than Cr(u), which is used in PSMO
method, during the exchange process. Ti(iv) meets all these
prerequisites, which enables HVMO strategy promising to
synthesize Ti-MOFs.

Meanwhile, the template MOFs were also selected with
careful consideration. Firstly, the metal species in the template
MOFs cannot be reduced by Ti(m). Otherwise, Ti(m) would be
oxidized to strong Lewis acidic Ti(iv) while the metals in the
template MOFs would be reduced to lower valent metal ions.
The lower valent metal based MOFs would be easily damaged by
strong Lewis acidic Ti(iv) species. To verify this necessity, we
conducted metathesis with PCN-333(Fe), which totally dissolved
in one minute after we added Ti(m) species (ESI, Section 47).
Secondly, all the template MOFs should contain open metal
sites, which are occupied by the weakly coordinated neutral
solvent molecules. These open metal sites could effectively
accelerate the metathesis rate. Thirdly, the metal species in the
template should possess a similar coordination environment
with the targeting metal species. In this case, they are all six-
coordinated. Last but not least, metal-ligand bonds in template
MOFs should have certain lability to drive the metal exchange to
completion. Otherwise, the exchange time would be very long
and the crystallinity will be decreased during this process. With
all these considerations in mind, we have chosen PCN-333(Sc),
MIL-100(Sc), MOF-74(Zn), and MOF-74(Mg) as our template
MOFs.

It is believed that HVMO strategy demonstrated in this study
greatly facilitates the development of the original PSMO method
as a general yet powerful strategy for synthesizing novel MOFs
which cannot be obtained using the conventional method. And
as expected, a series of highly porous Ti-MOFs were obtained
using this HVMO strategy, while the direct synthesis using Ti(u)
and the corresponding linkers under solvothermal and anaer-
obic conditions only resulted in amorphous powders. The
typical synthetic process of PCN-333(Sc)-Ti is: first, after
washing with anhydrous N,N-dimethylformamide (DMF), the
as-synthesized crystals were transferred into the glove box,
where TiCl;(THF); was added, resulting an evident color change
of the crystals from white to purple in three minutes. In order to
facilitate this metathesis process, the crystals were sealed in
a vial and kept at 120 °C for 24 hours. Meantime, the mother
liquid was refreshed every 6 hours. After reaching the exchange
equilibrium, the excess TiCl; molecules were removed by
washing thoroughly with DMF, yielding dark purple crystals,
PCN-333(Sc)-precursor. Then the sample was treated with
oxygen/water-free methanol for three days and activated at

This journal is © The Royal Society of Chemistry 2016
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150 °C for 5 hours. The activated sample was oxidized in the air
causing an apparent color change from dark purple to white as
shown in Fig. S2.1 Using this dry oxidation method, we would
be able to keep the MOFs' crystallinity to the highest level. The
synthetic procedure was similar for the other three Ti-MOFs and
the obvious color changes were also observed, which clearly
indicated the metathesis step and the oxidation step (ESI,
Section 57). Moreover, the microscopy photos before and after
metal exchange demonstrated that both the crystal shape and
size did not change, indicating that HVMO process is a true
crystal-to-crystal process not involving any dissolution or
recrystallization. In order to confirm the oxidation state of final
Ti-MOFs, we performed X-ray photoelectron spectroscopy (XPS)
measurements for all the Ti-MOFs (ESI, Section 12%). The
Ti2ps, signal at 458.7 eV and Ti2p,, signal at 464.2 eV
confirmed that the oxidation state of Ti ions in the frameworks
is +4, which is also consistent with the color changes observed
during the exchange process.

The atomic ratio of titanium in these Ti-MOFs was analyzed
using inductively coupled plasma mass spectrometry (ICP-MS)
and energy-dispersive X-ray spectroscopy (EDS) analyses
(Table 1). The metal exchange ratio of PCN-333(Sc)-Ti is 85.9%,
which is much higher than the 52.0% of MIL-100(Sc)-Ti. Two
possible reasons may account for this. Firstly, although PCN-
333(Sc) possesses the same inorganic building block with
MIL-100(Sc), the longer linker in PCN-333(Sc) endows the lattice
with higher flexibility to facilitate the metal exchange complete-
ness.”® Secondly, the larger ligand gives rise to larger pores and
windows in PCN-333(Sc), which further enhance the diffusion
rate inside the MOF materials. An exchange ratio of 100% was
finally achieved for the MOF-74(Zn)-Ti while starting with MOF-
74(Mg), a much lower exchange ratio, 35.1%, was observed. We
attempted to attribute the difference to two reasons: first, the
Mg(u) framework is inherently more stable arising from the
stronger metal to ligand bond compared to the Zn(u) iso-
structure, which is less likely to undergo efficient metathesis.
Second, while Zn(u) has the almost same radius with Ti(m),
there is a big difference between Mg(n) and Ti(m). This great
difference will increase the frameworks tension during the
exchange, which hinders the exchange rate. To the best of our
knowledge, MOF-74(Zn)-Ti is a rare example of a MOF with
a one dimensional metal chain that undergoes the complete
metal exchange.

Power X-ray diffraction (PXRD) patterns of the MOFs before
and after metal exchange well coincide with each other, indi-
cating the obtained products have the same structure with
templates and the crystallinity is well-maintained during the
HVMO process (Fig. 2). In order to further confirm the crystal

Table 1 EDS and ICP-MS analysis for titanium MOFs

Ti%® 333(Sc)-Ti 100(Sc)-Ti 74(Zn)-Ti 74(Mg)-Ti
EDS 85.9% 52.0% 100% 35.1%
ICP-MS 88.0% 48.8% 94.7% 37.9%

¢ Atomic percentage.
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Fig. 2 PXRD patterns for template MOFs and the corresponding
titanium MOFs.

structure as well as the crystallinity, high resolution synchro-
tron PXRD data of MOF-74(Zn), MOF-74(Zn)-Ti, MOF-74(Mg)
and MOF-74(Mg)-Ti was collected (Fig. S10 and S11%), and
Rietveld refinement was performed to refine the crystal struc-
ture of each MOF. It confirmed that MOF-74(Zn)-Ti has almost
the same unit cell with MOF-74(Zn), and MOF-74(Mg)-Ti has
almost the same unit cell with MOF-74(Mg) (Table S1t), proving
that MOF-74(Zn)-Ti and MOF-74(Mg)-Ti have the same crystal
structure with the corresponding templating MOF-74.

N, adsorption measurements were also conducted to eval-
uate the crystallinity of these Ti-MOFs (Fig. 3). As can been
observed from the N, adsorption isotherms, the porosity of the
Ti-MOFs is kept almost intact compared to their corresponding
template MOFs. The small decrement could be ascribed to the
extra anions that are required for the charge balance since Ti(v)
has higher oxidation state, resulting in higher crystal density.
Accordingly the gravimetric adsorption of Ti-MOFs should be
smaller than the template MOFs.

We tested the water stability of our Ti-MOFs. From the PXRD
results, we can tell that MIL-100(Sc)-Ti, MOF-74(Zn)-Ti, and
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Fig. 3 N, uptakes for template MOFs and the corresponding titanium
MOFs at 77 K, 1 atm.
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MOF-74(Mg)-Ti can stay in pure water for 18 h without losing
their crystallinity. PCN-333(Sc)-Ti only maintains its crystal-
linity in pure water for 3 h probably due to the much larger
ligand and porosity. Such extended linker effects on the
framework stability have also been reported in many other MOF
systems, such as UiO-66, 67, 68.>°

With diverse titanium-oxo clusters exchanged into the
frameworks, we investigated the optical properties of these Ti-
MOFs using diffuse reflectance UV-Vis absorption spectroscopy
(Fig. 4). Compared with the absorption edge at 380 nm of PCN-
333(Sc)-Ti and MIL-100(Sc)-Ti, MOF-74(Zn)-Ti and MOF-
74(Mg)-Ti show an extra absorption band centered at about 450
nm with the absorption edge extended to around 660 nm. In
particular, the photocurrent profile of MOF-74(Zn)-Ti indicates
that it is active under visible light (>450 nm) illumination
(Fig. S307). In Mott-Schottky measurement, the positive slope
of the obtained C~? to potential is consistent with typical n-type
semiconductor, as is our material (Fig. S311). Meanwhile, there
are obvious color differences between these titanium MOFs
(Fig. S2-S5t): PCN-333(Sc)-Ti and MIL-100(Sc)-Ti are white,
MOF-74(Mg)-Ti is orange, while MOF-74(Zn)-Ti is dark red.
Such differences can be probably ascribed to two reasons. On
one hand, PCN-333(Sc)-Ti and MIL-100(Sc)-Ti are composed of
trinuclear clusters while MOF-74(Zn)-Ti and MOF-74(Mg)-Ti
are composed of one dimensional titanium chains, which result
in distinguished differences of HOMO-LUMO gaps. On the
other hand, as a good electron donation moiety, 2,5-dioxido-1,4-
benzenedicarboxylate (DOBDC) would provide effective ligand
to metal charge transfer in Ti-MOF-74 structure, resulting in
visible light absorption.

The photocatalytic potential of the Ti-MOFs was examined
using the photodegradation of methylene blue (MB) as a probe
reaction. 15 mg of catalyst was suspended in 15 mL of 500 uM
aqueous MB solution without addition of hydrogen peroxide.
The solution was stirred in the dark for 2 hours to achieve the
adsorption equilibrium before being illuminated with a 300 W
Xe lamp for nine minutes. The concentration change of MB was
monitored by measuring the optical absorption at 660 nm of the
suspension at regular intervals (Fig. 5a). In our control experi-
ment (without any catalyst, blank line), there was no degrada-
tion of MB in such a short time. The photo-degradation of MB
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—— MOF-74(Mg)-Ti
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Fig. 4 UV/Vis absorption spectra of PCN-333(Sc)-Ti (black), MIL-
100(Sc)-Ti (red), MOF-74(Zn)-Ti (green) and MOF-74(Mg)-Ti (blue).
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Fig. 5 (a) Photodegradation of MB using no catalyst (blank), TiO,,
PCN-333(Sc)-Ti, MIL-100(Sc)-Ti, MOF-74(Zn)-Ti and MOF-74(Mg)-
Ti with 300 W xenon light irradiation; (b) proposed mechanism of MB
degradation of Ti-MOF-74 in the presence of air.

in the presence of TiO, was relatively slow, with less than 6% of
MB was degraded and this ratio increased to 35% and 64%
using PCN-333(Sc)-Ti and MIL-100(Sc)-Ti as catalysts. The
better catalytic efficiency of MIL-100(Sc)-Ti compared with PCN-
333(Sc)-Ti could be ascribed to the better water stability. Both
MOF-74(Zn)-Ti and MOF-74(Mg)-Ti revealed excellent catalytic
efficiencies, with conversions up to 98% after only three
minutes. All the Ti-MOFs showed much better catalytic perfor-
mance than TiO, as well as the corresponding template MOFs
(Fig. S32-S35t), indicating the Ti content in our Ti-MOFs indeed
played a vital role in the photocatalytic process.

The excellent photocatalytic performance of Ti-MOF-74 can
be attributed to its capability of absorbing a broader range of
the irradiating light as proved by the diffuse reflectance UV-Vis
absorption spectroscopy and a longer excitation lifetime. To
illustrate photodegradation of MB within the system of Ti-MOF-
74, we herein present a proposed mechanism (Fig. 5b): in this
photochemical reaction, Ti-MOF-74 acts as the chromophore.
Upon excitation, electrons transfer from DOBDC to the Ti-oxo
clusters, reducing Ti** into Ti*" ions, which separates the elec-
tron-hole couple. Meanwhile the oxidized DOBDC is stabilized

This journal is © The Royal Society of Chemistry 2016
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by the formation of the thermodynamic product, a benzoqui-
none species, presumably by a sequential electron transfer
step.** The benzoquinone species can be reduced by highly
reductive MB, which is followed by the oxidation of Ti*" ions by
0,, fulfilling the catalytic cycle. The formation of Ti** and
benzoquinone intermediates efficiently prevents the electron-
hole recombination, which inherently accelerates the photo-
catalytic activity of Ti-MOF-74. With organic ligands as dye,
inorganic clusters as photoactive TiO, nanoparticles, high
porosity and large one dimensional channels, Ti-MOF-74 has
great potential for practical applications in the photocatalysis.

Conclusions

In summary, we have successfully demonstrated a versatile
synthetic strategy, HVMO, towards various titanium MOFs,
PCN-333(Sc)-Ti, MIL-100(Sc)-Ti, MOF-74(Zn)-Ti and MOF-
74(Mg)-Ti, which exhibit high porosity and excellent photo-
catalytic activity. The crystallinity is well maintained during the
HVMO process as confirmed by nitrogen uptake and PXRD
measurements. This study manifests an effective method to
explore promising Ti-MOF platforms for photocatalytic
applications.

Experimental

The synthesis of template MOFs and the corresponding
titanium MOFs

Synthesis of PCN-333(Sc). 4,4',4”-s-Triazine-2,4,6-triyl-tri-
benzoic acid (TATB, 80 mg) and ScCl;-6H,0 (200 mg) were
dissolved in 10 mL DMF in a 20 mL vial. The mixture was heated
up in 150 °C oven for 2 hours until white precipitate formed.
The white precipitate was centrifuged and washed with fresh
DMTF several times. Yield (based on ligand): ~90%.

Synthesis of PCN-333(Sc)-Ti. 30 mg as-synthesized PCN-
333(Sc) was washed with dry DMF several times. The mixture
was bubbled with nitrogen for 15 min, and then transferred into
the glove box when 50 mg TiCl;(THF); was added. The crystals’
color obviously changed from white to purple in 3 min. In order
to make exchange complete, the reaction was allowed to
continue at 120 °C for 24 hours. Meantime, the mother liquid
was exchanged with fresh TiCl;(THF); DMF solution every 6
hours. The solid was washed with oxygen/water-free DMF
several times to afford PCN-333(Sc)-precursor. The precursor
was solvent exchanged with oxygen/water free methanol for 3
days before being activated at 150 °C for 5 hours. After this, the
material was exposed to air to get oxidized to PCN-333(Sc)-Ti.
The color changed from purple to white.

Synthesis of MIL-100(Sc). 1,3,5-Benzenetricarboxylate (BTC,
60 mg) and ScCl;-6H,0 (200 mg) were dissolved in 10 mL DMF.
The mixture was heated up in 150 °C oven for 2 h until white
precipitate formed. The white precipitate was centrifuged and
washed with fresh DMF several times. Yield (based on ligand):
~85%.

Synthesis of MIL-100(Sc)-Ti. As-synthesized 30 mg MIL-
100(Sc) was washed with dry DMF three times. The mixture was
bubbled with nitrogen for 15 min, and then transferred into

This journal is © The Royal Society of Chemistry 2016
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glove box where 50 mg TiCl3(THF); was added. The crystals’
color obviously changed to brown in 10 min. In order to facili-
tate the exchange rate, the reaction was allowed to continue at
120 °C for 24 hours. Meantime, the mother liquid was
exchanged with fresh TiCl;(THF); DMF solution every 6 hours.
The solid was washed with oxygen/water-free DMF to get MIL-
100(Sc)-precursor. The precursor was solvent exchanged with
oxygen/water-free methanol for 3 days before being activated at
150 °C for 5 hours. After this, the material was exposed to air to
get oxidized to MIL-100(Sc)-Ti. The color changed from brown
to white.

Synthesis of MOF-74(Zn). Zn(NOs),-6H,0 (180 mg) and
DOBDC (70 mg) were dissolved with 15 mL DMF in a 20 mL vial.
The vial was sealed and sonicated for 5 minutes until the solid
was completely dissolved. To this solution, 1 mL of ethanol
followed by 1 mL of deionized water was added dropwise. The
vial was sonicated resulting in a clear, yellow solution, which
was heated in an isothermal oven at 100 °C for 24 h yielding
yellow needle crystals MOF-74(Zn). Yield (based on ligand):
~80%.

Synthesis of MOF-74(Zn)-Ti. As-synthesized 30 mg MOF-
74(Zn) was washed with dry DMF several times and immersed in
dry methanol for 3 days before being activated at 130 °C for 9 h
to remove the terminal solvent molecules on the open metal
sites. After activation, MOF-74(Zn) was transferred into the
glove box when 50 mg TiCl;(THF); and 2 mL anhydrous DMF
were added. In order to make the exchange complete, the
reaction was allowed to continue at 100 °C for 18 hours.
Meantime, the mother liquid was exchanged with fresh TiCl;-
(THF); DMF solution every 6 hours. The crystals’ color changed
from light yellow to dark purple. The solid was washed with
fresh oxygen/water-free DMF to get MOF-74(Zn)-precursor. The
precursor was solvent exchanged with oxygen/water-free meth-
anol for 3 days before activated at 60 °C for 5 hours. After this,
the material was exposed to air to get oxidized to dark red MOF-
74(Zn)-Ti.

Synthesis of MOF-74(Mg). Mg(NO3),-6H,0 (150 mg) and
DOBDC (60 mg) were dissolved with 15 mL DMF in a 20 mL vial.
The vial was sealed and sonicated for 5 minutes until the solid
was completely dissolved. To this solution, 1 mL of ethanol and
1 mL of deionized water was added. The vial was sonicated
resulting in a clear, light yellow solution. This solution was
heated in an isothermal oven at 120 °C for 24 h yielding yellow
needle crystals MOF-74(Mg). Yield (based on ligand): ~75%.

Synthesis of MOF-74(Mg)-Ti. As-synthesized 30 mg MOF-
74(Mg) was washed with dry DMF several times and immersed
in dry methanol for 3 days before being activated at 130 °C for 9
h to remove the terminal solvent molecules on the open metal
sites. The activated MOF-74(Mg) was transferred into the glove
box when 60 mg TiCl;(THF); in 2 mL anhydrous DMF was
added. In order to make the exchange complete, the reaction
was allowed to continue at 120 °C for 36 hours. Meantime, the
mother liquid was exchanged with fresh TiCl;(THF); DMF
solution every 6 hours. The crystals’ color changed from yellow
to black. The solid was washed with fresh oxygen/water-free
DMF to get MOF-74(Mg)-precursor. The precursor was solvent
exchanged with oxygen/water-free methanol for 3 days before
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being activated at 60 °C for 5 hours. After this, the material was
exposed to air to get oxidized to orange MOF-74(Mg)-Ti.

Photodegradation of methylene blue with Ti-MOFs

The evaluation of photocatalytic activities of the samples for the
photocatalytic degradation of organic dyes was performed at
ambient temperature (25 °C). The procedure was as follows:
15 mg of sample was dispersed into 15 mL of methylene blue
(MB) aqueous solution (500 pmol L™"). The mixture was stirred
continuously with a magnetic stirring bar for two hours in the
dark to reach the adsorption equilibrium. The photocatalytic
dye degradation was carried out by irradiating the suspension
with a 300 W xenon lamp. At different time intervals, analytical
samples were withdrawn and analyzed by UV-Vis spectroscopy.
The degradation efficiency was determined by dividing C/C,
with time, where C is the remained MB concentration and Cj, is
the starting MB concentration.

Acknowledgements

The synthesis of template MOFs was supported by the Center
for Gas Separations Relevant to Clean Energy Technologies, an
Energy Frontier Research Center funded by the U.S. Department
of Energy (DOE), Office of Science, Office of Basic Energy
Sciences under Award Number DE-SC0001015. The metathesis
was supported by the Hydrogen and Fuel Cell Program under
Award Number DE-FC36-07G017033. The photocatalysis was
supported by the Methane Opportunities for Vehicular Energy
(MOVE) Program, an ARPA-e project under Award Number DE-
AR0000249. The authors also acknowledge the financial
supports of the Welch Foundation under Award Number A-
1725. Synchrotron data was collected at beamline 17-BM at the
Advanced Photon Source, Argonne National Laboratory. Use of
the Advanced Photon Source was supported by the U. S.
Department of Energy, Office of Science, Office of Basic Energy
Sciences, under Contract No. DE-AC02-06CH11357. We thank
Dr Andrey Yakovenko for his help in synchrotron PXRD data
collection as well as Zachary Perry for the discussions.

Notes and references

1 (a) H. Furukawa, K. E. Cordova, M. O'Keeffe and O. M. Yaghi,
Science, 2013, 341, DOI: 10.1126/science.1230444; (b)
O. M. Yaghi, M. O'Keeffe, N. W. Ockwig, H. K. Chae,
M. Eddaoudi and J. Kim, Nature, 2003, 423, 705-714; (c)
H.-C. Zhou, J. R. Long and O. M. Yaghi, Chem. Rev., 2012,
112, 673-674; (d) J. A. Mason, M. Veenstra and ]. R. Long,
Chem. Sci., 2014, 5, 32-51.

2 (@) J.-R. Li, R. J. Kuppler and H.-C. Zhou, Chem. Soc. Rev.,
2009, 38, 1477-1504; (b) Z. R. Herm, B. M. Wiers,
J. A. Mason, J. M. van Baten, M. R. Hudson, P. Zajdel,
C. M. Brown, N. Masciocchi, R. Krishna and J. R. Long,
Science, 2013, 340, 960-964; (c) J. S. Seo, D. Whang, H. Lee,
S. L. Jun, J. Oh, Y. J. Jeon and K. Kim, Nature, 2000, 404,
982-986; (d) E. D. Bloch, W. L. Queen, R. Krishna,

1068 | Chem. Sci., 2016, 7, 1063-1069

View Article Online

Edge Article

J. M. Zadrozny, C. M. Brown and J. R. Long, Science, 2012,

335, 1606-1610.

(@) J. Liu, L. Chen, H. Cui, J. Zhang, L. Zhang and C.-Y. Su,

Chem. Soc. Rev., 2014, 43, 6011-6061; (b) J. Lee,

O. K. Farha, J. Roberts, K. A. Scheidt, S. T. Nguyen and

J. T. Hupp, Chem. Soc. Rev., 2009, 38, 1450-1459.

(@) G. Férey, C. Mellot-Draznieks, C. Serre and F. Millange,

Acc. Chem. Res., 2005, 38, 217-225; (b) L. E. Kreno,

K. Leong, O. K. Farha, M. Allendorf, R. P. van Duyne and

J. T. Hupp, Chem. Rev., 2011, 112, 1105-1125; (¢) T. Ben,

H. Ren, S. Ma, D. Cao, J. Lan, X. Jing, W. Wang, J. Xu,

F. Deng, J. M. Simmons, S. Qiu and G. Zhu, Angew. Chem.,

Int. Ed., 2009, 48, 9457-9460; (d) D. Liu, T.F. Liu,

Y.-P. Chen, L. Zou, D. Feng, K. Wang, Q. Zhang, S. Yuan,

C. Zhong and H.-C. Zhou, J. Am. Chem. Soc., 2015, 137,

7740-7746; (e) Z. Hu, B. J. Deibert and J. Li, Chem. Soc.

Rev., 2014, 43, 5815-5840.

5 (@) S. Vaesen, V. Guillerm, Q. Yang, A. D. Wiersum,
B. Marszalek, B. Gil, A. Vimont, M. Daturi, T. Devic,
P. L. Llewellyn, C. Serre, G. Maurin and G. de Weireld,
Chem. Commun., 2013, 49, 10082-10084; (b) D. Feng,
Z-Y. Gu, J.-R. Li, H.-L. Jiang, Z. Wei and H.-C. Zhou,
Angew. Chem., 2012, 124, 10453-10456; (¢) C. E. Wilmer,
O. K. Farha, T. Yildirim, 1. Eryazici, V. Krungleviciute,
A. A. Sarjeant, R. Q. Snurr and J. T. Hupp, Energy Environ.
Sci., 2013, 6, 1158-1163; (d) N. B. Shustova, A. F. Cozzolino
and M. Dinca, J. Am. Chem. Soc., 2012, 134, 19596-19599.

6 (@) K. G. M. Laurier, F. Vermoortele, R. Ameloot, D. E. de Vos,
J. Hofkens and M. B. J. Roeffaers, J. Am. Chem. Soc., 2013,
135, 14488-14491; (b) G. TFérey, C. Mellot-Draznieks,
C. Serre, F. Millange, J. Dutour, S. Surblé and 1. Margiolaki,
Science, 2005, 309, 2040-2042; (c) F. Gandara, H. Furukawa,
S. Lee and O. M. Yaghi, J. Am. Chem. Soc., 2014, 136, 5271-
5274.

7 (@) D. Feng, W.-C. Chung, Z. Wei, Z.-Y. Gu, H.-L. Jiang,
Y.-P. Chen, D. ]J. Darensbourg and H.-C. Zhou, J. Am. Chem.
Soc., 2013, 135, 17105-17110; (b) W. Morris, B. Volosskiy,
S. Demir, F. Gandara, P. L. McGrier, H. Furukawa,
D. Cascio, J. F. Stoddart and O. M. Yaghi, Inorg. Chem.,
2012, 51, 6443-6445; (¢) D. A. Gomez-Gualdron,
O. V. Gutov, V. Krungleviciute, B. Borah, J. E. Mondloch,
J. T. Hupp, T. Yildirim, O. K. Farha and R. Q. Snurr, Chem.
Mater., 2014, 26, 5632-5639; (d) T.-F. Liu, D. Feng,
Y.-P. Chen, L. Zou, M. Bosch, S. Yuan, Z. Wei, S. Fordham,
K. Wang and H.-C. Zhou, J. Am. Chem. Soc., 2015, 137, 413~
419.

8 C. Serre, J. A. Groves, P. Lightfoot, A. M. Z. Slawin,
P. A. Wright, N. Stock, T. Bein, M. Haouas, F. Taulelle and
G. Férey, Chem. Mater., 2006, 18, 1451-1457.

9 M. Dan-Hardi, C. Serre, T. Frot, L. Rozes, G. Maurin,
C. Sanchez and G. Férey, J. Am. Chem. Soc., 2009, 131,
10857-10859.

10 Y. Fu, D. Sun, Y. Chen, R. Huang, Z. Ding, X. Fu and Z. Li,
Angew. Chem., Int. Ed., 2012, 51, 3364-3367.

11 T. Toyao, M. Saito, Y. Horiuchi, K. Mochizuki, M. Iwata,
H. Higashimura and M. Matsuoka, Catal. Sci. Technol.,
2013, 3, 2092-2097.

w

[

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sc03620h

Open Access Article. Published on 02 November 2015. Downloaded on 10/18/2025 4:17:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

12 (@) C. H. Hendon, D. Tiana, M. Fontecave, C. Sanchez,
L. D'arras, C. Sassoye, L. Rozes, C. Mellot-Draznieks and
A. Walsh, J. Am. Chem. Soc., 2013, 135, 10942-10945; (b)
M. A. Nasalevich, M. G. Goesten, T. J. Savenije, F. Kapteijn
and J. Gascon, Chem. Commun., 2013, 49, 10575-10577.

13 J. Gao, J. Miao, P.-Z. Li, W. Y. Teng, L. Yang, Y. Zhao, B. Liu
and Q. Zhang, Chem. Commun., 2014, 50, 3786-3788.

14 S. Yuan, T.-F. Liu, D. Feng, J. Tian, K. Wang, J. Qin, Q. Zhang,
Y.-P. Chen, M. Bosch, L. Zou, S. J. Teat, S. ]J. Dalgarno and
H.-C. Zhou, Chem. Sci., 2015, 6, 3926-3930.

15 J. A. Mason, L. E. Darago, W. W. Lukens and J. R. Long, Inorg.
Chem., 2015, 54, 10096-10104.

16 B. Bueken, F. Vermoortele, D. E. P. Vanpoucke, H. Reinsch,
C.-C. Tsou, P. Valvekens, T. De Baerdemaeker, R. Ameloot,
C. E. A. Kirschhock, V. Van Speybroeck, J. M. Mayer and
D. De Vos, Angew. Chem. Int. Ed., 2015, DOIL 10.1002/
anie.201505512.

17 D. Feng, K. Wang, Z. Wei, Y.-P. Chen, C. M. Simon,
R. K. Arvapally, R. L. Martin, M. Bosch, T.-F. Liu,
S. Fordham, D. Yuan, M. A. Omary, M. Haranczyk, B. Smit
and H.-C. Zhou, Nat. Commun., 2014, 5, DOI: 10.1038/
ncomms6723.

18 L. Rozes and C. Sanchez, Chem. Soc. Rev., 2011, 40, 1006—
1030.

19 L. Mitchell, B. Gonzalez-Santiago, J. P. S. Mowat, M. E. Gunn,
P. Williamson, N. Acerbi, M. L. Clarke and P. A. Wright,
Catal. Sci. Technol., 2013, 3, 606-617.

20 S. J. Geier, J. A. Mason, E. D. Bloch, W. L. Queen,
M. R. Hudson, C. M. Brown and J. R. Long, Chem. Sci.,
2013, 4, 2054-2061.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Chemical Science

21 H. Deng, S. Grunder, K. E. Cordova, C. Valente, H. Furukawa,
M. Hmadeh, F. Gandara, A. C. Whalley, Z. Liu, S. Asahina,
H. Kazumori, M. O'Keeffe, O. Terasaki, J. F. Stoddart and
O. M. Yaghi, Science, 2012, 336, 1018-1023.

22 (@) S. M. Cohen, Chem. Rev., 2012, 112, 970-1000; (b)
C. K. Brozek and M. Dinca, Chem. Soc. Rev., 2014, 43,
5456-5467; (¢) K. K. Tanabe and S. M. Cohen, Chem. Soc.
Rev., 2011, 40, 498-519; (d) C. K. Brozek, V. K. Michaelis,
T.-C. Ong, L. Bellarosa, N. Lopez, R. G. Griffin and
M. Dinca, ACS Cent. Sci., 2015, 1, 252-260.

23 S. Ekambaram, C. Serre, G. Férey and S. C. Sevov, Chem.
Mater., 2000, 12, 444-449.

24 M. Kim, J. F. Cahill, H. Fei, K. A. Prather and S. M. Cohen, J.
Am. Chem. Soc., 2012, 134, 18082-18088.

25 (a) C. K. Brozek and M. Dinc4, J. Am. Chem. Soc., 2013, 135,
12886-12891; (b) Y. Lee, S. Kim, J. K. Kang and
S. M. Cohen, Chem. Commun., 2015, 51, 5735-5738.

26 T.-F. Liu, L. Zou, D. Feng, Y.-P. Chen, S. Fordham, X. Wang,
Y. Liu and H.-C. Zhou, J. Am. Chem. Soc., 2014, 136, 7813-
7816.

27 H. Miyake and H. Tsukube, Chem. Soc. Rev., 2012, 41, 6977-
6991.

28 (a) X. Song, T. K. Kim, H. Kim, D. Kim, S. Jeong, H. R. Moon
and M. S. Lah, Chem. Mater., 2012, 24, 3065-3073; (b)
X. Song, S. Jeong, D. Kim and M. S. Lah, CrystEngComm,
2012, 14, 5753-5756.

29 J. H. Cavka, S. Jakobsen, U. Olsbye, N. Guillou, C. Lamberti,
S. Bordiga and K. P. Lillerud, J. Am. Chem. Soc., 2008, 130,
13850-13851.

30 A. F. Cozzolino, C. K. Brozek, R. D. Palmer, J. Yano, M. Li and
M. Dinca, J. Am. Chem. Soc., 2014, 136, 3334-3337.

Chem. Sci., 2016, 7, 1063-1069 | 1069


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sc03620h

	A versatile synthetic route for the preparation of titanium metaltnqh_x2013organic frameworksElectronic supplementary information (ESI) available:...
	A versatile synthetic route for the preparation of titanium metaltnqh_x2013organic frameworksElectronic supplementary information (ESI) available:...
	A versatile synthetic route for the preparation of titanium metaltnqh_x2013organic frameworksElectronic supplementary information (ESI) available:...
	A versatile synthetic route for the preparation of titanium metaltnqh_x2013organic frameworksElectronic supplementary information (ESI) available:...
	A versatile synthetic route for the preparation of titanium metaltnqh_x2013organic frameworksElectronic supplementary information (ESI) available:...
	A versatile synthetic route for the preparation of titanium metaltnqh_x2013organic frameworksElectronic supplementary information (ESI) available:...
	A versatile synthetic route for the preparation of titanium metaltnqh_x2013organic frameworksElectronic supplementary information (ESI) available:...
	A versatile synthetic route for the preparation of titanium metaltnqh_x2013organic frameworksElectronic supplementary information (ESI) available:...
	A versatile synthetic route for the preparation of titanium metaltnqh_x2013organic frameworksElectronic supplementary information (ESI) available:...
	A versatile synthetic route for the preparation of titanium metaltnqh_x2013organic frameworksElectronic supplementary information (ESI) available:...
	A versatile synthetic route for the preparation of titanium metaltnqh_x2013organic frameworksElectronic supplementary information (ESI) available:...
	A versatile synthetic route for the preparation of titanium metaltnqh_x2013organic frameworksElectronic supplementary information (ESI) available:...
	A versatile synthetic route for the preparation of titanium metaltnqh_x2013organic frameworksElectronic supplementary information (ESI) available:...
	A versatile synthetic route for the preparation of titanium metaltnqh_x2013organic frameworksElectronic supplementary information (ESI) available:...
	A versatile synthetic route for the preparation of titanium metaltnqh_x2013organic frameworksElectronic supplementary information (ESI) available:...

	A versatile synthetic route for the preparation of titanium metaltnqh_x2013organic frameworksElectronic supplementary information (ESI) available:...


