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Abstract 
This thesis targets the synthesis of homo and heterometallic Titanium-Organic 

Frameworks and the study of their stability, catalytic and photocatalytic properties. This 
dissertation highlights the importance of a careful examination the different factors in the 
synthesis to obtain stable and highly crystalline materials and the impact of their structure 
and chemical composition on their performance in applications of environmental 
relevance. 

Chapter 1 provides an overview of the different homometallic and heterometallic 
Titanium-Organic frameworks reported to date, their structural variety and the different 
synthetic strategies used to create them. Special attention is given to the chemical and 
physical properties that control their performance in photocatalytic processes as the H2 
evolution reaction (HER) or CO2 reduction. 

Chapter 2 describes the systematic study of the different experimental variables 
relevant to the synthesis of this family of materials by using high-throughput (HT) 
methodologies. This approach is exemplified by the synthesis of a mesoporous Ti-MOF 
with the structure of the archetypical MIL-100 family. MIL-100(Ti) can be reproducibly 
synthesised with different Ti(IV) precursors with high crystallinity. It displays good 
stability in water and photocatalytic activity due to the presence of photoactive Ti3(μ3-O) 
nodes.  

Chapter 3 explores the chemistry of titanium frameworks beyond conventional 
carboxylate connectors. By using a similar synthetic approach, automated HT chemistry 
coupled to multiple metal precursors, we succeeded in isolating MUV-11 (MUV = 
Material of the Universitat de València). MUV-11 is a homometallic Ti-MOF built from 
siderophore-type hydroxamic acid linkers. It displays a layered chiral structure with 
excellent chemical stability due to the strong Ti-hydroxamate chelates. We also use a 
combination of photoelectrochemical and theoretical studies to establish the effect of this 
and other types of linkers on the electronic structure and the phenomenon of charge 
transfer in titanium frameworks, both relevant to their photocatalytic activity.  

Chapter 4 reports the synthesis and characterization of a new family of 
heterometallic titanium frameworks. The inorganic core of MUV-10 materials combines 
Ti(IV) with divalent metals for photoactive heterometallic Ti2M2 metal-oxo clusters with 
good water stability. Their heterometallic structure enables engineering of their 
photoactivity by metal doping rather than by linker functionalization. Compared to other 
methodologies based on the post-synthetic metallation of MOFs, our approach is well-
fitted for controlling the positioning of dopants at an atomic level to gain more precise 
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control over the band-gap and electronic properties of the porous solid. The introduction 
of open-shell metals like Mn(II), is used to reduce the band-gap of the solid and improve 
its photocatalytic activity under visible light.  

Chapter 5 describes the first family of heterometallic titanium frameworks that 
can be prepared by direct synthesis from metal precursors and trimesic acid. MUV-101 
frameworks [TiM2(μ3-O)(O2CR)6X3] (M = Mg, Fe, Co, Ni; X = H2O, OH-, O2-) combine 
mesoporosity (1800-2200 m2·g-1) with good chemical stability. We use these materials to 
exemplify the advantages of controlling metal distribution across the framework in 
heterogeneous catalysis by exploring their activity toward the degradation of a nerve agent 
simulant of Sarin gas. By using an integrative experimental/computational approach we 
answer one of the key open questions in the area of mixed-metal MOFs: How can the 
metals in the inorganic node influence each other for tuning the performance of the 
material? To the best of our knowledge MUV-101(Fe) provides the first example of a dual 
metal transition state in heterometallic MOFs that enables clear understanding of the 
individual roles played by the metals combined and their mutual cooperation. We are 
confident our results represent an excellent platform to guide the design of other 
heterometallic frameworks and span the interest of this family of MOFs to a broad scope 
of cascade or tandem reactions in which synergetic catalysis might yield unprecedented 
boosts in performance. 
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1.  Introduction  

The number of Metal-Organic Frameworks (MOFs), also known as Porous 
Coordination Polymers (PCPs), has experimented an exponential growth within the last 
20 years with more than 70000 different MOF structures reported in the last decade.1 This 
has been possible in part due to the development of the concepts of Reticular Chemistry, 
which intends to rationalise the principles that help predicting framework topologies 
from the geometry encoded in its organic and inorganic constituents.2–5 This facilitates 
the engineering of the structure and porosity of these hybrid materials in size, shape and 
chemical functionality to create families of crystalline materials with unprecedented 
versatility in chemical composition and properties appealing for a broad range of 
applications.6–10 

Coordination polymers with empty voids (MOFs) can be regarded as metastable 
products against their dense phases. In other words, the denser non-porous phase would 
be the thermodynamically favoured product during the synthesis, whereas the porous 
framework can be rather seen as the kinetically trapped product.11,12 Therefore, MOFs are 
susceptible of undergo hydrolysis/rearrangement processes at the metal-linker bonds, 
triggered by strongly coordinating solvent molecules like H2O, in order to form either the 
thermodynamically favoured denser phase or degradation products. Though in principle 
any metallic ion can be used, the most common inorganic building units (also referred to 
as Secondary Building Units, SBU) are often composed of mono-, di- or trivalent metallic 
ions. The main drawback limiting the general applicability of MOFs based in lower 
valence metals is their often poor chemical stability,12–14 with few notable exceptions.15–17 
Though their low chemical stability has been usually ascribed to the high lability of the 
coordination bonds,13 recent studies suggest that the homoleptic aquo-complex self-
exchange rate of metallic ions is a better descriptor to estimate the hydrolytic stability of 
MOFs.12 To overcome the stability problem, several strategies have been developed. One 
of them consists in the introduction of hydrophobic functional groups in the linker18–20 or 
hydrophobic shielding of MOFs crystals21–23 to make the framework hydrophobic enough 
to prevent the attack of water. Another approach relies on increasing the strength of M-L 
bonds. This can be attained by increasing the donor strength or basicity of the linker, or 
the polarizing power of the metal ion. The first can be attained by using soft azolate linkers 
due to the stronger donating ability of these groups, which forms very strong coordination 
bonds with soft late transition metals.12,13,15 In turn, carboxylate-based linkers tend to form 
stronger bonds with high valence M(IV) metals like titanium, zirconium or hafnium to 
create crystalline porous structures with improved chemical stability, particularly under 
humid environments.24–27 The reason for the enhanced stability of MOFs formed with 
M(IV) ions is ascribed to their higher charge density (defined as the charge to ionic radius 
ratio), which confers these metallic ions a strong Lewis acid nature and thus increases 
their affinity for the negatively charged oxygen atoms from carboxylate linkers. 
Unfortunately, this same feature also makes these ions very reactive in solution, thus 
hindering the formation of crystalline solids due to very fast nucleation and growth of 
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amorphous phases. This problem can be solved by using modulators, inorganic acids that 
are added to the reaction media in order to modulate the crystal growth and slow down 
the reaction kinetics to facilitate the formation of crystalline solids.28,29  This approach was 
first successfully applied by Behrens and co-workers to Zr(IV)-MOFs in 2011,30 and 
rapidly led to the synthesis of a large number of MOFs based in the characteristic 
hexanuclear Zr/Hf [M6O4(OH)4(O2C)12] SBU intrinsic to the UiO family.31,32 However, 
this same methodology has proven elusive in the case of Ti-MOFs possibly due to the 
higher reactivity of this metal.  

Titanium offers several advantages over Zr or Hf as it is naturally abundant, 
displays a relatively low toxicity, is photoactive and its higher charge density from a 
smaller ionic radius can lead to more stable frameworks. Nonetheless, most of the 
research into this family of materials has been motivated by their potential photocatalytic 
properties. Since the early discovery of the photocatalytic activity of TiO2 by Fukushima 
and Honda in 1972,33 lots of research has been done in order to understand and improve 
the photocatalytic properties of TiO2.34 In this regard, Ti-MOFs can be seen as 
subnanometric TiO2 nanoparticles connected by organic linkers to form an ordered 
porous network in which the organic linkers can act as sensitizers to inject electrons into 
the conduction band of the titanium-oxo nodes by photo-induced ligand-to-metal charge 
transfer (LMCT). This introduces several advantages over nanostructured TiO2 as the 
possibility to control/modify the structure and distribution of the Ti SBUs at the 
molecular level and to tune the optical band-gap of these solids to modify their 
photocatalytic activity.  

The earliest reports on the synthesis of titanium coordination polymers date back 
to 1999 when Serre and Férey reported the first 3D titanium diphosphonate frameworks 
MIL-22 and MIL-25n (n = 2, 3).35,36 These solids were built from diphosphonic acid 
(H2O3P-(CH2)-PO3H2) and single titanium nodes bridged by diphosphonate linkers to 
form a 3D structure with an array of corner sharing (MIL-22) or isolated (MIL-25) TiO6 
octahedra and water molecules occluded in their cavities. These materials were originally 
reported as open frameworks but did not display accessible porosity for gas sorption after 
solvent removal. The first truly porous titanium diphosphonate was published in 2006 
also by the Versailles team by using N,N’-piperazine-bismethylenephosphonate, an 
extended version of the diphosphonic acid linker used previously.37 The structure of MIL-
91(Ti) is an extended version of MIL-22 with chains of corner sharing TiO6 octahedra 
connected by the phosphonate linker also to generate a 3D ordered framework. Both 
materials had to be prepared under harsh reaction conditions from hydrated TiO2 and 
HF at high temperatures to facilitate the assembly. These preliminary works revealed the 
problematics of controlling the many different coordination modes of phosphonate 
ligands to avoid the formation dense crystalline phases. It is not surprising that most of 
the research in this direction was focused instead on the use of carboxylic acid connectors 
also compatible with softer reaction conditions. However, it was not until 2009 when the 
first porous titanium framework, MIL-125,38 was reported. Since then, only a limited 
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number of titanium framework structures have been reported, in sharp contrast with the 
number of reported Zr(IV)-MOFs.32 This is likely due to the higher reactivity of Ti(IV) 
ions in solution, that tend to react quickly with the linker to form amorphous frameworks. 
They can also undergo rapid hydrolysis in the presence of water to produce amorphous 
TiO2 under solvothermal reaction conditions. This imposes an exquisite control over the 
dynamic hydrolysis-condensation equilibria to generate crystalline frameworks.24,25 In 
fact, these synthetic difficulties have precluded systematic control of the formation of 
persistent SBUs with encoded nuclearity and connectivity in order to generate Ti-MOFs 
with targeted topologies. As summarised in Figure 1, this problem is likely the reason for 
which almost all the frameworks reported 
are based on different SBUs.  

Three main strategies have been 
followed to solve this problem (Figure 1.2). 
The ‘SBU approach’ is based on the use of 
pre-formed polynuclear metal-oxo 
complexes with monocarboxylic acid 
molecules acting as capping linkers 
surrounding the TinOm core.39 This 
strategy relies on the retention of the 
structure polynuclear cluster used as 
precursor to dictate the formation of a 
targeted framework. However, this is often 
not the case as the drastic reaction 
conditions used induce a degradation of 

Figure 1.1 – Secondary building units (SBUs) of some representative carboxylate-based Ti-MOFs.
To date, almost all materials are based on different inorganic connection points highlighting the
difficulties in controlling the formation of persistent SBUs. 

Figure 1.2 – Main strategies used for the
synthesis of Titanium-Organic Frameworks 
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the original cluster to form alternative SBUs under thermodynamic control. Another 
strategy uses post-synthetic metal exchange (PSME) reactions of MOF crystals with 
Ti(IV), or Ti(III) followed by subsequent re-oxidation to Ti(IV).40–42 This results in 
daughter frameworks that incorporate titanium to their structure, although it hardly 
reaches 100 % of metal exchange giving rise to heterometallic frameworks with poor 
control of metallic distribution. Finally, the combination of titanium with other divalent 
metals has proven to be successful in the synthesis new heterometallic Ti(IV)-based 
MOFs in which both metals co-exist in the same structure either as part of the same SBU 
or as segregated monometallic SBUs.43–45 In either case, the introduction of a softer metal 
facilitates the formation of crystalline frameworks. Moreover, the presence of a second 
metal can introduce additional features usually not present in pure titanium-organic 
frameworks.46–48 

Given the current development in Titanium-Organic Frameworks, in this chapter 
we intend to give an overview of the state-of-the-art in the synthesis and properties of 
pure and heterometallic Titanium-Organic Frameworks to frame the work developed in 
this thesis in a more general context. We will cover the different synthetic methodologies 
employed and the structural outcomes with a special emphasis on the engineering of their 
optical properties and interest in photocatalytic applications of environmental relevance.   

2. Titanium(IV)-Organic Frameworks 

The formation of Ti-based MOFs represents a synthetic challenge that has been 
often regarded as one of the most challenging topics within the MOF community. Despite 
the synthetic difficulties, the number of reported Ti-MOFs has increased considerably 
during the last two years, but we still lack of desirable synthetic control to control the 
assembly of targeted topologies. Multiple reaction parameters as temperature, solvent or 
mixture of solvents, concentration, time, metal-linker ratio, modulator as well as titanium 
precursors must be carefully selected and systematically varied to define suitable sets of 
reaction conditions to produce crystalline solids. With such a complex chemical space, 
high-throughput (HT) methodologies are becoming more and more useful in the 
synthesis of this family of materials.49 A detailed explanation of the effect of the different 
synthetic factors involved in the synthesis of Ti-MOFs is beyond the scope of this chapter 
and will not be covered in detail. For a more detailed discussion on these aspects the 
reader is referred to previous works.24–27  

2.1. Homometallic Titanium(IV)-Organic Frameworks 

Most of the Titanium-Organic Frameworks reported to date have been 
synthesised from carboxylate-based organic linkers. As summarised in Figure 1, the type 
of linker and reaction conditions used direct the formation of specific inorganic 
connection points, which will control the assembly of the final framework. Accordingly, 
we have classified the different titanium frameworks reported depending on the 
nuclearity, structure and chemical composition of their secondary building units: single-
node, polynuclear oxo-complex or infinite Ti-oxo rod-like SBUs (Table 1.1). 
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2.1.1. Single-node Secondary Building Units 

Single-node frameworks can be formed in presence of strong chelating agents like, 
salicylate, catecholate or hydroxamate-based linkers. These organic linkers react rapidly 
in presence of Ti ions to form stable and red-coloured complexes, that display five- or six-
membered chelating rings (Figure 3). These adducts are quite stable and prevent further 
condensation reactions that would otherwise result in the formation of polynuclear 
complexes or competing hydrolysis for the formation of amorphous oxide phases. 

The first single-node Ti-MOF with a salicylate-based linker was reported in 2014 
by Zhang and co-workers, by using 2,5-dihydroxy-terephthalic acid (H4dobdc) as a 
linker.50 NTU-9 was first formed by direct reaction of Titanium(IV) tetraisopropoxide 
(Ti(OiPr)4, TTIP) with H4dobdc in glacial acetic acid (AcOH). The use of AcOH 
prevented the rapid formation of Ti-dobdc amorphous phases and helped to obtain bigger 
high-quality crystals suitable for structural determination by single-crystal X-ray 
diffraction (SCXRD) techniques. NTU-9 presents a 2D-layered structure with each single 
Ti(IV) ions interconnected by 3 different dobdc linkers forming a hexagonal 2D 
honeycomb layer with a hcb topology and octahedral TiO6 SBUs.26 The layers display an 
eclipsed packing and are separated by ca. 6 Å with a node-to-node packing along the c 
axis forming 1.1 nm wide  hexagonal channels. Later on, synchrotron SCXRD studies 
showed layers are kept together by H-bonds from the non-coordinated O-atoms from 
adjacent layers forming O···O pairs containing the shared H-atoms in the midpoint 
between these two O-atoms.51 Thus, in basis of this results and the absence of any other 
possible cation other than H+ in the reaction conditions, the authors proposed 
[Ti2(Hdobdc)2.67] as the most plausible formula for NTU-9.  

The reaction conditions play an important role on the crystallinity of the final 
product and very often determine the crystalline phase obtained. More recently, Serre and 
co-workers investigated the reactivity of Ti(IV) ions with H4dobdc under different hydro- 
and solvothermal reaction conditions.52 In order to cover the highest number of reaction 
conditions, the authors used a HT reactor developed by Stock.49 This gave rise to the 
isolation of four different Ti-dobdc crystalline phases depending on the solvent/mixture 
of solvents, modulator, titanium precursor and ligand-to-metal ratio. The reaction of 
TTIP and H4dobdc in a N,N-diethyl-formamide : methanol (DEF:MeOH) mixture, 
instead of acetic acid, at 180 ºC for 24 hours yielded a crystalline Ti-dobdc phase of 
formula [Ti(dobdc)1.5(Et2MeNH)2]·nH2O named MIL-167. This structure, solved by 
Rietveld refinement, crystallizes in the cubic space group I-43d and is composed of 
isolated TiO6 connected by fully deprotonated dobdc linkers forming two intergrown 
enantiomeric networks to finally afford a 2-fold interpenetrated 3D anionic framework. 
The pores of MIL-167 are occupied by diethyl-methyl ammonium cations (Et2MeNH) to 
compensate for the excess of negative charge. Apart from the presence of organic cations 
in the pores, MIL-167 could be considered as a 3D polymorph of NTU-9, where the main 
difference in the crystal structure arise from the different absolute configuration of 
adjacent metal centres (alternating Λ, Δ in NTU-9 vs Λ, Λ and Δ, Δ configurations in 
MIL-167). On the other hand, reacting TTIP with H4dobdc in pure DEF afforded a 
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crystalline phase that resembled that of the NTU-9 and, thus was named accordingly as 
‘NTU-9-like’. However, adding catechol (cat) as modulator under similar reaction 
conditions afforded a new non-porous crystalline phase, namely MIL-168. The solid, of 
formula [Ti(cat)(dobdc)(DEAH)2], is composed of octahedral TiO6 units connected to 
two dobdc linkers and one catechol molecules, forming 1D zig-zag infinite chains along 
the c-axis separated by diethylammonium (DEAH) cations, generated from the 
decomposition of DEF during synthesis. In contrast, the use of a tetrameric complex 
[Ti4O4(ox)7(pipH2)3(H2O)2] as precursor in hydrothermal conditions produced a layered 
anionic framework called MIL-169. It is important to note that in MIL-169, the SBU is no 
longer mononuclear but binuclear. This can be explained by the use of water as solvent in 
the reaction conditions which favours higher degrees of condensation. Each Ti(IV) ion is 
coordinated by two chelating fully-deprotonated dobdc anions in the equatorial position 
whereas the axial positions of both metallic ions are occupied by a bridging μ-O and two 
terminal water molecules. This produces anionic 2D layers along ab plane which are 
packed along the c axis by H-bonded piperazinium (pipH2) cations and intercalated water 
molecules with an overall formula [Ti2O(dobdc)2(H2O)2(pipH2)]·H2O. However, of all 
these structures, only MIL-167 presented a certain degree of porosity, which was certainly 
reduced due to interpenetration and the presence of bulky Et2MeNH+ cations in the pores.  

Figure 1.3 - Titanium-Organic Frameworks based on single Ti(IV) atoms as SBUs. 
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Similar strong chelating linkers with catechol units have also been used to produce 
single-node frameworks. In 2015, Yaghi and co-workers reacted TTIP with triphenylene-
2,3,6,7,10,11-hexakis(olate) (H6tho), with catecholate-based binding groups, in a N,N’-
dimethyl-formamide (DMF) : water : methanol mixture at 180 ºC for 48 hours to produce 
Ti-CAT-5.53 Note that a poorly nucleophilic base, amylamine, had to be used as an 
additive in order to help deprotonate the organic linker. No single-crystals could be 
obtained, and the structure had to be solved by a full pattern refinement of the 
experimental PXRD by means of the use of electron density maps and the Charge Flipping 
method to locate the position of the metal ions. The Rietveld refinement of Ti-CAT-5 
converged with good residual values (Rp = 5.66 %, Rwp = 8.05 %) in the cubic space group 
P213 (a = 17.996 Å). The SBU of Ti-CAT-5 has the formula Ti(O2C2)3, in which all the 
catechol groups are fully deprotonated forming an octahedral coordination environment 
around the metal centres. This produced an anionic framework in which the excess of 
negative charge had to be compensated by dimethyl-ammonium (DMA+) cations that 
were located in the pores of Ti-CAT-5, for an overall chemical formula 
[Ti(tho)(DMA)2]·S (S = solvent). Ti-CAT-5 displays a porous, doubly interpenetrated 3D 
structure with srs topology. Interestingly, the vanadium analogue of Ti-CAT-5 (V-CAT-
5) could also be isolated under similar reaction conditions but compared to Ti-CAT-5, 
which displayed good stability after 24 hours of exposure to ambient conditions, it 
displayed poor stability when exposed to ambient air after a few hours.  

More recently, Long et. al. succeeded in the preparation of MOFs based on Ti(II) 
ions and semiquinoid linkers as well as its V(II) and Cr(II) analogues.54 This framework 
was synthesised by heating a solution of TiCl2 and 5-dichloro-3,6-dihydroxybenzoquinone 
(H2Cl2dhbq) in DMF at 120 ºC for 24 hours to produce [(DMA)2Ti2(Cl2dhbq)3]·4.7DMF. 
This reaction had to be carried out under extreme inert conditions in order to avoid the 
oxidation of Ti(II) to Ti(IV). The solid crystallises in the trigonal space group P-31m. 
Each Ti ion is hexacoordinated forming [TiII(O2C2)]- units with Ti ions in an octahedral 
coordination geometry with opposing chirality between adjacent centres. The structure is 
reminiscent of that of NTU-9 and displays an eclipsed packing of hexagonal honeycomb 
layers for 1D channels occupied by disordered DMA+ cations. The presence of mixed-
valence states from the different oxidation states of dhbq linkers, gives the solid a strong 
absorption in the visible region and electronic conductivity of ca. 2·10-3 S·cm-1. However, 
the high reactivity of Ti(II) yields a poorly stable material that is very sensitive to 
activation for complete loss of crystallinity upon guest removal. 

Martí-Gastaldo and co-workers introduced the use of siderophore-type linkers 
based on hydroxamic acids for improved chemical stability.55 This type of organic 
connectors is known not only for their biological applications, but also for the formation 
of very strong metal-linker bonds due to the strong chelating ability of the hydroxamate 
groups. The reaction of benzene-1,4-dihydroxamic acid (H4bdha) with TTIP in a 
DMF:AcOH mixture at 120 ºC for 48 hours afforded small red hexagonal crystals of 
MUV-11 (Chapter 3). Optimization of the reaction conditions by systematic variation of 
temperature, titanium precursor, solvent, modulator and metal-to-linker ratio were 
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analysed with HT methodologies to obtain the most crystalline material. The small size 
of the crystals prevented the structural solution by SCXRD methodologies, and the 
structure was finally solved from the full profile fitting of the experimental PXRD data. 
The structure of MUV-11 is reminiscent of that of the NTU-9, with single Ti ions in a 
distorted octahedral geometry to form corrugated hexagonal honeycomb-like 2D layers. 
Compared to NTU-9, the expansion of the linker in MUV-11 generates 1.6 times larger 
hexagonal channels for a diameter of 1.76 nm. Neighbouring layers are held together by 
H-bonds. Unlike rigid dobdc linkers, the hydroxamate binding groups can rotate and the 
layers adopt a zigzag configuration for a helical-like packing, which is better described in 
the chiral space group P32. This is translated in a reduction in the pore size of the material, 
that displays pseudo-hexagonal channels of a width of ca. 1.1 nm along the c axis and a 
calculated BET surface area of 756 m2·g-1. Even though these materials are considered 
chemically stable from the combination of a hard metal with strongly chelating linkers, 
stability tests in water have been rarely reported. The only example of water stability tests 
in single-node Ti-MOFs was reported for the soaking of MUV-11 in water at different pH 
values for 24 hours. Although the solid presented certain amorphization, metal leaching 
was ruled out and this structural change was attributed to the disruption of the H-bonds 
forming the interlayer packing. This stability was further compared to that of NTU-9 and 
MIL-125-NH2 at pH-2 and pH-7 by measuring the metal leaching into the solution. The 
amount of titanium leached into the solution for MUV-11 (0.02 mg·L-1 after 24 hours of 
incubation) was below that of NTU-9 (1.07) and MIL-125-NH2 (5.49). This significant 
change in chemical stability was attributed to the strong chelating ability of hydroxamate 
groups to form stable 5-membered joints compared to weaker adducts formed by 
carboxylate linkers. 

2.1.2. Polynuclear Ti(IV)-oxo clusters 

The reaction of titanium ions with polycarboxylic acid linker usually originates 
Ti(IV)-oxo clusters as inorganic building units. The structure and nuclearity of the SBUs 
formed mainly depend on the amount of water in the reaction medium that favours 
condensation reaction to form titanium complexes with a TinOm core.24,25 Water can be 
generated in situ or present in small quantities in some of the solvents used. This way, 
polynuclear SBUs can be formed from vertex- or corner-sharing TiO6 octahedra and 
bridging or terminal -O2-, -OH or -OH2 units (Figure 4).  

The first polynuclear carboxylate Ti-MOF was reported in 2009 by Serre and co-
workers.38 MIL-125 with formula [Ti8O8(OH)4(bdc)6] (bdc = benzene-dicarboxylate or 
terephthalate)), was synthesised from TTIP and H2bdc in a DMF:MeOH mixture at 150 
ºC for 48 hours. It features cyclic octameric Ti8O8(OH)4 cores with edge- and corner 
sharing TiO6 octahedra. These SBUs are surrounded by twelve carboxylate groups from 
twelve different bdc2- linkers, forming a quasi-cubic tetragonal network with fcu topology. 
The structure features microporous tetrahedral (6 Å) and octahedral (12 Å) cages 
connected through triangular windows. Nitrogen sorption of the activated solid showed 
a type-I isotherm with a calculated BET surface area of 1550 m2·g-1 and a pore volume of 
0.65 cm3·g-1. MIL-125 displayed an optical band-gap of ca. 3.6 eV, similar to that of pure 
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TiO2.56 The photoactivity of MIL-125 was tested by photoreduction of Ti(IV) to Ti(III) 
under UV light in presence of benzyl alcohol which showed a drastic change of colour 
from white to dark blue due to the generated Ti(III) species. This was also confirmed by 
electron paramagnetic resonance (EPR) spectroscopy, which showed the characteristic 
signal of Ti(III) ions in a distorted octahedral environment. Succeeding studies on the 
photoactivity of MIL-125 confirmed experimental and theoretically an effective LMCT in 
MIL-125 solids.56–59 This has motivated a lot of research pursuing photo-stimulated 
processes. However, due to the synthetic difficulties in producing new hybrid frameworks 
containing titanium, most of the research has been focused on the modification of MIL-
125 with different functional groups as amino (-NH2),56,60,61 azo (-N=N-R)62 and other 
optically active derivatives.63  

It was not until 2015 when Zhou and co-workers reported a new polynuclear Ti-
MOF. PCN-22 is based on strongly light absorber carboxylate porphyrin units.64 This 
material was synthesised by direct reaction of the linker with [Ti6O6(OiPr)6(4-abz)6] (OiPr 
= isopropoxide, 4-abz = 4-amino-benzoate) clusters. The use of pre-formed clusters was 
based in the SBU approach, assuming that they would maintain its original structure in 
solution to target specific topologies. The reaction of the hexameric Ti-oxo cluster with 
tetrakis(4-carboxyphenyl)-porphyrin (TCPP) linkers in DEF at 150 ºC for 48 hours using 
benzoic acid as modulator afforded large plate like crystals suitable for SCXRD analysis. 
PCN-22 crystallises in the monoclinic P2/m space group. Interestingly, the titanium 
precursor was found to undergo a rearrangement during the reaction to form an 
unprecedented heptameric Ti7O6(O2C)12 SBU, which can be regarded as two six-
connected trinuclear Ti3O3 units bridged by an additional titanium atom, each with one 
μ3-O2-, one terminal O2- and -OH- anions and one bridging DEF molecule. Their self-
assembly with TCPP linkers gave rise to a porous structure displaying 1.5 nm 
microporous channels and a specific BET surface area of ca. 1284 m2·g-1, measured after 
activation with supercritical CO2. This step was necessary in order to avoid the collapse 
of the structure upon solvent removal. Due to the strong light absorption properties of 
the porphyrin linkers, PCN-22 shows a broad range of absorption from 200 to 640 nm 
and a calculated optical band-gap of 1.93 eV, which is among the smallest reported to date 
for Ti-MOFs. 

A few months later, De Vos and co-workers reported the flexible titanium 
framework COK-69.65 This MOF was synthesised from trans-1,4-cyclohexane-
dicarboxylic acid (H2cdc) and dicyclopentadienyl titanium(IV) dichloride ([Cp2TiCl2]) in 
DMF by using AcOH as modulator. The authors replaced the highly reactive titanium(IV) 
alkoxides with this organometallic complex to prevent the formation of amorphous TiO2 
during the reaction. COK-69 can be formulated as [Ti3O(cdc)3]·DMF and consists in 
trinuclear Ti3O SBUs connected to six different cdc linkers to create a hexagonal structure 
with acs topology. In order to account for the excess of positive charge the authors studied 
the different [Ti3O(cdc)3X3] (X = H2O, OH-, O2- or Cp-) formulations. After ruling out the 
presence of cyclopentadienyl anions, it was suggested [Ti3O(cdc)3(O)(OH)2] and 
[Ti3O(cdc)3(O)2(OH2)] as the most stable configurations based on DFT calculations. The 



12 
 

trimeric [M3O(O2C)6] SBU has been widely reported in MOF chemistry and is usually 
found in MOFs built from trivalent metals (Al, Fe, Cr) as MIL-88, MIL-100, and MIL-
101.66 Although similar trimeric Ti-oxo complexes had been previously reported as 
discreet complexes, this SBU had remained elusive in Ti-MOF chemistry.25,39 The 
structure of COK-69 is reminiscent of the flexible framework MIL-88.67 However, the 
flexibility of COK-69 originates from a different mechanism that involves conformational 
changes in the linker between the equatorial e,e’ and the axial a,a’ conformations. Thermal 
activation of the solid led to the close-pore form of COK-69 with nanoporous channels of 
2.7 Å along the c axis and a specific surface area of 29 m2·g-1. The open pore form of COK-

Figure 1.4 –Titanium-Organic Frameworks based on polynuclear Ti-oxo clusters as SBUs. 
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69 could be recovered after immersing the solid in low polar solvents like toluene or 
tetrahydrofuran (THF). The band-gap of COK-69 was theoretically estimated to be 3.77 
eV. This solid can be reduced with UV-light to produce Ti(III) species by a proton-
coupled electron transfer mechanism. 

The same year, Mason et al. reported the formation the titanium analogue of MIL-
101 by using a Ti(III) precursor.68 To avoid irreversible oxidation, MIL-101(Ti) was 
synthesised from terephthalic acid (H2bdc) and TiCl3 under a strict inert atmosphere by 
using Schlenk techniques. MIL-101-Ti displays the trimeric [M3O(O2C)6] SBU intrinsic 
to this family of MOFs and also present in COK-69. The structure of MIL-101 is a zeotypic 
framework with mtn topology in which four SBUs are interconnected by four 
terephthalate linkers forming supertetrahedra.69 The self-assembly by corner-sharing 
supertetrahedra yields the zeotypic structure bearing two types of mesoporous cages of 
internal diameters of 29 and 34 Å, connected through pentagonal and hexagonal 
microporous windows (of 12 and 15 Å, respectively). N2 sorption measurements at 77 K 
revealed a BET surface area of 2970 m2·g-1. Thermal treatment in vacuum was used to 
generate open metal sites at the axial positions of the metal centres. O2 adsorption 
isotherms revealed a very steep adsorption of O2 at very low pressures due to metal 
oxidation to generate Ti(IV) superoxo and peroxo species. 

In 2016, the same hexameric cluster previously used by Zhou et al. for the 
synthesis of PCN-22 was used by Yaghi and co-workers to demonstrate the value of the 
SBU approach in the synthesis of Ti-MOFs. [Ti6O6(OiPr)6(4-abz)6] consists of six 
octahedrally coordinated Ti(IV) ions alternated by six μ3-O2- anions forming two stacked 
six-membered rings with six -OiPr anions in the axial positions and six 4-abz anions in 
the equatorial plane with terminal -NH2 groups. In-situ generation of the cluster and 
subsequent condensation reaction of the -NH2 groups with the carbonyl groups of a 
benzene-4,4’-dialdehyde spacer in MeOH was used to produce MOF-901 that preserves 
the structural integrity of the pre-formed cluster.70 This material crystallises in a 
hexagonal structure in which the hexameric Ti clusters are connected by 1,4-
phenylenebis(methanylylidene)-bis(azanylylidene)dibenzoate (H2pmad) linkers in the ab 
plane to generate large triangular-shaped windows. Although the layers are stacked in a 
staggered ···ABAB··· fashion and reduce the porosity accessible, MOF-901 displays a 
surface area of 550 m2·g-1. The use of a highly conjugated aromatic linkers results in a 
broad absorption in the visible spectrum for an optical band-gap of 2.65 eV, similar to 
MIL-125-NH2. More recently, MOF-902 was prepared by using the same strategy and an 
elongated linker, 4,4’-biphenyl-dialdehyde.71 This is possibly the first example of 
isoreticular expansion in Ti-MOFs reported.  

In 2019, Feng and co-workers isolated Ti3-bpdc by reacting [Ti6O6(OiPr)6(4-abz)6] 
titanium clusters with H2bpdc linkers.72 The reaction of these components in a 
DMF:AcOH mixture afforded single-crystals. Ti3-bpdc crystallised in the trigonal space 
group R-3m. The SBU is composed of three Ti atoms linked by six bridging carboxylate 
groups to form a linear SBU. The central metal displays an octahedral coordination 
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geometry whereas the two adjacent centres display a tetrahedral geometry with two 
terminal -OH groups completing their coordination sphere. These groups are in close 
proximity with the neighbouring -OH groups of adjacent SBUs forming H-bonds with 
very short O···O distances of ca. 2 Å. The Ti3(OH)2 SBUs are connected to six bpdc linkers 
to yield a 3D network with dia topology and triangular shaped pores of 1.1 nm. Analysis 
of digested samples by 1H-NMR measurements showed the presence of acetate anions in 
the pores for the formulation [Ti3(bpdc)3(OH)2](OAc)4. Ti3-bpdc displays a surface area 
of 636 m2·g-1 and good stability in ambient conditions and organic solvents. However, its 
stability can be compromised in presence of amounts of water as small as 5 % v/v for 
complete structural degradation.  

Also in 2019, Martí-Gastaldo and co-workers reported the synthesis of MIL-
100(Ti) (Chapter 2) by solvothermal reaction of titanium precursors with trimesic acid 
(btc = 1,3,5-benzene-tricarboxylate).73 The isolation of this compound is an excellent 
example of the value of HT methodologies in the synthesis of Ti-MOFs. It was obtained 
after a systematic exploration of different reaction parameters as temperature, titanium 
precursor, reaction time, amount of modulator and metal-to-linker ratio. In fact, [Ti3(μ3-
O)(btc)2(O)(OH)2] was only be formed with high crystallinity at temperatures as high as 
160 ºC and can be favoured by using [Ti6O6(OiPr)6(4-tbbz)6] (4-tbbz = 4-tert-butyl-
benzoate) as precursor. This hexameric complex displayed very low solubility in the 
reaction media, disfavoured hydrolysis rate and was useful to prevent the formation of 
TiO2. MIL-100(Ti) was obtained as a white microcrystalline powder and displayed a BET 
surface area of 1321 m2·g-1. This reduction with respect to the theoretical value of 2000 
m2·g-1 was attributed to the formation of a fraction of amorphous phase. HT optimisation 
was also used to expand the synthesis of MIL-100(Ti) to other titanium precursors, such 
as Cp2TiCl2, CpTiCl3 and TTIP. The reactivity of the precursor was found to be crucial in 
order to obtain a highly crystalline product. The authors also tested the water stability of 
the solid by immersing the solid in water at different pH values for 24 hours and 
compared them with archetypical MOFs as MIL-12538 and MIL-100(Fe)74 by PXRD, N2 
sorption and inductively coupled plasma coupled to mass spectrometry (ICP-MS). 
Interestingly, MIL-100(Ti) maintained unchanged its crystallinity and surface area in pH 
values from 2 to 12, whereas MIL-125 showed a decrease in the surface area from 1585 to 
182 m2·g-1 at pH 2 after 24 hours. ICP-MS measurements also revealed a higher metal 
leaching in acid and neutral pH for MIL-100(Fe) and MIL-125 under these conditions, 
confirming the outstanding stability of MIL-100(Ti).  

Motivated by the previous work on MIL-101(Ti) by Long and co-workers, very 
recently Bloch and co-workers reported the synthesis of structural analogues MIL-101(Ti) 
and MIL-100(Ti) by using in situ electrochemically generated Ti(III) from titanium(IV) 
tetrachloride (TiCl4).75 The use of the softer Ti(III) facilitates the obtention of crystalline 
products with the ubiquitous [M3O(O2C)6] SBU, as it has been mostly reported previously 
for trivalent M(III) metals like Fe(III), Cr(III) or Al(III), among others.66 Thus, by using 
identical synthetic procedures, the authors succeeded in the isolation of the MIL-101(Ti) 
and MIL-100(Ti) extended counterparts by using 4,4’-biphenyl-dicarboxylic acid 
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(H2bpdc, MIL-101-bpdc) and triazine-4,4’,4’’-tryil(trisbenzoic) acid (H3tatb, MIL-100-
tatb), respectively. These materials showed higher crystallinity and surface areas than 
those obtained by the solvothermal methodology described by Long and co-workers thus 
showing promising application for the synthesis of Ti-MOFs with a controlled SBU. 

In 2020, Serre and co-workers reported the last example of polynuclear Ti-MOF. 
MIP-207 can be formed by reaction of TTIP with H3btc in a mixture of AcOH and acetic 
anhydride (Ac2O).76 MIP-207 crystallizes in the tetragonal space group P4/nbm and can 
be formulated as [Ti8(μ-O)8(OAc)8(Hbtc)4]. Its consists in octameric Ti8-oxo clusters, 
similar to those observed in MIL-125 but with 16 carboxylate groups, eight in the 
symmetrical plane formed by the eight Ti ions, and eight remaining carboxylates (four 
above and four below the symmetry plane) that belong to acetate molecules. Noteworthy, 
MIP-207 could also be synthesised from a Ti8 precursor with acetate and formate 
molecules (Ti8AF) as capping linkers, under similar conditions. MIP-207 is the first Ti-
MOF featuring an octameric SBU like the one in MIL-125. Each Ti8 inorganic node is 
bridged to four adjacent neighbours by btc linkers attached to the equatorial positions of 
the cluster. This yields [Ti8(μ-O)8(OAc)8][Hbtc]4 units extending along the ab plane with 
H-bonded free carboxylate groups from btc linkers to form 2D layers. These layers display 
an eclipsed packing to form nanoporous channels of around 6 Å of diameter for an 
experimental surface area of 570 m2·g-1. The presence of free carboxylic groups can be 
used to functionalize MIP-207 by replacement of H3btc with functionalised isophtalic acid 
(H2ipa) linkers. The authors used this route to introduce multiple functional groups and 
study their effect on the selectivity of MIP-207 towards CO2 adsorption and separation 
from CO2/N2 mixtures. 

2.1.3. Infinite 1D rod-like Ti(IV) Secondary Building Units 

The recent advances in the synthesis of new titanium frameworks have also 
resulted from the generation of infinite 1D Ti-oxo and Ti-carboxylate chains with a high 
degree of condensation as inorganic connection points. This rod-like SBU, has been 
extensively studied and can provide additional features to the material as the possibility 
of avoiding catenation or introducing structural flexibility.77 Although rod-like SBUs have 
been mostly reported in MOFs with lower valence metals, being the Zr(IV)-MOFs of the 
MIL-140 family78 the only exception, this type of SBUs have been also reported for several 
Ti-MOFs in the last years (Figure 1.5).  

Serre and co-workers reported the first example in 2018 with MIP-177-LT (where 
MIP stands for Materials of the Institute of porous materials from Paris and LT stands for 
Low-Temperature form).79 This solid was obtained by refluxing a mixture of TTIP and 
3,3’,5,5’-tetracarboxydiphenyl-methane (H4mdip) in pure formic acid, which acted as 
solvent and modulator. MIP-177-LT displays Ti12O15 clusters connected by bridging 
formate ligands to form extended 1D SBUs. The mdip linkers interconnect these 
inorganic rods to form an extended 3D hexagonal structure with 1D channels of close to 
1.1 nm width. The formate ligands can be removed irreversibly by calcination at 280 ºC 
to yield the high-temperature phase MIP-177-HT. This derivative also displays a 
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hexagonal structure with the same inorganic/organic connection points than MIP-177-
LT. The TiO6 octahedra in the SBU are arranged in the same way as in the hexameric 
titanium cluster used for the synthesis of PCN-22,64 Ti3-bpdc72 and MIL-100(Ti),73 and 
can be seen as vertex-sharing (Ti6O9) units running along the c axis. Interestingly, both 
MIP-177-LT/HT displayed excellent chemical stability in water after exposure to 
extremely acidic or basic conditions as evidenced by PXRD and N2 sorption 
measurements. 

Later that year, Park and co-workers synthesised DGIST-1 by reaction in DEF of 
H4TCPP linkers with [Ti6O6(OiPr)6(4-abz)6] complexes by using benzoic acid as 
modulator.80 It must be noted that DGIST-1 and PCN-22 have been synthesised by using 
nearly identical conditions for very different structures. This highlights the difficulties in 
controlling the condensation reaction of titanium in solution and how minor variations 
in the reaction conditions can lead to completely different products. DGIST-1 is 
isostructural to the previously reported Al-PMOF.81 It crystallizes in the orthorhombic 
space group Cmcm, and is based on inorganic Ti-oxo carboxylate chains as inorganic 
connection points. The rods are composed of metal centers in an octahedral coordination 
geometry bonded to two bridging μ-O2- ions and four O atoms from bridging carboxylate 
groups. The structure shows microporous channels running parallel to the inorganic rods 
for an experimental surface area of 1957 m2·g-1, one of the highest values reported for 
Ti(IV)-MOFs to date. DGIST-1 displays limited chemical stability as it cannot stand 
soaking in water or methanol although it remains crystalline in other organic solvents. 

By using Cp2TiCl2 and H2bpdc linkers, De Vos and co-workers isolated COK-47 
in a DMF : propylene carbonate mixture by using either acetic or formic acid as 
modulator.82 Variation of the synthetic conditions allowed to control the particle size for 
two type of materials: COK-47S and COK-47L (where S and L stand for small and large 
particles, respectively). The crystalline structure of COK-47 could be inferred by 
continuous rotation electron diffraction (cRED). The structure of COK-47 consists 
metal-oxo chains of edge-sharing TiO6 octahedra. These are in turn bridged by μ3-O2- 
atoms (vertex sharing TiO6 octahedra) and carboxylate groups to form 2D layers 
interlinked by the bpdc organic connectors that form a dense non-porous structure. The 
authors also succeeded in the formation of the isoreticular analogues COK-47-bypdc and 
COK-47-bdc by using bypiridyl-5,5’-dicarboxylic acid (H2bypdc) and terephthalic acid 
(H2bdc). As expected, COK-47L did not display available porosity with a BET surface area 
of 60 m2·g-1, due to the lack of pores in the crystalline structure. Unexpectedly, COK-47S 

did showed N2 sorption with a calculated surface area of 573 m2·g-1. Pore size distribution 
revealed the presence of micropores of 6 Å width, which is in agreement with the 
theoretical pore size generated upon linker removal. This led to consider the presence of 
missing linker defects in COK-47S. NMR studies upon digestion of the solid in HF showed 
high amounts of MeOH present in COK-47S from the washing procedure. The spatial 
distribution of the MeOH molecules in the solid was inferred by 1H and 13C-SS-MAS-
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NMR which, along theoretical simulations, suggesting that the MeOH molecules were 
acting as capping linkers to generate close to 39 % of missing linker defects. 

 

 

Figure 1.5 – Titanium-Organic Frameworks built from infinite 1D rod-like SBUs as inorganic
connection points. 
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Table 1.1 – Summary of the topology, porosity, and chemical stability of the reported homometallic Titanium-Organic 
Frameworks featuring single-node, polynuclear or 1D rod-like SBUs 

Single-node SBUs 

MOF 
Code SBU Formula Topology 

Surface Area 
(m2·g-1) Chemical Stability Ref 

MIL-91(Ti) TiO(HO3P)2 [TiO(HO3P-(CH2)-(NC4H8N)-
(CH2)-PO3H)]·(H2O)4.5 

sql 380 Boiling water, 24 h (PXRD) 37 

NTU-9 Ti(O2C3)3 [Ti2(Hdobdc)2.67] hcb 642 n.r.a 50,51 

‘NTU-9-
like' 

Ti(O2C3)3 [Ti(Hxdobdc)1.5(DEA)2−1.5x] hcb - n.r.a 52 

MIL-167 Ti(O2C3)3 [Ti(dobdc)1.5(Et2MeNH)2]·(H
2O)n srs - n.r.a 52 

MIL-168 Ti(O2C3)3 [Ti(Hxdobdc)(cat)(DEA)2] - - n.r.a 52 

MIL-169 Ti(O2C3)3 [TiO0.5(Hxdobdc)(H2O) 
(pipH2)0.5]·H2O - - n.r.a 52 

Ti-CAT-5 Ti(O2C2)3 [Ti(tho)(DMA)2] srs 450 
Air and organic solvents 

(PXRD) 
53 

Ti-
Cl2dhbq 

Ti(O2C2)3 [Ti2(Cl2dhbq)3(DMA)2] 
·(DMF)4.7 

hcb - n.r.a 54 

MUV-11 Ti(OCNO)3 [Ti2(Hbdha)2(H2bdha)] hcb 756 Stable in H2O between  
2 < pH < 11 (PXRD, ICP) 

55 

Polynuclear Ti-oxo SBUs 

MOF 
Code 

SBU Formula Topology Surface Area 
(m2·g-1) 

Chemical Stability Ref 

MIL-125 [Ti8O8(OH)4 

(O2C)12] [Ti8O8(OH)4(bdc)6] fcu 1550 Stable in H2O between 2 < 
pH < 11 (PXRD, ICP, BET)73 

38 

PCN-22 [Ti7O6(O2C)12] [Ti7O6(TCPP)3(DEF)2] kim 1284 n.r.a 64 

COK-69 
[Ti3O(O2C)6 

(O)(OH)2] [Ti3O(cdc)3(O)(OH)2] acs 29 n.r.a 65 

MIL-
101(Ti) 

[Ti3O(O2C)6 

(O)(OH)2] 
[Ti3O(bdc)3(O)(OH)2] mtn 2970 n.r.a 68 

MOF-901 [Ti6O6(OMe)6 

(O2C)6] 
[Ti6O6(OMe)6(pmad)3] hxl 550 Stable in H2O between 2 < 

pH < 11 (PXRD) 
70 

MOF-902 
[Ti6O6(OMe)6 

(O2C)6] [Ti6O6(OMe)6(bdpa)3] hxl 400 
Stable in water and HCl 

0.01M (PXRD) 
71 

Ti-bpdc [Ti3(O2C)6 

(OH)2] [Ti3(bpdc)3(OH)2](OAc)4 dia 636 Stable in organic solvents. 
Not stable in water (PXRD) 

72 

MIL-
100(Ti) 

[Ti3O(O2C)6 

(O)(OH)2] 
[Ti3O(btc)2(O)(OH)2] mtn 1320 Stable in H2O between 2 ≤ 

pH ≤ 12 (PXRD, ICP, BET) 
73 

MIL-101-
bpdc 

[Ti3O(O2C)6 

(O)(OH)2] 
[Ti3O(bpdc)3(O)(OH)2] mtn 3263 n.r.a 75 

MIL-100-
tatb 

[Ti3O(O2C)6 

(O)(OH)2] [Ti3O(tatb)2(O)(OH)2] mtn 5842 n.r.a 75 

MIP-207 [Ti8O8(O2C)16] [Ti8O8(OAc)8(Hbtc)4] - 570 Stable in H2O at RT 76 

1D Rod-like SBUs 

MOF 
Code SBU Formula Topology 

Surface Area 
(m2·g-1) Chemical Stability Ref 

MIP-177-
LT 

[Ti12O15(O2C)18] [Ti12O15(mdip)3(O2CH)6] bnn 800 
Stable in concentrated 
acids and bases (PXRD, 

BET) 

79 

MIP-177-
HT [Ti6O9(O2C)6] [Ti6O9(mdip)1.5] bnn 690 

Stable in concentrated 
acids and bases (PXRD, 

BET) 

79 

DGIST-1 [TiO(O2C)2] [Ti2O2(TCPP)] - 1957 Stable in organic solvents. 
Not stable in water (PXRD) 

80 

COK-47S [Ti2O3(O2C)2] [Ti2O3(bpdc)0.61(MeO)0.78] - 573 Stable in H2O at RT 82 

COK-47L [Ti2O3(O2C)2] [Ti2O3(bpdc)] - 60 Stable in H2O at RT 82 

ZSTU-1 [Ti6O9(O2C)6] [Ti6O9(tca)2] kgd 536 
Stable in H2O between 2 < 

pH < 7 (PXRD) 
83 

ZSTU-2 [Ti6O9(O2C)6] [Ti6O9(btb)2] kgd 628 Stable in H2O between 2 < 
pH < 7 (PXRD) 

83 

ZSTU-3 [Ti6O9(O2C)6] [Ti6O9(btca)2] kgd 861 Stable in H2O between 2 < 
pH < 7 (PXRD) 

83 

Ti-TBP 
[Ti5(OH)6 

(O2C)10] 
[Ti5(TBP)2(OAc)2(OH)6] 

·(OAc)4 - 537 n.r.a 84 
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Chen and co-workers reported the formation of three new Ti-MOFs based on rod-
like SBUs by direct reaction in DMF of TTIP with different tricarboxylic linkers. 
Depending on the linker used, these frameworks were named as ZSTU-n (ZSTU stands 
for Zhejiang Sci-Tech University), where n = 1 (L = 4,4’,4’’-nitrilotribenzoic acid (H3tca)), 
n = 2 (L = 1,3,5-tris(4-carboxyphenyl)benzene (H3btb)) and n = 3 (L = tris(4’-
carboxybiphenyl)amine (H3btca)).83 The small particle size displayed by the three 
different solids prevented the elucidation of their structures by single-crystal diffraction 
techniques. However, all PXRD patterns could be indexed in the hexagonal space group 
P63/mcm suggesting that these solids were isoreticular. By using a combination of density 
functional theory (DFT) calculations and chemical analysis the authors managed to 
produce structural models for these frameworks. Their structure is based on TiO6 
octahedra chains kept together by six bridging μ3-O and six μ3-OH to form [Ti6(μ3-O)6(μ3-
OH)6(O2C)6]n rods, quite similar to those described above for MIP-177-HT. These chains 
are interconnected by carboxylate linkers arranged in an eclipsed conformation to form 
a 3,6-connected network with kgd topology and rhombic-shaped channels. ZSTU-1, 
ZSTU-2 and ZSTU-3 display experimental surface areas of 536, 628 and 861 m2·g-1. The 
authors also studied the stability of these materials by soaking them in acidic aqueous 
solutions for two days. PXRD was used to confirm the structural integrity and good 
stability of this family of solids in acidic environments up to pH 1.  

In 2019, Lin and co-workers came up with a new structure involving titanium and 
porphyrin-based linkers.84 Ti-tbp was prepared by reaction of TiCl4(THF)2 as a titanium 
source with the porphyrin TCPP linkers also used in PCN-22 and DGIST-1.64,80 It 
crystallises in the monoclinic space group P21/c and is built from inorganic chains formed 
by corner-sharing TiO6 octahedra. These are bridged by TCPP linkers and acetate 
molecules to form 1D rods. The interlinking of these rods yields a porous structure with 
1.1 x 1.1 nm square channels. In this case, the modulator can play an active role in 
directing the formation of a different crystalline phase. The structure of Ti-tbp is 
reminiscent of that of DGIST-1 with the porphyrin groups arranged in an eclipsed 
manner. However, it displays a much lower surface area of 537 m2·g-1. The introduction 
of porphyrin units can be also used to metalate the framework during the synthesis. 
Depending on the reaction temperature, the authors managed to metalate Ti-tbp (120 ºC) 
or to produce nanoparticles of the non-metalated product (80ºC). 

Very recently, Gascón and co-workers reported the formation of a new titanium-
organic framework, ACM-1,85 obtained from direct reaction of Ti(OiPr)4 with 4,4′,4′′,4′′′-
(pyrene-1,3,6,8-tetrayl)tetrabenzoic  acid (H4tbaPy) by using propionic acid as 
modulator. ACM-1 crystallises in the orthorhombic space group Cmmm and displays 
infinite 1D Ti-oxo chains with corner-sharing TiO6 octahedra, similar to those observed 
in DGIST-1.80 These are interconnected by tbaPy linkers to form a 3D structure with sea 

ACM-1 [TiO(O2C)2] [Ti2O2(tbaPy)] sea 1212 Stable in H2O at RT 
(PXRD) 

85 

MIP-208 [TiO(O2C)2] [TiO(5-Aa-ipa)] - - Stable in boiling wáter  
(PXRD) 

86 

a not reported. 
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topology and 1D channels along the c axis. ACM-1 is isostructural to the previously 
reported Al-MOF, ROD-7,86 based on the same linker. The sensitizing properties of the 
pyrene-based linker bestow this material with a strong light absorption in the visible 
region and an optical band-gap of 2.3 eV determined by DRS and photelectrochemical 
measurements. This experimental value agrees well the theoretical band gap obtained 
from the DFT computed electronic structure (2.15 eV). EPR was used to confirm the 
formation of Ti(III) species upon photoexcitation with UV and visible light. Moreover, 
given the ability of the pyrene core to undergo redox reactions, the authors also studied 
the dynamics of charge recombination by using transient absorption spectroscopic 
measurements. Their experiments suggest how the presence of titanium significantly 
improves the charge separation in ACM-1, which, along with its water stability, highlights 
its potential for its use as a photocatalyst. 

The last example of this sub-family was reported by Serre and co-workers in 2020. 
MIP-20887 was prepared by reaction of Ti8AF precursor, also used in the synthesis of MIP-
207,76 with 5-amino-isophthalic acid (5-NH2-ipa) in a 1:1 (v/v) acetic anhydride : acetic 
acid mixture. The authors observed that the addition of small quantities of MeOH was 
crucial to obtain a highly crystalline product. They also report the amidation of the linker 
under these conditions to form 5-acetamide-isophtalic acid (5-Aa-ipa). MIP-208 
crystallises in the tetragonal space group I41/amd. It displays helical 1D TiO6 chains along 
the c axis interconnected by 5-Aa-ipa linkers to produce an extended 3D framework of 
formula [Ti(μ-O)2(5-Aa-ipa)]. Despite the presence of 1D pores, the framework did not 
show noticeable N2 uptake at 77 K but a significant adsorption of CO2. MIP-208 displaya 
outstanding chemical stability in water. It remains crystalline even in boiling water for 24 
hours, qualifying as one of the most hydrothermally stable Ti-MOFs. Furthermore, as in 
the case of MIP-207, the linker 5-Aa-ipa could be partially substituted in MIP-208 during 
the synthesis by other functionalised isophthalic acid derivatives bearing -H, -NO2, -Me, 
-Br, -tBu groups or by 3,5-pyrazol-dicarboxylic acid (H2pda) to create a series of mixed-
linker MIP-208 materials that enable fine tuning of CO2 adsorption.   

2.2. Heterometallic Titanium(IV)-Organic Frameworks 

Recent research in the field of titanium MOFs has also targeted the combination 
of Ti(IV) with different metals to produce mixed-metal or heterometallic frameworks. 
These materials incorporate two or more metal ions to the inorganic node of the 
frameworks and are increasingly gaining importance as a route to produce materials with 
increasing chemical and functional complexity.47,48 Heterometallic MOFs can offer 
important advantages over their homometallic counterparts to enable targeted 
modification of the adsorption properties, structural response, electronic structure or 
chemical reactivity as well as to access the new features that might arise from the 
synergistic interaction of the different metals in the framework. However, this field is still 
in its infancy likely due to the difficulties of controlling the formation of heterometallic 
nodes by direct synthesis. This restriction is even more acute in the case of titanium 
frameworks due to their challenging chemistry and the synthetic limitations described in 
the introduction. 
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Direct synthetic methodologies may yield frameworks that combine titanium and 
another metal ion either in the same metal-oxo cluster or in separate monometallic SBUs. 
One of the main advantages of this route is to ensure a homogeneous distribution of both 
metals across the framework at an atomic level. These can be found in well-defined 
crystallographic positions or disordered between different equivalent crystallographic 
sites with a well-defined atomic ratio between the metallic elements (Figure 6, Table 1.2). 
All the same, this methodology is gaining increasing interest to produce new crystalline 
materials since the combination of Ti with a softer metallic ion can reduce the nucleation 
and reaction rate to favour the formation of crystalline frameworks. The main 
disadvantage of the direct approach is that it is not simple to control the formation of 
targeted materials. Also, the combination of two or more metals in the reaction medium 
can lead to the formation of segregated monometallic phases rather than the mixed-metal 
heterometallic phase. 

Post-synthetic metal exchange (PSME) reactions have also arisen as an indirect 
approach to control the incorporation of different metals to a pre-formed framework. It 
consists of the substitution of the metal of the parent framework by a second metallic 
ion.88–93 This methodology has been extensively used in order to incorporate a second 
metal ion to other frameworks that would otherwise be difficult to achieve by direct 
synthesis. However, the exchange hardly reaches the 100 % of metal exchange and, in 
some cases, it can lead to the metalation of the MOF rather than to an effective metal 
exchange. As a result, the mixed-metal MOFs produced with this methodology often 
suffer from poor homogeneity regardless the synthetic strategy used: metal exchange, 
metalation or grafting. In this chapter, we will only cover the PSME with titanium ions. 
For more general information on PSME reactions with Metal-Organic Frameworks, the 
reader is referred to other reviews.88–93  

2.2.1. Direct Synthesis 

2.2.1.1. Segregated Homometallic SBUs 

The first heterometallic Ti-MOF incorporating two types of metal centres was 
reported in 2013 by Cui and co-workers.94 Cd-Ti-MOF-1 is a chiral heterometallic 
framework that can be prepared by reaction of Ti(OBu)4 with chiral salan molecule to 
produce a metallosalan complex followed by reaction with CdI2·4H2O and H2bpdc 
connectors to assemble a chiral framework. Cd-Ti-MOF-1 crystallizes in the chiral space 
group P622 and is composed by tetrameric Ti-oxo clusters with one central octahedral 
TiO6, that are connected to three surrounding Ti centers by μ-O bridges. The peripheral 
titanium atoms form a hexatopic metallosalan building block. These last are connected to 
six different Cd ions to generate 2D layers that are connected by bpdc linkers to generate 
cylindrical chiral channel along the c axis. The result is a 3D anionic porous framework 
with DMA+ cations in the cavities for negligible gas uptake. Later that year, Cui and co-
workers also published two isostructural analogues by functionalization of the 
metallosalan linker with carboxylic and pyridyl groups.95 Reaction of the Ti-metallosalan 
complexes with CdBr2 or Zn(OAc)2 was used to produce two isostructural heteromentallic 
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MOFs: [Cd3(μ3-OH)Br[(TiLOMe)2O]2]·3DMF·H2O and [Zn3(μ3-
OH)(OH)[(TiLOEt)2O]2]·3DMF. Compared to Cd-Ti-MOF-1, these solids are built from 
binuclear [Ti2(μ-O)(salan)2] building blocks connected to M3(μ3-O) clusters through the 
pyridyl and carboxylate groups to create a 3D chiral network with distorted octahedral 
microporous cavities. These solids display negligible gas adsorption but show promising 
activity in asymmetric catalysis. 

In 2016, Sun and co-workers reported the first example of a heterometallic MOF 
based on a polynuclear Ti-oxo clusters as SBU.44 MTM-1 displays the same hexanuclear 
Ti-oxo clusters also present in MOF-901/902 (Figure 4), and can be prepared by reaction 
of TTIP with isonicotinic acid (INA) in presence of cupric iodide (CuI2). MTM-1 
crystallises in the cubic space group Im-3m and is built from hexanuclear [Ti6(μ3-
O)6(OiPr)6(O2C)6] clusters and [CuI2N4] units as inorganic connectors. The equatorial 
positions of the titanium centers in the cluster are occupied by isonicotinate anions. These 
are in turn connected to neighbouring [Cu2(μ-I)2N4] units by the pyridyl groups. The 
interlinking of these clusters resultsed in the formation of a 3D cubic structure with a sod 
topology. MTM-1 displays mesoporous sodalite type cages with an inner diameter of 2.8 
x 3.2 nm and square-shaped apertures of ca. 1 x 1 nm. N2 adsorption measurements 
yielded a low BET surface area of 347 m2·g-1, significantly smaller than the theoretical 
value. This suggests a partial amorphization/distortion of the framework upon solvent 
removal. This heterometallic Ti-Cu also displays a strong light absorption in the visible 
region with an optical band-gap of 1.59 eV, estimated from diffuse reflectance 
measurements. 

2.2.1.2. Heterometallic SBUs 

In a synthetic effort to obtain single crystals, Chun and co-workers reported 
several heterometallic Ti-MOFs formed by direct reaction of Ti(IV) and M(II) precursors 
in 2013. In a first trial, they reacted Zn(NO3)2·6H2O and TTIP in DMF in presence of 2-
hydroxyterephthalic acid (H2bdc-OH). They obtained orange-block shaped crystals of 
ZTOF-1 (ZTOF = Zinc-Titanium Organic Framework).96 This is the first example of a 
heterometallic Ti-MOF combining hard Ti(IV) and soft Zn(II) metals within the same 
SBU. ZTOF-1 crystallises in the monoclinic space group P21/c and is composed of 
octanuclear Zn6Ti2 SBUs built from two Zn3(μ3-OH)(CO2)6 trimers capped with two 
terminal octahedral TiO6 units. The metals are bridged by μ3-OH and formate molecules 
formed by decomposition of DMF during the reaction. The Zn6Ti2 inorganic nodes are 
connected by anionic bdc-O ligands for the assembly of a 3D net with bcu topology. The 
titanium centres are chelated by the salicylate groups of the linker that displays the same 
coordination mode than 2,5-dobdc and bdha in NTU-9 and MUV-11, respectively.50,55 
The structure displays 1D square-like (6 x 12 Å) microporous channels which are 
interconnected through small nanoporous apertures of ca. 3 x 4.5 Å. The structure of 
ZTOF-1 is anionic and thus holds dimethyl-ammonium (DMA) cations inside the 
microporous channels for charge neutrality. Nevertheless, ZTOF-1 displayed a relatively 
high BET surface area of 1045 m2·g-1 and good thermal stability up to ca. 350 ºC. The same 
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authors reported later the formation of ZTOF-2, [Zn6Ti2(ndc-
O)6(DABCO)(CO3)(OH2)3], by using 3-hydroxy-2,7-naphthalenedicarboxylic acid 
(H2ndc-OH).97 The reaction was carried out in presence of DABCO 
(diazabicyclo[2.2.2]octane), and yielded a totally different heterometallic framework. The 
structure displays two inorganic SBUs, an heterometallic Ti(IV)-Zn(II) cluster and an 
homometallic Zn(II) one. The homometallic SBU is formulated as [Zn3(O2C)6(DABCO)] 
and is composed of three linearly arranged Zn atoms, in which the central Zn atom 
displays an octahedral coordination geometry whereas the two terminal Zn atoms are 
tetrahedrally coordinated. The heterometallic node is formed of two Ti centers tris-
chelated by three different salicylate groups. The two Ti(O2C2)3 units are linked to a 
trinuclear Zn3(μ3-CO3)(OH2)3 through the free O from the carboxylate group. The 
heterometallic and homometallic nodes are bridged by ndc-O3- linkers to generate a 
hexagonal structure with a she topology. ZTOF-2 displays trapezo-rhombic 
dodecahedron cages of 1.6 nm of internal diameter which are interconnected by 
microporous rhombic windows for a BET surface area of 1878 m2·g-1.  

The same authors also reported the formation of two isostructural heterometallic 
Ti-Co MOFs by solvothermal reaction of the metal salts with H2bdc-OH (CTOF-1, CTOF 
= Cobalt-Titanium Organic Framework) or H2bdc (CTOF-2).43 These solids are 
heterometallic analogues of the homometallic MIL-88, a flexible framework previously 
reported by Ferey and co-workers.67 The structure of CTOFs is composed of trinuclear 
TiCo2(μ3-O)(O2C)6 SBUs bridged by terephthalate linkers to produce an acs net. Both 
metals display an octahedral coordination and similar atomic number making them 
indistinguishable by X-Ray diffraction. The crystallographic occupancies were refined on 
the basis of the formal ratio Co:Ti of 2:1 estimated with ICP-OES measurements. Like 
MIL-88, this family of solids also displays a reversible phase transitions from an open (op) 
to a closed-pore (cp) form upon departure of the guest molecules. Fine tuning of the 
synthetic conditions permitted to isolate single-crystals of the op and cp forms separately. 
The authors also studied the dynamic phase transitions by PXRD measurements and 
confirmed that these changes took place within 20-30 min. Compared to MIL-88(Sc, 
Cr)98,99 or MOF-235(Fe),100 both CTOF-1 and CTOF-2 show permanent porosity with 
BET surface areas of 637 and 618 m2·g-1. Unfortunately, the authors did not provide 
further information to help understanding if this change with respect to flexible 
homometallic frameworks might be linked exclusively to the incorporation of an 
additional metal to the inorganic nodes in the structure.  

In 2018, Zhou and co-workers reported the heterometallic Ti(IV)-Zr(IV) MOF 
PCN-415.101 This is the first example demonstrating the possibility of incorporating two 
hard metals to the SBU of a porous framework. For the synthesis, the authors reacted a 
pre-formed [Ti8Zr2O12(O2CR)16] (R = -Me, -Et, -Ph, -p-Tol or -PTBB) heterometallic 
cluster with terephthalic acid. The structure was solved by continuous rotation electron 
diffraction (cRED). This is a good example of how the “SBU approach” can be useful to 
guide the design of targeted topologies as the Ti8Zr2 cluster used in the synthesis retains 



24 
 

its structural integrity during the reaction. This SBU is composed of a central Ti8(μ-O)4 
cube in which the Ti(IV) atoms sit at the vertices. The two remaining Zr(IV) atoms sit on 
opposite faces of the Ti8 cube and are linked to the Ti ions through 8 μ3-O2- ions generating 
the [Ti8Zr2(μ-O)4(μ3-O)8]16+ core. This inorganic node is bridged by 16 terephtalate 
connectors to generate a porous structure with fcu topology. The underlying connectivity 
in PCN-415 is very similar to UiO-66 with the difference that the 4 equatorial Zr ions of 
the Zr6 SBU in UiO are substituted by a Ti8(μ-O)4 unit in PCN-415. The structure of PCN-
415 also displays two types of microporous cages: an octahedral and a tetrahedral cage 
with 1.1 nm and 0.9 nm of internal diameter for a BET surface area of 1050 m2·g-1. The 

Figure 1.6 – Heterometallic Titanium-Organic Frameworks built from heterometallic and/or 
homometallic segregated SBUs. 
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authors also reported isoreticular extended versions of this framework by using 2,6-
naphthalen-dicarboxylic acid (H2ndc). PCN-416 displays larger cavities and higher 
surface area (1337 m2·g-1). Both materials display outstanding chemical stability and retain 
their structure and porosity intact in water even in presence of acid and base. DRS 
measurements were used to estimate the optical bandgap of pristine PCN-415 and PCN-
416, which were found to be of 3.31 and 2.49 eV, respectively. To improve the visible light 
absorption of these solids, the authors followed the same approach already used for MIL-
125.56,60,61 By using aminated linkers, with one or two -NH2 groups, the authors managed 
to reduce the optical band-gap from down to 1.99 eV (bdc-NH2) or 1.23 eV (bdc-(NH2)2) 
in the case of PCN-415, and to 1.41 eV (ndc-(NH2)2) for PCN-416. 

Later that year, Martí-Gastaldo and co-workers developed a heterometallic 
Ti(IV)-Ca(II) MOF (Chapter 4). MUV-10(Ca) was prepared by direct reaction the metal 
precursors with trimesic acid in a DMF:AcOH mixture.45 The structure of MUV-10(Ca) 
is composed of heterometallic SBUs of formula [Ti2Ca2(μ3-O)2(O2C)8(H2O)4]. The 
titanium and calcium ions are kept together by two bridging μ3-O groups and eight 
carboxylate groups from the organic linker. The Ti ions display an octahedral 
coordination geometry with one water molecule occupying the axial position whereas the 
Ca atoms feature a capped trigonal prismatic geometry. The assembly of the tetranuclear 
inorganic nodes with trimesate linkers gave rise to a porous cubic 3D framework that can 
be seen as a 3,8-connected net with the topology. The structure of MUV-10 features 
microporous sodalite type cages with octahedral morphology of ca. 1.2 nm of internal 
diameter and intersected microporous 1D channels for a surface area of 1041 m2·g-1. 
Despite the presence of divalent metals in the structure, the authors found that this 

Table 1.2 – Summary of the topology, porosity and chemical stability of the reported heterometallic Titanium-Organic 
Frameworks 

Segregated Homometallic SBUs 

MOF 
Code 

SBU Formula Topology 
Surface Area 

(m2·g-1) 
Chemical Stability Ref 

Cd-Ti-
MOF-1 (TiO6(Ti-Salan)3) 

[Cd3(TiO6(Ti-Salan)3) 
(bpdc)3(H2O)3(DMA)2]· 

(H2O) 
ctm 7.2 Not stable in boiling water (PXRD) 94 

MTM-1 [Ti6O6(OMe)6(O2C)6] [Ti6O6(OMe)6(INA)6][Cu2I2] sod 1023 Not stable in water (PXRD) 44 

Heterometallic SBUs 

MOF 
Code 

SBU Formula Topology Surface Area 
(m2·g-1) 

Chemical Stability Ref 

ZTOF-1 [Ti2Zn6(O2C3)6(O2C)8 

(OH2)6] 
[TiZn3(OH)(bdc-O)3 

(O2CH)(DMA)] bcu 1045 n.r.a 96 

ZTOF-2 [Ti2Zn3(O2C3)6(CO3) 
(OH2)3] 

[Ti2Zn6(ndc-
O)6(DABCO)(CO3)(OH2)3] 

she 1878 n.r.a 97 

CTOF-1 [TiCo2O(O2C)6 

(OH2)3] 
[TiCo2O(bdc-OH)3(OH2)3] acs 637 n.r.a 43 

CTOF-2 [TiCo2O(O2C)6 

(OH2)3] 
[TiCo2O(bdc)3(OH2)3] acs 618 n.r.a 43 

PCN-415 [Ti8Zr2O12(O2C)16] [Ti8Zr2O12(bdc)8] fcu 1050 Stable in H2O between 0 ≤ pH ≤ 13 
(PXRD) 

101 

PCN-416 [Ti8Zr2O12(O2C)16] [Ti8Zr2O12(ndc)8] fcu 1337 Stable in H2O between 0 ≤ pH ≤ 13 
(PXRD) 

101 

MUV-
10(Ca) 

[Ti2Ca2O2(O2C)8 

(OH2)4] 
[Ti3Ca3O3(btc)4(H2O)6] the 1041 Stable in H2O between 2 ≤ pH ≤ 12 

(PXRD, BET) 
45 

MUV-
10(Mn) 

[Ti2Mn2O2(O2C)8 

(OH2)4] 
[Ti3Mn3O3(btc)4(H2O)6] the 970 Stable in H2O between 2 ≤ pH ≤ 12 

(PXRD, BET) 
45 

a not reported. 
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material showed an outstanding chemical stability in water with pH values ranging from 
2 to 12, also demonstrated by PXRD and N2 sorption measurements. The optical bandgap 
of MUV-10(Ca) of 3.26 eV, is very close to that of TiO2 and MIL-125. To increase the 
light absorption in the visible region, the authors followed an alternative strategy that 
involved the doping with open shell metals, like Mn(II), rather than functionalization of 
the organic linker. This resulted in the Mn(II) analogue of MUV-10. MUV-10(Mn) 
possess the same properties of MUV-10(Ca) but displays a smaller optical bandgap of 2.56 
eV. The author used DFT to calculate the band structure of both solids and rationalize 
this change as result of the introduction of Mn(II) states to the CB edge. 

A similar strategy was used by Syzgantseva and co-workers to narrow the bandgap 
of MOFs by metal substitution. In this case, the authors first studied theoretically the 
effect of different metal dopants at variable concentration on the electronic structure of 
MIL-125-NH2 and UiO-66-NH2.102 The choice for metal substitution was based on two 
principal selection criteria, the electron affinity of the dopant and the absolute position of 
the CB edge of the corresponding oxides. The authors studied the replacement of Ti in 
MIL-125-NH2 by V, Sn, W, and Nb, and the replacement of Zr in UiO-66-NH2 by Ta, Nb, 
Y, and W. The authors found that substitution of Ti(IV) by V(V) led to a strong 
localization effect of the electronic density on the dopant as result of the injection of V 
electronic states near the CB edge. This is observed in the drastic reduction in the bandgap 
of approximately 0.8 eV when 12.5 % of Ti ions are replaced by V, and continuously 
decreases with higher amounts of V, down to a minimum of 1.1 eV for 50 % of Ti 
replacement. On the contrary, the substitution of Ti by Nb or W shows only a moderate 
localization effect with much lower bandgap reductions: 0.1 and 0.2 eV for Nb and W by 
considering levels of doping of 25 % and negligible effect in the case of Sn. To confirm 
their predictions the authors synthesised V-doped MIL-125-NH2. This was carried out 
either using V(III) or V(IV) sources in the synthesis of MIL-125-NH2. With this 
procedure, the authors managed to substitute approximately 12.5 and 25 % of Ti in MIL-
125-NH2. The red-shifting of the absorption spectra of V-doped MIL-125-NH2 confirmed 
the reduction of the optical bandgap with increasing amounts of vanadium. Similar trends 
were obtained for the substitution of Zr with Nb in UiO-66-NH2 but the reduction in the 
bandgap was much less pronounced in this case. 

2.2.2. Post-Synthetic Metal Exchange (PSME) 

PSME reactions offer interesting alternatives compared to direct synthetic 
methodologies as they provide control over the structure and topology of the framework 
and can be carried out under milder conditions to slow down the hydrolysis rate of Ti(IV) 
precursors to form amorphous oxides. The rate and extent of metal exchange usually 
depends on different factors, such as solvent, temperature, metal-linker bond strength, 
oxidation state of the metallic ions, the structure and chemical composition of the parent 
framework, and the particle size to cite a few.89,93 Early examples of PSME in MOFs were 
mostly carried out with soft M(I) or M(II) metal ions. Some of the first reports date back 
to 2007 when Long and co-workers described the formation of a tetrazolate-based MOF 
of formula Mn3[(Mn4Cl)3(btt)8(CH3OH)10]2 and its heterometallic variations by PSME 



27 
 

reactions with Li+, Cu+, Fe2+, Co2+, Ni2+, Cu2+ or Zn2+.103 This early report was followed by 
several works targeting PSME reactivity with M(II) and M(III) metals.88–93 

The first example using PSME reactions to incorporate Ti(IV) metals to a pre-
formed framework was reported by Cohen and co-workers in 2012.40 The authors 
reported the exchange of Zr with Ti in UiO-66 by reacting the Zr-MOF with TiCp2Cl2, 
TiCl4(THF)2, or TiBr4 in DMF at 85 ºC for 5 days. It was found that the titanium 
precursor used had a direct effect on the amount of metal incorporated. TiBr4 showed the 
smallest incorporation rate, probably due to its higher sensitivity to hydrolysis. The best 
result was achieved with TiCl4(THF)2, which showed a titanium incorporation of around 
38 wt % in UiO-66(Zr/Ti). N2 physisorption measurements were used to confirm the 
retention of the porosity for the Ti-exchanged UiO-66(Zr) materials. This strategy was 
followed by other groups to produce Ti-exchanged Zr-MOFs of interest for different 
applications like organic transformations, gas separation or photocatalytic CO2 

reduction.104–107 

However, these works were not conclusive on confirming the coexistence of both 
metals in the framework. High-resolution microscopy or X-Ray absorption 
spectroscopies are useful to provide further information that help ruling out the 
formation of amorphous titanium oxide or confirm the local coordination environment 
of Ti enters after incorporation. In this regard, recent works have studied how the PSME 
reaction of UiO-66 and related Zr-MOFs with Ti may lead to metal grafting or to the 
formation of nanometric thick TiO2 coatings rather than rather than the incorporation of 
this metal to the framework. These studies were published independently by the groups 
of Gascón and Cohen in 2017.108,109  

Gascón and co-workers first reported that the PSME experiments reported by 
Cohen in 2012 may lead to the grafting of Ti(IV) ions to the -OH terminated defect sites 
in the Zr6 clusters rather than real incorporation to generate a heterometallic node. By 
using a combination of thermogravimetric analysis (TGA), N2 adsorption, Fourier-
transformed infrared spectroscopy (FTIR), transmission electron microscopy (TEM) 
coupled with energy dispersive X-Ray (EDX) mapping, EPR, and theoretical calculations, 
the authors suggested that the grafting was the most plausible scenario after considering 
both possibilities, the substitution of Zr with Ti(IV) and the grafting to the SBUs108 
Moreover, the authors proved that the metal grafting occurs mainly at the surface of the 
crystals and that the use of TiCl4(THF)2 led to the formation of defects in UiO-66, 
resulting in an increase of the surface area. On the other hand, Cohen and co-workers 
also confirmed by TEM-EDX experiments that their previous methodology40 by reaction 
with TiCl4(THF)2 induced the formation of metal oxide coatings onto the external surface 
of the UiO-66 particles.109 

These experiments highlight the high reactivity of Ti(IV) and its high sensitivity 
to readily form titanium dioxide. Moreover, the higher oxidation state of titanium may 
also play a limiting role to achieve an effective incorporation to pre-formed MOFs by 
PSME as it can hinder the replacement of lower valence metals due to the big difference 
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in charge and ionic radius.93 In this regard, Dincâ and co-workers first demonstrated the 
inclusion of titanium, and other transition metals, into MOF-5 (Figure 7a).41 For that, the 
authors made use of a Ti(III), TiCl3·3THF, rather than a Ti(IV) precursor. Soaking of the 
MOF-5 crystals in a concentrated DMF solution of the Ti(III) complex led to a partial 
replacement of ca. 2.5 % of Zn(II) ions with Ti after one week. This work confirms the 
strong dependence of the kinetics of the PSME process and extent of replacement with 
the metal used.  

Zhou and co-workers went a step further and applied this methodology to 
different M(II) and M(III) frameworks, such as MOF-74(Zn, Mg), MIL-100(Sc) and 
PCN-333(Sc).42 This methodology, named as high valence metathesis and oxidation 
(HVMO) involves titanium exchange followed by oxidation to generate Ti(IV) centers 
(Figure 7b). Experiments were carried out by using PSME conditions similar to those 
described previously by Dincâ and co-workers but heating at 120 ºC for 24 hours and 
refreshing the Ti(III) solution every 6 hours. In this case, titanium atomic contents as high 
as 96 and 88 % were achieved for MOF-74(Zn/Ti) and PCN-333(Sc/Ti), whereas in the 
case of MOF-74(Mg/Ti) and MIL-100(Sc/Ti) the percentage of titanium incorporated was 
reduced down to 38 and 49 %, respectively. The solids where then exposed to ambient air 
to oxidize the Ti(III) ions incorporated to Ti(IV). Metal exchange was confirmed in MOF-
74(Zn/Ti) and MOF-47(Mg/Ti) by their red colour and enhanced visible light absorption. 
The crystallinity and porosity of the materials was well maintained after the exchange, 
albeit a certain reduction in the surface area was observed in all cases. However, the 
authors did not carry out a study about the homogeneity of the metal distribution across 
the framework and based on previous examples of PSME, partial grafting of titanium 
cannot not be discarded.  

Very recently, Martí-Gastaldo and collaborators studied the PSME reaction by 
using MUV-10(Ca) as reagent.110 Compared to previous examples, the combination of 
hard (titanium) and soft (calcium) metals in the heterometallic nodes of this 
heterometallic framework enables controlled metal exchange in soft positions for 
controllable topological transformations. Reaction with Co(II) induces the formation of 
a heterometallic MOF containing Ti(IV) and Co(II) ions in a 1:2 ratio. MUV-101(Co) is 
isostructural to the MIL-100 family and displays analogous heterometallic trinuclear 
SBUs with formula [TiIVCoII

2(μ3-O)(O2C)6(OH2)3]. The authors use scanning electron 
microscopy (SEM-EDX), PXRD, N2 adsorption and extended X-Ray absorption fine 
structure (EXAFS) spectroscopy experiments at different stages of the reaction to analyse 

Figure 1.7 – Titanium incorporation by post-synthetic metal exchange in a) M(II)- and b) M(III)-
based MOFs. Adapted from ref. 41, 42. 



29 
 

the progress of the structural transformation with time. Based on DFT calculations, the 
authors argued that the preference for the octahedral coordination geometry of Co(II) is 
responsible for the gradual transformation of the Ti2Ca2 SBU into the trimeric TiCo2 SBU 
upon metal exchange. According to the principles of reticular chemistry,4 the 
combination of 6-c TiCo2 SBUs with 3-c trimesate linkers favours the formation of the 
zeotypic structure with mtn topology and 6,3-connectivity. The same reaction with other 
M(II) ions like Fe, Ni or Zn yields isostructural MUV-101(M) (M = Fe, Co, Ni, Zn) 
materials. On the other hand, when using Cu(II), the preference for a square planar 
geometry of Cu(II) ions leads to the transformation of MUV-10 to produce MUV-
102(Cu), an isostructural analogue of HKUST-1.111 MUV-102(Cu) features 
heterometallic 4-c paddlewheel units with formula [TiIVCuII(O2C)4(O)(OH2)]. In this case, 
the different geometry of the SBU induces the formation of a tbo topology for a 4,3-
connected net. Compared to direct synthesis, this metal-induced topological 
transformation is a dynamic phenomenon and can be used to gain control over the 
formation of hierarchical micro/mesopore structures at different reaction times. 

3. Photocatalytic Applications of Titanium(IV)-Organic Frameworks 

Since the first demonstration of the photocatalytic activity of TiO2 in the hydrogen 
evolution reaction performed by Fujishima and Honda in 1972,33 the field of 
photocatalysis employing inorganic semiconductors has gained enormous 
importance.112,113 As a brief overview of the general mechanism of photocatalytic reactions 
on TiO2, first the TiO2 particles must be irradiated by electromagnetic radiation of energy 
equal or higher as that of the bandgap in order to promote an electron (e-) from the VB 
to the CB, thus creating a hole (h+) in the VB. This process is known as photoinduced 
charge separation. Secondly, the photogenerated charge carriers (electron (e-) and 
hole(h+)) must migrate from the bulk to the surface of the particle where the 

Figure 1.8 – Topological transformation of heterometallic titanium-organic frameworks
triggered by post-synthetic metal exchange with M(II) metals. Adapted from ref. 108. 
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photocatalytic reaction will take place (Figure 9a). Note that the charge carriers can also 
undergo other processes as trapping or non-radiative electron-hole recombination. 
Finally, once at the surface, the photogenerated electrons and holes can trigger the 
corresponding reduction and oxidation reactions, respectively. For a more detailed 
explanation of the photocatalytic processes occurring in TiO2 photocatalysts, the reader 
is referred to reference 34. However, the wide bandgap of TiO2 limits its activity to UV 
light only and several strategies based on metal and non-metal doping, in order to reduce 
the bandgap, as well as anchoring noble metal nanoparticles onto the surface of TiO2, to 
improve the charge separation, have been widely explored.  

Ti-MOFs can be seen as nanosized Ti(IV) oxide particles kept together by organic 
linkers forming porous ordered architectures. In this case, the states of VB edge is 
governed by those of the linker whereas the states forming the CB edge mostly correspond 
to the 3d states of Ti(IV) ions. In other words, the organic linker acts as a photosensitizer 
to inject electrons into the Ti-oxo cluster upon photoexcitation by a LMCT mechanism 
(Figure 9b). This process thus localise the electrons on the Ti-oxo clusters by the 
generation of Ti(III) species, whereas the photogenerated holes are more likely to remain 
in the linker.56–59 Recent photocatalytic studies on MIL-125 frameworks have also shown 
that the photoexcitation takes place at the bulk of the MOF crystals and the charge carriers 
can migrate by a proton-coupled electron transfer (PCET) mechanism to the external 
surface, where the redox reactions will take place.114 Furthermore, the addition of Na+ 
cations may improve the photocatalytic properties of Ti-MOFs by directly binding to the 
titanium SBU in order to compensate the deficiency of positive charge upon formation of 
photogenerated of Ti(III) species.115  

The use of Ti-MOFs offers several advantages over common TiO2 photocatalysts, 
as the higher availability of catalytic sites, given the higher porosity and surface area of 
these frameworks, and the easy tunability of the bandgap either through linker 
functionalization56,59–63 or metal substitution.45,102 In addition, other strategies like 
anchoring noble (Ag, Pt, Au or Pd)60,116,117  and non-noble (Ni)118 metal particles onto the 
MOF crystals, in line with the strategies used for common TiO2 photocatalysts, or 

encapsulation of metal 
complexes119,120 in the MOF 
pores have been carried out 
in order to improve the 
photocatalytic activity of 
Ti(IV)-MOFs (Figure 1.10).  

This section intends 
to summarise some of the 
most relevant 
photocatalytic applications 
of Ti-MOFs, like the 
photocatalytic hydrogen 

Figure 1.9 – Overview of the photoinduced charge separation
process in a) classical semiconductors as TiO2 and b) Metal-
Organic Frameworks. 
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evolution reaction (HER) or CO2 conversion. Should the reader feel more curious about 
the state-of-the-art of the catalytic and photocatalytic properties of Metal-Organic 
Frameworks, we recommend some of the excellent reviews that have been 
published.27,47,121–123. 

3.1. Photocatalytic Hydrogen Evolution Reaction (HER) 

Some of the first catalytic tests in the photocatalytic reduction of water with Ti-
MOFs were performed by Matsuoka and co-workers in 2012.60 They investigated the 
hydrogen production of MIL-125 and MIL-125-NH2 in aqueous media under visible light 
irradiation by using triethanolamine (TEOA) as sacrificial reagent. Loading of Pt into the 
MIL-125-NH2 by the photo-deposition method to create Pt NPs anchored to the MOF 
surface helped to gain a two-fold increase the H2 production, compared to pristine MIL-
125-NH2, of up to ca. 1000 μmol·g-1 after 3 hours of reaction. On the contrary, no H2 
production was observed on MIL-125 even after the deposition of Pt. This suggested that 
the presence of the amino functionality was essential in order to promote the hydrogen 
production under visible light irradiation. Moreover, Pt/MIL-125-NH2 showed excellent 
stability and recyclability, maintaining its crystallinity and photocatalytic activity after 
three consecutive cycles. Similarly, Wu and co-workers studied the effect of different 
noble metal NPs over the photocatalytic activity of MIL-125.117 The authors prepared 
different M/MIL-125 (M = Pd, Pt, Au) composites by adding the corresponding metal to 
a suspension of photo-reduced MIL-125. Of all the composites tested, the highest 
photocatalytic activity was obtained with Pt/MIL-125 with a total H2 production of 774 
μmol·g-1 after 5 hours. This solid was then compared to Pt/MIL-125 produced by a 
conventional photo-deposition method (Pt/MIL-125-PD), which showed slightly less 
activity (604 μmol·g-1 after 5 hours) than Pt/MIL-125. Similar effects were observed by Li 
and co-workers when studying the effect of Pt and Au on Pt and Au-doped MIL-125-
NH2, prepared by an incipient wetness impregnation method, over its photocatalytic 
activity.124 Additionally, Li and co-workers studied the effect of Ti(IV) substitution in 
UiO-66-NH2 over its photocatalytic activity in H2O using TEOA as sacrificial reagent and 
Pt as a co-catalyst.125 The authors observed a moderate enhancement of the H2 production 
from 2.4, for bare UiO-66-NH2, to 3.5 mmol H2·mol-1 for UiO-66-NH2(Ti/Zr) after 9 
hours of reaction. This poor enhancement in activity is probably associated to the 
difficulties in incorporating titanium to the framework by PSME reactions described 
above. 

More recently, Sun and co-workers studied the facet-dependence of the 
photocatalytic activity in MIL-125-NH2.126 By a surfactant-assisted methodology, the 
authors synthesised MIL-125-NH2 particles with different morphologies ranging from 
disc-like plates to octahedral particles. The authors analysed the effect of the facets on the 
HER. By a combination of DFT and photocatalytic experiments, the authors observed 
that the particles with the exposed <110> facets were the ones with higher photocatalytic 
activity, reaching a maximum of 600 μmol H2·g-1 after 10 hours of irradiation. In contrast, 
the octahedral particles with exposed <111> facets much lower activity (ca. 200 μmol·g-1) 
under the same conditions whereas the rest of particles with exposed <100> and <111> 
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facets yielded 
intermediate values of 
H2 production. A 
possible reason for its 
higher photocatalytic 
activity was the higher 
surface energy and 
larger number of 
exposed Ti(IV)-
clusters in <110> 
versus the <111> facet. 
Nevertheless, this 
work further supports 
the assumption that 
the photocatalytic 
reactions mostly occur 

on the surface of the MOF particles114 and provides one of the first examples on the effect 
of the crystal morphology over the photocatalytic activity of Ti-MOFs. 

Gascón and co-workers investigated the encapsulation of homogeneous catalysts 
of non-precious metals to improve the photocatalytic activity of MIL-125-NH2 under 
visible light. They encapsulated a cobaloxime complex inside the microporous cavities of 
MIL-125-NH2 by using a ‘ship-in-a bottle’ fashion approach.119 The encapsulation of 
active Co sites in Co@MIL-125-NH2 resulted in a 20-fold increase of the H2 evolution (ca. 
7500 μmol·g-1) after 20 hours of reaction, compared to that of bare MIL-125-NH2 (ca. 400 
μmol·g-1) under the same conditions. The Co@MIL-125-NH2 catalyst displayed no loss of 
catalytic activity after 65 hours of irradiation and excellent recyclability upon consecutive 
reuses.  This enhancement of the photocatalytic activity by the quick electron injection of 
photogenerated Ti(III) species into Co(III) to form Co(II) species, which are regarded to 
be the catalytic active site for the reduction of H+ to H2. This was supported by EPR 
measurements of the Co@MIL-125-NH2 catalyst after illumination, which did not 
showed the characteristic signal of photogenerated Ti(III) species. However, the exact 
structure of the cobaloxime centres inside de MOF cavity could not be determined. This 
was later reported in 2018 by the same team by using EPR and X-ray absorption 
spectroscopic (XAS) techniques.127 The authors showed that the active species were not 
the cobaloxime complexes, but rather Co(II) ions grafted to the octameric Ti(IV)-oxo 
clusters with the oxime ligand partially completing their coordination sphere. The 
authors also showed that an electron transfer occurred upon illumination, which 
produced a partial reduction of the Co(II) centres to Co(I), which are the catalytically 
active centres responsible for the generation of H2. 

A similar strategy was used by Brokhoven and co-workers who explored the 
encapsulation of the catalyst [Ni(dmobpy)(2-mpy)2] (dmobpy = 4,4’-dimethoxy-2,2’-
bipyridine, 2-mpy = 2-mercaptopyridyl) inside MIL-125-NH2.120 The authors reported a 

Figure 1.10 – Schematic illustration of the photocatalytic reduction of
H2O and CO2 by pristine Metal-Organic Frameworks (left), MOFs 
modified with metal NPs as co-catalyst (center) and composites
prepared by encapsulation of homogeneous photocatalysts (right). 
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two-fold increase in the H2 production in Ni@MIL-125-NH2 in a 5 v/v% H2O/AcCN 
mixture, compared to the pristine material, but experimented a 10-fold improvement 
when the amount of water was reduced to 2v/v%. Under these conditions, the Ni@MIL-
125-NH2 catalyst kept its activity for 50 hours and after several consecutive cycles.  

Stylianou and co-workers have reported how physical combination of MIL-125-
NH2 with nickel phosphide (Ni2P) NPs permits generating composites with outstanding 
photocatalytic activity in a AcCN:H2O mixture employing triethylamine (TEA) as 
sacrificial reagent.128 The authors studied different Ni2P loadings and water content in 
order to optimised the photocatalytic H2 production. It was found that an optimum 
amount of 9.2 wt. % and 5 v/v % water led to the production of of 2683 μmol·g-1 of H2 
under visible light (λ > 420 nm) after 3 hours of reaction. Theoretical calculations 
suggested that this boost in activity was due to an efficient electron transfer from the 
lowest unoccupied crystalline orbital (LUCO) of MIL-125-NH2 to the CB of Ni2P. This 
was further supported by photoluminescence experiments which shows complete 
quenching of the photoluminescence band of MIL-125-NH2 centred at ca. 560 nm (λexc = 
420 nm) in presence of Ni2P NPs, suggesting an efficient electron transfer. By using a 
similar approach, the authors managed to increase the photocatalytic activity of MIL-125-
NH2 by combination with [Mo3S13]2- clusters or with 1T-MoS2 as co-catalysts during the 
photocatalytic reaction.129 These systems showed H2 evolution rates of 2094 and 1454 
μmol·h-1·g-1 (ca. 25000 and 17500 μmol·g-1 after 12 hours of reaction), for [Mo3S13]2-/MIL-
125-NH2 and 1T-MoS2/MIL-125-NH2, respectively, outperforming other previously 
reported MIL-125 based photocatalysts. However, [Mo3S13]2-/MIL-125-NH2 composites 
underwent fast deactivation with consecutive recycles. Despite showing slightly lower 
activity, the 1T-MoS2/MIL-125-NH2 composite remained stable several consecutive 
photocatalytic cycles up to 72 hours.  

In 2016, Serre and co-workers reported the photocatalytic activity of MIL-167, one 
of the carboxyphenolate Ti-MOFs with strong absorption in the visible region.52 MIL-167 
was catalytically active under UV light (280 nm) with a H2 production of ca. 1250 μmol·g-

1 after 24 hours. This value is slightly higher than that produced by MIL-125-NH2 under 
the same conditions. Surprisingly, no H2 evolution was observed for the other 
carboxyphenolate MOFs as MIL-169 and ‘NTU-9-like’. This difference in the catalytic 
activity was initially ascribed to the higher porosity of MIL-167 but no clear explanation 
was provided to account for the absence of photocatalytic activity under visible light. A 
possible answer to this phenomenon was reported in 2019 by Martí-Gastaldo and co-
workers when studying the photocatalytic activity of MUV-11, a Ti-MOF with similar 
optical properties and light absorption than other carboxyphenolate MOFs like NTU-9 
or MIL-167 that also displays very poor photocatalytic activity with UV light. To explain 
this poor performance the authors carried out DFT electronic structure calculations of 
MUV-11, NTU-9, MIL-125-NH2 and MUV-10(Ca). According to relative energies of the 
lowest unoccupied crystalline orbital (LUCO) and the H+/H2O redox couple, all the MOFs 
considered should be thermodynamically capable of reducing H2O molecules to form H2. 
However, the results showed that the calculated orbital contributions to the LUCO were 
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mostly centred in Ti ions in carboxylate MOFs MIL-125-NH2 and MUV-10(Ca), whereas 
the introduction of carboxyphenolates provoked that electron density was more 
delocalised between Ti and the linker. This type of linkers is detrimental to an efficient 
LMCT and impose kinetic limitations to photoinduced charge separation that explain the 
poor photocatalytic activity reported for MUV-11, NTU-9, MIL-167 and related 
materials. This inefficient LMCT was also confirmed by EPR measurements of MUV-11 
after irradiation with UV light, which showed no signal corresponding to photogenerated 
Ti(III) ions. 

Zhou and co-workers also tested the photocatalytic activity of the Ti-Zr 
heterometallic MOFs PCN-415 and 416 in presence of Pt as a co-catalyst.101 The authors 
showed an increase in the H2 production when increasing the percentage of amino-
functionalized linkers in the framework. Compared to UiO-66-NH2 (376 μmol·g-1 after 4 
hours), the presence of Ti(IV) ions in the framework enhanced its photocatalytic activity 
by nearly an order of magnitude in case of PCN-415-NH2  (2376 μmol·g-1 after 4 hours) 
under visible light (λ > 380 nm). Surprisingly, the presence of diamine-functionalised 
linkers did not improve the photocatalytic activity of PCN-415/416, despite their lower 
optical bandgap. The authors argued that the reason for their poorer catalytic activity was 
probably due to the excitation of the linker itself rather than an effective LMCT process, 
in a similar way as described above for MUV-11.  

Marti-Gastaldo and co-workers reported the photocatalytic activity of the 
heterometallic MUV-10(Ca) for the H2 production from water by using MeOH as a 
sacrificial reagent.45 They observed that MUV-10(Ca) was able to catalyse the reduction 
of H2O molecules to H2 with UV light to produce 3090 μmol·g-1 after 24 hours. They also 
demonstrated how metal doping with open-shell metals might be an efficient way to 
engineer the absorption of light and photocatalytic activity of this family of solids. MUV-
10(Mn) displays a lower optical bandgap (2.56 eV) for a two-fold improvement in HER 
rate to generate 6500 μmol·g-1 under the same conditions and in the absence of a co-
catalyst like Pt. Later on, the same team also studied the photocatalytic activity of the 
mesoporous MIL-100(Ti) under the same conditions.73 This material displays a modest 
production of 1000 μmol·g-1 of H2 after 24 hours and shows excellent cyclability after 4 
consecutive reuses. 

Lin and co-workers followed a different strategy and introduced noble metals in 
the structure of Ti-bpdc in to enhance its photocatalytic activity. The authors synthesised 
Ti-bpdc with a combination of H2bpdc and [Ir(ppy)2(dcbpy)]Cl (H2L1) or 
[Ru(bpy)2(dcbpy)]Cl2 (H2L2) (where bpy = 2,2′-bipyridine and ppy = 2-phenylpyridine) 
to create Ti-bpdc-Ir (Ti/Ir = 3.25) and Ti-bpdc-Ru (Ti/Ru = 4.82).130 The presence of Ru 
and Ir improved the photocatalytic performance of Ti-bpdc under visible light (λ > 400 
nm) in a H2O:AcCN mixture employing BIH (1,3-dimethyl-2-phenyl-2,3-dihydro-1H-
benzo[d]imidazole) as sacrificial electron donor. Ti-bpdc-Ir and Ti-bpdc-Ru displayed 
high turnover numbers (TON) of 6632 and 786 after 72 hours of reaction. The stability of 
the catalysts during the reaction conditions was confirmed by PXRD and ICP 
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measurements of the supernatant, which showed no leaching of Ti into the solution. In 
contrast, a physical mixture of the H2L1 and H2L2 with the [Ti6O6(OiPr)6(abz)6] precursor, 
showed only moderate TONs of 80 and 13, respectively. These experiments highlighted 
the importance of having both metals in the same structure in order to promote an 
efficient LMCT under visible light. On the basis of EPR, XANES and 
photoelectrochemical measurements, the authors proposed a catalytic mechanism in 
which the photoexcitation would take place in the metallolinker, followed by a LMCT to 
produce Ti(III) species, which were identified as the active sites responsible for the water 
reduction reaction.  

Later that year, Chen and co-workers reported the formation of ZSTU-n (n = 1-
3) that are based on 1D rod-like SBUs as inorganic connection points. These systems are 
quite interesting from a structural standpoint, as these Ti-O chains might have a certain 
influence over the charge carrier separation and recombination dynamics.131 The authors 
examined the photocatalytic activity of these materials under visible light (λ > 420 nm) in 
H2O:AcCN mixture by using TEOA as sacrificial reagent and Pt as a co-catalyst.83 The 
authors observed that ZSTU-1 and ZSTU-3 displayed a higher H2 production of 4000 and 
5300 μmol·g-1after 4 hours. In turn, ZSTU-2 produced only 1100 μmol·g-1 in the same 
period. This change was explained by the presence of amine groups in the linkers of 
ZSTU-1 and ZSTU-3, which acted as a photosensitiser to increasing the absorption in the 
visible region. The activity of ZSTU-3 was 2.3 higher than Pt/MIL-125-NH2 under 
equivalent reaction conditions. 

More recently, Gascón and co-workers reported the obtention of another 
titanium-based framework bearing a 1D rod-like SBU, ACM-1, and the study of its 
photocatalytic properties.85 The authors evaluated the photocatalytic activity of ACM-1 
in the HER reaction using visible light (λ = 380- 800 nm) in a H2O:AcCN mixture and 
TEA as a sacrificial reagent. The authors report a modest hydrogen production rate of 5.9 
μmol·h-1 when using bare ACM-1. In order to improve the photoactivity of ACM-1, the 
authors used Pt as a co-catalyst and optimised the Pt loading achieving hydrogen 
production rates as high as 67 μmol·h-1 with an apparent quantum yield of 0.43%. This 
value is 3 times higher than that displayed by MIL-125-NH2 under identical conditions. 
Moreover, Pt/ACM-1 maintained its activity over four consecutive cycles with no 
apparent reduction in its photocatalytic activity.  

3.2. Photocatalytic CO2 reduction 

The capture and conversion of greenhouse gases like CO2 by MOFs has also been 
investigated as a promising strategy to produce value added chemicals while reducing the 
CO2 levels in the atmosphere.121,132–134  In this regard, Ti-MOFs have been proposed as 
ideal candidates for the photocatalytic reduction of CO2. MIL-125-NH2 has also been 
reported as an active photocatalyst for the reduction of CO2 with visible light. Moreover, 
the presence of the amino groups responsible for the good photocatalytic activities in HER 
might provide also basic sites that interact with CO2 molecules for higher CO2 uptake and 
conversion. This was originally confirmed by Li and co-workers that observed a higher 
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CO2 uptake  in MIL-125-NH2 (132.2 cm3 g−1) compared to MIL-125 (98.6 cm3 g−1) at 273 
K.61 The authors tested the photocatalytic conversion of CO2 with MIL-125-NH2 in AcCN 
using TEOA as a sacrificial reagent and observed the conversion of CO2 to HCOO-, with 
a total formate production of 8.14 μmol after 10 hours of reaction. The stability of the 
MIL-125-NH2 catalyst under the experimental conditions was confirmed by means of 
PXRD, N2 adsorption measurements as well as TGA, FTIR and Raman spectroscopy. 
Moreover, the activity of MIL-125-NH2 was found to be higher than that of MIL-125 
under UV irradiation, highlighting the importance of the presence of the -NH2 groups for 
a more efficient CO2 fixation. Isotopic labelling using 13CO2, confirmed that the HCOO- 
produced originated from the CO2 injected during the experiments. 

As an attempt to improve the photocatalytic CO2 fixation of MIL-125-NH2, Li and 
co-workers doped the framework with nanoparticles of noble metals as Au and Pt.124 By 
using a wetness incipient impregnation followed by chemical reduction they created 
metal NPs of sizes around 2.5-3.0 nm. CO2 reduction experiments were carried out in 
AcCN with TEOA as sacrificial reagent. A production of 10.75 μmol of HCOO- was 
observed in bare MIL-125-NH2 after 8 hours of reaction. Pt/MIL-125-NH2 displayed an 
improvement of around 21 % for a total formate production of 10.75 μmol. In turn, Au 
had a negative effect as the activity of Au/MIL-125-NH2 was lower (9.06 μmol) compared 
to pristine MIL-125-NH2. The authors speculated that the photogeneration of HCOO- 
might be linked to the formation H2 during the reaction and its activation and dissociation 
on the surface of the noble-metal NPs anchored to MIL-125-NH2. This difference in the 
activity of Pt and Au for the activation of H2 may account for the different rate of formate 
production for the corresponding MOF hybrids. 

Different groups have also studied the effect of Ti-exchange in the photocatalytic 
CO2 conversion of  UiO-66.106,125 Li and co-workers explored the activity of UiO-66-
NH2(Ti/Zr) for the photoreduction of CO2 with visible light by using TEOA as a sacrificial 
reagent. The authors observed the selective conversion of CO2 to HCOO- with no 
detection of other gaseous products like CO, CH4, ethane or H2. UiO-66-NH2(Ti/Zr) 
displayed a total formate production of 5.8 mmol·mol-1, which was 1.7 times higher than 
that of pristine UiO-66-NH2 (3.4 mmol·mol-1). Experiments carried out with labelled 
13CO2 confirmed the formation of HCOO- from CO2. Later that year, Cohen and co-
workers synthesised a UiO-66-based catalyst through mixed-linker and subsequent 
metal-exchange approach.106 The authors used Ti-exchange reactions with mixed-linker 
UiO-66-NH2 containing bdc-NH2 and bdc-(NH2)2 to create a heterometallic MOF of 
formula [Zr4.3Ti1.7O4(OH)4(bdc-NH2)5.17(bdc-(NH2)2)0.83]. Photocatalytic reduction of CO2 
with UV-Visible light was evaluated by using TEOA and BNAH (1-benzyl-1,4-
dihydronicotinamide) as sacrificial reagents. The mixed-linker solid produced an average 
of 31.57 μmol of HCOO- over the course of 6 hours. In turn, Ti-exchanged UiO-66-
NH2(Ti/Zr) only produced 22.23 μmol of HCOO- under identical conditions. 13C-NMR 
studies of the photocatalytic reaction with the mixed-linker phase by using enriched 13CO2 
also showed that additional reaction products like carbonates (13CO3

2- and H13CO3
-) can 

be formed besides the formate molecules. 
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More recently, Serre and co-workers reported the study of the photocatalytic CO2 
methanation reaction on MIP-208.87 The authors tested the catalytic activity of MIP-208 
samples by irradiating the solid at 200 °C with a Xe lamp (300 W) in presence of a mixture 
of H2 (1.05 bar) and CO2 (0.25 bar). MIP-208 showed a production of ca. 40 μmol·g-1

cat 
after 22 hours of reaction, which was found to be 33 % higher than that reported for MIL-
125-NH2 under similar conditions. In order to improve the photocatalytic activity 
towards the methanation of CO2, the authors photodeposited RuOx NPs. This boosted the 
production of CH4 by MIP-208@RuOx up to 800 μmol·g-1

cat, with no detection of other 
byproducts like CO or C2H6. Isotopic labelling experiments confirmed the formation of 
13CH4 from 13CO2. Moreover, MIP-208@RuOx could be recycled up to seven times without 
loss of crystallinity nor catalytic activity, which qualifies MIP-208@RuOx a very robust 
photocatalyst. Similar experiments using a solar simulator yielded similar CH4 
production values, indicating that the photoactivity of MIP-208@RuOx can be ascribed to 
light absorption in the visible region.  

4. Concluding Remarks 

The development of titanium-organic frameworks has experienced a considerable 
boost in the past few years and has a bright future ahead. Motivated by the natural 
abundance, low toxicity and photo-redox activity of this metal and the outstanding 
chemical stability of the resulting frameworks, many groups around the world have 
explored multiple synthetic strategies to optimise the conditions required for producing 
crystalline MOFs. However, the lack of persistent SBUs remains still a synthetic challenge 
that limits further development in this area. The systematic analysis of the chemical space 
will enable the assembly of targeted metal-oxo clusters.  We are confident that the 
adoption of systematic High-Throughput synthetic methodologies will accelerate our 
understanding on the complex chemistry of titanium in solution. This is necessary to gain 
control on the formation of specific topologies for tuneable combinations of porosity and 
function according to the design principles of reticular chemistry. 

We also identify the design of mixed-metal or heterometallic Ti-MOFs as an 
emerging area in the field to produce materials with increasing chemical and functional 
complexity. These materials can offer important advantages over their homometallic 
counterparts as they enable targeted modification of the adsorption properties, structural 
response, electronic structure or chemical reactivity of the framework. Just like their 
homometallic counterparts, this possibility is also still limited by the difficulties of 
controlling the formation of heterometallic nodes by direct synthesis and post-synthetic 
metal exchange reactions is the dominant strategy. However, this often results in partial 
or non-homogeneous metal substitution in detriment of the potential benefits of 
controlling metal distribution at an atomic level toward performance improvement. 
Discovery of alternative synthetic routes will provide fine control over metal distribution 
in these heterometallic frameworks to span their interest to a broad scope of cascade or 
tandem reactions in which synergetic catalysis might yield unprecedented boosts in 
performance. 
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Regarding the use of Ti-MOFs in photoredox catalysis and solar fuel production 
there is still a long way to go. Compared to classical inorganic semiconductors, these 
materials offer the tunability required to adapt the framework to specific applications and 
can be also combined with metal nanoparticles or homogeneous co-catalysts for better 
performance. These advantages have attracted increasing attention and this field is 
currently a hot topic in photocatalysis. However, we are still far from the pursued targets 
in activity in the cases of H2 production or CO2 photoreduction, that shall increase in at 
least two orders of magnitude to become competitive. With the increasing number of 
photocatalytic MOFs available, the field shall evolve now to a more detailed 
understanding of their semiconducting properties with fundamental research of the 
thermodynamics and kinetics of photo-induced charge separation alongside the lifetime 
of catalytic species. Computational studies will also help in guiding specific compositional 
changes to target optimum alignments of frontier bands and electronic structures. The 
development of alternative routes for exquisite control of the distribution of co-catalysts 
in these porous frameworks might also help in achieving a jump in catalytic activity.  
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1. Motivation 

At the start of this PhD in 2015, there was a high interest in the development of 
new Ti(IV)-based MOFs, of which only three were known at the time, namely MIL-125,1 
NTU-92 and PCN-22.3 This not only proved the difficulties in controlling the formation 
of porous, crystalline based on Ti(IV) but also left a lot of room to carry out systematic 
explorations of different reaction parameters in the synthesis of these challenging solids. 
At the time, special attention was being paid to the use of pre-defined molecular SBUs 
with a given structure and connectivity in order to access targeted topologies by chemical 
design.4,5 Thus, in a first approach for the synthesis of new Ti-MOFs, we started studying 
the reaction between a pre-formed hexanuclear Ti(IV) precursor and trimesic acid (i.e. 
benzene-1,3,5-tricarboxylic acid, H3BTC) under different reaction conditions. The 
systematic exploration of this chemical space with high-throughput methods led to the 
discovery of a highly crystalline mesoporous MOF with the archetypal structure of MIL-
100.6  

2. Summary of the key results 

The findings of this work were published in “Castells-Gil, J., M. Padial, N., 
Almora-Barrios, N., Da Silva, I., Mateo, D., Albero, J., García, H., and Martí-Gastaldo, C. 
De novo synthesis of mesoporous photoactive titanium(iv)-organic frameworks with 
MIL-100 topology. Chem. Sci. 10, 4313–4321 (2019).” In this publication we report the 
formation of a mesoporous titanium organic framework with MIL-100 topology. 
Crystalline MIL-100(Ti) was first obtained by reacting a pre-formed [Ti6O6(OiPr)6(4-
tbbz)6] (Ti6, 4-tbbz = 4-tert-butyl-benzoate) complex with H3BTC as a linker in a 
acetonitrile : tetrahydrofuran (AcCN:THF) mixture under solvothermal conditions. Note 
that tests run with common organic solvents (DMF, DEF, NMP, EtOH, MeOH and 
mixtures of them) were unsuccessful as only amorphous products could be isolated.  

 Regarding the optimization of the reaction conditions, we carried out a systematic 
study of the different reaction parameters in order to produce the most crystalline 
material. For that, we made use of FLEX SHAKE high-throughput workstation from 
Chemspeed© for a controlled dispensing of solids and liquids for a extensive and 
reproducible screening of the synthetic conditions. We studied the formation of MIL-
100(Ti) in a variety of synthetic conditions in which we varied the reaction temperature 
(80 – 160 ºC), modulator (acetic acid) and metal-to-linker ratio. The amount of acetic 
acid used as modulator was varied for a fixed metal-to-linker ratio for every temperature 
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tested. This showed that the presence of modulator as well as high temperatures were 
needed in order to obtain a highly crystalline material as lower temperatures yielded 
unreacted Ti6 precursor, amorphous products, or an unidentified phase. Next, the metal-
to-linker ratio was varied showing that an excess of linker favours the formation of a more 
crystalline product. These reaction conditions could be extended to other simpler Ti(IV) 
precursors with minor modifications to produce crystalline MIL-100(Ti). However, we 
observed a clear relationship between the stability of the precursor and the quality of the 
material obtained. In this regard, highly sensitive precursors like Ti(OiPr)4 produced 
poorly crystalline MIL-100(Ti) with ill-defined particles, in sharp contrast with the 
octahedral crystals obtained with the more stable Ti6 precursor under identical conditions 
(Figure 2.1). Note that, despite the possibility of directing the formation of targeted 
structures, the use of pre-formed polynuclear SBUs rather than simple precursors was 
also motivated by the possibility of diminishing the formation of dense byproducts, like 
amorphous oxides, due to their higher resistance to hydrolysis. 

The crystallinity of MIL-100(Ti) was evaluated by means of powder XRD which 
showed a clear match with those observed in previously reported MIL-100(Cr, Fe).6,7 Full 
profile fitting by the LeBail method was used to confirm the phase purity of the most 
crystalline solids obtained. The MIL-100 family of MOFs is characterised by having oxo-
centered trinuclear [M3(μ3-O)(O2C)6] units, which are in turn connected through 
trimesate linkers forming zeotypic cubic framework with mtn topology. This structure 
displays two types of internal mesoporours cavities of 2.4 and 2.9 nm interconnected by 
pentagonal and hexagonal microporous windows. The formation of MIL-100(Ti) 
confirmed the degradation of the Ti6 precursor to form the trinuclear SBU typical of MIL-
100 materials, more stable under the synthetic conditions used. Similar transformations 
were observed in the synthesis of PCN-22,3 where a isostructural hexanuclear Ti6O6 

CpTiCl3

5 øm

Ti(OiPr)4

5 øm

Cp2TiCl2

5 øm

Figure 2.1 – SEM micrographs (a) and PXRD (b) of MIL-100(Ti) obtained with different Ti(IV) 
precursors. 
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precursor transformed into a heptameric Ti7O6 SBU. However, the trimeric unit found in 
MIL-100 materias has been mainly observed with trivalent M(III) metals, displaying the 
general formula [MIII

3(μ3-O)(O2C)6(X)(H2O)2] (X = F-, Cl-, OH-), with exception of the 
recently reported Ti-MOF, COK-69,8 with a similar trimeric unit. The substitution of 
M(III) by Ti(IV) ions introduced an excess of positive charge that had to be 
counterbalanced either by anions in the pores or by anionic species directly coordinated 
to the axial positions of Ti ions. After ruling out the presence of other species in the pores 
of MIL-100(Ti) by FTIR and NMR measurements, we modelled two different neutral 
[Ti3(μ3-O)(O2C)6(X)3] (X = O2-, OH-, H2O) based on a previous methodology reported for 
COK-69,8 a Ti-MOF based on an analogous Ti(IV) SBU. However, DFT calculations 
suggested that both [Ti3(μ3-O)(O2C)6(O)2(H2O)] and [Ti3(μ3-O)(O2C)6(O)(OH)2] 
structures might be possible with little difference in energy between both formulations, 
being [Ti3(μ3-O)(O2C)6(O)(OH)2] the most stable by 0.2 eV (Figure 2.2). This formula 

agreed well with the amount of TiO2 
observed by TGA upon decomposition 
at ca. 450 ºC. Unfortunately, MIL-
100(Ti) showed a smaller surface area 
of ca. 1321 m2·g-1, as determined by N2 
adsorption measurements at 77 K, than 
that obtained by other MIL-100 solids 
(ca. 2000 m2·g-1). This has been recently 
circunvented by using electrochemical 
synthesis,  in which the Ti(IV) 
precursor is electrochemically reduced 
in situ to Ti(III) allowing for the use of 
milder conditions.9 However, the good 

agreement between the experimental and calculated TiO2 amount upon decomposition 
and the absence of any byproduct or unreacted species, as observed by SS-NMR 
measurements, suggested that the reduction of surface area was due to the formation of 
amorphous material of similar formula, as observed by SEM images.  

The MIL-100 family of MOFs is characterised by displaying good stability in 
water. The introduction of Ti into the structure of MIL-100 was also expected to introduce 
photoactivity as well as to increase the stability of this type of materials given the 
formation of stronger Ti(IV)-O bonds. Indeed, we observed that MIL-100(Ti) retained its 
structural integrity upon soaking in highly acidic/basic solutions between pH 2-12 as 
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observed by PXRD. This stability was also confirmed by N2 adsorption measurements 
performed on the sample tested at pH-2 and pH-12 for 24 hours, which showed no change 
in surface area. Further comparison with the benchmark materials MIL-100(Fe) and 
MIL-125 under identical conditions showed clear differences in stability with MIL-
100(Ti). PXRD and N2 adsorption measurements showed that MIL-125 underwent 
significant degradation at pH-2, whereas MIL-100(Fe) displayed minor degradation at 
pH-12. However, ICP analysis of the supernatant solutions at pH-2 and pH-7 revealed a 
higher metal leaching for MIL-125 (14 mg·mL-1) and MIL-100(Fe) (35 mg·mL-1) at pH-2 
versus MIL-100(Ti) (0.1 mg·mL-1), which showed negligible metal leaching. Regarding 
the photoactivity, MIL-100(Ti) presented an optical band-gap of 3.40 eV as obtained from 
DRS measurements. This meant that MIL-100(Ti) could be excited by UV light to 
generate photoinduced Ti(III) species. We confirmed this feature by irradiating a 
suspension of MIL-100(Ti) in dry THF under UV-light light irradiation (λ = 280-315 
nm). After several minutes, MIL-100(Ti) turned from white into dark blue, suggesting an 
effective photoreduction which was further confirmed by EPR experiments, which 
showed the characteristic signal of Ti(III) species at 350 mT. This process occurs through 
a photoinduced LMCT by which the linker injects an electron into the Ti(IV) SBU, thus 
forming Ti(III) (Figure 2.3). We also confirmed this process with transient absorption 
spectroscopy (TAS) measurements with which we observed the decay kinetics of the 
photogenerated charge carriers. Here, two processes were clearly observed, i.e. a first one 
that decayed during the first 500 ns and a second longer-lived component that remained 
stable in inert atmosphere but that was inhibited in presence of O2. The second 
component was attributed to the generated Ti(III) species, as suggested by the TAS 

Figure 2.3 – (a) EPR spectra of MIL-100(Ti) before and after irradiation with UV light. The inset
shows the change in colour to dark blue upon generation of photoreduced Ti(III) species. (b)
Schematic representation of the LMCT process upon illumination. (c) Photocatalytic H2
evolution reaction of MIL-100(Ti) in a H2O:MeOH (4:1) mixture.  
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spectrum recorded at 60 ns after the light pulse, that yielded an absorption band centered 
at ca. 640 nm.  

With this information, we tested the photocatalytic activity of MIL-100(Ti) in the 
photocatalytic H2 production from a H2O:MeOH (4:1, 1 mg·mL-1) mixture under UV-
Visible light irradiation with a Xe lamp. MIL-100(Ti) displayed an induction period of 6 
hours after which it started producing H2 up to a total amount of 1000 μmol·gcat

-1 after 24 
hours of reaction (Figure 2.3c). Moreover, MIL-100(Ti) could be reused up to 5 
consecutive cycles with little change in the overall H2 production. 
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is of mesoporous photoactive
titanium(IV)–organic frameworks with MIL-100
topology†

Javier Castells-Gil, a Natalia M. Padial, ab Neyvis Almora-Barrios, a Ivan da
Silva, c Diego Mateo,d Josep Albero,d Hermenegildo Garćıa d

and Carlos Mart́ı-Gastaldo *a

Most developments in the chemistry and applications of metal–organic frameworks (MOFs) have been

made possible thanks to the value of reticular chemistry in guiding the unlimited combination of organic

connectors and secondary building units (SBUs) into targeted architectures. However, the development

of new titanium-frameworks still remains limited by the difficulties in controlling the formation of

persistent Ti-SBUs with predetermined directionality amenable to the isoreticular approach. Here we

report the synthesis of a mesoporous Ti-MOF displaying a MIL-100 topology. MIL-100(Ti) combines

excellent chemical stability and mesoporosity, intrinsic to this archetypical family of porous materials,

with photoactive Ti3(m3-O) metal-oxo clusters. By using high-throughput synthetic methodologies, we

have confirmed that the formation of this SBU is thermodynamically favored as it is not strictly

dependent on the metal precursor of choice and can be regarded as an adequate building block to

control the design of new Ti-MOF architectures. We are confident that the addition of a mesoporous

solid to the small number of crystalline, porous titanium-frameworks available will be a valuable asset to

accelerate the development of new porous photocatalysts without the pore size limitations currently

imposed by the microporous materials available.
Introduction

Metal–organic frameworks (MOFs) are crystalline, porous
materials built from the interlinking of metal-oxo clusters with
organic connectors.1 Their internal porosity can be engineered
in size, shape and chemical function to provide a family of
crystalline solids with structural and functional diversities
beyond comparison. These intrinsic characteristics make MOFs
appealing materials for modern storage, separation, delivery
and catalysis technologies.2–6 The problems linked to the
development of these applications have stressed the need for
producing MOFs with superior chemical stability.7 Combina-
tion of hydrolytic stability with high surface area was rst re-
ported for sodalite-type frameworks built from imidazolate
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(ZIF)8 or azolate9 connectors due to hydrophobic shielding and
strong metal–nitrogen bonds. Control over the strength of the
coordination bond is also key to the robustness of Zr(IV) and
Hf(IV) MOFs.

Compared to these metals, titanium offers several advan-
tages. It is less toxic, naturally more abundant and more
adequate to endow these porous materials with photoactivity.
Still, the synthesis of crystalline, porous titanium–organic
frameworks remains comparatively underexplored.10 Though
the discovery of the UiO family, based on Zr6O4(OH)4(RCO2)12
clusters,11 boosted the synthesis of multiple MOFs from iso-
structural Zr and Hf metal-oxo clusters,12–14 the controllable
synthesis of Ti-MOFs remains quite challenging yet. This is due
to the higher reactivity of Ti precursors, more prone to hydro-
lysis, that facilitates the formation of amorphous titanium oxide
under solvothermal conditions. The formation of titanium-oxo-
carboxylate clusters, capable of directing the formation of high
symmetry, periodic architectures, demands stricter control over
the hydrolysis-condensation equilibria. These synthetic diffi-
culties are possibly the reason due to which almost all Ti-MOFs
available are built from different secondary building units
(SBUs). Fig. 1 summarizes the diversity of Ti-SBUs reported for
the limited number of MOFs available: Ti12O15/Ti6O9 titanium-
oxo clusters in MIL-177,15 Ti8O8 in MIL-125,16 Ti7O4 in PCN-22,17

Ti6O6 in MOF-901 (ref. 18) and MTM-1,19 Ti3O in COK-69,20
Chem. Sci., 2019, 10, 4313–4321 | 4313
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Fig. 1 Summary of the SBUs in the structure of titanium–organic
frameworks.
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heterometallic clusters like Ti8Zr2O12 in PCN-415 (ref. 21) and
Ti2M2O2 (M¼ Ca, Mn) inMUV-10,22 or simple titanium nodes in
NTU-9 (ref. 23) and Ti-CAT-5,24 conrm the complexity for tar-
geting the formation of specic MOF architectures due to the
difficulties in controlling the formation of persistent SBUs.

This lack of chemical control over the nal material is
arguably limiting further development, highlighting the
importance of nding alternative synthetic strategies that make
Ti-MOFs amenable to the design principles of isoreticular
chemistry. One strategy used to gain control is to produce
daughter frameworks by incorporation of titanium(IV) into pre-
formed materials by partial post-synthetic replacement of
parent metals. This was originally demonstrated for the UiO-
66(Zr)25 and MOF-5(Zn)26 families. More recent examples
describe the use of titanium(III) precursors followed by mild
oxidation for partial doping of MOF-74, MIL-100 and PCN-333
with Ti.27 However, these methodologies do not allow for
complete metal replacement and also suffer from poor control
over the positioning of titanium atoms in the structure,28 which
can result in spurious deposition of metal oxide coatings.29

Compared to this post-synthetic strategy, here we report the
formation of MIL-100(Ti) by direct synthesis. Systematic explo-
ration of the chemical space, by using high-throughput (HT)
methodologies, has enabled identication of the optimal
synthetic conditions to produce highly crystalline solids from
different titanium precursors. MIL-100(Ti) combines the
chemical stability and mesoporosity, intrinsic to the MIL-100
family, with photoactive Ti3(m3-O) metal-oxo clusters. Our
work suggests that the formation of this SBU, classical in the
chemistry of MOFs based on trivalent metals, is not strictly
dependent on the metal source and might be used for the
controlled design of new Ti-MOF architectures.
Results and discussion
Synthesis from pre-formed metal clusters

Our rst approach to the direct synthesis of Ti-MOFs involved
the use of titanium-oxo clusters as pre-formed SBUs. In prin-
ciple, this was expected to favour the formation of crystalline
solids under milder conditions than those conventionally used
4314 | Chem. Sci., 2019, 10, 4313–4321
in MOF synthesis. This strategy has been successfully used to
produce Zr(IV),30 Ce(IV),31 and Fe(III)-MOFs32 by direct reaction of
metal-oxo clusters with polyaromatic carboxylic acids.
Compared to simple precursors, we also expected to minimize
the precipitation of amorphous oxides due to the higher
stability of their cluster against hydrolysis. Accordingly, we
reacted the as-made [Ti6O6(4-tbbz)6(O

iPr)6] (tbbz ¼ 4-tert-butyl-
benzoic acid) clusters (Fig. 2a) with trimesic acid (H3btc ¼
benzene-1,3,5-tricarboxylic acid) between 80 and 160 �C for
multiple combinations of solvents (DMF, DEF, NMP, MeOH,
EtOH.), metal to linker ratios, concentration and addition of
different modulators like acetic or benzoic acid. We used a FLEX
SHAKE high-throughput workstation from Chemspeed© for
robotic dispensing of solids and liquids in order to optimize the
screening of a broad range of synthetic conditions whilst
ensuring reproducibility. All attempts were unsuccessful as we
could only isolate the unreacted cluster or amorphous solids for
temperatures below or above 100 �C, respectively. We argued
this was due to the poor solubility of the cluster under these
conditions and decided to investigate an alternative mixture of
solvents. Aer several tests, we observed that heating of
a mixture of [Ti6O6(4-tbbz)6(O

iPr)6] (Ti6) and H3btc in acetoni-
trile : tetrahydrofuran (ACN : THF, 3 : 1 v/v%) led to the
formation of a white, microcrystalline solid. In order to opti-
mize the crystallinity of the material we systematically varied
the temperature of the reaction, the addition of acetic acid as
the modulator, and the metal-to-linker ratio. We observed that,
for a given Ti : btc ratio of 1 : 5, only the unreacted cluster was
obtained at temperatures below 140 �C with no addition of the
modulator (Fig. S1–S4†). However, a crystalline solid is observed
in the presence of acetic acid as the modulator (180–550 equiv.,
250–750 mL) and at temperatures above 100 �C. Note that
a secondary crystalline phase is obtained as a side-product at
low temperatures and high amounts of acetic acid (i.e. 550
equiv., 750 mL) as evidenced by powder X-ray diffraction (PXRD)
(Fig. S2–S5†), whereas it is not observed for a lower concentra-
tion of the modulator. The formation of this secondary phase
can be reduced by increasing the temperature of the reaction up
to 160 �C (Fig. 2b–c, S6 and S7†). We next varied the Ti : btc ratio
at 160 �C for a xed amount of acetic acid (i.e. 180 equiv., 250
mL). PXRD of the solids conrms the formation of a highly
crystalline MIL-100 phase for Ti : btc ratios of 1 : 2–5 (Fig. S8†).
PXRD of the solids synthesized with increasing temperatures
and concentration of the modulator conrms the critical effect
of these parameters on the crystallinity of the material (Fig. 2b
and c). The optimum conditions for the formation of highly
crystalline MIL-100(Ti) corresponds to a Ti : btc ratio of 1 : 5
and addition of 250 mL of acetic acid (180 equiv.) and reaction at
160 �C (see ESI† for details). The use of more conventional
solvents like DMF or DEF yielded amorphous or poorly crys-
talline materials under equivalent reaction conditions (Fig. S9
and S10†). Optical microscopy suggested the formation of small
crystals, which was conrmed by scanning electron microscopy
(SEM). As shown in Fig. 2e, the bulk is composed of single
crystals with an octahedral habit, typical of cubic MIL-100
phases, and sizes oscillating below 5 mm. We also identied
small fractions of amorphous material partially covering the
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Optimization of reaction conditions for different titanium precursors to form MIL-100(Ti). (a) Structure of the titanium-oxo cluster
[Ti6O6(4-tbbz)6(O

iPr)6] (Ti6) used as the metal source. PXRD of the materials formed under different conditions showing the effect of (b)
temperature, (c) amount of modulator at 160 �C and (d) Ti(IV) precursor used in the synthesis on the crystallinity of the formed phase. (e–h) SEM
micrographs of the solid obtained with each Ti(IV) precursor showing the formation of micrometric, octahedral single crystals for Ti6.
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surface of the crystals (Fig. S11†). The solid was recovered by
centrifugation and washed with DMF and MeOH prior to drying
in a vacuum at room temperature.
Structure and characterization

PXRD patterns of the solid collected at our laboratory revealed
clear similarities to the reported phases of MIL-100(Cr, Fe)
(Fig. S16†).33,34 For a clearer structural description, we collected
high-resolution PXRD data that were rened by using an start-
ing model built from the reported structure of MIL-100(Fe) by
using Materials Studio. As shown in Fig. 3a, Rietveld renement
of the activated solid converged with excellent residual values
(Rwp ¼ 5.24%, Rexp ¼ 1.93%) for a cubic Fd�3m space group with
cell parameter a¼ 73.5168(16) Å. The structure of MIL-100(Ti) is
built from the interlinking of Ti3(m3-O) clusters and btc linkers
to conform a zeolitic mnt topology that features two types of
mesoporous cages with pentagonal and hexagonal pore
windows (Fig. 3b).

The assembly of this structure from the starting Ti6O6 cluster
used in the synthesis necessarily involves its degradation for the
assembly of a thermodynamically more stable unit under the
reaction conditions. This dynamic equilibrium between inter-
converting species is similar to that controlling the formation of
heptameric clusters or Ti-oxo chains from Ti6O6(abz)6(O

iPr)6
(abz ¼ 4-aminobenzoate) during the synthesis of PCN-22 (ref.
17) or DGIST-1,35 respectively. By using comparatively milder
conditions, the integrity of the starting homo or heterometallic
polynuclear Ti(IV) clusters can also be preserved and they can be
incorporated into the framework, as demonstrated for MOF-
901,18 MNT-1 (ref. 19) or PCN-405.21 Compared to other
precursors, these precedents seem to conrm the suitability of
robust, molecular Ti clusters to either retain their nuclearity or
control the formation of alternative SBUs more prone to induce
This journal is © The Royal Society of Chemistry 2019
the formation of specic MOF architectures under thermody-
namic control. For example, M3(m3-O) (M ¼ Cr, Al, Fe) SBUs are
very common in frameworks produced under relatively harsh
conditions like MIL-96 (ref. 36) or MIL-101.37

The replacement of trivalent metals with Ti(IV) is not directly
compatible with the local structure of MIL-100 materials, which
features 6-connected [MIII

3 (m3-O)(X)(H2O)2(btc)6] (X
� ¼ F, Cl, OH)

nodes. In our case, the introduction of an excess of one positive
charge per metal atom will be counterbalanced by additional
anions. We hypothesized that these could be directly coordinated
to the Ti sites or occupy the empty space available from the
mesoporous cages for neutral or cationic frameworks, respectively.
FT-IR spectra of the solid, before and aer Soxhlet washing
(Fig. S19†), 1H-NMR (Fig. S26†) and solid-state 13C-CP-MAS-NMR
(Fig. S28†), all discard the presence of Ti6 clusters or free trimes-
ate or acetate anions occupying the pores. Hence, we modelled
computationally different neutral clusters by modication of the
molecules coordinated to the axial position of the octahedral Ti(IV)
centers whilst xing the positions corresponding to the btc linkers
and the m3-O central bridge. We used the same methodology
recently reported by De Vos and co-workers for rationalizing the
most plausible formula of COK-69,20 based on analogous Ti(IV)-oxo
trimers. We calculated the formation energies for the clusters that
would generate a neutral structure by different combinations of
O2�, OH� or H2O molecules acting as capping linkers. We opti-
mized their structure with dispersion-corrected density functional
theory (DFT-D3) as implemented in the Vienna ab initio simula-
tion package (VASP) (see S5† for calculation details). Our results
suggests that the formation of the cluster [Ti3(m3-O)O(OH)2(btc)6]
(Fig. 3c, le) is 0.21 eV more favourable than [Ti3(m3-O)(O)2(H2-
O)(btc)6] (Fig. 3c, right). Nonetheless, like in the case of COK-69,
the small difference between both clusters (c.f. 0.4 eV) is not
sufficient to conrm unambiguously the formation of only one of
them and both formulae might be reasonable.
Chem. Sci., 2019, 10, 4313–4321 | 4315
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Fig. 3 Structural characterization of MIL-100(Ti). (a) Rietveld refine-
ment of MIL-100(Ti) (lCuKa1

¼ 1.540598 Å, lCuKa2
¼ 1.544426 Å). See SI3

for crystallographic data and full details. (b) Perspective of the structure
along the [001] and [111] showing the presence of two types of mes-
oporous cages (2.4 and 2.9 nm) with pentagonal and hexagonal
windows intrinsic to the MIL-100 family. (c) Proposed structure of the
more favorable Ti-SBUs compatible with the formation of neutral MIL-
100(Ti) featuring OH�/O2� (left) or O2�/H2O (right) capping ligands.
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The proposed formulae agree well with the percentage of
residual oxide formed from the thermal decomposition of the
solid (Fig. S21†). The experimental 32.2% of TiO2 is quite close
to the calculated value of 33.9%. Permanent porosity was
studied using N2 adsorption–desorption isotherms at 77 K aer
activation of the solid under dynamic vacuum (10�3 mbar) at
150 �C overnight. MIL-100(Ti) displays a non-hysteretic, type-I
N2 adsorption with two secondary gas uptakes at P/P0 ¼ 0.05
and 0.14 (Fig. 4a). The multi-point BET surface area was found
to be 1321 m2 g�1 with a total pore volume of 0.66 cm3 g�1

(Fig. S22 and Table S3†). Pore size distribution (PSD) calculated
using Non-Linear Density Functional Theory (NLDFT) models
reveals two types of mesoporous pores between 1.6–2.4 and 2.6–
3.6 nm that correlate well with the theoretical pore size values of
4316 | Chem. Sci., 2019, 10, 4313–4321
2.4 and 2.9 nm estimated from the structure of MIL-100(Ti).
This surface area lies below the values reported for MIL-
100(Cr, Fe) phases,33,34 suggesting ineffective activation or the
partial blocking of the pores by molecular precursors with poor
solubility. We used other activation protocols more adequate
for highly porous materials like solvothermal treatment of the
solid or Soxhlet washing with hot EtOH or MeOH. None of them
led to a substantial increase in porosity. As commented before,
FT-IR, 1H-NMR and 13C-CP-MAS-NMR of the activated solid rule
out the presence of molecular components occluded in the
pores of MIL-100(Ti). Thus, we ascribe the reduction of surface
area to the formation of an amorphous fraction of the material
that can be inferred from SEM (Fig. S11†), similar to previous
reports for other mesoporous phases like MIL-101-NDC(Cr).38

CO2 adsorption studies reveal a modest uptake of 1.70 mmol
g�1 (7.5 wt%) at 293 K and 1 bar, with an isosteric heat of
adsorption (Qst) of 34.8 kJ mol�1 (Fig. 4b and S24†). This value is
very similar to the 30–35 kJ mol�1 reported for the Fe(III) phase39

and agrees well with the presence of vacant metal sites. Water
adsorption also reveals clear similarities with other MIL-100
derivatives. As shown in Fig. 4c, the isotherm at 298 K shows
an ‘S’-shaped prole with hysteretic behaviour, indicative of
irreversible capillary condensation. Water adsorption at low
relative pressures, which can be ascribed to the presence of
openmetal sites in the structure, is followed by a steep uptake at
a relative humidity between 0.25 and 0.45% with an inection
point at P/P0 ¼ 0.32, characteristic of hydrophilic materials.40

The maximum water adsorption capacity of MIL-100(Ti) calcu-
lated at P/P0 ¼ 0.9 is 0.52 g g�1. This gravimetric adsorption is
very similar to the value reported for MIL-100(Al) (0.51 g g�1) but
smaller than those for the Cr and Fe phases ranging from 0.60
to 0.76 g g�1 (Fig. 4c and Table S4†).41,42
Thermal and chemical stability

One of the main features of MIL-100 materials is their stability in
water. For Fe, Al and Sc phases, this stability is thermodynamic in
origin and arises from strong coordination bonds withM–Obond
dissociation energies of 444, 502 and 671 kJ mol�1.43 In turn, the
kinetic inertness of Cr(III) ions in MIL-100(Cr) is responsible for
its outstanding hydrolytic stability. Accordingly, the incorpora-
tion of highly charged Ti(IV) metals into MIL-100 topologies will
result in high thermal and chemical stability due to thermody-
namic parameters. Compared to the Cr and Fe phases that
decompose between 300 and 350 �C,33,34 the thermogravimetric
analysis (TGA) of MIL-100(Ti) conrms a signicant increase in
the thermal stability of the solid that remains stable up to 450 �C
(Fig. S21†). This thermal stability is similar to other Ti-MOFs and
agrees well with the higher dissociation energy of O–Ti(IV) bonds
of 667 kJ mol�1.43 We next evaluated the hydrolytic stability of
MIL-100(Ti) by soaking freshly made solids in water under acidic
and basic conditions (pH 1–14). PXRD of the solids aer incu-
bation in water for 24 hours conrms that the structure of the
solid remains unchanged between pH 2 and 12 (Fig. 4d and
S32†). Stability was also conrmed by gas sorption. N2 adsorption
measurements of the solids aer water treatment show negligible
changes in their surface area compared to the as-made material
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Sorption properties and chemical stability of MIL-100(Ti). (a) N2 isotherm at 77 K and PSD (inset). (b) CO2 isotherms obtained at 273, 283
and 293 K. (c) Water isotherm at 298 K and comparison of the total water adsorption at P/P0 ¼ 0.9 with the isostructural Cr, Fe and Al MIL-100
phases (inset). (d) PXRD of the solid after soaked in water for 24 hours at variable pH. (e) Comparison of the N2 adsorption isotherms at 77 K of the
as-synthesized MIL-100(Ti) and after water treatment at pH 2 and 12. (f) ICP-MS measurements for MIL-100(Fe), MIL-125 and MIL-100(Ti) at
acidic and neutral pH.
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(Fig. 4e, S33 and Table S5†). These results conrm that MIL-
100(Ti) displays excellent hydrolytic stability, comparable to
other benchmark materials.7

For further understanding on the role of Ti3(m3-O) nodes over
the chemical stability of the material we decided to carry out
equivalent experiments for direct comparison with the iso-
structural MIL-100(Fe)44 and a representative Ti-MOF like MIL-
125.16 PXRD and N2 sorption conrm that replacement of Fe(III)
with Ti(IV) centers does not induce important changes under
equivalent conditions. MIL-100(Fe) only shows minor degrada-
tion of the structure at pH 12 (Fig. S34†), whereas its surface
area is maintained close to the original value under acidic and
basic conditions (Fig. S35 and Table S6†). This behaviour is
different for MIL-125 that retains its structural integrity and
porous function almost intact at pH-12 but undergoes signi-
cant degradation at acidic pH (Fig. S36, S37 and Table S7†). We
observe more important differences in the ICP-MS measure-
ments of the supernatants aer incubation in water. As shown
in Fig. 4f, titanium leaching in MIL-100(Ti) is almost negligible
for acidic and neutral conditions. In turn, the concentration of
iron and titanium in solution increases with decreasing pH up
to a maximum of 35 and 14 mg mL�1 at pH 2 for MIL-100(Fe)
and MIL-125, respectively (see Table S8† for details). Concern-
ing the isostructural series, we presume that the different
degradation rates of the Ti and Fe phases might result in
different drug delivery kinetics under simulated biological
conditions. Although this study is beyond the scope of our work,
This journal is © The Royal Society of Chemistry 2019
we are condent that MIL-100(Ti) might be of interest to the
MOF community for biomedical applications.
Optical response and photoactivity

The applications of Ti-MOFs as photocatalysts for solar fuel
production or light-induced organic transformations are pivotal
to this family of materials due to the promising combination of
high surface areas, chemical stability and photoactivity.45 The
optical band-gap of MIL-100(Ti) obtained by diffuse reectance
spectroscopy is 3.40 eV (Fig. S30†). This value lies between those
reported for MIL-125 (3.68 eV)46 or MUV-10(Ca) (3.10 eV)22 and is
compatible with UV light photoexcitation. This was conrmed
by irradiating a suspension of the solid in dry THF with UV-B
light (l ¼ 280–315 nm). Aer a few hours, the color of the
solid changed from white to dark blue (Fig. S31†) and remained
stable in the absence of oxygen. The electron paramagnetic
resonance (EPR) spectra of the solid before/aer irradiation
conrms the occurrence of a broad signal at 350 mT, with g-
tted parameters gk ¼ 1.927 and gt ¼ 1.952 characteristic of
Ti(III) species, only for the irradiated sample (Fig. 5a and S31).
This is accompanied by a weak, sharp peak at lower elds,
which corresponds to the formation of btc radicals with g z
2.00.22 This behaviour is consistent with a ligand-to-metal
charge transfer (LMCT) mechanism, in which an electron is
transferred from the photoexcited state of the linker to the
metal sites (Fig. 5b).
Chem. Sci., 2019, 10, 4313–4321 | 4317
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Fig. 5 Photoactivity of MIL-100(Ti). (a) EPR of MIL-100(Ti) before and after irradiation with UV-light. (b) Schematic showing the ligand-to-metal
charge transfer responsible for the photogeneration of Ti(III) species. (c) Photocatalytic H2 production of MIL-100(Ti) in a mixture of H2O : MeOH
(4 : 1, v/v%). (d) Transient absorption kinetics of MIL-100(Ti) suspended in ACN under Ar(blue), in the presence of MeOH (dark grey) and in the
presence of O2 (light grey). Laser excitation: 355 nm, monitored at 500 nm. The inset shows a zoom-in of the first 2 ms.
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We also tested the photocatalytic activity of MIL-100(Ti) by
irradiating a suspension of the solid in a mixture of H2-
O : MeOH (4 : 1, v/v%) with a Xe lamp (300 W) and measuring
the H2 produced at different time intervals. As shown in Fig. 5c,
MIL-100(Ti) shows an induction period of ca. 6 h for a total H2

production of 1000 mmol gcat
�1 aer 24 hours (see S6† for

experimental details). Stability was conrmed with PXRD and
cyclability experiments for 5 consecutive cycles with minimum
changes to the total H2 production measured (Fig. S40 and
S41†).

The generation of photoinduced charge separation in MIL-
100(Ti), a hallmark feature of semiconductors, was conrmed
with transient absorption spectroscopy (TAS). The decay
kinetics prole of the solid suspended in ACN, measured at
500 nm, shows two different processes. A rst process that
decays during the rst 500 ns, and a second one that remains
stable in Ar or in the presence of MeOH for approximately 20 ms
aer the light pulse (Fig. 5d). In addition, the longer-lived
component is inhibited in the presence of O2 suggesting that
it likely originates from photogenerated Ti(III) species in the
framework. This is further conrmed by the TAS spectrum
recorded at 60 ns aer the light pulse, which shows an
absorption band centred at ca. 640 nm, characteristic of Ti(III)
species (Fig. S42†). The intensity of this band decreases aer 6
ms showing a broad absorption between 400 and 600 nm, likely
due to the decay of an important fraction of the photogenerated
species.
Synthesis from other metal precursors

Previous studies conrm the importance of choosing suitable
titanium precursors for directing the synthesis of crystalline
titanium frameworks. We are condent that the use of high-
throughput synthetic methodologies might help in studying
this reactivity more systematically in order to enlarge the pool of
precursors at hand. This pushed us to investigate the synthesis
of MIL-100(Ti) by using other Ti salts with variable reactivity in
water. We replaced Ti6 with precursors like Ti(OiPr)4, Cp2TiCl2
or CpTiCl3 and introduced minor changes to the synthesis
optimized for the cluster. Our results conrm that MIL-100(Ti)
can be also prepared from organometallic precursors. However,
Ti(OiPr)4 only afforded poorly crystalline solids for all the
4318 | Chem. Sci., 2019, 10, 4313–4321
conditions explored (Fig. 2d), PXRD LeBail renement was used
to conrm the phase purity of the solids formed with Cp2TiCl2
and CpTiCl3. Full-prole ts yield excellent agreement factors
and prole differences for both solids (Fig. S17 and S18†). SEM
analysis also conrms the formation of micrometric particles of
sizes below 1 mm for Cp2TiCl2 and CpTiCl3 compared to the
amorphous solid with ill-dened morphologies prepared with
Ti(OiPr)4 (Fig. 2f–h, S12 and S13†). Our experiments suggest that
organometallic precursors are more adequate than the iso-
propoxide to induce the formation of crystalline MIL-100(Ti),
likely due to their higher resistance against hydrolysis.

For a better understanding of the impact of the metal
precursor over the properties of the MOF, we next analysed the
porosity of MIL-100(Ti)-Cp2TiCl2 with N2 sorption experiments at
77 K. Compared to MIL-100(Ti)-Ti6, the solid displays a similar
isotherm and pore size distribution – indicative of the formation
of the same open framework – but a substantial decrease in the
BET surface area and pore volume to 1130 m2 g�1 and 0.51 cm3

g�1 (Fig. S23 and Table S3†). We argued this could be linked to
the presence of bulkier Cp units replacing OH� as capping
ligands for a concomitant decrease in porosity. The ability of
cyclopentadienyl ligands to induce the formation of Cp-capped
titanium clusters was rst anticipated for COK-69.20 To conrm
this point we carried out FT-IR, 1H-NMR and 13C-CP-MAS-NMR
studies of the solid aer acid digestion (Fig. S20, S27 and
S29†). All experiments discard the incorporation of Cp units into
thematerial for the synthetic conditions used. To further conrm
this point, we theoretically calculated the formation energy of the
cluster [Ti3(m3-O)O(Cp)2(btc)6] (SI5). As shown in Fig. S38,† our
calculations suggest that the incorporation of Cp linkers in axial
positions in the Ti sites is thermodynamically disfavoured, for
a difference in energy of 1.1 or 1.3 eV over the formation of OH�/
O2� or O2�/H2O capped clusters.

This systematic exploration of conditions and metal
precursors suggests that the formation of trimeric Ti3(m3-O)
clusters units for the formation of MIL-100(Ti) under optimized
reaction conditions is thermodynamically favoured not only for
pre-formed clusters but also for organometallic complexes.
However, the latter are less effective in preventing the formation
of amorphous fractions of the material responsible for the
observed reduction in porosity in MIL-100(Ti)-Cp2TiCl2. Overall,
our experiments highlight the importance of controlling the
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sc05218b


Edge Article Chemical Science

View Article Online
reactivity of Ti precursors with water to enable the formation of
crystalline, porous titanium-frameworks.
Conclusions

The design of new titanium-frameworks is arguably limited by
the high reactivity of Ti(IV) with water and the subsequent
difficulties in controlling the formation of persistent SBUs with
the rigidity and directionality required to target specic archi-
tectures. We have shown how the use of high-throughput
synthetic methodologies is useful to identify the conditions
required to form Ti3(m3-O) metal-oxo clusters from different
titanium precursors. This classical SBU can be then reticulated
into a MIL-100 topology by direct reaction with trimesic acid to
produce a mesoporous material with excellent thermal and
hydrolytic stability, linked to the incorporation of highly
charged Ti(IV) atoms. MIL-100(Ti) also inherits the photoactivity
of other titanium-frameworks for the generation of reactive
Ti(III) species with light upon LMCT. In this regard, the
combination of chemical stability and photoactivity into
a mesoporous framework, also amenable to the generation of
vacant sites, offers a promising route for the design of advanced
porous photocatalysts without the metric limitations imposed
by the microporosity of the materials currently available. Based
on the preliminary results, we are condent that this MOF will
also be compatible with linker functionalization or metal
doping for engineering its optical response with visible light. In
the context of biomedical applications, the low-toxicity of tita-
nium and the different degradation rates compared to MIL-
100(Ti) might also be relevant for approaching targeted
release of drugs.
Experimental section
Chemical and physical characterization

Infrared spectra were recorded on an Agilent Cary 630 FTIR
spectrometer equipped with an ATR module. Thermogravi-
metric analysis was carried out with a Mettler Toledo TGA/SDTA
851e/SF/1100 between 25 and 800 �C at a rate of 5 �Cmin�1 with
a ow of N2 : O2 (4 : 1). PXRD patterns were collected in a PAN-
alytical X'Pert PRO diffractometer using copper radiation (Cu
Ka) with an X'Celerator detector, operating at 40 mA and 45 kV.
Proles were collected in the 2� < 2q < 90� range with a step size
of 0.013. Particle morphologies and dimensions were studied
with a Hitachi S-4800 scanning electron microscope operating
at 20 kV over metalized samples. Surface area, pore size and
volume values were calculated from nitrogen adsorption–
desorption isotherms recorded at 77 K on a Micromeritics 3Flex
apparatus. Samples were degassed overnight at 150 �C and 10�6

Torr prior to analysis. Surface areas were estimated according to
the BET model and pore size dimensions were calculated using
Non-Linear Density Functional Theory (NLDFT) models for the
adsorption branch assuming a cylindrical pore model. 13C-CP-
MAS-NMR was carried out on a Bruker Avance III 400 WB
Spectrometer. Samples were loaded in a 4 mm zirconia rotor
and spun at 8 kHz. 1H-NMR spectra were run on a Bruker
This journal is © The Royal Society of Chemistry 2019
DRX300 spectrometer. See ESI† for additional experimental
details on digestion of the solids for NMR study.

Synthesis of [Ti6O6(O
iPr)6(4-tbbz)6] (Ti6)

The synthesis of the Ti6 cluster was carried out according to
a previously reported procedure.47

Synthesis of MIL-100(Ti)

A typical synthesis of MIL-100(Ti) was carried out by adding
7.2 mg of Ti6 (24 mmol of Ti) and 25.0 mg of H3btc (120 mmol) to
3 mL of a mixture of ACN : THF (3 : 1, v/v%) in a glass vial.
Subsequently, 250 mL of acetic acid (180 equiv.) were added and
the mixture was sonicated to get a homogeneous suspension.
The vial was placed in the oven at 160 �C for 48 hours. Aer
cooling down to room temperature, the white microcrystalline
powder was recovered by centrifugation, rinsed with fresh DMF
and MeOH and further washed by Soxhlet extraction with hot
EtOH or MeOH for several hours. The solid was then allowed to
dry under vacuum at room temperature.

Synthesis of MIL-100(Ti) from other Ti(IV) precursors
(Cp2TiCl2, CpTiCl3, and Ti(OiPr)4)

The synthesis of MIL-100(Ti) from simple Ti(IV) precursors was
carried out by adding 6.2 mg of Cp2TiCl2, 5.4 mg of CpTiCl3 or
7.2 mL of Ti(OiPr)4 (24 mmol of Ti(IV)), and 25.0 mg of H3btc (120
mmol) to 3 mL of a mixture of ACN : THF (3 : 1, v/v%) in a glass
vial. Subsequently, 500 mL of acetic acid were added and the
mixture was sonicated to get a homogeneous suspension. The
vial was placed in the oven at 160 �C for 12 hours. Aer cooling
down to room temperature, the white microcrystalline powder
was recovered by centrifugation, rinsed with fresh DMF and
MeOH and further washed by Soxhlet extraction with hot EtOH
or MeOH for several hours. The solid was then allowed to dry
under vacuum at room temperature.
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Chem., Int. Ed., 2016, 55, 5414–5445.

46 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.

47 K. Hong, W. Bak and H. Chun, Inorg. Chem., 2014, 53, 7288–
7293.
Chem. Sci., 2019, 10, 4313–4321 | 4321

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sc05218b


 S1 

Supplementary Information 

De novo synthesis of mesoporous titanium(IV)-organic frameworks 
with MIL-100 topology 
Javier Castells-Gil,a Natalia M. Padial,a,b Neyvis Almora-Barrios,a Ivan da Silva,c Diego Mateo,d Josep 
Albero,d Hermenegildo Garcíad and Carlos Martí-Gastaldoa* 

aUniversidad de Valencia (ICMol), Catedrático José Beltrán-2, 46980, Paterna (Spain). 
bDepartment of Chemistry, The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, California 
92037, (United States). 
cISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire, OX11 0QX (United Kingdom). 
dInstituto Universitario de Tecnología Química CSIC-UPV, Universitat Politècnica de València, Av. De los Naranjos 
s/n, 46022, Valencia (Spain). 
 

 

S1. MATERIALS AND REAGENTS. ................................................................................................................... 3 

S2. SYNTHESIS OF MATERIALS AND EXPERIMENTAL DETAILS. ....................................................................... 3 

SYSTEMATIC OPTIMIZATION OF THE REACTION CONDITIONS. ............................................................................................. 5 

S3. CHEMICAL CHARACTERIZATION ............................................................................................................ 10 

SCANNING ELECTRON MICROSCOPY (SEM-EDX) ........................................................................................................ 10 
RIETVELD REFINEMENT AND CRYSTALLOGRAPHIC DATA OF MIL-100(Ti). ......................................................................... 13 
POWDER X-RAY DIFFRACTION (PXRD): LEBAIL REFINEMENTS ....................................................................................... 15 
FOURIER TRANSFORMED INFRARED SPECTROSCOPY (FT-IR) .......................................................................................... 17 
THERMOGRAVIMETRIC ANALYSIS (TG-SDTA) ............................................................................................................. 18 
ANALYSIS OF N2 ADSORPTION/DESORPTION ISOTHERMS AT 77 K .................................................................................... 19 
ANALYSIS OF CO2 ADSORPTION/DESORPTION ISOTHERMS ............................................................................................. 21 
ANALYSIS OF H2O ADSORPTION/DESORPTION ISOTHERMS ............................................................................................. 22 
1H NUCLEAR MAGNETIC RESONANCE (1H-NMR) ........................................................................................................ 23 
13C CROSS-POLARIZATION MAGIC-ANGLE SPINNING NUCLEAR MAGNETIC RESONANCE (13C-CP-MAS-NMR) ...................... 24 
UV-VIS SPECTROSCOPY – OPTICAL BAND-GAP CALCULATION ........................................................................................ 25 
ELECTRON PARAMAGNETIC RESONANCE (EPR) ........................................................................................................... 26 

S4. WATER STABILITY OF MIL-100 SOLIDS ................................................................................................... 27 

POWDER X-RAY DIFFRACTION OF MIL-100(Ti) .......................................................................................................... 27 
N2 ADSORPTION/DESORPTION ISOTHERMS AT 77 K OF MIL-100(Ti) .............................................................................. 28 
POWDER X-RAY DIFFRACTION OF MIL-100(Fe) ......................................................................................................... 29 
N2 ADSORPTION/DESORPTION ISOTHERMS AT 77K OF MIL-100(Fe) .............................................................................. 30 
POWDER X-RAY DIFFRACTION OF MIL-125 ............................................................................................................... 31 
N2 ADSORPTION/DESORPTION ISOTHERMS AT 77K OF MIL-125 .................................................................................... 32 
INDUCTIVELY COUPLED PLASMA – MASS SPECTROMETRY (ICP-MS) MEASUREMENTS ........................................................ 32 

S5. COMPUTATIONAL METHODS ................................................................................................................ 33 

TITANIUM OXIDE CLUSTERS: GEOMETRIC STRUCTURE .................................................................................................... 33 
FORMATION ENERGY OF THE DIFFERENT CLUSTER MODELS ............................................................................................. 33 
SIMULATION OF THE MIL-100(Ti)-BULK ................................................................................................................... 34 

S6. PHOTOCATALYTIC EXPERIMENTS .......................................................................................................... 36 

Electronic Supplementary Material (ESI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2019



 S2 

METHODOLOGY .................................................................................................................................................... 36 

S7. TRANSIENT ABSORPTION SPECTROSCOPY (TAS) .................................................................................... 38 

METHODOLOGY .................................................................................................................................................... 38 

S8. REFERENCES ......................................................................................................................................... 39 

 
 
 
  



 S3 

S1. Materials and reagents.  
 
Ti(OiPr)4 (97%), Cp2TiCl2 (97%), CpTiCl3(97%), 4-tert-butyl-benzoic acid (98%), benzoic acid (98%), methanol 
(anhydrous, 99.9%), isopropanol (99.9%), tetrahydrofurane, (anhydrous, 99.9%) N,N-dimethylformamide 
(anhydrous, 99.8%), and acetic acid (99.97%) were purchased from Sigma-Aldrich. Acetonitrile (anhydrous, 
99.9%), N,N-diethylformamide and 1,3,5-benzene-trisbenzoic acid (98%) were purchased from Acros 
Organics and TCI Europe, respectively. All reagents and solvents were used as received without further 
purification. 
 
S2. Synthesis of materials and experimental details.  
 
Synthesis of [Ti6O6(OiPr)6(4-tbbz)6] (4-tbbz = 4-tert-butylbenzoic acid; Ti6): The synthesis of the Ti6 cluster 
was carried out according to the previously reported procedure.1 
 
Synthesis Optimization of MIL-100(Ti): We used a high-throughput ChemSpeed platform for robotic 
dispensing of solids and liquids. The following reaction parameters were systematically investigated: 
 

• Temperature: Optimization of the reaction conditions were carried out by adding 7.2 mg of Ti6 
(24 μmol of Ti), 25.0 mg of H3btc (120 μmol) to 3 mL of a mixture of ACN:THF (3:1, v/v %) in a 
capped glass vial. Subsequently, different amounts of acetic acid, i.e.  0, 250, 500 or 750 μL (0, 
4.32, 8.64 and 12.96 mmol, respectively) were added and the mixture was sonicated to produce 
a homogeneous suspension. The vials were placed in the oven at different temperatures (80, 100, 
120, 140 or 160 °C) for 48 hours. After cooling down to room temperature, the solids were 
separated by centrifugation and rinsed with fresh DMF (3x15 mL), methanol (2x15 mL) and 
washed by soxhlet extraction with hot methanol or ethanol for several hours. The solids were 
then allowed to dry under vacuum at room temperature. 

• Modulator: Optimization of the reaction conditions were carried out by adding 7.2 mg of Ti6 (24 
μmol of Ti), 25.0 mg of H3btc (120 μmol) to 3 mL of a mixture of ACN:THF (3:1, v/v %) in a capped 
glass vial. Subsequently, different amounts of acetic acid, i.e. 0, 250, 500 or 750 μL (0, 4.32, 8.64 
and 12.96 mmol, respectively) were added and the mixture was sonicated to produce a 
homogeneous suspension. The vial was placed in the oven at 160 °C for 48 hours. After cooling 
down to room temperature, the solids were separated by centrifugation and rinsed with fresh 
DMF (3x15 mL), methanol (2x15 mL) and washed by soxhlet extraction with hot methanol or 
ethanol for several hours. The solids were then allowed to dry under vacuum at room 
temperature. 

• Ti:btc ratio: Optimization of the reaction conditions were carried out by adding 7.2 mg of Ti6 (24 
μmol of Ti), and 5.0 (24 μmol, Ti:btc 1:1), 10.0 (48 μmol, Ti:btc 1:2), 15.0 (72 μmol, Ti:btc 1:3), 20.0 
(96 μmol, Ti:btc 1:4) or 25.0 mg (120 μmol, Ti:btc 1:5) of H3btc and 250 μL (4.32 mmol, 180 eq.) 
of acetic acid to 3 mL of a mixture of ACN:THF (3:1, v/v %) in a capped glass vial. Subsequently, 
the mixture was sonicated to produce a homogeneous suspension. The vial was placed in the oven 
at 160 °C for 48 hours. After cooling down to room temperature, the solids were separated by 
centrifugation and rinsed with fresh DMF (3x15 mL), methanol (2x15 mL) and washed by soxhlet 
extraction with hot methanol or ethanol for several hours. The solids were then allowed to dry 
under vacuum at room temperature. 
 

Synthesis of MIL-100(Ti): A typical synthesis of MIL-100(Ti) was carried out by adding 7.2 mg of Ti6 (24 
μmol of Ti), 25.0 mg of H3btc (120 μmol) to 3 mL of a mixture of ACN:THF (3:1, v/v %) and 250 μL (4.32 
mmol, 180 eq.) of acetic acid in a capped glass vial. Subsequently, the mixture was sonicated to produce a 
homogeneous suspension. The vial was placed in the oven at 160 °C for 48 hours. After cooling down to 
room temperature, the solids were separated by centrifugation and rinsed with fresh DMF (3x15 mL), 
methanol (2x15 mL) and washed by soxhlet extraction with hot methanol or ethanol for several hours. The 
solids were then allowed to dry under vacuum at room temperature. 
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Synthesis of MIL-100(Ti) from simple metal precursors (Cp2TiCl2, CpTiCl3, Ti(OiPr)4): The synthesis of MIL-
100(Ti) from simple Ti(IV) precursors was carried out by adding 24 μmol of Ti, 25.0 mg of H3btc (120 μmol) 
to 3 mL of a mixture of ACN:THF (3:1, v/v %) in a glass vial. Subsequently, 500 μL of acetic acid were added 
and the mixture was sonicated to get a homogeneous suspension. The vial was placed in the oven at 160 
°C for 12 hours. After cooling down to room temperature, the solids were separated by centrifugation and 
rinsed with fresh DMF (3x15 mL), methanol (2x15 mL) and washed by soxhlet extraction with hot methanol 
or ethanol for several hours. The solids were then allowed to dry under vacuum at room temperature. 
 
Synthesis of MIL-125: MIL-125 was synthesized by dissolving in 500 mg (3.0 mmol) of terephthalic acid and 
183 µL (0.6 mmol) of Ti(OiPr)4 in 20 mL of a DMF:MeOH (9:1 v/v %) mixture in a 25 mL Schott bottle. The 
solution was heated at 150 °C for 24 hours. The white solid formed was recovered by centrifugation and 
washed with fresh DMF (3x50 mL) and isopropanol (3x50 mL) and dried under vacuum at room 
temperature. 
 
Synthesis of MIL-100(Fe): MIL-100(Fe) was synthesized according to a reported procedure.2  
 
 
  



 S5 

Systematic optimization of the reaction conditions.  
 
The effect of the reaction temperature and concentration of modulator (acetic acid) on the formation of 
MIL-100(Ti) was evaluated by powder X-Ray diffraction (PXRD). PXRD of the solids were measured in a 
PANalytical Empyrean X-Ray diffractometer in transmission mode measurement by using a High-
throughput platform. XRD patterns were collected in the angular range 3° < 2θ < 45 ° with a step size of 
0.013°.  

 
Figure S1. Comparison of PXRD of Ti6 with those of the product obtained from the synthesis of MIL-
100(Ti) at different reaction temperatures for VAcOH = 0 μL. 

 

 

Figure S2. PXRD of MIL-100(Ti) synthesized at 80 °C with different amounts of acetic acid. 
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Figure S3. PXRD of MIL-100(Ti) synthesized at 100 °C with different amounts of acetic acid. 
 

 
Figure S4. PXRD of MIL-100(Ti) synthesized at 120 °C with different amounts of acetic acid. 
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Figure S5. PXRD of MIL-100(Ti) synthesized at 140 °C with different amounts of acetic acid. 
 

 
Figure S6. PXRD of MIL-100(Ti) synthesized at 160 °C with different amounts of acetic acid. 
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Figure S7. PXRD of MIL-100(Ti) synthesized at different reaction temperatures (VAcOH = 250 μL). 

 

 
Figure S8. PXRD of MIL-100(Ti) synthesized at 160 °C with different Ti:btc ratios (VAcOH = 250 μL). 
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Figure S9. PXRD of the products obtained from the synthesis of MIL-100(Ti) in DMF with different Ti(IV) 
precursors (VAcOH = 250 μL). 
 

 
Figure S10. PXRD of the products obtained from the synthesis of MIL-100(Ti) in DEF with different Ti(IV) 
precursors (VAcOH = 250 μL). 

 
  



 S10 

S3. Chemical Characterization  
 

Scanning Electron Microscopy (SEM-EDX) 
 
Particle morphologies and dimensions were studied with a Hitachi S-4800 scanning electron microscope at 
an accelerating voltage of 20 kV, over metalized samples with a mixture of gold and palladium during 90 
seconds. 
 

  

  

  
Figure S11. Scanning Electron Microscopy (SEM) images of octahedral crystals of MIL-100(Ti) synthesized 
from the metal cluster Ti6. Higher magnification confirms the formation of a small fraction of an 
amorphous phase of the solid. 
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Figure S12. Scanning Electron Microscopy (SEM) images of MIL-100(Ti)-Cp2TiCl2. 
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Figure S13. Scanning Electron Microscopy (SEM) images of MIL-100(Ti)-CpTiCl3.  
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Rietveld refinement and crystallographic data of MIL-100(Ti). 

 
The structural model of MIL-100(Fe) was used as starting point for a Rietveld refinement, which was carried 
out with Topas Academic 5 program (http://www.topas-academic.net/). The six crystallographically 
independent organic linkers were modelled using semi-rigid bodies, where selected bond distances, bond 
angles and torsion angles could be refined. In the case of non-activated MIL-100(Ti), ethanol molecules 
were described as rigid bodies, which could freely translate and rotate inside the pores. Background was 
fitted with a 17-coefficients Chebyshev polynomial and peak shapes were modelled with a Thompson-Cox-
Hasting pseudo-Voigt profile function. Crystallographic parameters from the final Rietveld refinement are 
summarized in Table S1. 
 
 
 

Table S1. Crystallographic data and Rietveld refinement of MIL-100(Ti) 
 

Identification code MIL-100(Ti) activated 
CCDC Number 1871195 

Empirical formula C306H102O272Ti51, 
40.92(C2H6O) 

Formula weight 12456.26 
Cryst. Syst. Cubic 
Space group Fd-3m 
a, Å 73.5168(16) 
V, Å3 397340(30) 
Z 16 
Temperature, K 298 
Wavelength, Å  1.540596 
2Θ range, ° 2.5-70 
Number of reflections  4081 
Number of structural/total variables 118/140 
Rp, % 3.86 
Rwp, % 5.24 
Rexp, % 1.93 
GoF 2.72 
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Figure S14. Experimental (red dots), calculated (blue line), difference plot [(Iobs−Icalc)] (black line, 
bottom panel) and Bragg positions (green ticks) for the Rietveld refinement of experimental diffraction 
data of non-activated MIL-100(Ti) collected at room temperature. 
 

 
Figure S15. Experimental (red dots), calculated (blue line), difference plot [(Iobs−Icalc)] (black line, 
bottom panel) and Bragg positions (green ticks, bottom panel) for the Rietveld refinement of 
experimental diffraction data of activated MIL-100(Ti) collected at room temperature. 
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Powder X-Ray Diffraction (PXRD): LeBail refinements 

 
Powder XRD patterns were collected for polycrystalline samples using a 0.5 mm glass capillary mounted 
and aligned in a PANalytical Empyrean diffractometer (Bragg-Brentano geometry) using copper radiation 
(Cu Kα = 1.5418 Å) with an PIXcel detector, operating at 40 mA and 45 kV. Profiles were collected by using 
a Soller Slit of 0.02° and a divergence slit of ¼ at room temperature in the angular range 2° < 2θ < 50° with 
a step size of 0.013°. LeBail refinements were carried out with the FULLPROF software package. 
 

 
Figure S16. Experimental (red dots), calculated (blue line), difference plot [(Iobs−Icalc)] (black line, 
bottom panel) and Bragg positions (green ticks, bottom panel) for the LeBail refinement of experimental 
diffraction data of MIL-100(Ti) collected at room temperature. 

 

 
Figure S17. Experimental (red dots), calculated (blue line), difference plot [(Iobs−Icalc)] (black line, 
bottom panel) and Bragg positions (green ticks, bottom panel) for the LeBail refinement of experimental 
diffraction data of MIL-100(Ti)-Cp2TiCl2 collected at room temperature. 
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Figure S18. Experimental (red dots), calculated (blue line), difference plot [(Iobs−Icalc)] (black line, 
bottom panel) and Bragg positions (green ticks, bottom panel) for the LeBail refinement of experimental 
diffraction data of MIL-100(Ti)- CpTiCl3 collected at room temperature. 
 

 
 
 

Table S2. Summary of the parameters obtained from LeBail refinement. 
 

Ti(IV) Precursor a=b=c [Å] V [Å3] Re [%] Rp [%] Rwp [%] gof 

Ti6 73.5314 397574 2.44 2.78 3.56 1.4 

Cp2TiCl2 73.3367 394425 1.09 1.18 1.50 1.4 

CpTiCl3 73.3816 395149 1.14 1.43 1.11 1.3 
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Fourier Transformed Infrared Spectroscopy (FT-IR) 
 
FT-IR spectra of MIL-100(Ti) solids were collected in the range 4000-650 cm-1 with an Agilent Cary 630 FTIR 
Spectrometer equipped with an ATR module. 
 

 
Figure S19. FT-IR spectra of MIL-100(Ti) before (blue) and after (cyan) washing by soxhlet with methanol 
compared to the spectra of sodium acetate (NaOAc, red) and trimesic acid (H3btc, green). 
 
 

 
Figure S20. FT-IR of bare Cp2TiCl2 (red) compared to that of MIL-100(Ti) (blue) and MIL-100(Ti)-Cp2TiCl2 

(purple). 
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Thermogravimetric Analysis (TG-SDTA) 

 
TGA-SDTA curves were recorded at a ramp rate of 5 °C/min on a Mettler Toledo TGA/SDTA 851e/SF/1100 
apparatus between 25 and 800 °C under synthetic air. 
 

 
Figure S21. Thermogravimetric analysis (TGA) of MIL-100(Ti) 

 
 
As it can be discerned from Figure S19 MIL-100(Ti) shows a weight loss before its decomposition at around 
450 °C which occurs between 25 and 200 °C and is due to the loss of solvent molecules occluded in the 
pores after MeOH exchange. The resulting residue upon decomposition of the framework was found to be 
32.2% (Calc (% TiO2): 33.9%). 
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Analysis of N2 adsorption/desorption isotherms at 77 K 
 
Gas adsorption measurements were performed ex situ on MIL-100(Ti) solids washed by soxhlet in MeOH. 
Surface area, pore size and volume values were calculated from nitrogen adsorption-desorption isotherms 
(77 K) recorded on a Micromeritics 3Flex apparatus. Samples were degassed overnight at 150 °C and 10-6 
Torr overnight prior to analysis. Brunauer-Emmett-Teller (BET) Surface area analysis were performed as 
recommended for microporous and mesoporous materials.3 
 
 

 
Figure S22. Analysis of the N2 adsorption/desorption isotherm of MIL-100(Ti) at 77 K. a) N2 adsorption 
isotherm (inset: Pore Size Distribution calculated by NLDFT), b) Rouquerol BET, c) Multi-Point BET analysis 
and d) main parameters calculated from the multi-point BET analysis of the as-madeMIL-100(Ti). The 
dashed line on (b) represents the limit of the applicability of the BET theory.  
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Figure S23. Analysis of the N2 adsorption/desorption isotherm of MIL-100(Ti)- Cp2TiCl2 at 77 K. a) N2 
adsorption isotherm (inset: Pore Size Distribution calculated by NLDFT), b) Rouquerol BET, c) Multi-Point 
BET analysis and d) main parameters calculated from the multi-point BET analysis of the as-made MIL-
100(Ti)-Cp2TiCl2. The dashed line on (b) represents the limit of the applicability of the BET theory. 
 

 
 
 
 
Table S3. Main parameters obtained from N2 adsorption isotherms of MIL-100(Ti) solids at 77 K. 
 

Ti(IV) precursor SABET
a 

[m2·g-1] 
Vt

b 
[cm3·g-1] 

PSDNLDFT
c 

[nm] 
 

Ti6 1321 0.66 1.9 3.2 

Cp2TiCl2 1130 0.51 1.8 3.1 
  
aSpecific surface area (SA) was calculated by multi-point Brunauer-Emmett-Teller (BET) method. bTotal pore 
volume at P/P0=0.96. cPore size distribution was analysed by using the solid density functional theory 
(NLDFT) for the adsorption branch assuming a cylindrical pore model.  
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Analysis of CO2 adsorption/desorption isotherms  
 
Gas adsorption measurements were recorded on a Micromeritics 3Flex apparatus at relative pressures up 
to 1 atm and performed ex situ on MIL-100(Ti) solids washed by soxhlet in EtOH. Samples were degassed 
overnight at 150 °C and 10-6 Torr prior to analysis. A Micromeritics’ ISO Controller was used to keep the 
temperature constant for the CO2 adsoption measurements at 273, 283 and 293 K. The isosteric heats of 
adsorption were determined by means of the Clausius-Clapeyron equation as implemented in the 
MicroActive Analysis Software using the CO2 isotherms recorded at 273, 283 and 293 K. 
 

 
Figure S24. (a) CO2 adsorption/desorption isotherms of MIL-100(Ti) recorded at different temperatures. 
(b) Isosteric heat of adsorption (Qst) of MIL-100(Ti) calculated from the corresponding isotherms. 
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Analysis of H2O adsorption/desorption isotherms  
 
Gas adsorption measurements were recorded on a Micromeritics 3Flex apparatus at relative pressures up 
to 1 atm and performed ex situ on MIL-100(Ti) solids washed by soxhlet with EtOH or MeOH. Samples were 
degassed overnight at 150 °C and 10-6 Torr prior to analysis. A Micromeritics’ ISO Controller was used to 
keep the temperature constant for the H2O adsoption measurements at 298 K.  
 

  

Figure S25 – Water adsorption isotherm of MIL-100(Ti) (left) performed at 298 K and comparison of the 
maximum water adsorption capacity at P/P0 = 0.9 for different MIL-100(M) materials (M = Ti(IV), Cr(III), 
Fe(III) and Al(III). 

 
 
 
 

Table S4 – Maximum water adsorption capacity (qmax) at P/P0 = 0.9 and range of relative pressure at 
which the steep water uptake takes place for different MIL-100 materials. 
 

MIL-100(M) qmax (g·g-1) Steep Uptake Reference 

Ti 0.52 0.25 < P/P0 < 0.40 [This work] 

Cr 0.60 0.30 < P/P0 < 0.60 [4] 

Fe 0.76 0.30 < P/P0 < 0.45 [5] 

Al 0.51 0.25 < P/P0 < 0.45 [5] 
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1H Nuclear Magnetic Resonance (1H-NMR) 
 
1H NMR spectra were run on a Bruker DRX300 spectrometer. For a typical experiment, 10 mg of solid was 
dissolved in a mixture of 0.6 mL of DMSO-d6 + 0.1 mL D2SO4. In case of MIL-100(Ti) solids, further heating 
at 80 °C with the aid of a magnetic stirrer was needed in order to obtain a clear solution. 
 

 
Figure S26. 1H-NMR spectra of digested MIL-100(Ti) (blue) and H3btc (black). 
 
 

 
Figure S27. Comparison of the 1H-NMR spectra of digested of MIL-100(Ti)-Cp2TiCl2 (purple), Cp2TiCl2 
(red), MIL-100(Ti) (blue) and  H3btc (black).  
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13C Cross-Polarization Magic-Angle Spinning Nuclear Magnetic Resonance (13C-CP-MAS-NMR) 
 
CP-MAS-NMR measurements were carried out on a Bruker Avance III 400 WB Spectrometer with 9.4 T field. 
Samples were loaded in a 4mm zirconia rotor and spun at 8kHz.  
 

 
Figure S28. CP-MAS-NMR of the Ti6 cluster (yellow), MIL-100(Ti) (blue) and H3btc (black). 
 
 

 
Figure S29. Comparison of the CP-MAS-NMR of MIL-100(Ti)-Cp2TiCl2, Cp2TiCl2 (red) MIL-100(Ti) (blue) 
and H3btc (black) confirming the absence of Cp units in the structure of MIL-100(Ti)-Cp2TiCl2. 
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UV-Vis Spectroscopy – Optical Band-Gap Calculation  
 

UV-Vis diffuse reflectance spectroscopy (DRS) were perfomed on a Jasco V-670 spectrophotometer using 
an integrated Labsphere in the range 200-800 nm. 
 

 
Figure S30. Kubelka-Munk function of and MIL-100(Ti) (blue). The red line corresponds to the regression 
fitting of the linear part of the plot. The optical band-gap MIL-100(Ti) was calculated to be 3.40 eV. 
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Electron Paramagnetic Resonance (EPR) 

 
EPR measurements were performed on 20 mg of solid suspended in freshly distilled deoxygenated THF. 
The samples were degassed prior to experiments by a freeze-pump-thaw procedure and the tube was 
subsequently flame-sealed. Photoreduction of MIL-100(Ti) was carried out in a Luzchem Photoreactor 
Model LZC-5 equipped with 8 LZC-UVB lamps. EPR data was recorded in a Bruker ELEXYS E580 spectrometer 
under X-band irradiation (~ 9.3 GHz) at 77 K. 
 
 

 

Figure S31. EPR measurement of MIL-100(Ti) before (dashed line) and after irradiation (solid line). The 
inset shows the change in colour of the solid from white to dark blue after irradiation. 
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S4. Water Stability of MIL-100 solids 
 
Water stability experiments were carried out by immersing 50 mg of MIL-100(Ti) or MIL-100(Fe) in 5 mL of 
aqueous solutions of HCl or NaOH at different pH values ranging from 1 to 14. After 24 hours, 1 mL of the 
solution was separated for ICP-MS measurements and the solution was decanted and the solids washed 
with water and methanol and allow to dry under dynamic vacuum at room temperature. Chemical stability 
was confirmed with PXRD and gas sorption measurements of the solids after the treatment. 
 

Powder X-Ray Diffraction of MIL-100(Ti) 

 

 
Figure S32. PXRD patterns of MIL-100(Ti) after soaking in aqueous solutions at different pH values for 
24 hours. 
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N2 adsorption/desorption isotherms at 77 K of MIL-100(Ti) 
 
 

  

Figure S33. N2 adsorption/desorption isotherms (left) and calculated BET surface area values (right) of 
the MIL-100(Ti) solids after treatment at different pH values. 
 

 
 
 
Table S5. Main parameters calculated from the multi-point BET analysis of the MIL-100(Ti) after treatment 
at different pH values 
 

MIL-100(Ti) As-made pH-2 pH-12 
BET Area / m2 g-1 1321.0455 ± 4.2497 1361.9461 ± 5.2380 1299.1180 ± 3.3360 
Slope 0.003266 ± 0.000011 0.003164 ± 0.000012 0.003320 ± 0.000009 
Intercept 0.000029 ± 0.000001 0.000032 ± 0.000001 0.000031 ± 0.000001 
range of P/P0 0.05 – 0.10 0.05 – 0.10 0.05 – 0.10 
R2 0.99998 0.99998 0.99999 
C 113.153 100.850 108.745 
Vm / cm3 g-1 303.509 312.906 298.471 
1/(√C+1) 0.08593 0.09056 0.08750 
P/P0 at Vm 0.08621 0.09076 0.08785 
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Powder X-Ray Diffraction of MIL-100(Fe) 
 

 
Figure S34. PXRD patterns of MIL-100(Fe) after soaking in aqueous solutions at pH 2, 7 and 12 for 24 
hours. 
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N2 Adsorption/desorption isotherms at 77K of MIL-100(Fe) 
 

 
 

 

Figure S35. N2 adsorption/desorption isotherms (left) and calculated BET surface area values (right) of 
the MIL-100(Fe) solids after water treatment at different pH values. 
 

 
 
 
Table S6. Main parameters calculated from the multi-point BET analysis of the MIL-100(Fe) after water 
treatment at different pH values 
 

MIL-100(Fe) As-made pH-2 pH-12 
BET Area / m2 g-1 1424.0628 ± 2.1866 1611.6591 ± 3.7672 1341.7715 ± 2.0375 
Slope 0.0033036 ± 0.000005 0.002682 ± 0.000006 0.003217 ± 0.000005 
Intercept 0.000020 ± 0.000000 0.000019 ± 0.000000 0.000027 ± 0.000000 
range of P/P0 0.05 – 0.10 0.05 – 0.10 0.05 – 0.10 
R2 0.99999 0.99999 0.99999 
C 150.963 145.975 120.363 
Vm / cm3 g-1 327.177 370.277 308.271 
1/(√C+1) 0.07526 0.07644 0.08356 
P/P0 at Vm 0.07497 0.07610 0.08385 
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Powder X-Ray Diffraction of MIL-125 
 

 

Figure S36. PXRD patterns of MIL-125 after soaking in aqueous solutions at pH 2, 7 and 12 for 24 hours. 
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N2 Adsorption/desorption isotherms at 77K of MIL-125 
 

 
 

 

Figure S37. N2 adsorption/desorption isotherms (left) and calculated BET surface area values (right) of 
the MIL-125 solids after water treatment at different pH values. 
 

 
 
 
Table S7. Main parameters calculated from the multi-point BET analysis of the MIL-125 after water 
treatment at different pH values 
 

MIL-125 As-made pH-2 pH-12 
BET Area / m2 g-1 1585.4173 ± 0.7835 181.5194 ± 0.2708 1202.6511 ± 1.0669 
Slope 0.002745 ± 0.000001 0.023762 ± 0.000036 0.003617 ± 0.000003 
Intercept 0.000001 ± 0.000000 0.000216 ± 0.000003 0.000002 ± 0.000000 
range of P/P0 0.006 – 0.03 0.05 – 0.15 0.006– 0.04 
R2 0.99999 0.99999 0.99999 
C 3279.99 110.902 2125.479 
Vm / cm3 g-1 364.248 41.704 276.308 
1/(√C+1) 0.01716 0.08672 0.02123 
P/P0 at Vm 0.01740 0.08697 0.02202 

 
 
Inductively Coupled Plasma – Mass Spectrometry (ICP-MS) measurements 
 
The determination of Fe and Ti was performed in the aqueous phases of stability tests carried out on MIL-
100(Fe) and MIL-100(Ti), respectively, in an Agilent ICP-MS 7900 apparatus. 
 

Table S8. ICP-MS measurements of the concentration of Fe and Ti in the aqueous phase during the 
stability tests of MIL-100(Fe) and MIL-100(Ti) at different pH values for 24 hours. 
 

 MIL-100(Fe) MIL-125 MIL-100(Ti) 
pH [Fe] (mg·mL-1) [Ti] (mg·mL-1) [Ti] (mg·mL-1) 
2 34.8 ± 0.1 14.1 ± 0.3 0.098 ± 0.001 
7 17.1 ± 0.2 0.83 ± 0.03 0.121 ± 0.001 
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S5. Computational methods 
 
Titanium oxide clusters: geometric structure  

Considering the experimental limitation to determine the nature of species occupying the apical position 
of each Ti octahedron (O2-, OH- or H2O), we have used dispersion-corrected density functional theory (DFT-
D3)6,7 as implemented in the Vienna ab initio simulation package (VASP)8,9 to investigate the best candidate 
for producing a neutral SBU cluster, using the methodology proposed by De Vos and co-workers.10 The 
models of the cluster were derived from a cluster with three apical oxo groups (Figure S34 (top), cMIL-
100(Ti)3O), as obtained from refinement of the X-ray diffraction pattern of MIL-100(Ti). The structure was 
modified with the Materials Studio 2017 R2 package, and the final simulation systems consisted in two 
hydroxyl ions and one oxo-group c(MIL-100(Ti)2OH) and two oxo-groups and a water molecule c(MIL-
100(Ti)H

2
O) capped with 6 btc (btc = OOCC6H4COOH) ligand molecules placed in a box of 25 × 25 × 25 Å3 size. 

The atomic positions and total energies were relaxed using the generalized gradient approximation (GGA) 
with the Perdew–Burke–Ernzerhof (PBE) functional11 and the hybrid HSE06 functional.12,13 The kinetic 
energy cutoff for the plane-wave basis set expansion was chosen as 500 eV, and a Γ-points was used for 
integrations in the reciprocal space.  
 
Formation energy of the different cluster models 

The relative thermodynamic stabilities of these cluster can be calculated in terms of formation energy. It is 
given by  
 

𝐸𝐸𝑓𝑓 = 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝐸𝐸𝑐𝑐MIL−100(Ti)3𝑂𝑂  − 𝐸𝐸𝐻𝐻2  

where 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  is the total energy of systems consisted; two hydroxyl ions and one oxo-group c(MIL-
100(Ti)2OH) or two oxo-groups and a water molecule c(MIL-100(Ti)H

2
O ) capped with 6 btc ligand molecules. 

𝐸𝐸𝐻𝐻2 is the total energy of a H2 molecule in vacuum. The results are summarized in Table S8. 

The use of cyclopentadienyl (Cp) precursors in the synthesis of Ti(IV)-MOFs could result in the presence of 
Cp units coordinated to the axial positions of the Ti(IV) ions in the trimeric SBU.10 To further rule out this 
possibility, we calculated the enthalpy energy of the process of formation of the trimeric Ti(IV) SBU found 
in MIL-100(Ti) with two Cp units per cluster as follows: 

𝐸𝐸𝑓𝑓 = 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 2𝐻𝐻2𝑂𝑂 − 𝐸𝐸cMIL−100(Ti)3𝑂𝑂  − 𝐸𝐸𝐻𝐻2 − 2𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻 

 
Figure S38. Representation and enthalpy energy of the process of formation for the various possible 
clusters of MIL-100(Ti). 
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Table S9. Enthalpy energy of the process of formation for the various possible clusters of MIL-100(Ti) with 
different functionals.  
 

clusters  Ef (eV/cluster) 
PBE HSE06 

cMIL-100(Ti)3O - - 
cMIL-100(Ti)2OH -6.37 -8.15 
cMIL-100(Ti) H

2
O -6.17 -8.03 

cMIL-100(Ti)2Cp -5.09 -6.82 
 
 
Simulation of the MIL-100(Ti)-bulk 

Based on the obtained formation energies of the clusters, two different structures for MIL-100(Ti) bulk 
were constructed starting with a primitive unit cell using cell parameters a = b = c = 51.9842 Å, with 68 
trimeric Ti(IV) SBU. The neutrality of the cell was maintained by species occupying the apical position of 
each trimeric Ti(IV) SBU (2OH- or H2O) and the charges were dealt with by charge equilibration methods in 
both systems. These structures were optimized with Materials Studio (MS) Forcite calculations using 
geometry optimization and extended universal forcefield for metal-organic frameworks (UFF4MOF).14 The 
lattice parameters of relaxed structures are shown in Table S6. 
Our classical calculations indicate that the energy of crystal structure of MIL-100(Ti)2OH is 12 eV lower than 
of MIL-100(Ti)H

2
O  structure, therefore, 0.18 eV/cluster, which is agreement with DFT-D3 clusters 

calculations. 
 
 
Table S10. Calculated and refinement lattice parameters of primitive cell of MIL-100(Ti)2OH and MIL-
100(Ti)H

2
O   

 

Models a(Å) b(Å) c(Å) α(°) β(°) γ(°) 

MIL-100(Ti) from Rietveld 51.9842 51.9842 51.9842 60.00 60.00 60.00 
MIL-100(Ti)2OH 49.8713 49.8746 49.8540 60.00 59.99 60.01 
MIL-100(Ti)H

2
O 49.7930 49.7978 49.7875 59.98 60.02 60.04 
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a) 

  
b) 

 
Figure S39. Perspective of the primitive cell of MIL-100(Ti) calculated with: a) two hydroxyl ions and 
one oxo-group per each trimeric Ti(IV) SBU (MIL-100(Ti)2OH), and b) two oxo-groups and a water 
molecule per each trimeric Ti(IV) SBU (MIL-100(Ti)H

2
O). 
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S6. Photocatalytic Experiments 
 

Methodology 

 
A quartz photoreactor equipped with a manometer was loaded with sonicated dispersions of the MIL-
100(Ti) at 1 mg/mL concentration in H2O:MeOH (4:1, v/v %) mixture. Prior irradiation the dispersions were 
purged with Ar for 15 min and pressurized at 1.3 bar. The photoreactor was placed under the spot UV-Vis 
light of an optical fiber from a 300 W Xe lamp at 100 mW/cm2. Irradiation was carried out for 24 h. 
The H2 evolution was followed by injecting 250 µL of the reactor gases in an Agilent 490 MicroGC with a TC 
detector and Ar as carrier gas (MolSieve 5A column). Quantification of the percentage of each gas was 
based on prior calibration of the system injecting mixtures of H2 and Ar with known percentage of gases. 
 
 
 

 

Figure S40. Photocatalytic hydrogen evolution upon consecutive irradiation with a 300 W Xe lamp at 100 
mW/cm2 of 20 mL of a H2O:MeOH (4:1, v/v %) mixture containing the same MIL-100(Ti) sample. 
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Figure S41. Powder XRD of MIL-100(Ti) before (blue) and after (purple) the photocatalytic experiments. 
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S7. Transient Absorption Spectroscopy (TAS) 
 

Methodology 

 

Transient absorption spectra were recorded using the forth harmonic of a Q switched Nd:YAG laser 
(Quantel Brilliant, 266 nm, 15 mJ/pulse, 7 ns fwhm) coupled to a mLFP-122 Luzchem miniaturized detection 
equipment. This transient absorption spectrometer includes a 300 W ceramic xenon lamp, 125 mm 
monochromator, Tektronix TDS-2001C digitizer, compact photomultiplier and power supply, cell holder 
and fiber-optic connectors, computer interfaces, and a software package developed in the LabVIEW 
environment from National Instruments. The laser flash generates a 5 V trigger pulses with programmable 
frequency and delay. The rise time of the detector/digitizer is   ̴3 ns up to 300 MHz (2.5 GHz sampling). The 
monitoring beam is provided by a ceramic xenon lamp and delivered through fiber-optic cable. The laser 
pulse is probed by a fiber that synchronizes the photomultiplier detection system with the digitizer 
operating in the pre-trigger mode. 
MIL-100(Ti) was dispersed in ACN at an approximate concentration of 0.1 mg/mL by sonication for 30 
min. Subsequently, the resulting dispersions were purged with Ar for at least 10 min before 
measurement. Transient signals were monitored at different acquisition times after excitation at 355 nm. 
Quenching experiments were carried out by monitoring the transient signals of the MOF dispersions 
upon addition of MeOH (4:1, v/v %), and purging with air for 10 min. 
 
 

 
Figure S42. Transient absorption spectra of MIL-100(Ti) suspended in a ACN:MeOH (7:3, v/v %) mixture 
measured at 0.06 µs (dark grey) and 6 µs after the light pulse. 
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1. Motivation 

After the obtention of the carboxylate-based MIL-100(Ti), we moved on in our 
quest to new Ti-MOFs by testing a new type of linker based on hydroxamate groups that 
allowed to extend the chemistry of these frameworks beyond carboxylate connectors. 
Hydroxamic acid groups are part of a group of molecules called siderophores (Greek: iron 
carrier) and have been long known for their biological properties as iron-sequestering 
agents.1 One of the most famous examples, the desferrioxamine B, is capable of 
complexing Fe(III) with a complexation constant of β ≈ 30.4.2 Therefore, the use of this 
type of linkers was motivated by their ability to form strong metal-linker bonds due to 
their chelating effect. This also introduces certain control over the structural outcome. 
Unlike carboxylic acid linkers, the strong chelating effect of hydroxamic acid groups 
facilitates the formation of mononuclear Ti nodes, as it has been previously observed in 
NTU-9,3 Ti-CAT-54 or MIL-167,5 which are all built from catecholate or 
carboxyphenolate linkers. At the time, only one example about the use of hydroxamic 
acids linkers for the construction of MOFs based on protein nodes was reported in the 
literature.6 Later on, another work involving the combination of hydroxamate linkers 
with hard Lewis acids, like Zr(IV). In this case, UiO-66 was used as a parent framework 
to introduce the hydroxamate linkers by means of a post-synthetic ligand exchange 
methodology, to create daughter frameworks with increased stability.7 However, no 
precedent works were found in which this linker was used to create crystalline, porous 
materials with hard Lewis acids by direct synthesis. This somewhat highlighted the 
difficulties in producing MOFs combining both type of inorganic and organic 
components for frameworks with enhanced stability.  

2. Summary of the key results 

The results of this chapter were published in “M. Padial, N., Castells-Gil, J., 
Almora-Barrios, N., Romero-Ángel, M., Da Silva, I., Barawi, M., García-Sánchez, A., de 
la Peña O’Shea, V. A., and Martí-Gastaldo, C. Hydroxamate Titanium−Organic 
Frameworks and the Effect of Siderophore-Type Linkers over Their Photocatalytic 
Activity. J. Am. Chem. Soc. 141, 13124–13133 (2019)”. In this work, we described the first 
Ti-MOF, namely MUV-11, constructed from a hydroxamic acid linker. MUV-11 can be 
obtained by direct reaction of a simple Ti(IV) precursor, like Ti(OiPr)4, with benzene-1,4-
dihydroxamic acid (H4bdha) in dry DMF using acetic acid as a modulator under soft 
solvothermal conditions. These reaction conditions yielded a polycrystalline orange solid 
with hexagonal crystals of different sizes ranging from ca. 10-20 μm. Their small size 
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prevented us to determine the crystallographic structure with in-house diffraction 
techniques. Therefore, we made use of synchrotron radiation at ALBA Synchrotron 
(BL13-XALOC). The weakly diffracting nature of the crystals only allowed us to 
determine the space group and atomic positions of the structure. We used this 
information to create a preliminary structural model with Materials Studio, which was 
subsequently optimised by DFT methods and refined against the experimental PXRD, 
also collected at ALBA Synchrotron (BL04-MSPD), converging with excellent residual 
values (Rwp = 1.47 %, Rexp = 1.15 %). The connectivity network of MUV-11 can be 
described as single-node Ti(IV) ions octahedrally coordinated by three hydroxamate 
groups from three different Hnbdha linkers (n = 1, 2) interconnecting two adjacent Ti 
nodes. This produces a hexagonal 2D honeycomb-like network, which is reminiscent of 

that of the previously reported NTU-9, constructed from H4dobdc linkers.3 Unlike NTU-
9, whose 2D honeycomb network presents a planar structure, the layers of MUV-11 
addopt a zig-zag configuration. A closer look at both structures shows that whereas the 
dobdc linker is restricted to addopt a planar conformation, the hydroxamate groups of 
bdha can rotate off the linker by ca. 16.3 º, thus inducing the formation N-H···O H-bonds 
between different hydroxamate groups of adjacent layers (Figure 3.1). This is also the 
reason from the different packing of the layers observed in MUV-11. Whereas the planar 
conformation of the layers induces an eclipsed ···AA··· packing in NTU-9, MUV-11 
displays a ···ABC··· packing as a result of the hydrogen bonding between the hydroxamate 
groups. This rotation also induces a helical like packing of the MUV-11 layers along the 
c axis, which is why MUV-11 is better described in the chiral space group P32. However, 

5.6 Å

b

c

b

a

6.5 Å

b

c

b

a

MUV-11 NTU-9

Figure 3.1 – Structural comparison between MUV-11, with a corrugated interlayer packing, and
NTU-9, displaying an eclipsed packing as a result of a more rigid conformation of the linker.  
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by PXRD is not possible to distinguish between  enantiomorphic space groups like, for 
instance, P32 and P31, i.e. we cannot distinguish between the enantiomeric forms of a 
given chiral structure. Nonetheless, as expected from a structure obtained in a non-chiral 
medium, circular dichroism experiments showed no optical activity, which suggested that 
both enantiomers are present in equal quantities. 

As we did in our previous study with MIL-100(Ti), the precursor has an important 
effect on the crystallinity and quality of the formed product. Besides some recent example 
on the use of pre-formed polynuclear complexes as precursors,8–11 many Ti-MOFs like 
MIL-125,12 NTU-9,3 Ti-CAT-5,4 MIL-167,5 MOF-901/90213,14 and MIP-177,15 have been 
synthesised from common Ti(OiPr)4. Other groups, however, have tried other less 
sensitive precursors, like bis-(cyclopentadienyl)titanium(IV) dichloride (Cp2TiCl2), in the 
synthesis, as in the case of COK-6916 and COK-47.17 Thus, we also studied the effect 
different Ti(IV) precursors like cyclopentadienyltitanium(IV) trichloride (CTTT), 
titanium(IV) n-propoxide (TTP), titanium(IV) n-butoxide (TTB), titanium(IV) 2-
ethylhexyloxide (TTEEO), and titanium(IV) (triethanolaminato)isopropoxide (TTTEI) 
on the formation of MUV-11 with a myriad of precursors, where we observed a clear 
effect of the type of precursor on the MOF formation. Eventually, the most crystalline 
product was obtained with TTTEI, which showed higher crystallinity and particle size, as 
determined by PXRD and SEM images of the solids obtained (Figure 3.2). When we tested 
the chemical stability of MUV-11 in water at different pH values ranging from 1 to 14, we 
observed that the structure of MUV-11 was maintained from pH-2 to pH-11. However, 
there was a significant broadening of the peaks that suggested a partial structural 
amorphization. This may be linked either to the degradation of the solid in water or to a 
partial disruption of the H-bonded interlayer packing. We compared the stability with 
that of MIL-125-NH2 and NTU-9 under the same conditions in order to assess the effect 
of hydroxamate groups on the chemical stability of MUV-11. This was investigated by 

Figure 3.2 – Impact of the titanium precursor on the crystallinity of MUV-11. SEM images (a)
and PXRD of MUV-11 synthesised with different precursors. 

20 μm20 μm

5 μm 10 μm

a

TTP TTIP

TTB TTTEI

b

Figure 3.2 – Impact of the titanium precursor on the crystallinity of MUV-11. SEM images (a) 
and PXRD of MUV-11 synthesised with different precursors. 
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analysing the metal content in solution after soaking the solids in water at pH-2 after 24 
and 48 hours by ICP measurements, showing a negligible leaching of titanium for MUV-
11 (0.02 mg·L-1) after 24 hours, compared to that observed for NTU-9 (1.07 mg·L-1) and 
MIL-125-NH2 (5.49 mg·L-1). These experiments strongly suggested that the partial 
amorphization of MUV-11 in water was due to the disruption of the packing of the layers 
rather than to the rupture of the metal-linker bonds. 

With that in mind, we turned to study the electronic structure and test the 
photocatalytic activity of MUV-11. As it has been previously observed in NTU-93 and 
MIL-167/1695 MOFs , MUV-11 also displays an intense orange-red colour as a result of 
the strong light absorption in the visible region. This feature is indicative of a low optical 
band-gap which is in turn related to the amount of energy necessary to take an electron 
from the VB to the CB by visible light irradiation to trigger photocatalytic redox reactions. 
In fact, an optical band-gap of 2.01 eV was obtained by UV-Vis DRS measurements, 
which is smaller than those obtained for other carboxylate-based Ti-MOFs like MIL-125 
(3.6 eV) and MIL-125-NH2 (2.6 eV),18 COK-69 (3.77 eV),16 MOF-901 (2.65 eV),13 and 
slightly higher than that of NTU-9 (1.72 eV).3 Moreover, approximate positions of the 
HOCO and LUCO of MUV-11 were calculated to be at -6.1 and -3.6 ± 0.1 eV (ΔE = 2.5 
eV), as obtained from electrochemical impedance spectroscopy (EIS) and cyclic 
voltammetry (CV) measurements. Comparison of these values with the redox potential 
of the HER and OER processes at pH = 0 suggested that MUV-11 would be a suitable 
photocatalyst for the water splitting reaction. Surprisingly, MUV-11 showed a poor 
photocatalytic activity in the HER when tested in a H2O:MeOH (4:1 v/v) mixture under 
visible light irradiation and Pt had to be added as a co-catalyst in order to improve the 
charge carrier separation and observed photocatalytic activity (Figure 3.3). This was 
rationalised by computing the electronic structure of MUV-11 by DFT calculations, 

which showed an 
important 

contribution of the 
electronic states of the 
linker in the CB edge 
region. This is 
translated in an 
inefficient LMCT 
process upon 
irradiation and thus to 

Figure 3.3 – Photocatalytic H2 production of MUV-11 and 1%
Pt/MUV-11 (right). The schematic representation shows an inefficient 
photoinduced charge separation in MUV-11 that can be improved by 
adding Pt as a cocatalyst. 
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poor charge separation (i.e. higher charge delocalization). The same effect was 
encountered when computing the electronic structure of NTU-9, which may also account 
for the negligible photocatalytic activity of MIL-167 under visible light reported 
previously.5 Conversely, the electronic structure of carboxylate-based Ti-MOFs like MIL-
125 suggest a more efficient LMTC with a better charge separation, which agrees well with 
its reported photocatalytic activity.19  
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ABSTRACT: The chemistry of metal−organic frameworks (MOFs) relies on the
controlled linking of organic molecules and inorganic secondary building units to
assemble an unlimited number of reticular frameworks. However, the design of
porous solids with chemical stability still remains limited to carboxylate or azolate
groups. There is a timely opportunity to develop new synthetic platforms that make
use of unexplored metal binding groups to produce metal−linker joints with
hydrolytic stability. Living organisms use siderophores (iron carriers in Greek) to
effectively assimilate iron in soluble form. These compounds make use of hard oxo
donors as hydroxamate or catecholate groups to coordinate metal Lewis acids such
as iron, aluminum, or titanium to form metal complexes very stable in water. Inspired by the chemistry of these microorganisms,
we report the first hydroxamate MOF prepared by direct synthesis. MUV-11 (MUV = materials of Universidad de Valencia) is a
crystalline, porous material (close to 800 m2·g−1) that combines photoactivity with good chemical stability in acid conditions.
By using a high-throughput approach, we also demonstrate that this new chemistry is compatible with the formation of single-
crystalline phases for multiple titanium salts, thus expanding the scope of accessible precursors. Titanium frameworks are
regarded as promising materials for photocatalytic applications. Our photoelectrochemical and catalytic tests suggest important
differences for MUV-11. Compared to other Ti-MOFs, changes in the photoelectrochemical and photocatalytic activity have
been rationalized with computational modeling, revealing how the chemistry of siderophores can introduce changes to the
electronic structure of the frontier orbitals, relevant to the photocatalytic activity of these solids.

■ INTRODUCTION

Metal−organic frameworks (MOFs) are crystalline porous
materials built from the interlinking of metal nodes and organic
linkers. Their unparalleled chemical and structural flexibility
provides a rich landscape of pore environments and physical
properties of interest in gas storage/separation, catalysis,
sensing, or proton transport to cite a few.1 MOFs based on
divalent transition metal ions have led to numerous open
architectures with increasingly high porosity. However, they
often suffer from poor chemical stability, in particular to water,
thus limiting their application. This problem can be circum-
vented by introducing strong metal−linker coordination bonds
less prone to hydrolysis by reaction of soft azolate linkers with
soft divalent metals, i.e., ZIF and pyrazolate families2,3 or the
mesoporous PCN-602.4 Another possibility relies on the
combination of hard carboxylates with highly charged metals
(M3+ and M4+). This last approach was first exemplified for
Al3+, Fe3+, and Cr3+ in the MIL-53,5 MIL-100,6 and MIL-1017

families, followed by the discovery of the UiO-66 MOFs based
on Zr6O4(OH)4(RCO2)12 clusters as SBUs in 2008.8 This
accelerated the discovery of a high number of materials based
on isostructural Zr4+ or Hf4+ metal-oxo clusters,9,10 for a

substantial increase in the number of stable MOFs reported in
the last years.11,12

Compared to these metals, titanium is relatively low-cost,
less toxic, and redox active and displays photocatalytic
properties. Notwithstanding these advantageous features, the
synthesis of Ti4+ crystalline open frameworks still remains very
challenging likely due to the high reactivity of the titanium
sources employed. Common precursors are prone to hydrolysis
in the solvothermal conditions used in MOF synthesis, which
often leads to uncontrolled precipitation of amorphous oxides
or hydroxides.13 As a result, only a few porous Ti-MOFs have
been prepared by direct reaction with polycarboxylate
linkers.14−23 Unfortunately, we are still far from being capable
of rationalizing the design of new topologies arguably due to
the arbitrary polycondensation reactions of Ti cations in
solution, which limit our control over the nuclearity of the
metal-oxo clusters that will be incorporated into the frame-
work. An interesting perspective in this context is the use of
alternative linkers that allow for certain control over this
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equilibrium, based on strong complexation of the metal to
direct the formation of foreseeable framework nodes. This is
the case of Ti-CAT-5,24 NTU-9,25 and MIL-167,26 in which
the replacement of carboxylates with chelating catecholate or
phenolate groups favors the formation of mononuclear Ti
nodes with octahedral coordination. Still, porosity in these
solids can be severely limited by structural interpenetration or
the presence of cations for charge neutrality.
These precedents encouraged us to investigate the use of

siderophore-type linkers by replacing carboxylate with
hydroxamic units (−CONHOH) into already known MOF-
forming polycarboxylate linkers (Scheme 1). Compared to

carboxylates, hydroxamates are well known for their medical
applications and ability to form strong metal−linker joints.27
Still, there is no precedent for their use as connectors to form
porous, crystalline materials by direct synthesis. This is
arguably due to the difficulties in controlling the formation
of strong metal−hydroxamate coordination bonds under
reversible conditions to avoid the formation of amorphous
materials with intrinsic disorder. To date, hydroxamic acid
linkers have been incorporated only postsynthetically into
Zr(IV)-UiO-66 frameworks via solvent-assisted linker ex-
change reactions to produce daughter materials with enhanced
stability.28 This work highlights the difficulties in using
hydroxamic linkers to produce reticular solids by direct
synthesis. Herein, we report the first hydroxamate-based
MOF prepared by de novo synthesis. MUV-11 (MUV =
materials of Universidad de Valencia) is a crystalline, porous
material that combines photoactivity with a surface area close
to 800 m2·g−1. Compared to titanium frameworks based on
other binding groups, the use of a siderophore binder results in
outstanding chemical stability in acid conditions and
introduces drastic changes to the frontier crystalline orbitals
that control charge transfer kinetics and thereby the photo-
catalytic activity of this material.

■ RESULTS AND DISCUSSION
Synthesis and Structure of MUV-11. Benzene-1,4-

dihydroxamic acid (H4bdha) can be prepared by one-step
reaction of the ester derivative of terephthalic acid with a
methanolic solution of hydroxylamine under basic condi-
tions.29 This reaction is well fitted for multigram-scale linker
synthesis as it proceeds with yields close to 65% (see
Experimental Section for synthetic details; S1, S2, and S3).
MUV-11 was first prepared by solvothermal reaction of
H4bdha with titanium(IV) isopropoxide in dry N,N-dimethyl-
formamide (DMF) at 120 °C by using acetic acid as
modulator. The product can be formed in capped vials or
Teflon liners or easily adapted to high-scale synthesis by using
glass bottles up to 20-fold. Reagent manipulation was carried
out in the glovebox to avoid partial hydrolysis of the titanium
precursor.
The solid was isolated as orange crystals with hexagonal

morphology and sizes ranging from 10 to 20 μm (Figures 1b
and S3). Their small size and intertwined nature prevented

structural determination with an in-house diffractometer.
Synchrotron radiation (ALBA, BL13-XALOC) was limited
by very weak diffraction at high-angle resolution and allowed
us to determine only the space group and cell parameters.
Electron density maps were used to determine the position of
Ti atoms, organic linkers, and the overall network connectivity.
This preliminary structural model was then modified with the
Materials Studio (MS) 2017 R2 and optimized with density
functional theory (DFT) methods (Section S4) to produce a
starting model for the refinement of the high-resolution
powder X-ray diffraction data (PXRD) also collected at the
synchrotron (ALBA, BL04-MSPD). As shown in Figure 1a,
Rietveld refinement converged with excellent residual values
(Rwp = 1.47%, Rexp = 1.15%) for a trigonal P32 space group
with cell parameters a = 18.1230(8) Å and c = 11.2238(7) Å.
Comparison of the atomic coordinates generated by DFT and
Rietveld refinement is summarized in Tables S5 and S6. MUV-
11 is based on octahedrally coordinated, single-node Ti(IV)
atoms. They are coordinated to six oxygen atoms from the
hydroxamic groups of three Hnbdha (n = 1, 2) units that
interconnect two neighboring metal nodes. This results in a
honeycomb-like lattice in which simple-node metal atoms and
organic linker act as vertices and edges of the hexagonal tiling
for a 2,3-c 2-nodal net topology (Figures 2a and S16). This is
reminiscent of the in-plane structure of NTU-9,25 built from
2,5-dihydroxiterepthalate (H2dhtp) linkers, with 1.5 times
bigger pore widows as a result of the elongation of the linker in
MUV-11 (Figure S15). The hydroxamic group is capable of
adapting the coordination mode of dhtp connectors into a five-
membered chelate, but it introduces differences that result in
important changes to the internal structure of the layers. As
summarized in Figure S17, the −OH groups in dhtp form part
of the central aromatic ring, restricting the linker to adopt a
planar conformation upon metal coordination with a twist
angle between neighboring rings of 4.4° in NTU-9. In turn, the
hydroxamate group lies off the ring and can rotate more freely
to adopt the conformation that is more favorable energetically.
As a result, the planes of the aromatic ring and one of the Ti-
OCNO chelates deviate 16.3° from planarity to produce a
highly distorted octahedron. This is likely the reason for the
layers in MUV-11 adopting a zigzag configuration (Figure 2b)
compared to their planar structure in NTU-9. The internal
rotation of the hydroxamate units is also influenced by the
formation of NH···O H-bonds between neighboring layers of
2.74(14) and 2.73(11) Å (Figure S18 and Table S7). We

Scheme 1. Structure of Benzene-1,4-dihydroxamic Acid
(H4bdha)

Figure 1. (a) Rietveld refinement of MUV-11 crystals (λ =
0.413070(1) Å). (b) Size and morphology of the crystals formed.
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presume the corrugated structure of the layers and H-bond
interactions are responsible for the packing of the solid.
Compared to NTU-9, which displays an ···AA··· eclipsed
packing, MUV-11 combines three types of neutral
[Ti2(Hbdha)2(H2bdha)] layers arranged in a ···ABC··· fashion
for an overall slipped packing. Similar to NTU-9,30 a fraction of
the hydroxamic NH− groups in the linker must be
deprotonated to account for the neutrality of the framework.
MUV-11 might be also formulated as [Ti2(Hbdha)2.67], in
which all linkers would be structurally equivalent and partially
double-deprotonated for charge neutrality. As shown in Figure
2c, the structure of MUV-11 displays helical chains built from
the H-bonding of alternating five-membered hydroxamate
chelates (−Ti−O−N−CO−) along [001]. This helix is
further bridged by the organic linker to the adjacent chains. As
shown in Figure 2d, the helical-like packing results in the
formation of empty 1D channels along [001] with a

pseudohexagonal shape and internal diameter of 0.8 nm,
which account for a solvent-accessible volume close to 40%
(Table S8) and a theoretical surface area near 950 m2·g−1 as
estimated with Zeo++.28 All helical chains display the same
handedness for overall chirality at a single-crystal level,
consistent with the chiral space group P32. Chiral dichroism
measurements (Figure S23) do not show significant optical
activity, suggesting that the solid isolated contains an
equimolar mixture of both enantiomers.

High-Throughput Screening of Other Metal Precur-
sors. Possibly one of the most important requirements to
access crystalline Ti-MOFs is to gain control over the
hydrolytic stability of the metal precursor under framework-
forming conditions to prevent the formation of amorphous
titanium oxide. Besides the use of preformed clusters,15,17,19,23

this is arguably the reason for which most materials have been
produced by using primarily titanium(IV) isopropoxide
(TTIP), i.e., MIL-177,20 MIL-168,169,26 MIL-125,14 Ti-
CAT-5,24 MOF-902,17 NTU-9,31 or MUV-1021 and bis-
(cyclopentadienyl)titanium(IV) dichloride (BCTTD) for
COK-69.32 Enlarging the pool of precursors compatible with
solvothermal synthesis might help accelerate the discovery of
new titanium−organic frameworks. This pushed us to
investigate the synthesis of MUV-11 by using other affordable
Ti salts with variable reactivity in water. Accordingly, we
replaced TTIP in the original synthesis with six other
precursors including BCTTD, cyclopentadienyltitanium(IV)
trichloride (CTTT), titanium(IV) n-propoxide (TTP),
titanium(IV) n-butoxide (TTB), titanium(IV) 2-ethylhexyl-
oxide (TTEEO), and titanium(IV) triethanolaminato)-
isopropoxide (TTTEI) (Table S1).
We used a FLEX SHAKE high-throughput workstation from

Chemspeed for robotic dispensing of solids and liquids in
order to accelerate the screening and systematic study of the
multiple variables in play (temperature, reaction time, solvent,
concentration, and modulator) to define the best set of
conditions for the synthesis of crystalline MUV-11 regardless
of the precursor, while ensuring reproducibility. See Section S3
for a detailed description of all the variations explored. Our
experiments confirm that phase-pure MUV-11 can also be
prepared from TTP, TTB, and TTTEI with yields between
50% and 70%. The use of TTEEO and organometallic
precursors (BCTTD and CTTT) yielded amorphous phases
in all cases. We used scanning electron microscopy (SEM) and
PXRD to evaluate the effect of the precursor over the particle
size and crystallinity of the material (Figure 3). All solids
crystallize as lamellae particles with hexagonal morphology.
Their average size increases from 5 to 50 μm according to the
sequence TTP < TTIP < TTB < TTTEI. This last precursor
also drives the formation of the most crystalline MUV-11
phase. Just like for sol−gel processing, our results suggest that
the modification of the titanium alkoxide with multidentate
−(OC4H4)3N linkers in TTTEI helps control its reactivity in
the presence of water.33 This chelate is less readily hydrolyzed
than −OR groups in the conditions required for the
crystallization of the framework, thus preventing the rapid
formation of amorphous materials.

Porosity and Chemical Stability. The best product in
terms of yield, homogeneity, and crystal size was obtained by
using TTTEI. As summarized in Section S5, phase purity of
the batch was confirmed by CHN analysis, SEM, LeBail
refinement of the powder X-ray diffraction, and thermogravi-
metric analysis (TGA). On the basis of CHN we determine a

Figure 2. (a) Honeycomb lattice in MUV-11 showing the internal
dimensions of the pore window in the layer. (b) ···ABC··· packing of
the corrugated layers of [Ti2(Hbdha)2(H2bdha)] directed by the
interlayer H-bonds. (c) Helical chains assembled from H-bonded
alternated hydroxamate titanium chelates viewed along [100] and
[001]. (d) Perspective of MUV-11 along the c axis showing the
Connolly representation of the 1D channels with triangular shape
responsible for the porosity in the solid (pale blue, 1.2 Å probe
radius). Hydrogen atoms and solvent molecules have been omitted
for clarity.
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unit formula of [Ti2(Hbdha)2(H2bdha)]·(DMF)0.5·(H2O)3.3
for the as-made solid. TGA of the desolvated material is
consistent with the 23.1% of residual TiO2 formed (calcd
23.6%). MUV-11 displays a thermal stability similar to other
Ti-MOFs. As expected from the formation of thermodynami-
cally strong Ti−O coordination bonds, complete decom-
position takes place above 400 °C. However, there is
significant mass loss at 240 °C that might be linked to the
partial decomposition of bdha units, more prone to oxidation
than carboxylate linkers (Figure S21).
Porosity was studied by N2 adsorption−desorption iso-

therms at 77 K after exchanging the as-made solid with
acetone, followed by activation at 100 °C (10−3 mbar). MUV-
11 displays a reversible type-I N2 adsorption characteristic of
microporous materials, with a small hysteresis above P/P0 =
0.4 indicative of intergrain mesoporosity (Figures 4a and S26).
The multipoint BET surface area was found to be 756 m2·g−1.
Analysis of the pore size distribution (PSD) by using nonlinear
density functional theory (NLDFT) methods reveals a
homogeneous pore diameter of 1.0 nm, which agrees well
the 0.8 nm calculated from the structure. We also confirmed
the porosity of the solid with CO2. MUV-11 displays a
reversible type-I isotherm at 195 K with less abrupt adsorption
at low pressures (Figure S28). At high temperatures, it displays
a modest gravimetric uptake of 1.23 mmol·g−1 of CO2 at 293 K
and 1 bar (5.4 wt %), with an isosteric heat of adsorption of
29.9 kJ·mol−1 (Figure S29). Similar to the introduction of

amino groups, replacement of carboxylic groups with nitro-
genated hydroxamate −CONHO− units seems responsible for
more favorable interaction of CO2 molecules with the surface
of the pores. It is worth noting that the structure of MUV-11 is
quite sensitive to the activation protocol employed. Soxhlet
washing of the solid with protic solvents led to partial collapse
of the structure for a substantial reduction of accessible
porosity (Figure S26). This is likely due to the network of H-
bonds that directs interlayer packing and thereby dictates the
3D structure of MUV-11 (Figure 2b). Compared with solvents
such as acetone, not capable of H-bonding, solvent exchange
with methanol results in partial amorphization likely due to a
disordered reorganization of interlayer interactions.
We evaluated the chemical stability of MUV-11 after

immersion of the solid for hours in concentrated solutions of
HCl and NaOH(aq) between pH 1 and 14. The PXRD of the
solids recovered confirm retention the diffraction lines
characteristic of the solid together with a partial amorphization
of the framework, likely linked to the distortion of interlayer
packing interactions by interaction with water (Section S6).
We also investigated the effect of hydroxamic connectors over
the chemical stability of MUV-11 in comparison to other Ti-
MOFs based on carboxylate linkers such as terephthalic acid
(MIL-125-NH2) and dhtp (NTU-9). ICP-MS analysis of the
supernatants of the solids after incubation at pH 2 for 24 and
48 h shows negligible metal leaching for MUV-11 (Figure 4b).
In turn, the concentration of titanium in solution increases
with time up to a maximum of 6.3 and 1.3 mg·mL−1 for MIL-
125-NH2 and NTU-9, respectively, after 48 h. Compared to

Figure 3. Effect of the Ti(IV) precursor used in the synthesis of
MUV-11 over the morphology and size of the particles formed: (a)
TTP, (b) TTIP, (c) TTB, (d) TTTEI, and (e) changes to the
crystallinity of the framework.

Figure 4. (a) N2 adsorption at 77 K of MUV-11 exchanged with
acetone. Inset shows the experimental PSD. (b) Ti concentration
values determined by ICP-MS of the supernatant after soaking in
aqueous solution at pH 2 for 24 and 48 h.
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the performance in acid media of other mesoporous solids with
excellent chemical stability like MIL-101(Cr)7 or MIL-100(Fe,
Ti),6,23 MUV-11 also displays minimum leaching to confirm
high resistance toward hydrolysis in these conditions (Figure
S34, Table S9). Chemical stability was further corroborated
with 1H NMR to discard linker leaching under these
conditions (Figure S35, Table S10). We presume that the
differences in the degradation rates of the solids are controlled
by the changes in the stability constants for complex formation,
higher for dhtp and bdha as result of the formation of five-
membered chelates. Anionic hydroxamates are known to form
hard oxo donors that bind strongly to Lewis acids, resulting in
complexes with remarkably high stability constants.34 Our
results confirm that these strong metal joints are capable of
preventing chemical degradation to endow MUV-11 with good
stability in acid medium. It is instead the structural flexibility
intrinsic to the interlayer packing in the solid that directs
structural changes for the collapse of this particular framework.
Electronic Structure and Photoelectrochemical Re-

sponse. The use of Ti-MOFs as photocatalysts for solar fuel
production or light-induced organic transformations is gaining
importance due to the combination of high surface areas and
chemical stability with the redox versatility and photoactivity
intrinsic to titanium.35 As shown in Figure 5a, the Tauc plot
obtained through the diffuse reflectance spectra of MUV-11
confirms a broad absorption in the visible region from 300 to
550 ± 10 nm. An optical band gap energy of 2.01 ± 0.01 eV
was calculated through the Kubelka−Munk function. This
value is smaller than those reported for COK-69 (3.77 eV),
MIL-125 (3.6 eV), MUV-10(Ca) (3.1 eV), MOF-901 (2.65

eV), and MIL-125-NH2 (2.6 eV) while slightly above PCN-22
(1.93 eV) and NTU-9 (1.72 eV).
For a clearer understanding of the electronic structure of

MUV-11 we prepared electrodes by drop casting a suspension
of the MOF on the ITO cover glasses (Section S7).
Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) measurements were used to estimate the
flat band potential and determine the absolute positions of the
valence and conduction band edges in MUV-11 (Figures 5a,b).
The Mott−Schotky plot confirms that MUV-11 displays p-type
conductivity with a flat-band potential of 0.68 ± 0.02 V vs Ag/
AgCl or 0.48 ± 0.02 V vs the normal hydrogen electrode
(NHE). The CV of MUV-11 films in a nonaqueous electrolyte
(0.1 M NBu4PF6 in acetonitrile) shows the presence of anodic
and cathodic peaks at −0.8 and 1.6 V vs Ag/Ag+, which was
later corrected with the ferrocene couple. This experimental
information was used to calculate the approximate positions of
the HOMO and LUMO energies at −6.1 and −3.6 ± 0.1 eV.
Figure 5c shows the comparison of the absolute energies of the
HOMO and LUMO in MUV-11 with TiO2 and the redox pairs
for the hydrogen evolution reaction (HER, H2O/H2) and
oxygen evolution reaction (OER, O2/H2O) at pH = 0. The
LUMO is higher in energy than H2O/H2, and the HOMO is
lower than O2/H2O in acid conditions, for which the MOF
displays outstanding chemical stability. This suggests that, in
principle, MUV-11 would be thermodynamically suitable for
photocatalytic water splitting reactions.
We tested the photoelectrochemical activity of MUV-11

films by using the MOF as the working electrode in a three-
electrode configuration cell in an argon-purged aqueous
electrolyte (0.5 M, Na2SO3 in water) with a solar simulator

Figure 5. Optical, electrochemical, and photoelectrochemical properties of MUV-11. (a) Tauc plot of the solid by Kubelka−Munk approximation
showing a direct optical band gap of 2.0 eV. Inset: Mott−Schotkky plot at 400 Hz with a flat-band potential of 0.68 V. (b) Cyclic voltammogram of
MUV-11 in nonaqueous electrolyte at 20 mV/s scan rate. (c) Experimental energy diagram showing the alignment of HOMO and LUMO of
MUV-11 with the band edges of TiO2 and the water splitting redox couples at pH = 0. (d) Photocurrent density collected under chopped
illumination showing the response at different bias potentials. (e) Hydrogen evolution under chopped AM 1.5 illumination at 0.5 V vs Ag/AgCl
and (f) chronoamperometric response recorded simultaneously. See S7 for experimental details.
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(AM 1.5) as illumination source. Figure 5d shows the
chopped-light photocurrent density response at different bias
potentials between −0.6 and 0.2 eV vs Ag/AgCl, confirming
good light absorption for the whole range of potentials studied.
Next, we connected the cell to a gas chromatograph and
illuminated the films at different bias potentials to evaluate
photocatalytic HER. As shown in Figure 5e, MUV-11
photoelectrodes display a sigmoidal hydrogen production
rate at 0.5 V vs Ag/AgCl that reaches a plateau after 40 min.
The experiment was performed for 1 h with simultaneous
measurement of the photogenerated current. The current
density values obtained during the HER remain quite steady,
oscillating around 300 ± 20 μA·cm2 (Figure 5f). We did not
observe any signal decay during the experiment that might be
indicative of photocorrosion or passivation of the solid,
confirming the excellent stability of MUV-11 in these
conditions.
We next tested the activity of the solid without electrical

polarization by irradiating a suspension of the solid in
H2O:MeOH (4:1 v/v%) with a solar simulator (Figure 6).

MUV-11 did not produce measurable amounts of H2 after 5 h
of irradiation. In turn, after co-deposition of 1 wt % of
platinum as cocatalyst, Pt/MUV-11 displayed a linear
production of H2 for a total of 1.7 μmol·g−1 in the same
period. No H2 was produced in the dark, confirming the
photocatalytic nature of the reaction. PXRD and IR spectra of
MUV-11 and Pt/MUV-11 were used to confirm the stability of
the material after the photocatalytic experiments (Figure S41).
Chemical degradation was discarded by ICP-MS of the
supernatant in these conditions (Figure S39). MUV-11
displays very small H2 production compared to the values
reported for other carboxylate Ti-MOFs in these conditions
such as MUV-10(Ca, Mn)21 or MIL-100(Ti).23 As shown in
Figure S37, the use of alternative sacrificial donors such as
TEOA (triethanolamine) or CH3CN:TEA:H2O (TEA, trie-
thylamine) also resulted in very poor performance compared

to materials such as MIL-125-NH2 or MIL-167 under
equivalent conditions (Table S11).26,36,37 Photocatalytic
performance is not improved when MUV-11 is prepared
from other titanium precursors (Figure S38). These results
confirm the ability of MUV-11 to behave as a hydrogen
production photocatalyst but also highlight its poor perform-
ance and the necessity of using Pt as a cocatalyst to favor H2
production in the absence of an applied potential acting as a
driving force. Since MUV-11 combines good chemical stability
with suitable band gap and band edge potentials to tackle this
reaction, we decided to investigate if the photocatalytic
efficiency in this hydroxamic MOF might be governed by
other parameters.

Effect of the Organic Connector over Photocatalytic
Activity. We calculated the electronic structure of MUV-11
and other representative photocatalytic Ti-MOFs for a better
understanding of the experimental results. Figure 7a shows

Figure 6. (a) Hydrogen production of MUV-11 and 1% Pt/MUV-11
at 1, 3, and 5 h of illumination with a solar simulator. (b) The
inactivity of MUV-11 for the HER suggests inefficient charge
separation in the absence of an applied electrical field (left) that
can be overcome by addition of Pt as cocatalyst (right).

Figure 7. (a) Electronic band alignment relative to the vacuum level
and the water oxidation/reduction potentials at pH = 7 (dot lines) for
selected Ti-MOFs. Orbitals contributing to the LUCO (top). (b)
Total (black) and projected (Ti in red and ligand in blue) density of
states for MIL-125-NH2, MUV-10(Ca), NTU-9, and MUV-11.
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calculated energy levels and band gaps of MIL-125-NH2 (2.3
eV), MUV-10(Ca) (3.4 eV), NTU-9 (2.0 eV), and MUV-11
(2.1 eV), all compatible with visible-light photoactivity. From a
purely thermodynamic point of view, the position of the edge
of the lowest unoccupied crystalline orbital (LUCO) relative to
the H2O/H2 pair (pH = 7, room temperature) is expected to
control the turnover for the HER. According to our
calculations, the four materials would be thermodynamically
suitable for photocatalytic HER with a better performance for
NTU-9 and MUV-10(Ca), followed by MIL-125-NH2 and
MUV-11 with LUCOs slightly higher in energy. However, this
contradicts their experimental performance and the calculated
orbital contributions to the LUCO, which are almost
exclusively centered in the titanium for MIL-125-NH2 and
MUV-10(Ca), whereas electron density is delocalized between
Ti and the organic linker orbitals in NTU-9 and MUV-11
(Figures 7a top and S44). Overall, this suggests that the
thermodynamic picture is too simple and there must be
additional factors governing the photocatalytic performance of
MUV-11. We must also consider the kinetics of charge transfer
upon illumination.
Efficient charge separation is needed to prevent the fast

recombination of the photogenerated charge carriers in order
to prolong the lifetime of the excited states.38 MOFs in which
charge separation involves ligand-to-metal charge transfer
(LMCT) are arguably more adequate for photocatalytic
purposes than others in which the excited state is localized
in isolated linkers or metals. Titanium frameworks built from
carboxylic acids such as terephthalate (MIL-125-NH2) and
trimesate (MUV-10(Ca)) undergo LMCT with illumination,
as confirmed by the presence of photoreduced Ti3+ in the
electron paramagnetic resonance (EPR) spectra of the
irradiated solids.21,39,40 This behavior agrees well with their
calculated electronic density of states (DOS) diagram (Figures
7b and S43). The highest occupied crystalline orbital
(HOCO) of these frameworks is localized at the organic
linker, whereas the LUCO is centered on the titanium region.
They present a negative ligand-to metal charge-transfer energy
(ELMCT), which is defined as the energy change upon
transferring an electron from the photoexcited linker orbital
to the lower unoccupied metal ion orbital.41 In turn, MUV-11
and NTU-9, built from hydroxamic and hydroxycarboxylic
siderophore metal binders, display LUCOs located simulta-
neously at the organic linker and the metal. The calculated
contribution to the density of states at the conduction band
suggests that carboxylic MOFs are mainly localized at the
metal, whereas siderophores are instead centered at the linker,
with a contribution close to 70% (Table S12). This change in
the electronic structure of the frontier orbitals is less likely to
induce LMCT for short-lived excitons localized at the organic
linker, consistent with positive ELMCT values close to zero. The
poor photocatalytic performance of MUV-11 seems to be
kinetic in origin. Even though its thermodynamic energy
alignment is compatible with water reduction, the poor
efficiency of LMCT will produce single-electron-localized
photoexcited states, unable to migrate and reduce the metal
nodes for the formation of photocatalytic Ti3+ species. Our
theoretical findings are consistent with the EPR spectrum of
MUV-11 after illumination. We did not observe the occurrence
of any paramagnetic signal that could account for the
formation of photogenerated Ti3+ species (Figure S42).
These results are consistent with recent reports42,43 that
highlight the importance of orbital contributions at the band

edges in controlling LMCT and thereby the photocatalytic
efficiency of UiO-type MOFs with the introduction of different
d0 metals (Ti, Zr, Hf, Ce, Th, or U). Our results suggest that
not only the unoccupied bands of the metallic nodes but also
the metal binding group and the chemistry of this particular
type of linkers can introduce changes to the electronic
structure of the frontier orbitals in these solids also relevant
to their function.

■ CONCLUSIONS

The design of chemically stable MOFs, and more particularly
titanium−organic frameworks, is still restricted to a limited
group of metal connectors. We report for the first time the
ability of hydroxamic acids to produce reticular solids by de
novo synthesis. MUV-11 is a crystalline, porous material that
combines photoactivity with outstanding chemical stability in
acid conditions intrinsic to the introduction of siderophore
metal binders. Compared to other carboxylate Ti frameworks,
this hydroxamate MOF can be prepared as single-crystalline
phases for multiple titanium salts, thus expanding the scope of
precursors accessible to this chemistry. We make use of
photoelectrochemical and catalytic studies to compare the
electronic structure and photoactivity of MUV-11 with other
selected materials such as MIL-125-NH2, MUV-10(Ca), and
NTU-9. Computational modeling reveals striking differences in
the charge separation kinetics of the MOFs built from
siderophores. These are less likely to undergo photostimulated
LMCT for generating active Ti3+ species as a result of the
delocalization of the electronic density delocalized between the
metal node and the organic linker. Provided the principles of
isoreticular chemistry, the straightforward derivatization of
carboxylic linkers with hydroxamic groups might represent an
alternative synthetic platform for the synthesis of crystalline
titanium MOFs. We hope this combination of experiment and
theory will help delineate future directions in this context.
We are confident this work might as well offer new

perspectives for the chemistry of covalent organic frameworks
(COFs). The critical step in the crystallization of COFs is to
reach synthetic conditions that enable reversible formation of
covalent bonds between building blocks to enable defect repair
during crystal growth.44,45 Either by direct condensation or
controlled hydrolysis of hydroxamic acid connectors into
carboxylic acids, these linkers might help in gaining control
over covalent bond formation and inspire similar approaches to
grow COF crystals.

■ EXPERIMENTAL SECTION
Synthesis of MUV-11. H4bdha (70.6 mg; 0.36 mmol) was

suspended in a mixture of 7.2 mL of N,N-dimethylformamide and 2.1
mL of AcOH in a 25 mL Schott bottle. Subsequently, 72 μmol of the
titanium precursor was added to the suspension. The bottle was
sealed and heated in an oven at 120 °C for 48 h. After cooling to
room temperature, this results in the formation of hexagonal orange
crystals that were isolated by filtration and rinsed with 45 mL of DMF
(3 × 15 mL) and 45 mL of acetone (3 × 15 mL). The product was
dried at room temperature.

Photoelectrochemical Measurements. Experiments were
performed in a three-electrode glass cell with a quartz window
containing an aqueous solution of 0.5 M. MUV-11 powder
suspensions were deposited by drop casting on indium tin oxide
(ITO) cover glasses and used as working electrode. The counter
electrode was a platinum wire, and the reference one was an Ag/AgCl
electrode. Voltage, current density (at dark and under illumination),
and electrochemical impedance spectroscopy were measured with a
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potentiostat−galvanostat PGSTAT204 provided with an integrated
impedance module FRAII (10 mV of modulation amplitude is used at
400 Hz). A solar simulator (LOT LSH302 Xe lamp and an LSZ389
AM1.5 global filter) was used as a light source.
Photocatalytic Experiments. The photocatalytic activity of

MUV-11 for H2 evolution was performed by irradiating a dispersion
of 1 mg/mL of the MOF in H2O:MeOH solutions (4:1 v/v%) in
sealed vessels, purged with Ar. As-made MUV-11 was activated under
vacuum before purging with N2. Pt was added in the dark as an
aqueous solution of H2PtCl6 (1 wt %) before purging for in situ
photodeposition upon illumination. The suspension was kept under
constant stirring and irradiated with a solar simulator (253 W) at
room temperature. The formation of gases in the liquid phase was
detected with a PerkinElmer (Clarus 580GC) gas chromatograph
equipped with a TCD detector.
Computational Details. All calculations were performed with

periodic density functional theory by using the Vienna ab Initio
Simulation Package.46,47 For the geometry optimizations, we used the
generalized gradient approximation with the Perdew−Burke−
Ernzerhof functional48 and including van der Waals corrections via
the DFT-D3 method of Grimme.49,50 The kinetic energy cutoff for
the plane-wave basis set expansion was chosen as 500 eV, and Γ-
points were used for integrations in the reciprocal space, due to the
large size of the unit cell of the direct lattice. Finally, the total DOS
and the electronic band structure of the crystalline solids were
calculated by using the screened hybrid functional of Heyd, Scuseria,
and Ernzerhof (HSE06).51 The electron energies were aligned to the
vacuum level using a procedure reported by Butler and co-workers.52
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 S1. General considerations: starting materials and characterization 

Materials and reagents 
Dimethyl terephthalate (98%), hydroxylamine hydrochloride, sodium hydroxide, acetic acid 99%, titanium 
(IV) isopropoxide, titanium (IV) propoxide, titanium (IV) n-butoxide, titanium (IV) 2-ethylhexyloxide, titanium 
(IV) (triethanolaminato)isopropoxide, bis(cyclopentadienyl)titanium (IV) dichloride and cyclopentadienyl-
titanium (IV) trichloride were purchased from Sigma-Aldrich, and used as received. N,N-Dimethylformamide (≥ 
99.8%), acetone and methanol (≥ 99.9%) were purchased from Scharlab. Ultrapure water from Milli-Q 
equipment was used when required. All reagents and solvents were used without any previous purification 
unless specified. 
 
Physical and chemical characterization 

- Elemental analysis: Carbon, nitrogen and hydrogen contents were determined by microanalytical 
procedures using a LECO CHNS.  

- Infrared spectra were recorded in an Agilent Cary 630 FTIR Spectrometer directly with no need of KBr 
pellets. 

- Thermogravimetric analysis were carried out with a Mettler Toledo TGA/SDTA 851 apparatus between 
25 and 800 °C under ambient conditions ( 10 °C·min−1 scan rate and an air flow of 30 mL·min−1)  

- NMR spectra were recorded on Bruker DRX-500 spectrometer and was calibrated using residual 
undeuterated solvent (DMSO at 2.50 ppm 1H NMR). The following abbreviations were used to explain 
multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad. 

- Solid state MAS-NMRs data were recorded on a Bruker Avance III 400 WB spectrometer with 
ultrashielded widemouth magnet (89 mm), 400 MHz (9.4 T). 

- XRD patterns were collected in a PANalytical X'Pert PRO diffractometer using copper radiation (Cu Kα 
= 1.5418 Å) with an X’Celerator detector, operating at 40 mA and 45 kV. Profiles were collected in the 
2° < 2θ < 40° range with a step size of 0.017°.  

- PXRD patterns for refinement were collected for polycrystalline samples using a 0.5 mm glass capillary 
mounted and aligned in a PANalytical Empyrean diffractometer (Bragg-Brentano geometry) using 
copper radiation (Cu Kα l= 1.5418 Å) with an PIXcel detector, operating at 40 mA and 45 kV. Profiles 
were collected by using a Soller Slit of 0.02° and a divergence slit of ¼ at room temperature in the 
angular range 3° < 2θ < 80° with a step size of 0.013°. LeBail refinements were carried out with the 
FULLPROF software package. 

- Optical images were acquires with a NIKON Eclipse LV-100 optical microscope. 
- Scanning Electron Microscopy: particle morphologies and dimensions were studied with a Hitachi S-

4800 scanning electron microscope at an accelerating voltage of 20 kV, over metalized samples with a 
mixture of gold and palladium during 90 seconds. 

- Gas adsorption measurements were recorded on a Micromeritics 3Flex apparatus. 
- ICP-MS: the measurements were carried out with an Agilent 7900 apparatus. 
- Photocatalytic hydrogen production was measured by gas chromatography coupled with a thermal 

conductivity detector (Clarus 580 GC, PerkinElmer) and equipped with an HSN6–60/80 Sulfinert P 
packed column (70 × 1/8” O.D.) and a S13X4-09SF2 40/60 P packed column (9’ × 1/8” O.D.) 
(PerkinElmer). Helium was used as carrier gas at a flow rate of 30 mL·min−1. The injector, oven and 
detector temperatures were 80, 62, and 200 ᵒC, respectively. The injected sample volume was 500 μL 
of the head space. 

- Photoelectrochemical measurements were performed in a three-electrode glass cell with a quartz. The 
counter electrode was a platinum wire, and the reference one was an Ag/AgCl electrode. Voltage, 
current density (at dark and under illumination) and electrochemical impedance spectroscopy were 
measured with a potentiostat-galvanostat PGSTAT204 provided with an integrated impedance module 
FRAII (10 mV of modulation amplitude is used at 400Hz). A solar Simulator (was used as a light source. 
H2 measurements were performed using a 490 micro GC (Agilent Tec.) equipped with 3 channels. 
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S2. Synthesis of MUV-11 

Synthesis of H4bdha 
1,4-benzo-dihydroxamic acid (H4bdha): The synthesis of H4bdha was carried out according to the procedure 
reported by Marmion1 with minor modifications: hydroxylamine hydrochloride (12.6 g, 180 mmol) was mixed 
with sodium hydroxide (14.4 g, 360 mmol) in deionized water (90 mL). The solution was then added to a 
suspension of dimethyl terephthalate (11.6 g, 60 mmol) in methanol (100 mL). The resulting mixture was stirred 
for 72 hours at 40 °C. The crude was left to cool down to room temperature and subsequently was acidified to 
pH 5.5 with a solution of 5 % HCl (ca. 90 mL). The white solid was filtered and washed with deionized H2O (60 
mL), with a saturated solution of NaHCO3 (3 x 30 mL) and with deionized H2O (2x30 ml). The desired white solid 
H4bdha was dried under reduced pressure overnight (62 % yield). 1H-NMR (500 MHz, DMSO-d6): 11.32 (brs), 9.20 
(brs), 7.81 (s, 4H). 13C NMR (125 MHz, DMSO-d6) δ: 163.8 (C), 135.5 (C), 127.41 (CH). 
 

 

Figure S1. 1H-NMR spectrum of compound H4bdha in DMSO-d6. 
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Figure S2. 13C-NMR spectrum of compound H4bdha in DMSO-d6. 
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Synthesis of MUV-11  
H4bdha (70.6 mg; 0.36 mmol) was suspended in a mixture of 7.2 mL of N,N-dimethylformamide and 2.1 mL of 
AcOH in a 25 mL Schott bottle. Subsequently, 72 µmol of the titanium precursor were added to the suspension. 
The bottle was sealed and heated in an oven at 120 °C for 48 hours. After cooling down to room temperature, 
this results in the formation of hexagonal orange crystals that were isolated by filtration and rinsed with 45 mL 
of DMF (3x15 mL) and 45 mL of acetone (3x15 mL). The product was dried at room temperature.  
Elemental analysis for [Ti2(Hbdha)2(H2bdha)]·(DMF)0.5·(H2O)3.3 : Calc. C (39.62), H (3.42), N (11.78); found: C 
(39.87), H (3.68), N (11.49). 
 
High-scale synthesis: H4bdha (500 mg; 2.55 mmol) was suspended in a mixture of 48 mL of N,N-
dimethylformamide and 14 mL of AcOH in a 100 mL Schott bottle. Subsequently, 480 µmol of the titanium 
precursor were added to the suspension. The bottle was sealed and heated in an oven at 120 °C for 48 hours. 
After cooling down to room temperature, this results in the formation of hexagonal orange crystals that were 
isolated by filtration and rinsed with 45 mL of DMF (x3) and 45 mL of acetone (x3). The product was dried at 
room temperature.  
 

 

Figure S3. (a) Picture of as-made crystals of MUV-11 prepared from Ti(IV) isopropoxide acquired with an optical 
microscope. (b) SEM pictures displaying their hexagonal morphology and micrometric size (close to 20 µm). 

The reaction can be scaled up to 20-fold by using the same conditions described above. The solid obtained in 
65% yield, displays high crystallinity and a homogeneous particle distribution with the hexagonal morphology 
and sizes from 10 to 20 µm also present at lower concentration. 

 

Figure S4. (a) Picture of the 500 mL capped glass bottle used for scaling the synthesis of MUV-11 up to 20-fold. 
(b) Comparison of the PXRD of the product obtained (grey) with the simulated pattern of MUV-11 (black). (c) 
SEM micrograph of the solid. 
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S3. Optimization of synthetic conditions for the formation of MUV-11 

For the optimization of the reaction conditions, we made use of a FLEX SHAKE high-throughput workstation from 
Chemspeed© for robotic dispensing of solids and liquids. The optimization was carried out by screening different 
reaction parameters like temperature, solvent, modulator, amount of modulator, concentration and reaction 
time. 
 

 

Figure S5. a) FLEX SHAKE high-throughput workstation from Chemspeed© equipped with complements for the 
automated dispensing of b) solids and c) liquids. d) 120 multi-well diffraction plate used for accelerating PXRD 
data collection.  
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Ratio metal:ligand (M:L) 
In order to obtain the best metal:ligand (M:L) ratio for the formation of MUV-11, different M:L ratios ranging 
from 1:1 to 1:10 were tested. It was found that MUV-11 could only be obtained with a M:L ratio of 1:5 (see figure 
below). 

 

Figure S6. Powder XRD patterns using different molar ratio metal:ligand using TTIP as Ti(IV) source. MUV-11 
was obtained in a molar ratio of 1:5 (Reaction conditions: 0.04 M, DMF, 75 equiv. AcOH, 120 °C, 48 h). 

 
Solvent 

 

Figure S7. PXRDs of the products obtained from the synthesis of MUV-11 in different solvents using TTIP as 
Ti(IV) source. (Reaction conditions: ratio 1:5 (M:L), 0.04 M, 75 equiv. AcOH, 120 °C, 48 h). 
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Modulator 

 

Figure S8. PXRDs of the products obtained from the synthesis of MUV-11 with different modulators using TTIP 
as Ti(IV) source. (Reaction conditions: ratio 1:5 (M:L), 0.04 M, DMF, 75 equiv. modulator, 120 °C, 48 h). 

 
Modulator amount 

 

Figure S9. PXRDs of the products obtained from the synthesis of MUV-11 with different equivalents of acetic 
acid as a modulator using TTIP as Ti(IV) source. (Reaction conditions: ratio 1:5 (M:L), 0.04 M, DMF, 120 °C, 48 
h). 
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Temperature 

 

Figure S10. PXRDs of the products obtained from the synthesis of MUV-11 at different temperatures using 
TTIP as Ti(IV) source. (Reaction conditions: ratio 1:5 (M:L), 0.04 M, DMF, 100 equiv. AcOH, 48 h). 
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Synthesis of MUV-11 with other metal precursors 
Once we have established the ratio M:L, solvent, the best modulator, equivalents and temperature to 
obtain MUV-11, we explored the use of other titanium precursors (see table below). 
  

Table S1. Titanium (IV) molecular precursors investigated in the synthesis of MUV-11.  

Molec. Formula Name Mw 
/g.mol-1 

Dens. 
/g.ml-1 Purity 

 
Titanium (IV) propoxide (TTP) 284.22 1.033 98% 

 

Titanium (IV) isopropoxide (TTIP) 284.22 0.96 97% 

 

Titanium (IV) n-butoxide (TTB) 340.32 1.00 ≥97.0% 

 

Titanium (IV) 
(triethanolaminato)isopropoxide 

(TTTEI) 
253.12 1.087  

80 wt. % in 
isopropanol 

 

 

Titanium (IV) 2-ethylhexyloxide 
(TTEEO) 564.75 0.927 95% 

  

Cyclopentadienyltitanium (IV) 
trichloride (CTTT) 

 
219.32 ---- 97% 

 

Bis(cyclopentadienyl)titanium (IV) 
dichloride (BCTTD) 248.96 --- 97% 
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Concentration 
As show in Table S2, MUV-11 was obtained with different titanium (IV) precursors proving the versatility 
of hydroxamic acids to produce crystalline Ti-MOFs. The solids were characterized by PXRD and SEM. TTTEI 
was identified as the most suitable precursor for the production of highly crystalline MUV-11. 

Table S2. Individual PXRD and SEM images of the solids obtained from the synthesis of MUV-11 with different 
Ti(IV) precursors (Reaction conditions: ratio 1:5 (M:L), 0.04 M, DMF, 100 equiv. AcOH, 48 h, 120 °C). 

Ti (IV) 
precursors PXRD SEM 

BCTTD 

  

CTTT 

  

TTEEO 

  

TTTEI 

  

TTB 
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Ti (IV) 
precursors PXRD SEM 

TTIP 

  

TTTP 

  
 
 

 

Figure S11. PXRDs of the products obtained from the synthesis of MUV-11 with different Titanium(IV) 
precursors (Reaction conditions: ratio 1:5 (M:L), 0.04 M, DMF, 100 equiv. AcOH, 48 h, 120 °C). 
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Table S3. Individual PXRD and SEM images of the solids obtained from the synthesis of MUV-11 at a higher 
concentration (x2) with different Ti(IV) precursors (Reaction conditions: ratio 1:5 (M:L), 0.08 M, DMF, 100 equiv. 
AcOH, 48 h, 120 °C). 

Ti (IV) 
precursors PXRD SEM 

BCTTD 

  

CTTT 

  

TTEEO 

  

TTTEI 

  

TTB 
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Ti (IV) 
precursors PXRD SEM 

TTIP 

  

TTTP 

  
 
 

 

Figure S12. PXRDs of the products obtained from the synthesis of MUV-11 at a higher concentration (x2) with 
different Titanium(IV) precursors (Reaction conditions: ratio 1:5 (M:L), 0.08 M, DMF, 100 equiv. AcOH, 48 h, 
120 °C). 
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Table S4. Individual PXRD and SEM images of the solids obtained from the synthesis of MUV-11 at a lower 
concentration (x1/2) with different Ti(IV) precursors (Reaction conditions: ratio 1:5 (M:L), 0.02 M, DMF, 100 
equiv. AcOH, 48 h, 120 °C). 

Ti (IV) 
precursors PXRD SEM 

BCTTD 

  

CTTT 

  

TTEEO 

  

TTTEI 

  

TTB 

  



   
 

 S19 

Ti (IV) 
precursors PXRD SEM 

TTIP 

  

TTTP 

  
 
 

 

Figure S13. PXRDs of the product obtained from the synthesis of MUV-11 at a lower concentration (x1/2) with 
different Ti(IV) precursors (Reaction conditions: ratio 1:5 (M:L), 0.02 M, DMF, 100 equiv. AcOH, 48 h, 120 °C). 
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Reaction time 
 
After optimize ratio of M:L, solvent, modulator, concentration and titanium precursor we determinate that the 
most crystalline and homogenous MUV-11 was obtained with a ratio of 1:5, DMF as solvent, acetic acid as 
modulator (100 equiv.), concentration of [0.02 M] and TTTEI as titanium precursor. Finally, under these 
conditions, we decided to optimize the reaction time.  
 

 

Figure S14. PXRDs of the products obtained from the synthesis of MUV-11 at different reaction times using 
TTTEI as Ti(IV) source. (Reaction conditions: ratio 1:5 (M:L), 0.02 M, DMF, 100 equiv. AcOH, 120 °C). 
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S4. Structure of MUV-11 

Simulation of the structural model 
The structure of MUV-11 was determined by combining direct methods, density functional theory (DFT) 
calculations and Rietveld refinement. The PXRD pattern of the evacuated material (MUV-11) could be indexed 
with a hexagonal cell and the symmetry indicating a relationship with the NTU-9 phase.2 The reported structure 
of NTU-9 was used as initial structure and modified with the Materials Studio (MS) 2017 R2. The final model was 
optimized with Vienna ab initio Simulation Package (VASP) code using DFT.3 Molecules of DMF were optimised 
and positioned into the pores of the solid to produce the final model that was then refined by Rietveld methods.  
 
Rietveld refinement and crystallographic data of MUV-11 
The structural model optimized by DFT calculations was used as starting point for a Rietveld refinement, which 
was carried out with Topas Academic 5 program (http://www.topas-academic.net/). The three 
crystallographically independent organic linkers were modelled using semi-rigid bodies, where selected bond 
distances, bond angles and torsion angles could be refined. DMF molecules were described as rigid bodies, which 
could freely translate and rotate inside the pores. Background was fitted with a 24-coefficients Chebyshev 
polynomial and peak shapes were modelled with a Thompson-Cox-Hasting pseudo-Voigt profile function. 
Crystallographic parameters from the final Rietveld refinement are summarized in Table S5. 
We rechecked the space group with the AddSym algorithm implemented in Platon as well as with Materials 
Studio (with and without solvent molecules in the pores). All routines agree on our original assignment of P32 as 
the most suitable space group. This is further corroborated by the systematic absences of the experimental 
diffraction pattern, which are only consistent with a few space groups. Space groups of higher symmetry like 
P3221 and P3212 have extra rotation axes that are not compatible with the given structure. For example, the use 
of the space group P3212 generates pairs of atoms that do not converge for this space group. This is also the 
case for P3221, P3212 or the supergroup of P32 (P62). Overall, P32 is the most suitable space group for meaningful 
refinement of MUV-11. 

Table S5. Crystallographic data and Rietveld refinement of MUV-11.  

CCDC id code 1884457 
Empirical formula C24H18N6O12Ti2, 1.403(C3H7NO) 
Formula weight 780.74 
Cryst. Syst. Trigonal 
Space group P32 
a, Å 18.1230(8) 
b, Å 18.1230(8) 
c, Å 11.2238(7) 
a, ° 90 
b, ° 90 
g, ° 120 
V, Å3 3192.5(4) 
Z 3 
Temperature, K 298 
Wavelength, Å  0.413070(1) 
2Q range, ° 2.2 - 25 
Number of reflections  2724 
Number of structural/total variables 49/83 
Rp, % 1.06 
Rwp, % 1.47 
Rexp, % 1.15 
GoF 1.27 

 
 
The cell parameters of the relaxed structures (MUV-11 and NTU-9), shown in Table S6, are in good agreement 
with experiment (discrepancies are within 1.5%). 
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Table S6. Comparison between the experimental cell parameters, volume and intermetallic distance of the 
structures of MUV-11 and NTU-9 with the corresponding optimized DMF models. 

 

Systems a (Å) c(Å) V (Å3) d(Ti-Ti) (Å) 

MUV-11 from Rietveld with DMF 18.1230 11.2238 3192.5 6.83 (5.99) 

MUV-11 with DMF from DFT-D3 17.9911 10.9417 3067.1 6.78 (5.76) 

MUV-11 without DMF from DFT-D3 18.2509 10.5156 3033.4 6.64 (5.99) 

NTU-9 from Exp. 14.6200 11.698 2165.4 5.59 (6.11) 

NTU-9 from DFT-D3 14.8645 
(14.8200) 11.2027 2117.8 5.40 (5.81) 
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Figure S15. Structure and solid packing of NTU-9 based built from 2,5-dihydroxyterephthalate linker. 

 

 
 

Figure S16. Simplified net of MUV-11. Perspective along [0 0 1] (left) and [1 0 0] (right). 
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Figure S17. Internal structure of the linkers bdha (a) and dhtp (b) in MUV-11 and NTU-9 showing the changes in 
the twist angle between the planes defined by the central aromatic ring and the 5, 6-member titanium chelate 
ring. This results in the formation of highly distorted octahedron in MUV-11.  
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Figure S18. Interlayer H-bonds in MUV-11 viewed along [010]. 

 
 

Table S7. Hydrogen bonds in MUV-11. 

 
D A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 

N13 O1 1.02(11) 1.90(15) 2.74(14) 138(9) 

N13(i) O10(ii) 1.00(15) 1.77(13) 2.73(11) 159(10) 

(i) +x, +y, 1+z; (ii) 1+y-x, 1-x, 1/3+z 
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Table S8. Porosity of MUV-11 as estimated from Olex2 CalcVoid/CalcSolv analysis with a 0.2 Å resolution.  

 

 Radius largest 
spherical void [Å] 

Structure 
volume Cell vol. 

[Å3] 

Penetration sphere 
radius [Å] 

Solvent 
accessible 

 Vol. [Å3] [%] a b C Vol. [Å3] [%] 

MUV-11 4.0 1389.5 43.5 3192.5 0.6 0.6 3.8 1218.8 38.2 

[a]CalcVoid run using –p –r=0.1 & CalcSolv solvent_radius of 1.80 Å & shrink_truncation_radius of 1.80 Å. Van 
der Waals radii: C, 1.77; H, 1.20; O, 1.52; and Ti, 2.00 Å.  
 
 
 
 
 
 

 

Figure S19. Connolly surface representation of the porosity of MUV-11 calculated in Materials Studio by using a 
radius of 1.2 Å. Perspective along [001] (left) and [010] (right).  
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S5. Chemical Characterization  

Scanning Electron Microscopy (SEM) 
Particle morphologies and dimensions were studied with a Hitachi S-4800 scanning electron microscope at an 
accelerating voltage of 20 kV, over metalized samples with a mixture of gold and palladium during 90 seconds. 
 

  

Figure S20. Scanning Electron Microscopy (SEM) images of MUV-11 obtained with TTTEI and optimal conditions. 
The micrometric lamellae display a plate-like morphology consistent with the presence on interlayer H-bond 
interactions more prone to exfoliation.  

 

Thermogravimetric Analysis (TG-SDTA) 
TGA-SDTA curves for the activated solid were recorded at a ramp rate of 5 °C/min on a Mettler Toledo TGA/SDTA 
851e/SF/1100 apparatus between 25 and 800 °C under synthetic air. 
 

  

Figure S21. Thermogravimetric analysis (TGA, solid line) and simultaneous differential thermal analysis (SDTA, 
dashed line) of MUV-11 and the organic linker H4bdha. 

 
MUV-11 shows a first weight loss below 200 °C due to the removal of solvent molecules occluded in the pores. 
The second weight loss, centred at 240 °C and accompanied by an exothermic peak in the SDTA plot, can be 
attributed to the early decomposition of the H4bdha units. This agrees well with the profile for the thermal 
decomposition of the linker. The decomposition of the framework takes place above 400 °C to form 23.1% of 
TiO2 (Calc.: 23.6%).  
  



   
 

 S28 

Fourier Transformed Infrared Spectroscopy (FT-IR) 
Compared to the free linker, the IR spectrum of MUV-11 shows a clear shift to higher frequencies of the C-N 
stretching and bending modes of 42 and 12 cm-1, respectively. This agrees well with the increasing double-bond 
character of the C-N bond in the imine tautomer upon coordination to titanium.4 The Raman spectrum of MUV-
11 also shows the same shift trends in the characteristic vibrational modes of the C-N bond accompanied by the 
appearance of a weak signal at ca. 1550 cm-1. This band, often ascribed to the stretching of the C=N bond in 
conjugated oximes, 5  is not present in the spectrum of H4bdha. Finally, the sharp band associated to the 
stretching of the N-H bond in the linker at 3280 cm-1 is replaced by a weak broad band between 3400-2300 cm-

1 in MUV-11. This broadening of the N-H signal is consistent with the interlayer H-bonds of the type N-H···O 
present in MUV-11.6 

 

Figure S22. a) FT-IR and b) Raman spectra of MUV-11 (purple) and H4bdha (blue). 
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Optical activity 
We collected circular dichroism (CD) for a batch of crystals of MUV-11 diluted in KBr. Our measurements show 
negligible optical activity suggesting that it contains an equimolar mixture of both enantiomers.  
 

 

Figure S23. Circular dichroism spectrum of MUV-11. Pellet was prepared by diluting a batch of crystals in KBr.  
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Powder X-Ray Diffraction (PXRD) 
Powder XRD patterns were collected for polycrystalline samples using a 0.5 mm glass capillary mounted and 
aligned in a PANalytical Empyrean diffractometer (Bragg-Brentano geometry) using copper radiation (Cu Kα = 
1.5418 Å) with an PIXcel detector, operating at 40 mA and 45 kV. Profiles were collected by using a Soller Slit of 
0.02° and a divergence slit of ¼ at room temperature in the angular range 3° < 2θ < 80° with a step size of 0.013°. 
LeBail refinements were carried out with the FULLPROF software package. 
 

 

Figure S24. Experimental (red dots), calculated (blue line), difference plot [(Iobs−Icalc)] (black line, bottom 
panel) and Bragg positions (green ticks, bottom panel) for the LeBail refinement of experimental diffraction data 
of MUV-11 collected at room temperature by using the Rietveld refined structural model as starting parameters. 
Trigonal, P32; a = b = 18.1210 c = 11.2213 Å; a = b = 90°; g = 120°; V = 3191.08 Å3; Re = 3.16%, Rp = 4.19%, Rwp 
= 5.47%, GoF = 1.7. 
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Analysis of N2 adsorption/desorption isotherms at 77 K 
Gas adsorption measurements were performed ex situ on MUV-11 solids. Freshly made solids were soaked in 
fresh acetone solutions at least three times in 72 hours. Exchanged solids were then activated in an Autosorb 
station at and 10-6 Torr at 100 °C prior to analysis. Surface area, pore size and volume values were calculated 
from nitrogen adsorption-desorption isotherms (77 K) recorded on a Micromeritics 3Flex apparatus. Brunauer-
Emmett-Teller (BET) Surface area analysis were performed as recommended for microporous and mesoporous 
materials (see below).7 Specific surface area (SA) was calculated by multi-point Brunauer-Emmett-Teller (BET) 
method. Total pore volume was taken at P/P0=0.96. Pore size distribution was analysed by using the solid density 
functional theory (NLDFT) for the adsorption branch by assuming a cylindrical pore model. 
 

  

 

BET Area (m2 g-1) 756.4774 ± 0.9088 
Slope 0.005748 ± 0.000007 
Intercept 0.000005 ± 0.000000 
range of P/P0 0.008 – 0.09 
R2 0.9999950 
C 1090.390 
Vm (cm3 g-1) 173.800 
1/(√C+1) 0.02939 
P/P0 at Vm 0.03121 

 

Figure S25. Analysis of the N2 adsorption/desorption isotherm of MUV-11 at 77 K. a) N2 adsorption isotherm, b) 
Rouquerol BET, c) Multi-Point BET analysis and d) main parameters calculated from the multi-point BET analysis. 
The dashed line in b) represents the limit of the applicability of the BET theory. 
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Figure S26. Comparison of N2 adsorption of MUV-11 at 77 K after soaking in acetone (black line) and washing 
with methanol in soxhlet (grey line).  

 
 

  

Figure S27. PXRD of MUV-11 after N2 adsorption experiments. As made material (red line), Soxhlet washing 
in methanol (grey line) and acetone (black line). 
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Analysis of CO2 adsorption/desorption isotherms  
Gas adsorption measurements were recorded on a Micromeritics 3Flex apparatus at relative pressures up to 1 
atm and performed ex situ on MUV-11 soaked in fresh acetone solutions three times in 72 hours. Samples were 
degassed overnight at 100 ˚C and 10-6 Torr prior to analysis. A Micromeritics’ ISO Controller was used to keep 
the temperature constant for the CO2 adsoption measurements at 273, 283 and 293 K. The isosteric heats of 
adsorption were determined by means of the Clausius-Clapeyron equation as implemented in the MicroActive 
Analysis Software using the CO2 isotherms recorded at 273, 283 and 293 K. 
 

 

Figure S28. CO2 adsorption/desorption isotherms of MUV-11 recorded at 195 K. 

 
 

  

Figure S29. a) CO2 adsorption/desorption isotherms of MUV-11 recorded at different temperatures. b) Isosteric 
heat of adsorption (Qst) calculated from the isotherms at 273, 283 and 293 K. 
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Analysis of H2O adsorption/desorption isotherms 
Water adsorption measurements were recorded on a Micromeritics 3Flex apparatus at relative pressures up to 
1 atm and performed ex situ on the MUV-11 solid solvent exchanged with fresh acetone solutions three times 
in 72 hours. Samples were degassed overnight at 100 ˚C and 10-6 Torr prior to analysis. A Micromeritics’ ISO 
Controller was used to keep the temperature constant for the measurement at 298 K.  
 

 

Figure S30. H2O adsorption-desorption isotherm of MUV-11 performed at 298 K. 
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Solid-state magic angle spinning nuclear magnetic resonance spectroscopy (MAS-NMR) 
In order to determinate the stability of the hydroxamic functional group and discard the hydrolysis of the ligand 
in the synthetic conditions of MUV-11, we were carried out the solid-state MAS-NMR of MUV-11, H4bdha and 
H2bdc. As show in Figure S31, we observe only the quaternary carbon corresponding to carbonyl of the 
hydroxamic acid at 165.1 ppm. Due to the coordination of the ligand with Ti we observe a shift in 1.2 ppm in 
comparison with the MAS-NMR of H4bdha. No traces of terephthalic acid (H2bdc, ca. 173.6 ppm) were observed 
in MUV-11.  
 

 

Figure S31. 13C MAS NMR of (a) MUV-11; (b) benzene-1,4-dihydroxamic acid (H4bdha); and (c) tereftalic acid 
(H2bdc). 
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S6. Chemical and structural stability 

Water stability 
Water stability experiments were carried out by immersing 20 mg of MUV-11 in 2 mL of aqueous solutions of 
HCl or NaOH at different pH values ranging from 1 to 14. After 24 hours the solution was decanted and the solids 
washed with water and acetone and allowed to dry at room temperature.  
 

 
 

 
 

Figure S32. PXRD patterns of MUV-11 after soaking in aqueous solutions at different pH values for 24 hours 
(top) and picture of MUV-11 soaking in aqueous solutions after 24h (bottom). 
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N2 Adsorption 
We collected N2 adsorption isotherms after soaking MUV-11 in aqueous media at pH 7 and 2 for 24 hours. 
Compared to the solid exchanged with acetone (756 m2·g-1), we observe, a significant reduction of the porosity 
at neutral pH (559 m2·g-1) that becomes more drastic in acid (58 m2·g-1). This is consistent with a more favourable 
disruption of the H-bonds that control the packing in MUV-11 in acid media.  
 

 

Figure S33. Comparison of the N2 isotherms at 77 K of MUV-11 exchanged with acetone (black) and soaked for 
24 hours in aqueous solutions at neutral (cyan) and acid (magenta) pH. 
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ICP-MS 
To confirm that structural collapse was not necessarily linked to the degradation of the structure from hydrolysis 
of the hydroxamate chelates, we used ICP-MS to analyse the supernatants of MUV-11 upon soaking at  pH 2 for 
24 hours and compared them to other stable MOFs as MIL-125-NH2, NTU-9 MIL-101(Cr), MIL-100(Fe) and MIL-
100(Ti) under the same conditions (1mg/mL). The leaching in MUV-11 is the minimum of the series and almost 
negligible in these conditions (0.02 mg/L) confirming high chemical stability toward hydrolysis in acid media. 
 

 

Figure S34. Metal concentration in the supernatants determined by ICP-MS after soaking different MOFs in 
aqueous solution at pH 2 for 24 hours. Inset shows Ti-MOFs only. 

 

Table S9. Metal concentrations in solution of Ti-MOFs after soaking in acid media after 24 hours. 

MOF M [M] (mg/L) Referencea 

MIL-125-NH2 Ti 5.49 ± 0.10 20 

NTU-9 Ti 1.07 ± 0.02 16 

MUV-11 Ti 0.023 ± 0.002 This work 

MIL-101(Cr) Cr 0.223 ± 0.003 21 

MIL-100(Fe) Fe 34.77 ± 0.12 4 

MIL-100(Ti) Ti 0.0983 ± 0.005 6 

aReference used for the synthesis of the material. 

MOF M [M] (mg/L) Referencea 

MIL-125-NH2 Ti 5.49 ± 0.10 20 

NTU-9 Ti 1.07 ± 0.02 16 

MUV-11 Ti 0.023 ± 0.002 This work 

MIL-101(Cr) Cr 0.223 ± 0.003 21 

MIL-100(Fe) Fe 34.77 ± 0.12 4 

MIL-100(Ti) Ti 0.0983 ± 0.005 6 
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aReference used for the synthesis of the material. 
 
We also carried out the experiments at pH=12. However, we found inconsistent results since we observed that 
the variation in the amount of Ti in solution was broad. This is likely due to the formation of solid oxides or 
hydroxides at such high pH value that difficult the analysis of the supernatants in basic conditions. For clarity, 
we have omitted the data at pH=12 and included only the data collected at pH=2. 
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1H-NMR 
NMR experiments were carried out by soaking 10 mg of MOF (MUV-11 or MIL-125-NH2) in 1 mL of D2O for 24 
and 48 hours at different pH values (2, 7 and 12) which were previously adjusted with DCl or NaOD. Then, 0.6 
mL of the supernatant were placed in an NMR tube with 20 µL of  DMSO in D2O (74.2 mM) as an internal standard. 
All the solids were washed by Soxhlet with MeOH prior to the experiments in order to eliminate all possible 
residual linker in the pores.  
 
Figure S35 shows the changes in stability of both MOFs defined as the quantity of leached linker for MIL-125-
NH2 and MUV-11 at the different conditions. The percentage of the total linker content leached into the solution 
was determined by taking into account the number of linkers per unit formula as well as the solvent molecules 
in the overall formula of the MOF, which was determined by elemental analysis: 
 
MUV-11: [Ti2(C8H5N4O2)2(C8H6N2O4)]·(CH3OH)0.25·(H2O)8.50 Experimental: C (34.66), H(3.88), N(9.85); Calculated: 
C (34.82), H(4.08), N(10.05) 
 
MIL-125-NH2: [Ti8O8(OH)4(C8H5NO4)6]·(CH3OH)5.3·(H2O)20.86 Experimental: C (28.95), H(4.60), N(3.98); Calculated: 
C (29.10), H(4.44), N(3.82) 
 

 

Figure S35. a) Percentage of the total linker content in solution determined by 1H-NMR using DMSO as internal 
standard after immersion of MUV-11 (a) and MIL-125-NH2 (b) in aqueous solutions at pH 2, 7 and 12 for 24 and 
48 hours. 

 
The total percentage of linker in solution was calculated by taking into account the number of H’s that contribute 
to each signal (4 equivalent H’s for H4bdha, 6 equivalent H’s for DMSO and 1 equivalent H for H2bdc-NH2). DMSO 
was used as an internal standard in order calculate the total number of linker molecules in solution. The 
percentage of linker in solution was calculated as the number of moles of linker in solution (nsol) divided by the 
total number of moles of linker added (nMOF): 
 

%	𝐿𝑒𝑎𝑐ℎ𝑒𝑑	𝐿𝑖𝑛𝑘𝑒𝑟 = 	
𝑛./0
𝑛123

𝑥100	 
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At acidic and neutral pH, MUV-11 shows nearly constant values of leached linker in solution at 24 and 48 hours, 
maximum of 2.05 %, whereas in case of MIL-125-NH2 the amount of linker in solution significantly increases with 
time up to 4.8 % (Figure S35, Table S10). This is consistent with the higher leaching of Ti in MIL-125-NH2 under 
these conditions according to ICP results (Figure S34) and suggests that MIL-125-NH2 undergoes a faster 
degradation process in water than MUV-11.  

We also performed the experiments at pH-12, which could not be carried out by ICP due to the formation of 
titanium dioxide in such a basic medium. In this case, a higher linker content is found in solution for MUV-11 
after 48 hours compared to MIL-125-NH2. This is likely due to the susceptibility of the hydroxamate linker to 
undergo hydrolysis under basic conditions. This agrees well with the 1H-NMR of MUV-11 at pH-12 where multiple 
NMR signals from the hydrolysis products are observed around the peak corresponding to the hydroxamic acid 
linker (Figure S35a). 
 

Table S10. Percentage of the total linker content in solution determined by 1H-NMR using DMSO as internal 
standard for MUV-11 and MIL-125-NH2 after 24 and 48 hours. 

 

MOF Time (h) pH-2 pH-7 pH-12 

MUV-11 
24 0.75 1.80 23.83 

48 0.78 2.05 41.99 

MIL-125-NH2 
24 0.52 3.44 30.25 

48 1.01 4.78 31.66 
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S7. Electronic structure and photoelectrochemical response 

Electrochemical and photoelectrochemical characterization 
Photoelectrochemical measurements were performed in a three electrode glass cell with a quartz window 
containing an aqueous solution of 0.5 M. MUV-11 powders suspensions were deposited by drop casting on ITO 
cover glasses and used as working electrode. The counter electrode was a platinum wire, and the reference one 
was an Ag/AgCl electrode. Voltage, current density (at dark and under illumination) and electrochemical 
impedance spectroscopy were measured with a potentiostat-galvanostat PGSTAT204 provided with an 
integrated impedance module FRAII (10 mV of modulation amplitude is used at 400Hz). A solar Simulator (LOT 
LSH302 Xe lamp and a LSZ389 AM1.5 Global filter) was used as a light source. 
In order to determine the flat band potential, capacitance from space charge layer was calculated from the 
imaginary part of the impedance. The dependence of 𝐶𝑆𝐶 on bias potential (V) is described by the Mott-Schottky 
equation:  

											 9
:;<
= = > ?

@;<@ABCD
E >−[𝑉 − 𝑉3I] −

KLM
D
E                     Equation (1) 

where 𝐶N:  is the measured differential capacitance per area unit, e0 is the elementary charge, ƐN:  is the 
dielectric constant, ƐP is the electrical permittivity of vacuum, 𝑁R is the semiconductor donor density, 𝑉 is the 
applied bias potential in volts, 𝑘I is Boltzmann´s constant, e the charge of an electron, 𝐴 the electrode surface 
(namely, 1 cm2) and T is temperature (298 K). Therefore, from the 𝐶𝑆𝐶−2 vs. V plot, VFB can be easily obtained by 
the interception with the x-axis.  
Relative positions of MUV-11 HOMO & LUMO levels were determined by cyclic voltammetry resulting -6.1 ± 0.1 
eV for HOMO and - 3.6 ± 0.1 eV for LUMO level (Figure 5c). Calculation has been done according to the following 
equations:8  

EUV12(eV) = 	 [4.8	–	E9 ?̀(Fc, Fc
d) 	+	EfDg, onset)l    Equation (2) 

Em212(eV) =	–	[4.8	–	E9 ?̀(Fc, Fc
d) 	+	E/n, onset)l   Equation (3) 

Electrochemical measurements were conducted on a three- electrode cell system using as electrolyte 0.1 M 
tetra-n-butylammonium hexafluorophosphate in acetonitrile. The CV curves were calibrated using the 
ferrocene/ferrocenium (Fc/Fc+) redox couple as an external standard which was measured under same condition 
before and after the measurement of samples.  
 
Optical response 
Band gap energy was determined by ultraviolet-visible diffuse reflectance spectroscopy (UV- vis/DRS) (Figure 
5a) and each transition was determined by Kubelka Munk theory.9 A value of Eg = 2.01±0.02 eV as a direct 
transition has been found. 
 

 

Figure S36. Reflectance of MUV-11 from which the Tauc Plot, present in the main text, was obtained. 
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Photocatalytic activity 

The photocatalytic activity of MUV-11 for H2 evolution was performed by irradiating a dispersion of 1 mg/mL of 
the MOF in H2O:MeOH solutions (4:1 v/v%) in sealed vessels, purged with Ar. As-made MUV-11 was activated in 
vacuum before purging with N2. In some cases, Pt was added in the dark as an aqueous solution of H2PtCl6 (1 % 
wt) before purging for in situ photodeposition upon illumination. The suspension was kept under constant 
stirring and irradiated with a solar simulator (253 W) at room temperature. The formation of gases in the liquid 
phase was detected with a PerkinElmer (Clarus 580GC) gas chromatograph equipped with a TCD detector. 
 
The photocatalytic activity of MUV-11 for H2 evolution was performed by irradiating a dispersion of 1 mg/mL of 
MOF in H2O:MeOH solutions (4:1 v/v%) in sealed vessels, purged with Ar. As-made MUV-11 was activated in 
vacuum before purging with Ar, in some cases 1% wt. Pt was photodeposited in the solution. The suspension 
was kept under constant stirring and irradiated with a solar simulator (LOT LSH302 Xe lamp and a LSZ389 AM1.5 
Global filter AM 1.5 filter 253 W) at room temperature. The formation of gases in the liquid phase was detected 
with a gas chromatograph coupled with a thermal conductivity detector (Clarus 580 GC, PerkinElmer). The 
temperatures of injector, oven and detector were 80, 62, and 200 ᵒC, respectively. The injected sample volume 
was 500 μL and the carrier gas was helium at a flow rate of 30 L·min−1. 
 
For meaningful comparison with other Ti-MOFs we also tested MUV-11 in 0.1M TEOA (triethanolamine) and 
CH3CN:TEA:H2O (5:1:0.1 v/v/v%), (TEA, triethylamine). H2 production remains very small in all cases, confirming 
the kinetic restriction to LMCT imposed by siderophores compared to carboxylates. 
 

 

Figure S37. H2 production of MUV-11after photodeposition of 1% Pt and 5 hours of irradiation in different 
conditions: a) 0.1 M TEOA (left), CH3CN:TEA:H2O (5:1:0.1 v/v/v%) (center) and c) H2O:MeOH (4:1 v/v%) (right). 

 
The solid used in these catalytic tests was prepared with titanium (IV) (triethanolaminato)isopropoxide (TTTEI). 
We also tested H2 production in MeOH:H2O (4:1 v/v%) by using the conditions described above for MUV-11 
prepared with other precursors like n-butoxide (TTB) and 2-ethylhexyloxide (TTEEO) As shown in the next page, 
all materials display very low H2 photogeneration but a slight influence of the crystallinity of the material over 
performance cannot be discarded, (Figure S38). 
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Figure S38. H2 production of MUV-11 prepared from different precursors. Experiment conditions: 1 mg/mL, 
H2O:MeOH (4:1 v/v%) in sealed vessels, purged with Ar, photodeposited with 1% wt. of Pt and irradiated for 5 
hours with a solar simulator.
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Table S11. Summary of photocatalytic H2 evolution reactions for several Ti-MOFs. 

MOF Electron donor Mass 
(mg) 

[Conc] 
(mg/mL) Light source Time 

(h) 
H2 evolution 
(μmol/gcat) 

Ref. 

MIL-100(Ti) H2O: MeOH 
(4:1 v/v%) - 1 Xe (300W) 24 1000 6 

MUV-10(Mn) H2O: MeOH 
(4:1 v/v%) - 1 Xe (300W) 24 6500 7 

Ti-MOF-NH2 
TEOA (0.01M) 

10 5 
Xe lamp (500 W) 

(<420 nm) 

3 500 
1 Pt/Ti-MOF-

NH2 10 5 3 1550 

MIL-125-NH2 

TEOA (5% aq.) 

5.0 0.1 Solar 
illumination 3 1.183 

8 1.0 wt % 
Cu2O/ MIL-

125-NH2 
5.0 0.1 Solar 

illumination 3 33.166 

MIL-125-NH2 
CH3CN:TEA:H2O 

5.0 ~0.8 Hg/Xe lamp 
(500W) 

(>408 nm) 

25 ~500 
8 Co@MIL-

125-NH2 5.0 ~0.8 20 8000 

MIL-125-NH2 

CH3CN:TEOA 
(0.4M):H2O 

6 ~0.215 500W Xe lamp 
(λ>380nm cutoff 

filter) 
500W Xe lamp 

(λ>380nm cutoff 
filter) 

2.5 6.8 

9 Co@MIL-
125-NH2 6 ~0.215 2.5 221.2 

Pt/Ti-MOF-
NH2 

TEOA  
(0.01 M) 10 5 Xe lamp (500 W) 

(<420 nm) 9 6600 2 

MIL-125-NH2 

CH3CN:TEA:H2O 

30 1.045 
500 W Xe/Hg 

lamp 
(irr 385nm) 

24 ~1180 

3 

MIL-167 30 1.045 
500 W Xe/Hg 

lamp 
(irr.280nm) 

24 1230 

MIL-169 30 1.045 
500 W Xe/Hg 

lamp 
(irr.280nm) 

24 100 

NTU-9 like 30 1.045 
500 W Xe/Hg 

lamp 
(irr.280nm) 

24 66.7 

TEOA= triethanolamine, TEA= triethylamine 
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Structural Stability of MUV-11 after Photocatalysis 
In order to check the structural stability of MUV-11 after the photocatalytic experiments, PXRD, ICP and N2 

adsorption isotherms were performed. As discussed in the text, the structural stability of MUV-11 is 
compromised due to its sensitivity to protic solvents. This is translated in a partial amorphization and reduction 
of the overall porosity of the material due to the disruption of the stacking of the layers. Minimum leaching of 
titanium into the solution confirms that the structural amorphization is not associated to chemical degradation 
of the material. 
 
ICP analysis of the supernatants of MUV-11 in H2O:MeOH (4:1 v/v%) irradiated with a solar simulator after 5 
hours yields very small metal leaching: 0.06±0.01 Ti (mg/L). This value is comparable to those obtained after 24 
and 48 hours of soaking in these conditions without irradiation discarding photocorrosion in MUV-11. 
 

 

Figure S39. a) Comparison of the PXRD of MUV-11 before and after soaking in a H2O:MeOH (4:1 v/v%) mixture 
with constant stirring for 24 and 48 hours. b) Metal concentration in the supernatants determined by ICP-MS. 

 

 

Figure S40. N2 adsorption isotherms at 77 K of MUV-11: as-made material exchanged with acetone (black), after 
photocatalytic experiments in H2O:MeOH (4:1 v/v%) (green) and after washing in soxhlet with MeOH (red). 

  

a b 
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The characterization of the sample after reaction by PXRD and FTIR show partial amorphization but no evidences 
of photocorrosion (appearance of TiO2) are identified. 
 

 

 

Figure S41. FT-IR (top) and PXRD (bottom) of MUV-11 before reaction and MUV-11 and Pt/MUV-11 after 
photocatalytic experiments (PC). 
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Electron Paramagnetic Resonance (EPR) 
EPR measurements were carried out for 25 mg of solid suspended in freshly distilled deoxygenated THF. MUV-
11 was degassed by a freeze-pump-thaw procedure and the tube was flame-sealed before data collection. 
Photoreduction was carried out in a Luzchem Photoreactor Model LZC-5 equipped with 8 LZC-UVB lamps. EPR 
data was recorded in a Bruker ELEXYS E580 spectrometer under X-band irradiation (~ 9.3 GHz) at 77 K.  
 

 

Figure S42. EPR measurement of MUV-11 before and after irradiation. The inset shows a zoom-in of the 3100-
3600 G area. The weak signal corresponds to the formation of photoexcited radicals with g ≈ 2.00 localized in 
the organic linker. 
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S8. Computational Methods 

Band gap calculation and electronic structure 
 

Figure S43: Total and projected density of states of each atom of MIL-125-NH2, MUV-10(Ca), NTU-9 and MUV-
11 as obtained by using the screened hybrid functional HSE06. The grey line indicates the calculated band gap. 

 

Table S12. Calculated contribution of the metal and ligands to the density of states at the conduction band (CB) 
of carboxylate and siderophore MOFs. 

 

Ti-MOF 
contribution to CB (%) 

Ti Ligand 

MIL-125-NH2 57 43 

MUV-10 82 18 

NTU-9 30 70 

MUV-11 31 69 
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Visualizations of the structures and orbitals, as shown in Figure S35, were created with the VESTA (Visualization 
or Electronic and Structural Analysis) version 3.4.0 package.10  
 
a) 
 

 

b) 
 

 

c) 

 

d) 

 

Figure S44. Orbitals contribution to the HOCO (yellow) and LUCO (blue) of (2x2) supercell: a) MIL-125-NH2, b) 
MUV-10(Ca), c) NTU-9, and d) MUV-11. Isosurface levels = 0.001 eÅ-3. Colour code: purpura = titanium, red = 
oxygen, grey = carbon, white = hydrogen, blue = nitrogen, green = calcium.  
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1. Motivation 

During the last few years, mixed-metal/heterometallic MOFs have been gaining 
importance given the possibility to display properties often not present in their 
homometallic counterparts.1,2 Recent works demonstrate that it is possible to obtain 
frameworks of different structures and complexities combining titanium and another 
metal within the same structure by direct synthesis.3–5 This can be attained by a 
combination of both metals in the same SBU or by forming segregated homometallic 
clusters and can give rise to new structures combining the photocatalytic properties of 
titanium with those of the second metallic ion.  Moreover, the addition of a softer metallic 
ion may help obtaining MOF single-crystals suitable of structure determination by X-ray 
diffraction by slowing down the nucleation rate,6,7 a not common feature in the synthesis 
of Ti-MOFs. Thus, in a first approach we aimed to synthesize heterometallic Ti-based 
MOFs by combination of titanium with a divalent M(II) metal. We soon obtained our 
first results with the obtention of our first family of heterometallic titanium frameworks, 
named MUV-10.  

2. Summary of the key results 

The results presented in this chapter were published in “Castells-Gil, J., .M. Padial, 
N., Almora-Barrios, N., Albero, J., Ruiz-Salvador, A. R., González-Platas, J., García, H., 
and Martí-Gastaldo, C. Chemical Engineering of Photoactivity in Heterometallic 
Titanium–Organic Frameworks by Metal Doping. Angew. Chem. Int. Ed. 57, 8453–8457 
(2018).” In the present work, we report a new heterometallic Ti-MOF, namely MUV-10, 
which was first obtained by combination of titanium with a divalent M(II) metallic ion 
like Ca. MUV-10(Ca) could be synthesised by direct reaction of CaCl2 and Ti(OiPr)4 with 
H3btc in a DMF:AcOH mixture. Unlike the homometallic MIL-100(Ti) and MUV-11 
MOFs described in the previous chapters, MUV-10(Ca) could be isolated as octahedral 
single-crystals suitable for SCXRD analysis. The structure of MUV-10(Ca) is composed 
of heterometallic SBUs of formula [Ti2Ca2(μ3-O)2(O2C)8(H2O)4], in which the Ti ions 
occupy the positions with an octahedral coordination geometry whereas the Ca ions 
display a trigonal prismatic geometry. The SBU is capped by four H2O molecules, two 
completing the coordination sphere of the Ti atoms and two interacting weakly with the 
Ca atoms, and eight carboxylates acting as bridges between the metallic ions. The self-
assembly of this SBU with btc linkers generated a porous 3D cubic structure (Figure 4.1a). 
The structure can be seen as a 3,8-connected net with the topology featuring two types of 
microporous cages of octahedral and cuboctahedral morphologies. As a result, MUV-
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10(Ca) displayed a BET surface area of 1041 m2·g-1. As we did in our previous studies with 
MIL-100(Ti) and MUV-11, we also investigated the effect of the titanium precursor 
(Ti(OiPr)4, Cp2TiCl2, CpTiCl3 and Ti6) on the formation of MUV-10(Ca) to show that 
MUV-10 can be formed as single-crystals regardless the nature of the precursor. However, 
the type of precursor was found to have an effect on the size of the crystals formed which 
ranged from 10 to 50 μm. Nonetheless, the synthesis of MUV-10(Ca) could be easily 
scaled-up to form grams of material in only one synthesis.  

Regarding the properties of MUV-10(Ca), we tested the chemical stability of 
MUV-10(Ca) in water under different pH values, as described in the previous chapters. 
Surprisingly, no structural changes, nor any reduction in the surface area, were observed 
in MUV-10(Ca) in the pH range 2-12, despite the presence of divalent metals like Ca in 
the structure, which we ascribed to the presence of strong Ti-O bonds. We also 
investigated the optical properties of MUV-10(Ca) to have an insight of the potential 
photocatalytic properties of this material. An optical band-gap of ca. 3.26 eV was 
estimated based on UV-Vis DRS measurements which was in agreement with that 
obtained from DFT electronic structure calculations (3.1 eV). Moreover, when a 

the

topology

[TiIVCaII(μ-O)(OC)(HO)]

10 µm

a b

c

Figure 4.1 – a) Structure of the tetrameric Ti2Ca2 SBU (top) and the porous atomic structure of
MUV-10.  b) Natural tiling and underlying net of MUV-10 showing the different types of
microporous octahedral (blue) and cuboctahedral (grey) cages. c) SEM image of as-synthesised
MUV-10 crystals. 
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suspension of MUV-10(Ca) was irradiated with UV light in the absence of O2, MUV-
10(Ca) turned into a dark-blue powder which, alongside the EPR measurements 
performed before and after irradiation, confirmed the formation of photo-reduced Ti(III) 
species (Figure 4.2a). However, MUV-10(Ca) was not suitable to carry out photocatalytic 
processes under visible light as it could only be photo-reduced under UV light. Thus, we 
sought to enhance its light absorption in the visible region. Common approaches to 
endow photocatalytic MOFs with activity under visible light usually rely on the 
introduction of functional groups in the organic linker,8,9 the use of strong light absorbing 
linkers, like those based on porphyrin groups,10–12 or the grafting or encapsulation of 
photoactive sensitizers.13–16 However, we decided to focus on a simpler approach based on 
the substitution of Ca ions by other open shell transition metals. Accordingly, we carried 
out DFT calculations to calculate the enthalpies of formation of MUV-10 with different 
M(II) first row transition metals. These suggested Mn(II) to be the most suitable ion to 
be incorporated into the heterometallic SBU, in consonance with previous theoretical 
studies.17 Thus, we carried out the synthesis of MUV-10 but replacing Ca(II) by Mn(II) 
under the same solvothermal conditions, which allowed to obtain MUV-10(Mn) as high-
quality octahedral crystals. MUV-10(Mn) showed improved water stability properties 
than MUV-10(Ca) but, more importantly, it displayed a lower optical band-gap (2.56 eV), 
as a result of the enhanced light absorption. DFT calculations were used to shed light onto 
the reduction of the band-gap, which suggested that it was due to the introduction of Mn 
3d states into the VB edge.  

MUV-10(Ca)

MUV-10(Mn)

a b c

Dark UV

Dark UV

Figure 4.2 – a) EPR spectra of MUV-10(Ca) (top) and MUV-10(Mn) before and after irradiation
with UV light. The inset shows the change in colour to dark blue upon irradiation. b)
Contribution to the electron density in the VB (yellow) and the CB (red) edges in MUV-10(Ca)
(top) and MUV-10(Mn) (bottom). c) Evolution of the photocatalytic H2 production in MUV-
10(Ca) and MUV-10(Mn) from a H2O:MeOH (4:1) mixture. 
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With this information, we evaluated the photocatalytic properties of MUV-10(M) 
(M = Ca, Mn) solids in the H2 production reaction from a suspension of the solids in a 
H2O:MeOH (4:1 v/v) mixture under UV-Vis light irradiation. These experiments clearly 
showed that MUV-10(Mn) outperformed MUV-10(Ca) with a production of ca. 6500 
μmol H2 per gram of catalyst after 24 hours of reaction, which is twice as high as the one 
obtained with MUV-10(Ca) (ca. 3000 μmol·g-1) under the same conditions. This was 
ascribed to the improved light absorption in the visible region in MUV-10(Mn). 
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Chemical Engineering of Photoactivity in Heterometallic Titanium–
Organic Frameworks by Metal Doping
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Abstract: We report a new family of titanium–organic frame-
works that enlarges the limited number of crystalline, porous
materials available for this metal. They are chemically robust
and can be prepared as single crystals at multi-gram scale from
multiple precursors. Their heterometallic structure enables
engineering of their photoactivity by metal doping rather than
by linker functionalization. Compared to other methodologies
based on the post-synthetic metallation of MOFs, our approach
is well-fitted for controlling the positioning of dopants at an
atomic level to gain more precise control over the band-gap
and electronic properties of the porous solid. Changes in the
band-gap are also rationalized with computational modelling
and experimentally confirmed by photocatalytic H2 produc-
tion.

Metal–organic frameworks (MOFs) are crystalline, molec-
ular solids built from the linking of organic and inorganic
components with coordinative bonds. MOFs feature incom-
parable chemical diversity and sizeable three-dimensional
porosity ideal for applications like gas storage, separation or
catalysis.[1, 2] However, they often suffer from poor chemical
stability—particularly in humid conditions—limiting their
performance and preventing large-scale application.[3] Chemi-
cally robust MOFs can be produced by using basic nitro-
genated linkers[4, 5] or highly charged metals like Zr or HfIV,[6–8]

for endowing the framework with stronger metal–linker
bonds less prone to hydrolysis.

Compared to these metals, titanium is naturally more
abundant and features advantageous properties like low

toxicity, redox versatility and potential photocatalytic activity.
However, the synthesis of carboxylate-bridged TiIV, crystal-
line, porous materials remains still a synthetic challenge.[9]

This is arguably due to the high reactivity of Ti precursors,
which are prone to hydrolysis in the solvothermal conditions
conventional to MOF synthesis to form amorphous TiO2. As
result, only a few TiIV-MOFs like MIL-125,[10] NTU-9[11] and
COK-69[12] synthesised from simple Ti precursors or PCN-
22[13] and PCN-415[14]—by using preformed clusters—have
been prepared by direct reaction with polycarboxylate link-
ers.

Applications of Ti-MOFs in photocatalysis are continu-
ously expanding due to the unique properties that can arise
from the combination of high surface area, crystallinity good
photostability and photoactivity.[15, 16] Moreover, compared to
traditional inorganic semiconductors like TiO2, photocatalytic
activity can be finely tuned by direct modification of the
organic linker to enhance light absorption in the visible
region. This can be attained by functionalization of the linker
with substituents to shift light absorption as exemplified by
NH2-MIL-125.[17–19] Still, other routes often used with oxide
semiconductors remain underexplored. Here we present
a new family of chemically robust, photoactive titanium–
organic frameworks coined MUV-10 (MUV= Materials of
Universidad de Valencia), that can be prepared as single
crystals at multi-gram scale. Compared to other Ti-MOFs,
their structure is based on heterometallic SBUs. We use this
feature to investigate the impact of incorporating open-shell
metals over the electronic structure of the framework for
tunable photoactivity.

MUV-10(Ca) was first synthesised by solvothermal reac-
tion of titanium(IV) isopropoxide, calcium chloride and
trimesic acid (H3btc; benzene-1,3,5-tricarboxylic acid) in
N,N-dimethylformamide (DMF), by using acetic acid as
modulator (S2). Heating at 120 88C for 48 hours results in
quantitative formation of colourless, octahedral crystals of
micrometric size of formula [TiIV

3CaII
3(m3-O)2(btc)4-

(H2O)6]·solvent (Figure 1). MUV-10(Ca) is a three-dimen-
sional, porous solid built from the interlinking of fully
deprotonated trimesate anions and tetranuclear TiIV

2CaII
2-

(m3-O)2(H2O)4(CO2)8 clusters (Figure 2a). The SBU is com-
posed of six-coordinated octahedral TiIV and six-coordinated
CaII centres with a trigonal prismatic geometry, that are
interconnected by eight carboxylates acting as m2-bridges, two
m3-oxo anions and water molecules to complete the positions
left at their coordination sphere. There are examples of
neutral clusters with this structure in the literature (see
Table S2 in the Supporting Information) but, as far as we
know, this SBU remained still missing in MOF chemistry.

[*] J. Castells-Gil,[+] Dr. N. M. Padial,[+] Dr. N. Almora-Barrios,
Dr. C. Mart&-Gastaldo
Universidad de Valencia (ICMol)
Catedr#tico Jos8 Beltr#n-2, 46980, Paterna (Spain)
E-mail: carlos.marti@uv.es

Dr. J. Albero, Prof. H. Garc&a
Instituto Universitario de Tecnolog&a Qu&mica CSIC-UPV
Universitat PolitHcnica de ValHncia
Av. De los Naranjos s/n, 46022, Valencia (Spain)

Dr. A. R. Ruiz-Salvador
Department of Physical, Chemical and Natural Systems
Universidad Pablo de Olavide
Ctra. de Utrera, Km. 1, 41013 Sevilla (Spain)

Dr. J. Gonz#lez-Platas
Departamento de F&sica, Universidad de La Laguna
E-38200 San Cristkbal de La Laguna, Santa Cruz de Tenerife (Spain)

[++] These authors contributed equally.

Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.201802089.

Angewandte
ChemieCommunications

8453Angew. Chem. Int. Ed. 2018, 57, 8453 –8457 T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/ange.201802089
http://dx.doi.org/10.1002/anie.201802089
http://orcid.org/0000-0001-7931-3867
http://orcid.org/0000-0001-7931-3867
http://orcid.org/0000-0001-7931-3867
http://orcid.org/0000-0001-7931-3867
http://orcid.org/0000-0001-7931-3867
http://orcid.org/0000-0001-7931-3867
http://orcid.org/0000-0001-7931-3867
http://orcid.org/0000-0001-5269-2705
http://orcid.org/0000-0001-5269-2705
http://orcid.org/0000-0002-2004-687X
http://orcid.org/0000-0002-2004-687X
http://orcid.org/0000-0003-3339-2998
http://orcid.org/0000-0003-3339-2998
http://orcid.org/0000-0003-3203-0047
https://doi.org/10.1002/anie.201802089
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.201802089&domain=pdf&date_stamp=2018-06-06


Overall, each tetranuclear cluster is connected to eight
neighbouring SBUs by eight btc linkers, four above and
four below the plane of the tetramer, to conform a neutral
framework with cubic symmetry (Figure 2 b). The SBU was
found to be in a two-fold rotational disorder without affecting
the overall structure (Figure S2a, b). For a clearer structural
description, Figure 2c shows the underlying net of MUV-
10(Ca) as calculated with ToposPro[20] and Systre.[21] Each btc
unit acts as a 3-c node and links 8-c SBUs into a (3,8)-
connected the net. This topology is quite elusive but has been
reported for frameworks based on the combination of MII

4Cl
(M = Mn, Cu) and Zr6O4(OH)4(RCO2)12 SBUs with linkers
featuring D3h symmetry either for tetrazolate[22] or carboxyl-
ate connectors.[23–25] This arrangement results in an open
framework with 3D intersected channels and octahedral cages
formed by six SBUs and eight btc molecules, that account for
a solvent-accessible volume close to 50% of the total
(Table S5). The resulting sodalite-type cages can accommo-
date spheres with an internal diameter of 1.2 nm and display
square windows with free apertures slightly above 0.5 nm
(Figure 2d).

The synthetic difficulties inherent to the production of Ti-
MOFs is one of the key limitations for further development in
this area. This pushed us to optimize its synthesis and
investigate the effect of the metal precursor over the solids
formed. MUV-10(Ca) can be produced at a gram-scale with
yields close to 90% by simple upscaling of reagents. We
selected a list of different precursors commonly used in the
synthesis of Ti-MOFs like TiIV isopropoxide,[10,11] Cp2TiCl2

[12]

or a preformed Ti6O6(OiPr)6(O2C)6 SBU.[14,26] Our experi-

ments confirm that MUV-10(Ca) can be prepared as single
crystals in all cases. The precursor only affects their size
moderately, that increases from 10 to 50 mm according to the
sequence Cp2TiCl2 > Ti6O6(OiPr)6(O2C)6 > Ti(OiPr)4 (Fig-
ure S1).

Phase purity was confirmed by LeBail refinement of the
powder X-ray diffraction (PXRD, Figure S7 a), thermogravi-
metric analysis (TGA) and scanning electron microscopy
(SEM). MUV-10(Ca) remains stable up to 450 88C (Figure S8).
This thermal stability is very similar to other Ti-MOFs like
MIL-125.[10] SEM was used to rule out metal clustering and
confirm the homogeneous distribution of Ca and Ti through-
out the sample (Figure S5). MUV-10(Ca) displays type-I
reversible N2 adsorption with no hysteresis, characteristic of
microporous materials (Figure 3a). The multi-point BET
surface area was found to be 1041 m2·g@1 with a total pore
volume of 0.40 cm3 g@1 (Table S4, Figure S9). Analysis of the
pore size distribution (PSD) by using non-linear density
functional theory (NLDFT) methods reveals a homogeneous
pore diameter of 10.3 c, that is in agreement with the value of
12.0 c calculated from the structure. MUV-10(Ca) also
adsorbs a significant amount of CO2, 4.56 mmolg@1

(20.1 wt %) at 293 K and 1 bar, with an isosteric heat of
adsorption of 27.7 kJmol@1 (Figure S11). Although the intro-
duction of divalent metals in the SBU might act as weak
points towards hydrolysis, compromising the stability of the
material, MUV-10(Ca) maintains its structural integrity
between pH 2 and 12. According to the PXRD LeBail
refinements (Figures 3 b and S14–16) and N2 adsorption
measurements (Figure 3a, Table S6), soaking of the solid in
concentrated solutions of HCl and NaOH(aq) during
24 hours does not affect its crystallinity or surface area. As
pointed out in the introduction, there is a limited number of
MOFs showing hydrolytical stability in these conditions.
MUV-10(Ca) shows excellent chemical stability, comparable
to other benchmark materials,[3] likely due to the presence of
strong Ti@O coordination bonds in the structure.

Asides chemical stability, TiIV nodes are also expected to
render photoactive MOFs. To investigate this possibility, we
calculated the electronic structure of MUV-10(Ca) by using
density functional theory (DFT; see S6 for the computational
methodology). As shown in Figure 4a, the electronic density

Figure 1. Size and morphology of as-made MUV-10(Ca) crystals exam-
ined a) using an optical microscope and b) by SEM.

Figure 2. Structure of MUV-10(Ca). a) TiIV2CaII
2(m3-O)2(H2O)4(CO2)8 tetramers acting as SBUs. b) Perspective along [001] showing the overall

structure of the 3,8-connected framework. c) Natural tiling of polyhedral cages in the underlying net of MUV-10. d) Internal structure of the
sodalite-type octahedral cages.
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of states diagram (DOS) suggests that this material is
a semiconductor with a band-gap of 3.1 eV, in good agree-
ment with the optical value extracted from diffuse reflectance
spectroscopy (DRS) measurements according to the
Kubelka–Munk function (Figure S12). Similar to other Ti-
MOFs,[12, 14, 18] the conduction band (CB) is dominated by Ti
3d orbitals, whereas the valence band (VB) is composed
mainly by 2p orbitals from the aromatic btc units. The
calculated band-gap is compatible with UV light photo-
activity. To probe this point, we irradiated MUV-10(Ca) in dry
deoxygenated THF with UV-B light (l = 280–315 nm). This
produced a change in colour from white to dark brown in less
than 2 hours. This change remains stable with time and reverts
back instantaneously by exposure of the solid to open air. As
shown in Figure 3c, the electron paramagnetic resonance
(EPR) spectra of MUV-10(Ca) before and after irradiation

shows the appearance of
two signals only for the
last. A broad signal at
0.35 T with g fitted parame-
ters gk= 1.975 and g?=

1.946, characteristic of TiIII

species, and a sharper one at
lower fields with a g = 2.00
that can be attributed to the
formation of btc radicals.
This is indicative of the
photoreduction of the
linker to generate an excited
state that transfers the
charge to the TiIV metal
nodes upon ligand-to-metal
charge transfer (LMCT).

MOFs featuring LMCTs
like MIL-125 are arguably
preferable for photocata-
lytic purposes due to more
efficient charge separation if
compared to other systems
in which photoexcitation
only affects isolated linkers
or metals.[27] Also, MUV-10-

(Ca) displays excellent chemical stability key to circumvent
the drastic conditions often used in photocatalytic experi-
ments. However, we identified its inability to operate with
visible light as an important limitation in this context. As
exemplified for NH2-MIL-125 and UiO-NH2 families, more
efficient light harvesting can be accomplished by ligand
engineering.[18, 19] The structure of MUV-10 seemed instead
more adequate to investigate the effect of incorporating
open-shell metals over its photoactivity. In order to identify
the best candidate, we calculated the enthalpies and free
energies for exchanging CaII with several transition-metal
cations. Our calculations suggested that the incorporation of
MnII to the heterometallic clusters in MUV-10 was more
favourable thermodynamically (S6, Table S8). This prediction
is consistent with previous theoretical studies, suggesting that
metals with high-spin d5 configurations like MnII prefer

Figure 4. Electronic structure of MUV-10 family. a) Total electronic density of states (DOS, black curve) for
MUV-10(Ca) (top) and MUV-10(Mn) (bottom) calculated by using the screened hybrid functional HSE06.
Contribution of Ti, Ca, Mn, C and O atoms to the DOS are shown in colour. The valence band and conduction
band edges are indicated with a dashed line. b) Electron density in the VB (yellow) and CB (red) of MUV-
10(Ca) (top) and MUV-10(Mn) (bottom).

Figure 3. a) Comparison of the N2 isotherms at 77 K and BET surface areas of as synthesised MUV-10(Ca) and after water treatment at neutral,
acid and basic pH. b) PXRDs confirming the structural integrity of MUV-10(Ca) between pH 2 and 12. c) EPR before and after irradiation with UV-
B light confirms photoinduced generation of TiIII and btc radicals.
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a trigonal prism coordination.[28] Accordingly, we prepared
MUV-10(Mn) by direct synthesis by following the same
procedure used for the Ca phase. This derivative is isostruc-
tural to the calcium analogue as confirmed by LeBail
refinement of the PXRD (Figure S7 b). Equimolar ratio of
Ti and Mn was confirmed with SEM (Figure S6). MUV-
10(Mn) also displays equivalent thermal stability (Figure S8),
N2 and CO2 sorption capabilities (Table S4, Figures S10–11)
than MUV-10(Ca), with minimum changes associated to
a slight contraction of the unit cell due to the smaller ionic
radius of MnII (0.83 vs. 1.06 c). We also examined the
chemical stability of MUV-10(Mn) in extreme acid and basic
conditions. According to the PXRD (Figures S17–19) and N2

sorption analysis (Figure S21, Table S7), the structure and
porosity of the solid remains intact after water treatment
between a broader range of pH, from 1 to 12. We attribute this
increase in stability to the presence of stronger Mn@O
coordination bonds. As shown in Figure 4a, the incorporation
of MnII units to the structure of MUV-10 also affects its
electronic structure, reducing the band-gap to 2.6 eV. This is
consistent with the experimental red shift of the absorption
peak in the DRS for an optical band-gap of 2.56 eV (Fig-
ure S12). This change is directly linked to the introduction of
d electrons. Closed-shell CaII centres in MUV-10(Ca), only
contribute to the DOS deep inside the VB states without
modifying the electronic structure around the band-gap. In
turn, d orbitals from MnII contribute significantly to the upper
VB for a narrowing of the band-gap (Figure 4b). Photo-
activity was next confirmed by the EPR of MUV-10(Mn). We
observed a change of colour into dark blue upon irradiation,
suggesting the formation of TiIII species also centred at 0.35 T.
Unfortunately, the coupling with the electronic spin of
paramagnetic MnII difficulties further analysis (Figure S13b).

For a clearer demonstration of the superior activity of
MUV-10(Mn) with visible light, we next tested the activity of
both derivatives as photocatalysts for H2 generation. Irradi-
ation of a suspension of the solids in H2O:CH3OH with a Xe
lamp (300 W) confirms that the Mn phase doubles the activity
of the Ca one with a production of 6500 mmolg@1 of H2 after
24 hours of irradiation (Figure 5, see S7 for experimental

details). Although differences in the experimental setup
prevent direct comparison, MUV-10(Mn) seems to display
a superior photocatalytic activity than the benchmark NH2-
MIL-125 under similar conditions.[17]

MOFs are relatively new materials in the field of photo-
activated transformations but they are receiving increasing
attention due to their structural and chemical tunability. Here
we report a new family of heterometallic titanium–organic
frameworks that enlarges the limited number of crystalline,
porous materials available. MUV-10 materials can be pre-
pared as single crystals at a multi-gram scale and display
excellent chemical stability. The heterometallic clusters in
their structure form an excellent platform for manipulating
their electronic structure and photoactivity by metal doping
rather than by linker functionalization. Compared to other
methodologies based on post-synthetic metal exchange of Ti-
MOFs,[26, 29] our approach is simpler and makes it possible to
control the positioning of dopants at atomic level and at
doping levels as high as 50 %. Based on their high stability and
tunable photoactivity, we expect this new family of materials
to accelerate the design of advanced Ti-MOF photocatalysts.
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S1. Materials and reagents.  
 
Ti(OiPr)4 (97%), MnCl2·4H2O (99%), CaCl2·6H2O (98%), N,N-dimethylformamide (99.8%) and acetic acid (99.7%) 
were purchased from Sigma-Aldrich. benzene-1,3,5-triscarboxylic acid (98%) was purchased from TCI Europe. All 
reagents and solvents were used as received without further purification. 
 
S2. Synthesis of materials and experimental details.  
 
Common synthesis of MUV-10 solids were carried out by dissolving 125.0 mg of benzene-1,3,5-tricarboxylic acid 
(H3btc, 595 µmol), 26.8 mg of CaCl2·6H2O (120 µmol) for MUV-10(Ca) or 23.8 mg of MnCl2·4H2O (120 µmol) for 
MUV-10(Mn) in a mixture of 12 mL of N,N-dimethylformamide and 3.5 mL of AcOH in a 25 ml Schott bottle. 
Subsequently, 36 µL of Ti(OiPr)4 (120 µmol) were added to the clear solution in a glove-box. The bottle was sealed 
and heated in an oven at 120 ºC for 48 hours. After cooling down to room temperature, the microcrystalline powder 
was recovered by centrifugation and rinsed with fresh DMF, water and MeOH several times. The solids were then 
allowed to dry under vacuum at room temperature.  
Elemental analysis for [TiIV3CaII3(µ3-O)3(btc)4(H2O)6]·6.5H2O·4.3DMF, found: C (35.50), H (4.58), N (3.01). 
Calculated: C (34.94), H (4.02), N (3.56). 
Elemental analysis for [TiIV3MnII3(µ3-O)3(btc)4(H2O)3]·5.1DMF, found: C (38.33), H (3.23), N (4.57). Calculated: C 
(38.23), H (3.36), N (4.44). 
Prior to any other analysis, the solids were washed by soxhlet extraction with MeOH overnight and dried under 
vacuum at room temperature. 
 
Single-Crystals: Single-crystals of different sizes of MUV-10(Ca) were obtained under the same conditions 
described above but with different Ti(IV) precursors and 7 mL of acetic acid. The Ti(IV) precursors tested were 
Ti(OiPr)4, Cp2TiCl2 and a hexanuclear Ti(IV) oxo-cluster of formula [Ti6O6(OiPr)6(4-tbbz)6] (4-tbbz = 4-tert-butyl-
benzoic acid).1 Single-crystals suitable for SCXR analysis of MUV-10(Ca) were obtained by using TiCpCl2 as a 
Ti(IV) precursor and 7 mL of acetic acid. Same reaction conditions with Mn(II) afforded small cuboctahedral 
crystallites (Figure S1). 
 
Scale-up: MUV-10 solids could be synthesized at a gram scale following the same procedure described above by 
using 2.5 g of H3btc (11.9 mmol), 0.536 g of CaCl2·6H2O (2.4 mmol) or 0.476 g of MnCl2·4H2O (2.4 mmol) and 720 
µL of Ti(OiPr)4 (2.4 mmol) in 240 ml of N,N-DMF and 70 ml of acetic acid (Yield ca. 93% based on Ti). 
 
 
 
 

 
 
 

Figure S1. Optical microscope images of single-crystals of MUV-10(Ca) formed with Ti(OiPr)4 
(left), Cp2TiCl2 (middle) and a pre-formed [Ti6O6(OiPr)6(4-tbbz)6] complex (right). 
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S3. Crystal data and structure refinement for MUV-10(Ca). 
 
X-ray diffraction data single crystal of MUV-10(Ca) was collected at 150 K with an Agilent SuperNOVA 
diffractometer with microfocus X-ray using Cu Kα radiation (λ=1.54184 Å) and equipped with an Oxford Cryosystem 
700+. CrysAlisPro software was used to collect, index, scale and apply Numerical absorption correction based on 
Gaussian integration over a multifaceted crystal model. The structure was solved by dual-space algorithm using 
SHELXT program.2 Fourier recycling and least-squares refinement were used for the model completion with 
SHELXL-2017.2 All atoms have been refined anisotropically. MUV-10(Ca) contains disordered metallic atoms in a 
two-position disorder. The metallic units were then placed in PART 1 and PART 2 for each pair of Ti-Ca atoms 
along with their corresponding O atoms. Hydrogen atoms have been placed in geometrically suitable positions and 
refined riding with isotropic thermal parameter related to the equivalent isotropic thermal parameter of the parent 
atom. Also a disordered solvent is present in the compound that was impossible modelled with accuracy and we 
had to apply the solvent masking procedure as implemented in Olex2 on refinement. 
Crystallographic data for structure reported in this contribution have been deposited with the Cambridge 
Crystallographic Data Centre as supplementary publication CCDC1819267. Copy of data can be obtained free of 
charge on application to the CCDC, Cambridge, UK via www.ccdc.cam.ac.uk/data_request/cif. 
 
 
Table S1. Crystallographic Information of MUV-10(Ca). 
 

Identification code  MUV-10(Ca)  
Empirical formula  C36Ca3O33Ti3  
Formula weight  1224.35  
Temperature/K  150(1)  
Crystal system  cubic  
Space group  Pm-3  
a/Å  15.8362(8)  
b/Å  15.8362(8)  
c/Å  15.8362(8)  
α/°  90  
β/°  90  
γ/°  90  
Volume/Å3  3971.5(6)  
Z  2  
ρcalcg/cm3  1.024  
μ/mm-1  4.777  
F(000)  1212.0  
Crystal size/mm3  0.072 × 0.066 × 0.058  
Radiation  CuKα (λ = 1.54184)  
2Θ range for data collection/°  7.896 to 108.234  
Index ranges  -16 ≤ h ≤ 16, -11 ≤ k ≤ 7, -16 ≤ l ≤ 8  
Reflections collected  3567  
Independent reflections  926 [Rint = 0.0249, Rsigma = 0.0207]  
Data/restraints/parameters  926/20/87  
Goodness-of-fit on F2  1.172  
Final R indexes [I>=2σ (I)]  R1 = 0.0941, wR2 = 0.2881 
Final R indexes [all data]  R1 = 0.1054, wR2 = 0.3023  
Largest diff. peak/hole / e Å-3  0.30/-0.38  
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PART 1 PART 2 PART 1 + PART 2 

a) 

b) 

c) 

Figure S2. ORTEP representation (50% probability) of the asymetric unit (a) and the secondary 
building unit (b) showing the two fragments PART 1 and PART 2 separately. (c) View of the two 
types of microporous cages found in MUV-10. Hydrogen atoms have been ommited for clarity. 
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Table S2. CSD entries for the search of tetrameric clusters similar to the Ti-MII SBU featured by MUV-10. 
 

C40H48F24O24Pb2Ti23 

 

C64H48N8O36Sn44 

 
  

C64H48N8O36Sn45 

 

C52H86Fe4N2O186 

 
  

C56H94Fe4N2O187 
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S4. Chemical Characterization  
 
Scanning Electron Microscopy (SEM-EDX) 
Particle morphologies and dimensions were studied with a Hitachi S-4800 scanning electron microscope at an 
accelerating voltage of 20 kV, over metalized samples with a mixture of gold and palladium during 90 seconds. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S3. Scanning Electron Microscopy (SEM) images of MUV-10(Ca).  
 

Figure S4. Scanning Electron Microscopy (SEM) images of MUV-10(Mn).  
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SEM-Energy-dispersive X-Ray analysis (EDX) of MUV-10 solids were studied with a Hitachi S-4800 scanning 
electron microscope at an accelerating voltage of 20 kV. Mapping of Ca (blue) or Mn (red) and Ti (green) confirms 
that element distribution is homogeneous with small statistic deviation across the solid. Experimental metal ratio % 
from point and shoot EDX analysis for different crystals in the solids is represented in the histogram below. 
 
 
 

 
 

Figure S5. a) Mapping of MUV-10(Ca) showing Ti (green) and Ca (blue) b) Experimental Ti:Ca ratio % 
from point and shoot EDX analysis for different crystals. 
 

a) 

b) 



SUPPORTING INFORMATION          

8 
 

 

 
 
 
 
 
 
 
  

Figure S6. a) Mapping of MUV-10(Mn) showing Ti (green) and Mn (red) b) Experimental Ti:Mn ratio % 
from point and shoot EDX analysis for different crystals. 
 

b) 

a) 
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Powder X-Ray Diffraction (PXRD) 
 
Powder XRD patterns were collected for polycrystalline samples using a 0.5 mm glass capillary mounted and 
aligned in a PANalytical Empyrean diffractometer (Bragg-Brentano geometry) using copper radiation (Cu Kα l= 
1.5418 Å) with an PIXcel detector, operating at 40 mA and 45 kV. Profiles were collected by using a Soller Slit of 
0.02º and a divergence slit of ¼ at room temperature in the angular range 3° < 2θ < 80° with a step size of 0.013°. 
LeBail refinements were carried out with the FULLPROF software package. 
 
 

  
 
 
  

a) 

b) 

Figure S7. Experimental (red dots), calculated (blue line), difference plot [(Iobs−Icalc)] (black line, 
bottom panel) and Bragg positions (green ticks, bottom panel) for the LeBail refinement of experimental 
diffraction data of MUV-10(Ca) (a) and MUV-10(Mn) (b) collected at room temperature by using single-
crystal data from MUV-10(Ca) as starting parameters 
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Table S3. Summary of the parameters obtained from LeBail refinement. 
 

Compound Formula a=b=c [Å] V [Å3] Re [%] Rp [%] Rwp [%] gof 

MUV-10 (Ca) [TiIV3CaII3(µ3-O)2(btc)4(H2O)6] 15.8172 3957 1.89 2.61 3.42 1.8 
MUV-10 (Mn) [TiIV3MnII3(µ3-O)2(btc)4(H2O)3] 15.6330 3820 3.07 3.89 5.56 1.8 

 
 
 
Thermogravimetric Analysis (TG-SDTA) 
 
TGA-SDTA curves were recorded at a ramp rate of 5 ºC/min on a Mettler Toledo TGA/SDTA 851e/SF/1100 
apparatus between 25 and 800 ºC under synthetic air. 
 
 

 
 
Both solids show clearly two weight losses before their decomposition at around 450 ºC. The first one which occurs 
between 25 and 150 ºC is due to the loss of solvent molecules (MeOH) occluded in the pores. The second weight 
loss, observed between 300 and 400 ºC, can be in turn attributed to the release of water molecules coordinated to 
the metallic ions. This corresponds to a weight loss of 8.7% for MUV-10(Ca) (Calc: 8.6%) and of 4.6% for MUV-
10(Mn) (Calc: 4.4%). The resulting residues upon decomposition of the frameworks were found to be 23.0% (Calc 
(% TiO2 + % CaO): 23.9%) for MUV-10(Ca) and 28.7 % (Calc (% TiO2 + % Mn2O3): 27.8%) for MUV-10(Ca) and 
MUV-10(Mn), respectively.  
  

Figure S8. Thermogravimetric analysis (TGA, solid line) and simultaneous differential thermal analysis 
(SDTA, dashed line) of MUV-10(Ca) (dark red) and MUV-10(Mn) (blue). 
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Analysis of N2 adsorption/desorption isotherms at 77 K 
 
Gas adsorption measurements were performed ex situ on MUV-10 solids washed by soxhlet in MeOH. Surface 
area, pore size and volume values were calculated from nitrogen adsorption-desorption isotherms (77 K) recorded 
on a Micromeritics 3Flex apparatus. Samples were degassed overnight at 150 ºC and 10-6 Torr prior to analysis. 
Brunauer-Emmett-Teller (BET) Surface area analysis were performed as recommended for microporous and 
mesoporous materials.8 
 
Table S4. Main parameters obtained from N2 adsorption isotherms of MUV-10 solids at 77 K 
 

Sample 
SABETa 
[m2 · g-1] 

Vtb 
[cm3 · g-1] 

PSDNLDFTc 
[nm] 
micro meso 

MUV-10(Ca) 1041 0.40 1.03 - 
MUV-10(Mn) 970 0.39 1.02 - 

  
a Specific surface area (SA) was calculated by multi-point Brunauer-Emmett-Teller (BET) method. b Total pore 
volume at P/P0=0.96. c Pore size distribution was analysed by using the solid density functional theory (NLDFT) for 
the adsorption branch assuming a cylindrical pore model.  

 

BET Area  (m2 g-

1) 
1041.1418 ± 0.6393 

Slope 0.004180 ± 0.000003 
Intercept 0.000000 ± 0.000000 
range of P/P0 0.002 – 0.02 
R2 0.9999985 
C 8448.41 
Vm (cm3 g-1) 239.201 
1/(√C+1) 0.01076 
P/P0 at Vm 0.01033 

a) b) 

c) d) 

Figure S9. Analysis of the N2 adsorption/desorption isotherm of MUV-10(Ca) at 77 K. a) N2 
adsorption isotherm (inset: Pore Size Distribution calculated by NLDFT), b) Rouquerol BET, c) Multi-
Point BET analysis and d) main parameters calculated from the multi-point BET analysis of the as-
made MUV-10(Ca). The dashed line on (b) represents the limit of the applicability of the BET theory. 
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Table S5. Porosity of MVU-10(Ca) as estimated from Olex2 CalcVoid/CalcSolv analysis with a 0.2 Å resolution.7 
 

Radius largest spherical 
void [Å] 

Structure 
volume Cell vol. 

[Å3] 

Penetration sphere radius 
[Å] 

Solvent 
accessible 

Vol. [Å3] [%] a b C Vol. [Å3] [%] 

5.80 1603.42 40.37 3971.5 1.0 1.0 1.0 1875.4 47.2 

[a]CalcVoid run using –p –r=0.1 & CalcSolv solvent_radius of 1.80 Å & shrink_truncation_radius of 1.80 Å. Van der Waals radii: 
C, 1.77; H, 1.20; O, 1.52; Ca, 2.00 and Ti, 2.00 Å. 
  

 
BET Area (m2 g-

1) 
969.4886 ± 1.1040 

Slope 0.004489 ± 0.000005 
Intercept 0.000001 ± 0.000000 
range of P/P0 0.002 – 0.02 
R2 0.9999948 
C 6079.497 
Vm (cm3 g-1) 222.739 
1/(√C+1) 0.01266 
P/P0 at Vm 0.01234 

a) 

c) 

b) 

d) 

Figure S10. Analysis of the N2 adsorption/desorption isotherm of MUV-10(Mn) at 77 K. a) N2 
adsorption isotherm (inset: Pore Size Distribution calculated by NLDFT), b) Rouquerol BET, c) Multi-
Point BET analysis and d) main parameters calculated from the multi-point BET analysis of the as-
made MUV-10(Mn). The dashed line on (b) represents the limit of the applicability of the BET theory. 
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Analysis of CO2 adsorption/desorption isotherms  
 
Gas adsorption measurements were recorded on a Micromeritics 3Flex apparatus at relative pressures up to 1 atm 
and performed ex situ on MUV-10 solids washed by soxhlet in MeOH. Samples were degassed overnight at 150 
ºC and 10-6 Torr prior to analysis. A Micromeritics’ ISO Controller was used to keep the temperature constant for 
the CO2 adsoption measurements at 273, 283 and 293 K. The isosteric heats of adsorption were determined by 
means of the Clausius-Clapeyron equation as implemented in the MicroActive Analysis Software using the CO2 
isotherms recorded at 273, 283 and 293 K. 
 

 
 
 
 
 
 
 
 
 
 
  

a) b) 

c) 

Figure S11. CO2 adsorption/desorption isotherms of MUV-10(Ca) (a) and MUV-10(Mn) (b) recorded 
at different temperatures. (c) Isosteric heat of adsorption (Qst) of MUV-10(Ca) (dark red) and MUV-
10(Mn) (blue) calculated from the corresponding isotherms. 
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UV-Vis Spectrocopy – Optical Band-Gap Calculation  
 
UV-Vis diffuse reflectance spectroscopy (DRS) were perfomed on a Jasco V-670 spectrophotometer using an 
integrated Labsphere in the range 200-800 nm. 
 

 
 
Electron Paramagnetic Resonance (EPR) 
 
EPR measurements were performed on 20 mg of solid suspended in freshly distilled deoxygenated THF. The 
samples were degassed prior to experiments by a freeze-pump-thaw procedure and the tube was subsequently 
flame-sealed. Photoreduction of MUV-10 was carried out in a Luzchem Photoreactor Model LZC-5 equipped with 
8 LZC-UVB lamps. EPR data was recorded in a Bruker ELEXYS E580 spectrometer under X-band irradiation (~ 
9.3 GHz) at 77 K. 
 

 
 

Figure S12. Kubelka-Munk function of MUV-10(Ca) (dark red) and MUV-10(Mn) (blue). Red lines 
correspond to the regression fitting of the linear part of the plot. The optical band-gaps of MUV-10(Ca) 
and MUV-10(Mn) were calculated to be 3.26 eV and 2.56 eV, respectively. 

 Figure S13. EPR measurements of MUV-10(Ca) (a) and MUV-10(Mn) (b) before (dashed lines) 
and after irradiations (solid lines). Inset show the change of colour in the solids upon irradiation. 
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S5. Water Stability of MUV-10 solids 
 
Water stability experiments were carried out by immersing 50 mg of MUV-10(Ca) or MUV-10(Mn) in 5 mL of 
aqueous solutions of HCl or NaOH at different pH values ranging from 1 to 14. After 24 hours the solution was 
decanted and the solids washed with water and methanol and allow to dry under dynamic vacuum at room 
temperature. Chemical stability was confirmed with PXRD and gas sorption measurements of the solids after the 
treatment. 
 
Powder X-Ray Diffraction 
 
  

 
 
 
 

Figure S14. PXRD patterns of MUV-10(Ca) after soaking in aqueous solutions at different pH 
values for 24 hours 
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Figure S15. LeBail refinement of MUV-10(Ca) after soaking in an aqueous solution at pH 2 for 
24 hours. Refined cell parameters: Pm-3m, a = b = c = 15.8905 Å, α = β = γ = 90º, Rp = 3.85%, 
Rwp = 5.15%, Rexp = 3.82%, Chi2 = 1.81, GoF = 1.3 

Figure S16 – LeBail refinement of MUV-10(Ca) after soaking in an aqueous solution at pH 12 for 
24 hours. Refined cell parameters: Pm-3m, a = b = c = 15.8976 Å, α = β = γ = 90º, Rp = 3.65%, 
Rwp = 4.85%, Rexp = 3.93%, Chi2 = 1.52, GoF = 1.2 

 



SUPPORTING INFORMATION          

17 
 

 
 

 

Figure S17. PXRD patterns of MUV-10(Mn) after soaking in aqueous solutions at different pH 
values for 24 hours 

Figure S18. LeBail refinement of MUV-10(Mn) after soaking in an aqueous solution at pH 2 for 
24 hours. Refined cell parameters: Pm-3m, a = b = c = 15.6318 Å, α = β = γ = 90º, Rp = 4.30%, 
Rwp = 6.14%, Rexp = 3.76%, Chi2 = 2.67, GoF = 1.6 
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N2 adsorption/desorption isotherms at 77 K 
 
 

 
 
 
  

Figure S19. LeBail refinement of MUV-10(Mn) after soaking in an aqueous solution at pH 12 for 
24 hours. Refined cell parameters: Pm-3m, a = b = c = 15.6453 Å, α = β = γ = 90º, Rp = 4.49%, 
Rwp = 6.28%, Rexp = 2.91%, Chi2 = 4.67, GoF = 2.2 

Figure S20. N2 adsorption/desorption isotherms (left) and calculated BET surface area values 
(right) of the MUV-10(Ca) solids after water treatment at different pH values. 
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Table S6. Main parameters calculated from the multi-point BET analysis of the MUV-10(Ca) after water treatment 
at different pH values. 
MUV-10(Ca) As-made pH-2 pH-7 H-12 

BET Area / m2 g-1 1041.1418 ± 
0º.6393 1030.7399 ± 0.5003 1105.7814 ± 0.5003 1047.5170 ± 0.6617 

Slope 0.004180 ± 
0.000003 

0.001222 ± 
0.000002 

0.003936 ± 
0.000002 

0.004155 ± 
0.000003 

Intercept 0.000000 ± 
0.000000 

0.000001 ± 
0.000000 

0.000001 ± 
0.000000 

0.000001 ± 
0.000000 

range of P/P0 0.002 – 0.02 0.002 – 0.02 0.002 – 0.02 0.002 – 0.02 
R2 0.9999985 0.9999992 0.9999993 0.9999986 
C 8448.41 6083.13 7089.17 6646.78 
Vm / cm3 g-1 239.201 236.811 254.052 240.666 
1/(√C+1) 0.01076 0.01266 0.01174 0.01212 
P/P0 at Vm 0.01033 0.01252 0.01163 0.01206 

 
Table S7. Main parameters calculated from the multi-point BET analysis of the MUV-10(Mn) after water 
treatment at different pH values. 
 
MUV-10(Mn) As-made pH-2 pH-7 pH-12 
BET Area / m2 g-1 969.4886 ± 1.1040 915.1670 ± 0.9936 935.8665 ± 0.9401 924.9760 ± 0.9941 

Slope 0.004489 ± 
0.000005 

0.004755 ± 
0.000005 

0.004650 ± 
0.000005 

0.004755 ± 
0.000005 

Intercept 0.000001 ± 
0.000000 

0.000001 ± 
0.000000 

0.000001 ± 
0.000000 

0.000001 ± 
0.000000 

range of P/P0 0.002 – 0.02 0.002 – 0.02 0.002 – 0.02 0.002 – 0.02 
R2 0.9999948 0.9999959 0.9999965 0.9999960 
C 6079.497 5031.72 5602.57 5043.13 
Vm / cm3 g-1 222.739 210.259 215.014 212.512 
1/(√C+1) 0.01266 0.01390 0.01318 0.01389 
P/P0 at Vm 0.01234 0.01350 0.01314 0.01372 
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Figure S21. N2 adsorption/desorption isotherms (left) and calculated BET surface area values 
(right) of the MUV-10(Mn) solids after water treatment at different pH values. 



SUPPORTING INFORMATION          

21 
 

S6. Computational methods 
 
Our simulations were based on the density functional theory (DFT), as implemented in the Vienna Ab initio 
Simulation Package (VASP).9 The electron−ion interactions were described using the projector-augmented-wave 
(PAW) formalism.10 For the geometry optimizations, we used the generalized gradient approximation (GGA) with 
the Perdew–Burke–Ernzerhof (PBE) functional,11 and including van der Waals (vdW) corrections via the DFT-D3 
method of Grimme.12 The projector augmented wave (PAW) method13,10b was used to describe the frozen core 
electrons and their interaction with the valence electrons. The kinetic energy cutoff for the plane-wave basis set 
expansion was chosen as 500 eV, and a Γ-points was used for integrations in the reciprocal space, due to the large 
size of the unit cell of the direct lattice.  
 
Isostructural MUV-10 solids by metal replacement.  
The use of heterometallic clusters as SBUs represents a versatile route for modifying the electronic structure of the 
framework simply by adequate choice of the divalent cation. To investigate the best candidate for producing an 
isostructural solid we replaced Ca(II) cations by first row transition metal ions. In this case, a closed shell metal 
atom of Ca(II) was substituted by other cations with d electrons (MII = Mn, Fe, Co, Ni, Cu or Zn). We then analysed 
the crystal structure based on changes to the cell parameters, volume and M-O distances. We also studied the 
evolution of the thermodynamic stability of the MUV-10(MII) materials with for the different cations introduced.  
 

 
Figure S22. The DFT-D3 calculated configuration of MUV-10(Ca) (a) and MUV-10(Mn) (b). Color code: gray = 
carbon, white = hydrogen, red = oxygen, blue = titanium, cyan = calcium, purpura = manganese.  

 
In Table S8, we compare the relaxed structure obtained from the substitution of different cation in MUV-10. When 
magnetic cations were considered, the different magnetic polarized configurations converged to similar structures 
for each metal despite of the differences in ionic radii. The metal-oxygen distances in Co, Ni, Cu and Zn(II) are very 
similar (2.15 Å), but the cell parameters are slightly larger for Cu and Zn. We correlate this to the expected less 
ionic bond and associated larger impact on bond angles. Iron(II) has also a peculiar behaviour, as the 0.17 Å 
difference in metal-oxygen distances, with respect to mentioned metals, is not transferred to the cell parameter that 
is only shortened by 0.02 Å. Based on the similarities between ionic radii, metal-oxygen distances and cell 
parameters, the structure of the Mn-exchanged solid is more alike to that of MUV-10(Ca) and more likely to be 
formed under equivalent synthetic conditions. 
  



SUPPORTING INFORMATION          

22 
 

Table S8. Calculated lattice parameters, cell volume and the M(II) distances in heterometallic cluster. All structures 
adopt the cubic space group Pm-3 (200), where a = b = g = 90°. Enthalpy and free energy change of the process 
of exchanging the Ca(II) by M(II), for the various possible spin moments. LS, low-spin. IS, intermediate-spin. HS, 
high-spin.  
 

M(II) Spin state Ionic Radius14 a (Å) V (Å3) d[M-O2C] (Å) d[M-(µ3-O)] (Å) DH (eV) DG0 (eV) 
Ca - 1.06 15.836 3971.48 2.36 2.37 - - 
V - 0.79 15.549 3759.99 2.11 2.08 -15.75 -1.79 
Cr LS 0.73 15.474 3704.82 2.07 2.06 7.69 8.53 
 HS 0.80 15.517 3736.15 2.04 2.19 7.45 8.29 
Mn - 0.83 15.698 3868.64 2.18 2.19 -1.62 -2.64 
Fe LS 0.61 15.530 3745.55 1.99 2.42 25.21 23.11 
 IS - 15.532 3747.09 1.98 2.44 25.55 23.45 
 HS 0.78 15.540 3752.84 1.98 2.49 25.52 23.42 
Co LS 0.65 15.573 3777.00 2.15 2.06 38.62 37.42 
 HS 0.75 15.555 3763.59 2.15 2.03 39.22 38.02 
Ni LS 0.69 15.564 3770.11 2.15 2.08 51.35 48.83 
 HS - 15.572 3776.26 2.13 2.12 51.61 49.09 
Cu - 0.73 15.622 3812.83 2.15 2.16 61.85 60.89 
Zn - 0.74 15.633 3820.58 2.15 2.18 52.18 58.50 
Pd - 0.86 15.748 3905.54 2.05 2.84 49.47 46.65 
Cd - 0.95 15.893 4014.08 2.28 2.33 48.12 49.86 

   
 
To predict the stability of the materials with the different metal cations M(II) substitutions, we calculated the 
enthalpies and free energies for the process of cation exchange in aqueous solution by using the experimental 
hydration enthalpy and free energy of the cations,15 according to the following reaction: 

 
MUV-10(Ca) + 6 M2+ à MUV-10(M) + 6 Ca2+ 

 
The enthalpy and free energy change of the process of exchanging the Ca2+ ions by M2+ cations are summarized 
in Table S8. Our prediction suggests that Mn(II) is thermodynamically more likely to be incorporated in the required 
configuration for the formation of MUV-10. These results are in line with previous theoretical studies that suggest 
that trigonal prism coordination geometries are preferred by metal ions with electron configurations d5 like Mn(II).16 
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Band gap calculation and electronic structure of MUV-10(Ca) and MUV-10(Mn).  
To investigate the effect of the divalent cation in the electronic structure and band gap of MUV-10, we next carried 
out single point calculations by using the screened hybrid functional of Heyd, Scuseria and Ernzerhof (HSE06) (see 
Figure S23).17 The HSE06 functional (25% Hartree–Fock exchange and screening parameter 0.2 Å-1) was chosen, 
as it provides bandgaps in closer agreement with experiment than PBE functional for a wide range of semi-
conducting solids and MOFs.18 Visualizations of the structures and orbitals, as shown in Figure S24, were created 
with the VESTA (Visualization or Electronic and Structural Analysis) version 3.4.0 package.19 
 

 

  

  
Figure S23. Total and projected density of states of each atom of MUV-10(Ca) (solid line) and MUV-10(Mn) 
(dashed line) as obtained by using the screened hybrid functional HSE06.  
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Figure S24. Electron density for the valence band (VB, top) and conduction band (CB, bottom) of MUV-10(Ca) 
and MUV-10(Mn). Isosurface levels = 0.031 eÅ-3. 
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S7. Photocatalytic experiments for H2 production. 
 
Methodology.  
A quartz photoreactor equipped with a manometer was loaded with sonicated dispersions of the corresponding 
MUV-10 MOFs at 1 mg/mL concentration in H2O:MeOH (4:1, v:v) mixture. Prior irradiation the dispersions were 
purged with Ar for 15 minutes and pressurized at a final pressure of 1.3 bar. The photoreactor was located under 
the spot UV-Vis light of an optic fiber from a 300 W Xe lamp at 140 mW/cm2 for 24 h. 
The H2 evolution was followed by injecting 250 µL of the reactor gases in an Agilent 490 MicroGC with a TC detector 
and Ar as carrier gas (MolSieve 5A column). Quantification of the percentage of each gas was based on prior 
calibration of the system injecting mixtures of H2 and Ar with known percentage of gases. 
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Chapter 5: 
Heterometallic Titanium-

Organic Frameworks as Dual 
Metal Catalysts for Synergistic 

Non-Buffered Hydrolysis of 
Nerve Agent Simulants 
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1. Introduction 

Nerve agents are an important class of chemical warfare agents (CWA), which are 
known to be potential inhibitors of the acetylcholinesterase enzyme (AChE), present in 
the central nervous system. The irreversible binding of the nerve agent to the active site 
of the AChE enzyme causes a drastic reduction in the hydrolysis of the neurotransmitter 
acetylcholine, which leads to a continuous stimulation of the nerve fibres and subsequent 
asphyxiation and death. These agents are organophosphorus compounds whose 
molecular structure is based on a stereogenic P(V) centre featuring a P=O bond, an alkyl 
(-R) group, a fluoride (-F) and/or -XR groups (where X = O, S or N). The destruction of 
the stockpiles of this class of compounds is carried out either by incineration or by 
neutralization in concentrated NaOH or KOH basic solutions. The hydrolytic 
degradation in basic media into non-toxic species involves the dissociation of the P-F or 
P-XR bonds in presence OH P

-
P/HR2RO through a nucleophilic SRNR2 attack to form the 

corresponding phosphates or alkylphosphonic acids.P

1
P In recent years, MOFs have been 

investigated as potential candidates for the catalytic decomposition of CWAs as a way to 
find greener and reusable alternatives for the destruction of this class of compounds. In 
particular, Zr-based MOFs have proven to be particularly active in the hydrolytic 
degradation of paraoxon, Soman (GD) and their simulants.2 This has been mainly 
ascribed to the structure of their ZrR6R SBUs, which combine Lewis acid Zr(IV) sites with 
basic O2-/OH- groups. These SBUs can act as potential mimics of the phosphotriesterase 
(PTE) enzyme leading to an efficient activation of the P=O bond, by direct binding to the 
Zr(IV) ions, and subsequent formation of phosphate/phosphonate degradation product 
by hydrolysis of the P-F/XR bond. This last step is thought to proceed by subtracting a 
proton from a neighbouring water molecule through the interaction with basic μR3R-O2-

/OH- or terminal -OH group.3 Extensive research carried out on these materials has 
shown that their activity may be improved by the introduction of structural defects 
(higher number of active sites)3 or basic/nucleophilic groups in the framework.4–6 
However, in the particular case of Zr-MOFs, these reactions have to be carried out in basic 
media with basic buffers like N-ethylmorpholine (pH ~ 10) in order to regenerate the 
catalyst during the reaction. Otherwise, Zr-MOF catalysts become poisoned as a result of 
the direct binding of the phosphate degradation product to the ZrR6, Rthus reducing the 
number of active sites available.7,8  
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2. Motivation 

Following our work with heterometallic Ti-based MUV-10(M) (M = Ca, Mn) 
materials, we started trying combinations of Ti with other transitions metals in order to 
obtain new heterometallic MOFs. Previous PSME experiments carried out in our group, 
showed that MUV-10(Ca) could undergo a structural transformation in methanolic 
solutions of M(II) transition metal ions forming heterometallic [TiMR2R(μR3R-O)(OR2RCR)R6RXR3R] 
(X = -OH, -OHR2R) SBUs for mesoporous heterometallic frameworks with MIL-100 
topology.9 Therefore, we sought to produce these materials by direct synthesis from 
simple precursors and in large scale. Moreover, as stated above, the catalytic degradation 
CWAs has been mainly investigated in Zr-MOFs, due to the high Lewis acidity of Zr(IV). 
However, despite the higher Lewis acidity of Ti(IV), Ti-MOFs have remained 
underexplored in this area.10  

3. Summary of the key results 

The results presented in this chapter are in the process of being published in 
“Castells-Gil, J., .M. Padial, N., Almora-Barrios, N., Gil-San-Millán, R., Romero-Ángel, 
M., Torres, V., da Silva, I., C. J. Vieira, B., Waerenborgh, J. C., Jagiello, J. R. Navarro, J. A., 
Tatay, S., and Martí-Gastaldo, C. Heterometallic Titanium-Organic Frameworks as Dual 
Metal Catalysts for Synergistic Non-Buffered Hydrolysis of Nerve Agent Simulants. 
Under revision.” In this work, we report a family of heterometallic Ti-MOF, namely 
MUV-101(M) (M = Mg, Fe, Co, Ni). Instead of forming a tetrameric SBU, as in the case 
of MUV-10 solids, the combination of Ti(IV) with Mg(II), Fe(II), Co(II) or Ni(II) yielded 
a heterometallic SBU of [TiMR2R(μR3R-O)(OR2RCR)R6RXR3R] (X = -OH, -OHR2R), which in 
combination with HR3Rbtc yielded a heterometallic framework isostructural to MIL-100 
materials,11,12 as observed by PXRD (Figure 5.1). In all cases, the reaction led to the 
formation of pure-phase heterometallic MUV-101 solids with Ti:M in a 1:2 metal ratio 
determined by EDX and ICP. The formation of segregated phases was ruled out by 
reacting the metals separately under identical conditions, which led either to clear 
solutions or the formation of different phases. This suggested us that both metals must 
react simultaneously to produce MUV-101(M) materials.  

 We used SEM and TEM-EDX to evaluate the particle size and the homogeneity 
in the metal distribution. These measurements showed that MUV-101(M) solids are 
formed as octahedral crystals of varying size up to 1-2 μm with a homogeneous metal 
distribution across the crystals (Figure 5.1c). However, these techniques do not give 
sufficient information to confirm/rule out the presence of heterometallic clusters. 
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Therefore, in order to investigate the local structure of the SBUs, we also collected total 
scattering measurements (ALBA, BL04-MSPD) on MUV-101(Fe) and compared it to that 
of its homometallic counterparts MIL-100(Fe) and MIL-100(Ti). The analysis of these 
measurements by means of the pair distribution function revealed two types of 
intermetallic distances in MUV-101(Fe), which were different from those observed in the 
homometallic MIL-100(Fe, Ti) (Figure 5.1d). In consonance with the EXAFS studies 
carried out in MUV-101(Co) obtained by post-synthetic transformation,9 this strongly 
suggested the formation of heterometallic nature of the TiFeR2R metal-oxo cluster present 
in MUV-101(Fe).  

The presence of two metals in close proximity in the structure led us to explore 
the possibility that these solids may act as potential catalysts involving the cooperation of 
both metals. Particularly, we focused our attention on the catalytic degradation of CWAs 
in which we expected to exploit the Lewis acidity of Ti(IV) whilst studying the effect of 

Figure 5.1 – a) Structure of MUV-101(M) featuring heterometallic TiM2 SBUs of formula 
[TiM2(μ3-O)(O2CR)6X3] (M = Mg, Fe, Co, Ni; X = H2O, OH-, O2-). b) PXRD of the as-made MUV-
101 solids and c) TEM-EDX mapping showing a homogeneous distribution of Ti and Fe in single 
crystals of MUV-101(Fe). d) Comparison of the PDFs of heterometallic MUV-101(Fe) with those 
of homometallic MIL-100(Fe) and MIL-100(Ti). The asterisks (*) are to highlight the two 
contributions to the intermetallic distance in MUV-101(Fe). 
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the second metal on the catalytic activity of the material. Thus, we first attempted to 
evaluate their catalytic performance in the hydrolytic degradation of diisopropyl-fluoro-
phosphate (DIFP), a simulant of the nerve agent Sarin (GB), in water in the absence of 
any basic buffer (Figure 5.2). Our first results rapidly showed that MUV-101(Mg, Co, Ni) 
did not show any catalytic activity whatsoever. However, MUV-101(Fe) was able to 
degrade the total amount of DIFP in 500 min in the absence of any co-catalyst. More 
importantly, the homometallic MIL-100(Ti) and MIL-100(Fe) as well as a physical 
mixture of both also displayed negligible catalytic activity under identical conditions 
(Figure 5.2c). This strongly suggested that both metals are in the structure acting 
cooperatively for an efficient degradation of DIFP. In fact, MUV-101(Fe) shows a multi-
step degradation profile in which there is a first step associated to the adsorption of DIFP 
during the first 25 min followed by a steep sigmoidal increase up to the total degradation 
of the substrate. This behaviour is reminiscent of that of allosteric enzymes in which two 

different active sites show cooperative binding on two different substrates to accelerate a 
chemical reaction. Surprised by this result, we further compared its activity with the 
benchmark Zr-MOF UiO-66 under identical reaction conditions. We observed that UiO-
66 performed better during the initial stages of the reaction but became rapidly poisoned 
and was unable to degrade the total amount of DIFP. Conversely, MUV-101(Fe) 
maintained its activity upon three consecutive cycles with no signs of catalyst poisoning. 

Having demonstrated that both metals are indeed necessary to observe catalytic 
activity, we proposed a dual-metal catalytic mechanism. Unlike the mechanism usually 

Figure 5.2 – a) Catalytic degradation reaction of DIFP in pure H2O. Comparison of the
degradation profiles of MUV-101(Fe) with (b) other MUV-101(M) (M = Mg, Co, Ni) solids and
(c) with the homometallic MIL-100(Fe), MIL-100(Ti) and a physical mixture of them. The shaded
areas in grey are to highlight the region in which only adsorption takes place. d) Snapshot of the
transition state in the catalytic degradation of DIFP by MUV-101(Fe) showing the cooperativity
of both metallic centers. Colour code: Ti (blue), Fe (orange), P (purple), F (green), O (red), C
(grey), H (white). 
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proposed for Zr-MOF, in which the whole reaction is carried out in a single ZrR6R cluster, 
the mechanism proposed for MUV-101(Fe) involves the cooperation of different metallic 
centres of adjacent SBUs (Figure 5.2d). This mechanism first involves the adsorption of 
DIFP by Ti(IV) through the P=O bond. This state activates the P(V) towards a 
nucleophilic attack. Next, a the Fe(III)-OH group of the adjacent SBU subtracts a H+ atom 
from a neighbouring HR2RO molecule, thus generating a OH- anion that would ultimately 
attack the activated P(V) shifting away the fluoride group and creating a non-toxic 
phosphate molecule. DFT as well as adsorption energy calculations supported this 
mechanism with a minimum energy barrier for MUV-101(Fe). As further experimental 
evidence for this mechanism, we carried out potentiometric titration experiments in 
order to calculate the acidity of the potential acid sites of the heterometallic MUV-101(M) 
(M = Fe, Co) and homometallic MIL-100(Fe, Ti). These measurements showed that 
MUV-101(Fe) displays acid sites with a pKRaR distribution centred at 7.9. On the other 
hand, the rest of MOFs tested presented acid centres of lower pKRa Rfollowing the sequence 
pKRaR (MIL-100(Fe)) > pKRaR (MUV-101(Co)) > pKRaR (MIL-100(Ti)). These results are fully 
consistent with our experimental results also showing that the different metallic 
compositions are key in determining the acidity and catalytic activity of MUV-101(Fe).  
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Heterometallic Metal-Organic Frameworks (MOFs), incorporating two or more metal ions to 

the inorganic node of the frameworks, are increasingly gaining importance as a route to 

produce materials with increasing chemical and functional complexity. Heterometallic MOFs 

can offer important advantages over their homometallic counterparts to enable targeted 

modification of the adsorption properties, structural response, electronic structure or chemical 

reactivity of the framework. This possibility is still in its infancy in the case of titanium 

frameworks. Despite the intrinsic advantages of this metal, its challenging chemistry renders 

post-synthetic doping of preformed materials as the only route available. Compared to de novo 

synthesis, this often results in partial or non-homogeneous metal substitution in detriment of 

the potential benefits of controlling metal distribution at an atomic level toward performance 

improvement. We report a family of heterometallic titanium frameworks that can be prepared 

by direct synthesis from metal precursors and trimesic acid. MUV-101 frameworks [TiM2(µ3-

O)(O2CR)6X3] (M = Mg, Fe, Co, Ni; X = H2O, OH-, O2-) display the archetypal MIL-100 structure 
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type and combine mesoporosity with good hydrolytical stability from the introduction of highly 

charged Ti(IV) centers. We use these materials to exemplify the advantages of controlling 

metal distribution across the framework in heterogeneous catalysis by exploring their activity 

toward the degradation of a nerve agent simulant of Sarin gas. MUV-101(Fe) is the only 

pristine MOF capable of catalytic degradation of (diisopropyl-fluorophosphate) DIFP in non-

buffered aqueous media without the presence of a basic/nucleophilic co-catalyst. Compared 

to MUV-101(Fe), other titanium heterometallic and homometallic MOFs as MUV-101(Mg, Co 

and Ni), MUV-10(Mn), MIL-100(Ti and Fe) or UiO-66(Zr), all display a poorer performance or 

are poisoned by the degradation products. The catalytic activity of MUV-101(Fe) cannot be 

explained only by the association of Ti(IV) and Fe(III) but to their synergistic cooperation. Our 

simulations suggest that the combination of Ti(IV) Lewis acid and Fe(III)-OH Brönsted base 

sites in this dual metal catalyst leads to a much lower energy barrier for more efficient 

degradation of DIFP in absence of a base. Overall, this mechanism resembles the activity of 

the metalloenzyme purple acid phosphatase that displays also bimetallic active sites.  

 

Introduction 

Metal-Organic Frameworks (MOFs) have emerged as a versatile platform to access a broad 

range of applications built upon their large structural and chemical diversity.1 The unlimited 

number of combinations in which inorganic secondary building units (SBUs) can be linked to 

organic connectors by reticular design has been used to produce more than 84.000 porous 

crystalline frameworks2 for promising advances in applications as gas storage/separation,3,4 

drug delivery 5 or catalysis,6,7 to cite a few. Among these, the degradation of chemical warfare 

agents (CWAs) and their simulants8–10 has gained increasing importance since early reports 

demonstrating the high activity of Zr-MOFs in the detoxification of nerve agents.6,11,12 The 

activity of these materials originates from the presence of Zr6 nodes that combine accessible 

Lewis acid Zr(IV) and basic/nucleophilic O2-/OH- sites, capable of activating P-X (X= F, O, S) 

bonds. 

However, most detoxification studies have been carried out in the presence of basic buffers 

as N-ethylmorpholine, that behaves as a sacrificial base and a nucleophilic co-catalyst. In 

absence of this buffer, the catalyst is typically poisoned as result of the irreversible binding of 

the degradation products to the Zr(IV) active centers.13 This problem can be partially overcome 

by heterogeneization of basic/nucleophilic sites in the framework. 12,14,15–19 However, further 

improvement of CWA degradation remains limited by the intrinsic activity of the MOFs currently 

available.  
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In this regard, replacement of Zr(IV) with 

Ti(IV) might be beneficial due to its higher 

natural abundance, stronger Lewis acidity 

and strength of Ti-O bonds.20 Despite these 

promising features, the use of titanium 

organic frameworks for the degradation of 

nerve agents has been only studied from a 

theoretical standpoint.21 We argue this lack 

of experimental information is due to the 

synthetic challenges intrinsic to the 

chemistry of titanium in solution. Compared 

to Zr(IV), this narrows the synthetic 

conditions required for targeting specific 

SBUs thus restricting the assembly of 

targeted architectures.22 We have recently reported the synthesis of MIL-100(Ti).23 This 

mesoporous Ti-MOF is based on [TiIV3(µ3-O)(O2CR)6] metal-oxo clusters, also present in other 

frameworks based on trivalent metals as the archetypical MIL-100 family of Cr, Al and Fe(III),24 

or other Ti(III) frameworks as COK-6925 or MIL-101(Ti).26 Previous works point out the 

versatility of this SBUs in accommodating different metals with variable charge for a persistent 

structure director.27–31 We have demonstrated how the addition of a second metal for 

heterometallic titanium frameworks has proven an effective way to modify their photocatalytic 

activity by tuning of the band-gap without compromising stability.32 Following with this strategy, 

the combination of Ti(IV) Lewis acid sites with other metal transition ions might result in 

synergetic cooperation for more efficient degradation of CWAs. Just like purple acid 

phosphatase (PAP) metalloenzymes, that combines Fe3+ and M2+ in the active centers,33 

heterometallic Ti-MOFs might also enable dual metal catalysis for superior activity compared 

to homometallic Zr(IV) analogues.  

We demonstrate this concept for a new family of heterometallic titanium MUV-101(M) 

frameworks (M = Mg, Fe, Co and Ni) isostructural to the archetypal MIL-100 family (Figure 

1).24 These mesoporous materials can be prepared from direct reaction of the molecular 

precursors to ensure good control over the distribution of the metals across the structure. 

Compared to post-synthetic doping of preformed materials, that can result in partial or non-

homogeneous metal substitution,34 we argue homogeneity is fundamental to rationalize the 

effect of the heteroatom over activity. Our results show that pristine MUV-101(Fe) displays 

excellent catalytic activity for the degradation of the Sarin gas simulant DIFP (diisopropyl 

fluorophosphate) in water and non-buffered conditions. This distinctive behaviour, that is not 

accessible to its homometallic counterparts or other heterometallic combinations, results from 

Figure 1 - MUV-101 Heterometallic Titanium-

Organic Frameworks. a) Structure of the family of

mesoporous materials MUV-101 assembled from the

interlinking of b) heterometallic titanium clusters with

formula [TiM2(µ3-O)(O2CR)6X3] (M = Mg, Fe, Co, Ni;

X = H2O, OH-, O2-) and trimesate linkers. 
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the synergetic cooperation of Ti(IV) and Fe(III) sites in close proximity for a cooperative 

mechanism that mimics bimetallic phosphatases. 

Results and discussion 

Heterometallic MUV-101 Titanium-Organic Frameworks. MUV-101 heterometallic 

[TiM2(µ3-O)(L)2X3] (M = Mg, Fe, Co, Ni; L = benzene-1,3,5-tricarboxylate; X = H2O, OH-, O2-) 

materials were synthesized by using similar conditions to those reported for the heterometallic 

titanium-framework MUV-10.32 In a typical experiment, titanium(IV) isopropoxide was reacted 

with benzene-1,3,5-tricarboxylic acid and the corresponding chloride metal salts in a mixture 

of N,N-dimethyl-formamide (DMF) and acetic acid (AcOH) at 120 °C (See Section S2 for 

experimental details). After 48h, the resulting microcrystalline materials were separated by 

centrifugation, washed with copious amounts of DMF and methanol (MeOH) and allowed to 

dry under reduced pressure. Compared to our previous method based on metal exchange 

reactions with MUV-10,35 this one-step synthesis can be easily scaled-up to larger volume 

vessels to produce close to 1 g of material per reaction batch. Also, the use of higher 

temperatures enables the formation of pure MUV-101(Fe) phases not accessible at 65 ºC.  

Phase purity of the solids was confirmed with powder X-Ray diffraction (PXRD), 

thermogravimetric analysis (TGA), Scanning Electron Microscopy (SEM) and ICP. LeBail 

refinement of the PXRDs converged in a cubic Fd-3m space group with excellent residual 

values in all cases to confirm the formation of pure crystallographic phases isostructural to 

MIL-100 (Figures 2a, S1-S2, Table S3).24 Rietveld refinement was performed on MUV-

101(Fe) as a representative example of this family of heterometallic solids (Figure 2b, Table 

S2). TGA ruled out the formation of contaminant oxide phases based on the good agreement 

between the experimental and calculated weight percentages of residue that results from 

thermal decomposition of the solids in air. Compared to the homometallic MIL-100(Ti),23 the 

substitution of Ti(IV) with softer M(II) metals reduces the temperature at which the 

heterometallic phases decompose in synthetic air, from 450 °C down to a minimum of 350 °C 

(Figure S4, Table S4). As for the microscopic structure, SEM revealed all solids to be 

composed of submicrometric particles with octahedral morphologies and a homogeneous size 

dispersion of ca. 1 µm (Figures 2c, S5-S6). Energy Dispersive X-Ray Spectroscopy (EDX) 

single-point mapping measurements reveal average ratios close to 1:2 (Ti:M) consistent with 

the formation of heterometallic [TiM2(µ3-O)(O2CR)6X3] clusters. Agreement with the proposed 

formula was also corroborated with ICP analysis (Table S1). The homogeneous distribution of 

both metals throughout the solid was used to discard metal clustering (Figures 2d, S7-S11). 

To confirm the formation of heterometallic solids rather than segregated homometallic phases, 

we also ran control experiments by individual reaction of the linker with each metal precursor 

under the same conditions used for the synthesis of MUV-101. Whereas reactions with Mg, Co 
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or Fe(II) led to clear solutions and no solid could be isolated, reaction with Ti(IV) or Ni(II) 

produced an amorphous solid or a different crystalline phase, respectively (Figure S3). These 

experiments suggest that the simultaneous presence of Ti(IV) and M(II) metals in the reaction 

medium is necessary to induce the assembly of the heterometallic TiM2 metal-oxo clusters 

required for the formation of the framework. The heterometallic nature of the local structure of 

the cluster was confirmed with synchrotron X-ray total scattering and Pair Distribution Function 

(PDF) analysis of MIL-100(Fe), MIL-100(Ti) and MUV-101(Fe). Compared to the homometallic 

frameworks that display a single peak in the M-M region, MUV-101(Fe) shows the presence of 

two contributions to that intermetallic region (Figure S12). Further analysis of the M-O, M-C 

and M-M contributions from the differential PDFs confirms that the M-M distances in 

heterometallic MUV-101(Fe) are clearly different from those displayed by homometallic MIL-

100 phases (Figure S13, Table S5). These changes are consistent with the incorporation of 

Ti and Fe into a heterometallic TiFe2 metal-oxo cluster, ruling out the coexistence of segregated 

homometallic phases or clusters that would simply correspond to the superposition of the 

signals corresponding to the individual Ti-Ti and Fe-Fe homometallic components. 

Nonetheless, we note that further techniques, as neutron powder diffraction and neutron total 

scattering experiments might be necessary to unambiguously assess the metallic distribution 

along the seven crystallographically independent metal sites in MUV-101(M) materials.  

2 μm

a b c

d e f

100 nm

Fe K-edge

Figure 2 - Characterization of MUV-101 heterometallic titanium-organic frameworks. a)

Comparison of the PXRD of MUV-101(Mg, Fe, Co and Ni) solids with the pattern simulated from the

structure refined for MUV-101(Fe). b) Rietveld refinement of MUV-101(Fe) (λ = 0.442655 Å), c) SEM 

micrograph (Scale bar: 2 µm) and d) TEM-EDX mapping images of as-synthesized MUV-101(Fe) 

crystals (Scale bar: 100 nm). e) N2 adsorption-desorption isotherms of MUV-101 solids at 77 K. f)

Calculated isosteric heat of adsorption of CO2.   
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Permanent porosity of the MUV-101(M) 

family was analyzed with N2 isotherms at 77 K 

(Figure 2e). All solids show a reversible type-I 

isotherm with no hysteresis and two additional 

uptakes at P/P0 = 0.04 and 0.12, due to the 

filling of the two type of mesopores 

characteristic of the mesoporous structure of 

MIL-100. The experimental Brunauer-Emmet-

Teller (BET) surface areas for all solids 

oscillate between 1840 and 2200 m2·g-1 

(Figure 2e, S14-S17). These values are in 

good agreement with those described for other 

MIL-100 phases,36 and exceed the 1320 m2·g-1 reported for homometallic MIL-100(Ti). The 

pore size distribution (PSD) was calculated by Non-linear Density Functional Theory (NLDFT) 

methods and reveals two types of mesopores of ca. 17-21 and 22-26 A, consistent with the 

crystallographic structure refined for MUV-101(Fe). CO2 adsorption isotherms collected 

between 273 and 293 K show clear differences in the adsorption profile that can be attributed 

to the incorporation of different divalent metals to the framework (Figure S18a-d). Changes 

are likely due to the different interaction of CO2 molecules with the vacant M sites generated 

during the activation of the solids by thermal heating in vacuum. The isosteric heats of 

adsorption vary according to the sequence Mg ≈ Ni > Co > Fe (Figures 2f). Similar trends 

have been observed for MOF-74 upon replacement of Mg with Ni or Co(II), highlighting the 

impact that metal substitution can have on tuning the selectivity of gas adsorption.37 We also 

estimated the impact of incorporating Ti(IV) sites on the number of open metal sites accessible 

by thermal activation by using water adsorption isotherms according to a recently reported 

protocol (Figures S19-S20, Table S7).38 Compared to homometallic MIL-100 materials, MUV-

101(Fe) displays a smaller number of open metal sites per formula unit (1.68). This agrees 

well with the proposed formula as the excess of charge that results from the incorporation of 

highly-charged Ti(IV) units to the cluster must be counterbalanced by negatively charged 

species (OH-, O2-), thus reducing the number of water molecules per cluster available. 

One of the main limitations of MOFs for broad range application is their limited chemical 

stability, in particular to water. This might be an issue for the degradation of nerve agents as 

these experiments generally require buffered aqueous solutions or the formation of acid 

molecules as the reaction product. Accordingly, we evaluated the hydrolytic stability of MUV-

101 solids under acid and basic conditions (See Section S5 for details). Except for MUV-

101(Mg) that showed very poor stability leading to complete degradation of the solid even in 

pure water (Figure S21), the PXRD profiles of the rest of materials remained intact after 

295 K

4 K

5 
%

4 
%

Figure 3 - Mössbauer spectra of MUV-101(Fe) at 

295 and 4 K confirming the presence of Fe(III) in 

the framework. 
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soaking during 24 hours in water solutions at pH between 2 and 12 (Figures S22-S24). At 

first, this suggested good hydrolytical stability but we also collected N2 isotherms of the solids 

after the treatment to confirm this point. From a porosity standpoint, only MUV-101(Fe) retains 

the original properties and can be considered stable toward the attack of water. MUV-101(Ni) 

and MUV-101(Co) suffer from a partial loss in the BET value that reaches a maximum of close 

to 60 % for the heterometallic Ni(II) phase in basic conditions (Figure S25-S27, Tables S9-

S11). These changes in hydrolytical stability linked to M(II) replacement were further confirmed 

by ICP and SEM analysis (Figure S28-S31, Table S12). This shows a higher concentration of 

M(II) in solution for MUV-101(Co, Ni), also associated with a reduction in particle size and 

morphology, which could compromise the long-term stability of these materials in water given 

the presence of labile M(II)-O bonds. We argued the higher stability of MUV-101(Fe) was 

probably due to the presence of stronger Fe(III)-O coordination bonds, less likely to undergo 

water hydrolysis. This was confirmed with Mössbauer spectroscopy measurements of MUV-

101(Fe) (Figure 3, Table S8), that revealed the complete transformation of Fe(II) into Fe(III) 

in the final material. It is worth noting that all our attempts to synthesize heterometallic MUV-

101(Fe) from Fe(III) salts under analogous reaction conditions were unsuccessful. This 

suggests the inability of heterometallic TiM2 SBUs to incorporate metals with higher oxidation 

states directly from solution. Just like for the case of Fe-MOF-74, the gradual oxidation of Fe(II) 

sites after incorporation to the framework is possibly more respectful with the structure formed 

originally.39 

Catalytic Activity for the Detoxification of Chemical Warfare Simulants in Non-

Buffered Conditions. Phosphonate-based nerve agents can act as inhibitors of the 

acetylcholinesterase enzyme (AChE), present in the central nervous system, by causing a 

continuous stimulation of the nerve fiber for asphyxiation and death. This family of molecules 

generally display a stereogenic P(V) center with one P=O bond and one alkyl (-R), one fluoride 

(-F) and/or –XR residues (X= O, S, N). Their degradation involves the hydrolysis of P-F or P-

XR bonds to form non-toxic phosphate or alkylphosphonic acids (Figure 4a).40 Some 

metalloenzymes, such as phosphotriesterases, are capable of hydrolyzing phosphate ester 

bonds through cooperative catalysis between the two metals that form the active site. We 

hypothesized that the combination of a Ti(IV) Lewis acid site with another metal ion in the 

heterometallic [TiM2(µ3-O)(O2C)6X3] cluster of MUV-101 might mimic the activity of the 

metalloenzyme purple acid phosphatase (PAP) that displays bimetallic Fe(III)-M(II) active sites. 

To prove our hypothesis, we tested the activity of the MUV-101 family for the degradation of 

diisopropyl-fluorophosphate (DIFP), a simulant of the Sarin nerve agent. Initial experiments 

were carried out in non-buffered aqueous solutions with an equimolar MOF:DIFP ratio (See 

Section S6 for experimental details). Figure 4b-c shows the hydrolysis reaction profiles of 

MOF:DIFP 1:1 mixtures in the presence of heterometallic MUV-101 materials, homometallic 
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MIL-100(Ti), MIL-100(Fe) and their physical mixture in a 1:2 ratio respectful with the 

composition of the heterometallic cluster in MUV-101(Fe). Noteworthy, MUV-101(Fe) is the 

only one that degrades 100 % of the agent within 490 minutes in non-buffered aqueous solution 

at room temperature with a half-life time of 165 min for the formation of diisopropylphosphate 

(DIP) as detected by 1H and 31P-NMR (Figure S40-S43). The half-life time can be reduced to 

8 min when using an excess of catalyst (Figures S32-S33, Table S14). It is worth noting that 

MUV-101(Fe) shows a multi-step degradation profile that combines a rapid increase up to 25 

minutes, associated to the uptake of DIFP by the substrate, followed by a sigmoidal profile 

reminiscent of allosteric enzymes. This shape suggests a cooperative process, that in our 

case, might correspond to the fixation of the substrate at Lewis acid Ti(IV) sites followed by its 

degradation supported by Fe(III)-OH Brönsted basic sites. This is consistent with the analysis 

of the reaction mixture during the catalytic tests, which confirms that degradation is negligible 

until 100 min (Figure S35). Control experiments, ran in absence of MUV-101(Fe), also confirm 

the inability of DIFP to degrade in the same experimental conditions after 48 hours. The 

catalytic nature of DIFP detoxification with MUV-101(Fe) was demonstrated by varying the 

MOF:DIFP ratio from 1:1 to 1:10. DIFP is fully degraded in all cases but the rate of 

transformation slows down with the concentration of the substrate down to a maximum half-

life of 802 min for 1:10 ratio (Figure 4d). The heterogeneous nature of the catalytic process 

was also confirmed by filtrating the catalyst after 2 hours, which resulted in an immediate drop 

of activity (Figure S36).  

Compared to MUV-101(Fe), MIL-100(Ti), MIL-100(Fe), MUV-101(Mg, Co, Ni), MUV-

10(Mn)32 and UiO-66(Zr),41 all display a poor performance or become poisoned by DIFP 

degradation products13 in non-buffered aqueous catalytic conditions (Figure S37-S38). To find 

out if the poor activity of the other titanium homometallic and heterometallic frameworks might 

be due to their partial degradation in the reaction conditions we examined their stability after 

24 hours by using PXRD. Our results confirmed the stability trends in water. MUV-101(Mg) is 

not stable in the reaction conditions but the rest of solids did not show any sign of structural 

degradation and remained highly crystalline after the catalytic tests (Figure S50), suggesting 

that the poorer activity of MUV-101(Co, Ni) must have a different origin. Extraction of the 

reaction mixture with dichloromethane after 24 hours of reaction shows no presence of 

unreacted DIFP in the case of MUV-101(Fe), whereas for homometallic MIL-100(Ti), MIL-

100(Fe) and their physical mixture allowed to recover close to 100, 91.7 and 97.3 % of the 

nerve agent added at the beginning of the tests (Figure S37b). This suggests that adsorption 

of the guest DIFP and not degradation dominates the changes in DIFP concentration over time 

in the homometallic MIL-100 solids. To put our results in a more general context, we have also 

compared our results with the performance reported for the most representative MOFs used 

in the degradation of CWAs or their simulants in different experimental conditions (Tables S15-
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S16). MUV-101(Fe) is the only pristine MOF capable of catalytic degradation of DIFP with no 

signs of catalyst poisoning in non-buffered aqueous media without the presence of a 

basic/nucleophilic co-catalyst (i.e. N-ethylmorpholine, dimethylaminoepyridine or metal-

alkoxide). This is a remarkable result in comparison with the with the state of the art Zr-MOF 

materials currently in use.19 To confirm this point, we tested MUV-101(Fe) and UiO-66 under 

equivalent conditions to identify the product of the reaction and quantify the poisoning of the 

catalyst. Analysis of the 1H NMR and 31P-NMR spectra of the supernatant and the solids after 

digestion in NaOD/D2O (2M) confirms that the product of the reaction is exclusively 

diisopropylphosphate (DIP) in both cases. Compared to UiO-66 that adsorbs close to 25 % of 

DIP, the poisoning of MUV-101(Fe) is minor and drops down to 5 % (See Section S6). Also 

important, MUV-101(Fe) can endure 3 consecutive reuses without substantial reduction of its 

Figure 4 - Detoxification of nerve agents with heterometallic MUV-101 frameworks. a) Scheme of 

the hydrolytic degradation of DIFP. b) Hydrolysis profiles of DIFP of MUV-101(Mg, Fe, Co and Ni) the 

family in water. c) Comparison of the activity of MUV-101(Fe) with homometallic MIL-100(Ti and Fe)

and their physical mixture. d) Variation of the reaction kinetics with the MUV-101(Fe):DIFP ratio and e)

Cyclability of MUV-101(Fe) for four consecutive catalytic tests for a fixed 1:1 ratio. 
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catalytic activity (Figure 4e). Similar activities have been reported for UiO-66-

0.25NH2@LiOtBu16 and NU-1000@Mg(OMe)2_1:419 but these materials require a pre-

treatment with strong basic agents and suffer from poorer cyclability.  

Overall, our findings suggest that the catalytic activity of pristine MUV-101(Fe) cannot be 

explained by the association of these two metals but to their synergistic cooperation to create 

a whole that is more efficient than the simple sum of its parts. Like bimetallic PAP enzymes 

and other biological systems, this heterometallic titanium framework seems to display the 

activity expected for a dual metal catalyst in which the two different metals, Ti(IV) and Fe(III), 

act simultaneously on two different substrates, DIFP and water, to accelerate the hydrolysis 

reaction. 

Dual Metal Synergistic Degradation Mechanism in MUV-101(Fe). To guide this study, 

we used the mechanism proposed in the literature for bimetallic PAP as a refence.33,42 The 

active center of these enzymes is based on binuclear (HO)-FeIII-(µ-OH)-MII-(H2O) units. 

Hydrolysis of phosphate esters in PAP undergoes by activation of the P=O at M(II) acting as 

a Lewis acid site whereas the neighboring Fe(III)-OH centers act as a Brönsted base, 

activating the hydrolysis of water to generate nucleophilic OH-anions that will ultimately attack 

the P(V) atom. We used computational modelling to rationalize our experimental results on the 

basis of this mechanism to understand why MUV-101(Fe) outperforms other isostructural 

homo- and heterometallic systems in the degradation of DIFP (See Section S7 for details). 

As depicted in Figure 5a, this would involve the activation of DIFP and water at neighboring 

metal sites in the framework. The steric hindrance and lack of accessible coordination sites 

revealed that hydrolysis was not possible for one single cluster, thus pointing to a cooperative 

mechanism (Figure S51). Hence, we modelled the interaction of the DIFP molecules between 

two adjacent SBUs in the mesoporous cage of MUV-101(Fe). By using Density Functional 

Theory (DFT), we first investigated the activation of DIFP by water displacement at the metal 

axial positions in heterometallic MUV-101(Fe, Co) and homometallic MIL-100(Fe, Ti) (Figure 

5b, stage 0). For simplicity, we used MUV-101(Co) as representative of the poor performance 

of the MUV-101(Mg, Ni, Co) phases. In a first step, DIFP molecules were allowed to interact 

directly with the metal atom upon release of the axially coordinated water molecule (Figure 

5b, stages 0-2). This competitive stage is exothermic in all cases and results in DIFP binding 

to the axial position of Ti(IV) through the P=O group, with adsorption energies (Eads) ranging 

from -53.1 for MIL-100(Ti) to -33.8 kJ mol-1 for MUV-101(Co) (Figures 6, S52 and Table S17). 

In all cases, coordination of DIFP in Ti(IV) metal sites is clearly preferred over Co(II) or Fe(III) 

likely due to the stronger Lewis acidity of titanium. Fixation of DIFP in the axial position of 

Fe(III) sites in MIL-100(Fe) is much less favourable, -4.82 kJ mol-1, suggesting that the low 

performance of this material for the degradation of DIFP might be linked to an ineffective 
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activation of the P=O bond. This value is significantly higher for MUV-101(Fe) via Fe, -11.58 

kJ mol-1, but still less favorable than fixation to Ti(IV) which is more likely to be dominant 

(Figure 6). We next looked into the hydrolysis reaction by assuming that the nucleophilic attack 

of the activated Ti(IV)-O=P(V) bond would involve a OH- anion generated by M(II/III/IV)-X (X = 

H2O, OH-, O2-) sites in close proximity. For MUV-101(Fe), this would correspond to the 

transition state (TS) represented in Figure 5b (see also Figure S53). TS2 is a concerted step 

that involves the dissociation of a water molecule to generate nucleophilic OH- by interaction 

with a Fe(III)-OH site acting as a Brönsted base that will attack the P center in the DIFP 

molecule bond to the neighboring Ti(IV) acid site for final hydrolysis of the P-F bond. The 

basicity of the iron sites can be regenerated by the fluoride anions produced during the 

hydrolysis reaction or by proton exchanged with the solvent (See Supplementary Movie 1 for 

Figure 5 - Proposed mechanism for dual metal catalytic detoxification in heterometallic MUV-

101(Fe). a) Scheme illustrating the cooperative activation of DIFP and water at neighboring metal sites 

in the framework. b) Proposed reaction mechanism for the dual metal synergetic degradation of DIFP 

with MUV-101(Fe) involving Ti(IV) (green) and Fe(III) (orange) sites. Step 0: Initial state of reactants and 

catalyst. Transition State 1(TS1): Transition state of water displacement by DIFP molecules. Step 1: 

Adsorption of DIFP on the active site of Ti(IV) ions. Transition State 2 (TS2): Transition state of the 

nucleophilic attack on the P(V) center by activated water molecules. Step 2: Release of HF. c) Reaction 

energy profile for homometallic MIL-100(Ti and Fe) (dashed lines) and heterometallic MUV-101(Fe and 

Co) (solid lines). 
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an overview of the degradation 

mechanism). Figure 5c 

summarizes the calculated 

activation energy barriers of TS2 

for homometallic MIL-100(Ti) 

(200.7 kJ mol-1), MIL-100(Fe) 

(70.4 kJ mol-1) and 

heterometallic MUV-101(Co) 

(288.5 kJ mol-1) and MUV-

101(Fe) (59.8 kJ mol-1) (Table 

S18). This confirms that DIFP 

hydrolysis in MUV-101(Fe) is the 

most favorable of all.  

To put in context these 

numbers, we also compared the 

activation energies calculated 

for this cooperative process with 

those reported for the accepted 

mechanism of Zr(IV)-MOFs (Table S19).43 In the case of Zr(IV), the water displacement by the 

nerve agent is the rate determining step (RDS) with a minimum activation energy of 91.8 kJ 

mol-1 for MOF-808.44 In our case, this process only limits the reactivity of MIL-100(Fe) whereas 

all MOFs containing Ti(IV) undertake water displacement quite easily, likely boosted by the 

acidity of this metal. In our case, RDS is the nucleophilic attack by a dissociated water 

molecule, that is much more favourable for the MUV-101(Fe) from the increased strength of 

Fe-OH sites as a Brönsted base. Our results suggest that the inactivity of MIL-100(Ti) and 

MUV-101(Co), together with the poor performance reported for MIP-177,21 originate from the 

absence of this basic site. Just like for PAP enzymes, the synergetic cooperation of Ti(IV) and 

Fe(III) centers in this dual metal catalyst leads to a much lower energy barrier (59.8 kJ mol-1) 

for more efficient degradation of DIFP in absence of a base.  

We also used this model to evaluate the affinity of the products of the hydrolysis to bind the 

metal active sites, which might lead to the poisoning of the catalyst for concomitant drop of the 

catalytic activity. To avoid this scenario, the adsorption energy of the reactants must be greater 

than the adsorption energy of the products derived from partial hydrolysis of DIFP molecules. 

Our calculations suggest that the DIFP molecules are much strongly adsorbed than the 

products (DIP and HF) if the adsorption proceeds via Ti(IV) sites, which can be in turn desorbed 

more easily in presence of water and reactant molecules (see Figure 6, Table S20). 

Adsorption of DIP is slightly favourable for the case of MUV-101(Fe) which might result in 

Figure 6 - Adsorption energy of reactants and products by water

displacement at the axial positions of Ti(IV) (green), Fe(III)

(orange), Co(II) (magenta), or Zr(IV) (blue) in the homo and

heterometallic clusters of MIL-100(Ti), MIL-100(Fe), MUV-

101(Fe) via Ti and via Fe , MUV-101(Co) via Ti and via Co, and

UiO-66(Zr). 
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partial competition with the 

activation of DIFP. These 

predictions are consistent with our 

inhibition tests (Figure S39). 

Whereas the activity of MUV-

101(Fe) is not altered 

significatively in presence of an 

excess of fluoride, the addition of 

an equimolar amount of DIP 

causes a drop in the reaction rate 

that can be recovered back by 

washing the solid in water.  

Effect of the Heteroatom on 

the Acidity of the Framework. 

Our computational study suggests 

that the differences in activity for 

DIFP degradation are associated 

to the changes in basicity of the M-

X sites in the homo- and 

heterometallic clusters of the MOFs studied. This is similar to the changes in the hydrolytic 

activity of PTE ascribed to the ability of different metals to modify the pKa of the bounded water 

or hydroxide molecules.33  

We argued the acidity of the different MIL-100 solids would be controlled by the Lewis acidity 

of the different metal ions and the changes in the axially coordinated capping linkers (X = H2O, 

OH-, O2-) to maintain charge balance.45 The experimental acidity of the solids was evaluated 

by potentiometric acid-base titrations (See Section S7 for experimental details). The density 

of acid centers and pKa distribution was determined for each MOF by fitting the proton binding 

curve extracted from the titration curves by using the SAEIUS numerical procedure.46,47 The 

four solids showed different titration curves and changes in the distribution of acid centers for 

different pKa values (Figures 7 and S55-S58). All of them show a predominant peak centered 

at pKa0 ≈ 3.1, that can be attributed to the protonation of all the oxo, hydroxo axial groups at 

very low pH. Noticeable differences can be observed at higher pKa values, that can be linked 

to variations in the metal and capping linkers. MIL-100(Ti) shows an almost flat pKa distribution 

above 4.0, consistent with a highly acidic environment. In turn, MIL-100(Fe) and MUV-101(Fe) 

showed a more basic character with a more marked and narrower pKa1 contribution with an 

average pKa1 centered around 7.9, that we ascribe to the loss of Fe(III)-OH protons. The 

titration curve of MUV-101(Co) is more complex due to the presence of Co-H2O species in the 

MIL-100(Ti)

MUV-101(Fe)

MIL-100(Fe)

MUV-101(Co)

Figure 7 - Effect of the heteroatom over the acidity of the

frameworks. Density of acid centers and pKa distribution

obtained by fitting the proton binding curve extracted from the

titration curves in water. From top to bottom: MIL-100(Ti), MIL-

100(Fe), MUV-101(Fe) and MUV-101(Co). 
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cluster. Compared to Ti(IV) and Fe(III), Co(II) is a weaker Lewis acid but axial H2O molecules 

can easily loose a proton to render Co-OH–. This results in two contributions at pKa1 = 5.78 

(Co-OH2) and pKa2 = 9.54 (Co-OH–). Considering pKa1 as the dominant acid-base equilibria at 

the reaction conditions (non-buffered water), the higher basicity of MUV-101(Fe) combined 

with more favourable adsorption of DIFP is consistent with the proposed origin for its catalytic 

activity.  

Concluding remarks. The combination of Ti(IV) with other transition metals can be an 

efficient tool to produce materials with tunable function provided good control of the distribution 

of the metals across the framework. This route can combine the advantageous properties of 

the frameworks produced from this naturally abundant metal, excellent chemical stability, low 

toxicity or photoactivity, with synergetic cooperation for improved catalytic performance. We 

have illustrated this concept for a new family of titanium heterometallic frameworks MUV-

101(Mg, Fe, Co and Ni). Compared to other homo- and heterometallic MOFs, MUV-101(Fe) is 

very efficient in degrading DIFP in aqueous medium and non-buffered conditions. The activity 

of the pristine material does not rely on pre-conditioning with basic buffers or metal-alkoxides, 

thus simplifying its potential integration in protective clothing or gas masks.  

We use an integrative experimental/computational approach to clarify the origin of the 

distinctive catalytic performance that arises from this specific combination of metals and is not 

accessible to the isostructural homometallic analogues. Our simulations suggest that the 

activity of MUV-101(Fe) is due to synergetic cooperation of Ti(IV) Lewis acid and Fe(III)-OH 

Brönsted base sites for a cooperative mechanism that mimics bimetallic PAP enzymes. To the 

best of our knowledge this is the first example of a dual metal transition state in heterometallic 

MOFs that enables clear understanding of the individual roles played by the metals combined 

and their mutual cooperation. We are confident our results represent an excellent platform to 

guide the design of other heterometallic frameworks and span the increasing interest in this 

family of MOFs48,49 to a broad scope of cascade or tandem reactions in which synergetic 

catalysis might yield unprecedented boosts in performance. 
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Ti(OiPr)4 (97 %), FeCl2·4H2O (99 %), CoCl2·6H2O (99%), NiCl2·6H2O (99%), MgCl2·6H2O (99%), N,N-

dimethylformamide (99.8%) and acetic acid (99.7%) were purchased from Sigma-Aldrich. Benzene-1,3,5-

tricarboxylic acid (98%) was purchased from TCI Europe. All reagents and solvents were used as received 

without further purification. 

 

 

Common synthesis of MUV-101(M) solids were carried out by dissolving 595 µmol of benzene-1,3,5-

tricarboxylic acid (btc, 125.0 mg), 240 µmol of MCl2 (M = Mg, Fe, Co or Ni) in a mixture of 12 mL of N,N-

dimethylformamide and 7.0 mL of acetic acid in a 25 mL Schott bottle. Subsequently, 36 µL of Ti(OiPr)4 

(120 µmol) were added to the clear solution in a glove-box. The bottle was sealed and heated in an oven at 

120 ºC for 48 hours (heating rate: 2.0 ºC·min-1; cooling rate: 0.4 ºC·min-1). After cooling down to room 

temperature, the microcrystalline powder was recovered by centrifugation and rinsed with fresh DMF and 

MeOH several times. The solids were then allowed to dry under vacuum at room temperature. The solids 

were then purified by Soxhlet washing with hot MeOH overnight and dried under vacuum (NOTE: The 

mixture of solvents were previously purged with Ar for several minutes before the addition of the Fe(II) 

precursor in order to avoid rapid oxidation of Fe(II) to Fe(III)). 

 

Elemental analysis: 

 

• MUV-101(Mg): Calculated for [TiMg2O(btc)2(H2O)3]·(CH3OH)1.3·(H2O)5.1: C (32.45), H (3.87), 

N (0.00). Experimental: C (32.46), H (3.87), N (0.19). 

• MUV-101(Fe): Calculated for [TiFe2O(btc)2(OH)2(H2O)]·(CH3OH)0.95·(H2O)2.8: C (31.49), H 

(2.71), N (0.00). Experimental: C (31.48), H (2.72), N (0.18). 

• MUV-101(Co): Calculated for [TiCo2O(btc)2(H2O)3]·(CH3OH)0.75·(H2O)6.75: C (28.30), H (3.61), 

N (0.00). Experimental: C (28.29), H (3.61), N (0.14). 

• MUV-101(Ni): Calculated for [TiNi2O(btc)2(H2O)3]·(CH3OH)4.85·(H2O)4.05: C (31.26), H (4.53), N 

(0.00). Experimental: C (31.26), H (4.53), N (0.19). 

 

Table S1 – Total metallic content determined my ICP-MS measurements. 

 Ti / % Fe / % Co / % Ni / % 

MUV-101(Fe) 0.38 0.62 - - 

MUV-101(Co) 0.45 - 0.55 - 

MUV-101(Ni) 0.37 - - 0.63 

 

Scale-up: MUV-101(M) solids could be synthesized at a gram scale following the same procedure described 

above by using 11.9 mmol of btc (2.5 g), 4.8 mmol of MCl2 (M = Mg, Fe, Co or Ni) and 2.4 mmol of 

Ti(OiPr)4 (720 µL) in 240 mL of N,N-dimethylformamide and 140 mL of acetic acid in a 500 mL Schott 

bottle. 

 

MIL-100(Fe),1 MIL-100(Ti),2 MUV-10(Mn)3 and UiO-664 were synthesized by already reported 

procedures. 
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High-Resolution Powder XRD measurements for structure refinement were collected at ALBA Synchrotron 

(BL-04, MSPD) with a MAD26 High Resolution Detector. Samples were charged in borosilicate glass 

capillaries (0.7 mm) which were subsequently mounted and aligned on the Powder diffraction station for 

data collection at room temperature.   

The structural model of MIL-100(Al) was used as starting point for a Rietveld refinement, which was carried 

out with Topas Academic 6 program (http://www.topas-academic.net/). The six crystallographically 

independent organic linkers were modelled using semi-rigid bodies, where selected bond distances, bond 

angles and torsion angles could be refined. H2O molecules were described as single O atoms, which could 

freely translate inside the pores. Background was fitted with a 24-coefficients Chebyshev polynomial and 

peak shapes were modelled with a Thompson-Cox-Hasting pseudo-Voigt profile function. Crystallographic 

parameters from the final Rietveld refinement are summarized in Table S1. 

Crystallographic data for structure reported in this contribution have been deposited with the Cambridge 

Crystallographic Data Centre as supplementary publication CCDC1960226. Copy of data can be obtained 

free of charge on application to the CCDC, Cambridge, UK via www.ccdc.cam.ac.uk/data_request/cif. 

 

Table S2. Crystallographic Information of MUV-101(Fe) 

CCDC number 1960226 

Empirical formula C306H102O388.74Ti17Fe34 

Formula weight 12710.27 

Temperature, K 298 

Crystal system Cubic 

Space group Fd-3m 

a, Å 73.4168(6) 

Volume, Å3 395719(10) 

Z 16 

Wavelength, Å 0.44265540 

2θ range, ° 0.7 - 15 

Number of reflections 2246 

Number of structural / total variables 158 / 189 

Rp, % 7.36 

Rwp, % 10.47 

Rexp, % 6.56 

GoF 1.596 

 

http://www.ccdc.cam.ac.uk/data_request/cif
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Powder XRD patterns were collected for polycrystalline samples using a 0.5 mm glass capillary mounted 

and aligned in a PANalytical Empyrean diffractometer (Bragg-Brentano geometry) using copper radiation 

(Cu Kα = 1.5418 Å) with an PIXcel detector, operating at 40 mA and 45 kV. Profiles were collected by 

using a Soller Slit of 0.02º and a divergence slit of ¼ at room temperature in the angular range 2° < 2θ < 80° 

with a step size of 0.013°. LeBail refinements were carried out with the FULLPROF software package using 

MIL-100(Fe) as starting parameters. 

 

 

  

 
 
 

Figure S1. Experimental (red dots), calculated (blue line), difference plot [(Iobs−Icalc)] (black line, bottom 

panel) and Bragg positions (green ticks, bottom panel) for the LeBail refinement of experimental diffraction 

data of MUV-101(Mg) (a) and MUV-101(Fe) (b) collected at room temperature by using Rietveld data from 

MIL-100(Fe) as starting parameters 
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Table S3. Summary of the parameters obtained from LeBail refinement. 

 

MUV-101(M) Formula 
a=b=c 

[Å] 

V 

[Å3] 

Re 

[%] 

Rp 

[%] 

Rwp 

[%] 
gof 

Mg [TiIVMg2(µ3-O)(btc)2(H2O)3] 73.7586 401471 4.67 4.20 6.02 1.3 

Fe [TiIVFeIII
2(µ3-O)(btc)2(OH)2(H2O)] 73.4949 396983 2.68 3.07 4.28 1.6 

Co [TiIVCoII
2(µ3-O)(btc)2(H2O)3] 73.5909 398540 2.91 3.11 4.01 1.4 

Ni [TiIVNiII
2(µ3-O)(btc)2(H2O)3] 73.4969 397014 2.42 3.55 4.95 2.0 

 

 

  

Figure S2. Experimental (red dots), calculated (blue line), difference plot [(Iobs−Icalc)] (black line, bottom 

panel) and Bragg positions (green ticks, bottom panel) for the LeBail refinement of experimental diffraction 

data of  MUV-101(Co) (a) and MUV-101(Ni) (b) collected at room temperature by using Rietveld data from 

MIL-100(Fe) as starting parameters 
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In order to prove that the formation of MUV-101(M) materials takes place when both Ti(IV) and M(II) (M 

= Mg, Fe, Co or Ni) are present in the reaction mixture and that it does not occur independently for each 

metal ion. We also carried out the same reaction conditions but in absence of one of the metals. As observed 

in Figure S3b, no solid is obtained when using Mg, Fe or Co alone under identical reaction conditions. The 

formation of an amorphous white solid was observed when using only Ti, whereas a crystalline green solid 

is formed with Ni, whose structure is very different to that of MIL-100, which can only be obtained with a 

mixture of Ti and another metal M(II) (M = Mg, Fe, Co, Ni). This suggests that the presence of both Ti(IV) 

and M(II) ions in solution is crucial for the formation of a crystalline solid with MIL-100 topology and 

therefore suggesting that both metals must be part of the same structure. 

Figure S3. PXRD of the products obtained using only a) Ti(OiPr)4 (black), NiCl2 (light green) or a mixture 

of both (green) under standard reaction conditions. b) Picture of the reaction vessels before and after reaction 

at 120 ºC for 48 hours with only one of the metals used in the synthesis of heterometallic MUV-101(M).  
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TGA curves were recorded on activated solids at a ramp rate of 5 ºC/min on a Mettler Toledo TGA/SDTA 

851e/SF/1100 apparatus between 30 and 700 ºC under synthetic air. 

 

 

 

 

Table S4. Comparison between the experimental and calculated weight percentage of the MUV-101(M) 

residue. 

 

M Formula Residue 
Calculated  

[%] 

Experimental 

[%] 

Mg [TiIVMg2(µ3-O)(btc)2(H2O)3] TiMg2O4 23.7 24.6 

Fe [TiIVFeIII
2(µ3-O)(btc)2(OH)2(H2O)] TiFe2O5 33.3 33.4 

Co [TiIVCoII
2(µ3-O)(btc)2(H2O)3] TiCo2O4 31.4 31.7 

Ni [TiIVNiII
2(µ3-O)(btc)2(H2O)3] TiNi2O4 30.6 30.1 

 

Figure S4. Thermogravimetric analysis of MUV-101(Mg) (blue), MUV-101(Fe) (orange), MUV-101(Co) 

(pink), MUV-101(Ni) (green) and MIL-100(Ti) (light green, dashed). 
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Particle morphologies and dimensions were studied with a Hitachi S-4800 scanning electron microscope at 

an accelerating voltage of 20 keV, over metalized samples with a mixture of gold and palladium for 90 

seconds. 

 

 

  

Figure S5. Scanning Electron Microscopy (SEM) images of MUV-101(Mg) (top) and MUV-101(Fe) 

(bottom) 

 



 S10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure S6. Scanning Electron Microscopy (SEM) images of MUV-101(Co) (top) and MUV-101(Ni) 

(bottom) 
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SEM-Energy-dispersive X-Ray analysis (EDX) of MUV-101(M) solids were studied with a Hitachi S-4800 

scanning electron microscope at an accelerating voltage of 20 keV. Mapping of Ti (red), Mg(blue), Fe 

(orange), Co (pink) and Ni (green) confirms that element distribution is homogeneous with small statistic 

deviation across the solid. Experimental metal ratio % from point and shoot EDX analysis for different 

crystals in the solids is represented in the histogram below. 

 

 

 

 

Figure S7. a) Mapping of MUV-101(Mg) showing Ti (red) and Mg (blue) b) Experimental Ti:Mg atomic % 

ratio from point and shoot EDX analysis for different crystals. 
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Figure S8. a) Mapping of MUV-101(Fe) showing Ti (red) and Fe (borange) b) Experimental Ti:Fe atomic % 

ratio from point and shoot EDX analysis for different crystals. 
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Figure S9. a) Mapping of MUV-101(Co) showing Ti (red) and Co (pink) b) Experimental Ti:Co atomic % 

ratio from point and shoot EDX analysis for different crystals. 
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Figure S10. a) Mapping of MUV-101(Ni) showing Ti (red) and Ni (green) b) Experimental Ti:Ni atomic % 

ratio from point and shoot EDX analysis for different crystals. 
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Particle morphologies and dimensions were studied with a Tecnai G2 F20 transmission electron microscope 

at an accelerating voltage of 200 keV. Samples were prepared by dropping diluted powder suspensions in 

MeOH onto lacey formvar/carbon copper grids (300 mesh). The single-point EDX mapping of both elements 

confirms a homogeneous distribution also at the nanoscale in 1:2 (Ti:Fe) ratio. 

 

Figure S11. a) TEM-EDX mapping measurements of MUV-101(Fe) single-crystals showing a 

homogeneous distribution of Ti and Fe. b) Experimental Ti:Fe atomic % ratio obtained from EDX.  
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Total scattering experiments were performed at ALBA Synchrotron (BL04-MSPD, λ = 0.4123895 Å, Qmax 

= 27.8 A-1) using 0.7 mm borosilicate glass capillaries for the homometallic MIL-100(Ti, Fe) and the 

heterometallic MUV-101(Fe). Figure S12a below shows a comparison of the Pair Distribution Functions 

(PDFs) of the three compounds and the corresponding differential PDFs (dPDFs, Figure S12b) after 

subtracting the PDF of the linker 1,3,5-benzene-tricarboxylic acid (H3btc). 

According to reported crystallographic data,2,5 the peaks at 3.37 and 3.51 Å, for MIL-100(Fe) and MIL-

100(Ti), can be assigned to Fe-Fe and Ti-Ti interatomic distances (M-M). In turn, those at 3.00 and 2.98 Å 

can be assigned to the distances between the carbon atom from the coordinating carboxylate group to the 

metal center (Fe-C and Ti-C, respectively).6 Whereas the homometallic frameworks display a single peak in 

the M-M region, MUV-101(Fe) shows the presence of two contributions to this region that are more clearly 

identified in the PDF data (Figure S12a). For a clearer analysis of the local structure of the metal-oxo clusters 

in all cases, M-O, M-C and M-M contributions from dPDF were fitted to Gaussian peaks (Figure S13 and 

Table S5). The two contributions to the M-M region in MUV-101(Fe), Ti-Fe and Fe-Fe, present changes in 

their relative areas consistent with the 1:2 stoichiometry of the TiFe2 cluster. These M-M distances in 

heterometallic MUV-101(Fe) are also distinctly different from those displayed by homometallic MIL-

100(Fe) and MIL-100(Ti). This confirms that both metals are incorporated into a heterometallic TiFe2 metal-

oxo cluster, ruling out the coexistence of segregated homometallic phases or clusters that would simply 

correspond to the superposition of the signals corresponding to Ti-Ti and Fe-Fe homometallic components. 

These experimental M-O, M-C and M-M distances are also in line with those extracted from the dPDF with 

the values present in the DFT optimized [TiFe2(µ3-O)(O2C)6(H2O)(OH)2] cluster originally proposed  (Table 

S5).  
 
  

Figure S12. a) PDF and b) dPDF of MIL-100(Ti), MUV-101(Fe) and MIL-100(Fe). Shaded areas in green 

and blue are used to highlight the M-C and M-M regions in both cases. The asterisks * are to highlight the 

two different M-M contributions observed in MUV-101(Fe). 
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Figure S13. Reported homometallic and DFT computed heterometallic SBUs (left) and Deconvolution 

of the experimental dPDFs (right) for: a) MIL-100(Fe), b) MUV-101(Fe) and c) MIL-100(Ti).  
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Table S5. Comparison of M-O, M-C and M-M average interatomic distances between experimental 

dPDF, reported crystallographic data and DFT computed homometallic (MIL-100(Fe), MIL-

100(Ti)) and heterometallic (MUV-101(Fe)) SBUs. 

Experimental (dPDF) 

MOF d(M-O) / Å d(M/M’-C) / Å d(M-M) - d(Ti-Fe) / Å 

MIL-100(Fe) 2.020 2.998 3.370 

MUV-101(Fe) 2.024 3.045 3.671 - 3.423 

MIL-100(Ti) 2.003 2.975 3.510 

Reported cystallographic data 

MOF d(M-O) / Å d(M-C) / Å d(M-M) / Å 

MIL-100(Fe)5 2.022 2.972 3.392 

MIL-100(Ti)2 1.96 3.009 3.582 

DFT 

SBU d(M-O) / Å d(M-C) - d(M’-C) / Å d(M-M) - d(Ti-Fe) / Å 

[Fe3(µ3-O)(O2C)6(H2O)2(OH)] 1.917 2.874 3.280 

[TiFe2(µ3-O)(O2C)6(H2O)(OH)2] 1.978 2.940 – 2.984 3.440 - 3.242 

[Ti3(µ3-O)(O2C)6(O)(OH)2] 2.039 3.157 3.684 
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Gas adsorption measurements were performed ex situ on MUV-101(M) solids washed by soxhlet in MeOH. 

Surface area, pore size and volume values were calculated from nitrogen adsorption-desorption isotherms 

(77 K) recorded on a Micromeritics 3Flex apparatus. Samples were degassed overnight at 150 ºC and 10-6 

Torr prior to analysis. Brunauer-Emmett-Teller (BET) Surface area analysis was performed as described for 

microporous and mesoporous materials.7 Pore size distributions (PSD) were estimated by NLDFT methods 

assuming a pillared clay model with cylindrical shaped pores, which provided a good fit to the experimental 

data. Note that deviations from the observed crystallographic pore size exist as the Pillared Clay NLDFT 

model does not entirely represent the crystallographic structure of this family materials. 

 

Table S6. Main parameters obtained from N2 adsorption isotherms of MUV-101(M) solids at 77K. 

Sample 
SABET

a 

[m2 · g-1] 

Vt
b 

[cm3 · g-1] 

MUV-101(Mg) 2205 1.04 

MUV-101(Fe) 1952 0.89 

MUV-101(Co) 1840 0.93 

MUV-101(Ni) 1982 0.93 
aSpecific surface area (SA) was calculated by multi-point Brunauer-Emmett-Teller (BET) method. b Total 

pore volume at P/P0=0.96. 
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BET Area (m2·g-1) 2205.0188 ± 7.7687 

Slope 0.001955 ± 0.000007 

Intercept 0.000019 ± 0.000001 

range of P/P0 0.05 – 0.10 

R2 0.99998 

C 105.539 

Vm (cm3 g-1) 506.600 

1/(√C+1) 0.08870 

P/P0 at Vm 0.08857 

 

Figure S14. Analysis of the N2 adsorption/desorption isotherm of MUV-101(Mg) at 77 K. a) N2 adsorption 

isotherm, b) Rouquerol BET, c) Multi-Point BET analysis and d) main parameters calculated from the multi-

point BET analysis of the as-made MUV-101(Mg). The dashed line on (b) represents the limit of the 

applicability of the BET theory. e) Pore size distribution (PSD) calculated by NLDFT methods obtained from 

f) the PSD fitting of the N2 adsorption isotherm assuming a pillared clay model with cylindrical pores. 
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BET Area (m2 g-1) 1951.9102 ± 3.4379 

Slope 0.002211 ± 0.000004 

Intercept 0.000019 ± 0.000000 

range of P/P0 0.05 – 0.10 

R2 0.99999 

C 118.025 

Vm (cm3 g-1) 448.449 

1/(√C+1) 0.08429 

P/P0 at Vm 0.08460 

 

Figure S15. Analysis of the N2 adsorption/desorption isotherm of MUV-101(Fe) at 77 K. a) N2 adsorption 

isotherm, b) Rouquerol BET, c) Multi-Point BET analysis and d) main parameters calculated from the multi-

point BET analysis of the as-made MUV-101(Fe). The dashed line on (b) represents the limit of the 

applicability of the BET theory. e) Pore size distribution (PSD) calculated by NLDFT methods obtained 

from f) the PSD fitting of the N2 adsorption isotherm assuming a pillared clay model with cylindrical pores. 
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BET Area (m2 g-1) 1840.3564 ± 4.2006 

Slope 0.002343 ± 0.000005 

Intercept 0.000022 ± 0.000000 

range of P/P0 0.05 – 0.10 

R2 0.99999 

C 107.396 

Vm (cm3 g-1) 422.820 

1/(√C+1) 0.08800 

P/P0 at Vm 0.08794 

 

Figure S16. Analysis of the N2 adsorption/desorption isotherm of MUV-101(Co) at 77 K. a) N2 adsorption 

isotherm, b) Rouquerol BET, c) Multi-Point BET analysis and d) main parameters calculated from the multi-

point BET analysis of the as-made MUV-101(Co). The dashed line on (b) represents the limit of the 

applicability of the BET theory. e) Pore size distribution (PSD) calculated by NLDFT methods obtained from 

f) the PSD fitting of the N2 adsorption isotherm assuming a pillared clay model with cylindrical pores. 
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BET Area (m2 g-1) 1982.4313 ± 1.2157 

Slope 0.002176 ± 0.000001 

Intercept 0.000019 ± 0.000000 

range of P/P0 0.05 – 0.10 

R2 0.99999 

C 115.073 

Vm (cm3 g-1) 455.461 

1/(√C+1) 0.08527 

P/P0 at Vm 0.08533 

 

Figure S17. Analysis of the N2 adsorption/desorption isotherm of MUV-101(Ni) at 77 K. a) N2 adsorption 

isotherm, b) Rouquerol BET, c) Multi-Point BET analysis and d) main parameters calculated from the multi-

point BET analysis of the as-made MUV-101(Ni). The dashed line on (b) represents the limit of the 

applicability of the BET theory. e) Pore size distribution (PSD) calculated by NLDFT methods obtained from 

f) the PSD fitting of the N2 adsorption isotherm assuming a pillared clay model with cylindrical pores. 
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Gas adsorption measurements were recorded on a Micromeritics 3Flex apparatus at relative pressures up to 

1 bar and performed ex situ on MUV-101(M) solids washed by soxhlet in MeOH. Samples were degassed 

overnight at 150 ºC and 10-6 Torr prior to analysis. A Micromeritics’ ISO Controller was used to keep the 

temperature constant for the CO2 adsorption measurements at 273, 283 and 293 K. The isosteric heats of 

adsorption were determined by means of the Clausius-Clapeyron equation as implemented in the 

MicroActive Analysis Software using the CO2 isotherms recorded at 273, 283 and 293 K. 

 

 
 

Figure S18. CO2 adsorption/desorption isotherms of MUV-101(Mg) (a), MUV-101(Fe) (b), MUV-101(Co) 

(c) and MUV-101(Ni) (d) recorded at different temperatures. (e) Isosteric heat of adsorption (Qst) of MUV-

101(M) solids calculated from the corresponding isotherms. 
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The estimation of open metal sites was carried out in MUV-101(Fe) and MIL-100(Fe) in order to study the 

impact of the incorporation of Ti(IV) on the number of open metal sites accessible by thermal activation. 

This can be attained from comparison of two consecutive water adsorption isotherms according to a recent 

method developed by P. Bollini et al.8 According to the reported protocol, H2O adsorption measurements 

were recorded on a Micromeritics 3Flex apparatus, where the MUV-101(Fe) and MIL-100(Fe) solids were 

first activated overnight at 150 °C, followed by 2 hours at 250 °C under dynamic vacuum before the start of 

data collection. After recording a first H2O adsorption isotherm at 298 K, the solids were degassed at 298 K 

in the equipment for 18 hours prior to recording a second adsorption isotherm (repeated isotherm) at the 

same temperature. A Micromeritics’ ISO Controller was used to keep the temperature constant for the H2O 

adsorption measurements at 298 K. 

We calculated the fraction of OMS per total amount of metal ion (Fe and/or Ti)  for heterometallic MUV-

101(Fe) and homometallic MIL-100(Fe) by subtracting the second adsorption isotherm in the 0.45-0.85 

relative pressure region. The results are summarized in Figures S19-S20 and Table S7. In line with the 

results reported for MIL-100(Cr and Al), our data reveals a good agreement between the experimental OMS 

per formula unit of MUV-101(Fe) and MIL-100(Fe). Compared to homometallic MIL-100 materials, MUV-

101(Fe) display a smaller number of open metal sites per formula unit. The excess of charge that results 

from the incorporation of highly-charged Ti(IV) units to the cluster must be counterbalanced by negatively 

charged species (OH-, O2-), thus reducing the number of water molecules per cluster available. Deviation 

with the theoretical value of OMS in MUV-101(Fe), MIL-100(Fe) and MIL-100(Cr) is likely due to the 

thermal reduction of Fe(III) and Cr(III) in these conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S19. a) H2O adsorption isotherms of MUV-101(Fe) activated at 250 °C (filled circles) and repeated 

adsorption isotherm after degassing MUV-101(Fe) at 298 K for 18 hours. b) Linear fit of both H2O 

isotherms in the 0.45-0.85 relative pressure region. Subtraction of the repeat adsorption isotherm provides 

the fraction of OMS per total amount of metal ions (Ti + Fe).  
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Table S7 – Estimation of the fraction of open metal sites (OMS) from the H2O adsorption isotherms of 

MUV-101(Fe) and MIL-100(M) (M = Fe(III), Cr(III), Al(III)) solids activated at 250 °C. 

MOF Formula 

Theoretical 

Fraction of 

OMS per 

M 

Theoretical 

OMS per 

Formula 

Unit 

Experimental 

Fraction of 

OMS 

Experimental 

OMS per 

Formula 

Unit 

Ref. 

MUV-

101(Fe) 

[TiFe2(µ3-O) 

(btc)2(H2O)(OH)2]a 
0.33 1.0 0.56 ± 0.03 1.68 

This 

work 

MIL-100(Fe) [Fe3(µ3-O) 

(btc)2(H2O)2(OH)]a 
0.67 2.0 0.90 ± 0.08 2.70 

This 

work 

MIL-100(Cr) 
[Cr3(µ3-O) 

(btc)2(H2O)2(OH)]a 
0.67 2.0 0.98 ± 0.02 2.94 8 

MIL-100(Al) 
[Al3(µ3-O) 

(btc)2(H2O)2(OH)] 
0.67 2.0 0.66 ± 0.01 1.98 8 

aNote that Fe(III) and Cr(III) can be reduced to Fe(II) and Cr(II) by activation at high temperatures in vacuum, which results 

in a higher number of OMS per formula compared to the theoretical value.  

 

 

 

 
 

Figure S20. a) H2O adsorption isotherms of MIL-100(Fe) activated at 250 °C (filled circles) and repeated 

adsorption isotherm after degassing MIL-100(Fe) at 298 K for 18 hours. b) Linear fit of both H2O isotherms 

in the 0.45-0.85 relative pressure region. Subtraction of the repeat adsorption isotherm provides the fraction 

of OMS per total amount of Fe.  



 S27 

 

Mössbauer spectra of the MUV-101(Fe) sample were collected at room temperature and 4 K in transmission 

mode using a conventional constant-acceleration spectrometer and a 25 mCi 57Co source in a Rh matrix. The 

velocity scale was calibrated using α-Fe foil. Isomer shifts, IS, are given relative to this standard at room 

temperature. The absorbers were obtained by gently packing the sample into a perspex holder. Absorber 

thickness was calculated on the basis of the corresponding electronic mass-absorption coefficients for the 

14.4 keV radiation, according to Long et al. (1983).9 Measurements at 4 K were performed in a bath cryostat 

with the sample immersed in liquid He. The spectra were fitted to Lorentzian lines using a non-linear least-

squares method.10 The distributions of quadrupole splitting were fitted according to the histogram method.11 

 

The Mössbauer spectra (Figure 3) at 295 K and 4 K show two asymmetric doublets with broad peaks. In 

MUV-101(Fe) all the Fe cations are octahedrally coordinated by oxygen anions. However, they occupy 

seven different crystallographic sites. There are therefore seven different environments for the Fe cations. 

On each site the Fe cations have slightly different isomer shifts (IS) and quadrupole splitting (QS). This 

results in 7 overlapping unresolved doublets which explain the observed broad absorption peaks.  

Each spectrum was approximated by a distribution of QS. Slightly different IS were estimated for each 

doublet. The estimated average values of IS and QS (Table S5) are consistent with high-spin Fe(III).12,13 

The fact that QS does not depend on temperature suggests that the electric field gradient only arises from 

the lattice charge distribution, in agreement with the high-spin state of Fe(III).13 The increase of IS with 

decreasing temperature is explained by the second order Doppler shift. No high-spin Fe(II) is detected. 

 

Table S8. Estimated parameters from the Mössbauer spectra of the MUV-101(Fe) sample taken at 

different temperatures 

T IS QS 

298 K 0.44 0.91 

4 K 0.58 0.91 

IS (mm/s) average isomer shift relative to metallic α-Fe at 295 K; QS (mm/s) average quadrupole splitting. Estimated errors 

< 0.02 mm/s. 
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Water stability experiments were carried out by immersing 50 mg of MUV-101(M) in 5 mL of aqueous 

solutions of HCl or NaOH at different pH values ranging from 1 to 14. After 24 hours the solution was 

decanted, and the solids washed with methanol and allow to dry under dynamic vacuum at room temperature. 

Except for MUV-101(Mg) which showed no stability in water (Figure S16), structural stability of the rest 

of solids was confirmed with PXRD and gas sorption measurements of the solids after the treatment. 

 

 

 

 

 

 

 

 

 

 

Figure S21. PXRD patterns of MUV-101(Mg) before (blue) and after soaking in water at pH-7 for 24 

hours 
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Figure S22. PXRD patterns of MUV-101(Fe) after soaking in aqueous solutions at different pH values 

for 24 hours 

Figure S23. PXRD patterns of MUV-101(Co) after soaking in aqueous solutions at different pH values 

for 24 hours 
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Figure S24. PXRD patterns of MUV-101(Ni) after soaking in aqueous solutions at different pH values 

for 24 hours 
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Figure S25. N2 adsorption/desorption isotherms (left) and calculated BET surface area values (right) of the 

MUV-101(Fe) solids after water treatment at different pH values. 

Figure S26. N2 adsorption/desorption isotherms (left) and calculated BET surface area values (right) of the 

MUV-101(Co) solids after water treatment at different pH values. 
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Figure S27. N2 adsorption/desorption isotherms (left) and calculated BET surface area values (right) of the 

MUV-101(Ni) solids after water treatment at different pH values. 
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Table S9. Main parameters calculated from the multi-point BET analysis of the MUV-101(Fe) after water 

treatment at different pH values 

 

MUV-101(Fe) As-made pH-2 pH-12 

BET Area / m2 g-1 1951.9102 ± 3.4379 2323.7916 ± 4.5838 1735.7467± 3.8846 

Slope 0.002211 ± 0.000004 0.001854 ± 0.000002 0.002484 ± 0.000006 

Intercept 0.000019 ± 0.000000 0.000019 ± 0.000000 0.000024 ± 0.000000 

range of P/P0 0.05 – 0.10 0.05 – 0.10 0.05 – 0.10 

R2 0.99999 0.99999 0.99999 

C 118.025 100.133 106.786 

Vm / cm3 g-1 448.449 533.888 398.786 

1/(√C+1) 0.08429 0.09085 0.08823 

P/P0 at Vm 0.08460 0.09082 0.08872 

 

Table S10. Main parameters calculated from the multi-point BET analysis of the MUV-101(Co) after water 

treatment at different pH values 

 

MUV-101(Co) As-made pH-2 pH-12 

BET Area / m2 g-1 1840.3564 ± 4.2006 1133.1814 ± 1.7811 1431.2166 ± 2.0679 

Slope 0.002343 ± 0.000005 0.003816 ± 0.000006 0.003018 ± 0.000004 

Intercept 0.000022 ± 0.000000 0.000025 ± 0.000000 0.000023 ± 0.000000 

range of P/P0 0.05 – 0.10 0.05 – 0.10 0.05 – 0.10 

R2 0.99999 0.99999 0.99999 

C 107.396 155.379 132.610 

Vm / cm3 g-1 422.820 260.347 328.820 

1/(√C+1) 0.08800 0.07427 0.07990 

P/P0 at Vm 0.08794 0.07401 0.07998 

 

 

Table S11. Main parameters calculated from the multi-point BET analysis of the MUV-101(Ni) after water 

treatment at different pH values 

 

MUV-101(Ni) As-made pH-2 pH-12 

BET Area / m2 g-1 1982.4313 ± 1.2157 1537.6226 ± 4.6426 765.8075 ± 0.6422 

Slope 0.002176 ± 0.000001 0.002804 ± 0.000009 0.005633 ± 0.000005 

Intercept 0.000019 ± 0.000000 0.000027 ± 0.000001 0.000050 ± 0.000000 

range of P/P0 0.05 – 0.10 0.05 – 0.10 0.05 – 0.10 

R2 0.99999 0.99999 0.99999 

C 115.073 106.551 113.071 

Vm / cm3 g-1 455.461 353.267 175.943 

1/(√C+1) 0.08527 0.08832 0.08596 

P/P0 at Vm 0.08533 0.08875 0.08623 
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The supernatants of MUV-101(M) (M = Fe, Co, Ni) solids soaked in H2O at pH 2, 7 and 12 for 24 hours 

were analyzed by ICP-MS (Figure S28, Table S12). MUV-101(Fe) shows a very small metal leaching in 

all conditions tested but slightly higher at pH = 2. This might be indicative of the creation of defects in these 

conditions and explain the experimental increase in its BET value. As for MUV-101(Co) and MUV-101(Ni), 

they display much higher metal leaching indicative of the partial degradation of their structure for a 

concomitant decrease in their BET values. This is also consistent with the changes between the initial and 

final pH values observed at pH = 2 and 12 (Table S13), which are more acute for MUV-101(Co) and MUV-

101(Ni) compared to MUV-101(Fe) and is ascribed to the partial degradation of these solids in acid/basic 

media. 

Table S12. Concentration of different metals in solution determined by ICP-MS of MUV-101(Fe), 

MUV-101(Co) and MUV-101(Ni) after being in aqueous solutions at pH 2, 7 and 12 for 24 hours. 

 MUV-101(Fe) MUV-101(Co) MUV-101(Ni) 

 Ti (mg L-1) Fe (mg L-1) Ti (mg L-1) Co (mg L-1) Ti (mg L-1) Ni (mg L-1) 

pH-2 5.92 8.88 4.41 2445 0.10 210 

pH-7 <0.005 0.39 <0.005 1081 <0.005 136 

pH-12 - 5.20 - 26 - 127 

Table S13. Initial (pH0) and final (pHF) pH values after soaking MUV-101(M) solids in H2O at different 

pH values.  

 pH0 
pHF 

(MUV-101(Fe)) 

pHF 

(MUV-101(Co)) 

pHF 

(MUV-101(Ni)) 

pH-2 2.11 2.25 2.44 2.47 

pH-7 7.09 3.47 4.26 4.21 

pH-12 11.97 11.36 11.16 11.11 

 

Figure S28. Analysis of metal content (Fe, Co or Ni) in solution by ICP-MS for MUV-101(Fe) (brown), 

MUV-101(Co) (pink) and MUV-101(Ni) (green) after the H2O stability tests at pH 2, 7 and 12 for 24 

hours. 
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Figure S30. SEM micrographs of MUV-101(Co) after soaking in H2O at pH 2 (top) and 

pH 12 (bottom) for 24 hours. 

Figure S29. SEM micrographs of MUV-101(Fe) after soaking in H2O at pH 2 (top) and 

pH 12 (bottom) for 24 hours. 
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Figure S31. SEM micrographs of MUV-101(Ni) after soaking in H2O at pH 2 (top) and 

pH 12 (bottom) for 24 hours.   
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Catalytic tests for the degradation of Chemical Warfare Agents (CWA) were carried out with diisopropyl-

fluorophosphate (DIFP) as a model of nerve agent. In a typical procedure, the Ti-based MOFs were 

suspended in 0.5 mL of Mili-Q H2O and briefly sonicated in order to get a homogeneous dispersion. 

Subsequently, 2.5 μL of DMSO (used as internal standard) were added to the suspension followed by the 

addition of 2.5 μL of DIFP (14.4 µmol). The catalytic tests were carried out for different MOF:DIFP ratios, 

(i.e. 6:1, 1:1, 1:2, 1:5 and 1:10) in order to evaluate the effect of the amount of catalyst over the hydrolysis 

reaction (Figure 4d). Cyclability experiments were performed in a 1:1 ratio by adding 2.5 μL of DIFP to the 

reaction mixture after washing the catalyst with water (3 x 1 mL) between consecutive cycles (Figure 4e). 

Control experiments were performed under the same conditions in the absence of a catalyst. The evolution 

of the concentration of DIFP was followed at room temperature by means of Gas Chromatography 

employing an Agilent 30 m column (0.53 mm internal diameter) and taking 0.2 μL aliquots of the supernatant 

solution.  

For clarity, it is worth highlighting an important difference between MUV-101(Fe) and the Zr-MOFs 

typically used in the degradation of CWAs that might lead to confusion. Compared to the last for which the 

hydrolytic reaction involves a hexanuclear [Zr6(µ3-O)4(µ3-OH)4(O2CR)12] cluster with all metals or pairs of 

metals being potentially active, degradation in MUV-101(Fe) is synergetic and requires the cooperation of 

Fe(III) and Ti(IV) sites in neighboring clusters to take place. On the basis of this mechanism and the 

molecular formula of our material, [TiFe2(µ3-O)(O2CR)6(OH)2(H2O)], which only accounts of one of these 

clusters, the use of a MOF:DIFP ratio of 1:1 would correspond to an excess of DIFP with respect to the 

active sites. 

 

  

Figure S32. Degradation of DIFP versus time with an overall MOF:DIFP ratio 6:1 by MUV-101(Fe) 

(brown) versus MUV-101(M) solids [M = Mg (blue), Ni (green), Co (magenta)].  
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In a typical procedure, the MOF and DIFP in a 1:1 (MOF:DIFP) ratio were suspended in 0.5 mL of Mili-Q 

H2O and briefly sonicated in order to get a homogeneous dispersion. Subsequently, 2.5 μL of DMSO (used 

as internal standard) were added to the suspension followed by the addition of 2.5 μL of DIFP (14.4 µmol). 

Control experiments were performed under the same conditions in absence of a catalyst.  

 

 

 

 

Figure S34. Degradation of DIFP versus time with a MOF:DIFP ratio 1:1 by MUV-101(Fe) (brown) 

versus MUV-101(M) solids (M = Mg (blue), Ni (green), Co (magenta)). 

Figure S33. Degradation of DIFP versus time with an overall MOF:DIFP ratio 6:1 by MUV-101(Fe) 

(brown) versus MIL-100(Ti) (grey) and MIL-100(Fe) (red) solids. 
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Figure S35. a) DIFP hydrolysis profile of MUV-101(Fe) with a MOF:DIFP ratio 1:1 showing the multi-step 

profile combining rapid uptake of the substrate (solid line) and sigmoidal degradation from cooperative active 

sites (dotted line). b) Amount of DIFP recovered by extraction of the reaction mixture with CH2Cl2 at different 

reaction times.  

Figure S36. Degradation profile of DIFP versus time with a MOF:DIFP ratio 1:1 by MUV-101(Fe) before 

(full symbols, solid line) and after (empty symbols, dashed line) catalyst filtration. Experiments run in non-

buffered aqueous solutions with a MOF:DIFP ratio 1:1. 
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Figure S37. a) Comparison of the activity for the hydrolitic degradation of DIFP of heterometallic MUV-

101(Fe), homometallic MIL-100(Ti), homometallic MIL-100(Fe) and their physical mixture in a 1:2 

(Ti:Fe) ratio. MOF:DIFP ratio 1:1.  b) Amount of DIFP recovered by CH2Cl2 extraction of the mixture after 

24 hours of reaction with MUV-101(Fe) (brown), MIL-100(Ti) (grey), MIL-100(Fe) (red) and a physical 

mixture of MIL-100 phases in a ratio 1:2 (green). These experiments suggest that changes in DIFP 

concentration over time are dominated by adsorption of DIFP and not degradation for the homometallic 

MIL-100 solids and their physical mixture.  

Figure S38. a) Degradation of DIFP versus time with a MOF:DIFP ratio 1:1 and b) amount of DIFP recovered 

by extraction with CH2Cl2 after 24 hours of reaction by MUV-101(Fe) (brown) versus UiO-66 (yellow) and 

MUV-10(Mn) (teal) solids. These experiments suggest that the adsorption of DIFP dominates over degradation 

for the homometallic MUV-10(Mn), whereas the drop in activity of UiO-66 is due to the poisoning of the catalyst. 

MOF:DIFP ratio 1:1. Reaction time: 24h. 
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Figure S39. Catalyst inhibition experiments in presence of the byproducts KF or DIP. (a) Comparison 

of MUV-101(Fe) catalysis in the presence of DIP or KF, (b) Comparison in the presence of DIP for 

the pristine MOFs and after its recovery from the first catalytic test and washing with H2O. DIP: 

commercial isopropyl phosphate (mono and di ester mixture). Catalytic conditions: MOF:DIFP ratio 

1:1, MOF:KF ratio 1:50, MOF:DIP ratio 1:1. 
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NMR measurements were carried out in a Bruker Avance NEO 400 MHz spectrometer operating at room 

temperature and 162 MHz. The nature of the product of the reaction was studied by filtering the solid after 

the catalytic tests and analyzing the supernatant and the catalyst separately with NMR. In order to analyse 

the supernatant, the catalytic experiments were performed in D2O and analysed directly by NMR after 

filtering off the catalyst. 1H- and 31P-NMR experiments on the catalyst were carried out by washing the 

catalyst 3 times with 1.5 mL of H2O. Next, the H2O was removed by centrifugation followed by digestion 

of the catalyst in 0.7 mL of NaOD/D2O (2M) under stirring overnight. Subsequently, 1 equivalent of the 

internal standard N-(phosphonomethyl)glycine was added. The mixture was then sonicated, centrifugated 

and transferred to an NMR tube by using a syringe filter to collect the 1H and 31P-NMR spectra (coupled and 

decoupled). 

1H- and 31P-NMR spectra of MUV-101(Fe) samples after the catalytic test were compared with those of 

potassium phosphate, isopropanol and commercial di- and monoisopropyl phosphate under same conditions 

to identify the product of the catalysis. Those experiments confirmed the formation of DIP as the only 

degradation product. We observe the characteristic DIP multiplicity with the expected coupling constant for 

three-bond 31P-1H coupling (3J31P-1H=5 to 10 Hz) in the coupled 31P-NMR spectra for the supernatant (Figure 

S40) and for the digested sample (Figure S41) with a coupling constant of: 3J31P-1H= 7.3 Hz at -0.88 ppm 

and 3J31P-1H= 7.4 Hz at -0.88 ppm, respectively. Decoupled 31P-NMR spectra of the digested sample also 

show the absence of any fingerprint characteristic of phosphoric/phosphate (Figure S42). In addition, 1H-

NMR spectra show only the appearance of a doublet at 1.1 ppm and a multiplet at 4.2 ppm characteristic of 

the isopropyl group, demonstrating again the exclusively the formation of DIP as degradation product 

(Figure S43). 

 

 

Figure S40. Coupled 31P-NMR spectra with NaOD in D2O (2M) for potassium phosphate tribasic, the 

supernatant of MUV-101(Fe) after catalysis, and commercial Isopropyl phosphate (mono and di ester 

mixture) using as an internal standard 1 equiv. of N-(phosphonomethyl)glycine. Catalytic conditions: 

MOF:DIFP ratio 1:1. Reaction time: 24h. 

 

  



 S43 

 

 

Figure S41. Coupled 31P-NMR spectra after digestion with NaOD in D2O (2M) for potassium phosphate 

tribasic, MUV-101(Fe) after catalysis, and commercial Isopropyl phosphate (mono and di ester mixture) using 

as an internal standard 1 equiv. of N-(phosphonomethyl)glycine. Catalytic conditions: MOF:DIFP ratio 1:1. 

Reaction time: 24h. 

 

 

 

Figure S42. 31P-NMR spectra after digestion with NaOD in D2O (2M) for potassium phosphate tribasic, 

MUV-101(Fe), MUV-101(Fe) after catalysis and commercial isopropyl phosphate (mono and di ester 

mixture) using as an internal standard 1 equiv. of N-(phosphonomethyl)glycine. Reaction time: 24h. 
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Figure S43. 1H-NMR spectra after digestion with NaOD in D2O (2M) of isopropanol, MUV-101(Fe), 

MUV-101(Fe) after catalysis and commercial isopropyl phosphate (mono and di ester mixture). Catalytic 

conditions: MOF:DIFP ratio 1:1. Reaction time: 24h. 

 

Further comparison of the 1H- and 31P-NMR spectra of UiO-66 samples before/after the degradation of DIFP 

with commercial isopropyl phosphate (mono and di ester mixture) and potassium phosphate as references 

also confirm DIP as the only product of the degradation without the presence of any signature in the 31P-

NMR that might account for the formation of phosphoric/phosphate as byproduct (Figure S44-S45). 

 

 

Figure S44. 1H-NMR spectra after digestion with NaOD in D2O (2M) of isopropanol, UiO-66, UiO-66 

after catalysis and commercial isopropyl phosphate (mono and di ester mixture). Catalytic conditions: 

MOF:DIFP ratio 1:1. Reaction time: 24h. 
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Figure S45. 1H-NMR spectra after digestion with NaOD in D2O (2M) for potassium phosphate tribasic, 

UiO-66, UiO-66 after catalysis and commercial isopropyl phosphate (mono and di ester mixture) using 

as an internal standard 1 equiv. of N-(phosphonomethyl)glycine. Catalytic conditions: MOF:DIFP ratio 

1:1. Reaction time: 24h. 
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Quantification of DIP present in MUV-101(Fe), UiO-66, the physical mixture of MIL-100(Fe) and MIL-

100(Ti) after the reaction was obtained from the analysis of the 1H-NMR spectra of the solids with 1 

equivalent of N-(phosphonomethyl)glycine as an internal standard. (Catalytic conditions: MOF:DIFP ratio 

1:1. Reaction time: 24h). These quantification experiments show a drastic difference of the DIP retained in 

the structure of MUV-101(Fe) (5% with respect to the initial DIFP as quantified by 1H- and 31P-NMR) and 

UiO-66 (22% as quantified by 1H-NMR and 25% quantified by 31P-NMR) after the degradation of DIFP 

(Figures S46-S47),  whereas only a 0.5% of DIP is observed for the physical mixture of MIL-100 phases 

(Figures S48-S49). These experiments also suggest that DIFP dominates over DIP adsorption in MUV-

101(Fe) as observed in Figure S37.  

 

 

Figure S46. 31P-NMR spectra after digestion with NaOD in D2O (2M) for potassium phosphate tribasic, 

MUV-101(Fe) after catalysis, UiO-66 after catalysis and commercial Isopropyl phosphate (mono and di 

ester mixture) by using an internal standard 1 equiv. of N-(phosphonomethyl)glycine. Catalytic 

conditions: MOF:DIFP ratio 1:1. Reaction time: 24h. 

 

Figure S47. 1H-NMR spectra after digestion with NaOD in D2O (2M) for MUV-101(Fe) and UiO-66 

after catalysis using as an internal standard 1 equiv. of N-(phosphonomethyl)glycine. Catalytic conditions: 

MOF:DIFP ratio 1:1. Reaction time: 24h. 
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Figure S48. 31P-NMR spectra after digestion with NaOD in D2O (2M) of potassium phosphate tribasic, 

washed MUV-101(Fe) after catalysis, washed 1:2 physical mixture of MIL-100 phases after catalysis and 

commercial isopropyl phosphate (mono and di ester mixture) using as an internal standard 1 equiv. of N-

(phosphonomethyl)glycine. Catalytic conditions: MOF:DIFP ratio 1:1. Reaction time: 24h. 

 

Figure S49. 1H-NMR spectra after digestion with NaOD in D2O (2M) for washed MUV-101(Fe) after 

catalysis and washed 1:2 physical mixture of MIL-100 phases after using as an internal standard 1 equiv. 

of N-(phosphonomethyl)glycine. Catalytic conditions: MOF:DIFP ratio 1:1. Reaction time: 24h. 
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The estimated half-life times (t1/2) for MUV-101(Fe) and UiO-66 reaction with DIFP correspond  the amount 

of time needed for DIFP concentration to decrease by half compared to its initial concentration. In an attempt 

to include t1/2 values more comparable with those reported by different research groups,14–16 we also report 

calculated t1/2 half-life times by assuming a pseudo-first order reaction kinetics by plotting ln[DIFP] versus 

time in the initial stages of the reaction. The slope of the curve extracted from the linear fit is the pseudo-

first order kinetic constant (k) and is related to t1/2 by the following formula: 

𝑡1/2 =  
𝑙𝑛(2)

𝑘
⁄  

 

 

Table S14. Calculated and estimated t1/2 values for MUV-101(Fe) and UiO-66 for different MOF:DIFP 

ratios. 

MOF k (min-1)a Calculated t1/2
b Estimated t1/2

c 

MUV-101(Fe) (6:1)d 8.59·10-2 8.1 7 

MUV-101(Fe) (1:1)d 4.21·10-3 164.6 182 

MUV-101(Fe) (1:2)d 4.98·10-3 206.9 217 

MUV-101(Fe) (1:5)d 1.29·10-3 535.3 535 

MUV-101(Fe) (1:10)d 8.64·10-4 802.2 660 

UiO-66 (1:1)d 6.57·10-2 10.6 10 

aRate constant (k) determined by plotting the ln[DIFP] versus time. bInitial half-life time calculated by 

t1/2 = ln(2)/k. cHalf-life time estimated as the amount of time needed for DIFP concentration to decrease 

by half compared to its initial concentration.dMOF:DIFP molar ratio 
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Table S15. Comparison of different MOFs tested for the degradation of CWAs and/or their simulants 

MUV-101(Mg) DIFP > 24h > 24h H2O - - This work 

MUV-101(Fe) (6:1)c DIFP 8.1b 72 H2O - 3 Cycles This work 

MUV-101(Co) DIFP > 24h > 24h H2O - - This work 

MUV-101(Ni) DIFP > 24h > 24h H2O - - This work 

MUV-10(Mn) DIFP > 24h > 24h H2O - - This work 

MIL-100(Fe) DIFP > 24h > 24h H2O - - This work 

MIL-100(Ti) DIFP > 24h > 24h H2O - - This work 

UiO-66 (1:1)c DIFP 10.6b > 24h H2O - - This work 

UiO-66 DMNP 45-50 200 MeOH - - 
17

 
UiO-66 DMNP 45 > 200 H2O NEMb (0.45 M) - 

UiO-66-(OH)2 DMNP 60 >60 H2O NEM (0.45 M) - 

18
 UiO-66-NO2 DMNP 45 >60 H2O NEM (0.45 M) - 

UiO-66-NH2 DMNP 1 10 H2O NEM (0.45 M) - 

UiO-66@LiOtBu 

DIFP 5 60 H2O - 
3 Cycles (loss of 

cat. Activity) 

19 DMMP 25 300 H2O - - 

CEES 3 30 H2O:EtOH - - 

UiO-67 DMNP 4.5 45 H2O NEM (0.45 M) - 

18 UiO-66-NH2 DMNP 2 45 H2O NEM (0.45 M) - 

UiO-66-NMe2 DMNP 2 45 H2O NEM (0.45 M) - 

NU-1000 

DMNP 15 >60 H2O NEM (0.45 M) 3 Cycles 

20 
GD 3 n.r. H2O NEM (0.45 M) - 

HD 33 n.r. H2O NEM (0.45 M) - 

UN-1000-dehydrated DMNP 1.5 30 H2O NEM (0.45 M) - 

MOF-808 DMNP <0.5 1 H2O NEM (0.45 M) 13 Cycles 21 

MOF-545 
DMNP 8 60 MeOH NEM (0.45 M) 2 Cycles 

22 
CEES 10 60 MeOH NEM (0.45 M) 2 Cycles 

UiO-66-

0.25NH2@LiOtBu 

DIFP 0.4 1 H2O - 

3 times (loss of 

cat. Activity after 

the 2nd cycle) 

23 CEES 9.6 150 H2O:EtOH - - 

GD <0.4 <1 H2O - - 

HD 19 120 H2O - - 

NU-1002-o-NH2 DMNP 1.2 17 H2O NEM (0.45 M) - 24 

MOF-808 DIFP 43 > 24h H2O - - 

25 

MOF-

808@Mg(OMe)2_1:4 
DIFP 6.8 220 H2O - - 

NU-1000 DIFP 1.7 > 24h H2O - - 

NU-

1000@Mg(OMe)2_1:4 
DIFP 2.7 35 H2O - - 

MOF-808/PEI DMNP 96 480 
H2O 

(RH 50 %) 

- - 
26 

MOF-808/PEI/fiber DMNP 24 240 - - 

aTime needed to achieve 100% of conversion. bInitial half-life time calculated by t1/2 = ln(2)/k. aMOF:DIFP molar ratio. NEM = N-

ethylmorpholine. DIFP = Diisopropyl fluorophosphate, DMNP = Dimethyl-4-nitrophenyl phosphate, DMMP = Dimethyl-methyl-phosphonate, 

CEES = 2-chloroethyl-ethyl-sulfide, GD = Soman, HD = Mustard gas. 
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Table S16. Comparison of the catalytic activity of MOFs in the degradation of DIFP or DENP in water without 

the addition of any basic buffer. 

MUV-101(Fe) (6:1)c DIFP 8 72 H2O − 

This work 

MUV-101(Fe) (1:1)c DIFP 165 495 H2O 3 Cycles 

MUV-101(Fe) (1:2)c DIFP 207 980 H2O − 

MUV-101(Fe) (1:5)c DIFP 535 2790 H2O − 

MUV-101(Fe) (1:10)c DIFP 802 3490 H2O − 

UiO-66 (1:1)c DIFP 10 > 24h H2O - This work 

UiO-66@LiOtBu DIFP 5 60 H2O 
3 Cycles (loss of cat. 

Activity after the 1st cycle) 
19 

UiO-66-0.25NH2@LiOtBu DIFP 0.4 1 H2O 
3 times (loss of cat. 

Activity after the 1st cycle) 
23 

MOF-808 DIFP 43 > 24h H2O - 

25 
MOF-808@Mg(OMe)2_1:4 DIFP 6.8 220 H2O - 

NU-1000 DIFP 1.7 > 24h H2O - 

NU-1000@Mg(OMe)2_1:4 DIFP 2.7 35 H2O - 

UN-1000 DENP n.d. n.d. H2O - 

16 
MOF-808 DENP n.d. n.d. H2O - 

PCN-777 DENP n.d. n.d. H2O - 

UiO-66-NH2 DENP 99 > 24h H2O - 

aInitial half-life calculated by t1/2 = ln(2)/k.  bTime needed to achieve 100% of conversion. cMOF:DIFP molar ratio. DIFP = Diisopropyl-

fluorophosphate, DENP = Diethyl-4-nitrophenyl phosphate (referred to as POX in ref. 16)  
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After the catalytic tests, the solids were rinsed with water and methanol and dried under vacuum. The 

structural stability of the solids after catalysis was confirmed by PXRD except for MUV-101(Mg) which 

was not stable under the catalytic conditions.  

 

 

Figure S50. Comparison of the simulated PXRD (black) of MIL-100 structure with those of MUV-101(Mg) 

(a), MUV-101(Fe) (b), MUV-101(Co) (c) and MUV-101(Ni) (d) after the catalytic experiments. Catalytic 

conditions: MOF:DIFP ratio 1:1. Reaction time: 24h. 
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Density functional theory (DFT) calculations were performed using the Vienna Ab initio Simulation Package 

(VASP).27,28 The electron−ion interactions were described using the projector-augmented-wave (PAW) 

formalism.29 For the geometry optimizations, we used the generalized gradient approximation (GGA) with 

the Perdew–Burke–Ernzerhof (PBE) functional,30 and including van der Waals (vdW) corrections via the 

DFT-D3 method of Grimme.31,32 The kinetic energy cut-off for the plane-wave basis set expansion was 

chosen as 500 eV, and a Γ-points was used.  

 

The cluster models formed by two unit of SBU [Ti3(µ3-O)(O2CR)6(O)3] were created from the Rietveld 

refinement of the X-Ray difraction pattern of the X-Ray structure of MIL-100(Ti) and placed in a box of 30 

× 30 × 30 Å3 size. The organic linkers around the SBU node were truncated and their carbon atoms fixed to 

maintain the rigidity of the MOF. Then, in each SBU, two Ti(IV) cations were substituted by Fe(III) or 

Co(II) cations in agreement with a Ti/M ratio found in the experiments and different combinations of O2-, 

OH- or H2O molecules were added in axial position of each metal octahedron to generate a neutral structure. 

The final models were then optimised as described previously (Figure 51) 

 

 

Ti3-cluster model 

 

 

Fe3-cluster model 

  

TiFe2-cluster model 
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TiCo2-cluster model 

 

 

Figure S51. Side view (left) and top view (right) of DFT-optimized cluster models formed by the 

association of two SBU with different combinations of O2−, OH− or H2O molecules acting as capping 

linkers in MUV-101(M) materials. Color codes: Ti(IV) (green), Fe(II) (orange), Co(II) (magenta), H 

(white), C (gray) and O (red). 

 

 

The adsorption energy was calculated as 𝐸𝐴𝐷𝑆 =  𝐸𝑀𝑂𝐿+𝑐𝑀𝑂𝐹 −  𝐸𝑐𝑀𝑂𝐹 −  𝐸𝑀𝑂𝐿, where 𝐸𝑀𝑂𝐿+𝑐𝑀𝑂𝐹 is the 

energy of the cluster of MOF with the DIFP molecule adsorbed, 𝐸𝑐𝑀𝑂𝐹 is the energy of the cluster model 

and 𝐸𝑀𝑂𝐿 is the energy of DIFP in the gas phase. In the first case studied, P=O group of the DIFP molecule 

was allowed to freely interact with the cluster model metal ions. Displacement of axial water by DIFP is 

exothermic in all cases. However, it is much favourable towards the Ti(IV) site than for Fe(III) or Co(II) 

sites. We have also studied an alternative model in which DIFP fluorine atom  interacts with the metal ions.  

 

Table S17. Adsorption energies (𝐸𝐴𝐷𝑆 in kJ/mol) of DIFP on cluster of MIL-100 and key bond lengths (Å) 

M–OH2 before and M–O=P(OR)2F after adsorption of DIFP molecule. 

 

MOF 𝐄𝐚 𝐄𝐀𝐃𝐒 d(M–OH2) d(M–O=P(OR)2F) 

MIL-100(Ti) 24.12 -53.07 2.4 2.2 

MIL-100(Fe) 72.25 -4.82 2.0 2.2 

MUV-101(Fe) via Ti 58.85 -47.28 2.3 2.2 

MUV-101(Fe) via Fe - -11.58 2.1 2.2 

MUV-101(Co) via Ti 31.84 -33.77 2.3 2.2 

MUV-101(Co) via Co - +7.72 2.2 2.2 

 

 

 

Scheme 1. Proposed reaction pathway for adsorption of DIFP on MUV-101 clusters.  



 S54 

 

Ti3-cluster model + DIFP 

 

Fe3-cluster model + DIFP 

 

TiFe2-cluster model + DIFP 

 

TiCo2-cluster model + DIFP 

 

Figure S52. Calculated lowest-energy structures of the adsorption of DIFP and water displacement on the 

MIL-100 and MUV-101 clusters. Color codes: Ti(IV) (green), Fe(II) (orange), Co(II) (magenta), H 

(white), C (gray) and O (red), P (purple), F (light blue). 
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Scheme 2. Proposed reaction pathway for concerted hydrolysis mechanism DIFP on MUV-101(M) clusters  

We used a climbing-image nudge elastic band (CI-NEB) method33 implemented in the VASP code to obtain 

the transition state geometries and energies for the initial and final states of each step involved in the 

mechanism proposed. The saddle points of the minimum energy path of the series of intermediate images 

between the initial and the final state of each step (adsorption of DIFP and hydrolysis) were generated by 

interpolation. For each step, all the images from the sequence generated were optimized simultaneously to 

find the lowest possible energy in each case. It is worth noting that this methodology imposes spring forces 

as a constrain to ensure that all images remain equally distributed and do not to descend to one of the local 

minima. After several iterations, the image with the highest energy becomes the “climbing image”. This 

image is not restricted to the spring forces any longer, the true force becomes inverted and “pushes” the 

image up to the exact saddle point minimizing the energy along the path direction. The minimum energy 

path is then defined as that for which the perpendicular component of the spring forces along the optimized 

path is equal to zero. 

 

Table S18. Reaction energy (𝐸𝐻𝑌𝐷), activation energy (𝐸𝐚) in kJ/mol of the elementary steps involved in 

nucleophilic attack of water. 

 

MOF 𝑬𝑯𝒀𝑫 𝐄𝐚 

MIL-100(Ti) -10.61 200.69 

MIL-100(Fe) -74.29 70.43 

MUV-101(Fe) via Ti -12.54 59.82 

MUV-101(Co) via Ti -2.89 288.49 

 

  
Ti3-cluster model···DIFP Fe3-cluster model···DIFP  

  
TiFe2-cluster model···DIFP  TiCo2-cluster model···DIFP  

Figure S53. Structure of the transition state corresponding to the concerted hydrolysis mechanism on 

MIL-100 and MUV-101 clusters. Color codes: Ti(IV) (green), Fe(II) (orange), Co(II) (magenta), H 

(white), C (gray) and O (red), P (purple), F (light blue). 
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We have calculated the ability of MUV-101(Fe) to catalytically degrade sarin (GB). The degradation 

mechanism proceeds in a similar way to that of DIFP. First, water is displaced by sarin by binding to the 

axial position of Ti(IV) via the P=O group. This involves an adsorption energy (Eads) of -24.1 kJ/mol and an 

activation energy barrier of +48.1 kJ/mol. Next, the nucleophilic attack to the P(V) center for hydrolysis 

involves an energy barrier of +75.2 kJ/mol (Figure S54). Just like in the case of DIFP, this is also the rate 

determining step of the degradation of GB (Table S19). According to our simulations, MUV-101(Fe) might 

display a similar efficiency for the degradation of sarin in aqueous medium and non-buffered conditions than 

for DIFP. These results are also consistent with recent reports,34 that outline how DIFP is a better simulant 

to reproduce the behavior of sarin compared to other candidates. 

 

 

 

Table S19. Comparison of different MOFs reported for the hydrolysis of CWAs and/or their simulants 

MOF Substrate Rate-Determining Step (RDS) 
Ea 

(kJ/mol) 
Reference 

MIL-100(Ti) DIFP Nucleophilic attack of water 200.7 

This work 

MIL-100(Fe) DIFP Water displacement 72.25 

MUV-101(Fe) DIFP Nucleophilic attack of water 59.8 

MUV-101(Co) DIFP Nucleophilic attack of water 288.5 

MUV-101(Fe) GB Nucleophilic attack of water 75.2 

MIP-177(Ti) 

GB 
nucleophilic addition of the -OH function 

from MOF 
78.6 

34 

GB + Water Nucleophilic attack of water 146.5 

DMMP 
nucleophilic addition of the -OH function 

from MOF 
115.2 

DIFP 
nucleophilic addition of the -OH function 

from MOF 
67.2 

UiO-66-11(Zr) GB Water displacement 112.1 

35 

UiO-66-11-I(Zr) GB Water displacement 117.6 

UiO-66-11-II(Zr) GB Water displacement 90.8 

UiO-66-11-III(Zr) GB Water displacement 113.4 

NU-1000c(Zr) GB Water displacement 109.2 

MOF-808(Zr) GB Water displacement 91.6 

DIFP = Diisopropyl-fluorophosphate, DMMP = Dimethyl-methyl-phosphonate, GB = sarin. 

 
 

  

Figure S54. Reaction energy profile for catalytic hydrolysis of DIFP (orange) and GB (black) on 

heterometallic MUV-101(Fe). 
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The ability of the products of the reaction to poison the catalytic metal sites was explored by calculating the 

adsorption energy of reactants (DIFP) and possible products (DIP, H3PO4, (CH3)2CH-OH and HF). An axial 

water molecule was removed from trimeric cluster models to allow the adsorption of these molecules. The 

removal of the axially coordinated water molecule from the Ti(VI) ions has an energy cost ranging from 57 

for MIL-100(Ti) to 58 kJ·mol-1 for MUV-101(Fe), as shown in Table S20. On the other hand, the removal 

of the axially coordinated water molecule from Fe(III) ions in both MIL-100(Fe) and MUV-101(Fe) had a 

slightly higher energy penalty of around 60 kJ·mol-1 .  

The reactant (DIFP) and products (DIP, H3PO4, (CH3)2CH-OH and HF) were then allowed to interact 

separately with the open metal site and the adsorption energies were calculated as: 

 

𝐸𝐴𝐷𝑆 =  𝐸𝐴𝐷𝑆(𝐻2𝑂)+ 𝐸𝑀𝑂𝐿+𝑐𝑀𝑂𝐹 −  𝐸𝑐𝑀𝑂𝐹 −  𝐸𝑀𝑂𝐿, 

 

where 𝐸𝐴𝐷𝑆(𝐻2𝑂)is the adsorption energy of water molecules on cluster of MOF, 𝐸𝑀𝑂𝐿+𝑐𝑀𝑂𝐹 is the energy of 

the trimeric M3 or TiM2 cluster with the adsorbed reactant or product molecule, 𝐸𝑐𝑀𝑂𝐹 is the energy of the 

M3 or TiM2 cluster cluster and 𝐸𝑀𝑂𝐿 is the energy of the reactant or products in the gas phase.  

 

For comparison, we also computed the adsorption behaviours of DIFP and the degradation products in 

defective UiO-66(Zr). In this case, the cluster model (formed by one Zr6 unit saturated with hydroxyl groups 

and water and linker molecules) was created from the crystal structure of bidefective UiO-66-10-I reported 

in reference 35. A terminal water molecule was removed from a Zr(IV) atom to allow the adsorption of the 

reactant (DIFP) and product (DIP, H3PO4, (CH3)2CH-OH and HF) molecules. Water removal, has a cost of 

147.2 kJ mol-1, which is agreement with previous theoretical calculations in Zr-MOFs, 20,35 whilst calculated 

adsorption energies are shown Table S20.  

 

Table S20. Adsorption energy (kJ mol-1) of reactants and products by water displacement at the axial 

positions of Ti(IV), Fe(III), or Co(II) in the homo (M3) and heterometallic (TiM2) clusters of MIL-100(Ti), 

MIL-100(Fe), MUV-101(Fe) and MUV-101(Co). UiO-66-10-I(Zr) has been added for comparison. 

MOF H2O DIFP DIP H3PO4 (CH3)2CH-OH HF 

MIL-100(Ti) -57.2 -53.1 -51.2 -8.7 -3.9 +22.2 

MIL-100(Fe) -59.8 -4.8 -11.9 +17.4 +3.9 +27.1 

MUV-101(Fe) via Ti -57.9 -47.3 -39.5 -7.7 +11.6 +21.2 

MUV-101(Fe) via Fe -60.8 -11.6 -16.1 +14.5 +7.7 +37.6 

MUV-101(Co) via Ti -65.6 -33.8 -32.7 -8.7 +1.9 +27.0 

MUV-101(Co) via Co -38.6 +7.7 -12.7 +13.5 +8.7 +16.4 

UiO-66-10-I(Zr)a -147.2 +95.8 +65.5 +16.8 +119.8 +33.6 
     a bidefective cluster of UiO-66 (10-connected associated Zr6 node)  

 

For UiO-66, the adsorption of reactant and products is thermodynamically unfavorable compared to the 

desorption of a water molecule. Besides, DIP, H3PO4 and HF are more strongly bonded to the active site that 

the reactant (DIFP). This suggests that even if the reaction proceeded, any of the products formed would 

poison the catalyst. As for homometallic MIL-100 and heterometallic MUV-101 phases, the adsorption of 

HF is not favorable thermodynamically. In turn, poisoning by fixation of DIP is more likely if the adsorption 

proceeds via Fe(III) or Co(II) sites than for Ti(IV) sites. Among them, MUV-101(Fe) combines the minimum 

ratio for DIFP/DIP competition with an easy water displacement, that is the limiting step for UiO-66.  
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Supplementary Movie S1 shows the different steps of the reaction mechanism depicted in Figure 5 (main 

text) of the hydrolytic degradation of DIFP molecules catalyzed by the heterometallic MOF MUV-101(Fe). 
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Potentiometric acid-base titrations were performed with a Metrohm Titrino 877 equipped with Dosino 800 

20 mL and 10 mL dosing units using a similar methodology to those reported previously for Zr(OH)4
36 and 

Zr-MOFs.37 The calibration was performed using commercial pH buffers of known pH (4.00, 7.00 and 9.00, 

MetroOhm). All the samples were previously finely grounded and activated at 150 ºC overnight under 

dynamic vacuum. Then, approximately 25 mg of solid was suspended in 25 mL of aqueous NaNO3 0.01 M. 

The suspension was covered with parafilm and allowed to equilibrate overnight (18-24 hours). Prior to 

titration, the suspension was charged with a magnetic stir bar and its pH was adjusted to 3 with HCl 0.1M. 

The titrations were performed using an aqueous solution of NaOH 0.1 M in the range of pH from 3 to 12 

with injection volumes of 20 µL and an injection rate of 20 µL·min-1. Three independent titration curves 

were collected for each MOF. The experimental data was converted to a proton binding curve from which a 

spectrum of the acidity constants was obtained by means of the SAEIUS numerical procedure,38,39 as 

described elsewhere.36  The data obtained for MUV-101(M) (M = Fe or Co), MIL-100(Fe) and MIL-100(Ti) 

is shown in Figures S55-S58. 

 

 

Figure S55. (a) Titration data (empty dots) of MUV-101(Fe) from 3 independent experiments. 

Representative (b) proton binding curve and (c) pKa distribution curve of the acidic species present in MUV-

101(Fe) and (d) Structure of the proposed heterometallic cluster for MUV-101(Fe)  
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Figure S56. (a) Titration data (empty dots) of MUV-101(Co) from 3 independent experiments. 

Representative (b) proton binding curve and (c) pKa distribution curve of the acidic species present in MUV-

101(Co) and (d) Structure of the proposed heterometallic cluster for MUV-101(Co) 
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Figure S57. (a) Titration data (empty dots) of MIL-100(Fe) from 3 independent experiments Representative 

(b) the proton binding curve and (c) pKa distribution curve of the acidic species present in MIL-100(Fe) and 

(d) Structure of the proposed cluster for MIL-100(Fe) 
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Figure S58. (a) Titration data (empty dots) of  MIL-100(Ti) from 3 independent experiments. Representative 

(b) proton binding curve and (c) pKa distribution curve of the acidic species present in MIL-100(Ti) and (d) 

Structure of the proposed cluster for MIL-100(Ti) 
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This thesis is part of an ongoing effort for the development of new Titanium-
Organic Frameworks for porous materials with exceptional chemical stability to enable 
their use in photo and heterogeneous catalysis. Compared to other metals, the synthesis 
of MOFs based on Titanium has remained elusive due to the high sensitivity to moisture 
and reactivity of this metal in solution. Here, three distinct approaches were used to 
synthesise new homo and heterometallic titanium frameworks for further understanding 
of the photoactivity and chemical reactivity of this family of MOFs.  

Regarding the synthesis of homometallic Ti-MOFs, the first milestone of this 
thesis was the obtention of a MOF from direct reaction of pre-formed titanium-oxo 
clusters with polycarboxylate linkers. By using high-throughput methods we controlled 
the formation of trimeric Ti3(µ3-O) metal-oxo clusters for the assembly of a mesoporous 
framework with the structure of MIL-100. MIL-100(Ti) can be reproducibly synthesised 
with different Ti(IV) precursors with high crystallinity, overcoming the synthetic 
limitations intrinsic to this family of materials in the nature of the precursors available. It 
displays good stability in water and photocatalytic activity due to the presence of 
photoactive Ti3(µ3-O) nodes.  

As a second approach for the design of Ti-MOFs with enhanced water stability, 
we made use of an unprecedented siderophore-type linker based on hydroxamic acid 
units. The strong chelating ability of hydroxamates led to the formation of MUV-11, a 
Titanium-Organic Framework with single Ti-nodes. MUV-11 could be obtained as a 
porous single-crystalline framework combining photoactivity with good chemical 
stability in acid conditions. Also noticeable, it is the first chiral titanium framework we 
are aware of. Just like for mesoporous MIL-100(Ti), HT methods helped in extending this 
chemistry to multiple titanium compounds, thus expanding the scope of accessible 
precursors. Our experimental and computational approach suggests important 
differences in the photoactivity of MUV-11 compared to other benchmark materials, like 
MIL-125. This likely arises from striking differences in charge separation-recombination 
kinetics in MOFs built from siderophore-type linkers, being less likely to undergo 
photoinduced ligand-to-metal charge transfer for the generation of Ti(III) species. This 
has been rationalised with computational modelling revealing how this type of linkers can 
modify the electronic structure of the frontier orbitals, relevant to the photoactivity of 
these materials. 

The third and last approach consisted in the combination of titanium with lower 
valence metals to form heterometallic titanium organic frameworks. By using of a similar 
HT approach, we isolated a family of photoactive MOFs with good water stability with 
heterometallic Ti2Ca2 metal-oxo clusters from combination of Ti(IV) with divalent 
metals. The heterometallic structure of MUV-10 enables the manipulation of their 
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electronic structure and photoactivity by metal doping rather than by linker 
functionalization. Compared to other procedures based on post-synthetic metal 
exchange, our methodology allows to control the positioning of dopants at an atomic level 
for values as high as 50 %. Given their high stability and tuneable photoactivity, it is 
expected this family of materials will contribute to the design of more advanced porous 
photocatalysts. 

Finally, by following this same approach, we have demonstrated how the 
combination of Ti(IV) with other transition metals leads to the formation of a versatile 
family of heterometallic MOFs MUV-101(M) (M = Mg, Fe, Co, Ni). These mesoporous 
solids are isostructural to the archetypical MIL-100 family but feature heterometallic 
TiM2(µ3-O) metal-oxo clusters in their structure. We have used this feature to explore the 
synergetic cooperation between different metallic centres in the catalytic degradation of 
DIFP, a Sarin gas simulant. Compared to the benchmark materials, MUV-101(Fe) enables 
quantitative degradation of the toxic agent in non-buffered aqueous media without the 
presence of a basic co-catalyst. Compared to this material, other titanium heterometallic 
and homometallic MOFs display poorer performance or get poisoned by the degradation 
products. The catalytic activity of MUV-101(Fe) cannot be explained by the association 
of Ti and Fe but to their synergistic cooperation. Our combination of theory and 
experiment strongly suggest that the combination of Ti(IV) Lewis acid and Fe(III)-OH 
Brönsted basic sites leads to a much lower energy barrier for a more efficient degradation 
of DIFP in absence of a base, resembling the activity of bimetallic purple acid phosphatase 
enzymes. This represents an excellent platform to guide the design of other heterometallic 
frameworks and contribute to the increasing interest in this family of MOFs for the 
exploration of a broad scope of cascade or tandem reactions in which synergetic catalysis 
might yield unprecedented boosts in performance. 
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La presente tesis doctoral ha sido realizada como compendio de publicaciones y 

lleva por título “Fotoactividad y reactividad química en redes metal-orgánicas de 

titanio(IV)” (Photoactivity and Chemical Reactivity in Titanium(IV)-Organic 

Frameworks). La tesis se encuentra dividida en cinco capítulos además de un capítulo final 
de conclusiones y un resumen en castellano. 

El primer capítulo trata de una introducción acerca de las redes metal-orgánicas 

(del inglés Metal-Organic Frameworks, MOFs) de titanio(IV) existentes hasta la fecha 
para dar una visión general de su variedad estructural, así como de las estrategias 
sintéticas empleadas y las propiedades fotocatalíticas de estos materiales. En primer lugar, 
se hace un repaso del estado del arte en cuanto a las diferentes estrategias sintéticas 
empleadas en la obtención de MOFs basados en titanio, las cuales se desarrollarán 
posteriormente con diversos ejemplos. Dichas estrategias son tres. La primera de ellas se 
basa en la síntesis directa involucrando además el uso de unidades metálicas secundarias 

(del inglés Secondary Building Units, SBUs) preformadas de titanio con el objetivo de 
formar estructuras metal-orgánicas con dicha unidad. Sin embargo, la idea de usar SBUs 
preformadas se desechó rápidamente debido a la incapacidad de mantener la estructura 
de la SBU original, ya que las drásticas condiciones de reacción inducían la formación de 
SBUs alternativas. Dentro de esta estrategia, se ofrece una clasificación de estos materiales 
según el tipo de SBU, es decir, si es mononuclear, polinuclear o tipo cadena 
unidimensional. Una segunda estrategia consiste en el intercambio de metales post 
síntesis de una estructura MOF determinada. Por último, la tercera estrategia trata de la 
combinación de titanio con otros metales para producir MOF heterometálicos, dando la 
posibilidad de producir nuevas estructuras combinando las propiedades del Ti(IV) con 
las del otro ion metálico. En la última sección de esta introducción se repasan las 
aplicaciones de MOFs de titanio en reacciones fotocatalíticas relevantes como son la 
evolución de hidrógeno y la reducción de CO2, haciendo además énfasis en distintas 
estrategias empleadas para aumentar la absorción de luz visible y actividad fotocatalítica 
de estos materiales. 

El segundo capítulo trata sobre la síntesis de un MOF mesoporoso de titanio con 
estructura de MIL-100 (MIL = Material del Instituto Lavoisier), una familia de MOFs 
basados en metales trivalentes M(III) conocida por presentar una estructura mesoporosa 
y alta estabilidad. Al comienzo de esta tesis en 2015 había un gran interés en el desarrollo 
y síntesis de nuevos MOF de titanio, de los cuales sólo se conocían tres hasta el momento. 
Estos eran los conocidos como MIL-125, NTU-9 y PCN-22. En este momento, se estaba 
explorando la posibilidad de usar SBUs preformadas como estrategia para obtener estos 
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materiales con una estructura metálica predefinida. Fue en este momento cuando 
decidimos explorar la formación de MOFs de titanio partiendo de un compuesto 
hexanuclear de titanio(IV) como precursor y un ligando tricarboxílico, como ácido 
trimésico (H3btc). 

Los resultados de este trabajo se publicaron en: “Castells-Gil, J., M. Padial, N., 
Almora-Barrios, N., Da Silva, I., Mateo, D., Albero, J., García, H., and Martí-Gastaldo, C. 
De novo synthesis of mesoporous photoactive titanium(iv)-organic frameworks with 

MIL-100 topology. Chem. Sci. 10, 4313–4321 (2019).” En este trabajo se describe la 
obtención del material MOF mesoporoso de titanio con estructura tipo MIL-100. Dicho 
material se obtuvo con alta cristalinidad reaccionando el complejo hexanuclear 

[Ti6O6(OiPr)6(4-tbbz)6] (Ti6, 4-tbbz = 4-tert-butyl-benzoato) con H3btc en una mezcla de 
acetonitrile : tetrahidrofurano (AcCN:THF) en condiciones solvotermales. Cabe destacar 
que la misma reacción llevada a cabo en las mismas condiciones con disolventes orgánicos 
normalmente empleados en la síntesis de MOFs (DMF, DEF, NMP, EtOH, MeOH y 
mezclas de los mismos) llevaba a la obtención de compuestos amorfos.  

Para llegar a obtener MIL-100(Ti) con alta cristalinidad, fue necesario optimizar 
las condiciones de reacción. Para ello, llevamos a cabo un estudio sistemático de los 
diferentes parámetros de reacción haciendo uso de la plataforma de trabajo de alto 
rendimiento FLEX SHAKE de Chemspeed© que nos permite realizar una exploración 
exhaustiva de las diferentes condiciones de reacción de forma reproducible gracias a la 
dispensación de sólidos y líquidos de forma controlada. De esta forma, pudimos estudiar 
la formación de MIL-100(Ti) mediante el uso y cantidad de modulador (ácido acético) y 
la ratio metal-ligando en el rango de temperaturas comprendido entre 80-160 °C. Estos 
experimentos permitieron concluir que el uso de modulador y altas temperaturas eran 
necesarios para producir MIL-100(Ti) con alta cristalinidad. Con pequeñas 
modificaciones, estas condiciones de reacción se pudieron extender a otros precursores 
de Ti(IV). Sin embargo, se observó una relación entre la estabilidad del precursor, esto es, 
su sensibilidad a la humedad, y la calidad del material obtenido. De esta forma, 
precursores muy sensibles a la humedad como, por ejemplo, Ti(OiPr)4 producían MIL-
100(Ti) con baja cristalinidad y partículas con morfología muy poco definida. En cambio, 
compuestos mucho más estables como el complejo Ti6, producía un material mucho más 
cristalino con una morfología mucho más definida. Es importante destacar la importancia 
del uso del complejo de Ti6 en esta síntesis, ya que, aunque su estructura no se mantiene, 
su baja reactividad permite la obtención de un material más cristalino reduciendo así la 
formación de productos amorfos.   
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La cristalinidad de MIL-100(Ti) se evaluó mediante difracción de rayos X de polvo 
(PXRD), que enseguida se identificó con la difracción característica presentada por las 
estructuras ya publicadas de MIL-100(Fe, Cr). Un ajuste del perfil de difracción mediante 
el método de LeBail confirmó la pureza de la fase cristalina del material obtenido. La 
familia de materiales MIL-100 se caracteriza por presentar complejos trinucleares de 

fórmula [M3(µ3-O)(O2C)6], los cuales se encuentran a su vez conectados por ligandos 

puente trimesato, formando una estructura zeotípica cúbica con una topología típo mtn. 
Esta estructura presenta dos tipos de cavidades porosas de 2.4 y 2.9 nm de diámetro, las 
cuales se encuentran interconectadas a través de ventanas microporosas pentagonales y 
hexagonales. La formación de MIL-100(Ti) enseguida confirmó la degradación del 
precursor Ti6 para formar la SBU trinuclear, más estable en dichas condiciones sintéticas. 
Transformaciones similares se han descrito anteriormente, por ejemplo, en la síntesis del 
MOF PCN-22, en la que un precursor de Ti6, con un núcleo de Ti6O6, isoestructural al 
usado en esta síntesis, quedó transformado en un compuesto heptanuclear con núcleo, 
Ti7O6. No obstante, la SBU característica de materiales tipo MIL-100, de fórmula general 

[MIII
3(µ3-O)(O2C)6(X)(H2O)2] (X = F-, Cl-, OH-), sólo se había encontrado con metales 

trivalentes hasta la fecha, a excepción de un ejemplo de MOF de titanio recientemente 
publicado con la misma SBU. La sustitución de M(III) por Ti(IV) en la unidad metálica 
introducía un exceso de carga positiva que debía de ser compensada mediante la inclusión 
de aniones en los poros o especies aniónicas directamente coordinadas al metal. Tras 
descartar la presencia de otras especies en los poros, se modeló la unidad metálica con 

fórmulas [Ti3(µ3-O)(O2C)6(O)2(H2O)] and [Ti3(µ3-O)(O2C)6(O)(OH)2] teniendo en 
cuenta así la neutralidad de la red. Cálculos teóricos realizados por DFT sugerían que 
ambas formulaciones pueden ser posibles, con una diferencia de energía de 0.2 eV. En 
cuanto a las propiedades de MIL-100(Ti), se observó que, a pesar de su alta cristalinidad, 
la capacidad de adsorción era mucho menor a la esperada (2000 m2·g-1) con un área 
superficial de 1321 m2·g-1, determinada a partir de experimentos de adsorción de 
nitrógeno a 77 K. Sin embargo, la buena correspondencia entre la cantidad esperada a 
partir de la fórmula y la experimental de TiO2 obtenida por descomposición a altas 
temperaturas, junto con la ausencia de señales de otros compuestos orgánicos presentes 
en el poro, permitió concluir que la reducción en el área superficial era debida a parte de 
material amorfo de fórmula similar producido durante la síntesis.  

La presencia de titanio en la estructura de MIL-100(Ti) se esperaba que aumentara 
la estabilidad debido a la formación de fuertes enlaces Ti(IV)-O y, además, que presentara 
fotoactividad. La estabilidad de MIL-100(Ti) se estimó mediante PXRD y adsorción de 
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nitrógeno a 77 K tras sumergir MIL-100(Ti) en agua a diferentes valores de pH 
comprendidos entre 2 y 12 durante 24 horas y se comparó con otros materiales de 
referencia como MIL-100(Fe) o MIL-125(Ti). La ausencia de cambios estructurales de 
MIL-100(Ti) confirmó la estabilidad de este material en dichas condiciones, algo que no 
ocurrió con MIL-100(Fe) o MIL-125(Ti). En cuanto a la actividad fotocatalítica de MIL-
100(Ti), se determinó un band-gap óptico de 3.40 eV, lo que sugería que MIL-100(Ti) se 
podía fotoexcitar usando luz UV. Este hecho se pudo comprobar experimentalmente 
iluminando una suspensión de MIL-100(Ti) en THF y ausencia de oxígeno. El polvo 
rápidamente se volvió azul, lo que indicaba la generación de Ti(III), lo cual fue 
confirmado posteriormente mediante medidas de EPR. Con esta información, se estudió 
la actividad fotocatalítica de MIL-100(Ti) en la reacción de evolución de hidrógeno en 
una mezcla H2O:MeOH (4:1) con luz UV-Visible. Tras un período de inducción de 6 
horas, se observó la producción de hidrógeno alcanzando un máximo de 1000 µmol·gcat

-1 
tras 24 horas de reacción. Además, este material pudo ser reutilizado hasta 5 veces sin 
pérdida en la cristalinidad o en la actividad fotocatalítica.  

En el tercer capítulo se describe una estrategia distinta que involucra el uso de un 
nuevo tipo de ligando basado en grupos hidroxamato, muy poco explorado hasta la fecha. 
La familia de los -ácidos hidroxámicos pertenece a un grupo de moléculas conocidas 

como sideróforos (del griego “transportadores de hierro”) y son muy conocidos por sus 
propiedades biológicas como agentes portadores de hierro. Estas moléculas tienen la 
capacidad de secuestrar iones metálicos debido al efecto quelante de los grupos 
hidroxamato. Así pues, decidimos probar este tipo de ligandos con titanio con el motivo 
de formar estos materiales con una mayor estabilidad química combinando la capacidad 
del Ti(IV) y del grupo hidroxamato de formar enlaces de coordinación muy robustos. El 
uso de este ligando permitía además tener cierto control sobre la estructura resultante, 
puesto que el uso de agentes quelantes previene la condensación de Ti(IV) en disolución, 
formando así unidades metálicas mononucleares. Los resultados de este capítulo se 
publicaron en: “M. Padial, N., Castells-Gil, J., Almora-Barrios, N., Romero-Ángel, M., Da 
Silva, I., Barawi, M., García-Sánchez, A., de la Peña O’Shea, V. A., and Martí-Gastaldo, C. 
Hydroxamate Titanium−Organic Frameworks and the Effect of Siderophore-Type 

Linkers over Their Photocatalytic Activity. J. Am. Chem. Soc. 141, 13124–13133 (2019)”. 
En este trabajo se describe la síntesis y caracterización del primer MOF, llamado MUV-
11, combinando titanio y un ácido hidroxámico como ligando. MUV-11 se obtuvo 
haciendo reaccionar directamente precursores simples, como Ti(OiPr)4, con ácido 1,4-
bencenodihidroxámico (H4bdha) en DMF usando ácido acético como modulador. Estas 
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Estas condiciones de reacción produjeron un sólido naranja microcristalino con 
partículas hexagonales de un tamaño aproximadamente de 10-20 µm. Dado su pequeño 
tamaño, fue imposible obtener la estructura mediante técnicas de difracción en el 
laboratorio y fue necesario el uso de radiación de sincrotrón (ALBA, BL13-XALOC) para 
determinar su estructura. La baja capacidad de difracción de estos cristales sólo permitió 
la obtención de los parámetros de celda y el grupo espacial. Esto fue esencial para 
construir un modelo estructural con Materials Studio, el cual fue optimizado por métodos 
DFT y refinado frente al difractograma de polvo experimental mediante el método 
Rietveld. La red de MUV-11 se puede describir como iones Ti(IV) coordinados 
octaédricamente mediante tres grupos hidroxamato pertenecientes a tres ligandos 
Hnbdha (n = 1, 2). Esta coordinación produce una red 2D hexagonal, muy similar a la 
publicada previamente en el caso de NTU-9, sintetizado a partir de ligandos H4dobdc. A 
diferencia de NTU-9, que presenta una estructura hexagonal plana, las capas de MUV-11 
presentan una configuración tipo zig-zag. Esto es debido a que los grupos hidroxamato 
tienen cierta libertad de rotación respecto al anillo central mientras que los ligandos 
dobdc presentan una conformación mucho más plana y rígida. De esta forma, tanto 

MUV-11 como NTU-9 presentan un empaquetamiento diferente a lo largo del eje c, 
siendo éste del tipo ···AA··· en NTU-9 y de tipo ···ABC··· en MUV-11. Dicha rotación del 
grupo hidroxamato induce además un empaquetamiento helicoidal de las capas en MUV-

11 a lo largo del eje c, lo que provoca que el grupo espacial de simetría sea el grupo quiral 

P32.  

Tal y como se describió para el caso de MIL-100(Ti), se observó que el tipo de 
precursor afectaba a la cristalinidad del material obtenido, siendo el precursor 
(trietanolaminato)isopropóxido de titanio(IV) el que dio mejores resultados en cuanto a 
cristalinidad y tamaño de partícula. MUV-11 presentó además una buena estabilidad en 
agua en el rango de pH comprendido entre 2 y 11. Si bien es cierto que la exposición a la 
humedad produce un ensanchamiento de los picos de difracción y disminución de la 
intensidad, esto es debido a la alteración de las interacciones por puentes de H que 
mantiene unidas las capas. De hecho, se midió la cantidad de titanio en disolución por 
ICP a diferentes pH en el caso de MUV-11 y se comparó con las cantidades medidas en 
el caso de NTU-9 y MIL-125 en las mismas condiciones, mostrando la elevada estabilidad 
del enlace Ti-hidroxamato. Con esta información, nos propusimos estudiar la estructura 
electrónica de MUV-11 y su actividad fotocatalítica. Al igual que se ha observado 
previamente en otros MOFs con ligandos quelantes como NTU-9 o MIL-167/169, MUV-
11 mostraba un intenso color naranja como resultado de una alta absorción de luz en el 
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visible. De hecho, se calculó un band-gap óptico de 2.01 eV mediante DRS. Además, las 
posiciones del HOCO y LUCO obtenidas mediante experimentos fotoelectroquímicos 
indicaban que MUV-11 era un buen candidato para llevar a cabo reacciones 
fotocatalíticas de evolución de hidrógeno y oxígeno (HER y OER, respectivamente). Sin 
embargo, MUV-11 mostró una muy baja actividad fotocatalítica en la reacción HER en 
una mezcla H2O:MeOH (4:1, v/v) y fue necesario añadir Pt como co-catalizador para 
mejorar la separación de cargas y observar actividad fotocatalítica. Este hecho se pudo 
racionalizar a partir de cálculos DFT sobre la estructura electrónica de MOFs de titanio 
formados, por un lado, con ligandos con agentes quelantes, como NTU-9 y MUV-11, y, 
por otro lado, con ligandos con grupos carboxilato. Estos cálculos permitieron concluir 
que los MOFs de titanio con ligandos como H4dobdc y H4bdha no permiten una 
separación de cargas efectiva, pues tanto los bordes de la banda de valencia como de la de 
conducción tienen una mayor contribución de los estados del ligando, mientras que en 
los materiales formados a partir de ácidos carboxílicos, la contribución a los estados del 
borde de la banda de conducción son mayoritariamente de los iones Ti(IV), lo que explica 
la mayor separación de carga y mayor fotoactividad de estos materiales. 

En los capítulos 4 y 5 se presentan los resultados obtenidos mediante el hecho de 
combinar Ti(IV) con otros metales. Trabajos previos han mostrado la posibilidad de 
obtener diferentes estructuras con diferentes propiedades combinando titanio y otros 
metales. En estas estructuras, ambos metales pueden formar parte de la misma SBU, 
formando SBUs heterometalicas, o también se pueden encontrar segregados dentro de la 
estructura formando SBUs homometálicas.  

Los resultados del capítulo 4 se publicaron en “Castells-Gil, J., .M. Padial, N., 
Almora-Barrios, N., Albero, J., Ruiz-Salvador, A. R., González-Platas, J., García, H., and 
Martí-Gastaldo, C. Chemical Engineering of Photoactivity in Heterometallic Titanium–

Organic Frameworks by Metal Doping. Angew. Chem. Int. Ed. 57, 8453–8457 (2018).” En 
este trabajo, se detalla la síntesis y caracterización estructural de nuestros primeros 
resultados obtenidos al combinar titanio y calcio en el mismo MOF, llamado MUV-10. A 
diferencia de los MOF homometalicos MIL-100(Ti) y MUV-11 descritos anteriormente, 
MUV-10(Ca) se pudo aislar como monocristales con morfología octaédrica de tamaño 
suficiente para poder determinar su estructura mediante difracción de rayos X de 
monocristal. Estas medidas desvelaron que MUV-10(Ca) está formado por SBUs 

heterometálicas de fórmula [Ti2Ca2(µ3-O)2(O2C)8(H2O)4], en la cuales los iones Ti(IV) 
ocupan las posiciones de coordinación octaédrica mientras que los iones Ca(II) presentan 
una geometría trigonal prismática. El autoensamblaje de estas unidades heteromelicas 
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con ligandos trimesato dio lugar a una red porosa cúbica con topología the. Esta red 
presenta dos tipos de cajas microporosas de morfología octaédrica y cuboctaédrica. Como 
resultado, MUV-10(Ca) presenta un área superficial de aproximadamente 1041 m2·g-1. 
Siguiendo el procedimiento descrito anteriormente para los casos de MIL-100(Ti) y 
MUV-11, se estudió el efecto del precursor en la formación de MUV-10(Ca) mostrando 
que este material se puede formar con distintos tipos de precursores. Sin embargo, se 
observo que el tipo de precursor sí tiene un efecto sobre el tamaño de partícula obtenido. 
En cualquier caso, la reacción se pudo escalar llegando a producir gramos de material en 
sólo una síntesis.  

En cuanto a sus propiedades, se observo que presentaba una alta estabilidad 
química en el rango de pH comprendido entre 2 y 12, algo ciertamente sorprendente a 
pesar de tener Ca en la estructura. Se investigó además sus propiedades ópticas, 
obteniendo un band-gap de 3.26 eV, estimado mediante medidas DRS, en consonancia 
que el valor obtenido a partir del cálculo de su estructura electrónica (3.1 eV). Además, al 
irradiar con luz UV una suspensión de MUV-10(Ca) en THF, se observó un cambio de 
color de blanco a azul oscuro. Esto junto con medidas EPR permitió confirmar la 
formación de especies de Ti(III). Sin embargo, MUV-10(Ca) sólo es activo con luz UV y 
tratamos de buscar diversas aproximaciones para aumentar su absorción en el visible, o 
lo que es lo mismo, reducir su band-gap. Generalmente, las aproximaciones para dotar 
materiales MOF de mayor capacidad de absorción de luz visible se basan en la 
introducción de grupos funcionales en el ligando orgánico, uso de ligandos con una fuerte 
capacidad de absorción o la encapsulación de especies fotocatalíticamente activas en el 
visible. No obstante, en nuestro caso la presencia de Ca permitía un cierto grado de 
libertad al poder sustituir estos iones por otros de la misma valencia. De esta forma, se 
calculó las entalpías de formación por DFT de la unidad heterometálica con distintos 
metales, sugiriendo los iones Mn(II) como el candidato los más adecuado. Así, se llevó a 
cabo la síntesis usando Mn(II) en lugar de Ca. Esto permitió aislar MUV-10(Mn), el cual 
mostraba una mayor estabilidad química y un menor band-gap. Esta reducción en el 
band-gap se pudo racionalizar mediante cálculos DFT de la estructura electrónica de 
ambos materiales, lo que permitió concluir que la reducción en el band-gap en el caso de 
MUV-10(Mn) era debida a la contribución de los estados de los iones Mn(II) a la banda 
de valencia. Con esta información, evaluamos la actividad fotocatalítica de estos 
materiales en la reacción HER, mostrando una mayor producción de H2 en el caso de 
MUV-10(Mn) debido a su mayor absorción de luz en el visible. 
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 Por último, en el capítulo 5, siguiendo nuestro trabajo con los materiales MUV-
10(Ca, Mn), seguimos combinando Ti(IV) con distintos metales de transición para 
formar nuevos materiales heterometálicos. Los resultados descritos en este último 
capítulo están en proceso de ser publicados en: “Castells-Gil, J., .M. Padial, N., Almora-
Barrios, N., Gil-San-Millán, R., Romero-Ángel, M., Torres, V., da Silva, I., C. J. Vieira, B., 
Waerenborgh, J. C., Jagiello, J. R. Navarro, J. A., Tatay, S., and Martí-Gastaldo, C. 
Heterometallic Titanium-Organic Frameworks as Dual Metal Catalysts for Synergistic 

Non-Buffered Hydrolysis of Nerve Agent Simulants. Chem.” En este caso, la combinación 
de titanio con otros metales como Mg, Fe, Co o Ni, dio lugar a la obtención de una familia 
de MOFs heterometálicos llamada MUV-101. En lugar de formar unidades 
tetranucleares, como en el caso de MUV-10, en este caso se obtuvo unidades trinucleares, 

de fórmula of [TiM2(µ3-O)(O2CR)6X3] (X = -OH, -OH2), las cuales en combinación con 
ácido trimésico, dio lugar a materiales MOF heterometálicos isoestructurales a la familia 
MIL-100, tal y como se observe por difracción de polvo. En todos los casos, se obtuvo 
únicamente fases heterometálcias con la estructura de MIL-100 y con una ratio Ti:M 1:2, 
tal y como se determine por EDX e ICP. La formación de fases homometálicas segregadas 
se descartó haciendo reaccionar los metales por separado con ácido trimésico bajo las 
mismas condiciones, lo que llevó a la formación de diferentes fases en aquellos casos en 
los que se obtuvo sólido. Esto nos sugería que ambos metales deben estar presentes en la 
mezcla de reacción y reaccionar simultáneamente para finalmente producir MUV-101. 

Con la finalidad de evaluar el tamaño de partícula y la homogeneidad en la 
distribución de ambos metales a lo largo del cristal, se recurrió a técnicas de microscopía 
electrónica de barrido (SEM) y transmisión (TEM). Estas técnicas mostraron que los 
sólidos MUV-101 se obtienen como partículas octaédricas de tamaño comprendido entre 
1-2 µm y con una distribución homogénea de ambos metales en todos los puntos del 
cristal. Sin embargo, para poder confirmar o descartar la formación de unidades 
heterometálicas, fue necesario hacer uso de medidas de dispersión total de rayos X con 
radiación de sincrotrón (ALBA, BL04-MSPD). Esto se hizo para el caso de MUV-101(Fe), 
el cual podía ser comparado directamente con sus homólogos homometálicos, MIL-
100(Fe) y MIL-100(Ti). El análisis de estas medidas mediante la técnica de la función de 
distribución por pares permitió confirmar la presencia de unidades heterometálicas en 
MUV-101(Fe). Estos resultados concuerdan con las medidas de EXAFS llevadas a cabo 
por nuestro grupo al estudiar la conversión de MUV-10(Ca) en MUV-101(Co) mediante 
transformación post-sintética.  
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La presencia de dos metales en la estructura nos llevó a explorar la posibilidad de 
que estos materiales pudieran actuar como catalizadores a partir de la cooperación entre 
distintos centros metálicos. En este aspecto, centramos nuestra atención en la 
degradación catalítica agentes nerviosos, un importante grupo de los agentes de guerra 

químicos (en inglés chemical warfare agents, CWA). Estos compuestos son conocidos por 
ser potenciales inhibidores de la enzima acetilcolinesterasa presente en el sistema nervioso 
central. La asociación irreversible del agente nervioso al centro activo de la encima causa 
una reducción drástica en la hidrólisis del neurotransmisor acetilcolina, lo cual lleva a una 
estimulación continua de las fibras nerviosas con la consecuente asfixia y la muerte. Estos 
agentes son compuestos organofosforados cuya estructura molecular contiene un centro 
estereogénico de P(V) con un doble enlace P=O, un grupo alquilo (-R) y un fluoruro (-F) 
y/o grupos del tipo -XR (donde X = O, S o N). La degradación de estos compuestos 
consiste en la escisión de los enlaces P-F o P-XR en presencia de OH-/H2O para formar el 
correspondiente fosfato o alquilfosfonato. Recientemente, los MOFs basados en 
circonio(IV) han surgido como potenciales catalizadores en la destrucción de este tipo de 
compuestos debido a la acidez de Lewis de los iones Zr(IV). Sin embargo, estos 
catalizadores solo funcionan en medios tamponados básicos (pH ~ 10) que permiten 
regenerar el catalizador, ya que en ausencia de este medio los catalizadores MOF de Zr se 
envenenan rápidamente con los productos de degradación, imposibilitando su 
regeneración.  No obstante, a pesar de presentar una mayor acidez de Lewis, la aplicación 
de los MOFs de titanio en esta área no ha sido todavía explorada. De esta forma, con el 
uso de MUV-101 esperábamos explotar la acidez de Lewis de los iones Ti(IV) al mismo 
tiempo que estudiar el efecto del otro metal sobre la capacidad catalítica del material en 
este tipo de reacción.  

Para ello, evaluamos la capacidad catalítica de los materiales MUV-101(M) en la 
reacción de degradación del producto diisopropil-fluorofosfato (DIFP), un simulante del 
agente nervioso Sarin (GB), en agua en ausencia de un tampón básico. Los resultados 
obtenidos rápidamente mostraron la capacidad de MUV-101(Fe) de degradar 
completamente el compuesto DIFP, mientras que el resto de MUV-101(Mg, Co, Ni) no 
mostraron actividad catalítica. Sorprendentemente, los análogos homometálicos de 
MUV-101(Fe), MIL-100(Fe) y MIL-100(Ti), tampoco mostraron actividad catalítica en 
las mismas condiciones, lo cual nos sugirió que ambos metales deben encontrarse en la 
estructura para llevar a cabo la reacción de descomposición de DIFP. El perfil de 
degradación de MUV-101(Fe) muestra además una primera etapa de adsorción, seguida 
de un drástico aumento en la conversión de DIFP con un perfil sigmoidal. Es 
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comportamiento es similar al de las enzimas alostéricas en las cuales dos sitios activos 
distintos actúan cooperativamente sobre dos sustratos acelerando la reacción química. 
Sorprendidos por este resultado, comparamos además MUV-101(Fe) con el referente 
MOF de Zr(IV) UiO-66 en idénticas condiciones de reacción observando que, aunque 
UiO-66 presenta mayor actividad en los primeros estadios de la reacción, se envenena 
rápidamente a los pocos minutos. Esto produce una reducción drástica en la conversión 
de DIFP e imposibilita que UiO-66 pueda degradar completamente el simulante. En 
cambio, MUV-101(Fe) es capaz de mantener su actividad catalítica durante ciclos 
consecutivos sin observar una notable reducción en su actividad. 

De este modo, tras observar que ambos metales son necesarios para observar 
actividad catalítica, se propuso un mecanismo de reacción involucrando a ambos centros 
metálicos. En este mecanismo, los iones Ti(IV) son los encargados de enlazarse al 
compuesto organofosforado a través del enlace P=O. Este paso activa el centro de P(V) 
frente a un ataque nucleofílico. En el siguiente paso, los centros básicos Fe(III)-OH de la 
SBU adyacente sustraen un H+ de una molécula de agua cercana, generando así un grupo 
hidroxilo capaz de atacar el centro de P(V) provocando la ruptura del enlace P-F. Las 
energías de activación fueron calculadas para distintos materiales como MUV-101(Fe), 
MUV-101(Co), MIL-100(Fe) y MIL-100(Ti) mostrando que la energía de activación más 
baja correspondía a la de MUV-101(Fe). Se realizaron titraciones potenciométricas acido-

base para determinar el pKa de los centros ácidos en cada uno de los MOF anteriores. Esto 
permitió reforzar la hipótesis del mecanismo propuesto, ya que MUV-101(Fe) es el único 
de estos materiales MOF que presenta centros con mayor basicidad y, por tanto, mayor 
capacidad de generar hidrolizar moléculas de agua capaces de atacar el centro de P(V), 
generando así una mayor actividad catalítica.  
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