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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 remains still 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 
hydrolytical stability. Living organisms use siderophores (iron carriers 
in greek) to effectively assimilate iron in soluble form. These 
compounds make use of hard oxodonors as hydroxamate or catecholate 
groups to coordinate metal Lewis acids like iron, aluminium 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 photo-activity with outstanding 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 precursors accessible. Titanium frameworks are regarded 
as promising materials for photocatalytic applications. Our photoelectrochemical and catalytic tests suggests important 
differences for MUV-11. Compared to other Ti-MOFs, changes in the photoelectrochemical and photocatalytic activity 
have been rationalized with computational modelling 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 po-

rous materials built from the interlinking of metal nodes 
and organic linkers. Their unparalleled chemical and 
structural flexibility provides a rich landscape of pore en-
vironments and physical properties of interest in gas stor-
age/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 increas-
ingly high porosity. However, they often suffer from poor 
chemical stability, in particular to water, thus limiting 
their application. This problem can be circumvented by 
introducing strong metal-linker coordination bonds less 
prone to hydrolysis either by reaction of soft azolate 

linkers with divalent metals, i.e. ZIF and pyrazolate fami-
lies,2,3 or by 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-53,4 
MIL-1005 and MIL-1016 families, followed by the discov-
ery of the UiO-66 MOFs based on Zr6O4(OH)4(RCO2)12 
clusters as SBUs in 2008.7 This accelerated the discovery 
of a high number of materials based on isostructural Zr4+ 
or Hf4+ metal-oxo clusters,8,9 for a substantial increase in 
the number of stable MOFs reported in the last years.10,11 

Compared to these metals, titanium is relatively low-
cost, less toxic, redox active and displays photo-catalytic 
properties. Notwithstanding these advantageous features, 
the synthesis of Ti4+ crystalline, open frameworks remains 
still very challenging likely due to the high reactivity of the 
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titanium sources employed. Common precursors are 
prone to hydrolysis in the solvothermal conditions used in 
MOFs synthesis, which often leads to uncontrolled pre-
cipitation of amorphous oxides or hydroxides.12 As a re-
sult, only a few porous Ti-MOFs have been prepared by 
direct reaction with polycarboxylate linkers.13–22 Unfortu-
nately, we are still far from being capable of rationalising 
the design of new topologies arguably due to the arbitrary 
polycondensation reactions of Ti cations in solution, that 
limit our control over the nuclearity of the metal-oxo clus-
ters that will be incorporated into the framework. An in-
teresting perspective in this context is the use of alterna-
tive linkers that allow for certain control over this equilib-
rium, based on strong complexation of the metal to direct 
the formation of foreseeable framework nodes. This is the 
case of Ti-CAT-5,23 NTU-924 and MIL-167,25 in which the 
replacement of carboxylates with chelating catecholate or 
phenolate groups favours the formation of mononuclear 
Ti nodes with octahedral coordination. Still, porosity in 
these solids can be severely limited by structural interpen-
etration 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. Compared to carbox-
ylates, hydroxamates are well-known for their medical ap-
plications and ability to form strong metal-linker joints.26 
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 only incorporated 
post-synthetically into Zr(IV)-UiO-66 frameworks via sol-
vent-assisted linker exchange reactions to produce 
daughter materials with enhanced stability.27 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 materials that com-
bines photo-activity with a surface area close to 800 m2·g-

1. Compared to titanium frameworks based on other bind-
ing groups, the use of a siderophore binder results in out-
standing chemical stability in acid conditions and intro-
duces drastic changes to the frontier crystalline orbitals 
that control charge transfer kinetics and thereby the pho-
tocatalytic activity of this material.  

RESULTS AND DISCUSSION 
Synthesis and structure of MUV-11. Benzene-1,4-dihy-

droxamic acid (H4bdha) can be prepared by one-step re-
action of the ester derivative of terephthalic acid with a 
methanolic solution of hydroxylamine under basic condi-
tions.28 This reaction is well fitted for multigram-scale 
linker synthesis as it proceeds with yields close to 65% 
(S2). MUV-11 was first prepared by solvothermal reaction 
of H4bdha with titanium (IV) isopropoxide in dry N,N-di-
methylformamide (DMF) at 120 °C by using acetic acid as 

modulator. The product can be quantitatively formed ei-
ther in capped vials, Teflon liners or easily adapted to 
high-scale synthesis by using glass bottles (See experi-
mental section for synthetic details). Reagents manipula-
tion was carried out in the glove box to avoid partial hy-
drolysis 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 pre-
vented structural determination with an in-house diffrac-
tometer. Synchrotron radiation (ALBA, BL13-XALOC) 
was limited by very weak diffraction at high-angle resolu-
tion and only allowed us to determine the space group and 
cell parameters. Electron density maps were used to de-
termine 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 DFT methods (S4) to pro-
duce a starting model for the refinement of the high-reso-
lution powder X-Ray diffraction data (PXRD) also col-
lected at the synchrotron (ALBA, BL04-MSPD). As shown 
in Figure 1a, Rietveld refinement converged with excel-
lent residual values (Rwp = 1.47%, Rexp= 1.15%) for a trig-
onal P32 space group with cell parameters a = 18.1230(8) 
Å, c = 11.2238(7) Å. Comparison of the atomic coordinates 
generated by DFT and Rietveld refinement are summa-
rised in Tables S5 and S6. MUV-11 is based on octahe-
drally coordinated, single-node Ti(IV) atoms. They are co-
ordinated to six oxygen atoms from the hydroxamic 
groups of three Hnbdha (n = 1, 2) units that interconnect 
two neighbouring metal nodes. This conforms a honey-
comb-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 (Figure 2a and 
S15). This is reminiscent of the in-plane structure of 
NTU-9,24 built from 2,5-dihydroxiterepthalate (H2dhtp) 
linkers, with 1.5 times bigger pore widows result of the 
elongation of the linker in MUV-11 (Figure S14). The hy-
droxamic group is capable of adapting the coordination 
mode of dhtp connectors into a 5-membered chelate, but 
it introduces differences that result in important changes 
to the internal structure of the layers. As summarised in 
Figure S16, the -OH groups in dhtp form part of the 

Scheme 1. Structure of benzene-1,4-dihydroxamic acid 
(H4bdha). 

Figure 1. a) Rietveld refinement of MUV-11 crystals ( l = 
0.413070(1) Å). b) Size and morphology of the crystals 
formed. 
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central aromatic ring, restricting the linker to adopt a pla-
nar conformation upon metal coordination with a twist 
angle between neighbouring rings of 4.4˚ in NTU-9. In 
turn, the hydroxamate group lies off the ring and can ro-
tate more freely to adopt the conformation more favoura-
ble energetically. As a result, the planes of the aromatic 
ring and one of the Ti-OCNO chelates deviate 16.3˚ from 
planarity to produce highly distorted octahedron. This is 
likely the reason for the layers in MUV-11 to adopt a zig-
zag configuration (Figure 2b) compared to their planar 
structure in NTU-9. The internal rotation of the hydrox-
amate units is also influenced by the formation of NH…O 
H-bonds between neighbouring layers of 2.74(14) and 
2.73(11) Å (Figure S17 and Table S7). We presume the 
corrugated structure of the layers and H-bond interac-
tions are responsible for the packing of the solid. Com-
pared to NTU-9, that displays an ...AA… eclipsed packing, 
MUV-11 combine three types of neutral 
[Ti2(Hbdha)2(H2bdha)] layers arranged in a …ABC… fash-
ion for an overall slipped packing. As shown in Figure 2c, 
this results in the formation of empty 1D channels along 
[001] with a pseudo-hexagonal shape and internal diam-
eter of 0.8 nm, that account for a solvent-accessible vol-
ume close to 40 % (Table S8) and a theoretical surface 
area near 950 m2·g-1 as estimated with Zeo++.28 

High-throughput screening of other metal precursors. 
Possibly one of the most important requirements to ac-
cess crystalline Ti-MOFs is to gain control over the hydro-
lytical stability of the metal precursor under framework 
forming conditions to prevent the formation of amor-
phous titanium oxide. Asides the use of pre-formed clus-
ters,14,16,18,22 this is arguably the reason for which most ma-
terials have been produced by using primarily tita-
nium(IV) isopropoxide (TTIP), i.e. MIL-177,19 MIL-
168,169,25 MIL-125,13 Ti-CAT-5,23 MOF-902,16 NTU-929 or 
MUV-1020 and bis(cyclopentadienyl)titanium (IV) dichlo-
ride (BCTTD) for COK-69.30 Enlarging the pool of precur-
sors compatible with solvothermal synthesis might help 
accelerating the discovery of new titanium-organic frame-
works. 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 other six precursors including 
BCTTD, cyclopentadienyltitanium(IV) trichloride 
(CTTT), titanium (IV) n-propoxide (TTP), titanium (IV) 
n-butoxide (TTB), titanium (IV) 2-ethylhexyloxide 
(TTEEO) and titanium (IV) triethanolaminato)iso-
propoxide (TTTEI), (Table S1).  

Figure 2. a) Honeycomb lattice in MUV-11 showing the internal dimensions of the pore window in the layer. b) …ABC… 
packing of the weavy layers [Ti2(Hbdha)2(H2bdha)] directed by the interlayer H-bonds. c) 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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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, reac-
tion time, solvent, concentration and modulator) to define 
the best set of conditions for the synthesis of crystalline 
MUV-11 regardless the precursor, whilst ensuring repro-
ducibility. See S3 for a detailed description of all the var-
iations explored. Our experiments confirm that phase 
pure MUV-11 can be also prepared from TTP, TTB and 
TTTEI with yields between 50-70%. 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 ef-
fect of the precursor over the particle size and crystallinity 
of the material (Figure 3). All solids crystallise as lamel-
lae 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 help controlling its reactivity 
in presence of water.31 This chelate is less readily hydro-
lysed 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 summarised in S5, phase purity of the 
batch was confirmed by CHN analysis, SEM, LeBail re-
finement of the powder X-ray diffraction and thermograv-
imetric analysis (TGA). Based on CHN we determine a 
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 (Calc. 
23.6%). MUV-11 displays a thermal stability similar to 
other Ti-MOFs. As expected from the formation of ther-
modynamically strong Ti-O coordination bonds, complete 
decomposition 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 S20).  

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 charac-
teristic of microporous materials, with a small hysteresis 
above P/P0 = 0.4 indicative of intergrain mesoporosity 
(Figure 4a and S23). The multi-point BET surface area 
was found to be 756 m2·g-1. Analysis of the pore size dis-
tribution (PSD) by using non-linear density functional 
theory (NLDFT) methods reveals a homogeneous pore di-
ameter of 1.0 nm, that 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 iso-
therm at 195 K with less abrupt adsorption at low pres-
sures (Figure S25). 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 S26). Similar to the introduction 
of amino groups, replacement of carboxylic groups with 
nitrogenated hydroxamate -CONHO- units seems respon-
sible for more favourable interaction of CO2 molecules 

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) ICP-MS 
measurements of MIL-125-NH2, NTU-9 and MUV-11 at pH 
2 after 24 and 48 hours. 
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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 pro-
tic solvents lead to partial collapse of the structure for a 
substantial reduction of accessible porosity (Figure 
S24). This is likely due to the network of H-bonds that 
direct interlayer packing and thereby dictate the 3D struc-
ture of MUV-11 (Figure 2b). Compared with solvents like 
acetone, not capable of H-bonding, solvent exchange with 
methanol result in partial amorphization likely due to a 
disordered reorganization of interlayer interactions.  

We evaluated the chemical stability of MUV-11 after im-
mersion of the solid for during hours in concentrated so-
lutions of HCl and NaOH(aq) between pH 1 and 14. The 
PXRD of the solids recovered confirm retention the dif-
fraction lines characteristic of the solid together with a 
partial amorphization of the framework, likely linked to 
the distortion of interlayer packing interactions by inter-
action with water (S6). We also investigated the effect of 
hydroxamic connectors over the chemical stability of 
MUV-11 in comparison to other Ti-MOFs based on car-
boxylate linkers like 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 hours 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 hours 
(Table S9). We presume that the differences in the deg-
radation 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-mem-
bered chelates. Anionic hydroxamates are known to form 
hard oxodonors that bind strongly to Lewis acids, result-
ing in complexes with remarkably high stability con-
stants.32 Our results confirm that this strong metal joints 
are capable of preventing chemical degradation to endow 
MUV-11 with outstanding stability in acid medium. It is 
instead the structural flexibility intrinsic to the interlayer 
packing in the solid, which directs structural changes for 
the collapse of this particular framework.  

Electronic structure and photoelectrochemical response. 
The use of Ti-MOFs as photocatalysts for solar fuel pro-
duction or light-induced organic transformations is gain-
ing importance due to the combination of high surface ar-
eas and chemical stability with the redox versatility and 
photoactivity intrinsic to titanium.33 As shown in Figure 
5a, the Tauc Plot obtained through the diffuse reflectance 
spectra of MUV-11 confirms a broad absorption in the vis-
ible region from 300 to 550±10 nm. An optical band gap 
energy of 2.01±0.01 eV was calculated through the Ku-
belka-Munk function. This value is smaller than those re-
ported for COK-69 (3.77 eV), MIL-125 (3.6 eV), MUV-
10(Ca) (3.1 eV), MOF-901 (2.65 eV), MIL-125-NH2 (2.6 
eV) whilst 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 sus-
pension of the MOF on ITO cover glasses (See experi-
mental section). Electrochemical impedance spectros-
copy (EIS) and cyclic voltammetry (CV) measurements 
were used to estimate the flat band potential and deter-
mine 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 con-
ductivity with a flat-band potential of 0.68±0.02 V vs. 
Ag/AgCl or 0.48±0.02 V vs the normal hydrogen elec-
trode (NHE). The CV of MUV-11 films in a nonaqueous 
electrolyte (0.1M NBu4PF6 in acetonitrile) shows the pres-
ence of anodic and cathodic peaks at -0.8 and 1.6 V vs 
Ag/Ag+ which was later corrected with the ferrocene cou-
ple. This experimental information was used to calculate 
the approximate positions of the HOMO and LUMO ener-
gies at -6.1 and -3.6 ± 0.1 eV. Figure 5c shows the com-
parison of the absolute energies of the HOMO, 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 

Figure 6. a) Hydrogen production of MUV-11 and 1%Pt-
MUV-11 at 1, 3 and 5 hours of illumination with a solar sim-
ulator. b) The inactivity of MUV-11 for the HER suggests in-
efficient charge separation in absence of an applied electri-
cal field (left) that can be overcome by addition of Pt as co-
catalyst (right). 
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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 (A. M 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 differ-
ent bias potentials to evaluate photocatalytic HER. As 
shown in Figure 5e, MUV-11 photoelectrodes display a 
sigmoidal hydrogen production rate at 0.5V vs Ag/AgCl 
that reaches a plateau after 40 minutes. The experiment 
was performed for one hour with simultaneous measure-
ment of the photogenerated current. The current density 
values obtained during the HER remain quite steady, os-
cillating around 300 ±	20 µA·cm2 (Figure 5f). We did not 
observe any signal decay during the experiment that 
might be indicative of photo-corrosion 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 hours of irradiation. In turn, after co-deposition of 1% 
wt. of platinum as co-catalyst, Pt/MUV-11 displayed a lin-
ear 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. This activity is sub-
stantially smaller to that reported for Pt/MIL-125-NH2 by 
using TEOA as sacrificial electron donor.34 PXRD and IR 
spectra of MUV-11 and Pt/MUV-11 were used to confirm 
the stability of the material after the photocatalytic exper-
iments (Figure S32). Our results confirm the ability of 
MUV-11 to behave as a hydrogen production photocata-
lyst but also highlight the necessity of using Pt as a co-cat-
alyst to favour H2 production in absence of an applied po-
tential acting as driving force. Since the electronic struc-
ture of MUV-11 displays appropriate band gap and band 
edge potentials to tackle this reaction, we decided to 

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 400Hz with a flat-band potential of 
0.68 V. b) Cyclic voltammogram of MUV-11 in nonaqueous electrolyte at 20 mV/sec 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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investigate if the photocatalytic efficiency in the hydrox-
amic 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 calculated energy levels of MIL-125-NH2, MUV-
10(Ca), NTU-9 and MUV-11 and the alignment of the 
band edges relative to the vacuum level and the potentials 
of the water oxidation and reduction reactions. The theo-
retical band gap potentials are consistent with the values 
reported and confirm that visible-light photoactivity is ex-
pected for all MIL-125-NH2 (2.3 eV), MUV-10(Ca) (3.4 
eV), NTU-9 (2.0 eV) and MUV-11 (2.1 eV). 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 cal-
culations, 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. How-
ever, this contradicts their experimental performance and 
the calculated orbital contributions to the LUCO, that are 
almost exclusively centred in the titanium for MIL-125-
NH2 and MUV-10(Ca) whereas electron density is delocal-
ized between Ti and the organic linker orbitals in NTU-9 
and MUV-11 (Figures 7a and S35). 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 kinet-
ics 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.35 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 like terephthalate 
(MIL-125-NH2) and trimesate (MUV-10(Ca)) undergo 
LMCT with illumination as confirmed by the presence of 
photoreduced Ti+3 in the electron paramagnetic reso-
nance (EPR) spectra of the irradiated solids.20,36,37 This 
behaviour agrees well with their calculated electronic den-
sity of states (DOS) diagram (Figures 7b and S34-35). 
The highest occupied crystalline orbitals (HOCO) of these 
frameworks is localized at the organic linker whereas the 
LUCO is centred 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.38 In turn, MUV-11 
and NTU-9, built from hydroxamic and hydroxycarbox-
ylic siderophore metal binders, display LUCOs located 
simultaneously at the organic linker and the metal. This 
change in the electronic structure of the frontier orbitals 
is less likely to induce LMCT for short-lived excitons lo-
calized 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. Despite its ther-
modynamic 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 photo-
catalytic Ti+3 species. Our theoretical findings are con-
sistent with the EPR spectrum of MUV-11 after illumina-
tion. We did not observe the occurrence of any paramag-
netic signal that could account for the formation of pho-
togenerated Ti3+ species (Figure S33). These results are 

Figure 7. a) Electronic band alignment relative to the vac-
uum level and the water oxidation/reduction potentials at 
pH=7 (dot lines) for selected Ti-MOFs. Orbitals contrib-
uting to 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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consistent with recent reports,39,40 that highlight the im-
portance of orbital contributions at the band edges in con-
trolling LMCT and thereby the photocatalytic efficiency of 
UiO-type MOFs with the introduction of different d0 met-
als (Ti, Zr, Hf, Ce, Th or U). Our results suggest that not 
only to 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 partic-

ularly 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, po-
rous material that combines photo-activity with outstand-
ing chemical stability in acid conditions intrinsic to the in-
troduction 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 ac-
cessible to this chemistry. We make use of photoelectro-
chemical and catalytic studies to compare the electronic 
structure and photoactivity of MUV-11 with other selected 
materials like MIL-125-NH2, MUV-10(Ca) and NTU-9. 
Computational modelling reveals striking differences in 
the charge separation kinetics of the MOFs built from si-
derophores. These are less likely to undergo photo-stimu-
lated LMCT for generating active Ti+3 species as result of 
the delocalization of the electronic density delocalized be-
tween 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 de-
lineate future directions in this context.  

We are confident this work might as well offer new per-
spectives for the chemistry of Covalent Organic Frame-
works (COFs). The critical step in the crystallization of 
COFs is to reach synthetic conditions that enable reversi-
ble formation of covalent bonds between building blocks 
to enable defect repair during crystal growth.41,42 Either by 
direct condensation or controlled hydrolysis of hydrox-
amic acid connectors into carboxylic acids, these linkers 
might help 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-dimethyl-
formamide 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 hexag-
onal orange crystals that were isolated by filtration and 
rinsed with 45 mL of DMF (3x15 mL) and 45 mL of ace-
tone (3x15 mL). The product was dried at room tempera-
ture.  

Photoelectrochemical measurements. Experi-
ments were performed in a three-electrode glass cell with 

a quartz window containing an aqueous solution of 0.5M. 
MUV-11 powders suspensions were deposited by drop 
casting on ITO cover glasses and used as working elec-
trode. 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 electro-
chemical impedance spectroscopy were measured with a 
potentiostat-galvanostat PGSTAT204 provided with an 
integrated impedance module FRAII (10 mV of modula-
tion 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.  

Photocatalytic experiments. The photocatalytic ac-
tivity of MUV-11 for H2 evolution was performed by irra-
diating 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 1% wt. Pt was photodeposited in 
the solution. 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 per-
formed with periodic density functional theory by using 
the Vienna ab initio Simulation package (VASP).43,44 For 
the geometry optimizations, we used the generalized gra-
dient approximation (GGA) with the Perdew–Burke–
Ernzerhof (PBE) functional,45 and including van der 
Waals (vdW) corrections via the DFT-D3 method of 
Grimme.46,47 The kinetic energy cut-off for the plane-wave 
basis set expansion was chosen as 500 eV, and a 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 density of states (DOS) and the electronic band 
structure of the crystalline solids were calculated by using 
the screened hybrid functional of Heyd, Scuseria and Ern-
zerhof (HSE06).48 The electron energies were aligned to 
the vacuum level using a procedure reported by Butler 
and co-workers.49 
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