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ABSTRACT: The increasing use of Metal-Organic Frameworks (MOFs) in separation, catalysis or storage is linked to the targeted 
modification of their composition or porosity metrics. While modification of pore shape and size necessarily implies the assembly of 
alternative nets, compositional changes often rely on post-synthetic modification adapted to the functionalisation or exchange of the 
organic linker, or the modification of the inorganic cluster by metal exchange methods. We describe an alternative methodology that 
enables the integration of both types of modification, structural and compositional, in titanium MOFs by metal exchange reaction of 
the heterometallic cluster Ti2Ca2. A systematic analysis of this reactivity with MUV-10 is used to understand which experimental 
variables are crucial to enable replacement of calcium only, or to integrate metal exchange with structural transformation. The iso-
reticular expanded framework MUV-30, is next used to template the formation of MUV-301, a titanium framework not accessible by 
direct synthesis that displays the largest mesoporous cages reported to date. Given that the interest of Ti MOFs in photoredox appli-
cations often meets the limitations imposed by the challenges of titanium solution chemistry to design concrete candidates, this soft 
strategy based on pre-assembled frameworks will help integrating specific combinations of metals into high porosity architectures. 

INTRODUCTION 
The design and synthesis of reticular frameworks continues 

to grow.[1] Beyond their interest in separation,[2–4] adsorption[5–

7] and catalysis[8,9] technologies, mostly based on their high in-
trinsic porosity, the diversification in the structure and compo-
sition of this family of porous materials is based on two funda-
mental characteristics. First, the assembly of this type of archi-
tecture follows almost arithmetic principles, in which the con-
struction of different topologies is dictated by the structural in-
formation encoded by the symmetry and connection points of 
the molecular blocks that act as organic and inorganic nodes, 
respectively.[10,11] In addition, this design strategy can be made 
compatible with a wide variety of organic functional groups and 
discrete metals or combinations thereof, for a broad range of 
porous, crystalline solids with compositional diversity un-
matched by any other family of synthetic materials. Beyond 
chemical complexity, this compositional diversity also has a di-
rect impact on the properties of Metal-Organic and Covalent-
Organic Frameworks (MOFs and COFs), allowing the modifi-
cation of their catalytic,[12–15] optical,[16,17] electrical,[18,19] chi-
ral,[20,21] mechanical robustness,[22,23] chemical stability,[24,25] 
structural flexibility,[26,27] and ability to separate, store, and re-
lease specific molecules. 

This compositional diversification to gain control over MOF 
function has gone hand in hand with the development of post-
synthetic methodologies[28] that enable the integration of multi-
ple components that are often inaccessible by direct synthesis 
(Figure 1, left). Methodologically, these strategies are designed 
according to the nature of the building blocks to be modified. 
For example, the pioneering work of Cohen and co-workers has 
contributed to the expansion of the functional groups scope of 
the scaffold by post-synthetic covalent modification of reactive 
tags in the organic linker.[29] This method was rapidly adopted 
as a general route for functionalizing frameworks, provided that 
appropriate reagents and reaction conditions are chosen to allow 
modification of the pore chemistry without altering the structure 
or porosity of the material.[30] Beyond the modification of mo-
lecular building blocks, other routes, such as solvent-assisted 
linker exchange (SALE),[31–33] allow the incorporation of one or 
more organic linkers by replacing pre-existing ones, exploiting 
the lability of coordination linkages under conditions suitable 
for the controlled exchange of units and their diversification. 
From an inorganic point of view, compositional tunability has 
focused mainly on metal exchange or transmetalation reactions 
to partially or completely replace some or all the metal positions 
in the metal clusters in the framework.[34,35] 
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All these strategies are generally used to diversify the chem-

ical composition and control of MOF function with a common 
characteristic, they do so without altering the structure and po-
rosity of the resulting material which is fixed by the topology 
of the starting framework. However, what if both aspects could 
be integrated in the same post-synthetic modification to inte-
grate the structural and compositional changes for a given 
framework? As a continuation of our previous results,[36] in this 
work, we generalize the use of metal-exchange reactions for 
heterometallic clusters not restricted exclusively to varying 
compositions but also useful to directing the formation of ul-
traporous titanium frameworks inaccessible by direct methods 
(Figure 1, right).  

RESULTS AND DISCUSSION 
Systematic approach to metal exchange reactions with 

Ti2Ca2 clusters. 
Our previous work with MUV-10 showed how the combina-

tion of hard (Ti4+) and soft (Ca2+) metal centers in the heterobi-
metallic cluster [Ti2Ca2(O)2(H2O)4(RCO2)8] º (Ti2Ca2) led to an 
atypical behavior when reacted with late divalent metals of the 
first transition series (Mn, Fe, Co, Ni, Cu, and Zn).[36] Compared 
to other soft metal-based frameworks based on Zn(II) clusters 
such as MOF-5,[35] MFU-4l,[37] ZIF-8,[38] PMOF-2[39] or PCN-
921,[40] (Figure 2a) in which the reaction of the starting crystals 
allows partial or quantitative replacement of the starting metals 
without altering the original structure, the reaction of MUV-10 
crystals[41] under similar conditions leads to the formation of 

new materials as a result of quantitative calcium exchange for 
concomitant transformation of the original cluster into hetero-
bimetallic trimers or dimers for the formation of alternative mtn 
MUV-101 (Figure 2b) or tbo MUV-102 nets. We coined this 
phenomenology as dynamic topological transformation because 
of the possibility of controlling it with reaction time; however, 
we did not delve into controlling the phenomenon from an ex-
perimental point of view. Because the metal exchange reaction 
requires a change in the local coordination sphere, this might be 
influenced by kinetic and/or thermodynamic factors that could 
be finely tuned by multiple experimental variables. To try to 
rationalize this problem, we designed systematic experiments 
involving variables as particle size (PS), reaction time, concen-
tration (conc.), or temperature (T), as well as the effect of the 
counter ion and solvent, all considered relevant according to 
previous work in this context.[42] For clarity, we restricted the 
experiments to Co2+ exchange reactions, which according to our 
previous results proceed more slowly compared to other metals 
and would be easier to follow. As shown in Figure 2c, three 
batches of micrometric crystals were prepared under different 
conditions to investigate the effect of particle size (PS). Two 
titanium precursors with different stabilities towards hydroly-
sis, isopropoxide or cyclopentadienyl chloride, were combined 
with varying concentrations of acetic acid, to produce batches 
of micrometric crystals by conventional solvothermal synthesis 
with average sizes of 25 ± 1 (PS1) and 16 ± 9 µm (PS2).[41] In 
turn, PS3 was prepared by a continuous reagent injection meth-
odology recently described by us,[43] which ensures smaller 
crystals with an average size of 5 ± 2 µm (Figure 2d).  

 

Figure 1. Left: Post-synthetic modification routes to modify MOF chemical composition without altering their original structure. From top 
to bottom: covalent functionalization, solvent-assisted linker exchange, and metal exchange reactions. The modification of the original 
composition is highlighted in red. Right: Integration of compositional and structural diversity by metal exchange methods. The yellow line 
connects isoreticular augmented frameworks. Both are compatible with the formation of mixed metal clusters by metal exchange (blue line 
stands for compositional diversification) and the formation of alternative topologies dictated by the formation of a new cluster with different 
nuclearity and connection points (purple line, compositional and structural diversification). 
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100 mg samples of all batches were immersed in a methanolic 

solution of Co(NO3)2 0.2 M and reacted at 65 °C for 8 d in an 
incubated orbital shaker, followed by centrifugation and thor-
ough washing for their analysis with powder X-ray diffraction 
(PXRD), scanning electron microscopy (SEM) EDX mapping, 
ICP-MS, and N2 gas sorption (Supplementary Section S3). 
Figure 2e summarizes the relative variations in Ca, Co, and 
Ti% obtained by ICP-MS analysis of the isolated solids com-
pared to their nominal values in the MUV-10 and 101 phases. 
The results suggest an effect of the particle size on the rate of 
the MUV-10(Ca) à MUV-101(Co) transformation for a faster 

replacement of Ca with Co as the particle size decreases. This 
exchange trend agrees with the PXRD patterns, that support the 
formation of MUV-101 in all cases (Figure 2f). The presence 
of the original MUV-10 phase is much clearer for PS1 crystals 
of approximately 25 µm compared to PS3 and PS2 for which 
the transformation is almost complete, suggesting a direct effect 
of PS in the percentage of MUV-101 formed upon transfor-
mation. Based on these results, we opted to use PS3 batches for 
the experiments described hereafter as it would ensure a faster 
transformation rate. We studied varying times (0-15 days), con-
centrations (7 mM-0.5 M), and temperatures (25-65 ºC) of up 
to 14 different reactions by analyzing the relative percentage of 

Figure 2. a) Zn(II) homometallic clusters with labile coordination bonds compatible with metal incorporation without structural changes. 
b) Ti2Ca2 heterometallic cluster for which metal exchange reactions induce the formation of a new TiCo2 cluster with consequent structural 
changes in the framework. c) SEM images of MUV-10 crystals obtained using three different methods before and after the transformation. 
d) Histogram showing the average size changes for samples PS1, 2 and 3 which show different metal exchange kinetics and structural 
transformation according to e) ICP-MS and f) X-ray powder diffraction analysis of the isolated materials after 8 days of reaction. The grey 
strips highlight characteristic hkl reflections of MUV-10. The effects of g) time; (0.2 M Co2+; 65 ºC), h) metal concentration; (8 d; 65 ºC), 
and i) temperature; (0.2 M Co2+; 8 d) on the transformation of MUV-10(Ca) to MUV-101(Co) were studied in PS1. The analysis was 
performed based on the phase transformation quantified by Rietveld refinement of the corresponding PXRD patterns and the variation in 
the experimental pore volume estimated from N2 adsorption isotherms at 77 K of all the samples analyzed. 
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MUV-10 and 101 phases by Rietveld refinement of the PXRD 
patterns of all samples and their experimental N2 pore volumes 
(Supplementary Section S5). Note that a complete transfor-
mation into MUV-101 would correspond to 100% of MUV-101 
and a Vp of 0.89 cm3·g-1. Figures 2g, h, and i suggest that the 
three factors have an influence on the kinetics of the reaction, 
although the transformation profiles show that it requires at 
least 4 days and temperatures not lower than 65 °C. The con-
centration range studied also showed a clear influence on the 
formation of MUV-101 that is favoured at higher concentra-
tions. Although the transformation of the framework is con-
trolled by the formation of a thermodynamically more stable 
cluster according to our previous results,[36] all these data to-
gether suggest that the metal exchange reaction is kinetically 
controlled. To confirm this point, we also analyzed the effects 
of the counter ions and solvents. We presumed that they would 
be important not only in determining the effective concentration 
of Co2+ in solution, but also in facilitating the breaking and 
forming of coordination bonds necessary to enable the transfor-
mation of the Ti2Ca2 cluster. We chose three metal salts from 
monoanionic ligands with varying field strengths according to 
the spectrochemical series: Cl- < NO3

- < AcO-. The experiments 
were run in parallel at 65 ºC with 0.5 M solutions according to 
the established protocol. Analysis of the resulting frameworks 
confirmed that only the nitrate salt led to almost complete trans-
formation compared to acetate for a partial change near to 60%, 
and chloride was quite ineffective (Supplementary Section 
5.5). These results suggest that the transformation is not neces-
sarily controlled by trends fixed by the spectrochemical series 
and other parameters, as the solubility of the salt might also 
have an influence. As for the role played by the solvent, we con-
ducted the same experiment using 0.5 M solutions of 
Co(NO3)2·6H2O in acetone, 2-propanol, ethanol, and methanol. 
The results reveal the effect of solvent polarity or relative per-
mittivity on favoring the metal exchange reaction after eight 
days. Compared with MeOH (εr=32.7), for which the transfor-
mation was completed, EtOH (24.6) only permitted the for-
mation of a minor fraction of MUV-101, whereas 2-PrOH 
(19.9) and acetone (0.7) resulted in no significant change (Sup-
plementary Section 5.6). These relative differences are con-
sistent with the rates for substitution observed for other carbox-
ylate MOFs,[44] and might suggest an auxiliary effect of MeOH, 
not only to solvate cations to facilitate their diffusion within the 
pores of the crystal, but also its ability to act as a coordinating 
ligand stabilizing the intermediates involved in the break and 
formation of bonds necessary to drive the transformation of 
Ti2Ca2 into TiCo2 clusters.  

We argue that this solvent effect may be used to constrain 
metal the transformation of the cluster in faviour of a simple 
replacement of Ca2+ ions in the MUV-10 framework. This sol-
vent control would be ideal for diversifying Ti2M2 compositions 
for a given framework and approaching this bimetallic Second-
ary Building Unit (SBU) to the conventional behavior of other 
homometallic alternatives (Figure 3a). We revisited some of 
the experimental conditions described above but restricted now 
to the use of acetone to prevent cluster transformation. Incuba-
tion of MUV-10(Ca) with higher concentrations of cobalt (II) 
nitrate at 55 °C for 15 days resulted in the exchange of nearly 
72 % of the calcium ions based on ICP-MS analysis. The PXRD 
and N2 isotherms of isolated MUV-10(Co) confirmed a negligi-
ble effect on the structure and porosity of the crystals (Figure 
3b and 3c). We also performed Focused Ion Beam (FIB) SEM 
analysis to examine the homogeneity of the exchange at a 

submicrometric resolution. As shown in Figure 3d, this 
isostructural exchange occurred homogeneously in all the re-
gions of the crystal. It should be noted that although with the 
right conditions the effect of metal exchange can be controlled, 
we have not been able to achieve a complete replacement sug-
gesting that the lower polarity of acetone compared to methanol 
is effective in blocking the transformation of the cluster but also 
disfavors the solvation of metal ions.  

 
Framework generalization of Ti2Ca2 metal exchange re-

activity.  
Compared to other post-synthetic transformations reliant on 

the modification or replacement of the organic linker, this 
metal-exchange method is controlled by cluster chemistry and 
thus might be extended to alternative frameworks, provided 
they are based on the same SBU. To test this hypothesis, we 
reacted crystals of MUV-12, a single catenated isoreticular the 
net built from 5-tris(4-carboxyphenyl)benzene (H3btb) linkers 
with Co2+ solutions (Figure 4a).[45] The conditions optimized 

Figure 3. a) Scheme showing the formation of MUV-10(Co) via 
metal exchange without cluster transformation. b) PXRD of the 
starting and final materials confirming structural retention, and c) 
minimum changes in the adsorption isotherm and PSD plot after 
metal exchange. d) FIB-SEM showing the homogeneous distribu-
tion of Ca and Co in the isolated crystals. 
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with MUV-10 to promote cluster transformation were unsuc-
cessful. Additionally, the use of acetone as a solvent, specifi-
cally adapted to promote metal exchange, resulted in cobalt in-
corporation percentages lower than 10%. (Supplementary Sec-
tion S7). These results suggest that, compared to non-catenated 
MUV-10, interpenetration forbids cluster transformation and 
hinders local metal exchange, possibly because of the higher 
structural rigidity of the framework, which is stabilized by π–π 
interactions between catenated networks. Based on these re-
sults, we thought to extend this reactivity to other non-catenated 
frameworks that might exhibit similar behavior. We recently 

described the MUV-12(1,6-naph), (1,4-naph), and (anth) frame-
works, for which the use of polyaromatic linkers with high ste-
ric hindrance resulted in the formation of partially interpene-
trated and non-interpenetrated frameworks with cuboctahedral 
cavities between 2 and 3 nm in size.[46] Unfortunately, these 
mesoporous MOFs might impose significant differences based 
on more favorable mass transfer compared to the micropores in 
MUV-10 and MUV-12, preventing a meaningful comparison 
between catenated and non-catenated frameworks with compa-
rable porosity metrics.  

Figure 4. a) Structures of the isoreticular families MUV-10, MUV-12, and MUV-30 formed by connecting 8-connected (8-c) Ti2Ca2 clusters 
with 3-c linkers of variable length (BTC, BTB, and BTB) for the corresponding expansions of the the net. Cuboctahedral and octahedral 
cavities of variable sizes are represented by green and orange spheres, respectively. b) SEM image of octahedral crystal morphology of 
MUV-30. c) Rietveld refinement confirms the formation of a cubic Pm-3 structure with a= 20.00970(9) Å (Rwp = 3.82%). d) Type-I N2 
adsorption isotherms at 77 K showing changes in uptake resulting from isoreticular expansion. e) PSD plot confirming the bimodal porosity 
of MUV-30 and the formation of a cavity very close in size to that in the catenated structure of MUV-12. 
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To overcome this problem, we designed a new MOF that ful-
filled both requirements. We analyzed the tricarboxylic con-
nectors more frequently used in the literature, in which exten-
sions of the central aromatic ring could lead to the assembly of 
non-interpenetrated frameworks with cavities restricted to mi-
croporosity. Based on our work with the MUV-12(X) and (Y) 
series,[46] we generated, and optimized computationally several 
Ti2Ca2 the nets to analyze their thermodynamic preference for 
the formation of catenated or non-catenated frameworks (Sup-
plementary Section S.9.1). Our results identified benzo-tris-
thiophene carboxylate acid (H3BTT) as an adequate choice to 
prevent translational entanglement and facilitate the assembly 
of a non-interpenetrated framework with cavities of sizes close 
to MUV-10 and MUV-12. MUV-30 was synthesized in 5 mL 
PTFE bottles by reaction of titanium (IV) isopropoxide (35 
μmol) with a mixture of calcium chloride (32.5 μmol), acetic 
acid (800 µL), and H3BTT (55 µmol) in 3 mL of N,N-dimethyl-
formamide (DMF) at 115 °C for 48 h. These conditions were 
very similar to those previously reported for the growth of 
MUV-10, MUV-12(X), and MUV-12(Y) crystals. 

The solid was isolated as octahedral crystal approximately of 
5 µm in size (Figure 4b), and the formation of the bimetallic 
Ti2Ca2 cluster was preliminarily confirmed by SEM-EDX and 
ICP-MS (Supplementary Section S.8). Our attempts to solve 
the structure using synchrotron single-crystal experiments were 
unsuccessful because of the small size of the crystals. All da-
tasets confirmed the formation of a cubic Pm3̄ framework with 
a cell axis near 21 Å, but they lacked sufficient angular resolu-
tion to generate statistically consistent structural models. The 
structure was solved by Rietveld refinement of the powder dif-
fraction data (Figure 4c). As shown in Figure 4a, MUV-30 is 
isoreticular to MUV-10 and confirms the suitability of BTT for 
directing the assembly of a non-catenated structure with mi-
croporous cuboctahedral (coc) and octahedral (oc) cavities of 
17 and 12 Å, respectively. The largest one is approximately 
40% larger than its equivalent in MUV-10, but very similar to 
the single cavity present in the interpenetrated structure of 
MUV-12. This structural analysis agrees well with the N2 ad-
sorption isotherms and the pore distributions calculated from 
them (Figures 4c and 4d), which confirmed the microporosity 
of MUV-30 with a BET surface area of 1750 cm3·g-1 and a bi-
modal PSD plot with well-defined peaks centered at 12 (oc) and 
15 Å (coc).  

We argued that MUV-30 might overcome the limitations of 
cluster transformation imposed by framework catenation in 
MUV-12 while imposing a similar mass transfer regime. To 
confirm this, we incubated fresh crystals of MUV-30 for 24 
days in a methanolic solution of Co2+ (0.5 M), taking an aliquot 
after 12 days, which we will refer to as the intermediate stage. 
The changes observed in the PXRD pattern of the framework 
suggest a structural transformation characterized by diffraction 
lines at lower angular values, indicative of cell expansion (Fig-
ure 5a). Although this was already visible after 12 days, there 
were residual peaks from the starting MUV-30 phase, indicat-
ing an incomplete transformation. These changes agree well 
with the Ti2Ca2 à TiCo2 cluster transformation described 
above for MUV-10, characterised by a gradual replacement of 
Ca2+ with Co2+ until complete conversion for a 2:1 [Co:Ti stoi-
chiometry], according to the ICP analysis of the digested crys-
tals (Figure 5b). The framework transformation is related to the 
overall size and morphology of the crystals used as templating 
seeds. Like MUV-10, the transformation proceeds by nuclea-
tion of a new phase on the surface of the original particles upon 

metal replacement without imposing dissolution and recrystal-
lisation of the bulk. This agrees well with the segregation of 
domains rich in Ca and Co that correspond to the original and 
newly formed phases, which can be resolved by analyzing the 
cross-section of a partially transformed crystal with FIB-SEM 
(Figure 5c). This segregation disappeared after complete trans-
formation for a homogeneous distribution of metals across the 
crystal. LeBail refinement of the crystal structure of MUV-301, 
framework derived from MUV-30, confirms the formation of a 
cubic Fd3̄m with cell axis of 99.2 Å (Supplementary Section 
S.8.3.).  

As shown in Figure 5d, the structure of MUV-301 corre-
sponds to an augmented mtn net isoreticular to homometallic 
MIL-100(M3)[47] and heterometallic MUV-101(TiM2)[15,36] 
frameworks. In this case, the formation of augmented supertet-
rahedra as a result of the expansion of the organic connector 
leads to the formation of mesoporous cavities of 38 Å (cage 1) 
and 29 Å (cage 2), built from the interlinking of 24 and 20 su-
pertetrahedra that share their vertices. These values represent an 
expansion of approximately 30 and 50%, respectively, for the 
same mesoporous cavities in the framework assembled with 
BTC. The intermediate and completely transformed MUV-301 
crystals were then exchanged with acetone and evacuated at 100 
°C under vacuum for 12 h. The N2 adsorption isotherms showed 
clear differences compared to those of the starting MUV-30 
crystals (Figure 5f). The transformation after 12 days triggers 
an increase in pore volume from 0.72 to 0.96 cm3·g-1, which 
agrees well with the incipient formation of the mtn topology as 
corroborated by the sharp jumps in uptake at p/p0 = 0.2 and 0.3. 
These are more clearly visible after complete transformation, 
for a total pore volume of 1.62 cm3·g-1 in MUV-301 (Supple-
mentary Section S.8.3). The experimental PSD plots con-
firmed the evolution of the microporous structure of MUV-30 
into the mesoporosity of MUV-301, characterized by the pres-
ence of two mesoporous cages centered at 29 and 38 Å, in ex-
cellent agreement with the crystallographic structure (Figure 
5g). If we are not mistaken, MUV-301 is one of the titanium 
(IV) MOF with the largest pore volume and mesoporous cages 
reported, only matched by other mesoporous mtn materials 
such as PCN-332/333[48] and TiIII-MIL-101-bpdc.[49] However, 
these are MOFs based on trivalent metals that can be synthe-
sized by direct synthesis or electrochemical methods. Our ex-
periments indicated that MUV-301 could not be prepared using 
direct methods (Supplementary Section S.8.4.). Unlike MUV-
101, which can be isolated from molecular precursors, metal 
exchange using MUV-30 as a template crystal appears to be the 
only viable option. The use of BTT does not allow control of 
the assembly and interlinking with the TiM2 clusters, which 
seems to be facilitated by using the Ti2Ca2 MOF as a template. 
In addition, as exemplified before with MUV-10, this structural 
transformation can be replaced by a strict compositional change 
by simply adapting the synthetic conditions. The incubation of 
MUV-30(Ca) crystals in acetone at lower concentrations of 
Co2+ (0.2 M) facilitated the replacement of calcium with shorter 
reaction times for the formation of MUV-30(Co) (Figure 5h). 

Compared to MUV-10, the total replacement of calcium can 
Compared to MUV-10, the total replacement of calcium can be 
achieved after three days, as confirmed by ICP analysis (Figure 
5i). We also used FIB-SEM to map the distribution of both ele-
ments in the crystals. As shown in Figure 5j, the replacement 
was complete and perfectly homogeneous throughout the crys-
tal, probably because of the presence of larger pores that facili-
tated the diffusion of incoming and outcoming cations. 
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Figure 5. a) Comparison of the PXRD patterns of the starting MUV-30(Ca) with the materials formed after 12 and 24 days of metal 
exchange. The asterisks highlight the residual diffraction lines of the MUV-30 phase after 12 days, which disappeared completely at the 
end of the transformation. b) Progression of the relative percentages of metals in the sample obtained by ICP-MS, supporting the formation 
of a TiCo2 cluster after 24 d. c) FIB-SEM images of the samples after 12 d (top) and 24 d (bottom), confirming the disappearance of the 
segregation of metals, Ti (green), Ca (blue) and Co (pink), in the crystal at the completion of the transformation. d) Expansion of the 
supertetrahedra in MUV-101 and MUV-301 because of linker elongation. e) Structures of type 1 and 2 cages in MUV-301 with mesopores 
near 4 and 3 nm, respectively. f) N2 isotherms confirming the evolution from microporous to macroporous structure with a larger pore 
volume as a result of the transformation. g) The PSD plots confirm the evolution of pore sizes until the formation of two mesopores, 
consistent with those expected for the two cages in MUV-301. h) Proposed structure for MUV-30(Co) prepared by reacting the parent 
material in acetone to inhibit the cluster transformation. i) Evolution of relative metal ratios with time. j) FIB-SEM was used to confirm the 
total replacement of original Ca by Co throughout the crystal. k) The N2 isotherms and corresponding PSD plots rule out any impact on the 
porosity of the original material. 
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 This behavior is very different from that shown in Figure 
4d, in which the presence of Ca in the MUV-10 crystals was 
very clear even after 15 days of exchange. Metal exchange had 
a negligible impact on the structure and porosity of MUV-
30(Co), which displayed a pore volume and PSD plot almost 
identical to that of the parent calcium MOF (Figure 5k). 

 
Effect of chemical diversification on framework elec-

tronic properties and photoredox activity.  
One of the main possibilities offered by reticular design is to 

correlate the modification of linkers, cluster composition, 
and/or structure with the physicochemical properties of the re-
sulting framework. In the context of titanium MOFs, the main 
interest lies in the effect of this diversification on the photore-
dox properties of the solid. Previous results with the UCFMOF-
n family have shown that the incorporation of varying combi-
nations of linkers constrained to a given topology is an effective 
tool for tuning electronic properties and mass transfer, both rel-
evant to the control of photocatalytic performance.[50] Studies 
on MUV-10[41] and MUV-101[51] also revealed that the incorpo-
ration of metals, such as Mn2+ or Co2+, can be useful for improv-
ing the photocatalytic activity of these materials. 

To simplify the analysis, we chose to restrict the comparison 
to the MUV-10 and MUV-30 frameworks because the high 
number of atoms per unit cell in MUV-101 and 301 was not 
computationally feasible with the available resources and 
would require an alternative approach.[52] Furthermore, consid-
ering the restrictions imposed by MUV-10 on metal exchange, 
we consider that the best option to evaluate the effect of Co2+ 
introduction would be to analyze the electronic structures of 
both MOFs with 50% replacement. The electronic structures 
and density of states (DOS) diagrams of the four MOFs were 
calculated using density functional theory (DFT) from either 
experimental (Ti2Ca2) or computationally optimized structures 
for the mixed-metal systems (Ti2CaCo). For further details, see 
the Supplementary Section S.9.2. As shown in Figure 6a and 
b, replacing BTC with BTT narrows the bandgap of MUV- 30 
to 3.1 eV, a value close to that of TiO2. In contrast, the 4.4 eV 
calculated for MUV-10 fits well with the theoretical value de-
scribed in the literature,[53] but is far from the absorption of vis-
ible light. This effect is directly controlled by the presence of 
sulphur in BTT, which contributes to both the highest occupied 
crystalline orbital (HOCO) and the lowest unoccupied crystal-
line orbital (LUCO). BTT isomers are often used as hole-trans-
porting materials in solar cells because of their good light ab-
sorption, electron-donor character, and ability to generate π-ex-
tended systems with good charge mobility.[54] Cobalt incorpo-
ration is also positive. MUV-10(Co) and MUV-30(Co) show a 
bandgap reduction compared to their Ti2Ca2 counterparts be-
cause of d-orbital injection into the HOCO, but this effect is 
weaker than that achieved by linker replacement.  

The optical band gaps obtained from the experimental diffuse 
reflectance spectra agree well with those calculated for all cases 
(Supplementary Section S.10). Furthermore, the results ob-
tained for MUV-101 and MUV-301(Co) seem to confirm that, 
in this topology, the presence of BTT also favors visible light 
absorption over the BTC-based isoreticular analogues for the 
smallest optical bandgaps of the series, 3.3 and 2.6 eV. 

We performed hydrogen photoevolution experiments by irra-
diating suspensions of the MUV-10, 30, 101, and 301 families 
in a mixture of methanol and water (30:70 v:v%) with a Xe 
lamp (300 W). For further experimental details, please refer to 

the Supplementary Section S.12. Although the photodeposi-
tion of Pt as a co-catalyst is a common practice to improve the 
efficiency of this reaction,[55,56] we preferred to avoid it to cap-
ture intrinsic ability of these MOFs to photoreduce water. Be-
yond optimizing the reaction, our goal was to demonstrate the 
impact of chemical diversification on the properties of the 
frameworks accessible via metal exchange methods. Figure 6c 
shows the activity of all materials grouped for the same linker 
into BTC and BTT families. The first striking finding was the 
negative effect of incorporating Co2+, regardless of linker type 
and topology. Despite having the largest surface area of the se-
ries, MUV-101 and 301, both based on the TiCo2 trimer, 
showed the lowest activities for nearly 1.000 µmol·g-1 of H2 
generated after 24 h. This detrimental effect also carries over to 
the mixed-metal systems, MUV-10(Co) and MUV-30(Co), for 
which 50% cobalt incorporation results in a loss of activity of 
20% and 80%, respectively, compared to their analogues based 
on the Ti2Ca2 cluster. The two systems, MUV-10(Ca) and 
MUV-30(Ca), showed the best results, with 2.580 and 3.580 
µmol of H2 generated per gram of catalyst, respectively. The 
improvement in the electronic properties of the MOF antici-
pated for the presence of BTT can be observed only in this case, 
although we cannot rule out that the superior porosity of MUV-
30 could play an auxiliary role in this enhancement. Although 
this may be a coincidence, the observed activity ratio was very 
close to the ratio of the pore volumes of the MUV-10 and MUV-
30 nets.  

These results suggest that the efficiency of the photoreduc-
tion process may not solely depend on light absorption and level 
alignment, but that the presence of cobalt might also influence 
the linker-to-metal charge transfer (LMCT) needed to generate 
catalytically active Ti3+ centers. To confirm this possibility, we 
collected the Electronic Paramagnetic Resonance (EPR) spectra 
of the MOF series dispersed in acetonitrile. The solvent was 
purged to remove oxygen and the dispersions were sealed in a 
quartz tube to prevent Ti+3 reoxidation under ambient condi-
tions. Spectra were taken from the same tube at 77 K before and 
after 12 h of irradiation with ultraviolet light (Kessil PR160L-
370 nm). For clarity, Figure 6d shows only the region of the 
spectrum in which the Ti3+ resonance (S=1/2) appears with a g-
factor slightly less than 2.0. Both MUV-10(Ca) and MUV-
30(Ca), show an EPR signal at g = 1.93 and 1.91 after irradia-
tion characteristic of Ti(III) photogeneration. These appear to-
gether with another line, g = 2.0, which is associated with the 
formation of the organic radical of the linker. MUV-10(Co) and 
MUV-30(Co) showed no resonances indicative of Ti3+ photo-
generation and only a very weak resonance at g = 2.0, which is 
insensitive to irradiation and too broad to be an organic radical 
and is most likely a contribution from high-spin Co2+ (S=5/2). 
In contrast, in MUV-101 and 301, based on the TiCo2 trimers, 
the linker seems to be responsible for their different behaviors. 
While MUV-301 only shows resonances associated with the 
presence of Co2+, MUV-101 does show photogeneration of Ti3+ 
centers with a resonance at g = 1.94. Overall, Co2+ incorporation 
inhibits the photogeneration of catalytic centers for Ti2M2 clus-
ters regardless of the linker employed, which would explain the 
lower activity of MUV-10(Co) and MUV-30 (Co) compared to 
their Ca-based analogues. In contrast, charge transfer in TiCo2-
based systems seems to be more influenced by the presence of 
BTC or BTT linkers. Although the poor activity of MUV-
301(Co) is probably due to inefficient LMCT, the performance 
of MUV-101(Co) does not seem to respond to this reason and 
must be controlled by other variables.  
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CONCLUSION 
Perhaps one of the main virtues of reticular design is the rich-

ness of the design of porous architectures with diverse struc-
tures and compositions. In this study, we introduced the Ti2Ca2 
cluster metal exchange reaction as a new synthetic tool to con-
jugate compositional and structural changes, as exemplified for 
frameworks built from tricarboxylic linkers (BTC, BTB, and 
BTT). The combination of soft (Ca2+) and hard (Ti4+) coordina-
tion bonds in the same SBU can induce two types of metal-

exchange reactions. A more conventional "metal substitution" 
reaction, without significant changes in the structure of the ma-
terial favored using low-polarity solvents, and a second reaction 
of transformation of the cluster in polar solvents for the for-
mation of heterometallic titanium-oxo TiM2 trimers with the 
consequent transformation of the MOF structure. Once system-
atized for MUV-10, this methodology was generalized for other 
isoreticular catenated (MUV-12) and non-catenated (MUV-30) 
derivatives, demonstrating the impact of interpenetration and 
pore size on both types of reactivity. The synthesis of MUV-

Figure 6. a) Electronic DOS spectra aligned relative to the vacuum level and b) electron density of the highest occupied  crystalline orbital 
of MUV-10(Ca), MUV-30(Ca), MUV-10(Co) and MUV-30(Co). The grey background areas in each plot are the HOCO and LUCO, and 
the white area between them indicates the theoretical band gap (in black) compared to the experimental value (red) obtained from the Tauc 
plots. c) Cumulative H2 photogeneration plots over time grouped by organic connector used in each family: BTC (top) and BTT (bottom). 
The activities of MUV-10 and 30 based on the Ti2Ca2 cluster present activity maxima for each family. d) EPR spectra of all solids before 
(dark line) and after (light line) irradiation with a Kessil PR160L-370 nm. Ti3+ formation corresponding to resonances with g-factors lower 
than 2.0 is observed only for MUV-10(Ca), MUV-30(Ca), and MUV-101(Co). 
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301, which features mesoporous cages of up to 4 nm in size and 
the largest pore volume described to date for Ti(IV)-MOFs, also 
demonstrates the compatibility of metal exchange methods with 
the design of extended moo (or zeolitic mtn) topologies that are 
not accessible by direct synthesis. Finally, we studied the effects 
of diversifying composition and structure on the electronic 
structure and photocatalytic activity of this family of titanium 
MOFs.  

We are confident that this methodology will open the door to 
a greater diversity of titanium frameworks for two primary pur-
poses. From a reticular perspective, the possibility of making 
this same cluster transformation compatible with other nets de-
rived from 8-c Ti2Ca2 nodes could help widen the range of 
available porous architectures to reach larger 3D mesoporous 
cages that meet the largest sizes reported to date.[57–59] From a 
functional point of view, the integration in the same cluster of 
Ti4+ centers with other transition metals will be useful to access 
specific combinations of metals to control the electronic prop-
erties[53,60–62] or catalytic activity[15,51,63–65] of the resulting 
frameworks.  
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