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Metal-organic frameworks (MOFs) are amenable to the formation of solid solutions by the isomorphous
substitution of the organic linker and/or the metal ion. In the case of metal substitution, the incorporation
of aliovalent species, i.e., species having a different oxidation state than the original ion, leads to the gene-
ration of excess charges in the framework, which must be compensated. Depending on the charge com-
pensation mechanism, new properties can emerge. Although limited work has been done so far in this
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research area, aliovalent substitution has the potential to become an important tool to fine-tune the
physico-chemical properties of MOFs and should be investigated more systematically. Here, the available
literature on the aliovalent solid solutions of MOFs is critically analysed under the lens of inorganic solid-
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Introduction

Substitutional solid solutions are commonplace in inorganic
solid-state chemistry."”> The primary requirement to achieve
substitution in an inorganic compound is that the substituent
should be isomorphic with the original element, i.e., that they
have similar atomic/ionic radii and can adopt the same coordi-
nation geometry. Substitutional solid solutions can be either
isovalent, if the substituent has the same oxidation state as
that of the original element, or aliovalent, if the oxidation
states are different. Upon introduction of an aliovalent species
to the crystal structure, excess negative or positive charges are
created, depending on whether the aliovalent ion has a lower
(subvalent) or higher (supervalent) oxidation state than the
original ion. The ways in which excess charges are compen-
sated can vary depending on the crystal structure: the presence
of a supervalent substituent can be compensated either by
interstitial/extraframework anions or by cation vacancies; the
presence of a subvalent substituent can be compensated either
by interstitial/extraframework cations or by anion vacancies. As
a consequence of the charge compensation mechanism, alio-
valent substitution leads to the emergence of new properties.

Notable examples of aliovalent solid solutions of practical
interest include zeolites (porous aluminosilicates), layered
double hydroxides (LDHs) and doped fluorite-type tetravalent
metal (M") oxides (Fig. 1).

In zeolites (Fig. 1a), the presence of subvalent Al'"" in the
tetrahedral sites of a porous Si'VO, matrix creates negative
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charges on the framework.? These charges are compensated
by extraframework cations accommodated within the cages
of the zeolitic framework. Being crystalline and micro-
porous, zeolites are widely used in industry as cation
exchangers® and adsorbents for small molecules.’ By tuning
the Si/Al ratio, the ion-exchange capacity, acid/base stability,
and hydrophilicity can be adjusted. Post-synthesis treatment
such as annealing of the ammonium-exchanged form
creates Brgnsted and/or Lewis acidic sites.® This has huge
relevance for acid-catalysed industrial processes, such as
fluid catalytic cracking, where ultrastable zeolite Y is the
state-of-the-art catalyst.” Similarly, the substitution of tetra-
hedral Si"V for PV in zeolite-like aluminium phosphates
makes the framework negatively charged with analogous
implications.’

In hydrotalcite, a naturally occurring LDH (Fig. 1b), the
introduction of supervalent AI"™" in brucite-type layers [brucite
is Mg(OH),] made up of edge-sharing [Mg"(OH)s] octahedra,
creates excess positive charges on the layers.® These charges
are compensated by the intercalation of anionic species in the
interlayer space (carbonate in the case of natural hydrotalcite).
LDHs can be prepared by combining a range of divalent
cations (M™: Mg", co", Ni", cu", and Zn") and trivalent
cations (M™: AI'"", Cr'™, Fe'", and Ga™) and are widely used as
anion exchangers, basic catalysts, and drug delivery
platforms.®'® By varying the M"/M™ ratio, the charge density
on the LDH layers can be adjusted, influencing the ion-
exchange behaviour and capacity. Besides common inorganic
anions, such as CO5*~, CI™ and NO;~, LDHs have been used as
hosts for a wide range of anionic species, including pharma-
ceutically active molecules,"" DNA strands'> and organo-

metallic complexes.'*'*
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Yttria-stabilised zirconia
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Fig. 1 Polyhedral representation of the a-cage found in zeolite A, showing the ordered arrangement of Si' (teal) and Al"' (dark yellow) over tetra-
hedral sites within the framework and the location of extraframework Na* ions (orange) within the cage (a). Polyhedral representation of hydrotal-
cite, showing the arrangement of Mg" (violet) and Al"' within the layers and the location of COs2~ ions (C, grey; O, red) in the interlayer space (b).
Unit cell of cubic yttria-stabilised zirconia, where two Y" (grey) substitute two Zr'"V (light blue), generating an oxygen vacancy (empty circle) (c).

Among oxides, aliovalent solid solutions of fluorite-type
M" oxides, i.e. zirconia (Zr'V0,) and ceria (Ce"0,), have promi-
nent technological importance as electrolytes in solid oxide
fuel cells and catalysts (Fig. 1c)."> The cubic form of zirconia
(as well as hafnia [Hf'V0,]), displaying a fluorite-type structure
with 8-coordinated Zr", is metastable under ambient con-
ditions, converting into the monoclinic form, which features
7-coordinated Zr'".'® By forming aliovalent solid solutions with
subvalent ions, such as Y™, Sc', lanthanides (Ln™"), Mg", and
Ca", the cubic polymorph can be stabilised under ambient
conditions. Aliovalent solid solutions of ceria (Ce'V0,), which
is thermodynamically stable under ambient conditions in a
fluorite-type structure, are also known with a range of M™,
mainly Ln™."” The main charge compensation mechanism in
these oxides involves the generation of oxygen vacancies,
which are responsible for their high oxide-ion conductivity,"®

catalytic activity'® and giant piezoelectric effect.'

Solid solutions of metal—organic
frameworks

Metal-organic frameworks (MOFs) are a class of crystalline
and porous coordination polymers built from the connection
of metal cations (or clusters thereof) and organic linkers (pri-
marily carboxylates anions).’® In principle, MOFs offer the
unique opportunity to form solid solutions via isomorphous
replacement of both organic linkers and metal ions.”
Although, at least in principle, aliovalent substitution of
organic linkers can be achieved (e.g., through the isomorphic
replacement of a linker with an analogue bearing a charged
functional group on the backbone), aliovalent substitution of
metal ions allows to draw parallels with inorganic materials
and is the main object of interest in the present study. The
concept of aliovalent substitution has, rather surprisingly, not
attracted much attention so far in the MOF literature, with
only 11 articles using the term “aliovalent” and only 168 using
the term “solid solution” associated with “metal organic

4016 | Dalton Trans., 2026, 55, 4015-4036

Table 1 Number of articles published since the year 2000, which
contain the given search strings in title/abstract/keywords

String Articles Share
“Metal organic framework” 90592 100%
“Metal organic framework” + “bimetallic” 3549 3.9%
“Metal organic framework” + “mixed metal” 586 0.6%
“Metal organic framework” + “heterometallic” 481 0.5%
“Metal organic framework” + “mixed valence” 234 0.3%
“Metal organic framework” + “solid solution” 168 0.2%
“Metal organic framework” + “aliovalent” 11 0.01%

Source: scopus (retrieved on 30/06/2025).

framework” out of more than 90000 featuring the string
“metal organic framework” (see Table 1).

Before delving into the literature on aliovalent substitution
in MOFs, it is appropriate to spend some words regarding the
terminology employed in the literature to refer to MOFs con-
taining more than one metal species, which includes the
terms “bimetallic”, “heterometallic’ and “mixed metal”
(Table 1). Although these terms are sometimes used to refer to
true solid solutions, ie., where different metals occupy the
same crystallographic sites, they are also used in other
instances: i. MOFs in which multiple metals constitute the in-
organic unit but occupy distinct crystallographic sites and
display distinct coordination environments (e.g., MUV-10,
based on inorganic units containing Ca" in capped trigonal
prismatic geometry and Ti' in octahedral geometry);*" ii.
MOFs that contain metal atoms outside of the inorganic unit
(e.g., CAU-30, where Zr" is part of the inorganic unit and Ni"
is coordinated within the porphyrinic rings of the linker);*” iii.
core-shell structures constitute phase-pure domains (derived
from either concentration gradients due to diffusional limit-
ations during post-synthetic exchange®® or crystallisation
occurring with different kinetics depending on the metal
species).>* All of these instances do not classify as solid solu-
tions and are, therefore, not of interest for this perspective.

Isovalent metal substitution in MOFs has been the main
object of interest to date.>>*” This has provided mixed metal

This journal is © The Royal Society of Chemistry 2026
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analogues of some prominent MOF topologies, such as M™-
based MOF-5,2%29 HKUST-1%*°*! and MOF-74,>7** M™-based
MIL-53**%% and MIL-100/101,*>**” and M"-based UiO-66,
MOF-808 and other frameworks based on the same hexanuc-
lear oxoclusters.>*™*° Aliovalent substitution has attracted less
attention, likely because of the synthetic challenge of identify-
ing the appropriate reaction conditions to embed two metals
with different oxidation states in the same crystallographic
sites within the inorganic building unit. Aside from different
charge-neutrality requirements, metals with different oxidation
states are likely to have different ionic radii and/or preferred
coordination geometries that are not compatible with their
incorporation in the same inorganic building units, leading to
limited solid solubility. Furthermore, the different hardness
levels of metal ions with different charges affect the metal-
ligand affinity, so that selective crystallisation may take place
during synthesis, potentially resulting in the segregation of
homometallic phases. For this reason, post-synthetic
approaches have often been used to achieve aliovalent substi-
tution in MOFs.*!

In the following sections, existing literature on aliovalent
substitution in MOFs is critically analysed under the lens of in-
organic solid-state chemistry. MOFs are grouped into sub-
classes based on the oxidation state of the original metal, and
emphasis is given to the demonstration of the effective for-
mation of the solid solution and to the clarification of the
nature of the charge compensation mechanism. Given the
central role of the ionic radius (r) in enabling isomorphic sub-
stitution, the values of r according to Shannon*? for the given
coordination numbers (CNs) for the species relevant to this
discussion are provided in Table 2.

Aliovalent metal substitution in MOFs
M"-MOFs

M"-MOFs (M" = Mg", Cca", Mn", Co", Ni", cu", Zn", Cd", and
Pb") commonly feature CNs comprised between 4 and 6,
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although CNs as high as 8 can be observed for species with
larger r (Ca", Cd", Pb"). These MOFs reportedly undergo alio-
valent substitution with either M', M™ or M"™. The introduc-
tion of subvalent M' generates an excess negative charge,
which is reportedly compensated by the loss of a terminal
coordinating anion, such as chloride. The introduction of
supervalent M™ or M" results in frameworks with an excess
positive charge, which is usually compensated by the inclusion
of anions, rather than by the generation of metal cation
vacancies. As an alternative to the removal/addition of anionic
ligands, protonation/deprotonation of oxide species, hydroxide
groups or coordinated water molecules, if present in the in-
organic unit, could also represent a means to compensate
excess negative/positive charge, although these compensation
mechanisms have seldom been observed to date.

The earliest report on aliovalent substitution in MOFs is
perhaps a study on the post-synthetic ion metathesis in a MOF
with the formula Cd; 5(H;0);[(Cd,0);(hett)g(CH;0H),] (where
hett*~ is 5,5',10,10',15,15-hexaethyltruxene-2,7,12-tricarboxy-
late), featuring 8-coordinated Cd", which dates back to 2009.**
The framework is negatively charged, requiring extraframework
Cd** and H;0" ions for charge neutrality. The authors success-
fully replaced Cd"™ with Dy"™ and Nd™ by soaking single crys-
tals of the parent MOF in a methanolic solution of the respect-
ive nitrate salts, obtaining fully exchanged, monometallic ana-
logues not accessible via direct synthesis. Single-crystal X-ray
diffraction (SCXRD) analysis of the Dy-based compound
revealed that the [Cd,(j4-O)(R-COO)s(CH;0H),]>~ secondary
building units (SBUs) in the parent MOF were transformed
into [Dy,(p,-OH)(R-COO)s(CH;0H),J** units (Fig. 2), thereby
generating an excess positive charge compensated by the pres-
ence of extraframework nitrate anions to afford a MOF with
the formula [(Dy,OH);(hett)s(CH;0H);,]-9NO;. Dy™ was 7- or
8-coordinated, depending on the binding with the central p,-
OH group. Thus, a potential cation exchanger was turned into
a potential anion exchanger, although the ion-exchange pro-
perties of these MOFs were not investigated. Partially
exchanged compounds were obtained at shorter contact times

Table 2 lonic radii (r) of relevant species. LS = low spin; HS = high spin; and SQ = square planar

Species CN r(A) Species CN r(A) Species CN r(A)
Li' 4 0.59 Fe"l 6 0.61 (LS) zr™v 6 0.72
mg" 6 0.72 0.78 (HS) 8 0.84
8 0.89 Fe'! 6 0.55 (LS) cd" 6 0.95
Al 6 0.535 0.645 (HS) 8 1.1
Ca" 7 1.06 Co" 6 0.65 (LS) " 6 0.8
sc™ 6 0.745 0.745 (HS) 8 0.92
Ti'™ 6 0.67 Ni't 45Q 0.49 La™ 6 1.032
T 6 0.605 6 0.69 Ce™ 6 1.01
v 6 0.64 cu' 4 0.6 8 1.143
A% 6 0.58 6 0.77 ce" 8 0.97
v 6 0.54 cu" 5 0.65 pr' 6 0.99
cr 6 0.73 (LS) 6 0.73 Na™ 8 1.109
0.8 (HS) Zn" 4 0.6 Sm™ 6 0.958
cr'™ 6 0.615 6 0.74 Tb™ 6 0.923
mn" 6 0.67 (LS) Ga™ 6 0.62 Dy™ 8 1.027
0.83 (HS) Y 6 0.9

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Structures of the [Cd4(p4-O)(R-COO)S(CH30H)4]2’ (@) and
[Dy4(p2-OH)(R-COO)g(CH3sOH)41** (b) SBUs. The Dy atoms in (b) are dis-
ordered over two sites with 0.5 occupancy each; only half of them are
represented for the sake of clarity to highlight the 7- and 8-coordinated
environments. Colour code: Cd, purple; Dy, blue; C, grey; and O, red.

of the parent MOF with the lanthanide nitrate solution;
however, they were not investigated further either. Given the
tolerance of the framework to the complete replacement of
Cd", one might reasonably expect that the partially exchanged
compounds are aliovalent solid solutions; however, it cannot
be excluded that Dy™ and Cd" segregate into homometallic
SBUs that might even coexist within the same crystalline
domains.

Subsequently, the same authors attempted to post-syntheti-
cally exchange Fe" for Mn" in single crystals of POST-65(Mn),
a MOF with a similar structure to the above-described Cd-
based MOF and formula Mn(H;0)[(Mn,Cl);(hmtt)g(DMF);,]
(where hmtt*>~ is 5,5',10,10',15,15"-hexamethyltruxene-2,7,12-
tricarboxylate and DMF is N,N-dimethylformamide).** POST-65
(Mn) features negatively charged [Mn,(p,4-Cl1)(R-COO)g(DMF),]~
SBUs with 6-coordinated Mn" (Fig. 3a) and extraframework
Mn>" and H;0" species for charge balance. Complete Mn"
exchange was achieved when the MOF was soaked in a FeCl,
solution, which led to the incorporation of Fe' to yield a MOF
featuring negatively charged [Fe,(ps-OH)(pp-O),(R-COO)s]™
SBUs, where two additional oxo bridges are present to compen-
sate the excess positive charge carried by Fe'", whose average
CN is 5.5 (Fig. 3b). The MOF was formulated as Fe

a)

Fig. 3 Structures of the [Mn4(us-Cl)(R-COO)gl™ (a) and [Fe4(ps-OH) (-
0),(R-COO0)g]™ (b) SBUs. The DMF molecules in (a) were not located via
the SCXRD analysis. The p,-O atoms in (b) are disordered over two sites
with 0.5 occupancy each and are represented in pale red. Colour code:
Mn, cyan; Fe, dark yellow; Cl, green; C, grey; and O, red.
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[(Fe,OH);06(hmtt)g], with one extraframework Fe** for overall
charge balance. The oxidation state of Fe was confirmed via
X-ray absorption near-edge spectroscopy (XANES) at the Fe
K-edge. Given the different chemical compositions of the
SBUs, the formation of aliovalent solid solutions upon partial
exchange is not obvious in this case, but the authors did not
delve further into this issue.

A similar post-synthetic ion metathesis approach was
applied to MOF-5 with the formula Zn,O(BDC), (where BDC>~
is 1,4-benzenedicarboxylate), featuring 4-coordinated Zn"
assembled into [Zn4(ps-O)(R-COO)¢] SBUs (Fig. 4).>° In this
study, Zn" was exchanged with both a range of M" and with
Ti"™, V'™ and Cr™. The formation of the solid solution was pre-
sumed based on the evidence of a single crystalline phase in
the powder X-ray diffraction (PXRD) patterns, and chemical
analysis revealed the presence of stoichiometric chloride in
M™-substituted MOF-5 as a means to compensate the excess
positive charge. Evidence of the incorporation of M™ in the
SBUs of MOF-5 was provided by UV-Visible and electron para-
magnetic resonance (EPR) spectroscopies. This led to the pro-
posal of the general formula [Zn, ,MMCl(j,-O)R-COO)],
where x = 0.09 for M™=Ti", 0.20 for M"™'=Vv™ and 1.41 for
M™=CcCr™. The authors explained this trend by suggesting that
the degree of exchange is kinetically controlled by the stability
constants of each substituting cation. The significantly higher
incorporation of Cr'™ could also be explained with its smaller
r, compared with Ti"™ and V™, which could increase its solubi-
lity in the SBU. The presence of coordinated chloride leads to
M™ defects with a CN of 5 (Fig. 4). The authors also demon-
strated the possibility to exchange Cr", followed by oxidation
to Cr'™ using NOBF, in acetonitrile, leading to the formation
of a MOF where BF,” serves as an extraframework anion to
neutralise the excess positive charge.

More recently, attempts were made to post-synthetically
exchange a range of M" (Fe", Co", Ni", cu", zn") for
Ca" into heterobimetallic MUV-10 with the formula
Ti3Ca30,(BTC)4(H,0)e, (Where BTC®™ is 1,3,5-benzenetricarbox-
ylate) featuring [Ti,Ca,(p;3-0),(R-COO)g(H,0),] SBUs with 6-co-
ordinated Ti'V and 7-coordinated Ca" (Fig. 5). The exchange of
Cu" led to the transformation of MUV-10 into MUV-102, an
aliovalent solid solution incorporating 20% of Ti" in the

//0\5\”/0\‘ //O_Mm\Y—O\|
Q \L /O O\ /o /O
ol o
\Zn/ '=-=\Zn," .Z”/ '=/ Zn,"’,
N Bl SN D

Fig. 4 Structures of the [ZnzM"(j4-O)(R-COO)q] (left) and [ZnzsM"'Cl(p,-
O)(R-COO)¢] SBUs with 5-coordinated M" (right). Reproduced with per-
mission from ref. 29. Copyright 2013, the American Chemical Society.

This journal is © The Royal Society of Chemistry 2026
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MUV-102(Cu)

8-c 4-c
cube square

Fig. 5 Post-synthetic transformation of MUV-10, based on the 8-con-
nected [Ti,Ca(p3-0O), (R-COO)g(H20)4] SBUs, into MUV-102, based on
the 4-connected [CuTi(R-COO),4(H,0)O] SBUs. Colour code: Ti, green;
Ca, blue; Cu, cyan; C, grey; and O, red. Adapted with permission from
ref. 45. Copyright 2020, the American Chemical Society.

dinuclear Cu'-based paddlewheel SBUs of HKUST-1 with the
formula [Cu,(R-COO),(H,0),].*> The formation of heterometal-
lic clusters was proved via extended X-ray absorption fine struc-
ture (EXAFS) spectroscopy at the Ti K-edge, which indicates the
presence of Ti-Cu distances at ca. 2.84 A. In addition, Ti and
Cu K-edge XANES data indicated the simultaneous presence of
highly distorted 6-coordinated Ti"¥ and 5-coordinated Cu"
centers in MUV-102(Cu). The formation of heterometallic
paddle wheel units was also consistent with the presence of
uncoupled cupric § = 1 signals in the EPR spectrum of
MUV-102. The authors argued that the excess positive charge
might be counterbalanced by the coordination of O*>~ capping
ligands (presumably derived from the complete deprotonation
of coordinated water molecules) to Ti"" in heterometallic [CuTi
(R-COO0),(H,0)0] SBUs.

MOF-74(Ni) with the formula Ni,(DOBDC)(H,0), (where
DOBDC>™ is 2,5-dioxido-1,4-benzenedicarboxylate) was the
object of investigation as a platform for aliovalent substitution
via direct synthesis.*® This MOF features monodimensional in-
organic units based on 6-coordinated Ni", where one ligand is
a capping water molecule that can be removed upon activation
at a high temperature under vacuum, reducing the CN to 5
and generating Lewis acidic open metal sites (OMSs) (Fig. 6). A
MOF with the formula Ni, ¢Fe, 4(DOBDC) was obtained using
FeCl, as a source of Fe', 90% of which was oxidised to Fe™
upon exposure to air. Mossbauer spectroscopy was employed
to confirm the presence of Fe'™ in high-spin configuration,
whose excess positive charge was compensated by chloride, as
evidenced by a combination of inductively coupled plasma
optical emission spectroscopy (ICP-OES), energy-dispersive
X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy
(XPS). Capping chloride anions replaced neutral water ligands
in the coordination sphere of Fe'", as suggested by the emer-

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Coordination environment of Ni"' in MOF-74. Colour code: Ni,
sea green; C, grey; O, red; and H,O, blue.

gence of a band at 389 cm™' in the infrared (IR) spectrum,

which was attributed to the presence of Fe'"-Cl bonds. As a
result, Fe'"" centres retain the CN of 6 upon activation.

The Zn"-based MOF MFU-4/ with the formula Zn;Cl,(btdd);
{where btdd*~ is bis(1H-1,2,3-triazolo-[4,5-b],[4',5-{])dibenzo-
[1,4]-dioxin} was proved to be suitable for the aliovalent substi-
tution of zZn" with either Cu' or Li' via post-synthetic
exchange.””*® The SBUs feature one central 6-coordinated Zn"
and four peripheral 4-coordinated Zn", held together by 1,2,3-
triazolo ligands to afford scorpionate-like complexes with
terminal chloride ligands binding the peripheral zZn" (Fig. 7).
Two Cu' per SBU were introduced using a two-step approach,
involving metal exchange with CuCl, in N,N-dimethyl-

= 4/, /DMF
O 60 °C, 20 h

N Cl

=

N "
Znﬁ"w%"@ “" 1) cucl, DMA, 60 °C
\ 2) HCOOLi, MeOH, RT
N X 3) 180 °C, vacuum

.

MFU-4/

Fig. 7 Aliovalent substitution of tetrahedral Zn" with Li' and Cu' in
MFU-4l. Reproduced with permission from ref. 45. Copyright 2015,
Elsevier.
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acetamide (DMA), followed by ligand exchange with formate,
which, upon thermal decomposition at 180 °C under vacuum,
led to the reduction of Cu™ to Cu'. Two Li' per SBU can be
exchanged by treatment with a LiCl solution in DMF. In both
cases, the excess negative charge is compensated by the loss of
terminal chloride ligands, leading to 3-coordinated trigonal
pyramidal M" and the general formula M}Zn;Cl,(btdd);. The
effective replacement of Zn" with M' was inferred via ICP-OES
and EDS analyses, which allow to determine the M'/Zn" and
Cl/Zn" ratios. Exposure of the aliovalent exchanged MOFs to
air led to filling of the coordination vacancies on Cu' and Li'
with O, and H,O, respectively. In addition, the high affinity
towards the adsorption of H,, N,, O,, C,H, and CH, in cu-
MFU-4! clearly points to the existence of open Cu' sites with
n-backbonding capabilities, which are not available in the
parent framework. Several follow-up studies have, in fact,
explored the use of Cu'-MFU-4/ and Li-MFU-4/ as adsorbents
for hydrogen and methane storage, I, capture, and a number
of challenging separations (H,/D,, O,/N,, N,/CH,, paraffin/
olefin) and as catalysts for the conversion of CO, to CH,.**™®
Furthermore, the nearly complete exchange of Cr'™ for 4-co-
ordinated Zn" was reported, leading to the inclusion of
additional chloride ligands to compensate the excess positive
charge and one DMF, thereby generating 6-coordinated Cr™
centres in a MOF with the formula Cr,ZnClg(btdd);(DMF),.%*
The removal of DMF generates a Lewis acidic site that makes
the MOF an active catalyst for the gas-phase polymerisation of
ethylene.

M"MOFs

M"-MOFs [MIII _ Alm, SCIH7 Crm, Fem, Gam, and Inm) com-
monly feature a CN of 6 and have been shown to undergo alio-
valent substitution with M" and M"™. The inclusion of subva-
lent M" yields a framework with an excess negative charge,
which is preferentially compensated by the protonation of O/
OH groups coordinated to the inorganic unit, rather than by
the generation of anion vacancies, which would entail a
reduction in the CN to below 6 and a consequential structural
destabilisation of the inorganic unit, thereby limiting the
extent of aliovalent substitution. The inclusion of supervalent
M" yields a framework with an excess positive charge, which
can be compensated by the deprotonation of OH/H,O groups
coordinated to the inorganic unit.

The most relevant study in the area of aliovalent substi-
tution in MOFs to date has been conducted on Fe™-MOFs con-
taining trimeric [Fe;(p;3-O)(R-COO)s(H,0),(OH)] SBUs (Fig. 8),
which have been demonstrated to tolerate substitution with
metals having diverse oxidation states and r. These MOFs have
been explored for a range of applications in gas adsorption,
catalysis and wastewater treatment.®*”°

Acetate-based molecular trimers of M, with the formula
[MY(115-0)(CH;C00)6(H;0),(OH)], where M™ can be V'™, Cr'™,
Mn™, Fe™, Ru™, Rh™, or Os™, have been known since the
1920s and have been extensively investigated for their mag-
netic properties.”® These trimers are known to tolerate the
reduction of one M"™ to M", with the protonation of the OH

111
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Fig. 8 Structure of the [Fes(us-O)(H,0),(OH)(R-COO)g] SBU. Colour
code: Fe, dark yellow; C, grey; and O, red.

group to afford compounds with three water molecules as
capping ligands and the formula [M¥M"(u;-0)
(CH;C00)s(H,0);].7” % Heterobimetallic trimers with the
formula [Fe,M"(u3-0O)(CH;CO0)s(H,0);], where M" can be
Mg", Mn", Co", Ni"" or Zn", were first reported in 1928, and
their nature of solid solutions was demonstrated in 1981.%"%3

In 2014, 34 MOFs based on [Fe,M"(j15-O)(R-COO)s(H,0);]
SBUs, where M" can be Mn", Co", Ni" or Zn", were obtained
using a direct synthetic approach starting from heterometallic
acetate-based clusters and a range of organic linkers. The coex-
istence of Fe'" and M" was confirmed via ICP mass spec-
trometry (ICP-MS), which revealed that the 2:1 Fe'™/M" ratio
in the molecular precursor was maintained in the final MOF.
Among the prepared MOFs, PCN-250 [also known as soc-MOF
(soc is the topology symbol),** MIL-127%° or CPM-200,%° based
on 3,3',5,5-azobenzenetetracarboxylate as the organic linker]
was found to have exceptional methane storage capacity. The
Fe'"/Co™ analogue was later discovered to display improved
CO, adsorption capacity and CO,/N, selectivity compared with
the homometallic MOF, even under humid conditions.®”

Later on, a similar synthetic approach was employed to
introduce Mg", Co" and Ni" in the trimeric SBUs of MIL-127,
MIL-100 (based on BTC®~ as the organic linker) and MIL-88B
(based on BDC>™ as the organic linker).®® The MIL-127 ana-
logues and the respective molecular precursors were character-
ised via >’Fe Mossbauer spectroscopy, which proved that the
heterometallic nature of trimeric clusters was preserved in the
MOF. In situ IR spectroscopy using NO as a probe was per-
formed on the heterometallic MIL-127(Fe, Ni) on samples acti-
vated under vacuum at 423 K for 3 h and at 503 K for 6 h
(Fig. 9a). At 150 K, the spectra of both samples displayed three
bands centered at 1895 cm™?, attributed to the Fe™-CO inter-
action; 1874 cm™', not present in the homometallic MIL-127
(Fe) and attributed to the Ni"-CO interaction; and 1797 cm™,
attributed to the Fe"-CO interaction and whose intensity is
much lower than that of the homometallic analogue,

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 IR spectra of MIL-127(Fe, Ni) recorded after the introduction of an equilibrium pressure of NO (665 Pa) at 150 K on samples activated under
vacuum for 3 hours at 423 K (bottom) and 6 hours at 503 K (top) (a). CO adsorption isotherms of MIL-127(Fe, Ni) and MIL-127(Fe) at 303 K (b).
Adapted with permission from ref. 65. Copyright 2015, the Royal Society of Chemistry.

suggesting lower reducibility of Fe'" in the presence on Ni".

CO adsorption isotherms collected on MIL-127(Fe) and
MIL-127(Fe, Ni) revealed that the latter displays a much higher
uptake and heat of adsorption than the homometallic ana-
logue (Fig. 9b), which can be explained by the backdonation
effect between Ni"" OMSs and CO.

SCXRD analysis revealed that the presence of an additional
water molecule in heterometallic Fe'M" SBUs in PCN-250
allows to generate up to three Lewis acidic OMSs per SBU
upon activation of the aliovalently substituted MOF, as
opposed to two sites per SBU in the parent MOF, while
decreasing the temperature needed for water desorption
(Fig. 10).”* Further insight into the nature of the OMSs was
gained using XANES and in situ IR. The XANES spectra of
PCN-250(Fe) and PCN-250(Fe,Ni) collected at the Fe K-edge at
increasing temperatures under He flow revealed that the
former undergoes significant changes above 484 K, attributed
to the reduction of part of Fe'™" to Fe", whereas the heterome-
tallic analogue does not undergo a similar process. The pres-
ence of OMSs in both MOFs was investigated via in situ IR
using CO as a probe, finding that PCN-250(Fe) only displays
one relatively weak band at 2163 cm™', associated with the
Fe™-CO interaction (the sample was activated at 473 K; there-
fore, no Fe'" was generated), whereas the spectrum of PCN-250
(Fe,Ni) features a strong band at 2179 cm™, attributed to the
Ni"-CO interaction, accompanied by a weak band at
2163 cm™', indicative of the concomitant presence of Fe'
OMSs.

A water-based synthesis of heterometallic MIL-100 starting
from Fe(SO,), and several M" (Mn", Co", Ni", cu", zn", cd")
and M™ (AIIII’ Tim, VIII’ CrIII’ YIII’ LaIII’ Cem, PrIII’ smm’ Tbm)
salts (chlorides, nitrates, acetates) was developed in 2020,
which led to the oxidation of Fe" to Fe™" and the formation of
solid solutions with each of the above species, incorporating
between 7.5 and 29.9 mol% depending on the cation.”® XPS
revealed that Cu™ was reduced to Cu®; Ti'"" and V" were oxi-
dised to Ti" and V"/V, respectively; and part of Ce™
dised to Ce"™. The incorporation of M"Y was presumed to be

was Oxi-

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 Single-crystal structures of PCN-250(Fe,Ni), showing the [Fe,Ni
(p3-O)(R-COO)¢] cluster and occupancy of terminal O atoms at 323 K (a),
373 K (b), 423 K (c), and 473 K (d). Colour code: Fe, yellow; Ni, green; C,
grey; and O, red. Adapted with permission from ref. 74. Copyright 2023,
the American Chemical Society.

accompanied by the deprotonation of the OH group to yield an
SBU with the formula [Fe,M" (i3-0)(R-COO)¢(H,0),0] with one
0O~ capping ligand, even though, without further evidence, it
cannot be excluded that SBUs with the formula [Fe,M" (u;-O)
(R-COO)6(H,0)(OH),] may also exist (vide infra).®”*® In the case
of Cu' substitution, the trimer cannot compensate the excess
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negative charge with further protonation of the capping
ligands. Therefore, the authors argued that defects might
exist, ie., protonation of part of the carboxylates associated
with a reduction of the CN of Cu' to 5, although the IR spec-
trum does not appear to display bands that can be attributed
to —COOH groups. An alternative way of compensating would
be to protonate the p;-O ligand, as suggested for similar
systems discussed herein.®®®° Defects were also invoked to
compensate the excess positive charge generated by the
inclusion of V' without further investigation; however,
[Fe,V"(13-0)(R-COO)6(OH),] SBUs might, in principle, exist.

It is interesting to note that attempts to introduce Ni" in
MIL-100(Fe) via post-synthetic ion metathesis were unsuccess-
ful, which was attributed to the strength of the Fe'-carboxy-
late bonds preventing the incorporation of softer Ni".°® This is
in stark contrast to M"-MOFs, where the post-synthetic route
appears to be the most effective in achieving aliovalent substi-
tution, perhaps because of the relatively labile M"-carboxylate
bonds.

Single crystals of a series of aliovalent solid solutions with
1:2 M™/M" ratio (where M™ = sc™, V'™, Fe™, Ga™, and In";
M" = Mg", Mn", Co", and Ni") and soc topology were
obtained, for which the general formula [MYM™(p;-OH)
(CH;3COO0)(H,0);] was proposed, where charge neutrality is
achieved through protonation of the p;-O ligand.*® However,
an accurate determination of the chemical composition was
not performed. Therefore, it cannot be excluded that extrafra-
mework cations exist, e.g.,, dimethylammonium (Me,NH,")
derived from DMA decomposition, used as a solvent for the
synthesis, or part of the carboxylate groups be protonated, as
proposed for MIL-100 doped with Cu~.’® SCXRD did not
provide direct evidence of the presence of p;-OH groups, and
the electron density in the pores was treated with the
SQUEEZE routine in the PLATON software package, which may
result in overlooking the presence of organic cations.”®

The effect of the aliovalent substitution of Mn™ for In™ on
the proton conduction properties of MOFs with soc topology
was recently evaluated (Fig. 11).*° The In™-based MOF differs
from the Fe™ analogue in that the SBU is positively charged
due to the presence of three capping H,O molecules: [In;(p;-O)
(R-COO)4(H,0);]". The charged framework is counterbalanced
by NO*~ anions residing in the pores.®* For the heterometallic
In"/Mn" solid solution with a 1:2 ratio, neutral SBUs
with the formula [InMn,(p;-OH)(R-COO)s(H,0);] were pro-
posed, based on previous literature.*® The homometallic
Mn'-based analogue was instead proposed to feature nega-
tively charged SBUs with the formula [Mnj(p;-OH)
(R-CO0)4(H30)0.5(H,0),.5]>>", with one Mn(H,0)s>" cation
every four SBUs residing in the pores and warranting charge
neutrality. The +2 oxidation state for Mn in all MOFs was con-
firmed via XPS analysis. The proton conductivity moderately
increased with progressive substitution of Mn" for In", with
the highest value of 1.15 x 107> S cm ™" at 328 K and 95% rela-
tive humidity (RH) for the homometallic Mn" compound.

The complete aliovalent substitution of Co™ and Ti" for
M™ was demonstrated in 2013, when MOFs with a MIL-88
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Fig. 11 Trinuclear Mz(u3-O) clusters (a) and different guest molecules/
ions (b) encapsulated in the cubic cages of In-ABTC-H,O (left), In/Mn-
ABTC-H,0 (centre), and Mn(H,0)s@Mn-ABTC-H,O (right). Colour code:
In, teal; Mn, orange; C, grey; O, red; and N, blue. Reproduced with per-
mission from ref. 89. Copyright 2023, the American Chemical Society.

topology (dubbed CTOF-1 and CTOF-2, featuring 2-hydroxyter-
ephthalate and BDC?”, respectively, as the organic linker)
based on heterometallic SBUs with the formula [Co,Ti(u3-O)
(R-COO)sO(DMF);] were reported.” The stoichiometry was
deduced from the SCXRD data, with ICP atomic emission spec-
troscopy (ICP-AES) providing supporting information on the
chemical composition of the MOF. However, it should be
noted that such an SBU would require that one metal atom be
7-coordinated, and it is likely that the actual SBU contains one
less DMF molecule, ie., [Co,Ti(us3-O)(R-COO)sO(DMF),].
Different from MIL-88, CTOF-1 and CTOF-2 display permanent
porosity when activated, attributed to the existence of two dis-
tinct thermodynamically stable phases, as opposed to the con-
tinuously swelling MIL-88 framework that collapses to a non-
porous phase upon activation.

Soon afterwards, the complete aliovalent substitution of
Ti" for M™ was achieved in COK-69 with the formula Tiz(p3-O)
(cdc);0,(DMF) (where cdc®” is 1,4-cyclohexanedicarboxylate)
and MIL-88 topology.®” The authors performed ab initio calcu-
lations to determine whether a hydrated SBU would take the
form of either [Tiz(p3-O)(R-COO)¢0,(H,0)] or [Tiz(us-O)
(R-CO0)sO(OH),] and found that they are very close in energy
(0.2-0.4 eV per cluster, depending on the functional used).
Regardless of the protonation state of the terminal oxo
ligands, MOF activation leads to the loss of one water molecule
per trimer, affording [Tiz(ps-O)(R-COO)¢O,] SBUs, featuring
one OMS. The energetic cost of removing one water molecule
was found to be 6.1 eV per cluster.

The synthesis of homometallic MIL-100(Ti) was achieved by
the reaction of [TigOg(4-tbbz)s(O'Pr)s] (where tbbz™ is 4-tert-
butylbenzoate) clusters with H;BTC in acetonitrile/tetrahydro-
furan. This allowed to draw comparisons with the M""-based
archetype, demonstrating that MIL-100(Ti) is more thermally
and chemically stable, thanks to the stronger Ti"'-O bonds.®®
Independent calculations confirmed that the two forms of the

This journal is © The Royal Society of Chemistry 2026
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hydrated SBU, i.e., [Tis(p3-O)(R-CO0)s0,(H,0)] and [Tis(p3-O)
(R-CO0)sO(OH),], are very close in energy. The CO, and H,O
adsorption properties are comparable between the two MOFs,
suggesting that the chemistry of the SBU plays a relatively
minor role when the structure features very large pores and
adsorbate/adsorbate interactions prevail.

Heterometallic Ti"V/M" MIL-100 analogues were succes-
sively prepared by reacting Ti'-isopropoxide with the chloride
salts of Mg", Fe", Co™ and Ni".°? In the case of Fe, M6ssbauer
spectroscopy revealed that it was oxidized to Fe'", affording a
solid solution between MIL-100(Fe) and MIL-100(Ti), named
MUV-101(Fe), with a Fe™/Ti"V ratio of 2:1 and proposed
formula Fe,Ti(p;-O)(BTC),(H,O0)(OH),. The solid solution
nature of MUV-101(Fe) was ascertained via pair distribution
function analysis, which revealed the presence of two sets of
M-M distances within the trimer, associated with the Ti"V-Fe™
and Fe'-Fe™ pairs, respectively (Fig. 12). Water adsorption
isotherms suggest the formation of 1.68 OMSs per trimer
upon activation, as opposed to 2.70 for MIL-100(Fe), compati-
ble with the additional positive charge on Ti'V in MUV-101(Fe).
MUV-101(Fe) shows higher stability than the analogues con-
taining Mg", Co™ and Ni"" and was tested as a catalyst for the
detoxification of chemical warfare simulants in non-buffered

TiTi

Gir

0s 10 15 20 25 30 35 40

Fig. 12 Structures of SBUs (left) and deconvolution of the experimental
differential PDFs (right) for MIL-100(Fe) (a), MUV-101(Fe) (b), and
MIL-100(Ti) (c). Colour code: Fe, orange; Ti, green; C, grey; and O, red.
Reproduced with permission from ref. 92. Copyright 2023, the American
Chemical Society.
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conditions and compared with homometallic MIL-100(Fe) and
MIL-100(Ti). The aliovalent MUV-101(Fe) demonstrated a
much higher catalytic activity, which was attributed to the
synergetic cooperation of Ti'V Lewis acid and Fe(m)-OH
Bronsted acid sites. The presence of such sites was ascertained
via in situ FT-IR spectroscopy using CO as a probe, which
revealed that MUV-101(Fe) is unique among heterometallic
analogues in that it features a band at 2154 cm ™", attributed to
the interaction of CO with OH groups coordinated to Fe™.?
The thermal decomposition of MUV-101(Fe) results in the for-
mation of carbon-supported titanomaghemite nanoparticles
with a Fe/Ti ratio close to 2, not achievable by soft-chemistry
routes, that demonstrate outstanding catalytic activity for the
production of CO from CO, via the reverse water-gas shift
reaction.”

Heterometallic MUV-101 was also shown to be accessible
starting from MUV-10 through post-synthetic exchange of Ca"
with Fe", Co", Ni", and Zn". The formation of trimeric SBUs
with TiMY' stoichiometry, with all metals in octahedral geome-
try (CN 6), is thermodynamically more favourable than the
tetrameric Ti,MY found in pristine MUV-10, where M" is in
capped trigonal antiprismatic geometry (CN = 7), for Fe, Ni
and Co, with energies ranging between —13.6 and —10.0 eV,
whereas in the case of Zn", the difference is only 0.9 eV. It was
demonstrated that all the above metals could be incorporated
in MUV-101 starting from MUV-10. The process of conversion
from the starting MUV-10 to the final MUV-101 phase was
investigated via scanning electron microscopy (SEM), which
suggested that the formation of the MUV-101 phase proceeds
via crystal-to-crystal transformation, rather than by dissolution
of MUV-10 in the reaction medium and recrystallisation of
MUV-101.>> An analogous post-synthetic approach was also
employed to obtain heterometallic MUV-301(Ti/Co), an isoreti-
cularly expanded version of MUV-101 based on the organic
linker benzo-tris-thiophene carboxylate, starting from MUV-30,
which displays the same topology of MUV-10.%°

Another prominent family of M™-MOFs is represented by
MIL-53 and related frameworks based on monodimensional
inorganic units consisting of 6-coordinated M™ connected
through carboxylates and the p,-OH groups (Fig. 13). The alio-
valent substitution of V'V for AI"" in MIL-53, with the formula
Al(p,-OH)(BDC), and the analogue based on 1,4-naphthalene-
dicarboxylate was initially reported in 2013, leveraging on the
isoreticular relationship between MIL-53 and the V'-based
MIL-47, with the formula V(p,-O)(BDC).”” A series of samples
for each system was prepared via direct synthesis varying the
Al/V molar ratios in a stepwise fashion. The solid solution
nature of the heterometallic compounds was suggested by
PXRD, which revealed a single crystalline phase with lattice
parameters linearly varying in agreement with Vegard’s law.
Further insight was provided by 'H and "*C solid-state nuclear
magnetic resonance (SSNMR) as well as EPR and IR spectro-
scopies, which collectively pointed to the general formula
(AlOH), _,(VO),(BDC), indicating the deprotonation of bridging
OH groups to compensate the excess positive charge generated
by the substitution of V'V for AI'"". The effect of V" incorpor-
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Fig. 13 Coordination environment of M"" in MIL-53. Colour code: M",
dark yellow; C, grey; O, red; and pu,-OH, green.

ation on the breathing behaviour of MIL-53 upon CO, adsorp-
tion was evaluated, finding that increasing amounts of V'V pro-
gressively inhibited framework flexibility, which is to be
expected given the rigid character of MIL-47. The same
concept was applied to DUT-5, with the formula Al(u,-OH)
(BPDC) (where BPDC®>” is 4,4-biphenyldicarboxylate), and
COMOC-2, with the formula V(u,-O)(BPDC), with the differ-
ence that Al-based DUT-5 is rigid, whereas V-based COMOC-2
is flexible, and the aliovalent solid solutions display an inter-
mediate behaviour.”® Other works have investigated similar
aliovalent solutions with the aim of identifying the location of
V" sites and to gather further insight into their breathing
behaviour.”® %

The aliovalent substitution of Ni"' was demonstrated in
InOF-1, with the formula In,(p,-OH),(BPTC) (also known as
NOTT-300 or MFM-300,'% where BPTC*™ is 3,3',5,5-biphenyl
tetracarboxylate), which features similar extended inorganic
units to those found in MIL-53, with 6-coordinated In™.'°*
Aliovalent substitution, accomplished via direct synthesis in
the presence of formic acid, led to the formation of NiOF-1,
with the formula Ni,(BPTC)(HCOOH),, where charge compen-
sation is warranted by neutral formic acid, coordinated in a
bridging fashion through the carbonyl oxygen, replacing
anionic OH groups in the inorganic unit. The presence of
acidic protons from formic acid and the larger amount of
adsorbed water molecules in the channels led to a five-fold
increase in proton conduction in NiOF-1 compared with
InOF-1 (3.41 x 107> S em™" vs. 7.86 x 107> S em ™", respectively,
at 328 K and 95% RH).

The MOF In-BQ, with the formula (Me,NH,)(Me,NH)[In
(mdhbqdc),] (where mdhbqdc®~ is dimethyl 3,6-dihydroxy-2,5-
benzoquinone-1,4-dicarboxylate), features isolated 8-co-
ordinated In"" and one extraframework Me,NH," cation per
In™, counterbalancing the negatively charged framework
(Fig. 14).1%>1% The replacement of In"" with Cd" affords iso-
structural Cd-BQ, with the formula (Me,NH,),[Cd(mdhbqdc),],
where two extraframework Me,NH," cations per Cd" exist, as a
means to compensate for the excess negative charge produced
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Fig. 14 Coordination environment of In" in In-BQ. Colour code: In, sea

green; C, grey; O, red; and H, white.

by aliovalent substitution. The proton conductivity of Cd-BQ
was found to be two orders of magnitude higher than that of
In-BQ (2.30 x 107> S cm ™" vs. 2.10 x 107 S ecm ™", respectively,
at 303 K and 95% RH), thanks to the higher density of
Me,NH," in the pores, which are engaged in an extended
network of hydrogen bonds warranting high mobility to the
charge carriers.

An unusual charge compensation mechanism involving oxi-
dation of the organic linker was recently reported in the 2D
MOF Fe3(THT), (where THT is triphenylenehexathiol) when
Fe™ was aliovalently substituted by Ni".'®” Fe;(THT), is based
on isolated square-planar (CN 4) Fe'™ centres (Fig. 15) and
exhibits high electronic conductivity and charge mobility.
Complete exchange of Ni"" for Fe™ was accomplished post-syn-
thesis, and the preservation of the +2 oxidation state for Ni
was confirmed via XPS analysis. The possible presence of extra-
framework Me,NH," cations was excluded based on CHN
elemental analysis as well as IR and NMR spectroscopies.

Fig. 15 Crystal structure of Fez(THT), viewed along the c axis. Colour
code: Fe, green; C, grey; S, yellow; and H, white. Reproduced with per-
mission from ref. 107. Copyright 2023, the American Chemical Society.
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High-resolution S 2p XPS analysis revealed instead multiple
overlapping signals between 162 and 166 eV, displaying an
overall shift toward higher energy than Fe3(THT), and
suggesting that the linker is oxidised after replacement of Fe'"
with Ni'. The bulk electrical conductivity of Niz(THT), was
found to be four times higher than Fez(THT), (0.32 S cm ™" vs.
0.078 S cm ™, respectively). The measured Hall carrier concen-
tration at room temperature in Niz(THT), decreases 60-fold to
6.43 x 10'® em™ from Fe3(THT), (3.97(7) x 10°° cm™?), whereas
the calculated Hall mobility increases 50-fold to 0.37 cm® V™"
s~! compared with the value in Fe;(THT), (0.017 cm* V™' s71).
The increased Hall mobility in Ni;(THT), was ascribed to the
higher covalency of S-Ni"" bonds.

M"™-MOFs

M"V-MOFs (M"Y = Ti", z™, ce", Hf"Y, Th", U", and Pu") com-
monly feature CNs of 6 (Ti') and 8 (zr", ce™, Hf"™, Th", UV,
and Pu") and have been shown to undergo aliovalent substi-
tution with M" and M™. The inclusion of subvalent M"/M""
yields a framework with an excess negative charge, which is
usually compensated by the protonation of O/OH groups in
the inorganic unit, although anion vacancies have also been
proposed. In principle, supervalent MV could also substitute
for M", generating an excess positive charge that could be
compensated by the deprotonation of OH groups in the in-
organic unit.

M"™-MOFs based on hexanuclear SBUs with the formula
MY (13-0)4(p3-OH)4(R-COO0),,], where each M"™ (zr", Ce",
HfY, Th™, U", Pu") is 8-coordinated by two p3-O, two p;-OH
and four carboxylic oxygens (Fig. 16a), are a prominent family
of MOFs first reported in 2008."°''* Inorganic units
derived from the condensation of hexanuclear M™ oxo/
hydroxo clusters were also discovered, further expanding
the accessible topological space: dodecanuclear -clusters
with the formula [MIOg(OH);4(R-COO);5] and one-dimen-
sional inorganic building units with the general formula
[MIYO,4(OH),4(R-COO)g],." "> Interestingly, the [MY (15-0)4(pa-
OH),]"** clusters have the same local M"™-O connectivity
found in the fluorite-like cubic polymorphs of ZrO, and HfO,
and in CeO, (Fig. 16b). Thus, these MOFs are an ideal bridge

Fig. 16 Local M"V~O connectivity in the [MY (13-O)4(p3-OH)4(R-COO)3,]
SBUs (a) and in fluorite-type M" oxides (b). Atoms not belonging to the
[(MM)gO4(OH)4] clusters are shaded to highlight the similarity between
the two local structures. Colour code: M"Y, cyan; C, grey; and O, red.
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between solid-state reticular
chemistry.

As mentioned in the introduction, the aliovalent substi-
tution of M™ or M" in fluorite-type M™O, generates oxygen
vacancies, yielding non-stoichiometric oxides with the general
formula MY MM0O,_ 5, or MY ,MT0O,_,. The amount of aliova-
lent metal that can be introduced before segregation of two
distinct crystalline phases occurs is limited by the excessive
strain induced by a large number of oxygen vacancies in the
fluorite-type structure. In the case of industrially relevant
yttria-stabilised zirconia, complete solid solubility occurs in a
rather wide range of compositions comprised between ~16
and ~67% Y™ mol%.'"”

Notably, the same type of metal oxo/hydroxo clusters found
in M"Y-MOFs have been obtained using Ln™ (r = 0.99-1.16 A,
CN 8)."'®19 The excess negative charge in the Ln""-based clus-
ters is thought to be compensated through either protonation
of the p;-O bridges or their substitution with fluoride to
render the formula [Lnl(p;-OH/F)s(R-COO),,]*", plus the
inclusion of two extraframework cationic species per SBU
(most often Me,NH," derived from the decomposition of DMF
during the synthesis) to provide the necessary positive charges
to preserve electroneutrality. The incorporation of fluoride
ions, abstracted from the fluorinated coordination modulators
typically used during the synthesis, appears to be crucial to
enable the formation of hexanuclear clusters instead of other
inorganic units with different nuclearity levels."”®'*! The exist-
ence of [LnZ!(j13-OH/F)g(R-CO0),,]*~ SBUs suggests that a con-
tinuous solid solution could, in principle, be formed between
the end members when M"Y and Ln™ (and possibly other M™
species) with similar r are combined, potentially enabling fine-
tuning of the composition and physico-chemical properties.
However, it should be noted that in the case of isovalent Zr"/
Ce" solid solutions, it was demonstrated that only three types
of clusters exist: Zrg, Zr;Ce, and Ceq.>>*° This is likely due to
the relatively large difference in r between Zr" and Ce", which
might induce excessive strain in the clusters if more than one
Ce" is incorporated.

There have been recent reports focusing on the introduc-
tion of aliovalent metals in Zr"*-MOFs in the literature;'?*™*3°
however, convincing evidence of the effective incorporation of
the aliovalent species Mg" and Ce™ in the SBUs of Zr"'-MOFs
was only provided in three cases.'*®12%130

The first attempt to incorporate Ce™ in UiO-66/67(Zr) dates
back to 2013;"**> however, it was only in 2021 that the presence
of Ce™ within the clusters of UiO-66 was demonstrated."*® ICP
analysis revealed that 4 wt% of Ce was incorporated in the
MOF (about 0.5 Ce per SBU), both when the synthesis was per-
formed without modulator and when formic acid was used,
despite the 1:1 Zr/Ce ratio in the reaction mixture. The
authors noted how limited information on the presence of
Ce™ in the clusters could be gathered via XPS, whereas com-
pelling evidence was provided by EXAFS at the Zr K-edge and
XANES at the Ce Lz-edge (Fig. 17). EXAFS at the Zr K-edge
suggests that Ce is effectively incorporated in the SBUs,
causing a progressive decrease of the intensity of the feature at
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Fig. 17 Fourier transform of the EXAFS signal of the spectra of UiO-66
(Zr) (red), UiO-66(Zr,Ce) prepared with formic acid (blue) and UiO-66(Zr,
Ce) prepared without formic acid (black), at the Zr K-edge (a). XANES
region of the Ce Ls-edge spectrum of UiO-66(Zr,Ce) prepared with
formic acid (blue), UiO-66(Zr,Ce) prepared without formic acid (black),
CeO,, (dotted green line), and Ce(NO3)3-6H,O (dotted orange line) (b).
Adapted with permission from ref. 129. Copyright 2021, Wiley—VCH
GmbH.

3.15 A in the Fourier transform of the EXAFS signal, associated
with Zr-Zr distances. XANES at the Ce L;-edge confirms that
the use of formic acid is crucial to prevent oxidation of 50% of
Ce™ to Ce' when starting from Ce(NO3); as a precursor. The
authors also demonstrated that the addition of Pt nano-
particles during the synthesis favours the decomposition of
formic acid and the subsequent reduction of Ce"™ when start-
ing from (NH,),Ce(NO3)s. In terms of charge compensation
mechanism, it was proposed that each Ce™ atom induces
vacancies of two carboxylate ligands (one BDC linker), based
on the decrease in the Zr-O contribution at 1.81 A in the
Fourier transform of the EXAFS signal as the Ce™
increases. The authors suggested that an OH ligand should
take the place of a missing carboxylate oxygen to warrant
charge neutrality and keep the eightfold coordination of the
Zr"V atoms, which would afford an SBU with the formula
[Zr5Ce(p3-0)4(ps-OH)4(R-COO),0(OH)],
oxygens fill 45 coordination positions, suggesting that three
additional neutral ligands, most likely water molecules, are
needed to warrant a CN of 8 for all metals in the SBU.
[Mg(OMe),(MeOH),], was used as a source of Mg" to
perform post-synthetic exchange on three Zr'"-MOFs: UiO-66

content

where the available
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with the formula Zrs0,0H,(BDC)s, MOF-808 with the formula
Zr¢04,0H,(HCOO)4(BTC),, and NU-1000 with the formula
Zrs04,0H,(HCOO),(TBAPy), [where TBAPy"~ is 1,3,6,8-tetrakis
(p-benzoate)pyrene].'*® No exchange was achieved in UiO-66,
whose pores are too small to allow diffusion of [Mg
(OMe),(MeOH),],, whereas MOF-808 and NU-1000 incorpor-
ated up to 0.64 Mg" per SBU. Using EXAFS at the Zr K-edge,
the incorporation of Mg" in the SBU was ascertained based on
the decrease in the intensity of the y(r)-signal at ~3.1 A, corres-
ponding to Zr-Zr distances within octahedral Zr-clusters
(Fig. 18). The charge compensation mechanism was assumed
to involve protonation of two p;-O, leading to the formulation
of the heterometallic SBUs as [ZrsMg(us-0)a(ps-
OH),(R-COO0);,], with 8-coordinated Mg™. The aliovalent solid
solutions were found to be more active for nerve agent detoxifi-
cation than the parent MOFs, which was attributed to the
synergistic effect of the increased nucleophilicity of OH /0>~
residues and charge gradients in the [ZrsMg(j;-0),(p3-OH)e ">
heteronuclear cluster, facilitating the hydrolytic cleavage of
polar P-X bonds (X = F, OR, or SR).

A very recent paper investigated a similar Mg"-containing
MOF-808(Zr) as a catalyst for the hydrolysis of dipeptides and
phosphoesters and provided additional insight into the struc-
ture of the SBUs."*® EXAFS at the Zr K-edge on the MOF acti-
vated under vacuum at 393 K for 17 hours suggested that anion
vacancies were formed to compensate for the excess negative
charge and the clusters contained only 7.3 and 6.8 oxo/hydroxo
bridges when either one or two Mg" were incorporated, respect-
ively, as determined via ICP analysis. This was attributed to the
fact that Mg" preferentially adopts a 6-coordinated geometty,
which, in turn, forces Zr to a lower CN than 8, thereby increas-
ing the availability of Lewis acidic sites and favouring the cata-
Iytic activity (Fig. 19). The authors did not delve further into the

4
A

Fig. 18 k2-weighted y(r) Zr K-edge EXAFS data collected on pristine
MOF-808 (black) and Mg"-doped MOF-808 (green). The inset shows
the [ZrsMg(pz-0),(p3z-OH)s(R-COO)1,] model in the doped system.
Colour code: Mg, green; Zr, blue; C, grey; and O, red. Reproduced with
permission from ref. 126. Copyright 2019, the American Chemical
Society.
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Fig. 19 Optimised structure of a ZrsMg node. The Mg" ion and the
groups directly bonded to it are represented as spheres, while the rest of
the structure is shown as sticks. Colour code: Mg, lime; Zr, cyan; C, grey;
O, red; and H, white. Reproduced with permission from ref. 130.
Copyright 2025, the American Chemical Society.

charge compensation mechanism; however, the formulas
[ZrsMg(113-0);.7(13-OH)4 6(R-CO0)1,]  and  [Zr,Mgy(p3-0)1.2(ps-
OH);5 ¢(R-CO0);,] can reasonably be proposed for the SBUs,
assuming that the activation procedure employed does not
induce dehydroxylation of the clusters, usually achieved at
temperatures exceeding 473 K under dynamic vacuum.'*!
Ti"-MOFs commonly feature 6-coordinated Ti" centres,
which can self-assemble in a variety of SBUs with nuclearities
ranging from 1 to 12. Among these, aliovalent substitution has
been achieved on trimers with the formula [Tiz(p;-O)
(R-CO0)sO(OH),], already discussed above as aliovalent ana-
logues of M™-based MOFs, and on octamers with the formula
[Tig(112-0)s(po-OH)4(R-COO0);,], found in MIL-125, where Ti" is
6-coordinated in octahedral geometry (Fig. 20)."**
NH,-MIL-125, with the formula Tig(p,-O)s(po-OH),(NH,-
BDC), (where NH,-BDC>” is 2-amino-1,4-benzenedicarboxy-

Fig. 20 Structure of the [Tig(uz-O)g(pa-OH)4(R-COO);,] SBUs. Colour
code: Ti, blue; C, grey; and O, red.

This journal is © The Royal Society of Chemistry 2026
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late), has been intensely investigated for its photocatalytic pro-
perties, thanks to a band gap of 2.6 eV that allows it to absorb
visible light via linker-to-metal cluster charge transfer.'>'3*
Several studies appeared in the literature proposing the modi-
fication of NH,-MIL-125 with Fe'"™ Ni", Co, and Cu", as a
means to improve the photocatalytic performance; however, no
proof was provided regarding the effective incorporation of
such species in the SBU.">™**® The possibility to tune the elec-
tronic structure of NH,-MIL-125 by aliovalent substitution was
proposed in a theoretical study'*® and demonstrated experi-
mentally in 2020 by incorporating Fe'" using a direct synthesis
approach.”® Atomic absorption spectroscopy was employed to
quantify the amount of Fe™ incorporated, which was found to
be 1.1 atoms per SBU, in agreement with the stoichiometry of
the reaction mixture. XANES at the Fe K-edge revealed that the
pre-edge feature and edge shift of the spectrum of Fe-substi-
tuted NH,-MIL-125 resembled those of a-Fe,0;, where Fe'™ is
in octahedral coordination. Fitting of the EXAFS spectrum was
performed using a model derived from the reported crystal
structure of NH,-MIL-125, in which a Ti site was substituted
with Fe, demonstrating longer average first shell Fe-O bond
lengths compared with those of the Ti sites found in the
parent MOF, in agreement with the slightly larger r of Fe'™.
The authors did not discuss the charge compensation mecha-
nism, which is likely to involve the protonation of p,-O
ligands, affording SBUs with the formula [Fe; ;Tig o(p2-O)s.o(H2-
OH); 1(R-CO0)y,]. The incorporation of Fe'™ was also
attempted by post-synthetic exchange, soaking NH,-MIL-125 in
a FeCl; solution but was not successful. The photochemical
properties of the homometallic and Fe'™-doped NH,-MIL-125
were investigated via optical and X-ray transient absorption
spectroscopies, observing a longer photogenerated carrier life-
time in the heterometallic MOF, attributed to the Fe dopant
acting as a trap site for electrons and serving to delay electron-
hole recombination. The same authors later reported on the
effect of varying Fe'" contents on the photocatalytic perform-
ance of NH,-MIL-125, testing samples with 0.5, 1 and 2 Fe™"
per SBU for the degradation of rhodamine B upon photoirra-
diation with 400-700 nm light and finding that a higher Fe
content led to faster degradation.*°

a)

Tl

Fig. 21 Coordination environments of Ti"V in MIL-91 (a) and Zr" in
[Zr,H4(PMP)s] (b). Colour code: Ti, blue; Zr, cyan; P, light green; C, grey;
O, red; and p,-O, green.
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Table 3 Examples of the aliovalent solid solutions of MOFs discussed in this perspective

Inorganic unit Original ion Aliovalent ion Charge compensation Ref.
[Cd4(14-0)(R-COO)g(CH;0H) 4>~ cd" Nd"™, py™ Addition of extraframework NO, ™~ 43
[Mn,(j14-C1)(R-COO)5(DMF), |~ Mn" Fe'! Addition of p,-O ligands 44
[Zn4(j14-O)(R-COO)s] ZnIIII TIS v er™ Addition of CI” ligands 29
[Cu,(R-COO0),4(H,0),] Cu i Deprotonation of H,O ligands 45
Ni,(DOBDC)(H,0), Ni" Fe'! Substitution of H,O ligands with CI~ 46
[Zn5Cl,(btdd);] Zn" Li', cu' Loss of Cl~ ligands 47 and 48

cr'™ Addition of CI” ligands 63
[M3;(p3-O)(R-COO)s(H20),(OH)] Fe'™ mg", Mn", Co", Protonation of OH ligands 64, 65,70 and 74

D1 II 1

Ni’, Zn", Cd

Ti'V, V%, ce'v Deprotonation of H,O ligands 70, 87 and 88
[In3(p3-0)(R-CO0)s(H,0)s]" m™ Mn" Protonation of p;-O ligands 89
Al(p,-OH)(BDC) Al vv Deprotonation of p,-OH ligands 97
In,(p1,-OH),(BPTC) '™ Ni"! Replacement of p,-OH ligands with HCOOH 104
[In(mdhbqdc),] ™" cd” Protonation of extraframework Me,NH 105
Fe;(THT), Fe' Ni" Oxidation of the linker 107
[Zre(p3-0)4(p3-OH)4(R-COO)45] Zrz Celﬁ Replacement of BDC with OH ligands 129
[Zr6(13-0)4(p3-OH),4(R-COO)45] Zr Mg Protonation of p;-O ligands or formation of 126 and 130

p3-O/pu3-OH vacancies

[Tig(p2-0)s(p2-OH)4(R-COO)4,] Ti'V Fe'! Protonation of p,-O ligands 139
[TiO(H,PMP)] i Al Protonation of terminal O ligands 141
[Zr,H,(PMP);] v Al Protonation of non-coordinating P-O groups 142 and 143

Shifting the focus to the more niche area of phosphonate-
based MOFs, the aliovalent substitution of AI'" for either Ti'"
or Zr"V is possible in two MOFs derived from N,N'-piperazine-
bis(methylene-phosphonic acid) (H,PMP): MIL-91, with the
formula Ti(u,-O)(H,PMP),"*" and Zr,H4(PMP);,"**>"*? both fea-
turing 1D inorganic units and 6-coordinated M" (Fig. 21). The
different linker/metal ratios and coordination environments of
Ti" and zr", though, lead to different charge compensation
mechanisms when A" is introduced. In MIL-91, Ti'V is co-
ordinated by five O atoms belonging to phosphonate groups
and one bridging p,-O atom, and its replacement with AI"" is
accompanied by the protonation of the latter, yielding Al(p,-
OH)(H,PMP). In Zr,H,(PMP);, Zr" is coordinated by six O
atoms belonging to phosphonate groups, and its replacement
with AI'"" is accompanied by the protonation of two non-coor-
dinating P-O groups, yielding Al,H¢(PMP); (CAU-60). Notably,
the same framework can be obtained with several M™ (Ga, V,
Fe, Sc, In, Lu, Yb, Y, and Dy), with r ranging between 0.62 and
0.912 A. The formation of aliovalent solid solutions in either
MIL-91 or CAU-60 is not documented, although in principle,
both frameworks might be able to tolerate the presence of
either AI'"" or Sc™, respectively, as observed in the NASICON-
type ion conductors Li;, AL Tiy (PO,)s, NazSc,Zry »(SiO4)s_x(POs)1+x
and Na,Sc,Zr,_(Si04);_x(PO4)psx. '

Conclusions

The available literature discussed herein and summarised in
Table 3 suggests that aliovalent substitution can be achieved
in MOFs via either direct synthesis or post-synthetic exchange
and that a range of charge-compensation mechanisms is poss-
ible. The local structure of the inorganic unit determines the
possible charge-compensation mechanisms: systems that

4028 | Dalton Trans., 2026, 55, 4015-4036

contain -O, -OH or H,0 ligands can easily compensate the
excess charge via addition/removal of protons, whereas
systems without such ligands primarily rely on the addition/
removal of anions, either within the coordination sphere of
the metal or in extraframework positions. The presence of alio-
valent metals in the resulting solid solutions leads to the emer-
gence of new properties, particularly when the homometallic
isoreticular analogue based on the aliovalent species is not
synthetically accessible. Yet, the concept of aliovalent substi-
tution in MOFs is far from being comprehensively explored,
and there is considerable untapped potential in this area of
research; however, a rigorous approach rooted in the funda-
mental concepts of solid-state chemistry is needed to fully
realise this potential.

To achieve aliovalent substitution, it is crucial to select
species that are isomorphous to the original ion, also drawing
inspiration from related inorganic materials, where possible.
Anticipating and understanding the possible charge compen-
sation mechanisms and their implications for the properties
and reactivity of the aliovalent solid solutions of MOFs are
other necessary steps, which must start from the accurate
determination of the chemical composition. Detailed struc-
tural characterisation of these systems is usually made challen-
ging by the difficulty in pinpointing the exact location of the
metal species within the framework. Crystallographic tech-
niques can be used to establish the presence of a single crystal-
line phase. However, the localisation of different metal species
is prevented by the intrinsically disordered nature of these
systems and requires advanced experimental methods sensi-
tive to the local structure (PDF, EXAFS, SSNMR) and a deep
understanding of these techniques to extract meaningful
information.

Not all classes of MOFs will be amenable to form aliovalent
solid solutions, but with more than 100 000 MOF crystal struc-

This journal is © The Royal Society of Chemistry 2026
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tures reported in the Cambridge Structural Database to date,
the playing field is huge and there is plenty of room for
further investigation. The most obvious step to take is to
identify new platforms for aliovalent substitution, possibly
expanding the scope to systems other than carboxylate-based
MOFs, which have been almost exclusively explored so far.
Two examples of phosphonate-based MOFs have been cited
here,">'** and more could be approached with the same
spirit, leveraging the presence of free P-O groups that can be
protonated or deprotonated to compensate for excess
charges. Moving away from O-donor linkers, azolate-based
MOFs are primarily based on soft M'-M" species and are
more limited in terms of the aliovalent species to play with,
as higher oxidation state metals (e.g., AI'"", Fe'™, Ti"V, and zr")
are predominantly oxophilic. Despite the smaller pool of
metals to choose from, the work done with MFU-4/, and dis-
cussed herein,?”’"® indicates that there is still wide scope to
play with similar systems. The so-called anion-pillared MOFs,
typically based on neutral N-donor linkers and inorganic
anions,'*® are a large class of materials that may also offer
interesting opportunities, as aliovalent substitution could be
achieved involving not only the metal but also the inorganic
anion (e.g., PFg /SiF¢>").

Understanding how the local structure of the inorganic
unit plays a role in determining the range of solid solubility
is another area where systematic investigation would be
desirable: taking the example of M'-MOFs, it has been
highlighted how [M;(j3-O)(R-COO)s(H,0),(OH)] SBUs are
exceptionally suited as a platform for aliovalent substitution
with a wide range of M" and M". Does the same hold true
also for M"-MOFs containing monodimensional inorganic
units, such as MIL-53? More efforts can also be done in
terms of incorporating two aliovalent species with different
oxidation states within the same inorganic unit, such as M"Y/
M"™ in a M"™-based MOF or M"/M™ in a M™-based MOF, an
area that has been explored to a very limited extent so
far’®> and could further expand the scope for aliovalent
MOFs.

Mastering such fundamental aspects will allow to rationally
design aliovalent MOFs with fine-tuned physico-chemical pro-
perties for the desired application: the possibility to increase/
decrease the availability of Lewis acidic open metal sites via
aliovalent substitution can be exploited to tune the affinity of
the framework for specific guests, a feature of interest for gas/
vapour sorption and catalysis. Charge compensation by proto-
nation/deprotonation can alter the Brgnsted acidity, affecting
catalytic activity and proton conductivity. Similarly, the
addition/removal of extraframework ions as a means to com-
pensate excess charges can influence the ion conduction and
ion exchange properties. The time is ripe to harness the power
of aliovalent substitution in MOFs.
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