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outes to metal exchange within
metal–organic frameworks†

Marianne Lalonde,‡a Wojciech Bury,‡ab Olga Karagiaridi,a Zachary Brown,a

Joseph T. Hupp*a and Omar K. Farha*a

The present work is a critical review of metal exchange (transmetalation) involving metal nodes and

metalated struts in metal–organic frameworks. Particular emphasis is given to drawing parallels

between different examples of transmetalation in order to understand the influence of coordination

environment, solvents, nature of the metals and other variables on the process. We hope that the

present review will be of use to those involved in the incorporation of various metal centers to create

isostructural MOFs and study their properties.
Introduction

Metal–organic frameworks (MOFs) are materials that are con-
structed from metal-based nodes and organic linkers. The
combination of these two building units leads to the formation
of crystalline, porous structures, which, in many instances have
unique chemical functionality.1–3 This functionality can be
incorporated by modifying an organic ligand with specic
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Chemistry 2013
substituents, or by changing the chemical or structural prop-
erties of the metal node. The functionalized linkers can then be
used directly in a de novo synthesis of the desired MOF or can be
introduced by post-synthesis modication (PSM).4–6

Incorporating newmetal nodes into the porous framework is
less predictable and has many limitations; the de novo approach
typically results in the formation of one of many geometrically
favored structures, although not necessarily the desired one.
Thus, recently developed post-synthesis approaches are espe-
cially useful when de novo methods do not give the expected
product, framework topology, or desired function. Recently, it
has been shown that the stability of certain frameworks does
not exclude partial or full replacement of either the organic
linkers,7 or the metal nodes.8 These phenomena have become
the focus of many research efforts, and examples encompass (i)
Wojciech Bury is currently a
postdoctoral fellow in the Hupp
Group at Northwestern Univer-
sity. He completed his Ph.D. in
Chemistry in 2008 under the
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plored areas in MOFs, which combine the beauty of symmetry with
numerous interesting applications, including gas storage, separa-
tion and catalysis.
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organic linker modication,9–16 (ii) solvent-assisted linker
exchange (SALE)17–21 (iii) partial node exchange;22–26 (iv)
complete node exchange;27–30 (v) exchange of extra-framework
ions;31–33 and (vi) graing onto metal nodes.34

Since a MOF can be viewed as the metal salt of the conjugate
base of aweak acid, isomorphous replacement of the node-based
metal ion by other metal ions is possible. Although this idea
seems simple and feasible, metal exchange reactions in porous
MOFs are still rare when compared to linker replacement. To
date, there are approximately 100 reports concerning post-
synthesis modication (PSM) on linkers, and less than 20
examples of metal exchange in nodes. This is likely due to the
notion that properties of a coordination polymer change with
varying functional groups on linkers of a framework rather than
the metal node, which is usually regarded as an inert structural
element. However, as we demonstrate in the following sections,
incorporating different metals in the same framework through
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5454 | J. Mater. Chem. A, 2013, 1, 5453–5468
transmetalation may lead to MOFs with novel or multiple func-
tions. For example, changing the metal node in MOFs can make
previously inert MOFs catalytically active, or improve the gas
sorption properties of the framework. Therefore, it is of great
interest to provide simple and feasible transmetalation
approaches to create isomorphous MOFs containing various
metal ions that cannot be obtained by direct synthesis. To date,
several comprehensive reviews concerning PSM in MOFs have
appeared within the literature.4,35,36 However, a critical analysis
that focuses on examples wherein MOF nodes directly partici-
pate in metal cation exchange is lacking. The main objective of
this critical review is to demonstrate past and recent develop-
ments of transmetalation in MOFs. Our discussion will be
mainly focused on the systems where metal cations were
exchanged directly in the node and therefore, we excluded those
examples of anionic MOFs, where extra-framework organic
cations were replaced by metal cations,37–42 or in discrete
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Fig. 1 This review covers both metal exchange within MOF nodes, which can be
partial, leading to a mixed metal structure, or complete, and metal exchange in
metal-containing linkers.
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polyhedral cages,43macrocyclic discrete assemblies44 or bymetal
doping into the parent framework.45,46 (For simplicity, we have
identied MOFs and linkers covered in this review with bolded,
numerical values. An index of MOFs covered is found in Table
S1,†wherewe also reference theMOF and linker names provided
in the original works, as well as citations.) We will initially
present the construction of structures with partially exchanged
nodes,22–26 followed by a brief presentation of core–shell struc-
tures, where a single crystal may contain different metal ions
with a specic radial distribution.8,47 This methodology will be
further explored by examples of full metal exchange and conse-
quential changes in properties for the nal MOF (Fig. 1).28–30

Additionally, some unique examples of transmetalation occur-
ring within linkers will also be discussed.10,11,14,15,43 Our discus-
sion of factors governing the kinetics and the degree of metal
exchange is supported by the thorough analysis of coordination
environments of metal centers in MOF nodes, as well as the
comparison of physical properties of metal ions, framework
porosity, concentration and solvent effects.

Early examples of metal exchange

Early studies in transmetalation by Long showed that cation
exchange in MOF structures is not only feasible for charge-
balancing extra-framework metals but also for intra-framework,
tightly bound nodes. Long and Dincă presented one of the rst
reports on a successful metal exchange in a MOF structure.31 (At
approximately the same time, Hou et al. observed partial
exchange in a single crystal-to-single crystal fashion within a
pillared paddlewheel framework, to be discussed with similar
works in a later section.48 A few months aer Long's and Hou's
original work, Zaworotko et al. witnessed a similar phenomenon
studying 12-connected fcu nets.49)§ The authors of this revolu-
tionary work in transmetalation reported the synthesis of the
compound Mn3[(Mn4Cl)3(BTT)8(CH3OH)10]2 (BTT ¼ 1,3,5-
§ Due to the varied time frame of the peer-review process, and the narrow time
frame with which these works were published, it is unclear whether Long, Hou,
or Zaworotko's work was developed rst.

This journal is ª The Royal Society of Chemistry 2013
benzenetristetrazolate, L1), 1, a three-dimensional cubic struc-
ture of sodalite topology in which chloride-centered square-
planar [Mn4Cl]

7+ units are linked via L13� ligands to form the
anionic scaffold (Fig. 2) The charge balance in this framework is
provided by [Mn(DMF)6]

2+ (DMF ¼ N,N0-dimethylformamide)
complexes situated inside both the sodalite cage-like units and
the larger three-dimensional cavities. The metal cation metath-
esis in 1 with selected singly and doubly charged metal cations
(Li+, Cu+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+) resulted in the formation of
isostructural framework compounds with different exchange
ratios dependingon the size andchargeof themetal ion involved.

For example, when the parent crystals were soaked in a Fe2+

or Co2+ solution, the results indicated the formation of previ-
ously unknown mixed heterometallic compounds Fe3[(Mn4Cl)3-
(BTT)8]2$FeCl2 (1$Fe) and Co3[(Mn4Cl)3(BTT)8]2$1.7CoCl2,
(1$Co) where one extra equivalent of FeCl2 and 1.7 equiv. of
CoCl2 were incorporated. In the case of Ni2+, a slightly less than
complete (91%) exchange of the guest cations was observed
leading to the formation of Ni2.75Mn0.25[(Mn4Cl)3(BTT)8]2 (1$Ni)
system. Undoubtedly, the charge balancing extra-framework
cations in 1 appeared to be very labile and prone to exchange.
The largest degree of exchange was observed in the case of Cu2+

and Zn2+, where metal exchange occurred for extra- as well as
intra-framework Mn2+ cations giving exchange materials of the
formulas Cu3[(Cu2.9Mn1.1Cl)3(BTT)8]2$2CuCl2 (1$Cu(II)) and
Zn3[(Zn0.7Mn3.3Cl)3(BTT)8]2$2ZnCl2, (1$Zn) respectively. It is
important to note that the metathesis with salts of monovalent
cations (Li+, Cu+) resulted in either very little exchange, as
observed in Li3.2Mn1.4[(Mn4Cl)3(BTT)8]2$0.4LiCl, (1$Li) or
almost negligible substitution with Cu+, (1$Cu(I)) which was
explained in terms of the connement of singly charged cations
resulting in possible strong charge repulsion. Interestingly,
subsequent hydrogen sorption experiments revealed a large
cation-dependent variation of the H2 adsorption enthalpy,
indicating a correlation between the nature of the exchanged
cation and the strength of H2 binding. It was shown that Mn2+,
Fe2+, and Co2+ ions yielded the strongest H2 binding among the
cations assessed, where Co2+-exchanged material exhibited
the highest initial enthalpy of adsorption of 10.5 kJ mol�1.
Thus transmetalation not only created previously unknown
heterometallic structures, but also created a series of structures
with varying H2 binding properties, including a notably
increased hydrogen heat of adsorption over the parent material
from 1$Co.

Long's studies also showed that cation exchange in MOF
structures is not only feasible for charge-balancing extra-
framework metals but also for intra-framework, tightly bound
nodes. Shortly aerwards, this point was elaborated by Kim and
co-workers, whose classical work served as the rst demon-
stration of the stoichiometric replacement of all metal cations
in MOF nodes.50

In Kim's model studies, they used the MOF,
Cd1.5(H3O)3[(Cd4O)3(HETT)8]$6H2O (2) (HETT ¼ 5,50,10,100,
15,150-hexaethyltruxene-2,7,12-tricarboxylate) (L2) which is
structurally and topologically similar to 1 described by Long
(Fig. 3). The secondary building units (SBUs) in this MOF
represent octahedral geometry and are constructed from six
J. Mater. Chem. A, 2013, 1, 5453–5468 | 5455
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Fig. 2 (a) Ligand L1 (BTT ¼ 1,3,5-benzenetristetrazolate), (b) chloride-centered square-planar [Mn4Cl]
7+ centers in 1, (c) a full view of L1 coordinating to the

manganese-based nodes in 1, (d) the framework of 1 (Mn3[(Mn4Cl)3(BTT)8(CH3OH)10]2).

Journal of Materials Chemistry A Feature Article

Pu
bl

is
he

d 
on

 2
1 

M
ar

ch
 2

01
3.

 D
ow

nl
oa

de
d 

by
 N

or
th

w
es

te
rn

 U
ni

ve
rs

ity
 o

n 
29

/0
7/

20
14

 1
9:

07
:1

0.
 

View Article Online
square-planar [Cd4O]
6+ units bridged by eight L23� ligands. The

cubic framework of 2 is formed by sharing the vertices of the
metal octahedra in a sodalite fashion. Interestingly, the coor-
dination geometry around the cadmium metal ions can be
described as a distorted square antiprism, where the coordi-
nation sphere of the cadmium cations gives much room for
different coordination modes of binding ligands, which might
be of great importance for successful ion exchange. Soaking
experiments of 2 in aqueous solution of Pb(NO3)2 at room
temperature showed that ion exchange of Cd2+ by Pb2+ is rapid;
almost 98% of Cd2+ from the framework was replaced by Pb2+

within 2 hours and a complete exchange was observed within 2
days, giving the isostructural compound Pb(H3O)[{Pb4(m4-
O)}3(HETT)8]$6H2O (2$Pb), without losing structural integrity.
Interestingly, the only signicant difference between parent and
daughter structures was that the M–O bond distances in 2$Pb
were substantially longer than those in the parent material,
reecting the larger size of Pb2+ (ionic radius 1.43 Å) than Cd2+

(ionic radius 1.24 Å). The authors also show that the ion
exchange process is reversible, though the reverse reaction
Fig. 3 (a) Ligand L2 (HETT ¼ 5,50 ,10,100 ,15,150-hexaethayltruxene-2,7,12-tricarb
bridged by eight L23� ligands, (d) the framework of 2 (Cd1.5(H3O)3[(Cd4O)3(HETT)8

5456 | J. Mater. Chem. A, 2013, 1, 5453–5468
proceeds signicantly slower – there was 50% exchange of Pb2+

in 2$Pb by Cd2+ in 1 day, and complete exchange was observed
aer 3 weeks. Single crystal X-ray analysis showed that the
complete reverse exchange occurred with retention of the
structural framework.

The systems described above can be regarded as structural
analogues; both represent identical topology and similar
geometry of the metal node. However, there is no simple
explanation for the observed differences in cation exchange
processes. Not surprisingly, in both situations the exchange of
extra-framework cations occurs without signicant steric and
kinetic barriers, although for intra-framework cations
substantial differences can be observed. One possible explana-
tion for this difference might be the variation in both size and
coordination properties of the parent metal ion and the ion
being exchanged into the framework. Other important factors
may also inuence the kinetics of the exchange process,
including metal–ligand binding strength or coordinative exi-
bility of the framework ligand. Carboxylates are in general
regarded as extremely rich in available coordination modes,51,52
oxylate), (b) square-planar [Cd4O]6+ units in 2, (c) square-planar [Cd4O]6+ units
]$6H2O).

This journal is ª The Royal Society of Chemistry 2013
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whereas nitrogen-rich tetrazolate ligands form more rigid
metal–ligand environments. While these two examples were
crucial in forging a new subclass of transmetalation focused on
metal nodes, subsequent studies not only attempted to inves-
tigate the scope of metal exchange, but also focused on eluci-
dating the mechanistic questions not claried in the pioneer
studies.
Partial metal exchange

Contrary to the success suggested by the early transmetalation
experiments,31,50 attaining complete metal exchange can be a
daunting and sometimes unfeasible task. Metal node exchange
requires overcoming large kinetic barriers,24 diffusion problems
due to limited pore sizes, steric hindrance caused by organic
struts, and connement in unusual coordination geometries. As
these obstacles can be very challenging to overcome, a frequent
consequence is incomplete metal exchange.

Hou et al. have described some of the earliest examples of
partial metal exchange in metal organic materials. In one
instance, his group synthesized a 1D zinc ferrocenyl carboxylate
polymer of the formula [Zn(OOCClH3C6Fc)2(H2O)3]n, 3, where
–OOCClH3C6Fc ¼ L3.25 The coordination environment of Zn2+

in the polymer is octahedral, with two L3 linkers and four water
molecules binding to each Zn2+ center (Fig. 4). In an attempt to
exchange the metal nodes to Cd2+ and Pb2+, large crystals of the
polymer were reacted with aqueous solutions of Cd(NO3)2 and
Pb(NO3)2 for ve days at room temperature, aer which atomic
absorption spectroscopy revealed 26% exchange for Pb2+ and
18% for Cd2+. Crystallinity was preserved during the exchange
and conrmed by single crystal X-ray diffraction experiments.
The authors attempted varying the concentration of metal ions
Fig. 4 Hou's coordination polymers. (a) L3, above, and the 1D polymer 3, ([Zn(OO
around the Zn2+ nodes, middle, and the 2D polymer 4, ([Zn(bpy)2(FcphSO3)2]n), be
middle, and the 2D polymer 5, ({[Cd(bpp)2(O3SFcSO3)](CH3OH)2}n), below, (d) L7 and
3D polymer 6, ({[Cd(bpy)2(O3SFcSO3)](CH3OH)4}n), below.

This journal is ª The Royal Society of Chemistry 2013
in the reaction solutions and observed gradual plateauing of the
degree of the metal exchange, concluding that the metal
exchange could not proceed past further than 18 and 26% for
Cd2+ and Pb2+ respectively. While the authors concluded
exchange could not proceed to completion, we point out, that
the attempted concentrations of exchange salt solution did not
exceed a 1 : 1 stoichiometric ratio of metal ion to polymer,
which can lead an equilibrium mixture when comparable
binding constants are present. Moreover, there may have been
insufficient reaction time to effect complete exchange.

In a series of more elaborate experiments, Hou et al. worked
with related 2D [Zn(bpy)2(FcphSO3)2]n, (4) and {[Cd(bpp)2-
(O3SFcSO3)](CH3OH)2}n, (5) and 3D {[Cd(bpy)2(O3SFcSO3)]-
(CH3OH)4}n, (6) ferrocenyl sulfonate coordination polymers.
Similarly to the polymer used in their previous study, these
compounds contain octahedral Zn2+ or Cd2+ centers bound to
four nitrogens atoms from bpy (L4) or bpp (L5) and two
FcphSO3

� (L6) or O3SFcSO3 (L7) oxygen atoms.22,48 The authors
observed two processes when exposing the polymers to aqueous
solutions of Cu2+ (4–6), Cd2+(4) and Pb2+ (4–6): metal exchange
andmetal sorption. Inmetal sorption,metals are trappedwithin
the framework, but neither do they replace metals and become
incorporated within the framework, nor do they provide any
extra-framework charge balancing ions. The sorption, or
temporary trapping ofmetals within aMOF, does not provide the
same benets as transmetalation. The sorbed metals can be
easily removed by washing or soaking theMOFs in fresh solvent,
and they do not alter the physical properties of the MOF in any
way. Metal sorption took place exclusively when the polymer was
ground to ne powder, whereas only metal exchange took place
in single crystalline samples. Furthermore, lower concentrations
of metal ions (<10 mg mL�1 for 4 or <10 mg mL�1 for 5 and 6)
CClH3C6Fc)2(H2O)3]n) below, (b) L4 and L6, above, the coordination environment
low, (c) L7 and L5, above, the coordination environment around the Cd2+ nodes,
L4, above, the coordination environment around the Cd2+ nodes, middle, and the

J. Mater. Chem. A, 2013, 1, 5453–5468 | 5457
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favored metal sorption, whereas at higher concentrations
predominately metal exchange took place. The authors attrib-
uted the observation of metal sorption in the powdered polymer
to the increase in specic surface area that results from grinding
the sample, which suggests that sorption occurs through the
interaction of the metal ions with terminal sulfonate ligands.
Moreover, the partial replacement of the central 6-coordinate
Cd2+ ion in both 5 and 6 was attributed to the strong ability of
Cu2+ and Pb2+ to coordinate unsaturated ferrocenyl sulfonate.
The 2D polymer was exchanged far more rapidly than the 3D
polymer, likely due to steric hindrance contributions from the3D
framework.

Because transmetalation occurred with increasingly concen-
trated exchange solutions, and less concentrated solutions
resulted in exclusively metal sorption, there is evidence that the
concentration of the metal ions in the exchange solutions is
crucial. The exchange solution concentration needs to substan-
tially exceed the amount of polymer-bound metal nodes being
soaked in solution in all three cases in order to shi the equi-
librium towards metal exchange. Even given the considerably
larger concentrations of metal ions used in this experiment, the
extent ofmetal exchange observed in this polymer did not exceed
60% for any metal. Considering the fact that the effective ionic
radii of Cd2+ (109 pm) and Pb2+ (133 pm) are signicantly larger
than the ionic radius of Zn2+ (88 pm), it may be that excessive
strain is generated upon the introduction of a critical amount of
larger ions into 4, which prevents completemetal exchange from
taking place. On the contrary, replacing the larger Cd2+ nodes
with smaller Cu2+ ions in 5 and 6 may signicantly distort the
framework, rendering full metal exchange unfeasible. Finally, it
is possible that the nonporous nature of the polymers combined
with the octahedral environment around the Zn2+ and Cd2+

nodes hinders the accessibility for the incomingmetal ions, thus
limiting the extent of metal exchange.

As further evidence for the importance of exchanging metals
with similar ionic radii and preferred coordination geometries,
Yan et al. sought to exchange Zn2+ with Co2+, Cu2+, and Ni2+ in a
MOF composed of interpenetrated cationic and anionic nets.53
Fig. 5 (a) Ligand L8, (N-phenyl-N0-phenyl bicyclo[2,2,2]oct-7-ene-2,3,5,6-tetracarb
containing one square pyramidal, one triangular-paddlewheel, and one octahedral z
triangular-paddlewheel coordination nodes, (d) [Zn7(L1)3(H2O)7]n$[Zn5(L8)3(H2O)5]n

5458 | J. Mater. Chem. A, 2013, 1, 5453–5468
The ligand, L8, (N-phenyl-N0-phenyl bicyclo[2,2,2]oct-7-ene-
2,3,5,6-tetracarboxydiimide tetracarboxylic acid) was reacted
with ZnCl2, to form a truncated octahedron shape carrying the
formula [Zn7(L1)3(H2O)7]n$[Zn5(L8)3(H2O)5]n (7, Fig. 5). The
resulting structure has three crystallographically independent
Zn2+ atoms in each framework. The rst framework contains
one square pyramidal, one triangular-paddlewheel, and one
octahedral zinc atom, while the second framework contains one
square pyramidal, and two of the rare triangular-paddlewheel
coordination nodes. To investigate metal exchange, the Zn-
based MOF was placed in methanol solutions of CoCl2, CuCl2
and NiCl2, at 0.5 mmol mL�1 over one week. Approximately 87%
of the Zn2+ was exchanged for Cu2+, while no exchange was
detected for Co2+ or Ni2+. The resulting Cu-based MOF (7$Cu)
was isostructural to the original material as conrmed by PXRD.
The authors attribute the successful exchange to the similarity
of the Cu2+ ion to the Zn2+ ion in terms of the ion diameter and
the inability of nickel and cobalt to adopt the aforementioned
unusual coordination geometries, whereas copper is more
versatile and can adopt such a conformation. Unfortunately, the
authors did not investigate whether any of the crystallographi-
cally unique Zn2+ centers remains inert to the metal exchange
with Cu2+. Such information would be of great interest from a
mechanistic perspective, as it would elucidate the role of the
coordination environment of the Zn2+ nodes in the feasibility of
metal exchange.

Dinca et al. further explored preferential coordination
geometry as a factor that may limit the progress of metal
exchange is preferential coordination geometry. The authors
ingeniously took advantage of this aspect to achieve incorpo-
ration of metals into unusual coordination environments and
generate structural building units within MOFs that are inac-
cessible de novo.24,31 In their thorough investigation of metal
exchange and coordination environments, they exposed the
iconic material MOF-5 [Zn4O(BDC)3] (8, and bdc ¼ L9, Fig. 6) to
a DMF solution of Ni(NO3)2 and observed a Zn : Ni ratio of 3 : 1
in the [Zn4O]

6+ corners of the material. They rationalized this
result according to the coordination geometries favored by Ni2+
oxydiimide tetracarboxylic acid), (b) the first of two intertwined frameworks in 7,
inc atom, (c) the second framework in 7, containing one square pyramidal and two
, 7.

This journal is ª The Royal Society of Chemistry 2013
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and Zn2+. Whereas Zn2+ readily assumes the tetrahedral
geometry found in MOF-5, Ni2+ is more stable in an octahedral
geometry, which it achieves by coordination to two DMF
molecules in addition to the oxo corners. This leads to a
distortion of the original [M4O]

6+ core and prevents the incor-
poration of additional Ni2+ ions due to the presence of a large
kinetic barrier. Heating Ni2+-substituted 8 (and removal of DMF
molecules) leads to a color change from yellow to blue, sug-
gesting a forced tetrahedral Ni2+ geometry (Fig. 7). Interestingly,
similar ndings (the substitution of a single Zn2+ site by another
metal) were reported earlier by Orcajo et al., who substituted
one in every four Zn2+ centers with a Co2+ and proved the
tetrahedral geometry of the latter through UV-Vis
spectroscopy.26

Preferential coordination geometry plays an important role
in metal exchange in another MOF system called MFU-4l (9)
(Fig. 7).23 9 is a structural analogue of 8 featuring bis(1H-1,2,3-
triazolo-[4,5-b],[40,50-i])dibenzo-[1,4]-dioxin (L10) linkers and
Fig. 6 (a) Ligand L9, 1,4-benzene dicarboxylate (bdc), and the Zn4O node in 8,
(b) the cubic framework of 8, Zn4O(bdc)3, (c) the change in conformation of
exchanged Ni2+ in 8 upon heating.

Fig. 7 (a) Ligand L10, bis(1H-1,2,3-triazolo-[4,5-b],[40 ,50-i])dibenzo-[1,4]-dioxin,
(b) [Zn5Cl4]

6+ corners in 9, containing 1 octahedral and 4 tetrahedral Zn atoms, (c)
the cubic framework of 9, MFU-4l.

This journal is ª The Royal Society of Chemistry 2013
[Zn5Cl4]
6+ corners in which one Zn2+ is octahedral, while the

remaining four are tetrahedral. Immersion of MFU-4l into a
solution of Co2+ ions leads to the replacement of only the
tetrahedral Zn2+ centers, whereas the octahedral Zn2+ centers
remain inert to transmetalation. The metal exchange in 9
introduces coordinatively unsaturated Co2+ centers that render
the MOF catalytically active to perform CO oxidation. Notably,
Co2+ metal exchange was attempted in the 9 analogue MFU-4
comprised of benzobistriazolate linkers and featuring 2.5 Å
pores. The metal exchange, however, failed because diffusion
was not possible through such small pores. The presence of
considerably large pores (9.1 Å in 9) is therefore necessary to
enable access of metal ions into the core of a MOF and thus
high degree of metal exchange.

Finally, the robustness and stability of the parent framework
needs to be taken into consideration when discussing the extent
of transmetalation. Cohen et al. successfully performed metal
exchange on some notably robust MOFs, such as MIL-53 (10)
and UiO-66 (11) (Fig. 8)54 10 is comprised of octahedral metal
centers (many versions of 10 are possible de novo including Cr3+,
Al3+, Fe3+) and L9 linkers, creating a 3D framework with a 1D
pore channel system. 11, on the other hand, is a framework with
corners featuring eight-coordinate Zr4+ centers organized into
[M6O4(OH)4]

12+ clusters with a square antiprism geometry. The
high coordination numbers of the metal centers in these two
frameworks, combined with the strong bonds between the
carboxylate linkers and the highly charged oxophilic metal
centers are some of the factors contributing to the high thermal
and chemical robustness of these MOFs.

Interestingly, the metal exchange in 10 was performed in a
particle-to-particle, rather than solution-to-particle fashion,
which constitutes it the only known case of a particle-to-particle
transmetalation so far. Particles of 10$Al and 10$Fe were mixed
under hydrothermal conditions (85 �C) for ve days. The metal
exchange was conrmed by aerosol time-of-ight mass spec-
trometry (ATOFMS), which indicated presence of both Fe and Al
Fig. 8 (a) The coordination environment around Al3+ in 10, (b) the 1D pore
channels within the 3D framework of 10, (c) the coordination environment
around Zr4+ in 11, forming [M6O4(OH)4]

12+ clusters, (d) the framework of 11.

J. Mater. Chem. A, 2013, 1, 5453–5468 | 5459
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Fig. 9 (a) Ligand L11 (btb ¼ 1,3,5-benzenetricarboxylate) (b) paddlewheel SBU
of 12 (c) the framework of 12, [Zn3(BTB)2(H2O)2].
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in 40% of the 10 particles. No change in particle size was
detected, which excludes the formation of agglomerates. The
metal exchange in 11, on the other hand, was conducted in
contact with solution. It involved the incorporation of Ti4+ and
Hf4+, which had proven difficult for de novo incorporation into
the framework. Metal exchange enabled a signicant amount of
Ti4+ to be included into the framework of 11 (38 wt% of the
sample), but only a modest amount of Hf4+ (only found in 20%
of the particles).

There are two important lessons to be learned from these
notable examples: (1) the robustness of the framework does not
necessarily preclude a MOF from undergoing transmetalation
and should not discourage researchers from investigating the
scope of this valuable technique; and (2) this very robustness
can possibly limit the extent of metal exchange andmay prevent
the acquisition of homometallic frameworks.
Core–shell metal exchange

Going a step beyond simply exchanging metals, one of the more
nuanced ndings in the eld of metal exchange has been that
metal exchange proceeds from the surface of crystals to the
core. From this observation, the degree of exchange is limited
by the duration of the reaction, which leads to unique core–
shell structures. Two studies by Song et al. show examples of
single crystal to single crystal transmetalation in MOFs with
paddlewheel SBUs that can be controlled by the duration of the
exchange, as well as the metals that are being exchanged, to
form core–shell structures.

In one example, Zn2+ ions were replaced with Cu2+ in Zn–
HKUST-1 [Zn3(BTB)2(H2O)2] (12, Fig. 9) and PMOF-2
[Zn24L128(H2O)12] (13) (where BTB ¼ 1,3,5-benzenetricarbox-
ylate ¼ L11 and L12 ¼ 1,2,3-tris(3,5-dicarboxylphenylethynyl)-
benzene).47 Both of these systems contain paddlewheel SBUs
containing four carboxylate linkers and two metal ions which
exhibit greater stability and porosity with Cu2+ than Zn2+. This
work demonstrated that solvent selection greatly affects the
kinetics of these exchanges, with methanol showing much
faster exchange rates than DMF. In addition to this nding, this
study showed that 12 only partially exchanged metals even aer
being soaked in a 0.5 M Cu2+ methanol solution for three
months; whereas 13 experienced complete exchange in a more
dilute solution aer just three days. This difference was attrib-
uted to the enhanced exibility of L12 over that of L11 in 13.
This nding supports the idea that factors inuencing the
maximum amount of metal exchanged in a MOF are not limited
to the coordination environment of the metal, but could
possibly include the size and shape of the linker, the framework
topology, and other properties of the exchange system.

Later, Song studied an isostructural series of MOFs (14–17)
with the formula M6(BTB)4(bpy)3 (where BTB ¼ L11 and bpy ¼
L4), using M ¼ Zn2+, Co2+, Cu2+, and Ni2+.8 Like his rst work,
this study highlighted that exchange depends on the structural
stability of the metals within the SBU. However, this study
investigated pillared paddlewheel SBUs which incorporate two
metals in square pyramidal environments, rather than the
square planar geometry of regular paddlewheels. To determine
5460 | J. Mater. Chem. A, 2013, 1, 5453–5468
initial structural stability, the authors showed that when acti-
vated via conventional vacuum drying 14 and 15 collapsed.
Conversely, both 16 and 17 maintained full porosity, indicating
that the structure of 14 is the least stable, followed by the 15
framework. In this work, exchange was achieved by soaking the
MOF crystals in 0.1 MDMF solutions of metal nitrate salts. Song
found that Co2+ and Zn2+ were reversibly exchanged in 16 and
17 but Zn2+ would not replace Cu2+ in 16. As shown in Scheme 1,
(and supported by Song's vacuum stability testing and TGA) in
paddlewheel systems the trend in stability appears to rank from
most to least stable Cu > Ni > Co > Zn. Regarding the formation
of these core–shell structures, Song suggests the metals closer
to the surface are exchanged at a more rapid rate due to
increased exibility at the crystal surface based on similar TGA
behavior between ground and large particle samples of core–
shell structures. Another possible explanation of this nding
may be that the outside of crystals exchange metals faster
simply due to the time it takes for the metal solution to diffuse
to the core of MOF crystals (Fig. 10).

One of the most striking features of this core–shell exchange
is that it provides a route to structures otherwise unattainable
via epitaxial growth of one crystal around a seed. As shown with
15–17, crystals with Ni2+, Co2+, and Cu2+ nodes acted as seeds,
which could grow 14 epitaxially (when placed in a solution with
both Zn2+ as well as L4 and L11). The Zn2+ analogue, on the
other hand, experienced transmetalation with other solutions
rather than epitaxial growth. This suggests that core–shell
structures that cannot be accessed via epitaxial growth can
instead be created from transmetalation. This core–shell
growth technique could be used in the future for applications
including catalysis with multiple metals, or selective linker
exchange controlled by the linker–metal bond strength.
Complete metal exchange

Incomplete metal exchange is frequently observed in structur-
ally complex metal nodes, (for example, in polynuclear [Zn4O]

6+

clusters), which impose geometric restrictions on the coordi-
nation sphere of the metal center. To achieve higher exchange
ratios, one possible strategy is to use frameworks containing
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3ta10784a


Scheme 1 A summary of possible epitaxial core–shell structures and trans-
metalation-created core–shell structures in 14–17.

Fig. 10 Optical microscopic images of (a) a single crystal of 14 before and (b)
after soaking in 0.1 M Cu(NO3)2$2.5H2O DMF solution for 10 minutes. (c) A face
cut crystal after soaking shows the Cu-containing shell and the Zn-rich core.
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nodes with geometries adaptable for other metal cations. In this
view, mononuclear octahedral or binuclear paddlewheel motifs
appear to be very attractive, as they are common in solid-state
structures of many coordination compounds.

In their initial studies, Suh and co-workers tested the
possibility of metal exchange in Zn- and Cu-based paddlewheel
systems.28 Direct solvothermal reaction of the tetracarboxylate
ligand H4BDCPPI (N,N0-bis(3,5-dicarboxyphenyl)pyromellitic
diimide, L12) with zinc and copper salts yielded two structurally
different materials, where for Zn2+ a PtS-type net structure
{[Zn2(BDCPPI)(DMF)3]$6 DMF$4H2O}n (SNU-51), 18, was iso-
lated (Fig. 11), while in the reaction of Cu2+, under the same
conditions, a NbO-type net structure {[Cu2(BDCPPI)(DMF)2]$10
DMF$2H2O}n 19, was formed. The analysis of the structure of 18
indicated that the framework is constructed of highly distorted
paddlewheel-type SBUs – [Zn2(OOC)4(DMF)3], containing two
crystallographically independent octahedral Zn atoms, whereas
the structure of 19 is built of symmetrical paddlewheel nodes.

The authors explored the possibility of replacing the Zn2+

ions in 18, to test the potential of constructing a framework
topology that cannot be synthesized de novo for metal ions other
This journal is ª The Royal Society of Chemistry 2013
than zinc. The Zn2+ ions in 18 were exchanged with Cu2+ ions by
soaking the material in a methanol solution of Cu(NO3)2 with
retention of the PtS-type net. The inductively coupled plasma
(ICP) analysis of the crystals during the reaction course indi-
cated that the exchange of Zn2+ with Cu2+ was very fast during
the initial stage; 27% conversion took place within 10 min, 44%
within 30 min, and 75%within 2 hours. In the authors' opinion,
the fast exchange process excluded the possibility of dissolution
followed by recrystallization and indicated that this system can
be regarded as a direct metal-ion exchange. Unfortunately, they
could not conrm the structure of the daughter material by
single crystal analysis, due to low quality crystals that developed
observable cracks during exchange experiments. However, the
PXRD patterns for the parent and daughter material were in
acceptable agreement and did not show the formation of any
new phases. Interestingly, the Cu2+-exchanged sample, 18$Cu,
did not undergo ion exchange with Zn2+ even in a concentrated
solution of Zn(NO3)2 in methanol. When the methanol solution
contained a mixture of Co2+, Ni2+, Cu2+, and Cd2+ ions, the Zn2+

ions in 18 were only exchanged with Cu2+, showing the highest
affinity of Cu2+ among potentially exchanged metal cations as
well as the high thermodynamic stability of the resulting
framework. It was also demonstrated that transmetalation was
very sensitive to solvent. For example, metal exchange showed a
faster rate in methanol than in acetone. Similar experiments
carried out in DMF or 1-pentanol did not give any signicant
differences in rates of exchange. These results indicated that the
diffusion of metal ions into the channels might be very sensitive
to the size of the solvated metal ion and counter-anion; yet
another important factor in designing and performing
exchange experiments.

High degree of metal exchange in paddlewheel type struc-
tures was further developed by Yao et al.29 The authors prepared
a mesoporous non-interpenetrating MOF of the formula
[Zn6(BTB)4(bpy)3](Sol)x (Sol ¼ solvent, BTB ¼ L11, bpy ¼ L4)
(SUMOF-1-Zn) 20, via direct solvothermal synthesis (Fig. 12).

The structure of 20 (Pt3O4 topology) is composed of pad-
dlewheel zinc carboxylate units [Zn2(COO)4], which are bridged
by the L11 and L4 linkers to form a framework with large
cavities. For this material, Zn2+ metal ions could be substituted
by other transition metals, i.e. Co2+ (20$Co), Ni2+ (20$Ni) and
Cu2+ (20$Cu), in a single crystal-to-single crystal fashion, where
the highest degree of exchange was observed for Cu2+. More
detailed kinetic studies showed that the initial rate of the
exchange of Zn2+ by Cu2+ was very high; Cu2+ replaced nearly
50% of the framework-bound Zn2+ ions within 1 hour.
However, aer 1 hour, a plateau was reached, so further
exchange of the Zn2+ by Cu2+ to 95% took almost three days
and complete exchange (99%) was achieved in 3 months. In
the case of Ni2+ and Co2+ the exchange rate was much slower
resulting in lower exchange ratios of 38% and 35% respec-
tively, aer 3 months. Curiously, the Co2+ and Ni2+ ions in
exchanged materials could be replaced completely back to Zn2+

in only 7 days, although only 38% of Cu2+ in Cu$20 could be
exchanged back to Zn2+ aer 3 months. It seems reasonable
that the relative stabilities of metal–carboxylate paddlewheel
clusters can be ranked in the order Co z Ni < Zn < Cu, which
J. Mater. Chem. A, 2013, 1, 5453–5468 | 5461
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Fig. 11 (a) Ligand L12, N,N0-bis(3,5-dicarboxyphenyl)pyromellitic diimide, (b) highly distorted [Zn2(OOC)4(DMF)3] paddlewheel-type SBUs in 18, (c) the PtS-type net
structure in 18, (d) the framework of 18, (e) the NbO-type net structure of 19, (f) the framework of 19.

Fig. 12 (a) Ligands L11 and L14, BTB and bpy, (b) paddlewheel zinc carboxylate
[Zn2(COO)4] units in 20, (c) the structure of SUMOF-1-Zn, 20.
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is in agreement with the Irving–Williams series of the stability
for discrete metal complexes.55{

Other studies have further explored ranking a preference for
metals within nodes of certain frameworks through competi-
tion reactions. Mukherjee and Biradha explored een
{ The Irving–Williams series describes the general stability sequence of high spin
octahedral metal complexes for the replacement of water by other ligands. The
series, in order of increasing stability, is Mn2+ < Fe2+ < Co2+ < Ni2+ z Zn2+ <
Cu2+, and is independent of ligand. The Irving–Williams series is supported by
crystal eld theory, which estimates that stability will increase with increasing
ionic potential. The only anomalous element from crystal eld theory is Cu2+,
whose higher stability ranking can be justied by the distortion of
six-coordinate Cu2+ compounds from traditional octahedral geometry (the
Jahn–Teller effect).

5462 | J. Mater. Chem. A, 2013, 1, 5453–5468
isomorphic complexes of the general formula {[M(L13)2(H2O)2]$
2(anion)$guest$2(H2O)}n, (21) where L13 ¼ benzene-1,3,5-triyl-
triisonicotinate56 (Fig. 13). Specically, crystals of {[Zn(L13)2-
(H2O)2]$2(PF6)$pyrene$2(H2O)}n (21$Zn) were immersed in
0.1 M Cu(NO3)2 and NH4PF6. Complete and irreversible metal
exchange from Zn2+ to Cu2+ occurred in only six hours. The
resulting structure can be synthesized de novo, but results in
slightly different cell parameters. The Cu-exchanged structure
has the same b-angle in the unit cell as the b-angle in the parent
Zn-material, while the de novo structure has slightly larger (by
2�) b-angle. Retention of the b-angle throughout the exchange
suggests a single crystal to single crystal transformation. The
analogue {[Cd(L14)2(H2O)2]$2(PF6)$pyrene$2(H2O)}n (21$Cd)
was also exchanged with Cu2+ though this structure required a
period of eight hours. The reversible exchange from the Cu2+

analogue to the Cd2+ analogue required 10 full days, and only
leads to up to 53% exchange. Neither the Cd2+ nor Cu2+ struc-
tures could be exchanged to the Zn2+ analogue aer even a
month in concentrated methanolic zinc solution, suggesting
the MOF stability in increasing order to be Cu > Cd > Zn. In
order to conrm the preferences of metals in this structure, the
authors made amixed solvothermal reaction using salts of Cu2+,
Zn2+ and Cd2+ as well as the ligand L13. The Cu complex is
formed exclusively even in the presence of Cd and Zn, while the
Cd complex is formed exclusively in the presence of only Zn,
supporting the authors' hypothesis for metal preferences.

Nodes with other geometries and nuclei were also consid-
ered in studies on metal exchange in MOFs. For example, Hou
and co-workers demonstrated the replacement of Cd2+ and Co2+

by Cu2+ and Cd2+ respectively, in two 3D coordination polymers
This journal is ª The Royal Society of Chemistry 2013
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Fig. 13 (a) Ligand L13, benzene-1,3,5-triyltriisonicotinate, (b) the environment around the Zn2+ nodes in Zn$21, (c) coordination of 6 L13 moieties to Zn2+ in Zn$21,
(d) the framework of Zn$21.
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of the formulas {[Cd2(BTX)2(BDC)2]$H2O} (22$Cd) and
{[Co2(BTX)2(BDC)2]$H2O} (22$Co) (BTX ¼ 1,4-bis(triazol-1-
ylmethyl)benzene ¼ L14), and BDC ¼ L9. Although these two
MOFs have the same stoichiometric formulas, their solid state
structures are signicantly different. The metal node in (22$Cd)
is constructed of 8-membered heteronuclear (Cd–O–C–O)2 rings
containing two octahedral Cd2+ centers, which are bridged by
two carboxylate ligands (Fig. 14).

These building units are further extended into a 3D-structure
by triazole and carboxylate linkers. In the Co2+-based coordi-
nation polymer two types of octahedral Co2+ nodes can be
distinguished, where the coordination sphere of the rst type is
Fig. 14 (a) Ligand L9, bdc, and ligand L14, BTX ¼ 1,4-bis(triazol-1-ylmethyl)benze
ring in Cd$22, (c) the framework of Cd$22.

Fig. 15 (a) Ligand L15, 40 ,40 0 0 ,40 0 0 0 0 ,40 0 0 0 0 0 0-ethene-1,1,2,2-tetrayltetrakis ([1,10-biphen
nodes in 23, (c) the framework of 23.

This journal is ª The Royal Society of Chemistry 2013
composed of four triazole and two carboxylate linkers, whereas
the second type is built of two triazole, two carboxylate linkers
and two solvent molecules. The exchange in 22$Cd and 22$Co
materials in aqueous solution of CuCl2 and CdCl2 respectively,
resulted in a complete cation exchange aer one week as
conrmed by atomic absorption spectroscopy (AAS). Interest-
ingly, the cation exchange in these frameworks resulted in
increasing or quenching of the ligand-based solid-state uo-
rescence of these materials depending on the type of metal
cation involved. It seems reasonable, in this case, that the high
exchange ratios may have been attributed to structural
simplicity of metal nodes in the framework as well as the high
ne, (b) the two Cd2+ centers forming a heteronuclear 8-membered (Cd–O–C–O)2

yl]-3,5-dicarboxylate) (H8ETTB), (b) ligand L15 stretched across four separate Zn2+

J. Mater. Chem. A, 2013, 1, 5453–5468 | 5463
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geometrical exibility of the coordination sphere of exchanging
metal ions.

Most recently, the Zhou group has used the Zn-paddlewheel
based MOF PCN-921, 23, to template 23$Cu, which they were
unable to synthesize de novo.57 23 is composed of the dendritic
linker L15 (40,40 0 0,400 0 0 0,400 0 0 00 0-ethene-1,1,2,2-tetrayltetrakis{([1,10-
biphenyl]-3,5-dicarboxylate)} (H8ETTB)) linkers connecting Zn

2+

paddlewheels. The Zn2+ ions are in a distorted square-pyra-
midal conguration, and if the paddlewheel SBU and L15
linkers are viewed as 4- and 9-connected nodes, the framework
can be simplied as a 4,8-c 2-nodal net with scu topology
(Fig. 15).

Aer placing 23 in a DMF solution of Cu(NO3)2 for four days,
the crystals changed colors and the presence of zinc was not
detectable by X-ray photoelectron spectroscopy. The new MOF,
23$Cu exhibited increased stability as well as increased sorption
of N2, H2, CO2, and CH4. The authors attribute the increased
stability to a decreased distortion in the square pyramidal
conguration of the Cu2+ ions, as opposed to the Zn2+ ions, aer
exchange.
Fig. 16 Demetalation and remetalation ofMn$24 using H2O2, top right, ligands
L16 and L17.
Post-synthesis metal exchange on struts

While metal exchange on the nodes of metal–organic frame-
work has garnered signicant attention, equally important is
metal exchange on metal-containing struts. There are many
advantages to incorporating a metal within a MOF strut. For
example, in gas sorption studies, the MOF struts can more
easily interact with sorbed gases than the metal nodes due to
reduced steric hindrance. The same is true for substrates
interacting with metal-catalysts: the substrate has further
degrees of freedom for interaction around a MOF strut, rather
than the MOF node, which is already sterically blocked by the
linker binding groups holding the framework together. There-
fore, it can be very benecial to not only have metal-containing
struts, but also to be able to control the metal of interest within
the strut.

Some initial work with metal exchange within ligands was
performed by our group, showing evidence of metal exchange
within salen struts. Shultz et al. created a series of metallosalen-
based MOFs prepared by treating a parent pillared paddlewheel
MOF containing Zn-based nodes and Mn3+ within the pyridyl
terminated salen struts (L16), MnIIISO-MOF, (24$Mn) with H2O2

to remove the Mn3+ resulting in a demetalated salen strut.15

(dSO-MOF, or d$24) (Fig. 16) (24$Mn is composed of L16
((R,R)-(�)-1,2-cyclohexanediamino-N,N0-bis(3-tert-butyl-5-(4-pyr-
idyl)salicylidene)MnIIICl) and L17 (tetratopic ligand tetrakis(4-
carboxyphenyl)-benzene) struts and Zn2+ paddlewheel corners.)
The demetalated strut can be remetalated by soaking in solu-
tions of various metal salts, resulting in analogous structures
containing Cr2+, Co2+, Ni2+, Cu2+, Mn2+ and Zn2+, none of which
were possible to synthesize by de novo methods. Incorporation
of the M2+ metals results in different unsaturated metal centers
(as opposed to saturated Mn3+ in the parent material) as part of
a chiral salen complex, possessing higher catalytic activity for
reactions such as asymmetric ring-opening reactions of epox-
ides and aziridines, enantioselective addition of alkynes to
5464 | J. Mater. Chem. A, 2013, 1, 5453–5468
ketones, and asymmetric oxidation of suldes to sulfoxides.58–61

Of particular note, soaking in solutions of Cu2+ not only met-
alates the free-based salen, but also replaces the Zn2+ in the
nodes of the MOF, as is the case with several other pillared
paddlewheel structures. The Mn-based salen can be recreated
aer the demetalation process by soaking in a solution of Mn
salt. Mn3+-salen is a proven epoxidation catalyst, and 24$Mn has
been previously demonstrated to be catalytically active; the
incorporation of different coordinatively unsaturated metal
centers widens the number of applications for this MOF system
to different catalytic reactions as well as chemical sensing or
separations. It is particularly noteworthy that the copper
exchange scenario followed the exact same protocol for
exchange within the salen struts as for the other metal salts, yet
copper is the only metal that replaced both the nodes in the
MOF as well as the salen-bound metal.

In contrast, Eddaoudi and Zaworotko groups have examined
transmetalation in porph@MOM systems, (porphyrin-incorpo-
rated metal–organic materials). In porph@MOMs, a traditional
MOF framework ex: pillared box (porph@MOM-1), zeolitic
imidazolate framework (porph@MOM-2), or HKUST-1,
(porph@MOM-3), assembles around a porphyrin, trapping
them in a “ship-in-a-bottle” fashion.10 The authors demon-
strated the exchange of Cd2+ in porph@MOM-10, (25) a Cd2+

carboxylate framework [Cd6(BPT)4Cl4(H2O)4] that incorporates
CdTMPyP cations (TMPyP ¼ meso-tetra(N-methyl-4-pyridyl)por-
phyrine ¼ L18) where bpt ¼ L19 ¼ bisphenyltricarboxylic acid
(Fig. 17). All Cd2+ was replaced in both nodes and porphyrin
aer one week in periodically refreshed solutions of MnCl2
in methanol to form Mn-porph@MOM-10, 25$Mn. In an anal-
ogous experiment with CuCl2, Cd2+ was only partially
exchanged, to form Cuporph@MOM-10-CdCu with formula
[Cu4Cd2(BPT)4Cl4(CH3OH)4]$[C44H36N8Cu], 25$Cu. The authors
This journal is ª The Royal Society of Chemistry 2013
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observe that the exchange of the framework Cd2+ ions is likely
facilitated by the presence of a relatively labile aqua ligand. The
Cd+ porphyrin-based metal is fully exchanged by Mn2+ but not
Cu2+; the authors' hypothesize this is because of the lability of
high spin d10 and d9 metals, but the relative inertness of low-
spin d5 metals.62

In further work with the porph@MOM systems, Zhang et al.
explore porph@MOM-11 (26), which is extremely similar in
structure to 25, having the same nodes and ligands but slightly
different (less symmetrical) framework geometry.11 26 contains
two crystallographically independent Cd atoms, one of which
exhibits pentagonal bipyramidal geometry as a result of coor-
dination to ve carboxylate moieties, two of which are biden-
tate, and the other which adopts distorted octahedral
coordination geometry through six carboxylate oxygen atoms
from ve carboxylate moieties, one of which is bidentate. In
attempting to perform metal exchange with BaCl2 and NaCl,
only sorption to the metal nodes resulted. Immersion in a
MeOH solution of BaCl2 resulted in the structure porph(Cl�)
@MOM-11(Ba2+), 26$Ba. In this case, chloride ions replaced
axial coordinated solvent molecules within the structure,
resulting in Cd–Cl bonds. Only the Cd2+ paddlewheels with
Fig. 17 (a) Ligand L19, BPT ¼ biphenyl tricarboxylate, (b) Cd2+ clusters in 25, (c)
methyl-4-pyridyl)porphyrine and (d) a view showing alternating channels in 25 are

Fig. 18 (a) Ligand L20, tetracarboxyphenylporphyrin H4-TCPP-H2 ¼ (C48H24O8N4),
framework of 28.

This journal is ª The Royal Society of Chemistry 2013
distorted octahedral coordination geometry bind to Ba2+ ions
over 2 equivalent binding sites by coordination through three
carboxylate oxygen atoms; the other type of paddlewheel
remains unmodied. An analogous procedure with Na+ from
NaCl, respectively, revealed porph(Cl�)@MOM-11(Na+) 26$Na.
In this case, contrastingly, Na+ was bound to only the Cd2+

paddlewheels with pentagonal bipyramidal geometry over 2
equivalent binding sites through coordination to two carboxy-
late oxygen atoms. However, in attempting exchange with Mn2+

(MnCl2) there was a partial exchange of node-bound Cd atoms
with Mn, as seen with 25. Oddly, there is no transmetalation in
the case of 26 with respect to the Cd-porphyrins, as had previ-
ously been seen in the case of 25. Further investigation into the
structural variation between 25 and 26 (for example, the
potential for large metal salts to diffuse into the less angularly
staggered porphyrin-bound cavities of 26) could provide further
insights to this contrast.

More recently, additional work has been done with
porphyrin-based MOF struts. Morris et al. synthesized the
porphyrin-based MOFs MOF-525, (27) [Zr6O4(OH)4(TCPP-H2)3],
and MOF-545, [Zr6O8(H2O)8(TCPP-H2)2], (28) where tetra-
carboxyphenylporphyrin H4-TCPP-H2 ¼ (C48H24O8N4) (L20)14
one porphyrin-filled pore of 25, showcasing ligand L18, TMPyP ¼ meso-tetra(N-
blocked with porphyrins.

(b) the very stable Zr2+ clusters found in 28 and (c) the vast open channels in the

J. Mater. Chem. A, 2013, 1, 5453–5468 | 5465
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(Fig. 18). The MOFs were synthesized with free-base porphyrins,
and zirconium salts, resulting in excess weakly porphyrin-
coordinated zirconium ions that can be replaced with Fe2+ and
Cu2+ without loss of surface area or degradation of the frame-
work. Metalated porphyrins are of interest due to their catalytic
activity and selective gas adsorption properties. The authors
attempted to create the iron and copper versions of 27 and 28 in
addition to metalating through post-synthesis modication:
both versions of 27 and the 28$Cu could be synthesized both
ways, but the iron version of 28 could only be synthesized
through post-metalation. However, around the same time, the
Zhou group demonstrated de novo synthesis of PCN-222(Fe),
which demonstrates biomimetic heme-like catalysis and is
structurally identical to iron-substituted 28.63 The authors also
demonstrated the ability to synthesize de novo 28 analogs using
Mn2+, Co2+, Ni2+, Cu2+, and Zn2+. While there is a risk of coor-
dination to the center porphyrin-bound metal during frame-
work formation, the work from these groups suggests
metallated porphyrin struts do not adversely interact with the de
novo solvothermal synthesis of MOFs.

In conclusion, the exchange of strut-bound metals has
already proven useful for catalytic purposes in both the cases of
porphyrins and salens.64,65 Strut-incorporated metals appear to
be easier to exchange, as in most cases, they can be exchanged
leaving the parent metals in the nodes of the framework
untouched. The incorporation of unsaturated metal centers (for
example, in the salen case) could be potentially useful for gas
sorption applications66–68 in addition to catalysis.
Conclusions

We have established that full metal node exchange can be
limited by several factors including ionic radii, concentration of
the exchange solution, preferential coordination geometries,
pore size, reaction kinetics, solvent effects, and framework
exibility. We now seek to identify several constructs for metal
node exchange that are applicable across many different MOF
topologies and structures.

The relative stability of coordination polymers can be qual-
itatively described in terms of commonly accepted Irving–Wil-
liams series. The Irving–Williams series was initially applied in
the description of the relative stability of metal–organic octa-
hedral complexes regardless of ligands.55 The order Mn < Fe <
Co < Ni z Zn < Cu has been found to hold for the stability of
nearly all such complexes irrespective of the nature of the
coordinated ligand or of the number of ligand molecules
involved. The observed trends were attributed to the interplay of
two factors: the reciprocal of the ionic radii, and, ionization
potentials of the metals. Additionally, the high stability of dis-
torted octahedral Cu2+ complexes is oen explained in terms of
stabilization by the Jahn–Teller effect.69

The rate of metal exchange reactions is widely varied and
appears to be dependent on the parent metal, exchange metal,
and exchange solvent.8,47 While rates for full or maximummetal
exchange can range from a few short hours to a year8,24 many
result in a plateau before reaching their maximum potential.
Despite uncertainty in kinetics, we can hypothesize that metals
5466 | J. Mater. Chem. A, 2013, 1, 5453–5468
with higher affinity (higher in the Irving–Williams series, or
forming stronger bonds with the ligands in the framework) will
give more stable products. Additionally, methanol is reported in
multiple studies47 as a more effective exchange solvent than
DMF. This is possibly because methanol forms a relatively small
hydration shell around the components of the metal salt,
allowing faster diffusion and closer interaction with the
framework.70 Despite the high solubility of metal salts in
aqueous solutions, it remains a more ideal exchange solution
than water, as many MOFs are unstable under aqueous
conditions.71

From these few studies, we can postulate the following
guidelines for metal exchange, (but we ultimately hope for, and
encourage, further explorations by researchers in this eld): (1)
metals are most easily exchanged for other metals with similar
ionic radii and coordination modes. Several examples have
shown that while Cu2+ readily replaces Zn2+ and Cd2+, the
exchange appears to be irreversible, due to the stronger bonds
established by Cu2+ with the ligands in the framework. Like-
wise, bonds made with Cd2+ are oen favored over bonds made
with Zn. (2) Concentration of the exchange solution can
determine whether new metal ions are adsorbed onto the
framework, or become a part of the framework through post-
synthesis exchange. In two of Hou's works, he sees that lower
concentrations of an exchange solution result in metals
becoming trapped within the framework, but not incorporated
as part of the framework. (3) The rate of exchange can be
affected by the affinity of the metal for the linker binding
group, framework exibility, and pore diameter. For example,
in Mukherjee's work,56 Cu2+ exchanges faster than Cd2+ for
Zn2+ in the same framework, while in Hou's work, Cu2+

exchanges faster in a 1D polymer than in a sterically hindered,
but very similar 3D polymer containing the same struts.
Although current literature supports these assumptions,
further experimental studies are necessary to determine how
well our guidelines for metal exchange apply to various MOF
systems.

In the future, transmetalation will likely achieve prevalence
as a sensible technique applied in order to synthesize MOF
systems unachievable de novo, as it is already an expanding
branch of traditional PSM. The addition of open metal coordi-
nation sites through transmetalation can improve sorption
properties of a wide variety of gases, and catalytically active
metals may be incorporated in structures where the metal
nodes were previously inert. It is our hope that this work may
inspire MOF chemists to view the metal elements of MOFs as
not only a structurally necessary element, but as an opportunity
to impart desired functionality.
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