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kinetically labile metal—ligand exchange reactions prior to

ABSTRACT: Utilizing PCN-426-Mg as a template, two oxidation and the kinetically inert metal—ligand bonds after
robust metal-organic frameworks (MOFs), PCN-426- oxidation.

Fe(IlI) and PCN-426-Cr(IIl), have been synthesized To date, there are about twenty examples of postsynthetic
through a strategy of postsynthetic metathesis and metal metathesis, and most of them occurred between two
oxidation (PSMO) of the metal nodes step by step. The transition metals categorized as soft or borderline Lewis acids
frameworks remained in their single crystal form such as Mn(II), Co(II), Ni(1I), Cu(1I), Zn(II), and Cd(1I).*
throughout. Furthermore, the stability and porosity of However, the success of these metal metatheses did not improve
the frameworks were significantly improved after PSMO. the stability of the MOFs because the resulting metal—ligand
By taking advantage of both the kinetically labile metal— bonds were kinetically labile. Cohen and Dincid’s groups have
ligand exchange reactions prior to oxidation and the initially demonstrated the feasibility of postsynthetic exchange

kinetically inert metal—ligand bonds after oxidation, robust
MOFs, which would otherwise be difficult to synthesize,
can be readily prepared.

for normally “inert” frameworks or metal ions.” However,
attaining a complete metal exchange product can be a daunting
task due to the inertness of the starting metal—ligand bonds.
Moreover, earlier studies indicate that postsynthetic metal
metathesis usually requires a long reaction time ranging from a

M etal—organic frameworks (MOFs) have garnered sig- few days to several weeks.*"® To overcome the aforementioned
nificant interest in the past two decades due to their difficulties, the following steps are required: (1) select template
promising potential in many applications such as gas adsorption, MOFs with labile metal—ligand bonds; (2) exchange with metal
separation, catalysis, and sensing." Compared with other porous ions that can be oxidized to high oxidation state while preserving
materials such as zeolite and mesoporous silica, MOFs are based the coordination environment around the metal ion.

on crystalline porous structures tunable on the atomic scale, With these considerations in mind, instead of using the most
which is easily designed and functionalized by judicious choice of often encountered transition metal-MOFs, we synthesized a
metal nodes and modification of the organic linkers. However, Mg-MOF (denoted as PCN-426-Mg, PCN stands for Porous
one of the limitations of most MOFs is their low chemical Coordination Network) as a framework template wherein the
stability, which undoubtedly hampers their application in Mg—O bond is more labile than common coordination bonds.
industry. A rule of thumb for the construction of stable MOFs Crystallographic studies revealed that the Mg atoms in PCN-
comes from the simple Hard and Soft Acid and Base Theory, 426-Mg form the oxo-trinuclear cluster usually observed in both
which guides the selection of the metal—ligand combinations for iron and chromium chemistry (Figure 1).” This leads to the

MOFs.” Because the carboxylate group is a hard Lewis base, hard possibility of applying the PSMO strategy to obtain MOFs of
Lewis acids such as Fe*, Cr**, Zr*, and Ti** are usually Fe(IlI) and Cr(III) with the Mg(II)-MOF as a template. To

considered good candidates for the construction of robust accelerate the exchange process and preserve the overall
MOFs. This method has become the focus of some recent structure, we first use Fe?" and Cr?*, which have relatively higher
research efforts, but very few stable MOFs have been obtained, exchange rates, to form the intermediate Fe(Il)- and Cr(II)-

especially in single crystal form.> The main reason is that MOFs MOFs. After air oxidation, ultra-water-stable MOFs, PCN-426-
based on these metal ions of high valence are difficult to Fe(III) and PCN-426-Cr(III), were obtained in a single-crystal

crystallize, presumably due to the kinetic inertness of the metal— to single-crystal (SC-SC) transformation.” Significantly, these
ligand bonds. Occasionally, MOFs in the form of crystalline MOFs that contain high-valence metals, especially Cr(ILI), were
powder were obtained, but structure solution and refinement made almost exclusively in the form of crystalline powders until
based on powder X-ray diffraction (PXRD) data are not this work.”

straightforward. Furthermore, the incorporation of rarely Colorless crystals of PCN-426-Mg were synthesized by a

reported metal nodes into MOFs is less predictable and solvothermal reaction of Mg(NO;),6H,0 and TMQPTC
controllable. These led us to consider the post-synthetic
metathesis and oxidation (PSMO) as an option for the Received: March 6, 2014
preparation of robust MOFs, by taking advantage of both the Published: May 19, 2014
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Figure 1. Structure of PCN-426-Mg, synthesized from TMQPTC
ligands and Mg(1I) ions.

(2',3",5”,6'-tetramethyl-[1,1:4",1":4",1” -quaterphenyl]
3,3”,5,5"” -tetracarboxylic acid) at 100 °C for 24 h. An X-ray
diffraction study reveals that PCN-426-Mg crystallizes in the
Fm3m space group. Each Mg(II) is octahedrally coordinated with
three of them sharing a common oxygen to form an [M;(¢3-O)]
cluster, which is also common in Cr, Fe, V, Co, Ni, Ru, and Al
MOFs. "

Further inspection of the structure of PCN-426-Mg reveals
that each cluster is connected with four carboxylate ligands with
the remaining four coordination sites occupied by aqua ligands.
This is quite different from previously reported [M;(u;-O)]
clusters, which are usually fully coordinated by carboxylates,
giving rise to six connected inorganic nodes. The reduced
connectivity of the inorganic nodes and increased number of
terminal aqua ligands not only allow easy access for the incoming
metal ions during metal-ion exchange but also stabilize the
overall framework throughout the metathesis. Furthermore, the
[M;(u5-O)] cluster can accommodate both di- and trivalent
metal ions by varying charges on the terminal ligands, the
bridging O atom, and/or the counterions. This allows the
incorporation of di- and trivalent metal ions in PCN-426-M with
the original framework structure preserved. Due to its excellent
stability, PCN-426-M(III) is the desired product. However, one-
pot solvothermal reactions between the ligand TMQPTC and
M(III) salts, such as FeCl, and CrCl,, failed to yield a crystalline
product. For the postsynthetic methods, there are two
conceivable routes: the direct metathesis and PSMO. In the
following, these two methods will be performed respectively,
revealing the drawbacks of direct metathesis and the advantages
of PSMO.

After a direct metal metathesis of PCN-426-Mg with
anhydrous FeCl; in DMF for 12 h, the crystal changed from
colorless to red and became opaque (Figure S6b). However,
following a direct metal metathesis of PCN-426-Mg with CrCl;
under similar reaction conditions, only a slight color change
occurred (Figure S6e). Energy-dispersive X-ray spectroscopy
(EDS) studies revealed that 87% of Fe and only a trace amount of
Cr were exchanged. This metal exchange procedure includes
Mg—O bond dissociation and M—O (M = Fe, Cr) bond
formation, which is similar to a simple ligand exchange process in
that both are based on the kinetic lability of M—O bonds.
Although the exchange rate of a specific metal ion differs from
ligand to ligand, the comparison of their water exchange rate can
be used to gauge the relative reactivity of two metal ions in
postsynthetic exchange. For Fe®*, the ligand exchange reaction
rate constant is around 10* (k, s™*). For Cr’*, the kinetically inert
d? configuration results in a much slower reaction rate constant
of 107 (k, s7')."* Consequently, even after a long period of time,
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only part of the Mg®" ions in the inorganic nodes can be
exchanged in PCN-426-Mg using M*>" (Cr** and Fe®") ions,
although the Fe®* exchange reaction understandably went much
further than that of Cr’*.

In addition to the incomplete metal exchange, the PXRD
pattern indicates framework decomposition after Mg**/Fe®"
exchange. Since Fe** and Cr’* are both harder Lewis acidic
species than Mg*', they can competitively bind the carboxylates,
which would damage the skeleton of the MOF template.
Meanwhile, these hard Lewis acids can undergo hydrolysis
during the metal metathesis due to the presence of adventitious
water in the template framework. To test this hypothesis, we
conducted the previous metal metathesis reactions using
Fe(NO,;);-6H,0 and Cr(NO,);:6H,O instead of anhydrous
FeCl; and CrCl; to intentionally introduce water molecules.
With Fe(NO,);-6H,0, the color of the crystal changed to red
followed by decomposition of the framework and the appearance
of a white precipitate in 12 h (Figure S6c). For Cr(NO;);-6H,0,
the PCN-426-Mg crystal completely decomposed to form a
homogeneous solution (Figure S6f). The hydrolysis equilibrium
constant of Fe>" and Cr** (pK, = 2.2 and 4 respectively) is much
larger than that of Fe* and Cr** (pK, = 9.5 and 10 respectively)
creating a higher aqueous proton concentration in the metal
metathesis reaction.'> An acidic environment is detrimental to
the fragile Mg—O bond and induces the decomposition of the
framework. Moreover, the loss of crystallinity can greatly impair
the diffusion of metal ions, which hampers further metal
exchange, leading to incomplete metathesis. This control
experiment has exposed the disadvantage of direct metal
metathesis with M>* species: (1) Fe** and Cr** have very low
ligand exchange rates and display kinetic inertness; and (2) larger
hydrolysis equilibrium constants produce more acidic environ-
ments destroying the integrity of the MOFs.

In conclusion, the direct metal metathesis of Mg**/Fe®" or
Mg**/Cr*" is not a viable synthetic route toward stable high-
valence MOFs. In view of the much higher ligand exchange rate
and smaller hydrolysis equilibrium constant of Fe** and Cr**,
herein a PSMO strategy is proposed, which represents a stepwise
synthesis of MOFs via postsynthetic metathesis with low-valence
metal ions and followed by the oxidation of metal nodes. First,
the as-synthesized PCN-426-Mg crystals were washed with dry
DMEF several times and bubbled with nitrogen for 15 min, and
anhydrous FeCl, was added under the protection of nitrogen.
This resulted in an evident color change of the crystals from
colorless to purple in merely 20 min with complete exchange
after 3 h. In general, the concentration difference is the major
driving force for metal exchange, which can also be described as
the entropic force. On the other hand, the degree of metal
exchange is most likely controlled by the stability constant of the
metal ions. As Fe(II) and Cr(II) complexes have higher stabilities
than that of the Mg(I) complex, Fe** and Cr** ions have an
increased tendency toward complex formation."> The above-
mentioned two aspects contribute to the success of metal
exchange between Mg(Il) and Fe(II)/Cr(Il). After metal
exchange, the excess FeCl, solution was removed with a syringe,
and the solid was washed with fresh DMF to yield light brown
crystals as shown in Figure 2b. The sample was suspended in an
aliquot of DMF and bubbled with an air stream for 15 min,
causing an apparent color change of the crystal to dark brown as
shown in Figure 2c. Single crystal X-ray diffraction (Table S1), X-
ray photoelectron spectroscopy (Figures S7 and S8), and an EDS
spectrum (Figure 3g, Figure $13) have confirmed that the PSMO
procedure was accomplished in an SC-SC transformation to give
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Figure 2. Optical microscope photographs of (a) as-synthesized PCN-
426-Mg, (b) PCN-426-Mg after metathesis with FeCl, for 3 h, (c)
PCN-426-Fe(IIl) after metal node oxidation, (d) PCN-426-Mg after
metathesis with CrCl, for 3 h, and (e) PCN-426-Cr(III) after metal
node oxidation.
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Figure 3. View of the (a) as-synthesized PCN-426-Mg, (b) PCN-426-
Mg dissolved in water, (c) as-synthesized PCN-426-Fe(III), (d) PCN-
426-Fe(III) immersed in water, (e) as-synthesized PCN-426-Cr(III),
(f) PCN-426-Cr(III) immersed in water, (g) the EDS spectrum of
PCN-426-Fe(III), and (h) PCN-426-Cr(III).

PCN-426-Fe(III). PCN-426-Cr(III) was synthesized through
the same PSMO method using anhydrous CrCl,, yielding an
even more evident color change from colorless to brown after
metathesis and finally to dark blue upon oxidation (Figure 2d and
2e). Single crystal X-ray crystallographic studies indicate that
these new MOFs are isostructural with the Mg-MOF template,
which is otherwise unachievable through the direct reaction of
the TMQPTC ligand and Fe*"/Fe®" or Cr**/Cr*" metal source.
The successful synthesis of PCN-426-Fe(III) and PCN-426-
Cr(III) illustrate the overwhelming advantages of PSMO: (1)
the stepwise strategy makes the metal metathesis much faster and
more complete. The primary advantage is on account of the
substantial improvement in ligand exchange rates, which is an up
to 10%-fold increase from Fe** (10* (k,s™')) to Fe** (107 (k,s™'))
and an as large as 10'%-fold improvement from Cr** (10 ~¢ (k,
s7")) to Cr** (10 ' (k, s™")) due to the electron configuration
changes from d* to d*. PSMO also alleviates the challenges of
partial exchange and kinetic inertness. (2) Fe** and Cr** are
softer Lewis acids, which interact more weakly with the
carboxylate ligand (a hard Lewis base) than hard Lewis acids
such as Fe* and Cr?*, so the metal metathesis can be conducted
with less destruction of crystallinity. (3) Metal ions with smaller
hydrolysis equilibrium constants provide relatively milder
conditions where the framework template remains intact during
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the exchange and facilitates the transportation of metal ions
toward metal exchange completion. (4) The subsequent air
oxidation is a very gentle but effective postsynthetic treatment.
After the labile Mg—O bonds have been replaced by inert
Fe(1I1)—O and Cr(III)—O bonds, the stability of the frameworks
was greatly improved. As shown in Figure 3, PCN-426-Mg was
dissolved immediately after immersion in water, while PCN-426-
Fe(III) is stable in water after 1 day. PXRD patterns confirm that
the framework is stable in aqueous solutions with pH values 4—
10 (Figure 4). Although Cr(III), compared to Fe(III), has the

PCN-426-Cr(lll), in 4M HCI
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Figure 4. PXRD patterns of as-synthesized PCN-426-Fe(III), and
PCN-426-Cr(III) as well as samples treated with a variety of aqueous
solutions.

same valence and a similar radius, its kinetic inertness has
resulted in the remarkable stability of PCN-426-Cr(IIL), which is
much higher than that of PCN-426-Fe(III). PXRD studies
indicated that the crystallinity of PCN-426-Cr(III) remains
intact from pH = 12 to extremely acidic conditions (4 M HCI) for
at least 12 h (Figure 4). Benefiting from the improved stability,
both PCN-426-Fe(II1) and PCN-426-Cr(III) exhibit perma-
nent porosity whereas PCN-426-Mg does not, as shown by N,
adsorption isotherms (Figure S). Brunauer—Emmett—Teller
(BET) surface areas of 2132 and 3155 m*/g (Langmuir surface
area of 2623 and 3883 m?/ g) were observed for PCN-426-
Fe(III) and PCN-426-Cr(III), respectively. Compared with
PCN-426-Fe(III), the higher N, uptake of PCN-426-Cr(III)
can probably be ascribed to the higher exchange rate of the Cr**
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Figure S. N, adsorption isotherms of PCN-426-Mg, PCN-426-Fe(III),
and PCN-426-Cr(III).
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ion, which makes the metal exchange process complete within a
short period of time thus minimizes the loss of crystallinity.
Moreover, the higher stability of PCN-426-Cr(III), as revealed
in Figure 4, also contributes to a higher N, uptake. The least
stable framework PCN-426-Mg collapsed after activation and
failed to exhibit permanent porosity.

In summary, robust Fe(III) and Cr(III) MOFs with improved
water stability and porosity can be synthesized using a PSMO
strategy step by step. This strategy can overcome the challenges
of incomplete exchange and low exchange rate, which are
commonly encountered in the preparation of high-valence
MOFs by metathesis. Here, the following has been demon-
strated: (1) A Mg-MOF was chosen as a template so that the
labile M—O bonds can drive the metal exchange to completion;
(2) the MOF template was first exchanged with low-oxidation-
state but kinetically labile metal ions, which were subsequently
oxidized to a high oxidation state to accelerate the metal
exchange and at the same time preserve the integrity of the
framework. The completely exchanged products PCN-426-
Fe(IlI) and PCN-426-Cr(III) were obtained in an SC-SC
transformation procedure and characterized by single crystal X-
ray diffraction studies. In general, chromium MOFs were
obtained in powder forms almost exclusively in the literature
until PCN-426-Cr(III), which have been made through the
PSMO synthetic route. Because MOFs based on high-valence
metal ions are usually produced in amorphous or powder forms,
PSMO is of critical importance for the synthesis and character-
ization of robust MOFs, which are otherwise difficult or
unfeasible through traditional synthetic routes.
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