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Abstract: A single crystal to single crystal transmetallation
process takes place in the three-dimensional (3D) metal—
organic framework (MOF) of formula Mg",{Mg" ,[Cu",-
(Mesmpba),];}-45 H,O (1; Mesmpba®™ = N,N'-2,4,6-trimethyl-
1,3-phenylenebis(oxamate)). After complete replacement of
the Mg" ions within the coordination network and those hosted
in the channels by either Co™ or Ni" ions, 1 is transmetallated to
yield two novel MOFs of formulae Co,"{Co",/Cu",(Me;-
mpba),]}-56 H,O (2) and Ni"{Ni",[Cu"y(Mesmpba),]s)-
54H,0 (3). This unique postsynthetic metal substitution
affords materials with higher structural stability leading to
enhanced gas sorption and magnetic properties.

The design and synthesis of metal-organic frameworks
(MOFs) have experienced a rapid development during the
past years.l'! Since the pioneering works on the structural
chemistry of MOFs,?! interest in this field has increased
exponentially. In addition to the wide range of physical and
chemical properties that MOFs can exhibit,” this unique class
of molecular multifunctional materials provide an excellent
playground to study complex supramolecular dynamic pro-
cesses.

An accurate control of the MOF structure through ligand
design is crucial to achieve the desired properties. In this
sense, MOFs with predetermined dimensionalities and spe-
cific topologies can be designed, to a certain extent, by
a careful choice of metal ions and organic ligands. However,
a total control of the MOF structure is not always possible

because of the many subtle factors that may affect their
assembly.’! Alternative synthetic routes for the synthesis of
MOFs with the desired physical properties, consisting of
ligand chemical modification and/or metal substitution (trans-
metallation) of a preformed MOF without altering its
structure, are very promising because of the possibility to
better control the nature of the ligand spacers and the
interacting metal nodes of the MOF structure.” Up to now,
only a few examples showing a complete transmetallation
within the coordination network of the MOF have been
reported, with partial transmetallation within the pores being
more frequently observed.”! This is not surprising considering
that controlling selective bond destruction and formation in
the solid state has proved challenging.

Herein, we report a unique solid-state transmetallation in
a new series of oxamato-based 3D MOFs with two exchange-
able metal sites of general formula M",{M",[Cu",-
(Mesmpba),|;}-nH,O (1: M=Mg, n=45; 2: M= Co, n=56;
3: M=Ni, n=>54) where Me;mpba*  is the N,N'-2.4.6-
trimethyl-1,3-phenylenebis(oxamate) ligand. Interestingly,
the reported postsynthetic ion-exchange process is reflected
in a significant improvement of the structural stability and the
gas sorption and magnetic properties of the original precursor
(1) to afford two novel examples of porous magnets (2 and 3)
of the bimetallic oxamate family."

1 was obtained as brownish green prisms by the direct
reaction of aqueous solutions of the dicopper(Il) complex
Na,[Cu,(Me;mpba),]-4 H,O! and Mg(NO;),-4H,0 (1:2
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molar ratio) at room temperature by slow diffusion in a H-
shaped tube. 2 and 3 were obtained through a double cation-
exchange reaction in the solid state by immersing crystals of
1 in saturated aqueous solutions of M(NO;),-6 H,O (M =Co
(2), Ni (3)) for several weeks. The whole exchange process
was followed visually and no crystal dissolution was observed.
Moreover, the final crystals had the same size and shape as
those of the original ones. These facts rule out a possible
dissolution—-recrystallization mechanism for this system, and
strongly suggest a solid-state process.* The crystal structures
of 1-3 could be determined by single-crystal X-ray diffraction
using synchrotron radiation at the CRISTAL beamline in the
Synchrotron SOLEIL (see Experimental Section, Supporting
Information).

1-3 crystallize in the same P4/mmm space group of the
tetragonal system (see Table S1 in the Supporting Informa-
tion). All three isostructural compounds consist of anionic 3D
MYCu'y (M=Mg (1), Co (2), Ni (3)) open-framework
structures with hydrated M" countercations occupying their
cavities together with a varying amount of crystallization
water molecules. The anionic 3D network of 1-3 can be
described as an extended parallel array of oxamato-bridged
M",Cu"; layers growing in the ab plane with a mixed square/
octagonal (4-8%) net topology (Figure 1 and Figure S1). The
layers are further interconnected through the two trimethyl-
substituted m-phenylene spacers among the Cu'"ions, as
earlier found in the related manganese(II) derivative of
formula Na',{Mn",,[Cu",,(Me,mpba),];}-60 H,O.!

These features yield a common porous structure for 1-3
with a trimodal pore-size distribution along the ¢ axis made
up of one single type of square pores but two types of
octagonal pores (Figure 1). These two types of octagonal
pores result from the distinct orientation of the trimethyl-
substituted phenylene spacers pointing into or out from the
channels, which is reflected in their relative diameters of circa
1.5 and 2.0 nm. However, the occupation of the channels by
the corresponding countercations is very different for the
starting compound 1 and the transmetallated species 2 and 3.
In 1, the hydrated Mg" counterions are alternatively located
in both the narrow and wide octagonal channels: half of them
(Mg2) are weakly bound to the carboxylate oxygen atoms
from the anionic network, whereas the remaining half (Mg3)
are hydrogen bonded through the coordinated water mole-
cules to the anionic network (Figure 1a and Figure S2a). In
contrast, for 2 and 3, the hydrated M" counterions coming
from the metal-ion-exchange process (M = Co (2), Ni (3)) can
only be found in the largest octagonal channels (being
hydrogen bonded to the coordination network) but also in
the small square ones (Figure 1b and Figure S2b). The
estimated values of the empty volume without the crystal-
lization water molecules are 11074 (1), 11073 (2), and
11023 A® (3), which represent up to circa 54.7 (1), 54.8 (2),
and 55.4% (3) of potential empty space per unit cell volume
(V=20262 (1), 20216 (2), and 19911 A® (3)).

To elucidate the mechanism of the transmetallation
process, we monitored the exchange of Mg" ions in 1 by M"
ions (M = Co (2), Ni (3)) through inductively coupled plasma
atomic absorption spectroscopy (ICP-AES) and SEM using
single crystals (Figure S3 and Figure 2). First aiming at
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Figure 1. Perspective views of the anionic 3D M",Cu's networks of a) 1
and b) 2/3 along the crystallographic ¢ axis, showing the different site
occupation of the channels by the M" countercations (the coordinated
and crystallization H,0 molecules are omitted for clarity). Polyhedra
represent atoms in the coordination network and spheres represent
atoms occupying the channels. Polyhedra colors: Cu=green; Mg=or-
ange; Co/Ni=purple. Sphere colors: Mg=orange; Co/Ni=purple.

clarifying the thermodynamics of metal-ion exchange, we
studied the variation in metal stoichiometry within the MOF
(Mg":Cu" and M™:Cu") at different M" concentrations and
long exchange times (14 days). Figure S3 reveals essentially
the same ion-exchange pathway consisting of a continuous
decrease of the Mg" occupancy (and a concomitant increase
of the M" occupancy) with increasing [M"] up to reaching
saturation (at lower M" concentrations for M = Co than for
M =Ni). This overall behavior suggests a rather similar
thermodynamic stability for both metal sites, that is, for
those within the channels and those of the coordination
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Figure 2. Kinetic profile of the ion exchange represented as the M":Cu"
ratio (M"=Co" (a), Ni" (@)) versus time plot (in semilogarithmic
scale).

network. Second, the kinetics of the metal-ion exchange were
monitored through the increase of the M":Cu" ratio within
the MOF, which was measured at specific time intervals (0—
10 days) of immersion of the solid in saturated M" aqueous
solutions (Figure 2). A very fast exchange of around two out
of six Mg" ions takes place (in less than 5 min of exposure).
This identical behavior for both Co™ and Ni! substitutions,
together with reaching the same M™:Cu" ratio, strongly
suggest that this first step corresponds to the substitution of
those metal ions hosted in pores. Afterwards, a slower
substitution of the remaining four Mg"ions by M"ions
takes place over the course of five (M = Co) and seven days
(M =Ni), respectively, leading to complete transmetallation
of the network. Interestingly, an intermediate saturation step
(more obvious in the case of the Co"derivative) can be
observed at a M":Cu" ratio of around 0.66 (Figure 2), which is
likely related to cooperative effects in the occupation of the
coordination network. These thermodynamic and Kkinetic
results suggest an associative mechanism involved in the ion-
exchange process.®! Additionally, the presence of weakly
coordinated magnesium ions hosted in the channels (see
structural section above) also supports that the Mg ions from
the coordination network are replaced by those M"ions
previously situated in the channels located in close proximity
to them. Preliminary studies suggest that the exchange
process is reversible.

The powder X-ray diffraction (PXRD) patterns of freshly
prepared samples of 1-3 (prepared from suspensions in
water) are almost identical and they are consistent with the
calculated ones (Figure S4). The correspondence of exper-
imental and calculated structures confirms that the bulk
samples are isostructural to the crystals selected for single-
crystal X-ray diffraction, and that the open-framework
structures remain unchanged after the transmetallation
reaction. The water contents of 1-3 were independently
determined by thermogravimetric analysis (TGA) under
a dry N, atmosphere (Figure S5). All three compounds
present a qualitatively similar behavior with a fast mass loss
from room temperature followed by a “plateau” in the mass
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loss until decomposition begins. The estimated percentage
weight loss values of 26 (1), 29 (2), and 28% (3) at 130°C
correspond to circa 45 (1), 56 (2), and 54 (3) water molecules,
respectively.

To check the structural stability of the MOF structure
upon removal of water molecules, variable-temperature
PXRD studies were also carried out at 25, 70, 80, and 97°C
for 1-3 (Figure S6). 1 loses crystallinity very fast once
removed from the water solution and further deteriorates
when heating. Thus, its activated (dehydrated) phase shows
a very poor crystallinity, suggesting a complete collapse of the
open-framework structure of the original hydrated phase
upon solvent removal (Figure S6a). 2 also loses crystallinity
when exposed to air but the intensity of the peaks do not
appreciably decrease when heated to 97°C (Figure S6b). In
contrast, the variable-temperature PXRD patterns of 3 show
well-resolved peaks, which are located at the same positions
and with similar intensities to those of the original hydrated
phase, confirming the robustness of the MOF upon solvent
removal (Figure S6c).

These PXRD results suggest that very different gas
sorption properties should be observed for compounds 1-3,
as depicted by Figure 3. The N, adsorption isotherms at 77 K
of 1-3 show a typel sorption behavior characteristic of
microporous compounds (Figure 3a). The sorption capacities
for each compound follow the trend 1<2 <3, as expected
from the variable-temperature PXRD studies, with estimated
Brunauer-Emmett-Teller (BET) surface areas of 444 (1), 613
(2), and 905 m*g~! (3).

To further confirm the effect of the metal-atom substitu-
tion on their gas sorption capacities, we also measured high-
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Figure 3. a) Low-pressure N, (77 K) and high-pressure b) H, (77 K),
c) CO, (273 K), and d) CH, (273 K) sorption isotherms for the acti-
vated compounds 1 (e), 2 (A), and 3 (e). Filled and empty symbols
indicate the adsorption and desorption isotherms, respectively. In (a—
d), 1 is the bottom curve, 2 appears in the middle, and 3 at the top.
Sorption units given in mol of adsorbate per mol of dehydrated MOF.
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pressure H, (77 K), CO, (273 K), and CH, (273 K) adsorption
isotherms of 1-3 (Figure 3b-d). Overall, a significant increase
of the sorption capacities can be observed for the trans-
metallated species 2 and 3 (with a larger increase for Ni"
derivative 3). The greater sorption capacity of 2 and especially
3 can be attributed both to the larger ion—quadrupole
interactions because of the presence of Co"and Ni"ions
and to the aforementioned increase of the structural stability
in 2 and, more remarkably, in 3. Although the gas uptakes
follow, for all of the gases, the general trend 1 <2 < 3, the 2:1
and 3:1 adsorption ratios are quite different depending on the
measured gas. These results suggest that this postsynthetic
method for the preparation of MOFs is not only able to
improve the adsorption capacity of a given material but also
to tune its gas selectivity, opening the door for “a la carte”
postsynthetic rational syntheses depending on the gases that
should be separated.

The magnetic behavior of 1-3 was investigated through
magnetic susceptibility measurements in both direct- (dc) and
alternating-current (ac) fields. As expected, the exchange of
the diamagnetic Mg" ions (1) by paramagnetic Co" (2) and
Ni" ions (3) (with Sc,=3/2 and Sy;=1) has a dramatic
influence in their dcmagnetic properties (Figure S7).
1 behaves as well-isolated ferromagnetically coupled dicop-
per(IT) units with a moderate ferromagnetic coupling
between the two Cu" ions. The Cu" ions are coupled through
the trimethyl-substituted phenylenediamidate bridges (with
coupling constant J=+14.0cm™'; this was fit using the
Hamiltonian H=—JS,8, with S;=S,=S¢,=1/2; solid line
in the inset of Figure S7a).”! In contrast, 2 and 3 show a typical
ferrimagnetic behavior resulting from the strong antiferro-
magnetic coupling between the Cu" and M" ions through the
oxamato bridge within each M",Cu"; layer (M = Co (2), Ni
(3)), as previously found in the related manganese(II)
derivative.®®

These overall ferro- (1) and ferrimagnetic (2, 3) behaviors
are further confirmed by the magnetization per formula unit
(M) versus applied dc magnetic field (H) plots at 2.0 K
(Figure S8). More importantly, a magnetic hysteresis loop is
measured for both 2 and 3 at 2.0 K, with values of the coercive
field of H,=150 (2) and 300 G (3) which are typical of soft
magnets (inset of Figure S8).

The occurrence of a long-range 3D magnetic ordering in 2
and 3 is evidenced by the presence of a sharp frequency-
independent maximum in the y,,” versus T plots ()" being
the out-of-phase ac molar magnetic susceptibility per formula
unit) at critical temperatures of T-=22.5 (2) and 25.0 K (3)
(Figure 4). This is further confirmed by the M versus T plots
(inset, Figure 4), which show an abrupt increase below circa
22.5 (2) and 25.0 K (3). These T values are somewhat higher
than that earlier reported for the manganese(II) derivative
(T-=21.0 K).®*! Overall, this indicates that there exists an
effective ferromagnetic interaction between the oxamato-
bridged M",Cu"( ferrimagnetic layers. This interaction results
from the weak ferromagnetic coupling between the Cu" ions
across the double 2,4,6-trimethyl-phenylenediamidate bridge
within the Cu", pillaring units, as revealed by the magnetic
behavior of 1. Besides these “through-bond” interlayer
interactions, the dipolar interactions with the paramagnetic
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Figure 4. Temperature dependence of the ac current out-of-phase
molar magnetic susceptibility (yy") of 1 (), 2 (A), and 3 (@) with

a £4.0 G field oscillating at 1000 Hz. Inset: temperature dependence
of the magnetization (M) of 1 (), 2 (4), and 3 (e).

high-spin M" ions (M = Co (2), Ni (3)) hosted in the channels
of the MOF may also play a non-negligible role on the long-
range 3D magnetic ordering. This idea is supported by the
higher 7 values of 2 and 3 when compared to the related
manganese(I]) derivative with diamagnetic sodium(I) ions as
cationic hosts.[*")

In summary, 1 exhibits a complete exchange of the
Mg" ions hosted in the channels and those constituting the
heterobimetallic network after immersion in saturated aque-
ous Ni'' and Co" solutions to afford 2 and 3. Both the
structural integrity of the framework and the crystallinity are
maintained upon transmetalation of 1 to form 2 or 3.
Although the exchange of the metal counterions hosted in
the channels has been observed previously in several MOFs
acting as ion exchangers,'"! the reported exchange of the
metal centers constituting the coordination framework has
been rarely observed!”! and, in some cases, just in a partial
manner.''! More importantly, the postsynthetic transmetalla-
tion process of 1 affords materials with enhanced structural
stability (which is especially relevant for 3), as shown by
a drastic improvement of the gas sorption properties. Finally,
the substitution of the diamagnetic Mg" ions in 1 by para-
magnetic Ni"" and Co" ions is responsible for the occurrence
of a long-range magnetic ordering in 2 and 3. Attempts to
synthesize compounds 2 and 3 directly using slow diffusion
methods were unsuccessful. These results demonstrate the
clear advantages of postsynthetic methods to obtain MOFs
with rationally predetermined architectures as well as
improved, or even new, physical properties.

Keywords: gas sorption - magnetic properties - metal—
organic frameworks - transmetalation - X-ray diffraction
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