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Abstract: A complete transmetalation has been achieved on
a barium metal-organic framework (MOF), leading to the
isolation of a new Tb-MOF in a single-crystal (SC) to single-
crystal (SC) fashion. It leads to the transformation of an
anionic framework with cations in the pore to one that is
neutral. The mechanistic studies proposed a core-shell metal
exchange through dissociation of metal-ligand bonds. This Tb-
MOF exhibits enhanced photoluminescence and acts as
a selective sensor for phosphate anion in aqueous medium.
Thus, this work not only provides a method to functionalize
a MOF that can have potential application in sensing but also
elucidates the formation mechanism of the resulting MOF.

The synthesis and design of MOFs has had a very rapid and
extensive growth during past years,!"? but control over MOF
structure is always difficult owing to many factors that affect
their assembly.®’] The MOFs can easily swap their constituents
with the surrounding medium through post-synthetic modi-
fication and can create novel structures with induced proper-
ties.! The cation and/or ligand exchange are a powerful
technique for designing new materials, and this process offers
an alternative and effective route for accessing materials
when the conventional direct synthesis fails."! These post-
synthetic treatments may occur without altering the topology
and structural integrity. Since this involves the formation and
cleavage of metal-ligand bonds, usually MOFs with labile
metal-ligand bonds undergo such transformation.!
Although metal exchange in MOFs are simple and
convenient, the complete transmetalation at the metal node
of the SBU (secondary building unit) is scarce. There are
several factors, such as pore diameter and framework
flexibility, ionic radii and coordination modes of the
exchanged metals, electronegativity difference between the
incoming and leaving metals, and the solvent control the ion
exchange process."! There are reports on metal exchange
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between transition metals or transition metal and main group
metal.®! According to our knowledge, there are no reports of
metal exchange between alkaline earth and rare earth metal
ions.

Recently we reported a three-dimensional porous MOF,”)
[H,N(CHs;),][Ba(H,O)(BTB)], 1, constructed from an alka-
line earth metal ion and 1,3,5-benzenetribenzoic acid ligand.
Herein we show that this compound undergoes metal
exchange with the Tb*" ion at the metal node in a SC to SC
fashion to form [Tb(H,O)(BTB)] (2). We have monitored this
transmetalation process using the techniques like fluores-
cence microscopy, ICP-AES, and SEM-EDAX. Both the
parent and daughter MOFs are isostructural. The ability to
have high coordination number and comparable ionic radii
guide us to try the metal exchange using Tb** ions.'” Tb**
ions are useful as luminescent probes, and the Tb**-centered
emission can be sensitized by molecules with m-electrons.
Thus, the replacement of Ba by Tb metal ions may induce
attractive enhanced emission properties. Anion recognition
and separation is currently a very active topic of research
because various anions play a central role in chemical and
biological processes. The inorganic—organic hybrid porous
MOFs could be excellent host receptors to recognize and
separate anionic species based on their size, geometry,
basicity, and binding ability under ambient conditions.'!! In
present work the transmetalated MOF is found to be useful
for the selective sensing of phosphate anions in aqueous
medium with a detection limit of 4 x 10 M (6.56 ppm).

Compound 2 was obtained by the cation-exchange
reaction at the SBU by immersing the crystals of 1 in DMF
solution of Tb(NO;),,SH,O for 24h (see the Supporting
Information). The whole exchange process was followed
visually by fluorescence microscopy, and no complete crystal
dissolution was observed, although the final crystals have
different shape and size (Figure 1; Supporting Information,
Figure S1). This partially rules out the possible dissolution—
recrystallization mechanism. The possible core—shell metal
exchange through a dissociative mechanism is assumed as the
exchange proceeds from the surface of the crystals to the core
(Figure 2a; Supporting Information, Figure S2). The forma-
tion of 2 from the corresponding reagents using direct
conventional solvothermal method was unsuccessful (Sup-
porting Information, Table S3). The supernatant after the
metal exchange was treated with BTB ligand at 100°C and the
crystals of 1 were formed whereas no crystals were formed
when treated with excess Ba’" and heated at 100°C (Support-
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Figure 1. A real time analysis of single crystal to single crystal trans-
formation during metal exchange reaction in compound 1.
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Figure 2. a) Microscopic image of crystal showing the metal exchange
from surface to core b) the photograph of crystals grown on the Al foil
and that under UV light (inset) c) the proposed dissociative mecha-
nism of metal metathesis in crystals, O is carboxylic oxygen of ligand,
Ow is the oxygen from the coordinated water molecule, and Oy, is the
oxygen from solvent molecule.

ing Information, Figure S4). The reverse exchange could be
observed at 100°C in the presence of excess Ba*" ion and
trace amount of diluted HCl. We have grown the single
crystals of 1 on aluminum foil and then carried out Tb*"
exchange on it (Figure 2b; Supporting Information, Fig-
ure S5).

Both the compounds crystallize in same space group with
similar structural connectivity (Supporting Information, Fig-
ure S6).1 For the case of 1 an extra framework cation, DMA
(dimethylammonium) is present, but it is absent in 2. In both
cases the metal ion is a nine-coordinate MO, unit that is
linked through oxygen atoms edge-wise to form a one-
dimensional zig-zag chain with infinite M-O-M bonds along a-
axis. These chains are linked through carboxylate moiety to
form a three-dimensional structure (Supporting Information,
Figures S6-S9). The Ba—O bond lengths are in the range of
2.752-2.939 A (av. 2.8291 A) whereas Tb—O distances are in
the range of 2.704-2.864 A (Av. 2.7871 A) (Supporting
Information, Table S10). The excessive strain in the frame-
work due to the nine-coordinate metal node is reduced by the
introduction of the smaller ion (ionic radii Tb**: 118 pm vs.
Ba’": 135 pm). The metal sites that are coordinately saturated
undergo complete cation exchange; they might do so because
their weak field ligands dissociate readily. The shorter Tb—O
bond distance compared to the Ba—O bond length suggests
the higher stability of the framework in 2 and the equilibrium
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shifts more towards 2 during the metal exchange. The
symmetric COO™ stretching peak in the IR spectrum at
1411 cm " is shifted to 1382 cm ! by Tb*" exchange (Support-
ing Information, Figure S11). This may be due to the higher
affinity of Tb*" to carboxylate oxygen atom over Ba®'.

The size of solvation sphere impacts the rate of substitu-
tion and it plays a mechanistic role apart from shuttling the
solvated cations through pores to the vicinity of SBU. In the
present work, the metal exchange was successful only in DMF
solvent, and it was found to fail in methanol and acetone. A
dissociative mechanism is assumed to take place, since the
bond between the metal and the organic linker in the MOF is
not too strong and can be broken, especially if it is displaced
by the solvent. The initial step involves the active participa-
tion of the DMF, and it induces the breaking of Ba—O bond
resulting in a swinging carboxylate group. This group is then
free to coordinate to a nearby Tb(DMF),*". The replacement
of one of the carboxylate unit at the Ba center by DMF
yielding an intermediate, then the COO™ moiety successively
coordinates to Th(DMF),*", leading to the next intermedi-
ate."” Finally, after successive steps, the complete exchange of
metal ion occurs (Figure 2c¢).

The metal substitution experiments were carried out to
understand the thermodynamics and kinetics of metal
exchange process. For this we first fixed the metal ion ratio
as 1:1 (M/M’; that is the mole of Ba-MOF: mole of Tb(NO5),
used for PSM) and monitored the amount of metal exchange
(M'/M represents the percentage of Tb*" incorporated, and
M/M'’ represents Ba’" removed from the MOF) at different
time intervals (Figure 3a; Supporting Information, Fig-
ure S12, Table S13). The thermodynamic studies were carried
out by fixing the reaction time (time for given metal
exchange) as 10 h and varying the metal ion ratio (M/M’) to
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Figure 3. a) The kinetic and b) the thermodynamic studies of metal
exchange in compound 1.

1:1, 1:2, 1:3, 1:4, and 1:5 (Figure 3b). We have observed that
Ba’" ion is completely exchanged by Tb*" in 10 h when the
concentration of M’ reaches three equivalents of that of M.
No change was observed for the higher concentration of M.

The PXRD patterns for 1 and 2 are almost identical and
thus it confirms that the bulk samples are isostructural
(Supporting Information, Figure S14). Due to the absence of
DMA cation, the weight loss in thermogravimetric analysis
data for compound 2 is lesser compared to 1 (Supporting
Information, Figure S15a). This is manifested in DSC mea-
surement where no transition was observed at around 200°C,
which might be due to the absence of extra framework cation
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(Supporting Information, Figure S15b). Compound 2 exhibits
strong emission in visible region (at 486, 541, 583, and 618 nm
can be assigned to the °D,—"F, °D,—’Fs,’D,—'F,, and °D,—
'F, transitions) along with a weak emission band at 370 nm
owing to ligand upon excitation at 320 nm (Supporting
Information, Figure S$16).1%!

Taking the advantages of unique optical properties, we
have used 2 for the detection of pollutant anions as these can
be selectively detected by weak interactions between guest
anions and framework. The detection of phosphate anion is
important in biological systems and also environmentally.""
The change in fluorescent intensity of 2 was monitored with
several pollutant anions, and it showed that 2 can selectively
detect phosphate anion (Figure 4b). The intensity of emission
peaks due to LMCT were found to be quenched by the
increase of phosphate ion concentration and the contact time,
whereas the intensity of the peak at 370 nm was found to be
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Figure 4. The change in fluorescence intensity of compound 2 a) as
a function of the concentration of phosphate anion, b) the selective
detection of phosphate anion over other anions using compound 2,
and c) as a function of contact time of phosphate anion.

enhanced (Figure 4 a,c). The high selectivity and specificity is
necessary for a real sample detection, so we have measured
the emission spectra by addition of other pollutant anions
(Cl-,Br~,F, 1", 0Ac", ClO,~, SO,*, $*,NO,”,NO; ", and
CO,*) to the Tb—O phosphate system and no significant
fluorescence change was observed (Supporting Information,
Figures S17 and S18), which confirm that the Tb-MOF is
active for the selective detection of phosphate with good anti-
interference ability to co-existing anions. As a control experi-
ment, the capability of free BTB ligand and 1 for phosphate
sensing was tested. No specific fluorescence response was
observed, and it indicated that the coordination of Tb—O
cluster to the BTB ligand has a key role for the selective
detection of phosphate anion (Supporting Information, Fig-
ure S19). To determine the sensitivity of compound 2 for the
detection of phosphate, fluorescence titration spectra with
a different concentration of phosphate were performed. The
fluorescence intensity of 2 gradually decreases upon gradual
addition of phosphate anions. The fluorescence sensing of 2
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has a good linear correlation (R?=0.973) in the range of 40—
400 um (Supporting Information, Figure S20). The limit of
detection was estimated to be 35 um. It is the detection
requirement of phosphate discharge criteria in the water
environment, reported to be around 6.4-320 .

It is a challenge to select anions selectively in aqueous
medium owing to their strong hydration effects. Among the
anions, phosphate has a relatively high hydration energy
owing to central phosphorus being surrounded by four oxygen
atoms and is highly hydrophilic in nature with a high charge-
to-radius ratio."! There are a few factors that affect the anion
binding, such as geometry and charge of the anion, nature of
solvent medium, non-covalent interactions between the metal
cluster, and the anion and finally the lability of metal
center.'” "l The anions with trigonal or tetragonal geometry
make a complementary and competitive coordination inter-
action with the carboxylate ligand bonded to the Tb—O
cluster, whereas other anions with spherical or linear shape
contribute less affinity towards the metal center (Supporting
Information, Figure S21). Thus, Tb—O bonds between the
cluster and carboxylate groups could be partially broken and
replaced by a phosphate anion. The more electronegative P—
O bond interacts more strongly with the Tb*" ion. The
pyrophosphate ion could not be detected, as it is bulkier
compared to simple phosphate ion. The phosphate ion binds
to metal center through possible hydrogen bonding with the
coordinated water molecule. We also carried out a quenching
experiment using anions dissolved in isopropanol/water (50:1
v/v) mixture and it was observed that the quenching efficiency
is decreased (Supporting Information, Figure S22). This
implies that an aqueous medium is also essential for selective
phosphate sensing.

The selective detection of phosphate anion may be due to
the weak interactions of P—O bonds of phosphate anion with
Tb—O cluster and thus it may affect the electron transfer
between Tb coordination sphere and BTB ligand (Supporting
Information, Figure S23). The vibrational absorption band
associated with the stretching of carboxylate C—O bonds
become weaker or even disappears at high level of phosphate
anion (Supporting Information, Figure S24). For a better
understanding of the possible mechanism of the selective
sensing of phosphate by compound 2, X-ray photoelectron
spectroscopy (XPS) was carried out to underscore the
interaction between phosphate and framework of 2. In the
XPS data, the slight shift of binding energy to a higher energy
might be due to the interaction of phosphate groups with the
Tb center (Supporting Information, Figure S25). The more
electronegative P—O bond leads to the loss of electron density
at Tb, which in turn raises its 3d electrons binding energy.

To provide more depth on this mechanistic aspect we have
performed theoretical investigation. To make the computa-
tion tractable, the structure was suitably modeled. Geometry
optimization were performed using universal force field
(UFF)P as implemented in Gaussian09.”!! The optimized
geometry of the parent and phosphate substituted MOF are
shown in Figure 5 and the Supporting Information, Fig-
ure S26. It is observed that the phosphate is binding in
a bridging fashion similar to the carboxylate group but with
comparatively short Tb—O distance of 2.2 A. This shorter
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Figure 5. The comparison of strength of binding between the carboxyl-
ate and phosphate ion to metal center in MOF.

bond distances is attributed to the higher interaction of PO,
with the MOF. Moreover, in the hydrolysis enzyme where
Zn*" center is bound the optimized Zn—O—-P distance is
2.24 A and that for Zr—O—P in NU-1000 is 2.22 A close to
Tb—O—P distance in present case.l

In summary, we have carried out post-synthetic trans-
metalation via SC to SC fashion between Ba*'- and Tb*'-
based MOFs. ICP-AES data shows that Ba®" was completely
exchanged by Tb*" ion. Based on fluorescence microscopy
images, we have proposed the metal exchange through
a possible dissociative mechanism. The transmetalated Tb
MOF detects phosphate anion in aqueous medium selectively
with good anti-interference ability to co-existing anions.
Specific geometry, high charge to radius ratio, and strong
hydrophilicity of the phosphate anion might be the reason for
selectivity. XPS data and theoretical calculation supports the
interaction of phosphate to the MOF. Thus, this work
provides a strategy to develop a chemical sensor via post-
synthetic modification.
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