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Abstract

Understanding how crystalline materials are assembled is important for the rational design of metal organic frameworks (MOFs),
through streamlining their synthesis and controlling their properties for targeted applications. Herein, we report for the first time
the construction of two 3-dimensional Tb(III) based MOFs; a metastable MOF acting as an intermediate phase, that partially
dissolves and transforms into a chemically and thermodynamically stable MOF. This chemical transformation occurs solely in a
N, N-dimethylformamide/water solvent mixture, and is triggered when additional energy is provided to the reaction. /n situ studies
reveal the partial dissolution of the metastable phase after which the MOF components are reassembled into the
thermodynamically stable phase. The marked difference in thermal and chemical stability between the kinetically and

thermodynamically controlled phases is contrasted by their identical chemical building unit composition.

Introduction

From the 19" century to the present day, researchers have demonstrated that chemical compounds can form two or more solid
phases,! such as in calcium carbonate minerals,? and TiO2.> These polymorphs or metastable phases can be formed through the
addition of additives, or changes in the reaction conditions,* and for many practical applications it is important to determine the
correct conditions for the formation of the desired phase. However, understanding the underlying mechanism that guides the
formation of these phases is limited, thereby restricting access to materials that otherwise may be difficult to form through
traditional methods.* Metal organic frameworks (MOFs) are crystalline porous materials composed of metal ions or clusters and
organic ligands.> The self-assembly of the components in MOFs is a dynamical non-equilibrium process, evolving from an
initially disordered state, towards an ordered stable state by the completion of the reaction.® This process can proceed through
various pathways, where structures can either be described as under kinetic or thermodynamic control.!*< %7 Revealing the
pathways in the synthesis of MOFs remains a challenge, since there are limited experimental methods available that can provide
high quality in-situ data. 4> 4>8 We are only beginning to reveal the dynamic nature of these reactions, as recent studies have
challenged the conventional view that once the MOF crystal is formed it remains stable in solution.!® For example, it was
demonstrated that Zn(II) ions in MOF-5 undergo a coordination/decoordination phenomenon in which the DMF solvent, the
metal center and the ligand have a dynamic relationship revealing that the assumed rigid coordination motif is in reality more
dynamic.* Through the understanding of this behaviour, methods can be developed to afford previously unavailable MOF
analogues, such as Co(II) substituted MOF-5,* or gain fundamental insights on the formation of kinetic and thermodynamic

MOF products and their influence on the formation of the final framework.!%



A key issue hindering the fundamental insights into the formation of MOFs is the lack of model systems in which different
frameworks composed of the same chemical components can be systematically studied. This work presents two 3-dimensional
Tb(III) based MOFs utilizing a DHBDC (DHBDC = 2,5-dihydroxybenzene-1,4-dicarboxylate) ligand; SION-1 and SION-2
(SION refers to MOFs synthesized at the EPFL Valais in Sion, Switzerland). Uniquely, this systematic study reveals tuneable
conditions favouring the formation of one phase or the other, and in-situ "H NMR and powder X-ray diffraction studies on how
SION-2 transforms to SION-1. This tunability arises from the addition of more energy allowing the kinetic and metastable

SION-2 to partially dissolve and undergo a structural rearrangement into the thermodynamically stable SION-1.

Structural Description and Stability of SION-1 and SION-2

Structural Analysis of SION-1 and SION-2 Single Crystals

The reaction of Tb(NOs)3-6H20 with H-DHDBC in DMF:H20O solvent mixture at 120 °C for 24 hours yielded gold coloured
crystals of SION-2 (see SI, section S1). SION-2 crystals were analysed using single crystal X-ray diffraction (SCXRD, SI
Section 2.1) and its formula is based on [Tb2(DHBDC)3;(DMF)4]-2DMF (general formula M:L3, where M:Tb(Ill) and
L:DHBDC). SION-2 crystallizes in the triclinic space group P1 and is composed of a binuclear Tb2(COO)s cluster interconnected
by three distinct DHBDC ligands (Fig. 1a). Each of these ligands possess a centre of symmetry which is retained within the
crystal structure. The Tbo-clusters are centrosymmetrical as well, and each 8-coordinated Tb(III) displays a square antiprismatic
geometry (Fig. 1b), which is completed via coordination of two fully ordered DMF molecules, two carboxylate O-atoms from a
n* chelating DHBDC ligand, and the remaining four carboxylate O-atoms from two symmetrically distinct DHBDC with #':5!
bridging modes (Fig. 1c). Here, the hydroxyl groups of the DHBDC ligands do not participate in metal binding. SION-2
possesses rectangular channels running along the crystallographic direction of [100] which are filled with coordinated to Tb(III)
and guest DMF molecules (Fig. 1d), the latter being disordered over two sites with unequal occupancies. We note that SION-2
is isomorphous to the structures of [Ln2(DHBDC)3;(DMF)4]-2DMF (Ln = La, Ce, Pr, Nd, Sm, Gd, Er) reported previously.!!
Topological analysis of SION-2 using the TOPOS4.0 software package designates this material as the xah topology, using the
three-letter notation of O’Keeffe (Fig. S6).'?

The reaction of Tb(NOs)3-6H20 with H.DHDBC in DMF:H20 solvent mixture at 120 °C for 72 hours gave rise to red single
crystals of SION-1 (see SI, section S1). SION-1 has a formula of [Tb2(DHBDC)(DOBDC)(DMF).], (where: DOBDC = 2,5-
dioxidobenzene-1,4-dicarboxylate), or a general formula of M2L>, and possesses a higher monoclinic symmetry (space group
P2i/n, SI Setion S2.2). The DHBDC and DOBDC ligands are symmetrically independent and their centres of gravity sit on
crystallographic inversion centres. The main building unit of SION-1 consists of 21- symmetrical chains of alternating Tb(III)
and O atoms that are running along the [010] direction (Fig.2a). Visually, the structure appears to resemble a ladder, and within
these ladder-like arrays, the coordination number of each Tb(III) is 8 with a distorted dodecahedron geometry, where only one
out of eight coordination sites is occupied by DMF molecules (Fig. 2b), which are disordered over two sites with unequal
occupancies. The DHBDC ligands with protonated hydroxyl groups bind to Tb(III) in a similar coordination mode with the #':7'
bridging ligands in SION-2, demonstrating a similar partial disorder over the two pendant hydroxyl groups (Fig. 2c-d). However,
the fully deprotonated DOBDC has a ':%?:%? bridging mode and binds to Tb(III) in a similar way as observed in MOF-74.!3 This
highly-connected coordination mode allows for the formation of 2-dimensional puckered sheets consisting of Tb(III) and O-
atoms (Fig. 2e) which are interlinked by the DHBDC to form a 3-dimensional structure with 1-dimensional channels running

along [010] (Fig. 2f).



Fig.1. SION-2 a. Tby-cluster b. antiprismatic coordination geometry of Tb(III), ¢. coordination modes of the three distinct ligands with #?2
chelating (purple) and #':' bridging (yellow and green) modes and d. the packing along the crystallographic [100] direction with coordinated

DMF molecules occupying the accessible void space. Atom colours: orange, Tb; red, O; blue, N; grey, C; pale yellow, H.

Fig. 2. SION-1 a. 1-dimensional Tb-O chains running along the crystallographic [010] direction, b. distorted dodecahedron geometry of Tb(III)
¢. and d. coordination schemes of DHBDC and DOBDC ligands in SION-1 (5':5' bridging — yellow and #':72:2 bridging — green, respectively),
e. the coordination of DOBDC with Tb(III) leads in the formation of 2-dimensional layered sheets (101) which are interlinked by DHBDC to
form f. the 3-dimensional SION-1, with pores along the [010] direction which are occupied by coordinated DMF molecules. Atom colours:

orange, Tb; red, O; blue, N; grey, C; pale yellow, H.

Deriving the structural topology of SION-1 into discrete secondary building units of 1-dimensional Tb-O chains is challenging
and has been acknowledged previously for MOFs with similar coordination schemes to 1-dimensional Tb(II1)-O chains, such as
in MOF-74 analogues.'> 4 For the topological analysis of SION-1, we treated each Tb(III) ion in the 1-dimensional Tb(IIT)-O
chains as a separate node, and using this method ultimately resulting in the net /vt for SION-1 (Fig. S6). Here, the DHBDC and



DOBDC ligands are described as connected to four separate Tb(III) nodes. We note that the DOBDC ligands in SION-1 are
coordinated to six Tb(III) ions (Fig. 2d) however, for conceptual symmetry with the ligand binding in SION-2 we have severed
two of these connections in the topological description, corresponding to the terminal carboxylate O-Tb(III) bond on the opposite

side of the oxido group.

Bulk Characterization, Thermal and Chemical Stability of SION-1 and SION-2

The bulk phase and elemental purity of SION-1 and SION-2 is confirmed by PXRD, infra-red spectroscopy and elemental
analysis, whereas their thermal stability was evaluated by thermogravimetric analysis (SI section S4). Both SION-1 and SION-
2 are stable standing in air for long periods of time (up to 2 months), however their stability in H2O is different (Fig. S10 and
S11). The PXRD patterns of the H20 loaded SION-1@H:0 and SION-2@H>O suggested that although they are still crystalline,
structural changes have occurred; an observation that was visually confirmed by the change of their colour from gold to beige
for SION-2, and red to orange for SION-1.!> Both SION-1@H:0 and SION-2@H:O structures were solved using SCXRD,
(please see SI sections S2.3-S2.4). We found that SION-1@H20 does not undergo substantial structural changes compared to
SION-1, however, the 3-dimensional structure of SION-2 collapses into binuclear Tha-clusters aligned in 1-dimensional chains

extended along the [101] direction (Fig. S12 and S13).

Chemical transformation from SION-2 to SION-1
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Fig. 3. a. Effects of concentration of DMF on the formation of SION-1 and SION-2, here all vials contain 0.5 mL of H>O. Color scheme:
black, SION-1 theory; red, 2.0-2.2 mL DMF; pink, 1.5-1.7 mL DMF; Blue 1.0-1.3 mL DMF; green, SION-2; navy blue, SION-2 theory., b.
Effects of time on the formation of SION-1 and SION-2. Color scheme: black, SION-2 theory; red, 12 hrs, blue, 24 hrs; pink, 48 hrs; green,
52 hrs; grey, 62 hrs; purple, 65 hrs; dark yellow, 72 hrs (SION-1); brown, SION-1 theory.

During the screening process, it was observed that both crystals of SION-2 and SION-1 could be formed together in the same
reaction vial. Therefore, SION-2 was further examined as an intermediate to SION-1, as it forms in shorter times. Preformed
SION-2 was treated using the conditions for the synthesis of SION-2 and SION-1, however the solvent ratio (DMF:H.0) (Fig.
3a) and time (Fig. 3b) was varied. Conditions outside of the optimal DMF:H20 of 2.0:0.5 mL, time (<12 hrs), and anhydrous
DMF led to either no transformation (SION-2 recovered) or various ratios of the both. Solid state transformation was ruled out
through the use of previously air dried SION 2 crystals, which resulted in no transformation (SI sections S4.6). Therefore, the
irreversible Transformation from SION-2 to SION-1 only occurs when SION-2 is submerged in a DMF/H2O solvent mixture
and heated.



Partial Dissolution of SION-2
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Fig. 4. a. Transformation of SION-2 to SION-1 observed through '"H NMR (30-minute interval scans). I-I’: ¢-DMF, II-II’: DHBDC evolution,
III-1IT: p-xylene, IV-IV’: D,O/H>O. b. ICP-MS indicating negligible amount of free Tb(III) is released in the liquor during the transformation.
c. Transformation of SION-2 to SION-1 following the changes through PXRD. These times correspond to peaks of the blue and orange lines
of Figure d. d. Aromatic 'H DHBDC integral as a function of time. Grey dots: experimental integration determined using Mestre GSD
algorithm; red line: is the interpolated function, blue and orange: DHBDC in close proximity to Tb(III), black: free DHBDC. Vertical axis
gives the calculated ligand concentration in mol/L based on p-xylene integration. e. Deviation of chemical shift in the 'TH NMR spectrum of

bother the aromatic DHBDC (blue) and hydroxy (red) signals.

Paramagnetism in NMR often leads to difficulty in interpreting spectra due to: a. signal broadening through nuclear relaxation
from the electronic magnetic moment, and b. hyperfine chemical shifts that are dependent on the topological and geometrical
locations of each proton with respect to their position from the paramagnetic center.'® While challenging, structural and electronic
information can be revealed through the understanding of these NMR spectra.'® In-situ "H NMR experiments were utilized to
probe the formation pathway from SION-2 to SION-1 by analysing the composition of the ¢-DMF/D20 solution during heating.
Crystals of SION-2 were immersed in ¢-DMF/D20 in a sealed NMR tube and heated at 120°C for 62 hrs (Fig. 4a). After 4.25



hrs we observed the appearance of a peak at 7.60 ppm corresponding to the release of the ligand, followed by a gradual shift to
7.44 ppm (after 12.25 hrs), after which the peak appears to split and continues to shift until reaching 7.33 ppm where it stabilizes
(after 38 hrs) for the remaining time. To understand if the cause of the peak splitting is due to the evolution of another DHBDC
by-product or a change in the chemical environment of the aromatic H of DHBDC, we have compared the variations in the
chemical shift of both DHBDC and OH (from H.O/D:0) signals; Fig. 4e shows that the changes in both of these occur at
approximately the same time, suggesting a simultaneous modification. The release of ligand within the liquor indicates that
SION-2 is partially disassembled and therefore free Tb(III) could be potentially released as the structure rearranges itself. ICP-
MS was therefore utilized and confirms the presence of free Tb(III) in extremely low quantities (less than 0.1 % of Tb(III) after
72 hrs) (Fig. 4b). As Tb(III) is paramagnetic, the split of all the peaks in the "H NMR spectrum is attributed to its release. Since
the concentration is significantly lower than that of DHBDC, the formation of a molecular complex is ruled out, and instead, we

observed a dynamic change from deprotonated DHBDC to protonated H.-DHBDC.

Analysis of the "H NMR spectra using the Mestre GSD algorithm reveals the signal of the aromatic proton on the ligand as a
function of time, with the ligand concentration determined through the integration of an internal standard (Fig. 4d). The use of
~12 mg of SION-2 consists of 0.043 mol/L (2.7 x10-* mols, 0.625 mL of solvent used) of DHBDC ligand. Combining the in-
situ "H NMR for the analysis of the solution media with the PXRD patterns (Fig. 4c), a number of observations have been
recorded (Fig. 4d): a. SION-2 is still present after 5-10 hours of heating but there are traces of ligand leaching into the liquor, b.
between 10-20 hours there is a mixture of SION-1 and SION-2 and after 24 hours, there is 0.016 mol/L (1.0 x10-5 mols) of
ligand released corresponding to 37% release of the total ligand (Fig. 4d); c. SION-1 is formed after a duration of 24 hours, and
e. after 24 hours, the ligand released into the solution adopts a new form (protonated H.DHBDC). A release of 37% ligand,
represents the loss of approximately 1/3 of the ligands in the MaLs (SION-2) general formula resulting in M2L> (SION-1).
Therefore, SION-2 is indeed acting as an intermediate phase for the generation of SION-1 and the transformation from SION-
2 to SION-1 occurs through a partial dissolution pathway.
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Fig. 5. a. SION-2 crystalline powder was immersed in DMF:H,O and packed in a quartz capillary. The reaction was heated at 120 °C for over
a period of 6 hrs and as can be seen, the golden color of SION-2 changed to red upon heating, indicating that SION-1 is formed. b. PXRD
patterns collected throughout the reaction evolution. SION-2 could be fully transformed to SION-1 within 6 hours. ¢. Temperature dependent

evolution of lattice parameters of SION-2 as a function of time. After 4.7 hours no SION-2 lattice parameters cannot be longer extracted from



the PXRD data. d. General view of the SION-2 to SION-1 transformation emphasising the removal of one #?-chelating DHBDC ligand (shown

in purple) and the re-organisation of Tb; clusters (shown as pairs of orange spheres along with coordination polyhedra) into Tb—O chains.

The chemical transformation from SION-2 to SION-1 was further monitored with an in-situ powder X-ray diffraction study (see
Section S7). SION-2 in the form of crystalline powder was immersed in a mixture of DMF:H2O, packed in a quartz capillary
and heated at 2 °C min™! to 120 °C, then held at 120 °C for 6 hours, with collection time of 60 secs per PXRD pattern (Fig. 5a-b).
Fitting the PXRD data according to the Le Bail method provided us with insights on the evolution of unit cell parameters as a
function of temperature and time (Fig. 5¢). Anisotropic thermal expansion upon heating to 120 °C is followed by the actual time-
dependent transformation. As can be seen in Fig. 5Sc, the largest magnitude of thermal expansion occurs along the c-axis, which
suggests a structural instability along the [001] direction of SION-2 related to the presence of Tb> dimers and #7>-chelating
DHBDC ligands (as summarised in Fig. 5d, upon the chemical transformation of SION-2 to SION-1, discrete Tb2 clusters
reorganise into infinite Tb—O chains, and one out of three DHBDC ligands is removed). Once the temperature of 120 °C is
attained, the unit-cell parameters of SION-2 are stabilised (Fig. 5c), however, after 1.6 hours, we have observed new Bragg
reflections evolving which can be indexed with the unit cell of SION-1. Subsequently, as the SION-1 Bragg reflections gain in
intensity whereas the diffraction from SION-2 becomes increasingly weaker and completely disappears after 4.7 hours. There
are no additional peaks or amorphous phases present that would indicate the deconstruction of SION-2 and between 1.6 to 4.7
hours we have observed that the X-ray diffraction patterns consist both phases SION-1 and SION-2. Therefore, the
transformation from SION-2 to SION-1 occurs without losing crystallinity, and can be followed by the colour change of the
samples from gold to red (Fig. 5a).

Structural Transformation of SION-2 to SION-1.
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Fig. 6: a-c. The chemical transformation from SION-2 (a) to SION-1 (c) through b1. partial dissolution of SION-2 and release
of the n?-chelating DHBDC ligand (purple), b2. rotation of the green DHBDC, and b3. shift of the structure leading to the
formation of 1-dimensional Tb-O chains upon coordination of the oxido O-atom of DOBDC to the neighboring Tb(III). The
transformation can be also rationalized by their network topologies of xah of SION-2 (a, bottom) and /v¢ of SION-1 (¢, bottom).

Combining the information gained from the in-situ studies with the structural topologies of SION-2 to SION-1, the formation
pathway of SION-1 can be proposed (Fig. 6a-c). The projection of the topologies of SION-2 along [001] and SION-1 along
[010] shows significant similarities. It is apparent that the /v¢ network can be recovered from the xah by simply eliminating the
purple edge, which corresponds to the 7% chelating DHBDC ligand. Fig. 6a shows a layer of SION-2 projected along [010]
where the purple DHBDC ligand corresponds to the purple line in the xah network topology. From this structure, SION-1 can
be formed (Fig. 6¢) through the completion of the following steps presented in Fig. 6b. Firstly, the purple #>-chelating DHBDC
ligand is eliminated, followed by a 180° rotation of the green DHBDC ligands and slight tilt along the [100] direction, which can

be achieved by severing one of the Tb-O bonds and, following rotation, forming two new Tb-O bonds, including one with the



oxido group of DOBDC. Finally, the isolated Tb2-clusters, represented in separate layers as dark cyan and orange balls (Fig. 6a-
¢), join together to form the 1-dimensional Tb-O chains present in SION-1. This is achieved by forming new Tb-O bonds with
nearby carboxylate O- and oxido O-atoms of the green DOBDC ligands and central (coloured grey and red) ligands, respectively.
DFT calculations support this mechanistic hypothesis as the purple #?-chelating DHBDC in SION-2 has a bond energy (-41.347
kcal/mol) which is smaller than the #':7' bridging DHBDC ligands (-59.888 and -65.745 kcal/mol) in SION-2, highlighting that
their lability is the initial driving force for the transition from SION-2 to SION-1 (see Section S8).

Conclusions

In conclusion, we have observed through multiple analysis that the chemical transformation from the metastable kinetic phase
SION-2 to the stable thermodynamic phase SION-1 occurs through the partial dissolution of SION-2. This is triggered by the
loss of the #? chelating DHBDC ligand, followed by internal structural changes resulting in the formation of SION-1. To the
best of our knowledge, this is the first example of a lanthanide based MOF that is chemically transformed in a solvent mixture,
which does not rely on the removal of solvent coordinated to the metal, commonplace for single-crystal to single-crystal
transformations occurring under dry conditions.!” Understanding how MOFs are formed can promote greater control on the
assembly of the metal ions or clusters with the ligands and can lead in the identification of stable materials with improved

properties compared to the kinetically favoured MOF materials.
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