Controlling the polymorphism and topology transformation in por-
phyrinic zirconium metal-organic frameworks via mechanochemis-
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ABSTRACT: Tetratopic porphyrin-based MOFs represent a partic-
ularly interesting subclass of zirconium MOFs due to the occur-
rence of several divergent topologies. The control over the target
topology is a demanding task and reports often show products con-
taining phase contamination. We demonstrate how mechanochem-
istry can be exploited for controlling the polymorphism in 12-coor-
dinated porphyrinic zirconium MOFs, gaining pure hexagonal
(shp) PCN-223 and cubic (ftw) MOF-525 phases in 20-60 minutes
of milling. The reactions are mainly governed by the milling addi-
tives and the zirconium precursor. In situ monitoring by synchro-
tron powder X-ray diffraction (PXRD) revealed that specific reac-
tion conditions resulted in the formation of MOF-525 as an inter-
mediate, which rapidly converted to PCN-223 upon milling. Elec-
tron spin resonance (ESR) measurements revealed significant dif-
ferences between the spectra of paramagnetic centers in two poly-
morphs, showing a potential of polymorphic Zr-MOFs as tunable
supports in spintronics applications.

Metal-organic frameworks (MOFs) received wide attention due
to their potential for applications in gas storage’ 2 and separation,*®
catalysis,%” drug delivery,® light-harvesting,®%° and destruction of
harmful compounds such as chemical warfare agents.'! Their supe-
rior performance stems from the existence of pores and channels
enabling easy access of substrates to the active sites inside the MOF
crystals. The use of MOFs as heterogeneous catalysts and catalysts
supports is broadened after the introduction of Zr-MOFs based on
zirconium [Zre(OH)404]*?* oxo-clusters and carboxylate linkers,?
which provided a way to overcome challenges related to the robust-
ness of MOFs under humid, acidic or basic media.'**® They also
drew significant interest in an area of MOF-polymorphism. Zr-
MOFs based on tetratopic tetrakis(4-carboxyphenyl) porphyrin
(TCPP) linkers displayed unprecedented flexibility in topological
ordering. They are known to exist in six different topologies,'415-22
12-connected cubic ftw (MOF-525)2! and hexagonal shp (PCN-
223),'6 8-connected sqc (PCN-225),Y" csq (PCN-222/MOF-
545),1921 and scu (NU-902),'® and 6-connected she (PCN-224).%°
Recent studies have been focused on establishing different reaction

parameters (i.e., pKa of modulator, solvent, or temperature) for
gaining control over the preparation of a specific target topology,
but it proved as a rather demanding task since these polymorphs
often crystallize in mixtures.?*-26 Control in polymorph formation
is fundamentally interesting for defining parameters that would en-
able the preparation of different MOFs from identical constituents.
It is also expected to have a clear impact on their applicability, as
it was recently discovered that the difference in Zr-MOF topologies
significantly affects their catalytic activity and gas adsorption prop-
erties.t®
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Figure 1. Mechanochemical reactions of M@TCPP and different
zirconium precursors for controllable preparation of MOF-525 or
PCN-223.



We demonstrate here a mechanochemical approach?’-32 for con-
trollable, clean, and rapid synthesis of phase-pure porphyrinic zir-
conium MOF polymorphs, cubic MOF-525 (ftw topology), and
hexagonal PCN-223 (shp topology). We evaluated the influence of
the TCPP type, starting zirconium oxo-clusters, and liquid addi-
tives on the outcome of milling reactions (Figure 1). In situ moni-
toring by high-energy PXRD?3-% at the PETRA 11l beamline P02.1
Deutsches-Elektronen Synchrotron (DESY) revealed that the ma-
jority of the reactions were directly producing either MOF-525 or
PCN-223. However, it also revealed that specific reaction condi-
tions induce the fast formation and subsequent transformation of
MOF-525 to PCN-223: the first example of such behavior reported
for Zr-MOFs (Figure 1). Different internal ordering single Fe(i),
Cu(ir), or Mn(n) cations in TCPP linkers in polymorphic ftw and
shp MOFs showed a profound effect on their ESR spectra.

Mechanochemical ball-milling has been demonstrated as an ef-
ficient method for the preparation of different relevant MOFs, in-
cluding single-3637 and mixed-metal MOF-74 materials,®® MOF-
5,3 HKUST-1,% ZIF-8,% Al-fumarate,?® and several topologically
novel MOFs not accessible from solution.334041 Alsg, high-quality
fcu- and scu-Zr-MOFs were prepared by mechanochemical proce-
dures,?*42-44 which allowed for the use of green additives in mech-
anochemical processing. Mechanochemistry has previously been
successfully applied for polymorphism control in co-crystals,*546
and discrete*” and extended coordination compounds,3348-50

The liquid-assisted grinding (LAG)>! experiments were per-
formed by placing the Zrs or Zr12 oxo-cluster precursor and TCPP
into separate halves of a polytetrafluoroethylene (PTFE) vessel, to-
gether with two stainless steel balls (1.4 g each) and a chosen liquid
additive (7 = 0.65 pL/mg). The reaction mixture was milled by IST-
500 mixer mill (InSolido Technologies, Croatia) operating at 25 Hz
(Supporting Information (SI)). We tested three zirconium-based
0XO0-precursors, ie. Zre-methacrylate cluster
((Zrs(OH)404(H2C=C(CH3)COO)12, Zrs-benzoate
(Zrs(OH)4(0)4(CeHsCOO0)12), and dodecahedral —Zriz-acetate
(Zr1208(0OH)s(CH3COO)24) cluster. Zriz-acetate precursor, built
from two Zrs(OH)4O04 subunits (Figure 1), was used for mechano-
chemical preparation of various Zr-MOFs, both in small scale* and
continuous flow processing.*> We tested here non-metallated
TCPP, and three metallated TCPP derivatives containing a single
Cu?*, Mn?, or Fe® cation in a porphyrin ring (Cu@TCPP,
Mn@TCPP, and Fe@TCPP, respectively).

We started with Zre-benzoate cluster precursor. In situ monitor-
ing of LAG(N,N-dimethylformamide, DMF) of Fe@TCPP and
Zre-benzoate by synchrotron PXRD?>%2 revealed the fast and direct
formation of MOF-525, completing upon 30 minutes milling (Fig-
ure 2a). The Bragg reflections corresponding to MOF-525 re-
mained constant after 90 minutes milling, and the product is bench
stable for months. MOF-525 was the only phase formed from Zre-
benzoate precursor regardless of the additive used in LAG (SI).

In situ monitoring of the LAG(methanol, MeOH) of Zrs-methac-
rylate and Fe@TCPP (Figure 2b-d) revealed the fast formation of
MOF-525 after milling for 4 minutes, with reaction reaching com-
pletion before the 30 minutes mark. Switching to acetone additive
resulted in further acceleration of the reaction, possibly due to the
partial dissolution of reactants. MOF-525 starts forming in the first
minute of milling, and the reaction was completed within 10
minutes. The formation of MOF-525 in LAG(DMF) was much
slower. PCN-223 was yielded exclusively in LAG reaction using
N,N-diethylformamide (DEF) additive, and after 90-180 minutes of
milling (Figure S10).
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Figure 2. In situ PXRD monitoring® (10 seconds time-resolution;
2 =0.207 A) of LAG of Fe@TCPP with a) Zre-benzoate using
DMF, and Zre-methacrylate using b) DMF, ¢) MeOH, and d) ace-
tone additives. Calculated PXRD patterns of MOF-525%! and PCN-
2236 are shown above. The variation in intensities at the 5-15
minutes in c) is an artifact of the collection as the sample adhered
to the vessel before the released liquids were included in the pores
of the formed MOF.5253

In all monitored LAG reactions involving Zrs precursors, we
have observed the direct formation of MOF-525, which has been
previously suggested as a kinetic phase in 12-coordinated porphy-
rinic Zr-MOFs.?324 The first proof of the thermodynamic relation
between MOF-525 and PCN-223 has been observed during the
mechanochemical reaction of MNn@TCPP and Zr12 cluster. In situ
monitoring of the LAG(MeOH) of Mn@TCPP and Zriz-acetate
(Figure 3a), combined with the sequential Pawley refinement®*
(Figure 3c), where the X-ray reflection intensities are treated as
structure-independent parameters, revealed how the formation of
MOF-525, after fast initiation, slows significantly when the PCN-
223 phase starts to form (around 20-minute mark). Both processes
proceed concomitantly for the next 10 minutes, before the Bragg
peaks of MOF-525 start to diminish and PCN-223 grows as an ex-
clusive phase, to be finished after 70 minutes milling. The same
transformation has been established ex situ for Cu@TCPP, and
Fe@TCPP, Figure S16, confirming MOF-525 to be a kinetic poly-
morph. LAG(DMF) led to slower direct formation of MOF PCN-
223 (Figure 3b and d). To compare these results to the previously
reported polymorphic pillared MOFs or zeolitic imidazolate frame-
works (ZIFs), where the reactions were governed by templation,*8
the volume®? or acidity3 of the additive, we reduced the volume of
the additive, added additional milling balls for higher-energy mill-
ing, or added acetic acid to LAG process, respectively . In all cases,
the product was MOF-525 (Figure S18). Thus, we can conclude
that the additives govern the observed selectivity, with DEF and
DMF governing reactions towards PCN-223. This may be related
to DEF or DMF coordinating onto the Zrg cluster, forming stable
clusters such as 16-coordinated
[Zrs04(OH)4(CH2C(CH3)COO0)12(DMF)4], which formed during



LAG(DMF) and hindered mechanochemical preparation of UiO-
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Figure 3. In situ PXRD monitoring (A = 0.207 A) of (a) LAG
(MeOH) reaction of Mn@TCPP and Zri.-acetate, and (b)
LAG(DMF). (d) Change in the integrated peak intensities of MOF-
525 ((111) reflection at 1.05 °20) and PCN-223 ((101) reflection at
0.95 °26) over time in (¢) LAG(MeOH) and (d) LAG(DMF) ob-
tained through sequential Pawley refinement.>*

The solid-state transformation of MOF-525 to PCN-223 involves
significant rearrangements in the crystal structure, the geometry of
TCPP, and cluster (Figure 4). The energetic requirements in slurry
transformation are demanding; 7 days of stirring a mixture of
MOF-525, PCN-224, and PCN-222, at 145 °C was not sufficient to
complete the transformation to the thermodynamic phase.? It is
thus even more interesting to have the full transformation of MOF-
525 to PCN-223 in less than 30 minutes of moderate-energy mill-
ing. To investigate this further, we attempted to induce the trans-
formation of the isolated and purified MOF-525. Neat grinding of
the guest-free MOF-525material led to amorphization of the sam-
ple, and the series of LAG and aging experiments did not succeed
in transformation (Figures S19-S20). This observation suggest that
the energy barrier for the transformation might be too high for our
milling setup.%® Thus, the facile transformation observed during the
MOF-525 formation is likely due to a combination of basic and
mobile acetate ligands,?* and the plastic deformations and partially-
coordinated clusters occurring during the formation of MOF-525
nuclei, that are still sufficiently disordered and flexible to transform
to PCN-223.

Density functional theory calculations confirm the higher stability
of PCN-223. We obtained the difference in energy of 1620 ki/mol®
between PCN-223 and MOF-525 polymorphs with Cu@TCPP us-
ing PBE+D3(BJ) functional.5-%° Most of this substantial energy
difference comes from more negative electrostatic energy in PCN-
223 that is more densely packed compared to MOF-525. To attempt
decoupling the role of conformation vs. density differences, we
compared the energy of the two structures when the volume of
PCN-223 is enlarged to match the density of MOF-525. The differ-
ence in energy drops to 900 kd/mol, highlighting the importance of

both the different crystal packing and conformational changes (de-
tailed discussion in Sl).
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Figure 4. MOF-525 and PCN-223 have different Zr-nodes and 3-D
structures. TCPP in MOF-525 is planar, and in PCN-223 (orange
molecule) the peripheral phenyls are rotated for almost 90°.

The porosity of products has been established by nitrogen ad-
sorption experiment at 77 K. The established Brunauer-Emmett
Teller (BET, SI) surface area values of PCN-223 are in the range
of 1340-1500 m?/g (literature: 1600 m?/g)!® and for MOF-525 are
in the range of 1740-1870 m?/g (literature: up to 2620 m?/g).? The
samples, after the treatment in acidic DMF solution, thermal acti-
vation, and nitrogen sorption remained highly crystalline. The ther-
mogravimetric analysis confirmed thermal behavior similar to their
solution-prepared counterparts (Figures S30-S33).

The distance of two nearest metal cations in the porphyrin ring is
10.7 A and 13.7 A in PCN-223 and MOF-525, respectively. The
well-defined and large spacing of metal cations became attractive
for the development of spin-based qubits, and MOFs are now in-
vestigated for such applications.5%-64 Cu@PCN-224 has been iden-
tified as a suitable qubits-network candidate with copper(ll) cations
separated by =13 A.%4 Herein, the ESR spectra of the non-metal-
lated TCPP in both MOFs were similar to the spectrum of pure
TCPP, with one sharp signal at g = 2.003 due to delocalized = elec-
trons of the porphyrin, Figure S34.% In the spectrum of CU@TCPP,
only one asymmetric ESR line corresponding to copper(ll) species
with g. = 2.06 is visible (Figure 5a) due to numerous spin-spin in-
teractions in Cu@TCPP structure. Contrary to the spectrum of
Cu@TCPP, both the TCPP signal at g = 2.003 and the hyperfine
copper lines are resolved for both MOFs due to efficient separation
of paramagnetic centers (Figures 5b and 5c¢).55-5” Furthermore, ESR
spectrum for Cu@MOF-525 shows additional, rarely observed
structure — nine narrow lines in the first derivation (Figure 5b, in-
set), assigned to the interaction of copper having an electron spin
S=1/2 with four nitrogen nucleus spins I=1 from TCPP coordinated
planar to copper ion.®® The occurrence of such superhyperfine in-
teraction in Cu@MOF-525 stems from a large distance between the
copper cations included in the ftw architecture and the essentially
complete absence of their spin-spin interactions.58° This behavior
is not limited to copper, similar results are evident for polymorphs
with Fe- or Mn@TCPP linkers (Figures S35b and S36).
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Figure 5. Comparison of ESR spectra for a) Cu@TCPP, b) Cu@MOF-525, and ¢) CU@PCN-223. Insets show the first derivation of ESR

spectra, i.e., the second derivation of the absorption spectra at 78 K.

In summary, we demonstrate how mechanochemistry can be
used for a high-yielding, rapid, and selective synthesis of ftw-MOF-
525 and shp-PCN-223 MOFs polymorphs. The control over the fi-
nal product is achieved by the judicious use of the liquid additive
and the zirconium precursor. In situ PXRD monitoring reveals that
under most conditions explored herein the reaction proceeds di-
rectly to the specific product. However, LAG(MeOH) with the
Zriz-acetate precursor induces the formation of MOF-525 interme-
diate, which rapidly transforms into PCN-223, highlighting the im-
portance of plastic deformations and introduced defects during the
mechanochemical Zr-MOF nucleation. The different topologies
mirror on the ESR spectra of paramagnetic centers in TCPP, based
on their effective spatial isolation and varied geometry of TCPP.
The results presented here show how the inclusion of paramagnetic
cation into a porphyrin linker, combined with the polymorphism,
stability, and well-defined architectures of polymorphic Zr-MOF
supports may broaden the applicability of these important MOFs
towards non-conventional magnetic materials, such as porous mo-
lecular spin qubits.%0
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