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Influence of Water Content on Speciation and Phase

Formation in Zr—Porphyrin-Based MOFs
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Robert E. Dinnebier, and Bettina V. Lotsch*

Controlled synthesis of phase-pure metal-organic frameworks (MOFs) is
essential for their application in technological areas such as catalysis or gas
sorption. Yet, knowledge of their phase formation and growth remain rather
limited, particularly with respect to species such as water whose vital role
in MOF synthesis is often neglected. As a consequence, synthetic protocols
often lack reproducibility when multiple MOFs can form from the same
metal source and linker, and phase mixtures are obtained with little or no
control over their composition. In this work, the role of water in the forma-
tion of the Zr—porphyrin MOF disordered PCN-224 (dPCN-224) is investi-
gated. Through X-ray total scattering and scanning electron microscopy,

it is observed that dPCN-224 forms via a metal-organic intermediate that
consists of ZrsO4(OH), clusters linked by tetrakis(4-carboxy-phenyl)porphyrin

1. Introduction

The formation of metal-organic frame-
works (MOFs) relies on coordinative self-
assembly of inorganic nodes and organic
linkers into periodic coordination net-
works.ll The variety of both inorganic and
organic building units allows for a wide
array of MOF topologies that may cater
to the specific materials requirements in
catalysis, drug delivery, or gas separation.?!
Often, the same node and linker can
form from different reagents (e.g., metal
salts) and into a variety of products with
differing connectivities, topologies, and

molecules. Importantly, water is not only essential to the formation of
ZrgO4(OH), clusters, but it also plays a primary role in dictating the forma-
tion kinetics of dPCN-224. This multidisciplinary approach to studying the
speciation of dPCN-224 provides a blueprint for how Zr-MOF synthesis
protocols can be assessed and their reproducibility increased, and highlights
the importance of understanding the role of water as a decisive component in

Zr-MOF formation.
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even compositions.’! As a consequence,
typical MOF syntheses can yield two or
more phases, sometimes even in the
same reaction mixture.’” In some cases,
mixtures of phases can occur in the same
particle, or even within the same crystal-
lite, as intergrowths or nanoscale inho-
mogeneities, illustrating the complexity
of framework crystallization processes
and structuring.’*! Such phenomena are
particularly prevalent in Zr-based MOFs.
Pyrene-based NU-1000, for example, can
contain structural motifs of the polymorph NU-901 in the center
of the crystal.! Even though both NU-1000 and NU-901 consist
of eight-connected Zr-clusters, NU-901 has tetragonal pores
with lower pore volume compared to the hexagonal pores in
NU-1000. On the other hand, UiO-66 was shown to often con-
tain domains of the ordered missing cluster phase reo UiO-66,
in which one quarter of the Zr-oxo clusters is absent.”! In both
cases, these characteristics have a decisive impact on pore sizes
and consequently the material properties.’® The situation is
further complicated by the fact that many synthetic protocols
additionally require the formation of the inorganic nodes them-
selves from precursor species, prior to framework formation.
For example, hexanuclear Zr-oxo nodes are expected to form
from the ZrCly or ZrOCl,-8H,0 precursors in the synthesis
of Zr-based MOFs built from ZrsO,(OH), clusters.l! Recent
studies have begun to more specifically delineate the effects
of synthetic parameters like pH, precursor source and concen-
tration, and solvent type on the cluster structures formed in
solution.]

In general, a wide variety of parameters affect the cluster
formation, nucleation, and growth of MOF crystals, including
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temperature, pressure, pH, solvent, precursors, or choice of
modulators to compete with the linker and allow for more
controlled MOF growth.®l During the synthesis of NU-1000,
for example, using biphenyl-carboxylic acid instead of ben-
zoic acid as the modulator prevents the formation of the
denser NU-901 phase, allowing for the synthesis of phase pure
NU-1000 particles.l”) Importantly, water is known to play a cru-
cial role during the formation of Zr-based MOFs.[® In fact, the
formation of ZrsO4OH), clusters requires hydrolysis of the
ZrCl, or ZrOCl,-8H,0 precursors.}#8¢1% The amount of water
added during synthesis of Zr-based MOFs can therefore influ-
ence both the phase of the formed MOFs, the crystallization
rate, and the resulting particle size.8¢1%¢11l When synthesizing
UiO-66, for example, a higher water content in the reaction
increases the formation rate of the Zr¢O,(OH), clusters, which
in turn enhances the rate of crystallization of Ui0-66." On the
contrary, when no water is present, Zr;O,(OH), clusters do not
form and instead, reaction at 220 °C yields the polymorph MIL-
140A which consists of Zr,0, chains.B33 However, investigation
into the role of water on the formation of Zr-MOFs and poten-
tial intermediates remains sparse to date.

The many factors that influence the growth of MOF par-
ticles allow a great deal of control and tuning of the reaction
conditions toward the formation of a desired product. At the
same time, however, the multitude of factors and their complex
interplay inherently leads to a high level of irreproducibility in
the synthesis of phase-pure MOFs, especially when the crys-
tallization pathway of a MOF is unknown. This is especially
apparent in porphyrinic Zr-based MOF formation, where the
phase formed depends on the modulator used, its concentra-
tion, the reaction temperature and time, and other less control-
lable factors.[B12] Synthesis of these MOFs thus often involves
laborious screening of reaction conditions between research
groups, leading to the existence of multiple synthetic protocols
for the same MOF, but also formation of different phases when
seemingly following the same protocol. This greatly impedes
scientific progress in MOF chemistry and results in rejection
for the use of these materials in large scale applications.12>13]

Understanding the critical instances during MOF formation
can help to better control the growth of phase-pure products as
well as help to decipher the complex landscape of MOF forma-
tion and potentially address formation of previously unknown
MOF phases. Despite vast research efforts, the nucleation and
growth processes of MOFs remain a black box for most frame-
works. One reason is that the crystallization path not only
depends on the composition of the reaction mixture, but also
on sometimes subtle changes in reaction conditions.®* Two
common models exist to describe the formation of MOFs: clas-
sical and non-classical. In the classical pathway, the monomers
(i-e., linker and metal nodes) first spontaneously form crystal-
line nuclei, which then grow into well-faceted MOF crystals via
the sequential layer-by layer deposition of building units onto
the nuclei.™ An example of this is HKUST-1, where the MOF
particles were shown to grow directly from solution.l® The
non-classical pathway comprises multiple steps during which
clusters of metal ions and linkers aggregate to form non-crys-
talline intermediates, which then transform into crystalline
MOFs.[7] ZIF-8, for example, nucleates from solution via three
distinct steps. Initially, the solution separates into solute-rich
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and solute-poor regions. Subsequently, the solute-rich phases
condense into dense amorphous metal-organic aggregates,
which in turn crystallize to MOF nanoparticles in the third
step.l”l Synthesis of MOF-5 in turn was shown to form crys-
talline Zns(OH)g(NOs),-2H,0-1,4-BDC (BDC = 14-benzene-
dicarboxylate) nanoplatelets at first. These aggregate into lay-
ered inorganic—organic composites followed by nucleation of
MOF-5 inside the composite.l Given the variability and com-
plexity of these formation processes, it is necessary to study for-
mation mechanisms and synthetic protocols for individual sys-
tems in order to understandand, hopefully, gain better control
over the formation of phase-pure products.

This work sheds light on the formation mechanism of dis-
ordered PCN-224 (dPCN-224), a porphyrin-based Zr-MOF
belonging to one of the most prominent classes of frame-
works (Figure 1a). Different structures were originally pub-
lished as PCN-221 and MOF-525, but the presence of disor-
dered Zry clusters and a large percentage of linker vacancies
was recently identified, helping to establish it as a disordered
variation of PCN-224.181 As laid out in our previous publica-
tion, the synthesis of phase-pure dPCN-224 is challenging
and often yields multiphase mixtures of porphyrinic MOFs
instead.[1?" Besides dPCN-224, six more MOF structures were
reported from the same building blocks (Figure 1b—g) with
coordination numbers of the Zr-oxo clusters varying from 6 to
12: PCN-224 (6-connected), PCN-222/MOF-545, PCN-225, and
NU-902 (all 8-connected), and PCN-223 and MOF-525 (both
12-connected).321 The different frameworks can have dif-
ferent lattices (e.g., dPCN-224 and PCN-222 are cubic and hex-
agonal, respectively) as well as variable ordering of linker vacan-
cies (dPCN-224 has disordered linker vacancies and cluster
orientations compared to PCN-224, see above), both of which
affect the resulting properties.'#1%¢4201 Synthesis of a phase
pure product is therefore key when studying structure—property
relationships toward improved functionality in, for example,
(photo)catalysis or adsorption related applications.

Here, we study the formation of dPCN-224 and the effects of
Zr source, thereby reporting a non-classical nucleation pathway
via an intermediate state. Our study is arranged as follows:
First, we discuss the effects of the Zr source and water content
on the MOF product. Then, we discuss the formation pathway
of dPCN-224 using different Zr sources, step-by-step, as inves-
tigated using powder X-ray diffraction (PXRD), pair distribu-
tion function (PDF) analysis, and scanning electron microscopy
(SEM). Finally, we conclude by discussing the important role of
water during the synthesis of phase pure dPCN-224, and more
generally Zr-based MOFs.

2. Results and Discussion

2.1. Role of the Zirconium(IV) Chloride Source and Water Con-
tent on Product Formation

Our investigations were set into motion by a timely discovery;
we observed the formation of different products depending
on the storage conditions of the precursor material. Two dif-
ferent ZrCl, sources were used: ZrCl, that had remained
stored in a glovebox (ZrCl,_GB) and ZrCl, that had been
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Figure 1. Structures of a) dPCN-224 with disordered linker vacancies,® b) PCN-224,1%4 ¢) the as-reported MOF-525 model,l*? d) PCN-223,%bl
e) PCN-222,%1 f) NU-902,*l and g) PCN-225.1%¢1 All MOFs are built from ZrgO,(OH),4 clusters and tetrakis (4-carboxyphenyl)porphyrin (TCPP) linkers.

stored in a closed jar under ambient conditions for several
months prior to synthesis (ZrCl,_lab) (see Figures S1-S6, Sup-
porting Information, for more information on precursors). A
solvothermal reaction was performed according to a proce-
dure published for PCN-224 by reacting ZrCl, and tetrakis(4-
carboxyphenyl)porphyrin (TCPP) linker under addition of
benzoic acid as modulator."®¥ ZrCl,_GB and ZrCl,_lab yielded
different products after a 24 h reaction. Neither yielded PCN-
224 (i.e., the structure with ordered linker vacancies, indicated
by superstructure reflections at 3.2° and 5.5° 26 as shown by
PXRD analysis [Figure 2a,b]). Instead, ZrCl,_lab yielded the
dPCN-224 variant dPCN-224, whereas ZrCl,_GB resulted in
an unknown, disordered product. Notably, only a few sharp
reflections are observed in the PXRD pattern for the unknown
product, which occur at similar positions to the (h00) (where
h = 2n) reflections of dPCN-224 (Figure 2b).'®l SEM imaging
shows cubic particles as expected for dPCN-224 synthesized
from ZrCl,_lab, but highly anisotropic, rod-shaped particles
from ZrCl,_GB (Figure 2¢,d).

Nitrogen sorption measurements were used to determine the
porosity and surface area of the product materials (Figure 2e,f
and Section S4, Supporting Information). ZrCl,_lab showed a
Type I isotherm with micropores of 2.0 nm and a Brunauer—
Emmett-Teller surface area of 2288 m? g™\. In contrast, the
rod-shaped particles obtained from ZrCl,_GB showed a Type II
isotherm, typical for non-porous or macroporous structures.l?!

Why did ZrCl,_lab promote the formation of dPCN-224,
while ZrCl,_GB did not? In fact, PXRD analysis revealed that
the different ZrCl, storage conditions result in different pre-
cursor materials. While ZrCl,_GB was found to contain a mix-
ture of the monoclinic?? and orthorhombic?®l ZrCl, phases,
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ZrCl,_lab—which had aged in the lab over several months—
showed a completely different set of peaks with a significantly
lower crystallite size (Figures S3-S5, Supporting Informa-
tion). As of yet, we could not match the pattern to any known
structures.

Further tests were carried out to investigate the effects of
storage time and geometry on the precursor. We left ZrCl,_GB
to age under ambient conditions for up to 3 days, making
ex situ PXRD measurements. In this instance, we found that
the products showed a completely different pattern than for
ZrCl_lab. The precursors aged for 1 and 3 days (ZrCl,_1d
and ZrCl,_3d) were tested as precursors for the MOF syn-
thesis. PXRD analysis showed that both yielded crystalline
MOFs when compared to ZrCl,_GB. Synthesis from ZrCl4_1d
yielded a product mixture of the porphyrin-based MOFs PCN-
222 and NU-902, while ZrCl,_3d yielded phase pure dPCN-224
(Figure 3a and Figure S7, Supporting Information). With respect
to morphology, the use of ZrCl,_1d resulted in rod-shaped par-
ticles characteristic of PCN-222 and NU-902, while ZrCl,_3d
produced cubic particles typical of dPCN-224 and resembling
the product obtained from ZrCl,_lab (Figure 3b,c).l131%

Two separate in situ measurements were performed to
track the progression of ZrCl,_GB on exposure to ambient
air (at 50%RH in the laboratory). In one test, we spread fresh
ZrCl,_GB across polyimide tape with a high surface area
exposed to air and measured PXRD in a transmission geom-
etry. In the second test, the fresh ZrCl,_GB powder was loaded
into a polyimide capillary with one end open and pinholes
poked along the sides. During the former test, the starting
ZrCl, phases were observed to rapidly transform, first forming
the material observed for ZrCl,_lab in under 2 min, and then
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Figure 2. PXRD patterns of products obtained from a) ZrCl,_lab and b) ZrCl,_GB after 24 h reaction time compared to the simulated (sim.) patterns of
dPCN-2241"® and PCN-224.1% SEM images of products obtained from c) ZrCl,_lab and d) ZrCl,_GB; scale bar = 5 um. e) Nitrogen sorption isotherm
(77 K) of products obtained from ZrCl,_lab and ZrCl,_GB after 24 h reaction time. f) Pore size distribution of the productobtained from ZrCl,_lab.

further transforming to the material observed for ZrCl, 1d
and ZrCl,_3d within =20 min (Figures S4 and S5, Supporting
Information). The observed behavior may be explained by
the (partial) hydrolysis of hygroscopic ZrCl, when exposed to
ambient air, forming ZrOCl,-8H,0, correctly expressed as
[Zr4(OH)g(H,0);6]Clg-12H,0 (Figure S5, Supporting Infor-
mation), suggesting that the amount of water in the reaction
mixture is impacted and influences product formation. We
attempted to index the phases using structures in the Inor-
ganic Crystal Structure Database as well as reference patterns
contained in the Powder Diffraction File of the International
Centre for Diffraction Data. The first two peaks of the ZrCl,_3d-
type materials do, in fact, show similar positions to the peaks
tabulated for the ZrOCl,-8H,0 structures, however there is
not an unambiguous indexing, with some similarities to other
proposed hydration states (Figure S5, Supporting Information).
The phase(s) present in ZrCl, lab do not show any major simi-
larities to the referenced patterns, though it appears from the
in situ measurements that this should be at an earlier stage of
hydration/hydrolysis. In the capillary test, we found no major
transformation, even after 17 h, (Figure S4, Supporting Infor-
mation). The results suggest that transformation readily occurs
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at the surface, which can then act as a barrier to further water
uptake into the bulk. Thus, uncontrolled, a batch of precursor
exposed to any air is likely to contain a heterogeneous distribu-
tion of states from anhydrous to fully hydrolyzed, depending
on, for example, the geometry of the storage container and
where the batch is sampled.

To test the role of water in phase formation, apart from the
precursor, the reaction was also performed with ZrCl,_GB, after
addition of 20-50 uL water (2.2 and 5.5 eq. H,0 compared to
ZrCl,) yielding ZrCl,_20puL and ZrCl,_50uL, respectively. When
20 uL of water was added to the reaction, a mixture of PCN-
222/NU-902 was formed after 24 h, similar to the synthesis
from ZrCl,_1d (Figure 3a and Figure S8, Supporting Informa-
tion). In contrast, addition of 50 uL water yielded dPCN-224
(Figure S9, Supporting Information). Compared to the syn-
thesis from ZrCl,_GB, the addition of water directly to the reac-
tion therefore also promoted the formation of crystalline frame-
works built from ZrsO,(OH),. SEM images show that sample
ZrCl,_20uL formed thin rods that aggregated onto the surface
of hexagonal rods (Figure 3d), while sample ZrCl,_50uL yielded
intergrown, cubic particles (Figure 3e). Overall, these findings
suggest that the degree of ZrCl, hydrolysis, or likewise the
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Figure 3. a) PXRD patterns of the products obtained from ZrCl,_GB that was left to age for 1 day (ZrCl,_1d) and 3 days (ZrCl,_3d) prior to reaction,
and from ZrCl,_GB under addition of 20 puL (ZrCl,_20uL) and 50 pL (ZrCl,_50uL) water compared to the simulated patterns of dPCN-224, PCN-222,
and NU-902. SEM images of the products obtained from b) ZrCl,_1d, c) ZrCl,_3d, d) ZrCl,_GB with 20 pL water, and e) ZrCl,_GB with 50 puL water.

Scale bar =5 um.

quantity of water in the reaction, guides framework formation
and is essential for the growth of dPCN-224.

2.2. Time-Dependent Study from Different Zirconium(IV)
Chloride Sources

To further elucidate the crystallization process of dPCN-
224, time-dependent experiments were carried out during
the synthesis from both ZrCl,_GB and ZrCl,_lab (see
Sections S1, S4, and S5, Supporting Information, for further
details). PXRD analysis and SEM imaging of the products
revealed that multiple products were formed during the reac-
tions (Figures 4 and 5).

Synthesis from ZrCl,_GB yielded two different product
types, depending on the reaction time (Figure 4). Synthesis
times of less than 1 h led to string-like particles with a width of
=30-50 nm consisting of an unknown first phase. The PXRD
pattern could not be assigned to any known Zr-TCPP-based
framework. When the reaction time was extended to 24 h, we
observed the formation of a second unknown phase with reflec-
tions at 4.64°, 9.28°, and 13.93° 26. Increase of the reaction time
up to 20 days led to an apparent aggregation of the anisotropic
particles (SEM), but did not substantially change the phase
structure (PXRD), suggesting that dPCN-224 cannot form from
ZrCl, GB.

Similarly, the use of ZrCl,_lab also yielded two unknown
products at the beginning of the reaction with PXRD patterns
resembling those of the products obtained from ZrCl,_GB

Adv. Mater. 2024, 36, 2210613 2210613 (5 of 16)

(Figure 5), suggesting a similar initial reaction pathway. How-
ever, unlike ZrCl,_GB, further transformation was observed
with increasing reaction time. Reaction for 2 h yielded a mix-
ture of hexagonal PCN-222 and cubic dPCN-224. Increasing
the reaction time to 6 and 18 h decreased PCN-222 in favor of
dPCN-224. After 24 h, phase pure dPCN-224 was obtained.

Corresponding SEM imaging showed changes of the MOF
particle morphologies over time. Similar to ZrCl,_GB, string-
like particles were obtained after 2 min and 1 h, respectively.
Remarkably, few cubic particles grew on the surface of the rods
after 1 h. As the reaction time increased, thicker hexagonal rods
were observed, which are characteristic of PCN-222.1°1 From
2-18 h, a large number of truncated cubes in the size range
of 300-600 nm, and later up to 5 um, grew from the surface
and appeared to consume the rods (Figure 5 and Figure S12,
Supporting Information). After 24 h, no rods were left, and the
remaining dPCN-224 particles adopted a cubic morphology
with sizes between 400 and 700 nm.

2.3. Identifying the Unknown Phases Formed during Synthesis
from Zirconium(IV) Chloride

During the reactions of both ZrCl, lab and ZrCl,_GB, the
first product obtained after short reaction times consisted of
particles with a string-like morphology. Elemental analysis
revealed that this product is purely organic and energy dis-
persive X-ray analysis showed the presence of chloride in
the sample (Sections S6 and S7, Supporting Information).
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Figure 4. PXRD patterns (left) and SEM images (right) from the products obtained during synthesis from ZrCl,_GB after 2 min, 1, 24, 48 h, 4, and
20 days reaction time. After 2 min and 1 h an organic product was formed whereas reaction for 24, 48 h, 4, and 20 days yielded a metal-organic product.

NMR spectroscopy was used to probe the organic products.
The product only consisted of TCPP and did not contain the
benzoic acid modulator (Figure S19, Supporting Informa-
tion). The intense green color (Figure S23, Supporting Infor-
mation) of the product indicated that the TCPP species was
protonated.?¥ Neutral TCPP (H,TCPP) can be successively
protonated to form the monocationic (H;TCPP*) and dica-
tionic (H4TCPP?*) forms, thereby changing the color from
purple to green.?*?’! The combined evidence suggests that
for both sources, the initial product consists of molecular
H,TCPP?* crystals, where the positive charges are balanced

Adv. Mater. 2024, 36, 2210613 2210613 (6 of 16)

by chloride anions. The crystal structure of this TCPP phase
will be subject of future studies.

After the formation of the H,TCPP?*"-based intermediate,
a second unknown intermediate formed during the synthesis
from both Zr sources. This product was isolated after 1 h when
employing ZrCl,_lab, and after 24 h-20 days when employing
ZrCl,_GB. NMR analysis after digestion confirmed the pres-
ence of both TCPP and benzoic acid (Figures S20-S22, Sup-
porting Information), and elemental analysis revealed that this
second product contained Zr (Table S4, Supporting Informa-
tion). In other words, a metal-organic compound formed at
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Figure 5. PXRD patterns from the products obtained during synthesis from ZrCl,_lab after 2 min and 1 h reaction time, and Rietveld refinements and
residual values Rw of PCN-222[*dl and dPCN-224['8 against observed patterns from the products obtained during synthesis from ZrCl,_lab after 2, 6,
18, and 24 h reaction time (left). After 2 min a first unknown phase (organic product) was formed, whereas reaction for 1 h yielded a second unknown
phase (metal-organic product). The SEM images show a transformation of the particles’ morphology with increasing reaction time (right).

this stage of the reaction. PXRD analysis showed reflections
at similar angles to the 200, 400, and 600 reflections in dPCN-
224, indicating a periodic ordering similar to dPCN-224 along
at least 1D. Electron diffraction also showed 1D order with a
periodicity of =19.65 A, in agreement with the PXRD data and
the intercluster spacing of dPCN-224 (Figure S24, Supporting
Information).

To understand the local structure, the samples formed
from ZrCl,_GB after 24 h and 20 days (ZrCl,_GB_24h and

Adv. Mater. 2024, 36, 2210613 2210613 (7 of 16)

ZrCl,_GB_20d) and the samples formed from ZrCl,_lab after
1and 24 h (ZrCl,_lab_1h and ZrCl,_lab_24h) were investigated
with PDF analysis (Table 1, Figure 6, and Section S11, Sup-
porting Information). Interestingly, the local structure from 0
to 10 A differs significantly between the samples obtained from
ZrCl,_GB and ZrCl,_lab. The PDFs of ZrCl,_lab_1h and ZrCl,_
lab_24h, which consist of the metal-organic intermediate
compound and dPCN-224, respectively, are very similar. Both
PDFs feature peaks at 2.24, 3.53, and 4.92 A. These correspond
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Table 1. Comparison of samples characterized via pair distribution func-
tion analysis indicating the Zr source, reaction time, and Zr node that
best describes the local structure.

Sample Zrsource  Reaction time Zr nodes
ZrCl,_lab_1h ZrCly_lab 1h ZrgOg
ZrCl,_lab_24h ZrCly_lab 24 h ZrgOg
ZrCl,_GB_24h ZrCl,_GB 24 h Best described by [Zr,0,)],
ZrCl,_GB_20d ZrCl,_GB 20 days Best described by Zr,0, dimers,

Zr-oxo chains, or Zr,0; tetramers

to Zr-O, adjacent Zr-Zr, and diagonal Zr-Zr pair distances
in a ZrsOg cluster.™ The inorganic nodes in the ZrCl, lab_1h
sample therefore consist of ZrsOg clusters revealing that the
hexanuclear Zr clusters in dPCN-224 form already during the
early stages of the reaction.

Differences in cluster formation as a function of water con-
tent are expected. Several studies highlight the key role of water
content in metal-oxide cluster formation. Ragon et al. showed
that in the absence of water, reaction of ZrCl, and BDC in N,N-
dimethylformamide (DMF) formed an amorphous product
instead of Ui0-66.M They argued that water is needed to
form the secondary building unit Zrg(u3—0)4(13—OH)4(COy)1,
and hence UiO-66. Another study by Butova et al. showed
that in the absence of water, the MOF polymorph MIL-140A
built of Zr,0, chains forms instead of UiO-66.32 Leubner et
al. further reported that MIL-140A forms from dense, layered
Z1,0,(0Ac),(BDC) (OAc = acetate) intermediates that fur-
ther transform into porous MIL-140.1281 This last example may
suggest an analogous pathway for the dPCN-224 formation
observed from ZrCl,_GB where an intermediate formed before
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( .
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z-0 |
I
|
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|} ]
s \ 1
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nucleation of dPCN-224 particles. Recently, a study of structures
forming in solution found that [Zry,(OH)g(OH,)¢]**-tetramers,
the same found in the crystal structure of ZrOCl,-8H,0, are
preferred in aqueous solution.”"!

Inspired by this, we compared the experimental PDFs
of ZrCl,_GB_24h and ZrCl,_GB_20d—which did not form
Zrs04(OH),4 clusters—to simulated PDFs of a variety of Zr-oxo
species including [Zr,0,], chains of different lengths (x = 2, 3,
or, 6), derived from a Zr,0,(OAc),(BDC) precursor (Section S11,
Supporting Information).?®! Interestingly, the [Zr,0,], chain
models include the peak at 3.95 A, which corresponds to next-
nearest neighbor Zr-Zr distances between two Zr,O, units
(Figure7a,b).

When comparing the PDF of ZrCl, GB_20d to the simu-
lated PDFs ZrsOg clusters versus [Zr,0,],, the Pearson corre-
lation coefficient (PCC), which measures the linear correlation
between experimental and theoretical PDFs, increased from
0.587 to 0.837. Thus, the inorganic nodes in ZrCl, GB_20d
show higher similarity to short segments of [Zr,0,], chains.

The experimental PDF of ZrCl,_GB_24h agrees less well
with the simulated PDF of the [Zr,0,], model (PCC = 0.723)
(Figure 7a). In fact, when comparing the PDF of ZrCl,_GB_24h
to the PDF of ZrCl,_GB_20d, the next-nearest neighbor Zr-Zr
distance increases from 3.38 to 3.45 A and the intensity of the
peak at 3.95 A decreases, which may indicate either a different
arrangement of Zr atoms in the inorganic nodes or a different
distribution of cluster types. For instance, the PDF of ZrCl,_
GB_24h showed the best agreements for Zr,0, dimers, Zr-oxo
chains, or Zr,0; tetramers (Figure 7c—e).

As discussed above, synthesis from both ZrCl,_lab and
ZrCl,_GB yielded metal-organic compounds with a periodicity
of 19 A, which suggests alternating Zr nodes and TCPP linkers.

b)
o ZrCl,_GB_24h
1.01 \ — 7rCl,_GB_20d
0 ---- sim. Zrg cluster

Zr-0

G/A?

0 1 2 3 4 5 6 7 8 9 10
r/A

Figure 6. a) Experimental PDFs of ZrCl,_lab_1h and ZrCl,_lab_24h after 1 and 24 h reaction, respectively, compared to the simulated (sim.) PDFs of a
ZrgOg cluster. b) Experimental PDFs of ZrCl,_GB_24h and ZrCl,_GB_20d after 24 h and 20 days reaction, respectively, compared to the simulated PDFs
of a ZrgOg cluster. Compared to ZrCl,_GB_24h, the PDF of ZrCl,_GB_20d features a peak at 3.95 A (*) which likely corresponds to next-nearest neighbor
Zr-Zr distances between two Zr,O, units. The first peak in the experimental PDFs at =1.4 A comes from nearest neighbor pairs within the TCPP linkers.
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Figure 7. a) Experimental PDFs of ZrCl,_GB_24h and ZrCl,_GB_20d compared to the simulated (sim.) PDF of a [Zr,0,], unit. b) [Zr,0,], unit with
nearest and next-nearest Zr-Zr distances of 3.34 and 3.94 A, respectively. c—e) Experimental PDFs of ZrCl,_GB_24h compared to sim. PDFs of a
Zr,0, dimer, a [ZrO,); chain, and a Zr,O; tetramer, respectively, which are shown in insets. The PCC value corresponds to Pearson correlation coef-
ficient. All PDF curves have been renormalized for visual comparison such that the height of the Zr-O peak equals 1.

Although, since we appear to observe different node structures
in the products of ZrCl,_GB, it suggests that similar motifs can
form with different Zr-oxo nodes. PDF analysis provided fur- 15
ther information on the ordering of products (Figure 8). The ’
intermediate-range atomic density distributions from 10-50 A W
revealed periodic oscillations for all four samples. The PDF of

ZrCl,_lab_24h showed broad features at long distances due to X3
the periodic arrangement of tilted Zr;O,(OH), clusters in dPCN- 1.0 1
224 and some sharp peaks (e.g., 24-30 A) due to preferred inter- -
cluster Zr-Zr pair distances. As suggested by the few Bragg

reflections in reciprocal space, ZrCl,_lab_1h also showed broad, o W\/\/\J\w
high-r features, albeit at relatively lower intensity compared to <€ 0.5 x3
those of ZrCl,_lab_24h. It also showed sharp peaks at the inter- o
cluster distances (15-30 A), suggesting that metal-organic oli- 10 20 30 40 50 60 70 80 90 100
gomers with intermediate-range order between the nearest and
next-nearest neighboring Zr;O,(OH), clusters formed after 1 h.

The products obtained from ZrCl,_GB at 24 h and 20 days
also both showed broad, high-r peaks, but without sharp peaks

at the intercluster distances, indicating a different, and possibly ZrCl4_lab_1h ZrCl4_GB_24h
more disordered arrangement of Zr nodes along the ordered —— 2rCl4_lab_24h —— ZrClg_GB_20d
directions. 0.5 T y T T T T T T T

The 50-100 A range gave further insights into the mid-range 0 10 20 30 40 50 60 70 80 90 100
order (Figure 8). In the PDFs of ZrCl,_lab_1h and ZrCl,_GB_24, r/A

the oscillations above 50 .A were weak, indicating a lower dis- Figure 8. Experimental PDFs of ZrCl,_lab_1h, ZrCl,_lab_24h, ZrCl,_
tance of coherent ordering, whereas the dPCN-224 sample  GB_24h, and ZrCl,_GB_20d PDF in the long range. Inset shows enlarged
(ZrCly_lab_24h) retained oscillation and sharp peaks due to  views (scaled x3) of the oscillation in the long range.
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a higher degree of long-range order. ZrCl, GB_20d featured
stronger oscillation in the high-r atomic density distribution
relative to the product obtained after a 24 h reaction. Increasing
the reaction time therefore yielded a product with longer-range
order. Whereas the diffraction peaks for both intermediate and
final samples are sharp in reciprocal space, the difference in
perceived ordering may partly reflect that the order is 3D in
ZrCl,_lab_24h but primarily 1D in the intermediate phases.

To summarize, the use of ZrCl, lab led to fast forma-
tion of ZrsOg clusters, whereas reaction from ZrCl,_GB pro-
duced different clusters, even at extended reaction times. The
Zr-oxo nodes formed after 24 h reaction with ZrCl4_GB could
not be unambiguously identified, but showed highest simi-
larity to PDFs simulated for Zr,0, dimers, ZrO chains, or
Z1,0; tetramers, whereas the product formed after 20 days
appears to favor [Zr,0,],-like units. All compounds featured
periodic arrangement of altering Zr nodes and TCPP molecules
in the intermediate range, and the ordering increased with
increasing reaction times.

2.4. Control Experiment Using Zirconyl Chloride as a
Zirconium Source

To further test the effects of precursor type and water content,
we used ZrOCl,-8H,0 as the Zr source, which is also widely
used for the synthesis of porphyrin-based Zr-based MOFs, and
conducted the same time-dependent study. The same one-step
procedure was performed as before in which ZrOCl,-8H,0,
TCPP, and benzoic acid were reacted in DMF at 120 °C for 15,
30, 60, 90 min, 4, and 24 h (see Table S3, Supporting Informa-
tion, for further details).

The PXRD patterns revealed a similar formation pathway of
dPCN-224 as for ZrCl,_lab. The patterns collected after 15 min
to 24 h of reaction time showed a transformation from the 1D
ordered, metal-organic intermediate to crystalline dPCN-224
(Figure 9). After 30 min, new broad peaks appeared between
3.50° and 10.60° 26, suggesting an onset of 3D ordering of the
metal-organic intermediate. The PXRD pattern of the product
isolated after 1 h showed that dPCN-224 started to form from
the intermediate. Longer reaction times yielded dPCN-224 as
product. Interestingly, only minor PCN-222 or NU-902 impu-
rities were formed when using ZrOCl,-8H,0 (Figure 9 and
Figure S10, Supporting Information), unlike the synthesis from
ZrCl,.

The morphology of the particles was verified by SEM
(Figure 9). Rice-shaped particles of =250 nm were formed
after 15 min, which transformed into 3-5 um long rods after
30 min. After 1 h, cubic nanoparticles formed on the surface of
the rods, which likely marks the onset of 3D MOF formation.
As the reaction progressed, the small cubes grew into 3—4 pm
wide intergrown particles and the rods disappeared (Figure S12,
Supporting Information). After 24 h, only cubic nanoparticles
(200-500 nm) were observed.

PDF analysis revealed that the intermediate formed after
30 min during synthesis with ZrOCl,-8H,0 resembles the
intermediate formed from ZrCl,_lab after 1 h (Figure 10a).
Again, the product features the characteristic peaks at 2.24,
3.53, and 4.92 A, which correspond to the Zr-O, adjacent
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Zr-Zr, and diagonal Zr—Zr distances of a Zr¢Og cluster. Similar
to ZrCl_lab_1h, the product shows periodic oscillation between
20 and 100 A, indicating a periodic arrangement of alternating
Z1s0g cluster and TCPP linkers. Compared to ZrCl, lab_1h,
the peaks around 25 and 45 A are sharper and the oscillation
remains strong above 50 A, which indicates a more ordered
structure (Figure 10b). This is in agreement with the PXRD
analysis, which showed additional peaks and more ordering in
the intermediate formed from ZrOCl,-8H20 (Figure 10c).

2.5. Proposed Mechanism of dPCN-224 Growth

From this study, it is clear that the Zr source and water con-
tent influence product formation. While synthesis from neat
ZrCl,_GB did not form ZryOg clusters and, hence, dPCN-224,
synthesis from ZrCl, lab that had aged under ambient condi-
tions for several months yielded crystalline dPCN-224. Use of
ZrOCl,-8H,0 as the Zr source, which is also widely used for
the synthesis of porphyrin-based Zr-based MOFs, also yielded
dPCN-224. In both cases, however, dPCN-224 does not follow
the classical nucleation path, that is, it does not homogeneously
crystallize from solution (Figure 11). Instead, partly disordered
intermediates are first formed, consisting of 1D-ordered motifs
of alternating linker and node, which are present as highly
anisotropic, aggregated rods. Then, nucleation of cubic MOF
structures takes place heterogeneously on the surface of the
intermediate particles and eventually consumes them, resulting
in the final dPCN-224 product.

The observed steps in the synthesis of dPCN-224 from
ZrCly_lab and ZrOCl,-8H,0 allow us to propose the following
nucleation and growth mechanism for the formation of dPCN-
224 under the tested reaction conditions (Figure 12). Initially,
a purely organic TCPP-based product forms (step 1). It is not
clear whether this organic product takes part in the nucleation
of metal-organic species or whether it is simply a transient
side product. Following this, metal-organic intermediates
consisting of ZrgOg cluster and TCPP molecules form (step
2), which grow into microrods (step 3). The crystallites show
1D periodicity with a repeating unit of 19 A, suggesting that
motifs with an alternating arrangement of Zr¢Og clusters and
TCPP molecules are ordered within the rods (Figure S30, Sup-
porting Information). As shown from PDF analysis, the rods
feature ordering in the intermediate range between the nearest
and next-nearest neighboring ZrsOg clusters. We speculate
that the rod-shaped intermediates consist of a large number of
small ZrgOg—TCPP chain-like domains, which are bridged by
TCPP molecules. Once the metal-organic rod intermediate is
formed, dPCN-224 starts nucleating on the surface of the rods,
suggesting that the metal-organic intermediate possibly acts
as template and source of Zr-oxo clusters and TCPP linkers
(step 4). With increasing reaction times, the dPCN-224 cubes
increase in size whilst the intermediate is consumed (step 5).
Once the intermediates have been completely consumed, the
dPCN-224 crystals progress to a more monodisperse distri-
bution of smaller dPCN-224 single crystals (step 6) in a size-
focusing step. Step 6 shares similarities to digestive ripening
(or reversed Ostwald ripening) via surface etching of capping
agents where smaller particles form at the expense of larger
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85UB017 SUOWIWIOD SAIERID 3(dedl|dde 8Ly Aq peusenob ae sapiie YO ‘8sN JO Sa|nJ 0 A%iq1T8UIIUO AB]IM UO (SUORIPLOD-PLR-SULBYWI0D A8 | 1M Ale.dl1|Bul [UO//:Sdny) SUONIPUOD Pue SLWLB | 8L 88S " [202/70/S0] Uo Areiqiauluo A8|1M YeYioljaiqriueZ - AS3A A ET90TZZ02 BWIPe/Z00T 0T/I0p/od A | 1M Ariq1euljuo//sdny wouy pepeojumod ‘ZT ‘v202 ‘S60rT2ST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

*

*
b
>

dPCN-224
* ‘ Rw =5.0 %
—-—-‘"‘ v
dPCN-224
/ 4 ﬂ Rw =6.0 %
~4.—_.hﬁ —
dPCN-224

(* PCN-222-like impurity)

Rw=74%

Normalized Intensity / arb. units

022
—222

Metal-organic product
(ZrOCl,, advanced)
+ dPCN224

Metal-organic product
(ZrOCl,, advanced)
+ dPCN224

Metal-organic product

:
o
)

(zrocl,)
+ dPCN224
6 8 10 12 14 16 18 20

26/° (CuKa,)

Figure 9. PXRD patterns from the products obtained during synthesis from ZrOCl,-8H,0 after 15, 30, and 60 min reaction time. Rietveld refinements
and residual value Rw of dPCN-224 are shown against observed patterns from the products obtained during synthesis from ZrOCl,-8H,0 after 90 min,
4, and 24 h reaction time (left). After 60 min, dPCN-224 started to form as indicated by the peaks at 6.4° and 7.9° 20 which correspond to the 022 and
222 indices of the dPCN-224 phase. After 90 min, the product mostly consists of dPCN-224 but contains small impurities of a PCN-222-like product,
highlighted with an asterisk (*) that could not be modeled (Figure S10, Supporting Information). The SEM images show a transformation of the
particles morphology with increasing reaction time (right). Further SEM images are shown in Figure S12, Supporting Information.

particles, and further investigation of this process will be the
focus of future work.[?’]

It is worth highlighting that PCN-222 forms as intermedi-
ates during synthesis of dPCN-224. This is in contrast to other
studies on the synthesis of porphyrinic Zr MOFs in which
hexagonal PCN-222 was the thermodynamic product compared

Adv. Mater. 2024, 36, 2210613 2210613 (11 of 16)

to cubic porphyrinic MOFs.[812l Judging from the SEM images

during synthesis from ZrCl,, it appears that PCN-222 forms
from the same metal-organic intermediate, suggesting a sim-
ilar formation path for these two MOF phases under the tested
conditions before at some point their speciation diverges.
Compared to the synthesis from hydrolyzed ZrCl,, only minor
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Figure 10. a) Experimental PDFs of products obtained from ZrOCl,-8H,0 after 30 min reaction (ZrOCl,_30min), compared to the PDF of ZrCl,_lab_1h
and to the simulated PDF (sim.) of a ZrgOg cluster. b) Experimental PDFs of ZrOCl,_30min and ZrCl,_lab_Th showing oscillation in the long range.

c) Comparison of the PXRD patterns of ZrOCl,_30min and ZrCl,_lab_1h.

impurities of a PCN-222-like intermediate are observed when
ZrOCl,-8H,0 acts as the Zr source. This could be explained by
higher amounts of water in the reaction from the coordinated
water in ZrOCl,-8H,0 through which the PCN-222 interme-
diate vanishes and dPCN-224 forms more quickly.

2.6. Importance of Water on the dPCN-224 Formation

The addition of water to the synthesis of Zr-based MOFs is
known to accelerate the formation of the framework. For
example, during synthesis of UiO-66, the presence of water
increases the formation rate of the ZrsO4(OH), cluster which in
turn allows for faster synthesis of the framework.l A similar

a) ZrCly_lab

24 h dPCN-224

18 h dPCN-224

6h dPCN-224

2h

60 min

2 min Organic product (ZrCl,_lab)

o

20 40 60 80 100
Composition / %

trend was observed for the formation of dPCN-224 when
increasing the amount of water in the reaction (Figure 13).
PXRD analysis revealed that reaction from ZrCl, GB with
20 uL water yielded mixtures of PCN-222 and NU-902 between
24 h and 4 days. After 12 days, however, a mixture of cubic
dPCN-224 and hexagonal PCN-222 was obtained showing that
at longer reaction times dPCN-224 eventually forms. In con-
trast, synthesis with 50 pL water in the reaction proceeded at
a faster rate. After 6 h, the product mostly consisted of dPCN-
224 with minor PCN-222/NU-902 like impurities and after 24 h
and 4 days reaction time, phase-pure dPCN-224 was obtained.
The increase of water in the reaction therefore considerably
accelerated the growth of dPCN-224 and reduces the amount
of the PCN-222-like intermediate formed during the reaction.

b) ZrOCl,-8H20
24 h dPCN-224
4h dPCN-224
*
90 min dPCN-224
60 min

30 min

15 min

o

20 40 60 80 100
Composition / %

Figure 11. Phase compositions of products isolated after different reaction times during synthesis of dPCN-224 from a) ZrCl,_lab and b) ZrOCl,-8H,0.
*Synthesis from ZrOCl,-8H,0 after 90 min reaction contained PCN-222/NU-902-like impurities.
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Figure 12. Schematic illustration of the six steps observed during dPCN-224 formation and corresponding SEM images during synthesis from ZrCl,_lab

(scale bar =2 pum).

These findings exemplify the importance of water in the
synthesis of dPCN-224, both as a stoichiometric reaction
partner and in terms of kinetics. ZrCl, is hygroscopic and
readily hydrolyses to ZrOCl,-8H,0 (correctly expressed as
[Zr4(OH)g(H,0)46]Clg-12H,0). The aging time of ZrCl, in
ambient conditions thus greatly affected the product forma-
tion in a 24 h reaction. In our study, neat ZrCl, that was left
to stand for 1 day (ZrCl,_1d) yielded a mixture of PCN-222 and
NU-902 as the products, whereas when left to age for 3 days
(ZrCl4_3d), it yielded phase-pure dPCN-224. However, the
daily temperature and fluctuations in relative humidity impact
the hydrolysis rate of ZrCl,. For instance, in some cases
ZrCl,_3d yielded mixtures of dPCN-224 and hexagonal PCN-
222 instead of dPCN-24 after 24 h, suggesting that the forma-
tion of dPCN-224 was slower, presumably due to less water in
the reaction (Figure S1la, Supporting Information). Another
point to consider is that DMF is also hygroscopic and will
also have varying quantities of water contamination (Table S1,
Supporting Information). Reaction from ZrCl,_GB in DMF
from a freshly opened bottle and from the same bottle after

a)

) J ZrCly_20uL_12d

ZrCly_20pL_4d

ZrCly_20pL_1d

sim. PCN-222

Normalized Intensity / arb. units

sim. NU-902

1 sim. dPCN-224

2 4 6 8 10 12 14 16 18 20

26/° (CuKa,)

keeping it in the laboratory for a month yielded different prod-
ucts which further exemplifies the importance of meticulously
controlling the water content during synthesis (Figure S11b,
Supporting Information). As a matter of fact, the formation of
Z1s04(OH), clusters, and thus of dPCN-224 requires hydrolysis
of the Zr precursor. Hence, the hygroscopic nature of both
ZrCly and DMF affects the growth of dPCN-224 and is a pri-
mary source for reproducibility issues across reactions and
laboratories. The choice of reactants and solvent, but also the
relative humidity and temperature all determine the amount of
water in the reaction and therefore need to be monitored with
caution when synthesizing porphyrinic Zr-based MOFs. More
generally, water is expected to have a pronounced influence
on the speciation and growth kinetics of all MOFs obtained
from an oxophilic zirconium source. While many of these fac-
tors are difficult to control, the use of ZrOCl,-8H,0—which
already contains coordinated water and is therefore less sen-
sitive to atmospheric moisture—replacing ZrCl, can reduce
the irreproducibility often encountered during synthesis of
porphyrinic Zr-based MOFs.[':28]

b)

ZrCl4_50uL_4d

ZrCl4_50uL_1d
A

=

ZrCl4_50uL_6h

sim. PCN-222

Normalized Intensity / arb. units

==:

A sim. NU-902
A Ara A

-

| sim. dPCN-224

2 4 6 8 1b 1'2 1'4 1'6 1'8 20
20/° (CuKa,)

Figure 13. PXRD patterns of the products obtained from ZrCl,_GB under addition of a) 20 uL water after 1-, 4-, and 12-day reaction time and b) 50 uL
water after 6-h, 1-, and 4-day reaction time. Peaks corresponding to dPCN-224 are highlighted with grey bars and the asterisks (*) indicates residual

PCN-222- or NU-902-like impurities.['81%d
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3. Conclusion

Our study on dPCN-224 formation from ZrCl, at difference
stages of hydration and hydrolysis shows that its formation
follows a complex pathway via at least one intermediate, com-
posed of ZrsOg clusters and TCPP molecules that form aniso-
tropic particles with apparently 1D-ordered chain-like motifs.
The intermediate then grows into larger rods, which serve as
nucleation surface for dPCN-224. As the reaction progresses,
dPCN-224 particles grow into single crystals, consuming the
intermediate. Interestingly, hexagonal PCN-222 particles were
intermittently obtained as a side product, indicating that the
formation of PCN-222 may occur via the same metal-organic
intermediate. This work thus illustrates the complex spe-
ciation process in Zr—porphyrin MOFs and the variety of Zr—
porphyrin-based intermediates formed in the same reaction
system as a function of water content. Insights into the local
and long-range structure of the formed intermediates further
suggests that controlling the reaction conditions can potentially
afford novel kinetic products with interesting properties.

In addition, we demonstrate that the Zr source and water
content can substantially change the reaction pathway during
dPCN-224 formation. Reaction from neat ZrCl, did not form
Z1504(OH),4 clusters, hence no dPCN-224 was formed. In fact,
water is necessary for the formation of ZrsO4(OH), clusters and
should be considered as a reactant during synthesis of dPCN-
224. Consequently, the aging time of ZrCl,, and by extension
the amount of water present, influences the composition of the
obtained product where ZrsO4(OH), clusters, and ultimately
dPCN-224, form faster with increasing water content in the
reaction. Whilst hydrolysis of the Zr precursor is key to the
formation of a crystalline product, analysis and discussion of
the water content during synthesis remains sparse in literature
despite its impact on the type of cluster formed, the reaction
pathway, and resulting framework. The lack of understanding
in this regard is likely the origin of reproducibility issues in
literature, highlighting the importance of carefully control-
ling the environment and history of all reaction ingredients,
the reaction itself, and monitoring synthesis with operando
tools to provide accurate synthesis protocols. In light of this,
our work emphasizes the importance of monitoring the pres-
ence of water in both the reagents and environment during
MOF crystallization, especially with regards to production scale
synthesis, and serves as a general guide to optimize synthetic
protocols toward phase-pure porphyrinic Zr-MOFs. Such con-
siderations are likely to be important for a much wider array
of MOFs, including all Zr-based MOFs obtained from oxophilic
precursors.

4. Experimental Section

Chemicals: TCPP was purchased from Tokio Chemical Industry.
Zirconyl chloride octahydrate, zirconium(lV) chloride (anhydrous),
benzoic acid, and acetone were purchased from Sigma Aldrich. DMF
was purchased from VWR. All chemicals were used as received without
further purification.

Synthesis from Different ZrCl, Sources: Synthesis was carried out
from neat ZrCly from the glovebox (ZrCl,_GB), ZrCl,_GB that was left
in air for 1 day (ZrCl,_GB_1d), ZrCl,_GB that was left in air for 3 days
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(ZrCl,_GB_3d), and ZrCl, that was left in air over several months (ZrCl,_
lab). In a typical synthesis, ZrCl, (120 mg, 0.510 mmol), benzoic acid
(1.60 g, 13.1 mmol), and TCPPH, (40.0 mg, 0.0506 mmol mg) were
dissolved in DMF (8 mL) in a 20 mL microwave vial by sonication for
2 min. The mixture was heated in an oven for 24 h at 120 °C. After
cooling, the product was collected by centrifugation and washed with
DMF (three times, 16 000 rpm/20 min/16 °C) and acetone (twice,
16 000 rpm/& min/16 °C). The product was soaked in acetone overnight,
washed with acetone once, and dried with supercritical CO,.

Synthesis from ZrCl,_GB with Addition of Water: ZrCl,_GB (120 mg,
0.510 mmol), benzoic acid (1.60 g, 13.1 mmol), and TCPP (40.0 mg,
0.0506 mmol) were dissolved in DMF (8 mL) in a 20 mL microwave
vial by sonication for 2 min. 20 uL (1.1 mmol) or 50 pL (2.8 mmol) of
water was added and the mixtures were heated in an oven for 24 h at
120 °C. After cooling, the product was collected by centrifugation and
washed with DMF and acetone following the procedure described above.
Centrifugation (16 000 rpm/5 min/16 °C) and supercritical CO, drying
yielded ZrCl,_GB_20uL and ZrCl,_GB_20uL as purple powders.

Time-Dependent Synthesis from ZrCl,_GB and ZrCl,_lab: ZrCl,_GB or
ZrCl,_lab (120 mg, 0.510 mmol), benzoic acid (1.60 g, 13.1 mmol), and
TCPP (40.0 mg, 0.0506 mmol) were dissolved in DMF (8 mL) in a 20 mL
microwave vial by sonication for 2 min. The mixtures were heated in
an oven for varying lengths of time at 120 °C (see Table S2, Supporting
Information, for more details). The products were immediately collected
by centrifugation, washed with DMF (except of ZrCl,_GB_2min, ZrCl,_
GB_1h, ZrCl,_lab_2min) and acetone following the procedure described
above and dried with supercritical CO,.

Time-Dependent Synthesis from ZrOCl,-8H,0: ZrOCl,-8H,0 (120 mg,
0.372 mmol), TCPP (40.0 mg, 0.0506 mmol), and benzoic acid (1.30 g,
10.6 mmol) were dissolved in DMF (8 mL) in a 20 mL microwave vial via
sonication. The solution was heated in an oven at 120 °C for varying reaction
times (see Table S3, Supporting Information, for more details), washed
with DMF (three times, 16 000 rpm/15 min/16 °C), and resuspended in
DMF (10 mL). The reaction mixture was activated with HCI (8 m, 0.50 mL)
in an oven (15 h, 100 °C). The suspension was washed with DMF (twice,
16 000 rpm/20 min/16 °C) and acetone (twice, 16 000 rpm/8 min/16 °C).
The mixture was soaked in acetone overnight and washed once with
acetone. The product was obtained as purple powder.

Instruments: Ultrasonication was conducted via an ELMASONIC S
100 bath equipped with a high-performance 37 kHz sandwich transducer
and state-of-the-art microprocessor. Centrifugation was performed with
a benchtop centrifuge Sigma-3-30K from SIGMA. The relative humidity
was measured with a Traceable humimeter from VWR.

Microscope Images: Microscope images were taken with a CMOS
camera connected to a DM2500 light microscope from LEICA.

Scanning Electron Microscopy: SEM was performed on a Merlin
SEM, Zeiss, with a secondary electron detector. The particle sizes
were measured with the software Image|. For SEM analysis, MOF
suspensions were spin-coated onto silicon wafers with a WS-650S-NPP
Lite device from LAURELL TECHNOLOGY CORPORATION.

NMR Spectroscopy: 'TH-NMR spectra were recorded on a JEOL ECZ
400S 400 MHz spectrometer.

Sorption Measurements: Sorption measurements were acquired on
a Quantachrome Instruments Autosorb iQ 3 with nitrogen at 77 K.
Samples were activated under high vacuum at 120 °C for 12 h before
measurement unless stated otherwise. The pore size distribution was
determined from nitrogen adsorption isotherms using the QSDFT
(cylindrical pores, adsorption branch) kernel in carbon for nitrogen at
77 K implemented in the ASiQwin software v 3.01.

Thermogravimetric ~ Analysis:  Thermogravimetric ~ analysis ~ was
performed on a NETZSCH STA 449 F3 Jupiter. Measurements were
carried out with 5 mg of sample in an Al,O; crucible under synthetic air
flow in a temperature range between 20 and 800 °C and a heating rate
of 5 K min~".

Powder X-Ray Diffraction: PXRD patterns were collected at room
temperature on a Stoe Stadi-P diffractometer with Cu-Keq radiation
(A =1.540596 A) or Co-Kog radiation (A = 1.78896 A), a Ge(111) Johann
monochromator, and a DECTRIS Mythen 1K detector in Debye—Scherrer
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geometry. The samples were loaded into 0.5 mm inner diameter glass
capillaries and measured over a range of 26 =2.000-30.695°, with 0.015°
step size and 50 s counting time per step when using Cu-Kog radiation
and a range of 26 = 0.500-115.325°, with 0.015° step size and 200 s
counting time per step when using Co-Key radiation.

Rietveld refinements were performed with TOPAS v6.%°l Refinements
were performed using a 26 offset correction, full axial model, and
Lorentzian and Gaussian crystallite size broadening convolutions to
correct for instrumental and morphological peak-shape effects. The
background was described using Chebychev polynomials with a suitable
number of terms, typically from 3rd to 11th order, and a One_on_X term
to describe increased low angle background scattering. Scale factors,
lattice parameters, and an isotropic atomic displacement parameter
were refined. Pseudoatoms with a very large atomic displacement
parameter were included to describe missing diffuse electron density
(to better fit relative intensities of the first few peaks) due to additional
water layers located near the cluster surface.®

Pair Distribution Function Analysis: Total scattering measurements
were carried out using P02.1, the Powder Diffraction, and Total Scattering
Beamline, at PETRA III of the German Electron Synchrotron. The rapid
acquisition PDF methodP% was used with a large-area 2D PerkinElmer
detector (2048 x 2048 pixels, 200 x 200 um? each) and sample-to-
detector distance of 481.242 mm. The incident energy of the X-rays was
59.795 keV (A =0.20735 A). Samples were loaded into 0.7 borosilicate or
1 mm inner diameter glass capillaries. An empty capillary was measured
as background and subtracted, and a LaBg standard was measured at
room temperature for calibration. Calibration, polarization correction,
and azimuthal integration to 1D diffraction patterns were performed
using the software pyFALB!

Further correction and normalization of the 1D diffraction intensities
were carried out to obtain the total scattering structure function, F(Q), which
was Fourier transformed to obtain the PDF, G(r) using PDFgetX3 within
xPDFsuite.’2 The maximum Q value used in the Fourier transform of the
total scattering data was 20.0 A" A Lorch function was used in the data
processing to reduce termination ripples present due to truncation.*’l
Simulated PDFs were generated from respective models using Diffpy-CM1.134

Electron Diffraction: Electron diffraction data were collected on a Thermo
Fisher “Titan” transmission electron microscope operated at 300 kV and
at room temperature. Dry polycrystalline powder was gently crushed
between two glass slides and transferred onto a continuous-carbon copper
grid. The grid was loaded onto a Fischione 2020 tomography holder and
inserted into the TEM without further treatment.

Electron beam-defining settings included C2 lens excitation
corresponding to spot size number 9 and a C2 aperture of 20 um. Data
collections were conducted using a custom-made script allowing for
a stepwise tilt and acquisition of diffraction patterns by a Gatan Ultra
Scan 1000 CCD camera. Diffraction data sets were acquired using an
oscillation step of 0.25° and processed by the software pets2 version
2.1.20211012.1037.5

Elemental analysis of carbon, hydrogen, and nitrogen was carried
out via an UNICUBE Elementar Analysensysteme GmbH Langenselbold
instrument. The zirconium content was determined via ICP-OES using
a Vista Pro Simultaneous ICP-OES spectrometer equipped with a CCD
detector from Agilent Technologies. The evaluation of the data was
conducted using the ICP-Expert software.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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