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Metal–organic frameworks (MOFs) are a rapidly growing
class of materials that offer great promise in various applications. However,
the synthesis remains challenging: for example, a range of crystal structures
can often be accessed from the same building blocks, which complicates
the phase selectivity. Likewise, the high sensitivity to slight changes
in synthesis conditions may cause reproducibility issues. This is crucial,
as it hampers the research and commercialization of affected MOFs. Here,
it presents the first-ever interlaboratory study of the synthetic reproducibility
of two Zr–porphyrin MOFs, PCN-222 and PCN-224, to investigate the scope
of this problem. For PCN-222, only one sample out of ten was phase pure and
of the correct symmetry, while for PCN-224, three are phase pure, although
none of these show the spatial linker order characteristic of PCN-224. Instead,
these samples resemble dPCN-224 (disordered PCN-224), which has recently
been reported. The variability in thermal behavior, defect content, and surface
area of the synthesised samples are also studied. The results have important
ramifications for field of metal–organic frameworks and their crystallization,
by highlighting the synthetic challenges associated with a multi-variable
synthesis space and flat energy landscapes characteristic of MOFs.
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1. Introduction

Metal–organic frameworks (MOFs) show a
large number of applications,[1,2] including
catalysis,[3] drug delivery,[4] and sensing.[5]

The versatile functionality stems from the
rich diversity of MOF structures, enabled
by the nearly infinite combinations of in-
organic nodes and organic linkers used as
the building blocks. A MOF is defined by its
chemical composition and topology, where
the latter shows the connectivity of the un-
derlying net. The topology is dictated by the
geometry and coordination numbers of the
building blocks, but often several topologies
are available for a specific composition. This
leads to polymorphism; a particularly well-
known example is the zeolitic imidazolate
frameworks (ZIFs),[6] but polymorphism
also occurs for numerous other MOFs.[7–10]

Polymorphism indicates a shallow struc-
tural energy landscape, which, while highly
useful for crystal engineering may cause

A. J. Jones, M. J. Cliffe
School of Chemistry
University of Nottingham
University Park, Nottingham NG7 2RD, UK
R. Al Natour, M. Bonneau, V. Guillerm, O. Shekhah, M. Eddaoudi
King Abdullah University of Science and Technology (KAUST)
Division of Physical Sciences and Engineering
Advanced Membranes & Porous Materials Center (AMPM)
Functional Materials Design
Discovery & Development Research Group (FMD3)
Thuwal 23955-6900, Kingdom of Saudi Arabia
J. Lopez-Cabrelles, S. Furukawa
Institute for Integrated Cell-Material Sciences (WPI-iCeMS)
Kyoto University
Kyoto 606-8501, Japan

Adv. Mater. 2024, 2304832 2304832 (1 of 10) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

http://www.advmat.de
mailto:hanna.bostrom@mmk.su.se
mailto:b.lotsch@fkf.mpg.de
https://doi.org/10.1002/adma.202304832
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


www.advancedsciencenews.com www.advmat.de

synthetic challenges. If the topology is not uniquely stipulated by
the composition and the different phases are energetically simi-
lar, phase selectivity during synthesis becomes nontrivial. Since
MOFs are typically made in solution, structures with different
stoichiometries of the building blocks may also form during the
reaction. Consequently, inseparable phase mixtures of distinct
polymorphs with potentially different properties will be obtained.
Apart from being a nuisance for synthetic chemists, this also
hampers the patenting of synthetic methods and prevents indus-
trial applications.

Zr–porphyrin MOFs, comprising Zr6(OH)4O4 clusters and
tetrakis(4-carboxyphenyl)porphyrin (TCPP) ligands, present a
prime example of structurally versatile MOFs. At least six dif-
ferent structures are known,[11–17] which differ in topology,
linker/cluster ratio, and Zr6(OH)4O4 connectivity [Figure 1].
First, two six-coordinated cubic structures with different linker
arrangements exist: the linkers in PCN-224 (topology she) show
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checkerboard-like order,[14] whereas dPCN-224 (ftw) features
linker disorder (d = disordered).[18] dPCN-224 was originally be-
lieved to consist of cubic Zr8 clusters and named PCN-221.[15]

Second, PCN-225 (sqc, I41/amd),[] NU-902 (scu, Cmmm),[16] and
PCN-222 (csq, P6/mmm)[11–13] contain eight-coordinated clus-
ters. Finally, the 12-coordinated PCN-223 (shp)[17] represents the
densest member of the family. An additional 12-coordinated cu-
bic structure, MOF-525 (ftw), has been reported,[13] although
this crystal structure has been questioned.[18] As the ratio of
cluster and linkers varies between the structures, they are not
true polymorphs, but the above discussion of polymorphism ap-
plies nonetheless.

The strong Zr–carboxylate bonds[20] and the multifunctional-
ity of porphyrin lead to potential applications of Zr–porphyrin
MOFs. To illustrate, PCN-222 can detect and separate CuII with
high sensitivity and selectivity,[21] and photocatalytically generate
hydrogen gas from formic acid.[22] Furthermore, the cubic PCN-
224 has been exploited in the construction of a qubit array for
quantum computing.[23] The many phases possible for these Zr–
porphyrin MOFs is an asset, as they diversify the available struc-
tures and thereby properties.

Reproducible synthesis of phase-pure Zr–porphyrin MOFs is
nontrivial,[24] as the phase selectivity is determined by a plethora
of synthesis parameters, e.g., temperature, concentration, and
modulator. The exploration of the resulting multidimensional
synthesis landscape to isolate the contribution of each parame-
ter is difficult. Many researchers have attempted to establish links
between synthesis conditions and reaction outcome,[24–27] but the
results are conflicting. PCN-223 was originally suggested to be
a kinetic product relative to MOF-525;[17] but a mechanochemi-
cal study found that MOF-525 instead transforms into PCN-223
upon ball milling.[26] Likewise, very similar conditions (90 °C for
18 h in excess acetic acid) have been reported for the synthesis
of both PCN-223 and MOF-525.[25] Regarding PCN-222/224, in-
creased reaction times at 145 °C seemed to favor PCN-222 rela-
tive to PCN-224,[27] whereas the converse result was obtained at
120 °C.[28] These examples illustrate the striking lack of consen-
sus among the research on these MOFs.

Zr–porphyrin MOFs also suffer from notoriously irrepro-
ducible syntheses, where ostensibly identical conditions result in
different products on different occasions[18,24]—a problem also
noted for other MOFs. For example, the original synthesis of
the archetypical UiO family,[29] could not always be replicated by
other research groups.[30,31] Such discrepancies presumably arise
from small changes in the synthesis environment when carried
out by different researchers—changes that may not be easily no-
ticed, e.g., ambient humidity. As reproducibility is a cornerstone
of science, this presents a key challenge in the MOF field.

An interesting means to study reproducibility issues is an
interlaboratory study (round robin study), which compares re-
sults from experiments carried out independently by different
researchers or instruments. Such information minimizes the
risk of drawing inaccurate conclusions based on false com-
parisons, as the natural spread in results is identified.[32] Sev-
eral intriguing interlaboratory studies can be found within the
physical sciences,[32–37] covering topics such as surface areas of
porous systems,[34] ionic conductivities in solid electrolytes,[32]

or strain analysis in X-ray diffraction.[36,37] Albeit time- and
labour-intensive, interlaboratory studies provide a unique insight
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Figure 1. Structures accessible based on the Zr6(OH)4O4 cluster and tetrakis(4-carboxyphenyl)porphyrin ligand, arranged by coordination number of
the cluster (6, 8, or 12). The space group and topology are also given.

into the practical outcomes of experiments not obtainable by
other means.

In this manuscript, we explore the synthetic reproducibility of
the Zr–porphyrin MOFs PCN-222 and PCN-224 by performing
the first-ever round robin study of MOF synthesis. The ten par-
ticipating research groups independently targeted the two MOFs
based on given experimental procedures from literature[11,14] and
characterized the products by powder X-ray diffraction (XRD),
scanning electron microscopy (SEM), thermogravimetric analy-
sis (TGA), physisorption, and infrared (IR) spectroscopy. The syn-
thetic outcome is highly variable: only 1–3 samples out of ten cor-
responds to the target phase, and the linker-disordered dPCN-224
was always obtained in lieu of the ordered PCN-224. A discussion
considering possible reasons for the variation in results is given,
and the article finishes with an outlook and some practical rec-
ommendations for synthetic MOF chemists. We stress that the
objective of the study is not to test the validity of the original syn-
thesis protocol, but rather to highlight the large variability in the
obtained products.

2. Experimental Section
The ten participating groups received detailed instructions regarding

the synthesis of PCN-222 and PCN-224 [ESI]. The syntheses were taken
from literature,[11,14] but scaled up to ensure that sufficient amounts of
material for the characterization were produced. The scaled-up reactions
were attempted by the lead laboratory and pure samples were obtained,
which confirms that the scale-up did not noticeably affect the feasibility of
the synthesis. Briefly, the synthesis involved the combination of ZrCl4 and
metal-free tetrakis(4-carboxyphenyl)porphyrin in DEF (PCN-222) or DMF
(PCN-224) with benzoic acid as a modulator. The reaction mixtures were
heated at 120 °C for 48 h (PCN-222) or 24 h (PCN-224), and washed with
DMF (3×6 ml) and acetone (3×6 ml).

Following synthesis, half of the sample material was sent to the lead lab-
oratory. The products were characterized by X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), thermogravimetric analysis (TGA), and

infrared (IR) spectroscopy by both the participating groups and at the lead
laboratory [ESI]. Subsequently, activation using dilute HCl (100 °C, 24 h)
was performed and the characterization suite was repeated, along with ph-
ysisorption analysis [ESI]. Chemical activation had proved successful for
the removal of modulators etc. from Zr-MOFs[38] and the procedure was
taken from Ref. [39]. To facilitate comparisons, only the data collected at
the lead laboratory are reported here. Every reasonable effort was made to
minimize storage/transport times between synthesis and measurements
and the samples were stored in inert atmospheres.

A note on nomenclature is in place here. The sample series synthesized
from the procedure reported to give PCN-222 (PCN-224) is referred to as
the PCN-222 (PCN-224) series, irrespective of whether the synthesis was
successful. Individual samples were labeled with a letter (A–J) denoting
the participating research group and a number (2 or 4) denoting PCN-
222 or PCN-224, respectively. For example, sample C4 was synthesised by
group C using the procedure reported to yield PCN-224.

3. Results

Although the synthetic procedures originally yielded single
crystals,[11,14] all participants obtained polycrystalline material
with μm-sized particles [Figures S1– S4, Supporting Informa-
tion]. As the reactions were scaled up, this may disfavor the for-
mation of crystals. The sample colors varied from purple (e.g., F2
and F4), green (e.g., I2 and I4), or brown (e.g., D2 and D4). How-
ever, color descriptions can be subjective,[40] especially since the
samples are very dark.

Typical yields, with TCPP as the limiting reagent, ranged from
60 to 160% for the two series [Table S2, Supporting Informa-
tion]. Values over 100% highlight the need for careful drying
and/or activation. Average yields following activation are ≈57%
for PCN-222 and ≈77% for PCN-224 [Table S2, Supporting Infor-
mation] and the relatively low values indicate that a large amount
of material—e.g., solvent/unreacted materials is lost during ac-
tivation and/or washing. In one case (I2), insufficient quantities
of sample were obtained to allow for activation.
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Figure 2. The XRD patterns of the ten samples from the PCN-222 series, with crude and activated MOFs to the left and right, respectively. The experi-
mental data are shown in black with the calculated Rietveld fits in red and the inserted bar charts show the phase fractions obtained from the refinement.
Color code: grey denotes Pm3̄m (dPCN-224), purple I41/amd (PCN-225), and green P6/mmm (PCN-222). Dashed grey bars denote a cubic-like interme-
diate and crossed white bars indicate samples that cannot be fitted by the aforementioned phases. The low sample quantity of I2 prevented activation.
𝜆 = 1.5418 Å.

3.1. The PCN-222 Series

The XRD patterns of the PCN-222 series and—for crystalline
samples—the fit from Rietveld refinements[41] are shown in
Figure 2 and Figures S5–S7 (Supporting Information). The iden-
tity of the ten samples varies widely: the XRD pattern of PCN-
222 is characterized by the intense 100 reflection (2𝜃 ≈ 2 ° for
Cu K

𝛼1 radiation), and while this is present in most samples
(A2, B2, C2, F2, G2, I2, and J2), its relative intensity varies dras-
tically. This indicates phase mixtures, which is also supported
by SEM [Figures S1– S2, Supporting Information]. PCN-222 ap-
pears as long rods with clear hexagonal symmetry, yet several
morphologies—often cubes or similar—are typically observable
as well. Three samples (D2, E2, H2) did not yield any PCN-222
product: H2 is largely amorphous, E2 corresponds to phase-pure
dPCN-224 and D2 will be discussed below. The results showcase
a surprisingly wide variety of outcomes from an identical syn-
thetic recipe.

Rietveld refinements allow the phases present to be extracted
and quantified [bars in Figure 2]. Caution is however required:
The relatively poor quality of the laboratory XRD data and the
multiple phases often render the fits challenging, particularly for
less crystalline samples. The relative intensities of reflections can
be heavily influenced by solvent and pore content, which also
increases the uncertainty. Furthermore, the phase fractions do
not account for any amorphous content and therefore only rep-
resent the crystalline part of the sample. The amorphous content

was quantified for a few samples, and as an example, the amor-
phous phase fraction of activated A2 is ≈ 21% [Figure S11, Sup-
porting Information]. However, this is a rough estimate, as quan-
tifying amorphous contents is challenging. Despite these caveats,
Figure 2 provides a useful approximation of the crystalline phase
fractions of the ten samples.

Delving deeper into Figure 2, six samples are combinations of
known Zr–porphyrin MOFs. E2 and I2 consist of pure dPCN-224
and PCN-222, respectively; B2, C2, and G2 are mixtures of these
MOFs; and F2 can be fitted by a combination of PCN-222 and
PCN-225 [Figure 2]. The remaining four compounds offer some
surprises: A2 and J2 contain reflections characteristic of PCN-222
and PCN-225, but also a strong peak at ≈4.5°. This could nor-
mally be attributed to the cubic PCN-224, but the remaining re-
flections expected from this phase are absent. Such a diffraction
pattern—denoted by a hashed grey bar in Figure 2—resembles
that attributed to an intermediate phase (“phase II”) in the forma-
tion of dPCN-224, consisting of Zr6(OH)4O4 clusters with partial
order.[28] D2 and H2 are discussed below.

Activation using HCl greatly affects the samples, in partic-
ular those featuring the presumed tetragonal PCN-225. Upon
activation, this tetragonal phase vanishes completely from the
three samples where it was present in the crude products (A2,
F2, J2). The changes are particularly notable in F2, which corre-
sponds to phase-pure PCN-222 following activation. Like most
Zr–porphyrin systems, PCN-225 is known to be highly sta-
ble and should survive the harshly acidic environment found
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Figure 3. The XRD patterns of the ten samples from the PCN-224 series, with crude and activated MOFs to the left and right, respectively. The data are
shown in black with Rietveld fits in red and the inserted bar charts show the phase fractions obtained from the refinement. Color code: grey denotes Pm3̄m
(dPCN-224), purple I41/amd (PCN-225), green P6/mmm (PCN-222), light green P6/m (PCN-223). Dashed grey bars denote a cubic-like intermediate
and crossed white bars indicate samples that cannot be fitted by the aforementioned phases. 𝜆 = 1.5418 Å.

during activation.[42] Therefore the instability toward activation
implies that reflections assigned as PCN-225 do not correspond
to a known crystalline MOF, but rather an unknown interme-
diate product, which either transforms into crystalline PCN-
222 or PCN-224 during the activation step or becomes X-ray
amorphous. Alternatively, it cannot be excluded that PCN-225
particles—if smaller than the remaining phases—could have
been lost during the washing following activation.

Activation typically improves quality of the Rietveld refine-
ments for the crystalline samples, as removing unreacted starting
material/solvent etc. from the pores enhances the similarity with
the solvent-free crystal structures from literature. In addition, the
phase fractions often change slightly after activation. While this
may result from the loss of small particles during washing, the
improvement of the fit due to solvent removal likely dominates
and the phase fractions for the activated samples are thus more
accurate. The average phase fraction of PCN-222 can be defined
as 1

10

∑
iw

222
i , where w222

i is the weight percent of PCN-222 of sam-
ple i and the summation includes all ten samples. This value is
38% both before and after activation; note that any amorphous
content is not accounted for. The SEM images show that although
the surface of the particles appear more “etched” after the activa-
tion, the overall morphology is usually retained [Figures S1– S2,
Supporting Information]. So in general, activation improves the
purity of Zr–porphyrin MOFs.

The diffraction patterns belonging to D2 and H2 cannot be fit-
ted using known Zr–porphyrin MOF phases, albeit for different
reasons. Neither shows any clear morphology in the SEM images,

but while H2 is amorphous, D2 has periodicity with sharp Bragg
reflections. This XRD pattern can be fitted by an I-centred or-
thorhombic cell with lattice parameters (a ≈ 32.8 Å, b ≈ 37.5 Å, c
≈ 11.3 Å). However, given that the porphyrin linkers span ≈16 Å,
a 3D MOF with a periodicity of merely 11 Å along c is unlikely. In
addition, the crystallinity was lost upon activation, which is unex-
pected for a 3D network joined by strong Zr–carboxylate bonds.
Consequently, D2 is perhaps a molecular or metal–organic struc-
ture with low-dimensional order, rather than a 3D framework.

3.2. The PCN-224 Series

Similarly to the PCN-222 series, the PCN-224 series contains a
variety of products (Figure 3; Figures S8 – S10, Supporting In-
formation). Three samples (A4, B4, I4) consist of largely phase-
pure dPCN-224 (Pm3̄m), yet not a single sample corresponds to
the targeted linker-ordered PCN-224 (Im3̄m). The pattern of A4
contains an extremely weak reflection at ≈5°, presumably from
a minor impurity phase (possibly PCN-225). While A4 and B4
feature cubic and cuboctahedral morphology, the particles of I4
show no clear facets [Figure S4, Supporting Information]. C4, G4,
and J4 are mixtures of dPCN-224 and PCN-222—the latter easily
identified by the 100 reflection at 2° and the rod-like morphol-
ogy [Figures S3 and S4, Supporting Information]. The remaining
four samples consist of low-crystalline products, including the
intermediate “phase II” (E4, F4, H4) discussed above.[28] E4 also
features reflections reminiscient of tetragonal PCN-225. Overall,
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the products obtained from the PCN-224 synthesis are highly het-
erogeneous (Figure 3), although the spread is perhaps slightly
lower than for the PCN-222 series.

PCN-224[14] and dPCN-224[18]—originally known as PCN-
221[15]—share the same cubic symmetry but differ in the ex-
tent of spatial linker order. The superstructure of PCN-224 yields
Im3̄m symmetry, whereas the average structure of the disordered
dPCN-224 adopts the space group Pm3̄m. Surprisingly, no sam-
ple in the PCN-224 series shows long-range linker order, al-
though locally ordered domains with short correlation lengths
cannot be excluded. The linker order originally observed in PCN-
224 hence appears elusive and challenging to access synthetically.
Local linker/vacancy order can have functional implications,[43,44]

and hence further studies into the linker arrangement in dPCN-
224/PCN-224 would be valuable.

Activation normally enhances the quality of the Rietveld fits
for the crystalline samples, whereas poorly ordered samples of-
ten amorphize. For example, the Rietveld fit of B4 is noticeably
improved following activation, whereas D4 loses its Bragg reflec-
tions. However, a few interesting counterexamples to this gen-
eral trend exist. First, crude F4 only features a handful of diffrac-
tion peaks, yet can be well fitted by a combination of dPCN-224
and PCN-223 (P6/m) when activated. The converse scenario oc-
curs for J4, which consists of PCN-222 and PCN-224 prior to ac-
tivation, but is largely amorphous afterward, although the rod-
like morphology characteristic of PCN-222 is retained [Figure S4,
Supporting Information]. As mentioned, the PCN-225 phase in
E4 vanishes after activation, suggesting that it might correspond
to an intermediate. The average phase fraction of cubic Zr–
porphyrin MOFs is ≈48% before activation and 53% after; how-
ever, the disordered dPCN-224 (Pm3̄m) is exclusively obtained
over the ordered PCN-224 (Im3̄m). Hence, if dPCN-224 and PCN-
224 are considered distinct phases, the success rate is 0%. Apart
from the additional complications regarding the linker (dis)order,
the results agree with the observations made for PCN-222.

A caveat regarding PCN-223—as seen in activated F4—is in
order. PCN-223 crystallises in P6/m with a disordered 12-fold co-
ordinated Zr6(OH)4O4 cluster located at a sixfold rotation axis.[17]

However, a linker-disordered version of PCN-222 (csq) or a spa-
tial average of different domains of NU-902 (scu) yield very simi-
lar diffraction patterns. Therefore, distinguishing between PCN-
223 and NU-902 is difficult, and an equally good fit of activated
F4 was obtained using NU-902 (Figure S12, Supporting Infor-
mation). Caution should be observed when analyzing diffraction
data for these phases.

The activated samples generally retained crystallinity for at
least a few months following storage under argon. While system-
atic stability tests were beyond the scope of the study, the behavior
of H4 is notable: the XRD pattern collected by Group H indicates
substantially higher crystallinity than the pattern collected a few
weeks later, following transport to the lead laboratory (Figure 3).
This hints that stability might vary between individual MOFs, and
long-term stability tests will be crucial for future applications.

The lattice parameters of the dPCN-224 and PCN-222 fractions
vary slightly between different samples [Figure S13 and Tables
S4 – S5, Supporting Information].[11,18] For cubic dPCN-224, a
ranges from 19.28 to 19.36 Å, which lies within ±0.6% of the
literature value.[18] A small shift (increase or decrease) typically
occurs upon activation. PCN-222 shows a somewhat larger devi-

ation of ±1.5% from the literature value.[11] Activation typically
induces relatively large changes to both a and c of PCN-222, al-
though the direction of change varies. However, expansion along
a is always accompanied by contraction along c or vice versa.
Given the flexible nature of MOFs and the guest dependence of
lattice parameters,[45–48] the variations are unsurprising.

4. Discussion

The most striking feature of this study is the large variability in
the identity of samples arising from identical given synthesis con-
ditions. Thus, the reproducibility is very low. Apart from phase
mixtures of known Zr–porphyrin MOFs, numerous unidentifi-
able products and low-crystalline powders were obtained. For
PCN-222, only one of ten syntheses gave a phase-pure sample
of the target compound, whereas three samples of nominally
PCN-224 consist of phase-pure linker-disordered dPCN-224.[18]

Despite the linker disorder, the higher success rate for PCN-224
indicates that the synthesis of the cubic phase is perhaps more
robust. Both synthetic procedures occasionally gave a majority
product of an alternative MOF (i.e., PCN-224 was formed when
PCN-222 was targeted or vice versa). The synthetic conditions
in favor of PCN-222 and PCN-224 are clearly sufficiently sim-
ilar that fluctuations depending on human/environmental fac-
tors can direct the reaction toward the undesired phase. Other
Zr–porphyrin MOFs were rarely observed, indicating that PCN-
224/dPCN-224 and PCN-222 are the most favorable forms under
these conditions.

The results prompt the question of what factors under-
pin the low reproducibility. The synthetic factors controlled
here—solvent, modulator, temperature, time, and reagent
concentration—are clearly insufficient to impart full control over
phase selectivity. As seen in the SI, slight differences appear
in e.g., the size of the reaction vial (20–50 ml), reagent pu-
rity, soaking time between washes (minutes–hours), drying time
(overnight to over a weekend), and dissolution method (sonica-
tion or not). Ascertaining the influence of each of these changes
requires further research, yet this demonstrates the large scope
for variation offered by a standard synthetic recipe.

Variable water content is likely a partial cause of the differ-
ence in results. The kinetic effects of water on the formation of
PCN-224/dPCN-224 were recently highlighted.[28] ZrCl4 is hygro-
scopic; thus pristine ZrCl4 results in an intermediate, whereas
ZrCl4 exposed to air yields either PCN-222 or PCN-224 depend-
ing on the exposure time.[28] While anecdotal, it is worth noting
that D2 and D4, which were synthesised from anhydrous Zr, did
not yield any known Zr–porphyrin MOF and amorphized upon
activation. The importance of water is also known for other MOF
syntheses.[49–52] In addition to the water in the ZrIV source, am-
bient humidity, and the water content of the solvent will vary.
The participants in this study span climates ranging from desert
to humid subtropical,[53,54] which may have an effect—although
many modern labs are air-conditioned. Likewise, the freshness
of the solvent is critical, as amide-based solvents are prone to hy-
drolysis. Repeating the inter-laboratory study with water as a con-
trolled variable would provide an estimate of the extent to which
water dictates the synthetic outcome.

Besides water, other factors may also contribute to the vari-
ation in results. The reactions involve a significant build-up of
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pressure, dictated by the volume and headspace of the reaction
vessel, which were not controlled in our study. Our experiences
indicate that changing the volume ratio of the reaction mixture
relative to the vial can affect the phase selectivity of the product,
presumably due to changes in pressure. Unintentional evapora-
tion may also affect the concentration. Most participants used re-
action vessels with volumes of 20–30 ml, but a 50 ml-vial was
also used in one instance. Finally, the actual temperature of the
reaction may vary depending on the heating source, temperature
gradients, and calibration, and this could contribute to the devia-
tion in results.

An intriguing concept sometimes invoked to explain discrep-
ancies in synthesis is accidental seeding. If material from pre-
vious syntheses is present in the lab, this might act as crystal-
lization seeds and direct the synthesis toward a particular poly-
morph. An extreme example occurs in so-called disappearing
polymorphism,[55,56] where a synthesis reliably gives rise to a par-
ticular polymorph, but suddenly—upon the accidental introduc-
tion of seeds of a more stable form—fails to produce the initial
polymorph in favor of the more stable one. This problem is well
documented in pharmaceutical research, with Ritonavir being a
high-profile example.[57] Seeding can influence the reaction out-
comes of MOFs—and has indeed been suggested as a method of
directing the synthesis[58]—and may also play a role in the repro-
ducibility issues.

One potential weakness of our study is that the samples were
sent to the lead laboratory for analysis and differences in storage
times and shipping conditions could have had an impact. In most
cases (B2-H2, B4-C4, E4-F4, I4-J4), the XRD patterns collected by
the lead lab agree well with those collected by the participants im-
mediately after the synthesis, albeit differences in resolution and
signal strength are clear in some cases. This indicates that the
samples did not change during the transport and justifies our
approach. Some samples (J2 and G4) show differences in the in-
tensity distributions between the two data collections. I2 presents
an extreme example of this, where the low-angle peak characteris-
tic of PCN-222 is absent in the data collected by the participating
group. Given the small amounts of samples used and potentially
different diffraction geometries, such changes could relate to pre-
ferred orientation, although sample recrystallization cannot be
excluded. D4 is more crystalline after activation carried out by
the participant compared to the lead laboratory, even though the
crude samples were similar in both data collections. This indi-
cates a sensitivity to the exact activation conditions. In general,
the samples where phases can be clearly identified show a good
agreement between the data collected by the group and by the
lead lab.

Still, the XRD patterns of A2 and H4 exhibit large differences
when collected by the participants and by the lead lab. The for-
mer shows severe changes to the intensity profile in its crude
form and activation by the participant gave a different product
compared to when carried out by the lead lab. The product ob-
tained by the lead lab is at best a mixture of phases, whereas that
obtained by the participant resembles PCN-224, but with a larger
lattice parameter. The XRD pattern of H4 indicated larger crys-
tallinity when measured by group H compared to when collected
by the lead laboratory following transport. These samples had the
longest storage time (several weeks) due to unforeseen circum-
stances and decomposition is the most likely explanation. These

Figure 4. The main results of the study, including the average phase frac-
tion of target material per sample for crude (black) and activated (orange)
samples, and the number of phase-pure samples obtained of the target
MOF out of the ten synthesized samples: one for PCN-222 and three for
PCN-224. The disordered dPCN-224 is treated as equivalent to the linker-
ordered PCN-224. The results only consider the crystalline part of the sam-
ples.

results call for further stability tests of the compounds and also
highlight the limitations of our study. Further studies on the long-
term stability in different chemical environments will be useful
for both fundamental and applied researchers.

This study also raises questions about the post-synthetic HCl
activation of MOFs. While thermal activation or supercritical
CO2-drying may be more common methods for removing pore
content,[38,59] the use of dilute HCl is necessary for the removal of
coordinated modulators.[38] The changes to the XRD patterns fol-
lowing activation can be explained by the removal of pore content
or the decomposition of unstable intermediates. This can aid the
distinction of crystalline MOFs from intermediates with partial
crystallinity, as the latter are less stable toward activation. Less
rationalisable changes are observed in the TGA traces after ac-
tivation [ESI], where the decomposition becomes more gradual
and shifts to lower temperatures. Speculatively, this could indi-
cate changes to the coordination or the bonding—as the cluster–
linker bonds are presumably the weakest link—and an increased
spread of local environments. This would mean that the frame-
work collapse of MOFs with pore content is delayed until the
pores are empty, whereas they are already empty in the activated
MOFs, thus the onset of pore collapse occurs earlier. While some
studies on the chemical changes induced by activation exist,[60]

further exploration of the effect of activation—particularly using
local probes—would be illuminating.

Closely related to activation is the challenge of characteriz-
ing defects in Zr–porphyrin MOFs. Like for the UiO family,[61,62]

defects in the form of deviations from the ideal stoichiometry
are known in Zr–porphyrin systems.[18,24] TGA gives an indirect
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measure of the linker/cluster ratio and hence the fraction of miss-
ing linkers, although the precision of TGA varies.[63] However,
this assumes that missing linkers are the only type of defect
present, which may not be true. Missing-cluster defects[61] have
been suggested to be the dominant type of defects in archetypi-
cal UiO-66, and can be detected by XRD by virtue of their (par-
tial) order.[62] Conversely, disordered cluster vacancies are diffi-
cult to observe, but the high linker/cluster ratio found by TGA
for some samples here may point towards such defects. Like-
wise, the linker/cluster ratio occasionally increases following ac-
tivation, which could imply the removal of ZrIV—alone or as part
of a cluster. This motivates future studies into the role of activa-
tion and defectivity.

Finally, it is worth speculating about the compositional fac-
tors of a particular MOF system that are conducive to unre-
liable synthetic outcomes. The cluster coordination preference
is clearly key: the Zr6(OH)4O4 cluster can vary its coordina-
tion from 4 to 12, leading to a wealth of available topologies.
Orientational order of the cluster, and the ability to support
various binding modes of the linker[18] may also play a role.
The linker is also relevant, as MOFs based on Zr6(OH)4O4 and
tetrakis(4-carboxyphenyl)pyrene ligands only form scu and csq
topologies.[64,65] This could be due to the lower symmetry of
pyrene relative to porphyrin, preventing the formation of cubic
topologies. Hence, the synthetic reliability of a particular MOF
system is influenced by topological factors, but chemistry and
preference of the building blocks may also be implicated.

5. Conclusion

The key message of this study is that reproducible MOF synthe-
sis can be tremendously challenging. The number of phase-pure
samples ranges from 1 to 3 (if dPCN-224 is considered a suc-
cess when PCN-224 is targeted) [Figure 4] and the average phase
fraction of the target phase is 50% at most. Since the separa-
tion of related phases is challenging, the phase mixtures would
be unsuitable for most practical purposes. While we have fo-
cused on the difference between syntheses carried out in dif-
ferent labs, irreproducibility issues within the same lab are also
noted. So although the flat structural energy landscape of MOFs
is beneficial—by allowing access to a large number of structures
and properties—the downside can be synthetic difficulties.[66]

Yet, if synthetic control can be obtained, precise tuning of e.g.,
pore shape will be enabled. Consequently, while establishing re-
producible links between synthesis and topology of Zr–porphyrin
MOFs will undoubtedly require a large amount of work—and has
indeed been started[24–26]—the reward will be substantial.

Our results lead to a set of recommendations for MOF
chemists. First, reports of new MOF structures should include
detailed experimental details, as many factors influence the
outcome—including parameters typically not mentioned. For in-
stance, the water content of the solvent and precursors, the am-
bient humidity, or the size of the reaction vessel can be critical to
success and often vary between different labs. Second, one could
investigate the reproducibility of newly synthesized compounds,
e.g., by reporting the outcomes from at least two independent
syntheses carried out by two (or more) researchers. While this
increases the workload, it would help validate the results and the
experimental procedures. Even if only one researcher succeeds

in producing the target compound, this does not invalidate the
new structure, but simply highlights the sensitive nature of the
synthesis. Thus, a greater extent of openness in the reporting of
synthesis would be tremendously beneficial.

Third, further investigations into the link between synthetic
parameters and reaction outcomes are required, and also into the
formation mechanisms of MOFs. As the set of synthetic param-
eters forms a large multi-dimensional space, high-throughput
and automated synthesis approaches assisted by machine-
learning/AI will be useful.[25] Ultimately, irreproducibility issues
are underpinned by poor understanding of the MOF forma-
tion mechanisms. These are complex processes depending (at
least partially) on the system and conditions, and require multi-
technique approaches capable of probing different time- and
length scales.[67] While many excellent in situ studies of MOF
crystallization processes exist,[68–74] these are still relatively few
compared to the vast number of known MOFs. Moreover, com-
putational studies to model reaction mechanisms or calculate rel-
ative energies of competing phases will be valuable.

Finally, while reproducibility is a cornerstone of the scientific
method, irreproducibility in MOF synthesis does not necessar-
ily equate to poorly conducted research. Irreproducible syntheses
simply indicate that the reaction is sensitive to yet unknown fac-
tors and the—possibly very challenging—task is to identify and
control these factors. Likewise, this study does not question the
synthetic protocols[11,14] employed here. Needless to say, irrepro-
ducibility is a nuisance and in light of this, a database of verified
syntheses has been proposed.[75] In addition, AI-assisted, auto-
mated synthesis could be a game changer in making synthesis
processes more robust and reproducible. This could not only save
time, but also shed light on factors conducive to synthetic repro-
ducibility. Yet, further insight into MOF synthesis is still required
to fully enable the potential of this promising class of materials
to be realized.
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