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tallization landscape of rare earth
MOFs: a high-throughput investigation of
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Systematically exploring the multidimensional parameter space of metal–organic framework (MOF)

crystallization remains challenging due to limited adoption of high-throughput (HT), automated

experimental workflows. MOF development is dominated by manual synthesis and characterization

methods and a trial-and-error approach, and the integration of HT MOF synthesis with HT

characterization and analysis is uncommon. Here, we present a practical HT MOF discovery workflow

that combines automated solvothermal synthesis with three scalable characterization methods. First, we

characterize bulk structure using HT powder X-ray diffraction (PXRD) and rapid matching of PXRD data

to reported MOF crystal structures. We also employ a custom machine-learning based computer vision

(CV) model to identify MOF formation rates from images of sample vials. Finally, we develop a HT X-ray

fluorescence (XRF) method to quantify elemental ratios in bimetallic MOF samples. As a case study, we

investigate the crystallization of rare earth (RE) MOFs, systematically probing the effects of reaction

conditions such as metal identity, linker structure, temperature, and acid concentration. We then

leverage these insights to demonstrate a proof-of-concept selective crystallization from a mixed RE

solution. Using our HT workflow, we performed 1488 unique MOF crystallization reactions and

characterized the resulting samples through the collection of >800 PXRD patterns, CV analysis of >13

000 images, and elemental analysis measurements of 144 bimetallic crystallization reactions. We

identified 5 previously unreported rare earth MOFs (NU-2501–NU-2505) and characterized their

structures with single-crystal X-ray diffraction (SCXRD) and microcrystal electron diffraction (MicroED).

Our HT approach enabled us to construct phase diagrams mapping out the crystallization preferences

and formation kinetics for 18 distinct RE-MOF products. By unifying automated MOF synthesis with

multimodal characterization, we demonstrate the efficient exploration of a complex synthetic landscape,

generating insights into MOF structure, crystallization kinetics, and composition.
Introduction

The rise of automated synthesis, data-rich experimentation, and
high-throughput (HT) workows have enabled rapid progress in
materials discovery. Despite progress in elds including
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photovoltaics,1–3 batteries,4,5 and catalysis,6–8 the adoption of
these tools towards the synthesis of metal–organic frameworks
(MOFs) remains limited. The modular nature of MOFs, which
are assembled from inorganic node and organic linker building
units, creates a massive combinatorial design space of
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Fig. 1 (a) High-throughput workflow for exploratory MOF synthesis
and characterization. (b) Synthetic parameters investigated in the
RE-MOF automated synthesis campaign.
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frameworks with varied topologies and pore geometries.9,10

However, MOF development remains dominated by low-
throughput, trial-and-error approaches to optimize reaction
conditions to achieve target materials.11 Beyond the node and
linker building units, a range of additional parameters are
crucial to produce phase-pure, high-quality materials, including
the synthesis temperature,12,13 reaction duration,14,15 stoichi-
ometry,16 solvents,17,18 and acid modulators.19,20 MOF crystalli-
zation is oen highly sensitive to subtle variations in these
conditions. Therefore, identifying the correct synthetic pathway
to access a target MOF product is not necessarily straightfor-
ward, and novel frameworks are oen discovered serendipi-
tously.21,22 Optimization of synthesis procedures requires
further tedious manual experimentation. The difficulty of
navigating this complex crystallization landscape necessitates
the development of HT workows for MOF synthesis and
characterization.

Previous studies have demonstrated the utility of HT
approaches towards MOF reaction condition
optimization,18,23–29 as well as exploratory synthesis campaigns
to expedite the discovery of novel frameworks.30–32 Rapid MOF
synthesis can be achieved with automated instruments to
expedite reagent addition and sample preparation. However,
HT characterization methods are equally important to prevent
bottlenecks in a HT MOF workow. HT MOF characterization
has been explored using methods including powder X-ray
diffraction (PXRD),25,28 optical microscopy,30 electron micros-
copy,33 electron diffraction,34,35 and porosity measurements.36

Yet workows combining both HT MOF synthesis and HT MOF
characterization remain rare. Additionally, many HT studies are
targeted towards the optimization of a specic MOF, limiting
their generalizability for future framework discovery.

In this work, we present a HT MOF workow incorporating
both automated synthesis and three HT characterization
methods. Our goal was to develop a practical platform to facil-
itate the systematic exploration of MOF crystallization condi-
tions. First, we use automated synthesis methods to rapidly
conduct hundreds of solvothermal MOF synthesis reactions.
These syntheses were performed at a conventional exploratory
synthesis scale, rather than as miniaturized reactions, enabling
direct use of bulk characterization instrumentation. We char-
acterized the crystallinity of the resulting solid products with
HT-PXRD and used a customHT search-match screening tool to
identify experimental samples consistent with reported MOF
structures. Unmatched samples, representing potentially unre-
ported MOFs, were agged for further manual characterization
by SCXRD and MicroED. To reveal MOF crystallization kinetics,
we deployed a custommachine-learning-based computer vision
(CV) model to identify solid MOF products from images of
sample vials. Finally, we developed a HT X-ray uorescence
(XRF) method to elucidate the elemental composition of mixed-
metal MOFs. In combination, these methods provide insight
into the structure, kinetics, and selectivity of MOF crystalliza-
tion (Fig. 1a).

As a proof-of-concept system for our HT synthesis and
characterization workow, we chose to investigate the crystal-
lization of rare earth (RE) MOFs. REs, encompassing the
Chem. Sci.
lanthanides, Sc, and Y, can adopt high and exible coordination
numbers.37 This translates to unique framework topologies and
signicant diversity in the accessible product MOFs.38 The
ability of REs to form varied framework structures creates
a challenging, synthetically diverse landscape, which we
considered an ideal testing ground to demonstrate our HT
synthesis and characterization capabilities. Rather than relying
on individual serendipitous reactions, we embarked on
a systematic campaign to map the relationships between
synthetic parameters and the resulting RE-MOF structure,
kinetics, and composition.

Results and discussion
High-throughput MOF synthesis campaign

We selected 16 metals for our HT RE-MOF synthesis campaign,
including 14 trivalent lanthanides (La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, Lu) as well as Sc and Y. The nitrate salts
of these metals were crystallized with seven commercially
available carboxylate-based organic linkers, including three di-
topic linkers (terephthalic acid, phthalic acid, isophthalic acid),
two tritopic linkers (trimesic acid, trimellitic acid), one tetra-
topic linker (pyromellitic acid) and one hexatopic linker (mel-
litic acid). Our crystallization trials were conducted in a green
solvent system consisting of ethanol and water. Additionally, we
investigated three synthesis temperatures (40, 60, 80 °C) and
four concentrations of acetic acid modulator to identify kinetic
and thermodynamic effects in the RE-MOF crystallization
landscape. This combination of synthetic parameters repre-
sents 1344 unique crystallization reactions (Fig. 1b).

To expedite the investigation of this synthetic parameter
space, we employed automated HT synthesis techniques. Sol-
vothermal syntheses were performed with a Chemspeed Flex
platform equipped with automated tools to deliver reagents,
seal sample vials, agitate and heat samples, and monitor reac-
tion progress (Fig. S1). This platform can automate the MOF
synthesis process and prepare up to 84 reactions in a single
cycle. Aer transferring the RE, linker, and modulator reagents
to each sample vial, the vials are sealed, shaken, and heated at
the target temperature for 18 hours. This arbitrary time interval
© 2026 The Author(s). Published by the Royal Society of Chemistry
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enabled both sample preparation and heating to be completed
in a single day. The samples are then removed for character-
ization and the reagents are restocked for a new cycle. This
platform enabled us to complete our RE-MOF exploratory
synthesis campaign (1344 reactions) in 18 days, while signi-
cantly reducing active researcher time compared to traditional
manual materials synthesis.
Identication of product frameworks with high-throughput
powder X-ray diffraction

To determine the identity of the product materials, we
employed HT-PXRD to identify the crystallographic phases
present. Following automated synthesis, solid samples were
transferred to a 96-well PXRD plate (Fig. S2). Samples were
transferred manually following unsuccessful attempts to opti-
mize automated transfer of powder samples. The plate was
mounted onto a diffractometer equipped with amotorized stage
to orient each well in the path of the X-ray beam. This enabled
sequential measurement of the entire plate without manual
intervention to change samples. With this setup, we charac-
terized each sample resulting in solid products from our HT
synthesis campaign, measuring a total of 723 PXRD patterns
(Fig. S3–S26).

We aimed to use this bulk characterization data to identify
the major crystalline products in each sample. However, direct
structural determination from PXRD data is challenging, as it
relies on the researcher's expertise to ensure the proposed
structure model is crystallographically and chemically
reasonable.39–41 This makes the automated classication of
PXRD data particularly difficult in a HT context.42 While prog-
ress has been made towards developing increasingly automated
PXRD classication and structure determination tools,43–46

limitations remain for exploratory synthesis campaigns where
the identity and crystallinity of the products are unknown.
Automated structure determination tools may require an initial
structure model and are commonly developed for specic
classes of materials using simulated PXRD data free of noise,
peak broadening, or other artifacts that adversely affect
performance.47 RE-MOFs present additional challenges: in
addition to the potential for mixtures of multiple crystalline
phases, RE ions with different ionic radii can form isostructural
analogues to reported framework structures that differ slightly
in their unit cell parameters, resulting in the same diffraction
patterns with slightly shied 2q peak positions.48

With these challenges in mind, we sought to develop a HT
screening tool to aid in the identication of major product
phases from reported structures, as opposed to rening indi-
vidual structure models for each experimental pattern. Our goal
was to differentiate between samples corresponding to known
crystal structures and samples that are potentially unreported
frameworks in need of further characterization. The experi-
mental powder dataset was compared against simulated
powder patterns generated from published crystal structures in
the Cambridge Structural Database (CSD).49,50 To avoid search-
ing against over a million structures in the complete CSD, we
identied structures containing both the linker of interest and
© 2026 The Author(s). Published by the Royal Society of Chemistry
any lanthanide metal to construct smaller libraries of potential
products (ranging from 9–168 structures, depending on the
identity of the linker; see SI Section 4.2).

Simulated PXRD patterns were generated from these re-
ported structures, yielding position-intensity lists of each peak
in the reference powder patterns. Analogous position-intensity
lists were generated from experimental PXRD patterns. For
each experimental peaklist, reference peaklists were interpreted
to identify likely pairs of matching peak positions using
a Gaussian function (eqn S1). The intensities of these matched
experimental-reference peak pairs were then compared in order
to calculate a similarity score for each reference pattern (eqn
S2). These scores were used to expedite the classication of each
powder pattern and identify samples representing previously
unreported structures. The complete HT search-match
screening script is available in our GitHub repository (https://
github.com/farhagroupnu/pxrd-CSD-search-match) and
described in detail in Section 4 of the SI. The following
section provides illustrative examples of experimental PXRD
classication to demonstrate the practical implementation of
this screening tool.

As a representative example, we rst detail our PXRD phase
classication workow for samples crystallized with trimellitic
acid (H3trimel) as a linker. Simple visual inspection of experi-
mental PXRD data (Fig. 2a) indicates the presence of at least
three crystallographic phases over the range of REs. HT search-
match screening revealed the light REs (including La, Ce, Pr,
and Nd) form the reported MIL-81 framework (RE(trimel)(H2O),
Fig. 2b).51 This structure is identied by the CSD refcode UTO-
NAT, which shows good agreement in peak positions and
intensities between the experimental data and simulated
reference pattern (Fig. S27). MIL-81 is a 3D framework with 9-
coordinated RE ion chain nodes, each coordinated by two bi-
dentate carboxylate ligands, four monodentate carboxylate
ligands, and one water molecule (Fig. S34). Intermediate REs
(including Gd, Tb, Dy, and Ho) form a separate 3D MOF with
formula [RE(trimel)(H2O)3]. This framework also has 9-coordi-
nated ion nodes, with each RE ion coordinated by two bidentate
carboxylate ligands, two monodentate carboxylate ligands, and
three water molecules (Fig. S35). We note three matched refer-
ence structures in the CSD that have the same space group,
framework coordination and topology, and similar unit cell
parameters (Table S3), but differ in the identity of the RE ion
reported: SEVWEV (Nd),52 ROWZEM (Eu),53 and VOYWUB (Er).54

Accordingly, our HT search-match screening identies multiple
high-agreement structures for these experimental samples
(Fig. S28). For heavy lanthanides such as Yb and Lu, we iden-
tied a third product phase as MIL-92 (RE2(trimel)(H2O)2, CSD
refcode PEFBEI).55 Each RE ion node in this 2D framework is 6-
coordinated by one bidentate carboxylate linker, two mono-
dentate carboxylate linkers, and two water molecules (Fig. S36).

Rather than discrete boundaries between the different
framework products, mixtures of multiple phases are frequently
observed for reactions with REs bordering two crystallographic
phases. These samples are identied by our HT search-match
screening based on the presence of residual peaks that are
unmatched by the top reference structure. These extra peaks
Chem. Sci.
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Fig. 2 (a) Normalized PXRD patterns collected of products obtained from crystallization of rare earth metals with trimellitic acid linker (H3trimel)
and 5 M acetic acid at 80 °C. Black traces are simulated patterns for the four product phases. (b) Crystalline phases identified from PXRD data.
MIL-81, RE(trimel)(H2O)3, and MIL-92 are previously reported frameworks, while NU-2501 is a new structure. (c) Phase diagram showing
framework formation as a function of metal identity, acetic acid concentration, and temperature. Tile colors indicate phases identified by PXRD.
Split tiles denote phase mixtures, light gray tiles indicate amorphous samples, and dark gray tiles indicate unidentified impurities.
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indicate a potential phase mixture, and a second round of
search-matching is initiated for the unmatched peaks to
suggest a possible secondary phase. For instance, the crystalli-
zation reaction of Nd, trimellitic acid, and 5M acetic acid at 60 °
C produces a mixed-phase sample containing both MIL-81 and
[RE(trimel)(H2O)3] products, as identied through two consec-
utive rounds of search-matching (Fig. S29).

Following the identication of experimental samples corre-
sponding to reported structures, we turned to samples that were
not successfully matched. As an example, for the reaction of Tm,
trimellitic acid, and 5 M acetic acid at 80 °C, no reasonable
reference structure match was found (Fig. S30), as indicated by
poor agreement between the peak positions and intensities of
experimental data with the reference structures, and their
correspondingly low scores. The lack of a reference structure
match suggested that this sample may represent a potentially
unreported phase. Indeed, further characterization by SCXRD
revealed that this reaction produces a new structure, NU-2501,
[RE(trimel)(H2O)3], which crystallizes in the monoclinic P21/c
space group (Fig. S52a, S53 and Table S9). This 2D framework
consists of columns of RE chain nodes assembled through H-
bond interactions. Each node is 8-coordinated by one bi-
dentate carboxylate ligand, three monodentate carboxylate
ligands, and three water molecules (Fig. S37).
Chem. Sci.
Our HT search-match screening approach enabled the expe-
dited classication of our experimental PXRD data through the
suggestion of likely reference structures and the identication of
possible phase mixtures and previously unreported MOFs.
Following the assignment of primary and secondary products for
each sample, we constructed a phase diagram for the 192 total
crystallization reactions performed with trimellitic acid (Fig. 2c).
Across the range of REs, we note a preference for distinct phases
for large, intermediate, and small ions, as observed in previous
RE MOF crystallization studies.56–58 In addition to the four MOF
products described above, 32 samples did not produce crystal-
line products, including all reactions with Sc and many reactions
with increased acetic acid concentrations at 40 °C. We also note
the presence of minor crystalline impurities in some samples
(see Fig. S31 for a representative example) which could not be
identied through our search-match screening or subsequent
characterization attempts. A minority of PXRD patterns from our
campaign displayed preferred orientation effects from crystallite
stacking or large crystal size, complicating automated classi-
cation. Manual characterization techniques were strategically
used to elucidate the phase of these samples (see discussion in SI
Sections 4.7 and 4.8).

Comparison of the resulting products as synthetic condi-
tions change provides insights into the thermodynamic
© 2026 The Author(s). Published by the Royal Society of Chemistry
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preferences of trimellitic acid framework crystallization. For
instance, the MIL-92 framework is observed only with Yb and
Lu, and only at 80 °C. As the reaction temperature decreases to
60 °C, NU-2501 is observed as the primary phase for the heavy
REs. At 40 °C, no products are observed for Yb and Lu when any
quantity of acid modulator is present, indicating that the crys-
tallization of either framework is not accessible at these
conditions. A similar phenomenon is observed with light REs
with the MIL-81 phase, which does not form any crystalline
products at the highest acid concentration at 40 °C.

We applied our HT search-match screening approach to
identify product structures corresponding to samples crystal-
lized with trimesic acid, pyromellitic acid, and mellitic acid
linkers (Fig. 3). We did not observe solid products for samples
crystallized with the ditopic linkers (terephthalic acid, phthalic
acid, and isophthalic acid) and therefore did not collect PXRD
for these samples. For trimesic acid (H3btc), we identied two
Fig. 3 Crystalline products identified from high-throughput RE-MOF e
with (a) trimellitic acid (H3trimel), (b) trimesic acid (H3btc), (c) pyromellitic
framework, the coordination number (CN) of the RE ions, and the REs o
structure names indicate previously unreported frameworks. Color code
from the structures for clarity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
previously reported phases. The rst is RE(btc)(H2O)6, a 2D
framework with a stacked sheet structure assembled from 9-
coordinated RE ion nodes (Fig. S38). Our search-match
screening identied four isostructural versions of this frame-
work, corresponding to CSD refcodes KEBSOA (La),59 YIMRIL
(Ce),60 RAVJUV (Gd),61 and CAQFEI (Tb)62 (Table S4). This phase
dominates the trimesic acid phase diagram (Fig. S58) and is
accessible for REs La through Ho at all temperatures and acid
concentrations studied. We observed a second reported
phase for heavy REs Tb through Lu: MIL-78 (RE2(btc)), identi-
ed by CSD refcode BEVSUR.63 MIL-78 is a 3D framework with
8-coordinated RE ion nodes (Fig. S39). This product is
favored at higher synthesis temperatures and is not observed at
60 or 40 °C.

Following the assignment of these reported structures, we
turned to the remaining unmatched samples. Reactions of tri-
mesic acid and Sc produced a new crystalline phase distinct
xploratory synthesis campaign, resulting from crystallization reactions
acid (H4pyro), and (d) mellitic acid (H6mel). The dimensionality of the

bserved to form each product are noted under each structure. Bolded
: RE (pink/purple), C (gray), and O (red). Hydrogen atoms are omitted

Chem. Sci.
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from previously reported structures, as conrmed by PXRD
(Fig. S4). Using SCXRD, we identied this phase as NU-2502,
[Sc3(btc)2(O)1.5(CH3COOH)(H2O)2], which crystallizes in the
trigonal R�3m space group (Fig. S52b, S54 and Table S9). NU-
2502 is a 3D framework built upon Sc2 dimer nodes (Fig. S40).
Each Sc ion is coordinated by two monodentate carboxylate
ligands and one acetate molecule; the dimer building unit is
completed by an oxo bridge and two bridging carboxylate
groups from two additional ligands spanning both Sc ions.

We subsequently observed a second unreported MOF
resulting from reactions between trimesic acid and heavy REs
with 10 M acetic acid. However, attempts at structural charac-
terization with SCXRD proved challenging due to the lack of
single crystals with suitable size and quality. To circumvent this
limitation, we leveraged MicroED to determine the structure
directly from the available microcrystalline powder. This anal-
ysis elucidated the structure of NU-2503, [RE(Hbtc)(CH3COO

−)],
which crystallizes in the monoclinic P21/c space group (Table S9
and Fig. S55). NU-2503 is a 3D framework with 8-coordinated RE
ions linked by acetate molecules to form chain nodes
throughout the structure (Fig. S41).

Finally, we identied 7 reactions with the trimesic acid linker
that resulted in crystalline products, but the PXRD patterns did
not demonstrate good agreement with any of the four afore-
mentioned frameworks (see Fig. S32 for a representative
example). Aer unsuccessful attempts to characterize these
structures through SCXRD and MicroED, we designated these
products of these reactions as an “unknown phase” (Fig. S58).

From the linkers in this campaign, reactions with the tetra-
topic pyromellitic acid (H4pyro) linker resulted in the greatest
product framework diversity: we observed six distinct phases
across the RE series (Fig. S59). For reactions with Sc at 80 °C, we
identied a reported structure with CSD refcode DEJJEK, a 3D
framework featuring 6-coordinated Sc ion nodes (Fig. S42).64 For
light to intermediate REs across all three temperatures, the
dominant product was identied as refcode RIVSOH, corre-
sponding to RE(pyro)2(H2O)4, a layered, 2D framework
comprised of 9-coordinated RE nodes (Fig. S43).65 Moving to the
heavy REs (Dy–Yb) at 60 and 80 °C, we observed a third product,
the 3D framework [RE(pyro)3(H2O)2] (Fig. S44). Two iso-
structural analogues of this product are published under
refcodes UZATAR66 and MITGOL (Table S5).67 Finally, a fourth
reported structure was identied in reactions with Yb and Lu at
80 °C, the 3D framework [RE4(pyro)3(H2O)8] corresponding to
refcode MITGIF (Fig. S45).67

SCXRD analysis revealed two previously unreported pyro-
mellitic acid frameworks, NU-2504 and NU-2505. NU-2504
[RE(H2pyro)0.5(pyro)0.5(H2O)2] crystallizes in the triclinic P�1
space group (Fig. S52c, S56 and Table S9). Its architecture is
built upon dinuclear RE2 nodes; with each RE2 pair coordinated
by three fully deprotonated and three half deprotonated bi-
dentate carboxylate ligands, four water molecules, and two
bridging carboxylate groups. This assembly creates a 3D
framework featuring distinct channels along the a-axis
(Fig. S46). We found that NU-2504 is accessible at all tempera-
tures for the mid-to heavy-REs (Gd–Tm), frequently appearing
as a mixed phase alongside the known RE(pyro)3(H2O)2
Chem. Sci.
structure. For the heaviest REs (Yb, Lu) at lower temperatures,
the favored product shis to NU-2505, [(RE(Hpyro)(H2O)2].
Unlike the 3D connectivity of NU-2504, this material crystallizes
in the orthorhombic Pbcm space group (Fig. S52d, S57 and Table
S9) as a 2D framework containing stacked layers assembled
from 8-coordinated RE ion nodes (Fig. S47).

For the hexatopic mellitic acid (H6mel) linker, we identied
four product phases, all of which are previously reported
(Fig. S60). Light REs were observed to form one of two frame-
works. These are [RE2(mel)(H2O)6] (Fig. S48) for which we noted
6 isostructures from the CSD68–72 (Table S6), and [RE2(mel)(H2-
O)9]73 (Fig. S49), both of which are 3D frameworks with 9-coor-
dinated RE ion nodes. Intermediate REs formed a third 3D
framework, [RE2(mel)(H2O)8] (Fig. S50), accessible across all
temperatures and acid concentrations studied. We identied
ten matched isostructural analogues for this product (Table
S7).74–78 For heavy REs at 60 °C, the fourth product, [RE2(-
mel)(H2O)10], was dominant. This 2D framework is constructed
from 8-connected RE ion nodes (Fig. S51) and corresponds to
three analogous matched structures (Table S8).78–80

Overall, we observed 18 distinct crystallographic product
phases across our HT RE-MOF synthesis campaign, including 5
previously unreported structures. Aided by our HT PXRD
search-match screening tool, we rapidly identied published
framework structures from the CSD and allocated manual
characterization resources towards potentially new MOFs. The
resulting phase diagrams elucidate which crystallographic
phases are thermodynamically accessible under different reac-
tion conditions, and which conditions are ideal for the
synthesis of specic phase pure samples.
Determination of crystallization kinetics with computer vision

To complement the thermodynamic insights gained from our
product phase diagrams, we sought to probe into the kinetics of
each crystallization reaction. While measurements such as in
situ PXRD would enable precise monitoring of crystalline
product formation, the required sample preparation and cost
were not feasible for a HT campaign. Instead, we opted to
replicate a common practice among experimental materials
chemists: simply looking at a sample vial to assess whether
solid products have formed. To adapt this action for automated
materials discovery, we installed a camera within our synthesis
platform to capture images of sample vials over time as the
crystallization reactions progressed. Initially, the solutions of
metal salts, linkers, and modulators are clear. As frameworks
gradually precipitate, the solution becomes cloudy, or solid
powder or crystals can be observed collecting at the bottom of
the vial. We documented this process by capturing nine images
of each vial over the 18-hours synthesis, resulting in a dataset of
over 12 000 unique images.

To automate the analysis of these images, we developed
a machine-learning-based CV workow to identify chemically
relevant artifacts including solid precipitates and clear or
cloudy liquid. Our CV pipeline consists of two consecutive
object detectionmodels: the rst detects the region of the image
corresponding to the sample vial, and the second detects
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Kinetic diagram of product formation onset times for reactions
with trimellitic acid linker. The size of the marker indicates product
formation rate: fast (<1.75 hours), moderate (1.75–7 hours), or slow
(>7 hours). The absence of a marker indicates a reaction where no
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chemical phases within the sample vial region (Fig. S61). These
models were trained on a dataset of images captured within our
automated synthesis platform and manually annotated by
experimental MOF chemists.81 The phase classication model
detects ve key chemical phases (Fig. S62): the empty headspace
in the vial is classied as either “empty” or “residue,” the liquid
phases are classied as “clear/homogeneous liquid” or “cloudy/
heterogeneous liquid,” and solid powder or crystals are identi-
ed as “solid.” Additional details on our CV workow are found
in Section 5 of the SI, and a thorough discussion of dataset
generation, model training and performance, and a comparison
to human researchers can be found in our recent tutorial
article.82

In this study, we focus on the identication of cloudy liquid
and solid phases as indicators of MOF formation. Using our CV
workow, we analyzed the time series of images for each sample
vial to pinpoint the rst appearance of either cloudy liquid or
solid material. This timepoint indicates the onset of MOF
formation and provides a window into the crystallization
kinetics of each sample. Some samples crystallize rapidly, with
cloudy liquid and solid classes detected shortly aer the start of
synthesis (Fig. 4a). In contrast, other samples exhibit slower
kinetics, with cloudy liquid and solid phases not appearing
until multiple hours of heating time have elapsed (Fig. 4b).

Using CV to analyze each sample image time series enabled
us to rapidly identify the onset of crystallization without
researcher intervention or manual handling of each sample vial.
Based on the detected precipitation time, we categorized the
formation rate of each sample as fast (occurring within 1 hour
and 45 minutes), moderate (1.75–7 hours), or slow (>7 hours).
We plot the resulting crystallization onset time data as a kinetic
Fig. 4 Determination of product formation rate through computer visio
Overlaid boxes indicate the regions of each image corresponding to clea
CVmodel. Time series (a) depicts a representative “fast” crystallization rea
solid phases are detected after 45 minutes. Time series (b) depicts a repr
acid, 40 °C), where cloudy liquid is detected after 10 hours, indicating th

© 2026 The Author(s). Published by the Royal Society of Chemistry
diagram to examine the inuence of reaction conditions on the
formation rate of reactions performed with trimellitic acid as
a linker (Fig. 5). As expected, decreasing reaction temperature
results in slower product formation, and increasing the
concentration of acid modulator similarly suppresses the onset
of crystallization. For instance, regardless of RE identity, all
reactions without an acid modulator at 80 °C exhibit fast crys-
tallization. When the acid concentration is increased to 10 M
and the temperature is decreased to 40 °C, the majority of REs
demonstrate slow product formation. We also note a general
trend of faster formation rates for light REs compared to heavy
n-based analysis of images captured during MOF synthesis reactions.
r liquid (blue), cloudy liquid (purple), and solid (red), as detected by our
ction (Y, trimellitic acid, 0 M acetic acid, 80 °C), where cloudy liquid and
esentative “slow” crystallization reaction (Pr, trimellitic acid, 5 M acetic
e onset of MOF precipitation.

products were observed.

Chem. Sci.
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REs. The interplay between modulator concentration and RE
identity is particularly evident in trimellitic acid samples
synthesized at 60 °C. As the modulator concentration increases
from 0 to 10 M, the proportion of REs with fast formation rates
gradually decreases. At 0 M, Sc, Y, and lanthanides La through
Er have fast kinetics, while at 10 M, only Y and La retain this fast
formation rate, with lanthanides Nd through Lu exhibiting slow
product formation.

We observe similar trends in product formation onset times
for samples synthesized with pyromellitic acid as a linker
(Fig. S63). At higher temperatures and lower modulator
concentrations, fast crystallization is observed, with light REs
generally exhibiting faster formation rates than heavy REs. For
reactions at 80 °C with no modulator, all 14 lanthanides exhibit
fast formation rates, compared to only La through Nd for reac-
tions at 60 °C and 10M acetic acid. For samples synthesized with
trimesic acid, we observe fast product formation rates for all
reactions with light REs, regardless of temperature or modulator
concentration; only lanthanides heavier than Gd exhibit slow
crystallization (Fig. S64). Finally, the hexatopic mellitic acid
linker enabled rapid coordination and framework crystallization.
Every reaction condition explored with this linker resulted in fast
product formation (Fig. S65). Even at the lowest temperature and
highest acid concentration, expected to result in the slowest
crystallization conditions, sample images revealed rapid precip-
itation and solid product formation (Fig. S66).
Fig. 6 Scheme depicting (a) crystallization of distinct framework product
may display selectivity for either of the MOF products, leaving the non-cr
no crystallization selectivity, a mixed-metal product is produced. Compar
(c) enables the determination of crystallization selectivity. (d) Percent cha
for samples crystallized with a binary mixture of La and Lu. Pink tiles indic
change from the initial Lu/La ratio, and teal tiles indicate a decreased Lu

Chem. Sci.
When comparing these kinetic diagrams with thermody-
namic preferences for different crystalline MOF phases ob-
tained from our PXRD analysis, we do not observe strong
correlations between MOF phase identity and crystallization
rate. For instance, samples synthesized with trimellitic acid and
5 M acetic acid at 80 °C, lanthanides La through Tb all exhibit
a fast product formation rate (), with lanthanides heavier than
Tb displaying moderate or slow crystallization. However,
examination of the PXRD phase diagram for these samples
(Fig. 2c) reveals that Tb and the next two heavier lanthanides, Dy
and Ho, all form the same product, RE(trimel)(H2O)3, as their
primary phase. Similar examples are observed for the other
reaction conditions and linkers. While certain phases are
generally observed to form more slowly or more quickly, the
boundaries between different crystalline products on our phase
diagram do not dictate dramatic changes in product formation
kinetics. While these formation rates can be tuned based on the
reaction temperature and acid concentration, the overall trend
of faster crystallization for lighter REs is preserved. Lanthanide
identity and ionic radius are therefore more important in gov-
erning kinetics than the actual identity of the structure that is
ultimately crystallized.
Binary metal crystallization reactions

Building upon our insights into RE-MOF crystallization ther-
modynamics and kinetics gleaned from PXRD and CV analysis,
s from a single metal at a time. Binary metal crystallization reactions (b)
ystallized ion remaining in the supernatant solution. For reactions with
ing the initial ratio of metals to the final ratio in the supernatant solution
nge in the supernatant elemental ratio compared to the initial 1 : 1 ratio
ate an increased Lu/La ratio in the supernatant, white tiles indicate no
/La ratio in the supernatant.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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we established a proof-of-concept selective crystallization of
a single MOF product from an initial mixture of multiple
REs.56,57,83,84 Our single-metal crystallization trials outlined the
landscape of potential crystalline products for a given set of
synthetic conditions (Fig. 6a). Applying these conditions to
a reaction with two REs present could result in multiple
possible products, including either of the single-metal frame-
works, a physical mixture of both, or frameworks with both
metals incorporated into the same structure (Fig. 6b). The
optimal selective crystallization reaction would sequester
a single RE into the MOF lattice, yielding a solid product that is
easily separable from the non-crystallized RE remaining in
solution. This would enable a heterogeneous separation
strategy with milder reaction conditions than are typically
employed in traditional homogeneous RE purication
approaches.37,85,86 Therefore, our goal was to rapidly identify
which synthetic conditions resulted in the greatest crystalliza-
tion selectivity.

To probe the crystallization selectivity for light vs. heavy REs,
we performed binary crystallization trials with a 1 : 1 molar ratio
mixture of La and Lu. We surveyed the same acid concentra-
tions, temperatures, and four linkers resulting in crystalline
MOFs from our single metal synthesis campaign. Based on the
results from our CV kinetic analysis, which revealed faster
product formation rates for light RE-MOFs, we reduced the
reaction time to one hour. We hypothesized that a shorter
reaction time could increase crystallization selectivity by pre-
venting signicant amounts of the slower-forming heavy RE-
MOF products from forming. Following the reaction, we char-
acterized the solid products with HT-PXRD (Fig. S67–S70).

For samples synthesized with trimesic acid as a linker, all
reaction conditions resulted in PXRD patterns consistent with
RE(btc)(H2O)6 (Fig. S67), which is the product from the corre-
sponding single metal synthesis with La. For trimellitic acid,
pyromellitic acid, and mellitic acid, we observed generally lower
crystallinity (lower peak intensities relative to background) for
samples synthesized in these rapid binary metal reactions
compared to our single metal campaign. Given the short reac-
tion duration, these samples seem to be in the early stages of
framework assembly. Therefore, we did not observe highly
crystalline products for samples with these linkers crystallized
at 40 and 60 °C. At 80 °C, we observe the same trend for the
preferential synthesis of the La (light RE) phase: MIL-81 for
trimellitic acid, RE(pyro)2(H2O)4 for pyromellitic acid, and
RE2(mel)(H2O)6 for mellitic acid (Fig. S78). We did not identify
PXRD patterns consistent with the Lu (heavy RE) product MOFs
for any of the linkers studied.

We captured images of each sample at 10-minutes intervals
throughout the binary crystallization reactions and constructed
a kinetic diagram to visualize the relative product formation
rates (Fig. S81). The mellitic acid samples demonstrated the
fastest product formation rates, with all reactions displaying
cloudy liquid or solid material within 16 minutes. Reactions
with BTC as a linker had similarly fast kinetics across all
temperatures. In contrast, the pyromellitic acid and trimellitic
acid samples had overall slower product formation kinetics, as
well as multiple reactions with no solid products produced. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
combination of PXRD and CV analysis proved critical for
interpreting these binary metal crystallization reactions. For
instance, while all reaction conditions with mellitic acid
demonstrated fast formation rates by CV, only the 80 °C reac-
tions resulted in crystalline MOF products (Fig. S70). Despite
the fast precipitation exhibited in the 40 and 60 °C reactions
(representative example shown in Fig. S84), these conditions are
not sufficient for ordered self-assembly in such a short dura-
tion, producing only non-crystalline products instead.
Quantication of crystallization selectivity with high-
throughput X-ray uorescence

The PXRD patterns conrmed that these binary trials demon-
strate a crystallographic preference for the MOF phase corre-
sponding to the lighter RE, La. However, quantifying the
reaction selectivity requires determining the elemental
composition, as both RE ions can potentially incorporate within
the same crystalline lattice. We developed a HT approach using
XRF spectroscopy to determine the elemental composition of
REs in the reaction supernatant solutions. Comparing the
initial elemental ratio in the binary metal stock solution to the
nal ratio in the reaction supernatant quanties preferential
incorporation (Fig. 6c). For instance, if a MOF containing only
La was selectively crystallized from an initial equimolar solution
of La and Lu, the nal supernatant solution would be expected
to contain a Lu : La ratio greater than 1 : 1, as La ions would be
removed from the solution to form the solid MOF product.
Alternatively, crystallization reactions with poor selectivity,
incorporating both La and Lu into the product frameworks,
would result in supernatant solutions with relative Lu : La
concentrations unchanged. This method of sampling the
supernatant enabled facile elemental determination while
maintaining compatibility with our automated synthesis plat-
form and bypassing the labor-intensive process of digesting
each solid MOF sample.

Following each binary metal crystallization trial, we used
automated liquid handling to sample the supernatant by
pipetting from the top of the liquid volume within each sample
vial. The solution was transferred to lter paper rounds housed
in custom XRF sample holders (Fig. S85). Once sample prepa-
ration for all vials was complete, the holders were transferred to
the XRF spectrometer to determine the molar ratios of the
elements present in the supernatant. These nal elemental
ratios were compared to the initial ratio in the metal stock
solution (Lu : La = 1.03) to calculate the percent change in the
Lu : La ratio following crystallization (Fig. 6d).

Across all temperatures and acid concentrations for the tri-
mellitic acid and pyromellitic acid linkers, nal Lu : La ratios
are slightly decreased. However, these values are within 14% of
the initial Lu : La ratio, indicating low Lu selectivity in the solid
product. In contrast, reactions with mellitic acid exhibit
increased Lu : La ratios, corresponding to supernatant solutions
enriched in Lu. The greatest change in Lu : La ratio was
observed for the reaction of mellitic acid with 2 M acetic acid at
40 °C. For this reaction, the percent change in Lu : La ratio was
71 ± 3%, corresponding to a Lu : La ratio of 1.8 in the
Chem. Sci.
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supernatant solution (Fig. 6d and Table S10). With BTC as the
linker, the greatest change in Lu : La ratio was observed for the
reaction performed with no acid modulator at 60 °C, resulting
in a percent change in Lu : La ratio of 21± 3%, corresponding to
a Lu : La ratio of 1.25 in the supernatant (Fig. 5d and Table S10).
In addition to binary trials with La + Lu, we also investigated the
element pairs La + Gd and Gd + Lu, and performed character-
ization by PXRD (Fig. S71–S77) and CV image analysis (Fig. S82
and S83). Determinations of the phase identity based on PXRD
Fig. S79 and S80) conrmed the formation of crystallographic
phases corresponding to the lighter RE of each pair, consistent
with our results for La + Lu. XRF analysis of the supernatant
solutions for reactions with La + Gd (Fig. S87 and Table S11)
demonstrated similar trends as the La + Lu trials, with mellitic
acid having the greatest selectivity for La incorporation, fol-
lowed by BTC. For reactions with Gd + Lu, we did not observe
selective incorporation of either RE (Fig. S88 and Table S12).

XRF selectivity measurements in combination with our
PXRD results indicate that forming a highly crystalline material
is not a prerequisite for the preferential incorporation of one RE
over another. In fact, for La + Lu trials, we observe the greatest
selectivity for preferential La incorporation for reactions with
mellitic acid at 40 and 60 °C, which formed non-crystalline
products. These samples demonstrated rapid precipitation
based on CV image analysis (Fig. S81), but PXRDmeasurements
revealed the products were amorphous. Assembling an
extended framework structure requires reversible coordination
between the carboxylate linkers andmetal ions to promote error
correction and increased crystallinity. The short duration of the
binary metal trials (1 hour) was sufficient for rapid precipitation
for the mellitic acid samples, but the resulting products
demonstrated low to no crystallinity compared to the single-
metal reactions, which occurred over a longer duration (18
hours). Despite this, these samples demonstrated a greater Lu :
La enrichment in the reaction supernatant, indicating higher
selectivity for the preferential incorporation of La. Slowing
framework assembly does not enhance selectivity, but instead
facilitates the co-incorporation of the disfavored metal. The rate
of product formation is therefore crucial for selectivity. This is
consistent with the rapid precipitation observed for all single-
metal reaction conditions with mellitic acid (Fig. S65). In our
binary metal trials, we also observe decreased selectivity for Lu :
La in the supernatant as the concentration of acetic acid
modulator is increased (Fig. 6). The presence of acidic species
that compete with linkers for coordination to metal ions slows
the framework assembly process and facilitates the co-
incorporation of both REs. Despite the limitations of selective
crystallization under these conditions, interpreting our XRF
results alongside information gained from our PXRD and CV
image analysis provided a more complete picture of these
binary metal crystallization trials.

Conclusions

In this study, we demonstrated an automated, high-throughput
workow to expedite exploratory MOF synthesis and charac-
terization, illustrated through a case study focused on RE-
Chem. Sci.
carboxylate MOF crystallization. Between our single-metal and
binary-metal crystallization trials, we performed a total of 1488
unique MOF synthesis reactions within our automated plat-
form, representing a signicant savings of active researcher
time compared to manual synthesis approaches. We charac-
terized the bulk structure of these samples using HT-PXRD,
collecting a total of 815 patterns, and utilized a custom PXRD
screening tool to match experimental data to previously re-
ported MOF structures in the CSD. Through this approach, we
identied 18 total framework product phases, mapping the
relationship between synthetic conditions and MOF product
identity. Manual characterization with SCXRD and MicroED
was strategically employed to identify 5 previously unreported
MOF structures (NU-2501–NU-2505). To capture crystallization
kinetics, we deployed a custom computer vision model to
monitor turbidity and precipitation across >13 000 time-
resolved images. Furthermore, we developed a HT-XRF work-
ow to investigate selectivity trends of 144 binary mixtures,
identifying mellitic acid to be most effective driver for light-RE
separation. The integration of the resulting structural, kinetic,
and compositional information provides insights into RE-MOF
crystallization that would not have been feasible to obtain with
manual characterization approaches. We report the full dataset
of reaction outcomes, including unsuccessful syntheses and
raw characterization data, to mitigate publication bias and
inform future synthetic design. We anticipate combining these
automated synthesis and characterization tools with articial
intelligence for sophisticated reaction planning and interpre-
tation will create a powerful platform for future MOF
synthesis.87 While our study focused on RE-MOFs, our HT
synthesis and characterization workow is broadly applicable to
the investigation of further classes of materials to optimize
synthetic protocols, identify new structures, and uncover ther-
modynamic and kinetic insights into their formation.
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Data availability

CCDC 2505882–2505886 contain the supplementary crystallo-
graphic data for this paper.88a–e

The image datasets used to train our CV model are available
at https://doi.org/10.5281/zenodo.16209653 and the trained
models and analysis scripts are available at https://
github.com/AccelerationConsortium/CV-HTE-Tutorial. The
HT-PXRD search-match script is available at: https://
github.com/farhagroupnu/pxrd-CSD-search-match. The HT-
PXRD data, search-match results, CV images and time series
gures, and HT-XRF data are https://doi.org/10.5281/
zenodo.17902549. Supplementary information (SI):
experimental and instrumental details, characterization data,
crystallographic and kinetic phase diagrams, and selectivity
results. See DOI: https://doi.org/10.1039/d5sc09992g.
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