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Since the structure of supramolecular isomers determines their performance, rational synthesis of a specific
isomer hinges on understanding the energetic relationships between isomeric possibilities. To this end, we
have systematically interrogated a pair of uranium-based metal—-organic framework topological isomers
both synthetically and through density functional theory (DFT) energetic calculations. Although synthetic
and energetic data initially appeared to mismatch, we assigned this phenomenon to the appearance of

a metastable isomer, driven by levers defined by Le Chatelier's principle. Identifying the relationship
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than conventional binary (e.g., kinetic vs. thermodynamic) products.

Introduction

Supramolecular isomerism occurs when more than one type of
network superstructure exists for the same set of molecular
building blocks." This phenomenon produces chemically
similar materials with divergent properties, an occurrence with
widespread implications. For example, protein isoforms and
misfolding dramatically affect disease,>® polymorphism of
pharmaceutical cocrystals influences drug development,** and
isomer selectivity in supramolecular arrays allows for engi-
neered materials with exquisite structure-property control.*®
Since isomer structure thus accounts for varying material
performance, understanding the chemical processes that select
for these structures will aid in the targeted synthesis of specific
isomers.

Synthetic selectivity between supramolecular isomers is
broadly derived from the energetic relationships between
them.’ Ideally, this phase space can be mapped on an energy
landscape containing both local and global energy minima
(Scheme 1). We note that for network superstructures, this
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phase space becomes complex and often contains more than
merely binary energetic minima. For a classical non-dissipative
supramolecular organization, the global energy minimum
occurs under an equilibrium environment as the thermody-
namic product. Conversely, local energy minima (e.g., kinetic or

metastable  products) arise under non-equilibrium
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Scheme 1 Energy landscape of supramolecular products. Non-equi-
librium non-dissipative syntheses produce metastable and kinetic
products (top, pink), and equilibrium syntheses produce thermody-
namic products (bottom, blue).
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environments and strongly depend on synthetic conditions.****
For instance, kinetic products are favored by rapid assembly
and are accessed through kinetic control by shifting the height
of existing activation energy barriers. Metastable products,
however, are local energetic minima that become thermody-
namically stable under the conditions of growth."” Thus, ther-
modynamic control favors metastable products by shifting
chemical equilibria using levers defined by Le Chatelier's
principle. As an example, several studies have shown that
removal of products during a reaction shifts the chemical
equilibrium towards the product side and generates a meta-
stable material.*>*®

This interplay between supramolecular structure, properties,
and energetics appears in a class of self-organized network
assemblies termed metal-organic frameworks (MOFs). MOFs
comprise inorganic nodes and organic linkers which self-
assemble into porous, crystalline materials with widespread
functions.””™ According to graph theory, one set of node and
linker building blocks can connect in various arrangements to
produce distinct topologies with unique underlying periodic
nets.”*** Due to this phenomenon, MOFs exhibit topological
isomerism, producing various framework nets - often with
unique properties - from the same set of linker and node
components.”*** However, energetic analyses of MOF isomer
phase space are generally limited to binary thermodynamic and
kinetic topological isomers in traditional transition metal-
based MOFs.>*** Widening the energetic understanding of
MOF topological isomers involves: (1) defining what causes
a certain topology to be favored, (2) determining how isomer
energetics inform synthesis design rules, and (3) implementing
thermodynamic control to access less explored metastable
phases®** in non-traditional MOFs.**%
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In this study, we aim to address these three thrusts through
an energetic analysis of topological isomerism in an actinide
MOF system. Since structure—property relationships in actinide-
based MOFs prove to be unlike those of traditional transition
metal-based MOFs,***” we hypothesize that the energetic anal-
ysis of actinide MOF isomers will provide unique insight into
their synthetic relationship. Here, we select a MOF system with
a tetrahedral linker (tetrakis(4-carboxyphenyl)methane or
TCPM) and a triangular, uranyl-based node (Fig. 1c). The
assembly of these building blocks results in two distinct
isomeric topologies: ctn (Fig. 1a) and bor (Fig. 1d).*® By
systematically varying synthetic parameters, including temper-
ature, modulator ratio, and reaction concentration, we aimed to
selectively isolate one isomer as the thermodynamic product at
high modulator amount, high temperature, and low concen-
tration. Instead, we obtained bor (NU-1306) under high modu-
lator and high temperature conditions, and we isolated ctn (NU-
1305) under low reaction concentration conditions. To under-
stand these conflicting data points, we examined the crystal
structures and employed geometric strain analysis as well as
density functional theory (DFT) calculations, which indicate
that NU-1305 is thermodynamically favored by 8 kcal mol . By
identifying that the synthesis of NU-1306 is in fact favored by
thermodynamically controlled non-equilibrium conditions, we
attribute this apparent mismatch between synthetic and ener-
getic parameters to NU-1306 being a metastable phase. Identi-
fying the relationship between structure and energetics in this
study reveals how non-equilibrium synthetic conditions can be
used as a strategy to target metastable MOFs. More generally,
this investigation contributes to a broader understanding of
isomeric options within the complex superstructure phase
space.

NU-1306

Fig. 1 Topological isomers NU-1305 and NU-1306. Augmented topological nets for (a) ctn and (d) bor resulting from the assembly of (c)
a triangular node building block and a tetrahedral linker building block. Crystal structures of (b) NU-1305, in the ctn topology, and (e) NU-1306, in
the bor topology. In (b) and (e), uranium is shown in yellow, oxygen in red, and carbon in blue. Hydrogen atoms are omitted for clarity.
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Results and discussion

Following the synthetic procedure detailed in the ESLt self-
assembly of the triangular uranyl node and tetrahedral TCPM
linker produced single crystals of ctn topology, named NU-1305
(Fig. 1b and S27),**** and single crystals of bor topology, named
NU-1306 (Fig. 1e and S31). Both MOFs consist of a hexagonal
bipyramidal uranyl node coordinated equatorially to three
TCPM linkers through their carboxylate oxygen atoms
(Fig. S5bt). Each MOF is (3,4)-connected with a formula of
H'[UO,(TCPM), ;5] or H;O'[UO,(TCPM), 75]~ (Fig. S10-S127).

NU-1305 exhibits one type of pore, comprised of eight nodes
and six linkers. The largest sphere to fit in this pore possesses
aradius of 19.5 A (Fig. S41), and further crystallographic details
for NU-1305 can be found in the report by Hu et al.’>®* NU-1306
crystallized in the non-centrosymmetric P43m space group
with a cubic unit cell of 2 = b = ¢ = 20.9 A and a solvent-
accessible pore volume calculated by PLATON of 84%. Octahe-
dral cages of 12.8 A radii, each comprised of four nodes and six
linkers, connect through vertices to form apertures with 22 A
radii (Fig. S5c and df). Further crystallographic details can be
found in Table S1.}

After confirming the formation of both topological isomers,
we then aimed to determine their respective positions within
the system's energy landscape. To do so, we examined which
isomer required more thermodynamically favored synthetic
conditions by systematically varying the modulator ratio,
temperature, and reaction concentration. Since coordinating
modulator is thought to compete with linkers for binding sites
on metal ions, increased amounts of modulator should favor
thermodynamic products by slowing down self-assembly
kinetics.*>** Published literature also indicates that higher
temperatures favor thermodynamic MOF products by providing
more energy to surmount higher activation energy barriers.”>*”
Finally, lower reaction concentrations lead to less frequent
reactant collisions, which effectively decrease reaction kinetics
and afford thermodynamic MOF products.** Thus, we antici-
pated that these synthetic levers would indicate which topology
lies lower on the energy landscape.

Maintaining a 1.6:1 ratio of UO,(NOj3), (node) to TCPM
(linker) in 0.8 mL N,N-dimethylformamide (DMF) at 120 °C, we
first varied the formic acid (FA) modulator to DMF ratio from
0.03 FA : DMF to 0.15 FA : DMF. Powder X-ray diffraction (PXRD)
revealed that samples with a FA: DMF ratio from 0.03 to 0.09
resulted in NU-1305, while samples with a FA : DMF ratio from
0.10 to 0.15 resulted in NU-1306 (Fig. 2a). Thus, decreased
modulator produced NU-1305, while increased modulator
produced NU-1306, pointing to NU-1306 as the thermodynamic
product. We note that isomer selectivity using modulator may
be influenced by the presence of missing linker defects (Fig. S18
and Table S47).*

Next, we selected the conditions from above with a FA: DMF
ratio of 0.09, which favored NU-1305 growth at 120 °C, as
a starting point but varied the temperature of the reaction.
Under identical synthetic conditions, increasing the
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Fig. 2 Isolated isomers through tuned synthetic conditions. PXRD

data of reaction products from systematically (a) increasing modulator
amount while holding temperature and reaction concentration
constant, (b) increasing reaction temperature while holding modulator
amount and reaction concentration constant, or (c) increasing reac-
tion concentration while holding modulator and temperature
constant. Diffraction patterns are normalized.

temperature to 160 °C afforded a mixture of isomers, and
heating at 170 °C favored the formation of pure NU-1306
(Fig. 2b). Similar to the requirement for increased modulator
concentrations for the synthesis of NU-1306, the formation of
NU-1306 at higher reaction temperatures implies that it is the
thermodynamically favored topological isomer.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Finally, to test the effect of reaction concentration on isomer
product, we selected the conditions above that formed NU-1305
(0.09 FA : DMF, 0.8 mL DMF, 120 °C) and diluted the reaction
media, expecting to observe a transformation to the more
thermodynamically stable NU-1306. Interestingly, we only
observed the presence of NU-1305 and did not observe any
transformation to NU-1306 by PXRD analysis (Fig. S7t). Instead,
diluting the reaction conditions used to produce NU-1306 (0.10
FA: DMF, 0.8 mL DMF, 120 °C) by increasing the amount of
DMF from 0.8 mL to 1.8 mL yielded PXRD patterns in which the
characteristic peaks for NU-1306 decreased in intensity while
those of NU-1305 grew (Fig. 2¢). Contrary to previous systematic
testing with modulator and temperature, these data indicate
that lower reaction concentrations favor NU-1305, assigning
NU-1305 as thermodynamically stable.

To gain insight into the phenomena guiding selectivity for
one isomer over the other, we calculated the energetic minima
of each topology using periodic hybrid Density Functional
Theory (DFT) (Fig. S15, Table S3, ESI CIFsf). We further
decomposed the energetic contributions by isolating the
configurational differences in energy as a function of ligand and
node geometry, respectively. Calculations revealed that NU-1305
is 8 kcal mol™" more stable than NU-1306 (Fig. 3e). Through

NU-1305

%

200 pL FA,170 °C
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disassembly of the MOF, the NU-1305 node and linker confor-
mations were found to be favored over those of NU-1306 by 4.8
and 3.2 kcal mol ", respectively.

A geometric analysis of building block components and
crystal conformation also supports the energetic favorability of
NU-1305 over NU-1306. The NU-1306 linker dihedral angles
exhibit a higher standard deviation from the mean than those of
NU-1305, showing increased distortion of the NU-1306 linker
component (Fig. 3c and S14, Table S2f). The energetically
unfavorable co-facial configuration of the linker in NU-1306 in
turn destabilizes the node. While the node equatorial plane and
the plane of the immediately-bound linker phenyl ring remain
flush in NU-1305 (1.25° angle between planes, Fig. 3b), a 9.57°
angle appears between these planes in NU-1306, adding strain
on the node (Fig. 3d and S137). Furthermore, the crystal density
of NU-1306 lies at 0.470 g cm > while that of NU-1305 is 0.521 g
cm ?, suggesting NU-1305 as the more energetically stable
structure.*»*

In addition to the geometric analysis, conversion between
topological isomers verified their respective locations within the
system's energy landscape. Synthetic conditions involving high
temperature and increased modulator suggest a higher activa-
tion energy barrier to form NU-1306, while reaction
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Fig. 3 Energetic analysis of isomer favorability. (a) Conversion of NU-1305 (left) to NU-1306 (right) and vice versa. Geometric analysis of (b) NU-
1305 and (d) NU-1306 nodes. Only the immediately bound phenyl ring of one attached linker is shown for clarity (c) Standard deviation of linker
dihedral angles for NU-1305 and NU-1306. In panels (a)—(d), uranium is shown in yellow, oxygen in red, and carbon in black. Hydrogen atoms are
omitted for clarity. (e) Reaction coordinate diagram of NU-1305 and NU-1306 isomers. This panel is qualitative.
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Fig. 4 Non-equilibrium conditions for NU-1306 synthesis. Photo-
graphs of (a) NU-1305 and (b) NU-1306 before (left) and after (right)
the reaction. A black horizontal line drawn on the glass vial indicates
the initial solvent line before heat was added. Reaction conditions are
identical (0.9 FA: DMF, 0.8 mL DMF, 1.6 : 1 node:linker) except that (a)
was heated at 120 °C for 24 hours while (b) was heated at 170 °C for 1
hour.

concentration-dependence, DFT calculations, and geometric
analysis indicate that NU-1305 lies lower on the energy land-
scape (Fig. 3e). If both these deductions are true, then the
energy required to convert from NU-1305 to NU-1306 should be
higher than the energy needed to convert isomers in the
opposite direction (Fig. 3e). To test this hypothesis, we heated
DMEF suspensions of individual MOF isomers in the presence of
additional modulator and determined the least harsh condi-
tions (lowest amount of modulator, lowest temperature) needed
to observe isomer conversion. We found that NU-1305 converts
to NU-1306 by submerging 5 mg of washed NU-1305 in fresh
DMF with 200 pL FA at 170 °C (Fig. 3a and S8t), while conver-
sion from NU-1306 to NU-1305 requires either 25 pL FA at 170 °©
C or 70 pL FA at 120 °C (Fig. 3a and S97). From these experi-
ments, it is apparent that converting from NU-1305 to NU-1306
requires harsher conditions (high modulator, high tempera-
ture) than converting from NU-1306 to NU-1305 (either low
modulator and high temperature or high modulator and low
temperature). These data reveal that NU-1305 does indeed lie
lower in the energy landscape. Thus, these synthetic conversion
parameters, paired with the geometric analysis of both MOF
isomers, support the DFT findings of NU-1305 as the thermo-
dynamically favored isomer.

The question then arises: how can the apparent mismatch
between synthetic and energetic parameters in this system be
explained? The answer to this question lies in the high
temperature synthesis of NU-1306, which occurs with a starting
0.8 mL DMF volume and 0.09 FA:DMF ratio at 170 °C, well
above the DMF solvent boiling point (153 °C). Because the
reaction vessel used in this synthesis is not pressure-rated,
evaporated solvent escapes as the reaction mixture is heated,
decreasing the total reaction volume by the end of the reaction
(Fig. 4b). This behavior is not observed for the reaction per-
formed at 120 °C under otherwise analogous conditions, which
produces NU-1305 (Fig. 4a).

13036 | Chem. Sci,, 2022, 13, 13032-13039

View Article Online

Edge Article

Thus, multiple factors may potentially influence the selec-
tion of NU-1306 over NU-1305 under these high temperature
conditions, including (1) increased effective reaction concen-
tration, (2) energy added to the system from high temperature,
and (3) loss of reaction components through evaporation. If loss
of material is responsible for NU-1306 growth at high temper-
ature, it would imply that non-equilibrium conditions affect
isomer selectivity, an important consideration for under-
standing the apparent mismatch between synthetic and ener-
getic parameters in this system. Thus, we set out to deconvolute
these three factors and determine which of them encourages
NU-1306 growth at 170 °C.

If reaction concentration rather than temperature or mate-
rial loss promotes the growth of NU-1306 at high temperatures,
then the same reaction performed at 120 °C at high concen-
tration should produce NU-1306. We thus performed a control
experiment at 0.09 FA:DMF and 120 °C with the same total
volume found at the completion of the 170 °C NU-1306 reaction.
However, these conditions afford NU-1305 with very minor NU-
1306 peaks observed by PXRD analysis, demonstrating that the
increased reaction concentration does not account for full NU-
1306 growth in this case (Fig. S7f). We note that due to the
three-dimensionality of the energy landscape, higher reaction
concentrations at 0.10 FA: DMF favor pure NU-1306 (Fig. 2c),
while the same experiments run here at 0.09 FA: DMF do not
(Fig. S77).

Next, to deconvolute the effects of temperature and loss of
material, we employed a pressure reaction vessel where solvent
cannot escape. If loss of material is important for NU-1306
growth, then we expect the high temperature reaction (0.8 mL
DMF, 0.09 FA: DMF, 170 °C) run in a closed pressure vessel to
not produce NU-1306. However, if NU-1306 still grows under
these conditions, then energy added to the system from high
temperature promotes NU-1306 growth. The synthesis per-
formed in a closed system resulted in the formation of an
amorphous, black product (Fig. S6a and bt), implying that loss
of material is crucial to NU-1306 formation at high tempera-
tures. To emphasize that loss of material promotes NU-1306
growth but has no effect on NU-1305 growth, we demon-
strated that the identical 120 °C synthesis of NU-1305 still
proceeds when performed in a closed pressure vessel (Fig.-
Séct). Thus, we deduce that loss of material over time is in fact
important for the formation of NU-1306.

Analysis of this reaction provides insight into what type of
material loss occurs under these conditions. While MOF
synthesis is a complex phenomenon, we postulate a simplified
reaction for this system in eqn (1), including components
directly involved in the reaction. Here, an unquantified molar
ratio (n) of formic acid decomposes to volatile products (either
CO and H,O0 in pathway 1 or CO, and H, in pathway 2). Gas
chromatography experiments reveal that both pathways are
present for the two isomer MOF syntheses, and that pathway 1
dominates for NU-1306 synthesis while pathway 2 dominates
for NU-1305 synthesis (Fig. S16 and S177).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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1.6UO,(NO;), + TCPM + 1855CH,0,

1.6UO,(NOs), + TCPM + 1855CH,0,
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—NU-130X + nCO + nH,O (pathway 1)
or
—NU-130X + nCO + nH, (pathway 2)

where X =5o0r 6

Solvent loss in the NU-1306 synthesis indicates that volatile
formic acid byproducts are also removed from the closed reac-
tion system. Importantly, since NU-1306 only forms on the sides
of the vial at the solvent/air interface (Fig. 4b), MOF product
likewise is constantly syphoned out of the reaction media as the
volume level decreases. Thus, multiple products leave the NU-
1306 reaction as it progresses. We note that NU-1305, which
forms as large crystals mostly on the bottom of the vial, still
remains available for growth within the reaction media, with
minimal solvent loss (Fig. 4a).

According to Le Chatelier's principle, when products are
removed from a reaction, the equilibrium balance becomes
tilted in favor of product formation; this can result in non-
equilibrium thermodynamic control of a metastable
product.”**'® Here, we observe a similar occurrence: products
are removed from the reaction media, which stabilizes a phase
that is not the thermodynamic ground state. Thus, NU-1306
becomes thermodynamically stable under the conditions of
growth, even though it is a local energetic minimum. This
higher temperature reaction indicates that NU-1306 is a meta-
stable phase, which also reveals why other thermodynamic
reaction parameters such as high modulator amount favor this
product. Thus, from the energetic analysis of this system, we
observe NU-1305 as the topological isomer at the global energy
minimum (thermodynamic product) and NU-1306 at a local
energy minimum (metastable product).

Conclusions

In conclusion, we demonstrate how the identification of
a metastable phase resolves seemingly contradictory synthetic
parameters and energetic calculations within a set of uranium
MOF topological isomers. We systematically synthesized two
distinct topological isomers ctn and bor, named NU-1305 and
NU-1306, respectively. While NU-1306 appeared to be thermo-
dynamically favored by synthetic trends involving modulator
and temperature, reaction concentration trends, DFT calcula-
tions, geometric analysis, and isomer conversion identified NU-
1305 as the thermodynamically favored isomer by 8 kcal mol .
Since the high-temperature synthesis of NU-1306 depends on
the removal of products from the reaction media over time,
non-equilibrium thermodynamic control is apparent in this
system, following Le Chatelier's principle. Thus, we attribute
the apparent mismatch between synthetic and energetic
parameters to NU-1306 being a metastable phase that becomes
thermodynamically stable under the conditions of growth.
The interplay between structure and energetics in this study
informs design rules for topological MOF isomers by revealing

© 2022 The Author(s). Published by the Royal Society of Chemistry

that even topologies of local energetic minima may be favored
thermodynamically under non-equilibrium synthesis condi-
tions. Synthetic trends that traditionally point to the appear-
ance of a thermodynamic MOF product, such as high
modulator and high temperature, may not provide sufficient
proof for the global thermodynamic product within the entire
system. Instead, we encourage the use of a suite of factors for
identifying MOF location within the three-dimensional energy
landscape, including synthetic parameters, crystal structure
examination, geometric strain analysis, and energetic calcula-
tions. Additionally, the apparent mismatch observed in this
study encourages us to explore phase space outside of conven-
tional binary (e.g., kinetic vs. thermodynamic) product options.
Finally, this study also reveals how implementing thermody-
namic control can access less explored metastable phases in
non-traditional uranium-based MOFs. Targeting
equilibrium synthetic conditions through Le Chatelier's prin-
ciple can thus be used as a strategy to access metastable MOFs
with unique properties and functions. More generally, investi-
gating the relationship between structure and energetics
broadens our understanding of phase space in both actinide
materials and supramolecular isomers.

non-
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Crystallographic data for NU-1306 has been deposited at The
Cambridge Crystallographic Data Centre (CCDC) under depo-
sition number 2203723.F
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