CrysttngComm

CrystEngComm

Modulation of Crystal Growth and Structure within Cerium-
Based Metal-Organic Frameworks

Journal:

CrystEngComm

Manuscript ID

CE-ART-08-2020-001223.R1

Article Type:

Paper

Date Submitted by the
Author:

31-0ct-2020

Complete List of Authors:

Wasson, Megan; Northwestern University,

Otake, Ken-ichi; Kyoto University, Institute for integrated Cell-Materials
Science (iCeMS)

Gong, Xinyi; Northwestern University, Chemistry

Strathman, Annabella; Northwestern University

Islamoglu, Timur; Northwestern University, Department of Chemistry
Gianneschi, Nathan; Northwestern University, Chemistry; University of
California, San Diego, Chemistry and Biochemistry

Farha, Omar; Northwestern University, Department of Chemistry

SCHOLA

RONE™
Manuscripts




Page 1 of 17

CrystEngComm

Modulation of Crystal Growth and Structure within Cerium-Based Metal-Organic
Frameworks

Megan C. Wasson, Ken-ichi Otake, Xinyi Gong, Annabella R. Strathman, Timur Islamoglu,
Nathan C. Gianneschi, and Omar K. Farha*

Affiliation: International Institute for Nanotechnology and Department of Chemistry,
Northwestern University, 2145 Sheridan Road, Evanston, Illinois 60208, United States

Abstract: The intriguing catalytic properties of cerium-based materials has motivated the
development of Ce-based metal-organic frameworks (MOFs). However, the controlled
crystallization of Ce MOFs remains nascent due to complications with the high reductive
potential of Ce** species. Modulators offer a route in other well-studied coordination networks to
slow down crystallization processes to allow for corrective, uniform crystal growth. Herein, we
report an investigation of modulator identity and concentration on the synthesis of a Ce-UiO-
type MOF with 2,6-naphthalenedicarboxylic acid (NDC) as a linker. At low concentrations using
both benzoic acid and trifluoroacetic acid, we observed a mononuclear Ce** MOF (NU-350)
through single-crystal X-ray diffraction studies. Higher modulator concentrations yielded pure-
phase Ce-UiO-NDC, with uniform particle sizes observed with utilizing benzoic acid as a
modulator. Moreover, we demonstrated the transferability of this synthesis through the pure-
phase synthesis of Ce-UiO-66 with benzoic acid as a modulator. High-resolution transmission

electron microscopy observed a single crystalline domain within Ce-UiO-NDC.

Introduction
The bottom up construction of sophisticated, uniform materials from simple nano-sized
building blocks has received substantial attention of the past two decades.? As atomically precise,

hybrid, nanoporous materials, metal-organic frameworks (MOFs) have emerged at the forefront
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of such impactful nanomaterials.> MOFs are composed of inorganic nodes and multidentate
organic linkers that assemble into multidimensional lattices through coordination bonds.* As such,
the frameworks access innumerable chemical functionalities to form highly tailorable structures.
MOFs have been implemented in heterogeneous catalysis®>’, water purification®®, drug
delivery!®1! gas capture/storage/separation*2-4 and chemical sensing'®>8 due to the high density
of spatially isolated binding sites at nodes and linkers. MOFs have been exceptionally impactful
as catalyst supports due to their crystallinity and uniformity, critical for precise identification of
catalytic active sites to inform next-generation catalyst design.®

Earliest MOFs were based on divalent metals, namely, Zn?* and Cu?" and carboxylate
linkers.*?° However, a higher charge density at the metal node was accessed with higher valent
metals (Zr**, Hf**, Ce*") which subsequently increased the strength of the metal-carboxylate
bond.?*2* Of these metals, Zr**-O based frameworks have emerged as the most well-studied
tetravalent species since their first inception in 2008.2%-31 However, strong Zr**-O bonds often
yield polycrystalline materials rather than a single crystalline domain due to the fast precipitation
events that occur. Additives, referred to as modulators, were discovered as a strategy to realize
diffraction-quality crystals of a Zr** MOF.3? Such modulators feature identical monotopic
functionality to the multitopic linker in solution and subsequently compete with the linker through
transient node binding to slow down coordination binding events.®® Their role has been
investigated throughout Zr-MOF syntheses, yet few generalizable modulation rules exist.>*3°

Enabled by fundamental advancements in Zr** MOF syntheses, initial research toward the
development of spatially isolated, periodic Ce** oxo frameworks emerged, partly inspired by the
utility of its parent metal oxide within heterogeneous catalysis.?*%4* However, the high reductive

potential of Ce** complicates the synthesis of crystalline cerium materials, including MOFs. MOF
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syntheses typically rely on high boiling point, formamide-based solvents, generally
dimethylformamide (DMF), under high temperatures. The in-situ decomposition into formic acid
and dimethylamine often enables the facile formation of Ce(HCOO)3 rather than an assembly of

hexanuclear Ce* nodes as observed by Reinsch and team.?*42

Stock and coworkers first synthesized Ce*" MOFs through a clever, fast precipitation
strategy to access the frameworks in less than 15 minutes, prior to formation of deleterious
Ce(HCOO0)3.24* However, such methodologies sacrifice control over defect concentration,
crystallite morphology, or particle size. Inconsistent particle size imparts diffusion effects,
indiscernible morphology complicates identification of pure-phase materials, and defective sites,
or exposed open metal sites due to missing linkers or nodes, result in vast differences in framework
reactivity.**#4 Moreover, efforts to develop controlled crystal growth processes coincide with
emerging structural and mechanical characterizations which require access to well-defined surface
structures (facets and edges), such as high-resolution transmission electron microscopy (HRTEM)

and nanoindentation studies.*>*6

An environmentally friendly synthesis utilized solvent free conditions to synthesize an array
of Ce-UiO type MOFs, yet the mechanochemistry crystallization process precluded the formation
of the characteristic octahedral morphology.*’ Previously inaccessible redox active porphyrin and
pyrene — based Ce MOFs were synthesized utilizing a glycine-capped Ce** cluster which lowered
the Ce reductive potential.*®4® However, this procedure still utilizes a rapid precipitation method
that prevents a controlled crystallization process. Recent work utilized a syringe-pump to slowly
introduce cerium ammonium nitrate in the presence of acetic acid as a modulator to form well
defined Ce-UiO-66 particles.®® However, the practical limitations of introducing additional

equipment may limit the scale of this procedure. More recently, Huang and co-workers varied
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acetic acid modulator concentration and temperature to access uniform octahedral Ce-UiO-66

particles effective in the separation of CO, and CH4.%*

Toward developing Ce MOF syntheses, we elected to study the role of modulator identity
and concentration on the crystal growth of Ce UiO-type frameworks. Well-reported examples
within Zr MOFs include the modulator dependence on framework topology, beyond merely
particle size or morphology, highlighting the potential influence these species can play in MOF
syntheses.>*? We conducted a systematic study investigating two different modulators, benzoic
acid and trifluoroacetic acid, on the controlled crystallization of a UiO Type MOF: Ce-UiO-NDC
(NDC = 2,6-naphthalenedicarboxylic acid). We elected to study Ce-UiO-NDC given its higher
porosity and stability toward activation procedures than the well-studied Ce-UiO-66.>3 Through
varying modulator concentration, we identified two pure-phase products: Ce-UiO-NDC and NU-
350, a mononuclear Ce chain MOF linked through NDC linkers. Specifically, an increase in
modulator concentration resulted in both pure-phase Ce-UiO-NDC as well as large particle sizes,

with benzoic acid providing high uniformity. Modulator trends developed within Ce-UiO-NDC

Figure 1. Structures of Ce-UiO-NDC (A) and Ce-Ui0-66 (B). C, grey; O, red; Ce, pale yellow. H atoms are
omitted for clarity.
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were transferable for the synthesis of pure-phase octahedral Ce-UiO-66 particles. HRTEM

identified a single crystalline domain within Ce-UiO-NDC.
Results and Discussion

To probe the modulator effect on the synthesis of Ce-UiO-type frameworks, we selected
benzoic acid and trifluoroacetic acid (TFA), species successfully employed as modulators in the
synthesis of Zr-based MOFs. We elected to first investigate Ce-UiO-NDC, a 12-connected
framework based on 2,6-naphthalenedicarboxylic acid linkers that crystallizes in fcu topology. We
utilized the aforementioned glycine-capped hexanuclear CesOg cluster instead of traditionally used
cerium ammonium nitrate, given the cluster’s lowered reduction potential which can circumvent
the formation of Ce(HCOO)s in the DMF synthesis.*>*4° We introduced equivalencies of a
targeted modulator in a solvothermal synthesis that reacted overnight and utilized powder X-ray

diffraction (PXRD) for preliminary structural characterization. Through PXRD, we observed an

A)
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2 0.19 M TFA
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Figure 2. Stacked PXRD patterns of targeted synthesis of Ce-UiO-NDC using A) benzoic acid or B)
trifluoroacetic acid. Bottom magenta trace labeled Ce-UiO-NDC corresponds to experimentally synthesized
frameworks using the procedure from ref. 24.
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alternate phase at lower concentrations of both modulators, tracked through the sharp peak
appearing at 7.6 26 (Figure 2). With increasing modulator concentrations, the characteristic Ce-
UiO-NDC peaks become more prominent at 6.1 and 7.1 26 (Figure 2). Pure-phase UiO-NDC was
achieved with 1.35 M of benzoic acid as the modulator while the highly acidic TFA modulator
yielded a pure phase material when present in only 0.30 M. At higher modulator conditions of
TFA, we did not observe further product formation. Throughout the syntheses, the resulting PXRD
patterns lacked peaks characteristic of Ce(HCOO)s. SEM images (Figure S1) of these initial
modulator investigations showed uniform clean octahedral particles of ~500 nm were achieved
with benzoic acid as a modulator with a concentration of at least 1 M. However, at ~ 0.8 M, smaller
octahedral particles of 200 nm were observed with several larger particles of about 500 nm
interspersed (Figure S1). Alternatively, TFA modulated synthesis showed deformed octahedral

particles of inconsistent size (Figure S1).

Intrigued by the alternative phase detected in both modulated syntheses at low
concentrations, we utilized single crystal X-ray diffraction (SC-XRD) to identify the alternative
structure appearing at lower modulator concentrations. A novel mononuclear Ce(l11) chain MOF,
comprised of 3 crystallographically distinct Ce atoms connected through naphthalene dicarboxylic
acid was isolated, referred to as NU-350. NU-350 crystallized into the P-1 space group with a =
13.2389(6) A, b = 13.3168(7) A, ¢ = 19.909(1) A, a = 71. 557(4)°, f = 74.917(4)°, and y =
75.843(3)°. Similar to a Ce®" chain MOF also based on naphthalene carboxylate reported by
Bonino and co-workers (Figure S5), we observed the coordination of DMF to the framework.>*
Interestingly, a series of three crystallographically distinct nodes repeated throughout the

framework. Cel features 2 DMF, 4 monodentate NDC, and 1 chelating NDC that altogether
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Ce-O chain: repeating
of Ce1- -

X

Figure 3. A) View of NU-350 viewed along crystallographic b axis with three crystallographically unique Ce
nodes. B) Unique coordination of each Ce-based node.

comprise the CeOs polyhedron. Additionally, Ce2 contains 1.5 DMF, 4.5 monodentate NDC, 1

chelating NDC, and 1 OH/H-0 on the CeOg polyhedron. Lastly, the coordination of 1 DMF and 7

monodentate NDC moieties to Ce3 formed another CeOs polyhedron. X-ray photoelectron
spectroscopy (XPS) confirmed the Ce®* oxidation state (Figure S4) Thus, in addition to prior work
documenting deleterious formation of Ce(HCOO)s in solvothermal Ces- MOF syntheses, these
findings demonstrate the favorability of Ce®** extended networks when framework modulation is
low. We infer that reaction conditions hydrolyzed the Ces node to yield the individual Ce atoms in

solution yet increasing monocarboxylate capping agents in solution stabilized the Ces node. Thus,
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it is suggested that modulators limited the reduction of Ce** needed to access NU-350 which
presents a new, intriguing role in modulating self-assembly for MOFs with highly redox active

inorganic nodes.

With insights gained from modulator concentration effects on structure and growth, we
developed a finetuned Ce-UiO-NDC synthesis to probe bulk porosity utilizing benzoic acid as a
modulator. To determine if our insights of controlled Ce-UiO-NDC MOF were transferable within
the Ce-UiO MOF family, bulk procedures to synthesize Ce-UiO-66 were additionally developed.
PXRD patterns overlaid with their simulated Zr analogues demonstrated good agreement in phase
purity (Figure 4A/B). A likely increase in unit cell parameters is consistent with the shifting of Ce
experimental peaks to lower 26, attributed to the larger in lattice constants consistent with an
anticipated larger unit cell of the Ce MOFs likely due to larger Ce-O bond distances as compared
to Zr-0.% In addition to probing bulk crystallinity, N2 physisorption isothermal measurements
were conducted at 77 K and are consistent with a microporous material. BET area was calculated
as 965 and 1265 m?/g for Ce-Ui0-66 and Ce-UiO-NDC, respectively (Figure 4C/D). Non-local
density functional theory pore size distributions were calculated using a carbon-slit model and N>
kernel to show pore sizes ~ 10 A. Thermogravimetric analyses probed the defects present in the
materials (Figure S6). Increasing modulator concentration to ~1.5 M under the fine-tuned bulk
synthesis of Ce-UiO-NDC resulted in an increase of particle size to ~ 1 um (Figure 4E) as
compared to our preliminary modulation conditions. Pure octahedral morphology particles of ~600

nm Ce-UiO-66 were observed with SEM utilizing benzoic acid as a modulator (Figure 4F).
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Figure 4. A/B) Experimental PXRDs of Ce-UiO-NDC and Ce-UiO-66 overlaid with simulated Zr-UiO-NDC
and Zr-UiO-66, C/D) N2 physisorption isotherms of Ce-UiO-NDC and Ce-UiO-66 with respective insets of
NLDFT calculated pore size distributions. D/E) SEM images of Ce-UiO-NDC and Ce-UiO-66 respectively.

Beyond SEM imaging that provided critical insights of particle morphology and size
uniformity, we utilized high-resolution transmission electron microscopy (HRTEM), a technique
that allows for the direct visualization of crystalline structures and consequently provides direct
proof of the structures. After exposure to low electron dose conditions, HRTEM can be utilized to
specifically image smaller sized MOF particles within a few hundred nanometers, while
confirming their crystallinity and nanostructures. Therefore, we elected to utilize HRTEM to

directly probe the ~ 200 nm Ce-UiO-NDC nparticles synthesized in the initial modulator
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concentration screenings. For a particle tilted on its [110] zone axis, lattice fringes of (111) and

(002) planes were identified from fast Fourier transform (FFT) (Figure 5).

Figure 5. A) HRTEM image of Ce-UiO-NDC along [110] zone axis. B) FFT of the image inside the white square,
cropped at the predominant lattice fringes. C) Simulated view of [110] plane of Ce-UiO-NDC. C, grey; O, red; Ce,
pale yellow. H atoms are omitted for clarity.

Conclusions: In this work, we investigated two different modulators, benzoic acid and
trifluoroacetic acid, on the crystal growth and structure of Ce-based MOFs. Through varying
modulator concentration, we identified two pure-phase products: Ce-UiO-NDC and a
mononuclear Ce chain MOF linked through NDC linkers (NU-350). Both modulators similarly
affected MOF structure; specifically, an increase in modulator concentration resulted in both pure-
phase Ce-UiO-NDC as compared to NU-350 accessed at lower modulator conditions. However,
benzoic acid provided higher particle size uniformity and pure phase octahedral particles through
SEM imaging. Modulator trends developed within Ce-UiO-NDC were transferable for the
synthesis of pure-phase Ce-UiO-66 with octahedral particles. HRTEM imaging observed a single

crystalline domain within Ce-UiO-NDC. This study provides mechanistic insights behind the
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formation of cerium MOFs while also providing a strategy for accessing highly controlled MOF
particles useful for further MOF investigations. The specific observation of modulators preventing
the reduction of the Ce node suggests a new role of modulators in the self-assembly of redox active

metals in MOF syntheses.
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