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Processing strategies for the synthesis of hybrid materials stands as a relevant way to modulate particles size and
morphology. We present herein the use of a continuous high temperature / high pressure (HT/HP) process for the
synthesis of a new cerium based metal organic framework (MOF). The HT/HP harsh thermodynamic synthesis
conditions lead to MOF nanostructures exhibiting the same phase as for microparticles obtained through
conventional batch solvothermal conditions but in exceptional much shorter residence times, opening avenues
towards production scaling-up. HT/HP process also tailors down the size of the particles, which still present a

major issue for most MOF applications.

1. Introduction

An extraordinary amount of research has appeared over the last
decades in the field of hybrid materials, and more specifically in
coordination polymers such as the metal organic framework
family (MOF), indicating the growing interest of chemists,
physicists, and materials researchers to fully exploit the
opportunity of creating innovative materials and devices.: 2

MOFs are hybrid crystalline compounds presenting great
tunability: each original material is the result of the enlightened
combined choice of metallic precursor and organic
polyfunctionnal ligands® leading, under appropriate experimental
conditions, to an extremely vast number of compounds with
different structures and properties. These materials generally
display regular nanoporosity (micro and / or meso) and reach
very high specific surface (Sger as high as 6000 m/g),* leading to
a great accessibility of the metallic centers. Most of the materials
published so far exhibits divalent or trivalent metals®® or
lanthanides®. This leads to a wide range of properties among
which gas separation or storage'® ' and catalysis have been
widely explored to take advantage of the great accessibility to the
metallic centers.’*?* The cavity confinement effect has been
proven to be highly effective on polymerization,'> ¢ optics,'’
drug delivery®® ° or sensoring.2’ Despite the superior properties
that can be expected, much fewer compounds have been
published with high oxidation number metals as the metallic
precursor’s reactivity is generally much higher and makes these
elements difficult to handle. However, several compounds with
tetravalent metals?®™ %> have been characterized and used in
catalysis, for instance in CO, reduction applications.”® Another
aspect concerns the size of the obtained MOF particles, mostly in
the micrometer range,?* whereas smaller nanostructured particles
could bring additional advantages in most of these applications.
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Several synthesis strategies have been considered in the literature,
the most common methods remaining hydrothermal or
solvothermal syntheses in batch mode. Nevertheless, other
methods were recently proposed to enhance crystallization and
reduce particles’ size using microwaves®® 2® or ultrasounds?,
mechanical grinding?®=® These have been shown to be relevant
ways to get nanostructures, which can be later packed to reach
homogeneous coatings using process like dip-coating.®! All these
approaches are appropriate for studying the fundamental
properties of MOF, however, they generally require long
residence times and tend to suffer from irreproducibility of size,
size distribution, and quality of the materials from batch to batch.
It is also difficult to implement fast screening and optimization of
the synthesis conditions in batch, and there are challenges in
scaling batch procedures up to quantities needed for development
and optimization. Oppositely, HT/HP continuous flow reactors
integrated with fluid control elements, offer a solution to these
challenges, as well as additional advantages, including feedback
control of temperature, pressure and feed streams, reproducibility,
fast mixing of reagents and rapid screening of parameters. These
processes enable reactions to be performed under specific
conditions - such as supercritical conditions -**% with higher
yields than can typically be achieved with conventional batch
reactors, which could become important for the synthesis of novel
materials. In particular, kinetics can be drastically modified and
lead to extremely short synthesis times, as recently reported by
Lester et al. to reproduce and modify the size of the versatile
well-known copper terephthalate HKUST-1%. From this initial
demonstration, one can envision using such processes to access
new MOFs structures with tunable size down to the nanoscale.

As evidence that new MOFs synthesis processes - especially
continuous ones allowing implementing easy scale-up of
nanostructured materials - are of increasing interest, a spray-
drying strategy has been recently used for the synthesis of
nanoscale metal—-organic frameworks hollow superstructures.®” %
Different applications can be considered through a relevant
choice of the metal ion used for MOFs’ synthesis. In particular,
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lanthanides ions are commonly used in these materials, mainly
for their luminescent properties.®® They display large ionic radius
and large coordination spheres (up to 12),%* therefore a potentially
great number of extension points, leading to structural richness.
Solvent molecules are often needed to complete the coordination
sphere in addition to the carboxylate ligands. These solvent
molecules are quite labile. Their departure creates, in situ,
unsaturated metallic centers,*> *2 which is a considerable
advantage for catalysis. A shortcoming of this lability is the
structure weakening and therefore a relative difficulty to obtain
stable materials.

Cerium is one of the biggest cation in the lanthanide family*® and
exhibits two main oxidation states. Diamagnetic Ce(IV) stands as
a strong oxidant and is widely used in catalysis.** *° It reacts very
fast with many organic compounds,*® leading to Ce(111) materials.
Paramagnetic Ce(l11) leads to compounds with unique magnetic*”
“8and luminescent characteristics,*” * which can be used for the
synthesis of materials displaying magnetically ordering®™ or
scintillation properties.>? Given this large scope of properties,
cerium-based MOFs stand as high potential materials.
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Fig. 1: HT-HP coflow reactor for the continuous synthesis of
MOFs, including high pressure pumps, oil bath, cooler and back
pressure regulator.

In this paper, we demonstrate the use of a high-throughput
continuous HT/HP process to synthesize nanostructures of a new
cerium(l11)-terephthalate Metal-Organic Frameworks exhibiting
an original topology. This new synthesis approach was compared
with conventional batch solvothermal synthesis.

2. Experimental Section

2.1 Materials and Methods

Chemicals were analytical reagent grade purchased from Sigma-
Aldrich and used as received without any further purification
step.

TEM and SEM snapshots were acquired from aTecnai spirit
G2and a Hitachi S-3400Nmicroscope, respectively, allowing
observation of the Cerium-based MOF micro- and nanostructures.
Powder diffraction patterns were obtained from a Bruker D8
instrument equipped with a cupper anode (<MK, Kgp)>=
1.5418A)

Thermodiffraction analyses were performed with a X’Pert Pro
Panalytical and an Anton Paar HTK 1200N oven, under air, also
equipped with a cupper anode.

TGA experiments were carried on a Netzsch STA 409 device.
XPS spectra were collected on a SPECS GmbH X-Ray
Photoelectron spectrometer using a Mg Ko (hm = 1253.6 eV)
monochromatedradiation source having a 300 W electron beam
power. Kinectic energies were measured by a hemispheric
analyser (Phoibos 100 -5 Mutiple Channel Detector).

2.2 Synthesis

HT/HP synthesis: the experiments were carried out in a coaxial
flowing microsystem made of two stainless steel capillaries (inner
diameters: &, = 0.5 mm, &, = 2.1 mm, length = 1 m) as shown in
Figure 1. Heating was provided by an oil bath (T = 230 °C),
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whereas the pressure was controlled with a back-pressure
regulator downstream (P = 10MPa). The precursor solution
constituted of ammonium cerium (IV) nitrate (CAN,
Ce(NH,)2(NO3)g , 0.045 M) and terephthalic acid (0.09 M) in
DMF is injected in the inner stainless steel tubing (flow rate =
1000pL/min), while pure DMF is injected externally (flow rate =
3000uL/min).  The resulting suspension was separated and
washed with 3 x 10 mL of DMF.

Solvothermal synthesis: 1 g of CAN(1.8mmol) and 0.6 g of
terephthalic acid (3.6 mmol) are mixed in 15 mL of DMF. Pyrex
autoclave was closed and placed in an oven heated at 150 °C for
12 hours. Pale yellow crystals were obtained, filtered and washed

70 with 3 x 10 mL of DMF.

2.3 Single Crystal Diffractioni.

Intensity measurements were carried out at 296K on a Bruker X8
APEX 2 diffractometer equipped with a CCD bidimensional
detector using monochromatised Mo-Ka radiation (1 = 0.71073
A). An absorption correction was applied using the SADABS
program®® and based on the Blessing method.>* The structure was
solved by direct methods followed by Fourier difference
syntheses using the SHELXTL package™.

s As all the first registered crystals have led to very low data

quality, our final attempt wused a cleaved crystal
(0.15*0.1*0.1mm) selected under a polarizing optical microscope
and mounted with the viscous oil-drop  method.
Atoms (except two oxygens and all hydrogen atoms) were
anisotropically refined. The H atoms were placed in calculated
positions and refined ones by using a riding mode.

High attention has been paid on the verification of the validity of
the refinement. All the tests performed on the collected data
confirmed the unit cell we used. Either the use of “cell_now” at
the beginning of the refinement process (soft for twins and other
problem crystals) or the use of “TwinRotMat” (Platon - A
Multipurpose Crystallographic Tool) at the end of the data
processing did not allow us to determine any twin. All those tests
have confirmed the relevance of our refinement. The average
reliability factors can be explained mainly by our difficulties to
obtain high quality monocristals from solvothermal methods,
despite numerous attempts.

Crystallographic data for the Ces(BDC),5(DMF), structure have
been deposited at the Cambridge Crystallographic Data Centre
(CCDC) as supplementary publication No. 912350.

3. Results and discussions

3.1 One structure from two processes

The cerium-terephthalate MOF nanostructures were synthesized
in liquid DMF at 250°C, 10MPa in a coflow reactor (Fig. 1). The
operating conditions were controlled with an oil bath (T), a back
pressure regulator (p) placed downstream the reactor zone, and
two high pressure pumps (flow rates), with the residence time
being fixed at 30 seconds. The precursor solution (Cerium
Ammonium Nitrate - CAN - and terephthalic acid in DMF) was
injected in an inner flow surrounded by a pure DMF outer flow.
Coaxial flows are suitable for generating continuously
nanostructures, allowing homogenous nucleation in the inner
fluid, therefore preventing any clogging problem inherent to
heterogeneous nucleation/growth processes on the reactor walls,
as previously demonstrated.*® 7

Meanwhile, a similar synthesis in DMF was conducted using a
standard batch solvothermal process in a Pyrex autoclave at
150°C for 12 hours.
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Fig. 2: XRD patterns of the as-synthesized Cerium-based MOF
obtained through the batch solvothermal or the continuous
HT/HP process.

Both processes lead to pale yellow crystalline powders displaying
the same and unique crystalline hybrid phase, which was
confirmed by XRD patterns (Fig. 2). Given the very different
heating regimes and thus the large kinetics variation between the
10 two processes, the obtained phase can be assumed to be the
thermodynamically stable one for the cerium-terephthalate
system. It is worth noticing that despite the extremely short
residence times employed in the continuous HT/HP process
(compared to conventional solvothermal synthesis), the
cristallinity of the particles was remarkably great as the
diffraction peaks were similar to those obtained with classic
solvothermal heating (Fig. 2).
Since the continuous HT/HP process favors nucleation over
growth and so the formation of nanostructures, we used the batch
20 solvothermal conditions to promote the growth of the particles
and resolve the structure from mono crystal XRay diffraction.
Through the synthesis in DMF at 150°C for 3 days, pale yellow
crystals have been isolated and were used for XRD structure
resolution (see experimental section). The hybrid structure
crystallizes in a triclinic structure with general formula:
Ces(00C-C4H,4-CO0),5(CsH/NO),  or  Ces(BDC);5(DMF),4
described afterwards.

.
a

N
a

3.2 Structure description
The Ces(BDC);.5(DMF), structure displays limited cerium chains,
all aligned in the same direction, which are linked together
through terephthalate ligands. This structure exhibits an
arrangement of cerium atoms forming a new Secondary Building
Unit (SBU), and a new type of connectivity with other SBUs via
the terephthalate ligands.
The inorganic SBU are composed of 5 non equivalent
crystallographic cerium atoms, arranged linearly (Fig. 3), capped
by bridging or chelate bridging terephthalate and DMF
molecules. The 7.5 terrephtalic ligands of the SBU can be
40 described as 4 full BDC ligands and 7 half BDC ligands (3.5
BDC) lying about inversion centers. There is neither pure oxo-
bridge nor terminal oxygen atom, as it is often the case for
lanthanides, meaning that the cerium coordination sphere is
composed only of the oxygen atoms from the terephthalate
45 ligands or from the DMF solvent. Cerium atoms located at the
extremities of the chains are coordinated to 8 oxygen atoms (2
from DMF molecules, 6 from the terephthalate ligands). The
three central cerium atoms are 9 fold-coordinated, from
carboxylates ligands.

w
S

w
&

5

0
Fig. 3: Ces chains, surrounded by 18 terephtalate ligands and 4
DMF molecules. CeOx polyhedral are represented in cyan,
oxygen atoms in red, nitrogen in dark blue and carbon in light
gray. Hydrogen atoms are omitted for clarity purposes.

55
Figure 4: Ball and stick representation of two central cerium

atoms of a Ces chain and distances Ce-O displayed by the oxygen
atom of a bridging chelate terephthalate ligand between cerium
atoms. Hydrogen are omitted for clarity purpose).

60
Ce-O bonds exhibit various distances (from 2.18(1) A to 2.88(2)
A) which are consistent to iono-covalent bonding between cerium
(8, 9 or 10-coordinated) and carboxylates in the literature. %!
The longest Ce-O distances (around 2.8A) concern oxygen atoms

es from chelate bridging ligands. The same oxygen atoms are also
involved in some of the shortest (and thus stronger) links (Fig. 4).
DMF molecules complete the coordination of the ending chain
cerium with Ce-O distances (from 2.44(1) to 2.52(2)) indicating a
relatively strong and necessary bond for the structure’s stability.

70 Each cerium chain, surrounded by 18 terephthalate ligands and 4
DMF molecules, is connected with 14 other cerium chains: 2 in
the same direction, forming hybrid lines, and 12 on the side with
close to 60° angle when projected along the 1 -1 0 direction (see
Fig. 5). Nitrogen adsorption experiments were performed to

75 evaluate the accessibility of the monodimensionnal triangular
channels parallel to the 1 -1 0 axis and proved that are not
accessible as the specific area is very low (Sggr = 10 m#/g).
Chains located on the same line are connected together via three
carboxylate functions, meaning the gap between chains along this

g0 direction is very small (Fig. 6). Indeed, measured Ce-Ce distance
between 2 chains along this direction is quite closed from Ce-Ce
distances inside the same chain (Ce-Cejyer = 4.764(1) A and Ce-
Cejnira from 4.013(1) to 4.294(2)A).

85
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available for further growth. In comparison, batch mild
temperature solvothermal process promotes growth over

T .

Fig. 5: View of the Ce;(O0OC-CgH,-COO0),5(DMF), structure
along the 1 -1 O direction.

s Fig. 6: Extremities of two aligned Ces chains connected via three
terephthalate ligands.

3.3. Wide changes in kinetics: the issue of the process
Ces(BDC),5(DMF), was obtained from two different processes

w0 involving very different heating regimes and thus different
kinetics and reaction pathways: conventional batch solvothermal
(150°C, 12 hours) and continuous HT/HP (250°C, 10MPa, 30
s).The main experimental setups and results are summarized table
1.

15 The continuous HT/HP synthesis leads flower-shaped ~500 nm
MOF nanostructured particles composed of around 100nm
crystallites, from TEM characterizations (Fig. 7a). Similarly,
SEM analyses show that the batch solvothermal synthesis
displayed equivalent morphologies with larger sizes of ~ 15 um,

20 composed of close to 5 um sized crystallite (Fig. 7b).

The conventional batch mild temperature solvothermal synthesis
(150°C) leads to the crystallization of Ces(BDC);5(DMF), within
about 12 hours. Two hours are needed to make the first

25 precipitate appear but XRD patterns show a multiphasic powder
for residence times up to 6 hours (see Fig. 8). SEM pictures from
2 and 6 hours powders present crystallites with different
morphologies, confirming the presence of at least 2 phases (see
ESI-1).

30 In comparison, the continuous HT/HP process (250°C, 10 MPa)
allows for a significant increase in kinetics, resulting in: (i) the
obtaining of much smaller particle sizes and (ii) the formation of
the Ces(BDC), 5(DMF), phase in a shorter residence time.

This can be explained by the higher operating temperature

35 resulting in a higher nucleation (from the general nucleation
theory). This effect generates in short time a large number of
nuclei, which leave a low concentration of unreacted reagents

40 nucleation, resulting in larger particles. Therefore, we can expect
to tailor the particles size by playing with concentration and
residence times in the continuous HT/HP process.

45 Fig.7: TEM and SEM snap shots of particles of Ce5(OOC-CgH,-
CO0), 5(DMF), obtained from continuous HT/HP process (a) and
conventional batch solvothermal process (b), respectively

Calculated

20 scale (°)
so Fig. 8: XRD patterns of samples obtained in solvothermal
conditions after different times of synthesis — comparison with
the calculated pattern.

Then, considering the new lanthanide-based MOF phase, we can
ss infer that the crystallization of the final hybrid phase is highly
promoted by harsh thermodynamic conditions. To confirm this
assumption, the temperature of the HT/HP continuous process
was decreased to 150°C (similar temperature used in the
conventional batch solvothermal synthesis process), all other
e parameters being kept constant. The resulting sample exhibits a
yield that is so low that no powder could even be recovered by
centrifugation. However, a TEM grid was prepared by directly
casting a drop of the suspension. Pictures are added as ESI-2 and
prove the polyphasic aspect of the scarcely visualized particles
es among which a very small minority of the flower-shaped

4 | Journal Name, [year], [vol], 00—00
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Table 1: Main experimental setups and results that allow the comparison between the continuous solvothermal and

HT/HP process.

Experimental parameters Results
Methods Temperature ~ Time Pressure Phase(s) <Cessize>
(©) (MPa) (Hm)

Solvothermal 150 12h 0.1 Ces(BDC);5(DMF), 5
Solvothemal 150 6h 0.1 Ces(BDC);5(DMF), among several phases 5
Solvothermal 150 4h 0.1 Ces(BDC);5(DMF), among several phases 5
Solvothermal 150 2h 0.1 Ces(BDC);5(DMF), among several phases 5

HT/HP 250 30s 100 Ces(BDC)75(DMF)4 0.1

HT/HP 150 30s 100 ¢ Ces(BDC)75(DMF), among several phases — no powder 0.1

HT/HP 250 30s 25 Ces(BDC)75(DMF)4 0.1

s Ces(BDC); 5(DMF),. Both low yield and the multiphasic aspect
suggest that 150°C is not appropriate for HT/HP process. For
short residence times in continuous HT/HP process, temperature
appears as a relevant parameter for the yield and the nature of the
phases obtained.

10 The influence of pressure was also considered, by running a
similar synthesis at 250°C and 25MPa. As expected, no particular
changes were noticed neither for the yield, nor for the average
size of the particles, given that the synthesis is done in liquid
phase in both cases, resulting in a low density variation.

15
3.4. Chemical and thermal stability
In this study, CAN - a Ce(lV) precursor - was used for all
synthesis. The formula of the structure indicates that it is Ce(l1l)-
based. This has been unambiguously confirmed by XPS spectra

20 (See ESI-3). Indeed, reduction of cerium was expected in
presence of DMF. This has already been reported in the literature
under milder conditions (50°C): the systematic appearance of
Ces(BDC); 5(DMF), powder with both process showed that the
cerium reduction occurs quite quickly; it cannot be prevented,

25 neither by carboxylates presence, cerium complexation by
carboxylates nor by the short residence times.

g
H

Weight %
st2zaegs

0 160 200 300 400 500 GO0
Ty

Figure 9:(a) Thermodiffraction experiment in air; two diagrams
30 per 25°C, showing the appearance of an intermediate phase
between 200 and 325°C, followed by crystallization of CeO,; (a”)
details of the thermodiffraction (9-11°), and (b) Thermal
gravimetric analysis of Ces(BDC);5(DMF),(5°C/min in air).

35 Thermal stability of the compound was estimated through
thermodiffraction and TGA measurements (see Fig. 9).
Thermodiffraction experiment led under air atmosphere shows

that the structure evolves from 200°C where a second phase is
formed. This phase is stable in situ till 325°C. At this

40 temperature, we observe the decomposition of the MOF and the
crystallization of cerium oxide CeO,. TGA analysis shows that
the first consistent loss occurs between 200 and 300°C. It
corresponds to DMF molecules (10%yp; 11 %heo). This leads the
Ce; and Ces atoms, which are originally in an eightfold

45 coordinated environment with two of the oxygen coordinated
from DMF molecules, to a sixfold coordinated environment
cerium, which is likely to be a source of unstability (indeed,
XRay diffraction on a 200°C overnight heated sample shows that
the structure has collapsed). The second important loss is

s0 observed at 360°C and stands as the degradation of terephthalic
acid molecules (46%¢yp; 49%iheo).-

4, Conclusions

We have reported the synthesis of a new cerium(l11)-based metal-
ss organic framework displaying an original topology using a
continuous HT/HP (250°C, 10MPa) process. The higher
temperature conditions lead to small (~ 500 nm) highly cristalline
nanostructured mesoparticles of the thermodynamically-stable
Ces(00C-C¢H4-COO0); 5(DMF) phase in a much short residence
e time (30 s). In comparison, conventional batch solvothermal
synthesis process (150°C) results in the formation of large (~ 10
pum) particles and required 12 hours to form the Ces(OOC-CgH,-
CO0),;5(DMF), phase. The synthesis pathway towards this
crystalline phase is quite robust since the change in
s thermodynamic conditions does not affect the nature of the
crystalline phase obtained.
The structural characterization of the phase was performed
through X-Ray diffraction on monocrystals. The compound
crystallizes in a triclinic structure displaying limited cerium
70 chains, linked together by terephthalate ligands and stabilized by
DMF solvent molecules.
Continuous HT/HP process is extremely efficient to get
nanoparticles of highly crystalline hybrid compounds within very
short residence times, therefore opening great promises to
75 investigate and synthesize new MOFs nanostructures but also to
introduce MOFs in Nanosciences.
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:!:C65034C72H53N4, triCliniC, P-1, a=14105(1)A, b=15336(1)A,
c=17.816(1)A, =89.985(4)°, $=86.890(4)°, y=89.747(4)°,
V=3848.3(6)A%, Z=2, 4=2.991 mm ! 1.14°<@<25.13°, F(000)=2160,
56287 reflections measured at 296K, 12734 independent reflections
10875 Fo > 40(Fo). The final reliability factors converged to R;=0.1599
and wWR; =0.3720 1> 24(l), S=1.180; highest residual electron density
3.73e A 2 (all data R, =0.1736, wR?=0.3784).
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