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ABSTRACT: Segmented microfluidics was applied to the ultrafast crystallization of dicarboxylate based MIL-88B type metal—
organic frameworks (MOFs; Fe-MIL-88B-NH,, Fe-MIL-88B, and Fe-MIL-88B-Br). Particular attention was paid to the influence
of the temperature, residence time, and slug volume on the size and crystal size distribution of the MOFs. Average sizes in the
90—900 nm range with relatively narrow crystal size distributions were obtained with residence times as short as 20 s depending

on the MOF type and synthesis conditions.
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Bl INTRODUCTION

In the search for new metal-organic framework (MOF)
materials and also for synthesis control to achieve required
physicochemical properties, a number of synthetic techniques
have been proposed beyond solvothermal synthesis. Ultra-
sound' and microwave-assisted” crystallization render crystal
size control and reduce synthesis time. Ionothermal synthesis
uses the same ionic liquid compound as both solvent and
ligand.” Electrosynthesis of MOFs leads to fast surface coating.”
Mechanochemical synthesis by ball milling has also been
reported as a simple and green method working in the absence
of solvent.* In addition to these consolidating techniques for
obtaining MOFs, a few examples can be found related to the
use of continuous systems® and even of microfluidics.’ In
particular, 375 ym diameter hollow capsules of [Cuy(BTC),]
have been prepared by co-flowing a metal containing aqueous
phase together with a ligand organic solution in a 0.76 mm ID
tube,® while the microfluidic high-throughput has been used
for fabricating MOF single crystal arrays,™ a MOF has been
moved within a microfluidic circuit by means of a magnetic
ﬁeld,6C and MOF patters have been generated through digital
microfluidics.**® Despite the potential of microfluidics for
establishing new synthetic routes toward MOFs’ and the clear
advantages of this methodology (residence time control, heat
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and mass transport enhancement, etc.), the number of related
studies is scarce.

MIL-88, with chemical composition M";0(L);-(H,0),-X
with M = Fe or Cr,” or S¢,"° L = linear dicarboxylate, and X =
anion, is composed of trimeric metal octahedral units (three
metallic octahedral FeO4 shared by p;0). These units are
interconnected by the organic linker to form two types of
pores: bipyramidal cages delimited by five trimers at the
vertices and six dicarboxylate groups, and narrow hexagon
channels along the ¢ axis delimited by six trimers whose vertices
are the central ;0 atoms.” Depending on the length of the
organic ligand used, there are different isoreticular members of
the MIL-88 family: MIL-88A (cell volume 1500 A®), MIL-88B
(cell volume 1980 A*), MIL-88C (cell volume 2020 A®), and
MIL-88D (cell volume 3500 A%) containing fumaric, tereph-
thalic, 2,6- naphthalenedlcarboxyhc, and 4,4'-biphenyldicarbox-
ylic acids, respectively.”® MIL-88 presents the largest expansion
ever evidenced for a crystalline hybrid solid with an increase in
cell volume up to 230%, for Cr-MIL-88D, upon breathing in
polar solvents such as pyridine with reversible atomic
displacements up to 10 A.'" This framework flexibility makes
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MIL-88 a good candidate for adsorption of different organic
molecules™ or for sensors. Besides, Fe(III) dicarboxylate MOFs
exhibit interesting properties in biomedical application such as
drug delivery or imaging."*

The main approaches to obtain zero-dimensional nanostruc-
tures are, besides traditional discontinuous systems (i.e. round
bottom flask) and direct precipitation," microwave-assisted
synthesis, ultrasound treatment, microemulsion-based syn-
thesis, and interfacial synthesis.'* Spray drying enables
assembling of MOF nanoparticles in S pgm hollow spheres,
whose disaggregation by sonication produces discrete nano-
particles.'® However, microfluidic systems have been reported
to allow a good control of the particle size and morphology
together with a good reproducibility.'* In this respect, we
believe that the systematic study of different MOFs under
different conditions using a microfluidic system could lead to a
new robust approach to control particle size with high
reproducibility. This article deals with the application of
segmented flow in microfluidics'® to the synthesis of
dicarboxylate based MIL-88B type MOFs: Fe-MIL-88B-NH,,
Fe-MIL-88B, and Fe-MIL-88B-Br designated along the paper as
NH,, 4H, and Br, respectively. Flow segmentation in discrete
slugs promotes the internal circulation; in consequence it
generates uniformly sized nanoparticles resulting from the rapid
mixing and efficient mass and heat transfer.® Furthermore, the
use of segmented liquid—liquid flow can prevent the particles
from interacting with the reactor walls and therefore minimize
reactor clogging. The influence of the residence time and
temperature conditions on the particle size distribution was
studied for these three MOFs. Particle size distribution control
is of paramount importance when, inter alia, adsorption,'’
catalysis,18 sensor,19 magnetic resonance imaging,20 coating,21
and mixed matrix membrane** applications are addressed.

B EXPERIMENTAL SECTION

Synthesis of MOFs. For the microfluidic system (Figure 1), three
syringe pumps (NE-300, New Era Pump Systems) were connected by
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Figure 1. Schematic of the microfluidic setup, segmented flow pattern,
and synthesis details. Both reactants and silicone oil streams were of
the same value (in the 60—600 yL/min range), so that residence times
in the 20—600 s range were achieved.

means of Teflon tubing (0.04 in. i.d. and 1/16 in. 0.d.) to combine two
reactant streams with a silicone oil (350 CST, Manuel Riesgo SA)
stream. Both reactants and silicone oil streams were of the same value
(in the 60—600 yL/min range), so that using 20 mL polypropylene
syringes (Sigma Aldrich, ref 305617) and a reactor length of 1.5 m
(which corresponds to a 1.2 cm® volume), residence times (calculated
as the volume to total flow ratio, including silicone oil) in the 20—600
s range were achieved. The molar compositions corresponding to all
the experiments carried out here are shown in Supporting Information
Table S1. Besides the advantages of segmented flow, the use of silicone
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oil prevented from reactor plugging and particle aggregation, so that
experiments without its use were not feasible.

In a typical synthesis of Fe-MIL-88B-NH, (NH,), two different
solutions were prepared. First, 40 mmol (1.080 g) of FeCl;-6H,0
(Sigma Aldrich, >98%) was dissolved in a mixture of 3.8 mL of
distilled H,O and 6.2 mL of N,N-dimethylformamide (DMF, Alfa
Aesar). Second, 4.0 mmol (0.720 g) of NH,—H,BDC (2-amino-
benzene-1,4-dicarboxylic acid, Sigma Aldrich, 99%) was added to 10
mL of DMF and stirred until a clear solution was obtained. Both
solutions were transferred to respective syringes and injected by means
of two syringe pumps into the mixing-cold zone of the reactor. A third
syringe pump injected silicone oil as discrete droplets into the
synthesis gel giving rise to a segmented flow. In addition, silicone oil
flowing along the wall of the tube avoided the deposition of MOF
particles. The segmented flow was introduced into the reaction-hot
zone which was heated using a silicon bath set at 55, 75, or 95 °C
depending on the experiment. Residence times ranging from 60 to 600
s were tuned according to the modification of the total flow rates,
keeping the microreactor volume and the silicone oil/aqueous phase
rate constant. Experiments with a residence time under 60 s were
carried out at a constant flow rate but modifying accordingly the
reactor volume.

To obtain Fe-MIL-88B (4H), 4.0 mmol (1.080 g) of FeCl;-6H,0
was dissolved in 3.8 mL of water and 6.2 mL of DMF solution, and 2.8
mmol (0.465 g) of H,BDC (benzene-1,4-dicarboxylic acid, Sigma
Aldrich, 98%) was dissolved in 10 mL DMF. Both solutions were
loaded into different syringe pumps and injected as segmented flow
into the reaction-hot zone at 95 °C for 4 min.

In the case of Fe-MIL-88B-Br (Br), the synthesis gel was more
diluted (Supporting Information Table S1) and was prepared as
follows: 2.0 mmol (0.540 g) of FeCl;-6H,0 was dissolved in a mixture
of 3.8 mL of water and 6.2 mL of DMF, while 2.0 mmol (0.500 g) of
Br—H,BDC (2-bromobenzene-1,4-dicarboxylic acid, Sigma Aldrich,
95%) was added to 10 mL of DMF. At 95 °C the minimum synthesis
time needed was 6 min.

For all the three MOFs the synthesis gel was collected in a glass vial
at 0 °C and two immiscible phases were formed: the H,O/DMF
mixture with the dispersed MOF particles at the bottom and the
silicon oil at the top. The bottom, aqueous phase was recovered with a
syringe, centrifuged (at 10000 rpm for 10 min), and washed with
acetone.

After drying at room temperature, the powders were activated
according to the following procedures at room temperature. Fe-MIL-
88B-NH, (200 mg) was stirred with 15 mL DMF for 1 h, washed with
ethanol three times, and dried at 100 °C overnight. Fe-MIL-88B (200
mg) was stirred with 100 mL of deionized water for 12 h; after
centrifugation, the sample was dried at room temperature. Fe-MIL-
88B-Br (200 mg) was dispersed in S0 mL of DMF and stirred for 2 h,
centrifuged and washed with ethanol to remove the DMF; finally, the
sample was dried overnight at 150 °C under vacuum.

Characterization. Powder X-ray diffraction (XRD) was performed
at room temperature in a D-Max Rigaku diffractometer with a copper
anode and a graphite monochoromator so as to select Cu—Ka,
radiation (1 = 1.5418 A). Data were collected in the 2.5—40° 20
range, and the scanning rate used was 0.03°/s. FullProf software was
used to indexate some selected samples. Before acquiring the XRD
patterns the samples were kept for 3 h under moisture to obtain the
hydrated forms comparable to the simulated data.

Thermogravimetric analyses (TGA) were performed using a TGA/
SDTA 851e system (Mettler Toledo). The samples were heated up to
850 °C with a heating rate of 10 °C/min under an air flow of 80
cm®(STP)/min.

Powder samples were characterized by infrared spectroscopy
(FTIR) preparing MOF-KBr pills, and the spectra were collected
from 4000 to 400 cm™" with a Shimadzu IRAffinity spectrometer with
a resolution of 4 cm™.

Transmission electron microscopy (TEM) and cryo-TEM images
were taken with a FEI Tecnai T20 microscope at 200 kV. To prepare
samples for TEM observation, 1.5 mL synthesis gel was recovered with
a syringe at the exit of the reactor from the above-mentioned bottom
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aqueous phase. This was transferred to another vial, centrifuged and
washed with ethanol, and the obtained solid was suspended in 5 mL
ethanol. After 2 min in an ultrasonic bath, a drop of this suspension
was applied to a copper grid (200 mesh) coated with carbon film, and
allowed to dry in air. In the case of the cryo-TEM samples, MOF
nanocrystal suspension was vitrified just after sample collection in the
microfluidic set-up in an automated vitrification robot (FEI Vitrobot)
using liquid ethane. The TEM grids were transferred to a cryo
workstation and then into a cryo-holder. Taking into account their
largest dimension, the crystal sizes were assessed using DigitalMicro-

graph software.
B RESULTS AND DISCUSSION

Even though most segmented microfluidic experiments (Figure
1) were carried out with NH,—H,BDC (2-aminobenzene-1,4-
dicarboxylic acid), two other ligands, H,BDC (benzene-1,4-
dicarboxylic acid), and Br—H,BDC (2-bromobenzene-1,4-
dicarboxylic acid), were studied to increase the breadth of
our findings. As shown in Figure 2, the XRD patterns of the
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Figure 2. XRD patterns of Fe-MIL-88B-NH, (95 °C, 20 s), Fe-MIL-
88B (95 °C, 4 min), and Fe-MIL-88B-Br (95 °C, 6 min). Simulated
XRD patterns are also shown. The wavelength used for both
experimental and simulated patterns was Cu Ka radiation (1 =
1.5418 A). The peaks observed for Fe-MIL-88B at 17.2 and 27.8° are
due to non-encapsulated terephthalic acid.
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products obtained are consistent with those simulated with
Diamond software from CIF archives for Fe-MIL-88B-NH,**
and the Cr analogous Cr-MIL-88B.”" Furthermore, the XRD
patterns in Figure 2 were indexed and the cell parameters
together with the corresponding cell volumes are shown in
Supporting Information Table S2. The offset between the
experimental and the theoretical MIL-88B-Br XRD pattern lead
to an increase in the cell parameters a and b compared to the
simulated dry form>* and a decrease in ¢ with the concomitant
increase in the cell volume. We suggest that this is due to the
fact that the structure was partially open due to the bulky
functional group of the ligand. Fe-MIL-88B-NH,, Fe-MIL-88B,
and Fe-MIL-88B-Br were obtained at 95 °C after 20 s, 4 min,
and 6 min, respectively, while the reported milder conditions
for these materials are 24 h at 110 °C in water,”> 12 h at 100
°C, and 12 h at 100 °C, both in DMF,** respectively. Very
short synthesis times have been reported when segmented
microfluidics was applied to zeolites A*® and ZSM-5." As will
be corroborated throughout the study, the microfluidic
approach considerably accelerates the synthesis of MIL-88B
based MOFs, leading to crystals clearly below 1 um (average
values of 180, 520, and 680 nm for Fe-MIL-88B-NH,, Fe-MIL-
88B, and Fe-MIL-88B-Br, respectively) with narrow particle
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size distributions (Figure 3) and after very short residence
times (20 s). It is worth mentioning that to prepare Fe-MIL-
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Figure 3. Cumulative particle size distribution of Fe-MIL-88B-NH,
(95 °C, 20 s), Fe-MIL-88B (95 °C, 4 min), and Fe-MIL-88B-Br (95
°C, 6 min). Dashed lines correspond to the fitting to a Boltzmann
equation, with first derivatives in the inset.

88B and MIL-88B-Br longer times are needed (4 and 6 min
versus 20 s) leading to more polydispersed and larger particle
sizes. It is likely that decreasing the temperature and reaction
time may lead to amorphous phases.

Particles as small as 200 nm or below were already reported
by Chalati et al.*® for the MIL-88 topology. Fe-MIL-88A with
particle sizes below 200 nm were obtained under mild
solvothermal (DMF or methanol) or hydrothermal conditions,
using ultrasound treatment in water at 0 and 20 °C and with
microwave irradiation. Just in the latter case 195 + 15 nm
particles with 51 + 1 % yield.*® Although in the microwave-
assisted synthesis of Fe-MIL-88A the particle size was smaller
and the particle size distribution narrower; the synthesis
reported here is faster (20 s compared to 30 min), and the
crystallinity clearly higher. However, our yields were in the
0.6—12.4 % range, depending on the synthesis conditions
(Supporting Information Table S1). Other synthetic approach
to obtain nanoparticles with controlled size and aspect ratios of
Fe-MIL-88B-NH, used simultaneously the triblock copolymer
F127 and acetic acid.”® In this case nanoparticles with high yield
could be obtained but the synthesis was much longer (24 h)
and the crystallinity lower than that reported here.

Before continuing with the discussion of the results, a
comment should be made on the way in which the reaction was
stopped and the samples prepared for TEM observation.
Separated from the silicone oil, the synthesis dispersion with
MOF crystals and non-converted reactants was diluted in
ethanol and centrifuged several times before being placed on
the TEM grid. To check that this handling did not alter the size
of the particles obtained, the synthesis dispersion was directly
observed by cryo-TEM without the described processing.
Figure 4 shows that, despite the slightly larger size of crystals
observed by TEM which suggest that the reaction continued a
little bit during the purification process, the particle size
distributions are in practice similar in both cases, concluding
that the method used to obtain crystals for characterization is
reliable.

Microfluidics not only enabled ultrafast synthesis of the
MOFs but also control of the particle size distribution. As
demonstrated for Fe-MIL-88B-NH,, Figure S shows a
continuous increase in particle size (from average values of
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Figure 4. Cumulative particle size distribution of Fe-MIL-88B-NH,
(95 °C, 180 s) from cryo-TEM and conventional TEM (see examples
of images on the right). Dashed lines correspond to the fitting to a
Boltzmann equation, with first derivatives shown in the inset.
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Figure 5. Cumulative particle size distribution of Fe-MIL-88B-NH,

synthesized at 95 °C after several residence times. Dashed lines
correspond to the fitting to a Boltzmann equation.

180 to 900 nm) as a function of residence time (from 20 to 600
s) and also a clear augmentation of the dispersion of the
distributions. The crystal sizes were measured from TEM
images like those in Figure 6, showing that the growth habit
definition from round to more angular shaped particles runs
parallel to their enlargement. Both the increase in particle size
and the decrease in distribution narrowness are more evident in
Figure 7, where the standard deviation of the predominant sizes
(obtained from maxima of derivatives from cumulative curves
in Figure 5) clearly increased at residence times above 400 s. As
the residence time increased (from 20—60 to 600 s), so did the
slug length (from 0.8 to 8.5 mm) giving rise to considerably
larger slug volumes (from 100 nL to 1.7 uL). Supporting
Information Figure S1 shows XRD patterns for selected Fe-
MIL-88B-NH, samples (obtained at 20, 40, 60, 360, and 600 s),
all of them in agreement with the simulated pattern.

A final comparison arose from Supporting Information
Figure S2 where average sizes of 2.1 and 0.90 ym are observed
for discontinuous (see Supporting Information Figure S3 for
the SEM appearance), and continuous experiments, respec-
tively, carried out in the same conditions of 600 s of residence
time and 95 °C. This allows one to verify once more the

suitability of our approach.
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Figure 6. TEM images of Fe-MIL-88B-NH, synthesized at 95 °C after
several residence times.
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Figure 7. Predominant sizes corresponding to the particle size
distributions shown in Figure S for Fe-MIL-88B-NH,. The inset shows
the slug details for the different residence times used.

The most interesting achievement of the microfluidic reactor
selected here to synthesize MOFs, where the oil phase is the
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continuous phase, is that the non-miscible, aqueous (water/
DMF) phase is dispersed into nanoscale volume segments.
Thus, axial dispersion is greatly reduced, and individual aqueous
segments or slugs act like disconnected stirred vessels with no
communication between them. The configuration of alternating
slugs of two liquid phases provides a unique environment for
improving mass transfer and reaction within the microreactor
under a laminar regime.' In the absence of flow segmentation
(laminar flow pattern), the concentration gradient is axial and
the mass transfer occurs across an area corresponding to the
channel cross section and over a path length equal to half the
length of the channel width, assuming that volumetric feed
ratios into a mixing junction are approximately equal.
Nevertheless, under a segmented flow, an internal circulation
is generated within the slugs, which is stimulated by the shear
between the continuous phase at the capillary wall and the slug.
The velocity difference between the two immiscible phases and
the slug length governs the internal circulation in the slug and
hence the particle size distribution, while it has been found that
the strength of the recirculation, characterized by the vorticity,
increases with decreasing residence time and slug length.'®
Then, it seems reasonable that under a residence time of 60 s,
where the slug length did not vary because the reactor volume
was modified against reactant flow to preserve the slug stability,
the MOF nanocrystal size evolved according to the inherent
crystallization kinetics, obtaining the smallest nanocrystals at 20
s (190 nm). At higher residence times, where the flow rates
decreased, the aqueous slug length increased from 0.8 to 8.5
mm, at 60 and 600 s, respectively. This implies that at residence
times below 60 s the slug volume was 100 nL, while at a
residence time of 600 s the slug volume increased to 1.7 uL.
Consequently, the interphase region affected by vorticity was
notably decreased, influencing the mixing in the water/DMF
slug and broadening the size distribution as the residence time
increased from 60 to 600 s (Figure 7).

These findings are in full agreement with previous results
relating to nanocrystal synthesis in segmented microflui-
dics."®” Finally, from the results obtained it can also be
inferred that at long residence times the segmented micro-
reactor performance tends to be similar to that of a batch
reactor where the poor mixing strongly effects the particle size
distribution of fast kinetic crystallizations.

An additional result that highlights the flexibility of our
system concerns its temperature performance. As Supporting
Information Figure S4 illustrates, temperature exerts a strong
effect on the MOF growing rate and, consequently, on both
average size (90, 180, and 390 nm at SS, 75, and 95 °C,
respectively) and distribution narrowness, which improves with
decreasing temperature. Note that the crystal size distribution
control exhibited in the present study was achieved at the
highest temperature tested of 95 °C, which inherently widens
the distribution (Supporting Information Figure S4, inset).

An insight into the application of these materials is given by
their activation by solvent exchange with DMF/ethanol and
water for Fe-MIL-88B-Br and Fe-MIL-88B-NH,, and Fe-MIL-
88B, respectively. This was effectively carried out as described
in the Experimental Section; however, it is worth mentioning
that the water treatment may hydrolyze the materials, as
Supporting Information Figure S5 suggests after 12 h of
treatment under moisture, the Br-form MOF being the most
affected. The corresponding weight loss curves of the activated
materials (Supporting Information Figure S6) show only low
temperature remains of solvent. Besides, these curves suggest
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that the materials may be thermally stable until about 300 °C,
the stability increasing from Fe-MIL-88B to Fe-MIL-88B-NH,
and from this to Fe-MIL-88B-Br with maximum weight loss
temperatures of 296, 308, and 365 °C, respectively. According
to the weight losses observed and taking into account the
spectra obtained by FTIR spectroscopy (see below), the
empirical formulae could be calculated as Fe™;0(L);-(H,0),-
X-nH,0 where X is CI” and n = 5.6, 7.8, and 5.3 for Fe-MIL-
88B-NH,, Fe-MIL-88B, and Fe-MIL-88B-Br, respectively. It is
worth mentioning that no clear effect on thermal behavior was
observed as a function of particle size; in fact, Supporting
Information Figure S7 shows TGA curves for as-made Fe-MIL-
88B-NH, materials prepared at 40, 360, and 600 s (i.e. with
average sizes obtained from Figure S of 0.24, 0.52, and 0.90 yim,
respectively) where the observed discrepancies may be due to
small amounts of remaining reagents.

Additionally, these materials were characterized by FTIR
spectroscopy (Figure 8). The signals at 3461 and 3335 cm™" for

1650
As-synthesized Br A
Activated 4H

As-synthesized 4H

3460, 3340 Activated NH

Intensity / a.u.

As-synthesized NH,

3000 2000 1000
Wavenumber / cm™

4000

Figure 8. FTIR sepectra of as-synthesized and activated Fe-MIL-88B-
NH, (95 °C, 20 s), Fe-MIL-88B (95 °C, 4 min), and Fe-MIL-88B-Br
(95 °C, 6 min).

the activated and as-synthesized Fe-MIL-88B-NH, correspond
to the asymmetric and s(?rmmetric stretching absorption of
primary amine groups,®® while the peak at 1040 cm™
corresponds to the presence of brominated aromatic
compounds. The absence of a band at 1678 or at 1656 cm ™",
corresponding to the C=O stretching vibration of the
protonated NH,—H,BDC and the carbonyl group of the
DMF, respectively, indicated that the as-synthesized Fe-MIL-
88B-NH, was already activated and only water molecules would
be trapped inside its pores after the synthesis. However, a signal
at 1656 cm™ due to the C=0 of the DMF was observed for
as-synthesized Fe-MIL-88B and Fe-MIL-88B-Br indicating that
DMF molecules were inside its pores. This signal vanished
upon the successful activation carried out here.

The possible adsorption of silicone oil on the as-synthesized
MOFs was discarded from FTIR analysis where the 2965 cm™
intensity corresponding to CH stretching of silicone oil methyl
groups was not observed, even though we cannot rule out the
superficial adsorption of a small amount of the oil on the MOF.

Finally, only some modified MIL-88B structures possess a
permanent porosity including the CH;, 2CH;, 4CHj, and 2CF,
functionalized solids, while others (including those studied
here) do not show accessibility for N,.** This is the reason why
the N, adsorption was omitted here; nevertheless, these
materials can absorb ethanol, toluene, or pyridine.**
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B CONCLUSIONS

The feasibility of applying the segmented flow microfluidic
approach to the crystallization of MIL-88B MOFs with three
different ligands (i.e. this methodology has been applied to
three different MOFs) has been demonstrated. A fine tuning of
the crystal size and the narrowness of the crystal size
distribution was achieved as a function of residence time (as
short as 20 s) and volume slug (as small as 100 nL).
Additionally, it has been shown that a higher slip velocity yields
a narrow particle size distribution, while a lower slip velocity
leads to a poor internal mixing in the slugs, which in turn
widens the particle size distribution.

Furthermore, given the short duration of the synthesis
the small amount of reagents involved, future studies
demonstrate whether the microfluidic methodology can
provide a useful tool for the general control of shape, size
and functionality of MOFs. Even though microfluidics presents
some limitation related to the low yield, due to the reliable
results obtained here, we believe that this methodology could
be applied to other families of MOFs.

and
will
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