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The metal organic framework, MOF-74(Ni), was synthesized in a continuous flow microwave-assisted reac-
tor obtaining a high space-time vield (~90 g h™* L) and 96.5% conversion of reagents. Separation of the
nucleation and growth steps was performed by using uniform and rapid microwave heating to induce
nucleation, which allowed a substantial increase in conversion for shorter reaction times under mild pres-
sure. High yields were achieved in minutes, as opposed to days for typical batch syntheses, with excellent
control over the material's properties due to more uniform nucleation, and the separation of the nucleation
and growth steps. Optimization of the microwave reactor parameters led to improvements in MOF-74(Ni)
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ous high space-time yield synthesis of MOF-74(Ni) allows control over nucleation using microwave
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Introduction

Metal organic frameworks (MOFs) are of considerable scien-
tific and technological interest due to their tunable porosity,
high surface area, and the large number of available
structures."™ Metal ions coordinated with a wide variety of
polytopic linkers (bridging ligands) form a crystalline nano-
porous structure which provides advantages for applications
including gas storage,"' gas separation,''° catalysis,*"**
sensing,”>>> and more recently pharmaceuticals.>®*” The
MOF-74 series, also known as CPO-27, (CPO = coordination
polymer of Oslo) has high adsorption properties for carbon
dioxide,">">™'7*® noble gases,'®'® toxic gases,"""® methane*
and water. MOF-74(Ni) is, in particular, of increased
interest for industrial applications due to it's high relative sta-
bility in the presence of moisture while maintaining high
adsorption capacity even after many thermal adsorption/
desorption cycles.'***

MOFs provide many unique properties that can be tuned
for distinct applications; however, the lack of large-scale MOF
synthesis methods that provide uniform high quality
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materials limits the commercialization of many MOF-enabled
products. Traditional solvothermal syntheses of MOFs in
batch reactors rely on long and energy intensive pro-
cesses.'®*>?* Alternative synthetic approaches have been
developed to reduce expense and enhance processing to
simultaneously provide better control over particle uni-
formity and growth by employing microfluidics,>**®
electrochemistry,®*>®  sonochemistry, and microwave
radiation.>®?9**

Scaling difficulties for MOFs have been overcome by
employing continuous flow synthesis approaches using con-
ventional heating or some of the previously mentioned
methods.*>*® These approaches make use of relatively high
temperatures and pressures to keep the synthesis in the
solvothermal regime which gives high yields.>”**”~*° Recently,
an efficient space-time production approach has been pub-
lished where a one-pot synthesis of the MOF-74(Ni) was car-
ried out in water at atmospheric pressure with a 1 h reaction
time.” This process generated 28.5 g h™ L™ of the product
with 92% yield. However, an even higher space-time yield may
be possible by separating the nucleation and growth regimes
during the synthesis process. Procedures such as hot injection
have been employed to attain high concentrations of precur-
sors above the nucleation temperature, which allow the for-
mation of uniform nuclei. This process is then followed by a
lower temperature growth regime. This approach becomes
very impractical for large volumes due to mass and heat

This journal is © The Royal Society of Chemistry 2015


http://dx.doi.org/10.1039/c5ce00848d
http://pubs.rsc.org/en/journals/journal/CE
http://pubs.rsc.org/en/journals/journal/CE?issueid=CE017029

Published on 08 June 2015. Downloaded by Oregon State University on 18/08/2015 22:57:10.

CrysttngComm

transfer limitations that lead to the formation of less uniform
particles.”"

Compared to conventional heating, microwave heating is
an excellent approach for initiating nucleation because of the
rapid heating rates and uniform volumetric heating which
lead to instantaneous nucleation, homogeneous growth, and
high reproducibility of reactions.”>*® Microwave heating can
lead to the uniform formation of particles under milder tem-
perature and pressure, with reaction times in minutes as
opposed to hours or days. Excellent control over nanoparticle
size with very narrow size distributions has been shown for
reactions using microwave heating.***"**>> Further improve-
ment has also been enabled by using gas-liquid segmented
flow in combination with microwave heating due to improved
mixing, which reduces particle fouling, and also leads to
more reproducible results.>*3>:

In this study, a microwave-assisted continuous flow reac-
tor using gas-liquid segmented flow was employed to induce
fast nucleation to accelerate MOFs synthesis while facilitating
control over particle size. The synthetic conditions for MOF-
74(Ni) were optimized by varying both the nucleation zone
(microwave reactor) and growth zone (heating bath) tempera-
tures. Several parameters were varied with the objective of
maximizing reagent conversion with the shortest residence
time under mild reaction conditions. The effect of microwave
power and resulting nucleation temperature on the synthesis
process was investigated to understand the underlying MOF
formation mechanism.

Results and discussion

A schematic of the continuous flow microwave reactor is
shown in Fig. 1, where the nucleation and growth zones are
indicated. The nucleation zone is heated using a microwave
source, while the growth zone is heated using an oil bath.

Nucleation N}\/\/
(MW zone)
Chille
Growth Bath
(GB)

I
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This system allows the separation of the microwave zone tem-
perature (Tyw), and the growth bath temperature (7gg). Pre-
liminary studies using single-phase flow were also performed
to determine the effect of Ty on conversion efficiencies
when using only the microwave zone with a nucleation time
of ~1 second. For example, we observed the formation of par-
ticles at Ty from 70 °C (~4% conversion) to 150 °C (~50%
conversion). Gas-liquid segmented flow was used to facilitate
longer reaction times, and an inset in Fig. 1 is provided
which shows the velocity distribution in the liquid slugs.
Gas-liquid segmented flow was also introduced to minimize
fouling and deposition on reactor walls, which are common
issues for continuous flow nanoparticle synthetic approaches.
Deposition on the sidewall can cause clogging and also cre-
ates hot spots in the microwave zone since deposited parti-
cles can have strong microwave absorption. Segmented flow
has previously been employed in nanoparticle synthesis for
inducing circulation within aqueous slugs and promoting
better mass/heat transfer which results in more uniform
products.*>°>

Fig. 2 shows the powder X-ray diffraction (PXRD) data for
the particles synthesized using both the microwave zone and
heating bath, as well as the samples collected directly after
the microwave zone with no heating bath. The sample col-
lected using Tyw = 70 °C and Tgp = 120 °C gave a PXRD pat-
tern for MOF-74(Ni) which is in agreement with the available
crystallographic data.” The most intense peaks were observed
at 20 = 6.8° and 11.8° in all the samples. The corresponding
interplanar spacings are dj; = 12.99 A and 7.51 A, which are
associated with the crystallographic planes (-120) and (030),
respectively. Broad PXRD peaks were obtained for MOFs syn-
thesized using only the microwave zone for Tyww between 70
and 150 °C. The broad diffraction peaks could indicate the
formation of smaller particles or an amorphous phase. An
increase in diffraction peak intensities was observed in the

Velocity magnitude(m/s)
-

¥ 3.45x107°

Fig. 1 Schematic of the segmented continuous flow microwave-assisted synthetic reactor for MOF-74(Ni). The inset on the top right obtained

using Comsol® shows turbulence in-between slugs in segmented flow.

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 The XRD data from MOF-74(Ni) synthesized at different Tyw
values compared to a sample, which has been synthesized using a
combination of both the microwave zone and the growth zone. (The

peak at 20 = 44° present in the samples from microwave only
synthesis is due to the XRD metal sample stage).

PXRD patterns for higher Ty, which suggests the formation
of more crystalline material as microwave power and nucle-
ation temperature increase. However, addition of the growth
bath appears to be necessary to prepare highly crystalline
MOFs.

Raman spectroscopy was employed as a complementary
technique to PXRD to investigate changes related to MOF-
74(Ni) linker or linker-metal under different reaction condi-
tions. Fig. 3 shows the Raman spectra for MOF-74(Ni) grown
under the same conditions as the PXRD results shown in
Fig. 2. Assignments of the Raman peaks are based on prior
results,”® where peaks at 1619, 1560, 570 cm ' are assigned
to stretching vibrations and ring deformation vibrations from
the benzene ring present in the organic linker, respectively.
Peaks at 1501 and 1416 cm ' are assigned to Y(COO ),¢ym and
V(COO )gym, respectively. The very intense peak at 1275 cm ™"
is assigned to the v(CO) species after deprotonation of the
carboxylic acid groups. The peak at 827 cm™ is assigned to
benzene ring C-H bending modes and finally, the peak at
410 cm ™! is assigned to (Ni-Oj;gana) bond vibration.>®

All the samples have similar relative peak intensities and
peak widths for all Ty values using only the nucleation
zone. This confirmed the formation of MOF-74(Ni) for reac-
tions run at both low and high Tyy. Based on the results of
PXRD and Raman spectroscopy, the Ty changes the relative
crystallinity of MOF-74(Ni), where PXRD appears to be more
sensitive to the long-range order of the MOF. Prior studies
have shown the differences in adsorption properties of MOF-
74(Ni) samples that were synthesized in a microwave batch
reactor.””?>**" In these previous studies, higher microwave

5504 | CrysttngComm, 2015, 17, 5502-5510
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Fig. 3 The Raman spectra of the MOF-74(Ni) samples, which were
synthesized at different Tyy values compared to a sample that went
through a both the microwave zone and the growth zone.

powers led to the formation of smaller particles due to higher
nucleation rates in the presence of microwave radiation. The
presence of smaller particles resulted in an enhancement of
the adsorption capacity of N, and several hydrocarbons
because of the higher surface area available.

In Fig. 4, we show the PXRD patterns for the MOF-74(Ni)
samples as a function of Tyw. For all the samples, Tgg
remained constant at 130 °C with an 8 min residence time.
From top to bottom, the PXRD patterns correspond to sam-
ples without microwave heating and samples at Tyw = 70,
110, and 150 °C. In all the cases, the XRD patterns are consis-
tent with what is expected for this material system. There is a
significant reduction in peak intensity when the Ty was
increased to 110 and 150 °C, suggesting a reduction in crys-
tallinity. As shown in the inset, the highest intensity was
observed for Tyw = 70 °C for the peak at 26 = 31.7°. In Fig. 5,
we show the Raman spectra for the samples grown under
identical conditions as in Fig. 4. In all the cases, the Raman
spectra were consistent with that expected for MOF-74(Ni)
without any peak shifts. When Tyny was increased to 110 and
150 °C, the Raman peaks became weaker and broader, where
the highest intensities were observed for samples at Tyw =
70 °C. These data suggest a general trend where there is a
reduction in relative crystallinity for higher Ty, with an
optimal Ty = 70 °C.

Raman spectroscopy and PXRD have limitations in the
identification of structural defects that may be formed during
the very fast nucleation induced in the MW zone, or by the
formation of smaller grains leading to a nanocrystalline
material, or a combination of both. As such, transmission
electron microscopy (TEM) was used to investigate the effects

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 The XRD data of the samples synthesized at different Tyw

values while the growth zone was maintained at constant temperature
and residence time. (The XRD peaks at 31.75° are shown in the inset).

40 50

of Tyrw and correlate with the changes in crystallinity. In
Fig. 6A, B, and C, we show the TEM images for the samples
grown without microwave heating and with Tyyw = 70 and

—— GB 8 min/130°C

—— MW 0.93s/70°C & GB 8 min/130°C
—— MW 0.93 s /110 °C & GB 8 min/ 130 °C
— MW 0.93 s / 150 °C & GB 8 min/ 130 °C

i

1600 1200 800 400

Wavenumber (cm™)

Fig. 5 The Raman spectra of the MOF-74(Ni) samples synthesized at
different Tmw values while the growth zone was maintained at
constant temperature and residence time.

This journal is © The Royal Society of Chemistry 2015
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150 °C, respectively. Larger MOF grains were observed for the
samples synthesized without microwave heating, whereas the
samples at Tyrw = 150 °C showed the formation of smaller
agglomerated grains which was likely due to the high nucle-
ation rates. The agglomeration and formation of nano-
crystalline materials at Tyyw = 150 °C help explain the
increase in XRD and Raman peak widths. However, we found
no major differences in the PXRD, Raman, and TEM results
for the samples synthesized at Tyyw = 70 °C and the sample
synthesized without microwave heating. Using TEM the dis-
tances between crystallographic planes (dj;;) were estimated
to be 1.30 nm and 0.78 nm, which are very close to the (-120)
and (030) plane spacing in the MOF-74(Ni) structure. These
plane spacings are also close to the values obtained from the
PXRD data where 20 = 6.8° and 11.8° correspond to dpx =
1.299 and 0.751 nm, respectively. The increase in relative
crystallinity shown by PXRD and Raman spectroscopy for
Tmw = 70 °C may be attributed to a balance between
increased nucleation and reduction in both agglomeration
and growth induced by fast reaction rates in the microwave
zone. The grain sizes for the samples synthesized at Tyw =
70 °C are larger in comparison to the samples at higher Ty
and comparable to the grains in the samples synthesized
without microwave heating.

Particle size measurements were also compared for a
range of Tyw. In Fig. 7, we show that as Ty increased the
particle size increased and a broader particle size distribution
was also observed. These results are summarized in Table 1.
Higher nucleation rates should occur for the reactions run at
higher Tyw, especially since Tgg remained constant, and
should result in a reduction in particle size since the forma-
tion of more nuclei in the microwave zone would lead to
smaller particles after the growth bath. However, high Ty
could lead to growth with high rates of diffusion, which
could lead to the formation of non-uniform and agglomer-
ated particles.

LaMer et al.”>® has described a model for nucleation and
growth which illustrates the benefits of keeping these
regimes separate. High, but still uniform, nucleation rates
can be achieved when nucleation temperatures (i.e., Tyw)
increase and can influence the final properties of particles
since the available precursor concentrations decrease rapidly
while uniform nuclei are generated. However, the increase in
nucleation temperatures also enhances diffusion and reac-
tion rates. At higher nucleation temperatures, rapid diffusion
could influence the continuous growth of particles after frac-
tions of a second in the microwave zone. Therefore, tuning
the microwave reactor to achieve a regime in which signifi-
cant nucleation occurs but diffusion and concentration are
low enough to ensure slow and more uniform growth
becomes a key factor to obtain more uniform particle
synthesis.

The increase in nucleation rate as a function of Ty could
be confirmed by the increasing number of smaller grains
observed on the sample synthesized at Tyww = 150 °C. How-
ever, this complex system, which was optimized for a high

CrystEngComm, 2015, 17, 5502-5510 | 5505
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Fig. 6 The TEM images of the samples synthesized without microwave heating (A) and at Tyw = 70 and 150 °C (B and C, respectively).

space-time-yield of MOF-74(Ni), has high reagent diffusion
rates and increased mobility due to the high concentrations
employed. Therefore, the application of microwave energy
that induced significant nucleation with a combination of
less driven growth (Tyyw = 70 °C) as opposed to highly driven
growth (Tyw = 150 °C) resulted in larger grains and higher
relative crystallinity. High Ty does induce faster nucleation,

GB only MW 70°C + GB
2 1.0} 2 1.0
@ dp=1483nm| '@ d,, = 1557 nm
8 0.8F o =140 nm 8 0.8} o =142 nm
£ E
k- 0.6 b 0.6
= N
= 04f T 04f
£ £
=) 0.2} ° 0.2}
= =
0.0 0.0
1000 2000 3000 1000 2000 3000
Diameter (nm) Diameter (nm)
MW 110°C + GB MW 150°C + GB
2 1.0p 2 1.0}
g dp, = 2025 nm g dp, = 2505 nm
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S i
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Fig. 7 The particle size measurements using dynamic light scattering
taken for the samples synthesized with and without the use of
microwaves, and different Ty values.
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but overheating results in new nuclei being formed due to
high diffusion and mobility of precursors resulting in
increased particle sizes. Increased broadening for the sample
Tvw = 150 °C in the dynamic light scattering (DLS) results
may indicate that growth and new nucleation occurred rather
than isolated nucleation.

Another factor that could be considered as a plausible
cause for agglomeration could be the high microwave absorp-
tion of MOF-74(Ni). These particles could be potential
hotspots and create higher temperature gradients closer to
their surface. Several experiments were performed by measur-
ing the temperature of MOF-74(Ni) suspensions at different
concentrations in the microwave zone. Initially we used a
high absorbing solvent (deionized water and dimethyl-
formamide (DMF) - 50% v/v) containing different concentra-
tions of MOFs (9.5, 4.75, and 1.9 g L") to evaluate their effect
on Tyw at constant microwave power. None of the suspen-
sions had significant temperature differences (+2 °C) when
compared to the pure solvent. A second experiment was car-
ried out using pure toluene (a very low microwave absorbing
solvent) and a suspension of MOFs containing 9.5 g L™ of

Table 1 The particle size obtained using dynamic light scattering and
scanning electron microscope. The particles were measured using the
software ImageJ®

Conditions dypLs (nm) dpsem (nm)
No MW 1483 + 140 1200 + 430
MW 70 °C 1557 + 142 1333 + 470
MW 150 °C 2505 £ 170 2240 + 1110

This journal is © The Royal Society of Chemistry 2015
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MOF-74(Ni). Again no significant differences in temperature
were observed for the solvent compared to the suspensions.
In Fig. 8, we show the physisorption results for MOF-
74(Ni) for different Ty values. For the samples synthesized
at Tyyw = 70 °C, or without any microwave heating, the
resulting N, physisorption isotherms were of type I (Brunauer
classification) which is a characteristic of microporous mate-
rials.>”*® High Ty changed the general behavior of the mea-
sured isotherm to type 2, which is identified by an increase
in N, uptake at high relative pressures. This change can be
attributed to the agglomeration of the small crystals shown
in Fig. 6. In Fig. 9, we show the surface area measurements
for the MOFs. High surface areas were obtained for all the
samples which were close to the values available in the litera-
ture (1070 m> g™'), even though the reaction times in this
study were significantly shorter.”> A summary of results for
different reaction conditions are provided in Table 2. An
approximate pore diameter (d,,) of 11 A was calculated for all
the samples using an incremental surface area analysis,
which is in agreement with the estimates in the literature for
MOF-74(Ni)."*> However, a lower surface area and slightly
shifted peak can be seen for the sample prepared at Tyw =
150 °C. In addition, different intensities of cumulative sur-
face area varying with T\ were also observed, which may be
related to the agglomerated grains obtained for this sample.
These results also indicate that the total surface area for each
sample differs as a function of Ty. Pores and intra-
crystalline diffusion appear to be responsible for nearly all
the area obtained by these measurements (d, < 20 A),
although some contribution appears to occur in the region of

600

Ads. GB only

Des. GB only

Ads. MW 70 °C & GB
Des. MW 70 °C & GB
Ads. MW 110 °C & GB
Des. MW 110 °C & GB
Ads. MW 150 °C & GB
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400
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Quantity adsorbed (cmslg)
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Fig. 8 The N, physisorption isotherms obtained for segmented
continuous flow synthesis of MOF-74(Ni) with and without the use of
microwaves. The Tyw value was also varied keeping the average
residence time constant (0.93 s) while the growth zone conditions
were fixed at 130 °C for 8 min.
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Fig. 9 The cumulative surface area (solid lines) and incremental
surface area (crosses) for MOF-74(Ni) synthesized using segmented
flow with and without the use of microwaves. The Ty value was also
varied keeping the average residence time constant (0.93 s) while the
heating zone conditions were fixed at 130 °C for 8 min.
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20-100 A which could be attributed to regions in between
agglomerated particles (intercrystalline diffusion).

The influence of different activation procedures and its
relationship to the presence of pore collapse in MOFs have
been previously studied.’® For these studies, interparticle
mesoporosity was observed due to the misalignment of
micropores at interparticle regions and grain boundaries.
The presence of structural defects, with trapped solvent in
the pores, can affect internal diffusion and therefore decrease
the total adsorption capacities. Therefore, the agglomeration
seen in our samples could hinder intracrystalline diffusion
due to grain/grain boundaries and consequently reduce avail-
able surface area for adsorption.

In Fig. 10, we show the thermogravimetric analysis data
for the MOF samples under flowing N,. These data indicate
that the samples had mass losses associated with water and
DMF desorption during the temperature ramp. The isother-
mal steps indicate steep weight losses that are correlated
with desorption of moisture and residual solvents that
remained in the pores after the activation process. The data
also indicate that MOF-74(Ni) thermally decomposed at

Table 2 Reagents conversion (evaluated using UV-vis spectroscopy for
Ni*? concentration), mass production rate of MOF-74(Ni), and XRD full
width at half maximum (FWHM) from reactions operated in segmented
flow at different Ty values

Conversion Mass prod. rate XRD FWHM  Sggr
Conditions (%) MOF-74(Ni) (gh™") at31.75°(°) (m*>g™")

No MW 90.8 3.93 0.660 1012 + 6
MW 70°C 92.3 4.46 0.536 938+ 6
MW 110 °C 94.3 4.51 0.662 936 + 6
MW 150 °C  96.5 4.56 0.850 840 + 3

CrysttngComm, 2015, 17, 5502-5510 | 5507
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Fig. 10 Thermographic analysis performed on the MOF-74(Ni)
samples synthesized with and without microwaves, and at two
different Tuw values.

approximately 350 °C, which is consistent with prior
studies.”®

Experimental section
Chemicals

All chemicals were used as purchased without any further
purification. Nickel acetate tetrahydrate (>98%) was obtained
from Alfa Aesar, 2,5-dihydroxyterephthalic acid (>98%),
(DOBDC), was obtained from TCI America, and dimethyl-
formamide (DMF) (99.8%) was obtained from EMD.

Synthesis

The continuous microwave-assisted synthesis of MOF-74(Ni)
was performed at 2.5 bar under solvothermal conditions,
where a second peristaltic pump was used as a back pressure
regulator. The precursor solution was prepared by mixing 50
mL of nickel(n) acetate tetrahydrate (0.12 M) in deionized
(DI) water with 50 mL of DOBDC dissolved in DMF (0.06 M).
Argon gas was injected into the system using a T-junction to
attain segmented flow. The reaction system used Teflon®
tubing (1/8 in. outer diameter, 1/16 in. inner diameter) in
both the nucleation zone and growth bath. Precursors
entered the nucleation zone that consisted of a micro-
wave reactor with a waveguide (Sairem model
PCCMWR340PVMRI1PE GMP 30 K; 2.45 GHz; 3 kW) resulting
in a nucleation residence time of ~1 second. The temperature
in the microwave zone (Tyw) was measured using an infrared
camera (FLIR model E40) that imaged a total irradiated
length of approximately 4.7 cm. The growth region consisted
of a 25.4 m long Teflon® coil submersed in an oil bath held
at a fixed growth bath temperature (7). The growth region
had an average residence time of about 8 min. After the reac-
tion, a liquid dispersion of the product was collected in a
glass vial and then centrifuged to separate the particles from

5508 | CrysttngComm, 2015, 17, 5502-5510
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the solvents and unconverted reagents. MOF particles were
then treated in the purification step by adding approximately
10 mL of water, followed by a second centrifugation with an
addition of 10 mL of methanol. Over three days the particles
were centrifuged and washed with 10 mL of fresh methanol
up to four times. Activation was performed by keeping the
samples under vacuum at 80 °C for three days prior to
characterization.

Characterization

Powder X-ray diffraction (PXRD) was performed at room tem-
perature using a Rigaku Ultima IV diffractometer (Cu-Ka =
0.1542 nm). The data were collected from 26 = 5° to 50°. Prior
to PXRD, the dried powder was ground for about 2 min using
a mortar and pestle. All the PXRD data were obtained on the
same day, with no changes in the instrumental experimental
conditions, so direct quantitative analysis could be
performed between spectra. Thermogravimetric analysis
(TGA) was performed using a TA Instruments TGA Q500. The
samples were exposed to air for about 30 min and then
heated up to 600 °C using a 10 °C min~* ramp rate with a N,
flow rate of 60 mL min~". Two isothermal steps were taken at
105 and 250 °C for 20 min each. Transmission electron
microscopy (TEM) imaging was performed using a FEI Titan
FEG at 200 kV. For TEM imaging, the samples were prepared
from a hexane dispersion of MOF-74(Ni) particles, which was
sonicated for 10 min prior to preparation (Branson model
2510-Max power 130 W). A carbon-coated copper grid was
dipped into the MOF dispersion twice and mounted in the
microscope after drying at room temperature. Scanning
electron microscopy (SEM) imaging was performed using an
FEI Quanta 600 FEG SEM with 15-30 kV accelerating voltage.
Raman spectra were obtained using a Horiba-Jobin Yvon HR-
800 Raman spectrometer with a 532 nm incident laser
source. UV-vis spectroscopy was performed using an AvaSpec-
3648 spectrometer on the precursor solution and the super-
natant obtained from centrifuged reaction products to esti-
mate conversion efficiencies. The N, physisorption measure-
ments were obtained using a Micromeritics ASAP 2020. The
particle size was determined using dynamic light scattering
(DLS) using a Brookhaven Instruments Corp. Zeta Potential
analyzer. For the DLS measurements, MOF-74(Ni) suspen-
sions (in hexane) were analyzed after 30 min of sonication.

Conclusions

In summary, a continuous and segmented flow microwave-
assisted synthesis of the MOF-74(Ni) was performed under
mild conditions of pressure (~2.5 bar) with high conversion
of reagents (~96.5%) and space-time yield (~80-90 ¢ h™ L ™).
Segmented flow was employed to improve mixing and reduce
particle fouling which allowed long reactions to be run with
very good reproducibility of results. Very stable Ty were
obtained in the segmented flow regime for all reactions
reported. The microwave zone helped reduce reaction times
down to 8 min and increased nucleation. Faster nucleation at
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higher Ty resulted in the formation of smaller grains,
which resulted in different adsorption behaviors even after
the growth bath. This was due to the agglomeration of grains
and the formation of structural defects at higher Tyw, and
may result in misaligned and collapsed pores. High micro-
wave absorption of the solvents and higher diffusion condi-
tions could significantly influence growth in the microwave
zone and possibly result in more heterogeneous particles.
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