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ABSTRACT: A fundamental understanding of the crystallization pathways for metal—
organic frameworks (MOFs) allows for exploring the untapped combinatorial space of
the organic and inorganic building units, creating possibilities to synthesize highly
crystalline frameworks with desired physicochemical properties. In this work, we employ
a continuous flow reactor to elucidate the kinetics of crystallization for the Zr-based
MOF-808 using time-resolved powder X-ray diffraction measurements. Specifically, we
fit the crystallization curves obtained experimentally using the Gualtieri model to
determine the rate constants for nucleation (ky) and growth (kg) for different linker
concentrations and temperatures. Higher linker concentrations reduce the competitive
coordination of the formate ligand (growth modulator) with the secondary building
unit, resulting in higher nucleation and growth rates. The activation energies obtained
from Arrhenius plots for nucleation (E,(N)) and growth (E,(G)) are 64.7 + 4 and 59.2
+ S kJ mol™!, respectively. At constant residence time, temperature, and composition,
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higher flow velocities increase the advective transport of precursor species to nucleation sites in the slugs resulting in increased
crystal growth rates and thus higher average crystal sizes. Variation in the total flow rate from 0.334 to 1.067 mL/min increased the
average crystal sizes from ~10S + 22 to ~180 =+ 19 nm, with other parameters held constant. We demonstrate that performing
crystallization in the flow reactor provides a unique opportunity to tailor MOF crystal sizes. By strictly controlling the temperature,
residence time, and mixing parameters, our results showcase the advantages of flow systems for performing rigorous crystallization
and structural evolution studies that can be applied for the synthesis of other MOFs with tailored physicochemical properties.

B INTRODUCTION

Metal—organic frameworks (MOFs) are coordination com-
plexes consisting of organic linkers and inorganic polynuclear
clusters that form two- and three-dimensional structures.’ The
numerous ways in which the organic and inorganic units can
be combined have led to the discovery of thousands of new
frameworks with unique properties that can be targeted for use
in industrially attractive applications.” Zr-based MOFs are
particularly important due to their chemical stability, as well as
amenability to postsynthetic modification (PSM).” MOF-808,
first reported by Furukawa et al,” is formed from the assembly
of a Zrg(u3-0),4-(1;-OH),(CO,),, (referred to as Zr-cluster)
inorganic secondary building unit and benzene-1,3,5-tricarbox-
ylic acid (H;BTC) organic linkers.” The resulting structure
features large cavities (diameter of 18.4 A) and Brunauer—
Emmett—Teller (BET) surface areas of ~2000 m*g~'.
Monocarboxylic ligands, such as formate, acetate, and
propionate, are employed as crystal growth modulators in
MOE-808 synthesis to regulate crystal size and increase the
crystallinity of the framework.”® Although MOF-808 has been
demonstrated for use in a number of industrially relevant
applications ranging from catalysis’~” and water harvesting'®
to heavy metal capture'' and arsenic removal,'® details
pertaining to the kinetics of crystallization or the control of
crystal size distributions (CSDs) have not been reported. A
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thorough understanding of the self-assembly of MOF building
units along with the reaction pathways to achieve precise
control over the crystallization process would help in
optimizing MOF synthesis to yield the desired crystallinity
and provide important parameters for synthesis scale-up.
Tailored physicochemical properties of Zr-MOFs can be
achieved by coordination modulation, using organic ligands
with a similar chemical functionality as the linker to compete
for coordination sites at the SBU.”'® In the presence of a
modulator, nucleation and crystal growth proceed at a reduced
rate. The crystallization process requires an equilibrium
between crystal formation and dissolution to allow for
sufficient reorganization and defect reparation during the
early stages of crystal growth.”'* Accordingly, evaluating the
amount of modulator, linker concentration, residence time,
and temperature in the extent of crystallization is imperative to
achieve the desired CSD, crystallinity, and product yields.
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Figure 1. Extent of crystallization a(t) plotted against time ¢ (closed symbols) and the corresponding Gualtieri fitting (solid curves) to investigate
the (a) influence of reaction temperature (110—150 °C) at a 3X linker concentration and (b) influence of linker concentration (1X to 3X) at 150
°C on the rates of crystallization. The inset images show fitted data for residence times below 15 min.

The use of microfluidic flow reactors offers the ability to
explore a wide range of synthetic parameters in a short amount
of time with minimal consumption of reagents, making them
ideal to extract kinetic information.'*~"” Unlike batch reactors
used for in situ diffraction experiments that intrinsically
operate in a transient mode, flow reactors allow studies of
the crystallization process at a steady state with precise control
over temperature and residence time, thereby enabling time-
resolved crystallization studies for any MOF of interest. Here,
we use a biphasic liquid—liquid slug flow in our reactor to
perform continuous microbatch MOF crystallization studies.
In situ diffraction techniques such as energy-dispersive X-ray
diffraction (EDXRD)'*™*° and small-angle X-ray scattering
(SAXS)*"** are commonly used to study kinetics of MOF
crystallization. They entail the use of a heating apparatus for
the reaction mixture, which is loaded into a vial (analogous to a
batch reactor) and placed in the X-ray beam path to monitor
the evolution of diffraction peaks as a function of time.
Although in situ diffraction measurements allow for a better
temporal resolution compared to individual samples synthe-
sized at various residence times to study the evolution of
crystallinity, it is difficult to study the influence of parameters
such as mixing of reagents, shear rates, and flow-induced
molecular transport on nucleation and growth kinetics in batch
systems. Here, we report the use of flow reactors to elucidate
the kinetics of crystallization for MOF-808. The time-resolved
crystallization studies were performed by synthesizing MOF
samples at desired residence times and temperatures, using
powder X-ray diffraction (PXRD) to monitor the extent of
crystallization by integrating the area under prominent Bragg
diffraction peaks. We obtained rate constants of nucleation and
growth as a function of temperature and linker concentration
by implementing nonlinear fitting of the corresponding
crystallization curves to the Gualtieri model. The rate
constants obtained at different temperatures were used to
calculate activation energies for nucleation and growth using
Arrhenius plots. Finally, we report that the flow rate and slug
volume can be used as orthogonal variables for tuning the
crystal size distribution (CSD) of MOFs with narrow
polydispersity ranges. Our work highlights the advantages of
flow systems to obtain intrinsic parameters governing the
crystallization of MOFs, as well as of the use of reactor
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operational parameters unique to flow systems to generate
MOFs with tailored CSDs.

B RESULTS AND DISCUSSION

A continuous flow reactor operating in a biphasic liquid—liquid
slug-flow regime offers the ability to precisely control residence
time.”* In our flow reactor, silicone oil is used as an immiscible
continuous phase because it preferentially wets the PTFE
reactor tubing and encapsulates the slugs (4L droplets) of the
dispersed phase containing the MOF precursors.”* Impor-
tantly, the miniaturization of the reaction system reduces
diffusion lengths, aids in rapid mixing of reagents, and enables
fast heat and mass transport, along with tight control of
residence times (order of milliseconds), all critical elements to
monitor nucleation and crystallization events with high fidelity.
As the precursor slugs traverse the heated reaction zone, viable
nucleation sites emerge from short-range crystalline order,
followed by grain growth, and culminating in MOF crystals.
The schematic for the flow reactor is illustrated in Figure S1 of
the Supporting Information, and details pertaining to reactor
components and operations are provided in our previous
work.”* To collect the large number of samples to perform this
time-resolved crystallization study, we developed a rapid
sampler module connected to the outlet of the flow reactor
(Figure S2), which facilitates easy sampling by quenching the
reactions at desired residence times. MOF solids collected at
the reactor outlet are filtered and washed twice with N,N-
dimethylformamide (DMF) followed by acetone, before
undergoing characterization with powder X-ray diffraction
(PXRD). Figure S3 shows the PXRD pattern along with Miller
indices of the prominent peaks for MOF-808. The evolution of
crystallinity as a function of time is monitored using the extent
of crystallization (a(t)), which is the ratio of the integrated
intensity I(¢) of a prominent peak at any residence time ¢ to the
maximum intensity I, of the peak obtained after complete
crystallization (eq 1). For MOF-808, the (400) reflection was
chosen to calculate a(t) as there are no overlapping peaks or
any pre- or postedge features that could increase the error
when calculating the area under the curve. The crystallization
curves (a(t) vs t) obtained at 110 and 150 °C are shown in
Figure S4. After a short induction time, long-range crystalline
order could be detected and the reflections from the (400)
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Table 1. Kinetic Parameters Obtained by Fitting the Crystallization Curves Obtained at Four Different Temperatures Using

the Gualtieri Model”

temperature (°C) a (min) b (min)
110 23.87 19.44
120 17.29 12.43
130 9.26 6.81
150 3.69 1.78

“The linker concentration for all conditions was 3X.

W W W W 3

kg (min™") ky (min™") R?
0.070 + 0.013 0.041 + 0.006 0.991
0.089 + 0.003 0.057 + 0.007 0.998
0.163 + 0.011 0.107 + 0.005 0.996
0.382 + 0.038 0.271 + 0.011 0.998

Table 2. Kinetic Parameters Obtained by Fitting the Crystallization Curves Obtained at Four Different Linker Concentrations

Using the Gualtieri Model”

linker concentration a (min) b (min)
1X 18.07 9.2
2X 12.49 7.32
2.5X 12.16 6.34
3X 3.69 1.78

“The reaction temperature for all conditions was held at 150 °C.

W W W W =

kg (min™") ky (min™") R?
0.078 + 0.002 0.055 + 0.004 0.999
0.167 + 0.018 0.080 + 0.002 0.996
0.238 + 0.021 0.082 + 0.004 0.996
0.382 + 0.038 0.271 + 0.015 0.998

plane gained intensity until they reached their respective
maxima beyond which there was no change in I(#). Since the
crystallization curves obtained from Bragg reflections of the
(400) and (331) planes are superimposable, the presence of
the preferred orientation of crystals influencing the integrated
peak area can be excluded (Figure S4)**

0
a(t) = I

(1

The crystallization behavior of MOFs strongly depends on
reaction conditions such as temperature, residence time,
concentration of reactants, and the type of solvents
employed.”””” To gain insights into the solvothermal
crystallization of MOF-808, we assessed the role of temper-
ature and linker concentration in the reaction mixture. The
crystallization curves obtained from MOF syntheses at four
different temperatures (110, 120, 130, and 150 °C) in the
continuous flow reactor are shown in Figure la, while the
curves from four different linker concentrations (1X, 2X, 2.5X,
and 3X) are shown in Figure 1b. The linker concentration of
1X in the reaction mixture corresponds to 0.33 mmol of
benzene-1,3,5-tricarboxylic acid (H;BTC) based on the
synthesis procedure reported by Jiang et al.” The composition
of 2X corresponds to a 2-fold increase of linker concentration
in the reaction mixture with other parameters held constant;
additional details pertaining to the reaction mixture compo-
sition are provided in Table S2 and Part 2 of the SI. The linker
concentration used for all of the crystallization curves in Figure
la was 3X, while a reaction temperature of 150 °C was used
for all conditions explored in Figure 1b. The kinetic evaluation
of the crystallization curves was performed by fitting the data
(closed symbols) in Figure 1 with the Gualtieri model, which
was originally derived for the heterogeneous crystallization of a
solid from a liquid by Gualtieri.”® The Gualtieri model (eq 2)
is well suited for evaluating solution-mediated transformation
reactions and allows differentiating nucleation and crystal
growth by treating them as individual processes compared to
the commonly used Avrami—Erofeev (AE) model, which was
developed for solid-state processes.”””” The Gualtieri
expression relates the extent of crystallization a(t) as a
function of residence time t, the rate constant of growth kg, the
fitting parameters a and b, along with the dimensionality of
crystal growth n, which was set to 3 for MOF-808 as it

6531

crystallizes in the Fd3m space group (cubic crystal
system).>”**° The fitting parameters a and b are used to
calculate the probability of nucleation Py, which is described
later in the study. The rate constant for nucleation ky is
calculated from the fitting parameter (ky 1/a). The
induction time (f,) defined as the period during which no
crystalline products are observed was shorter for synthesis at
higher temperatures; for instance, t; is S min at 110 °C, which
reduces to 1 min at 150 °C. Furthermore, the residence times
for complete crystallization t; at a(t) = 1 were shorter at higher
temperatures (S min at 150 °C, increasing to ~60 min at 110
°C). Table S3 summarizes t, and t; for all reaction conditions
explored. The kinetic parameters obtained by fitting the
Gualtieri model to the crystallization curves obtained at
different temperatures along with R* values are summarized in
Table 1. The values for both k; and ky increase with
temperature as expected for a reactive-crystallization process.’
At each temperature, ky < kg implying that the nucleation is
slower than crystal growth. All k values increase by an order of
magnitude as the temperature increases from 110 to 150 °C.

Similarly, the reactions carried out by varying linker
concentrations (Figure 1b) provide insight into the coordina-
tion modulation mechanism for MOF-808. Table 2 summa-
rizes the kinetic parameters obtained for reaction conditions
with varying linker concentrations at 150 °C. A higher linker
concentration in the reaction mixture enhances the linker
coordination with the SBU by reducing the competitive
coordination of the formate ligand, leading to an increase in
the reaction rates. For a 3X linker concentration, the molar
ratio of formic acid to Zr metal (acid/metal) is 176, while a 1X
linker concentration results in a molar ratio of 528.3, indicating
higher competition by the formate ligand for coordination with
the SBU (Table S2). Lower reaction rates with a higher acid/
metal ratio translate to lower rates for the self-assembly process
of MOFs.>” The induction time f, is 8 min for 1X
concentration, which decreases to 1 min for the 3X condition.
The residence times for complete crystallization were shorter
at higher concentrations (5 min at 3%, 40 min at 2.5X, 45 min
at 2X, and 60 min at 1X). The values for k; and ky increase
with the linker concentration, which is in line with the concept
of coordination modulation.”'” Larger amounts of modulator
(formic acid) in the reaction mixture lead to slower nucleation
rates, ky, resulting in fewer nucleation sites that grow at a
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decreased growth rate kg for all reaction conditions, ky < kg,
implying the nucleation step to be rate-limiting. The k values
for both nucleation and growth increase by an order of
magnitude as the linker concentration is increased from 1X to
3X. We also use the AE expression (eq S1 and Section 3 in SI)
as a second model to fit the crystallization curves. The curve
fitting for the extent of crystallization a(t) is shown in Figures
SS and S6 for different temperatures and linker concentrations,
respectively. The kinetic parameters, such as the overall rate
constant k and the Avrami exponent n,p are tabulated in
Tables S4 and SS5. Values for n, in the range of 0.6—1 are
characteristic of a first-order reaction mechanism and suggest
that crystallization is controlled by the formation of nucleation
sites.””*”** The k values obtained from the AE model are of
the same order of magnitude compared to those of the
Gualtieri model and increase by more than 5-fold with
temperature (110—150 °C) and 8-fold with the linker
concentration (1X to 3X).

1

= _ o kat)"
a(t) - 1+ e—(t—a)/b [1 e ]

)

The crystallization process of MOFs proceeds via two steps:
nucleation of discrete particles followed bzr crystal growth,
which typically results in an S-shaped curve.”* The nucleation
sites in the reaction mixture are not directly visible in the
diffraction experiments and are estimated by the Gualtieri
model by defining the probability of nucleation Py (eq 3). The
expression for Py has a Gaussian distribution of probabilities
for the total number of nuclei N present at time t while the
fitting parameter a gives the position of the top of the Gaussian
peak (maximum rate of nucleation), and the parameter b is the
variance of the peak describing the distribution of the
probability with time.””*® The plot of Py versus t (blue
curve) for the crystallization curve obtained at 130 °C and 3X
linker concentration is shown in Figure 2. Nucleation can be
seen to extend well into the crystal growth regime and follows
a Gaussian distribution to estimate the presence of viable
nucleation sites at time f. The probability of nucleation for
different temperatures and linker concentrations is shown in
Figures S7 and S8, respectively. An increase in temperature

/L
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Figure 2. Extent of crystallization a(t) plotted against time ¢ (closed
symbol), the corresponding Gualtieri fitting (red curve), and the
probability of nucleation Py (blue curve). The crystallization curve
was obtained at 130 °C with a linker concentration of 3X.
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leads to a faster nucleation rate with an earlier maximum as
indicated by the values of fitting parameter a, while Py
becomes negligible toward the end of the crystal growth
regime (a(t) > 0.9). The maximum rate of nucleation occurs at
~24 min at 110 °C, which reduces to ~4 min at 150 °C.
Similarly, an increase in the linker concentration also reduces
the time at which the maximum nucleation rate occurs, ~18
min at 1X reducing to ~4 min at 3X concentration. Since
nucleation rates are strongly dependent on the level of
supersaturation of the reaction mixture, an increase in the
linker concentration achieves higher nucleation rates at lower
residence times.”

AN (e /a)
dt ()

The rate constants for nucleation ky and growth k; obtained
by fitting the crystallization curves with the Gualtieri model
allow for calculating the corresponding activation energies
EA(N) and E,(G) for nucleation and growth, respectively. The
activation energies are calculated by linear fitting of the
Arrhenius expressions (eqs 4 and $) in Ink vs 1/T plots as
shown in Figure 3 along with the appropriate error bars. The

N:

-1.0
= Growth
1.5 4 e Nucleation
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= -2.0 4
E
4
f=
= 2.5
-3.0 4
-3.5 T T T T T T
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T'(10° K"

Figure 3. Arrhenius plots for the temperature-dependent rate
constants of nucleation (red circles) and growth (gray squares) at a
3X linker concentration obtained from the evaluation of the Gualtieri
model.

Arrhenius expression correlates the rate constant k with the
pre-exponential factor A, reaction temperature T, the universal
gas constant R, and the activation energy E,. The values for
Eo(N) and E,(G) determined by the slopes of the linear
regression are 64.7 + 4 and 59.2 + S kJ-mol™’, respectively
(Table 3). We calculate E,(N) and E,(G) only for the case of
3X linker concentration. The rate enhancement in crystal-
lization is likely not due to a supersaturation effect and instead
supports the hypothesis of inherent changes in the transport/
kinetics. The values for both activation energies do not deviate
much from each other and are fairly close to the values
reported by Zahn et al."* for MOF-801 (71 =+ 3 kJ-mol™ for
EA(N) and 66 + 6 kJ-mol™ E,(G)). They hypothesized that
both energies reflect the same chemical reaction that is the
exchange of modulator ligand on the Zrg-cluster (SBU), which
would not be influenced by the size of the growing entity—
either a small nucleation site or a larger crystal. MOF-801 also
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Table 3. Activation Energies for Nucleation and Growth Obtained from Arrhenius Plots for ky and kg*

temperature (°C) ky (min™") kg (min™") EA(N) (Ig-mol™") EA(G) (KJ-mol™) R?

110 0.041 0.070 647 + 4 592+5 0.991 (nucleation)
120 0.057 0.089

130 0.107 0.163 0.984 (growth)
150 0.271 0.382

“The linker concentration for all conditions was 3X.
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Figure 4. (a) Schematic representation of the biphasic liquid—liquid slug flow at different volumetric ratios of silicone oil (continuous phase) and
the precursor mixture (dispersed phase). (b) Illustration of three different reactor configurations used in the study with the same tube ID (1/16 in.
or 1.58 mm). (c) Average crystal sizes obtained from S, 9, and 16 mL reactors along with error bars representing 1 standard deviation for all
volumetric ratios of “oil/precursor”. (d) CSD as a function of reactor volume for the single-phase flow condition (precursor only).

known as the Zr-fumarate MOF uses similar reagents in the
reaction mixture (Zr salt, N,N-DMF, formic acid, and fumaric
acid as the linker) compared to MOF-808. The activation
energy calculated from the AE model using the overall rate
constant k was 57.3 + 4 kJ-mol™', which is in close agreement
with the values obtained from the Gualtieri model (Figure S9).
In general, the calculated activation energies for MOF-808 are
of the same order of magnitude compared to the values
reported for other MOFs such as HKUST-1,"* ZIF-8,°° and
Ui0-66" (Table S6)

_ E,(N)

ky=A e BORD g =InA - 22

N ¢ Hy =T RT (4)
_ E(G)

ke=Ae BO/RD L ng =InA— 2

¢ ¢ RT (8)

Slug-flow crystallizers have recently been used to perform
cooling crystallization,”” " reactive crystallization,"*™** and
antisolvent crystallization*”** as they provide many degrees of
freedom for controlling CSD and morphology with a high
degree of reproducibility while also providing easier scale-up
and higher process productivity compared to batch. Achieving
reproducible and a narrow CSD is desirable for manufacturing
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crystalline materials with desired physicochemical character-
istics, which simplifies the downstream processing steps.” In
this study, we use our flow reactor to examine the effects of
flow rate and volume of the MOF precursor (reaction mixture)
contained in the slugs on the CSD of MOF-808. The reactor
tube ID was fixed to 1/16 in. (1.58 mm) as it was best suited
to achieve optimal mixing in the slugs without lowering the
throughput. The use of static mixers is not viable for our
system as it would disrupt the slug-flow pattern. We
investigated five different biphasic slug-flow configurations
achieved by varying the ratio of volumetric flow rates for
silicone oil (continuous phase) and the precursor (dispersed
phase). All of the conditions explored had a residence time of
1S min at a temperature of 150 °C and a 3X linker
concentration in the reaction mixture, which ensured
completion of the crystallization process a(t) = 1 (Figure la
and Table S3). Figure 4a provides a schematic for these
configurations, wherein a biphasic slug flow in a 16 mL reactor
for a 1:1 “oil/precursor” was achieved with a flow rate of 0.53
mL/min for both the phases, while a 1:10 configuration was
achieved with a flow rate of 0.097 mL/min for oil and 0.97
mL/min for the precursor phase (Table S7). The “precursor-
only” condition was used to study the effects of mixing patterns
encountered in a single-phase flow in a PFR compared to the
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biphasic slug-flow regime. There was no droplet coalescence
observed across these biphasic slug-flow configurations. Figure
S10 shows reproducible droplets (white slugs) containing
crystalline MOF particles as the dispersed phase and the
silicone oil (transparent slugs) as the continuous phase, at the
reactor outlet for a 1:1 oil/precursor volumetric ratio and
reaction conditions of 150 °C and a 15 min residence time. We
also studied the effects of the flow rate on CSD by varying the
length of the reactor tubing with the same inner diameter (1/
16 in.) while maintaining a constant residence time of 15 min
(Figure 4b and Table S6). Microcrystalline MOF-808 samples
synthesized from all reactor configurations were imaged using a
high-resolution transmission electron microscope (TEM), and
the corresponding crystal sizes were measured using the
Image] software program based on a procedure reported by
Hirschle et al.* (Figures S11—S13). Average crystal sizes
shown in Figure 4c are obtained from measurements of ~500
nanoparticles for every biphasic slug-flow configuration from
three different reactors, while the error bars correspond to 1
standard deviation. Interestingly, the average crystal sizes had a
positive correlation with an increase in the total flow rate while
maintaining a residence time of 15 min for all conditions. For
instance, a total flow rate of 0.334 mL/min in a S mL reactor
resulted in average crystal sizes of ~105 = 22 nm, while a total
flow rate of 1.067 mL/min in a 16 mL reactor resulted in
crystal sizes of ~180 + 19 nm. However, there was no change
in CSD with variations of biphasic slug-flow configurations
pertaining to the volumetric flow ratios of “oil/precursor”
across all reactors. Similar observations were made for the
single-phase flow condition (precursor only), which also
resulted in an increase in average crystal sizes with higher
flow rates. Figure 4d shows CSD trends for the precursor-only
condition, with the mean sizes being ~105 nm for the S mL
reactor, ~140 nm for the 9 mL reactor, and ~180 nm for the
16 mL reactor. The CSD trends for all of the biphasic slug-flow
configurations are provided in Figures S11—S13. To the best of
our knowledge, this is the first report of using flow rates and
slug volume to tune the crystal sizes of MOFs while achieving a
narrow size distribution.

The variation in CSD as a function of total flow rate can be
explained by considering the mixing effects in the precursor
slugs moving through a millifluidic channel. Each precursor
slug is a well-mixed microbatch reactor where the mixing of
reagents occurs over the order of milliseconds and is
accomplished by chaotic advection, which originates from
recirculating flow patterns inside the slug."” Song et al.*®
provided a scaling argument for estimating the characteristic
mixing time f,, as a function of the dimensionless Péclet
number Pe (eqs S3 and S4 and Section 4 of the SI). An
increase in the flow rate results in a higher rate of advective
transport for reagents leading to a larger Pe and a smaller ¢,
(Table S8). For instance, to achieve a residence time of 15 min
in a 16 mL reactor, the total flow rate of 1.067 mL/min results
in a Pe of 14 180. Similarly, the Pe numbers in 9 and 5§ mL
reactors are 7166 and 4440, respectively. Higher Pe values
translate to the enhanced flow-mediated transport of precursor
species to the nucleation sites in the precursor slugs, which
accelerates the crystal growth rates leading to a faster
consumption of reagents in the slug.*’ Since the reaction
mixture composition for all conditions explored remained
constant (3X linker concentration), the nucleation rate J,
which strongly depends on the level of supersaturation S,
remains the same (eq S5). As the precursor slugs enter the
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heated reaction zone of the flow reactor, the nucleation rate
would be similar across all reactor configurations; however,
higher flow rates to achieve the same residence time of 15 min
leads to a larger Pe and consequently higher crystal growth
rates. Since the reaction mixture is compartmentalized in
individual slugs, higher crystal growth rates result in a
simultaneous reduction in the nucleation rate owing to lower
levels of supersaturation upon faster consumption of reagents.
This phenomenon can be used to elucidate the CSD trends
evident in our flow reactor as a function of total flow rates and
offers a simpler control for manipulating the crystal sizes
without requiring complicated experimental setup for super-
saturation control, nonmonotonic temperature profiles among
others.

Bl CONCLUSIONS

In this work, we investigated the kinetics of crystallization for
Zr-based MOF-808 using a continuous flow reactor. The rate
constants for nucleation ky and growth k; were obtained by
nonlinear fitting of crystallization curves with the Gualtieri
model, which is well suited for evaluating solution-mediated
transformation reactions. For all reaction conditions explored,
ky < kg and the values for both ky and kg increased by more
than S-fold with the temperature (110—150 °C) and linker
concentration in the reaction mixture (1X to 3X). Activation
energies for nucleation E,(N) and growth E,(G) determined
from Arrhenius plots were 64.7 + 4 and 59.2 + S kJ-mol™’,
respectively, while the activation energy calculated from the AE
model using the overall rate constant k was 57.3 + 4 kJ-mol ™},
which is in close agreement with the Gualtieri model. Our
study provides the first account for the use of flow rates in the
reactor as a simpler tool for tuning the crystal sizes of MOFs
with a narrow distribution. Average crystal sizes of ~105 + 22
nm were achieved with a total flow rate of 0.334 mL/min (5
mL reactor), ~140 + 18 nm with a total flow rate of 0.6 mL/
min (9 mL reactor), and ~180 + 19 nm with a total flow rate
of 1.067 mL/min (16 mL reactor). For a constant residence
time across all reactor configurations, an increase in the flow
rate enhances the flow-mediated transport of precursor species
to the nucleation sites, thereby accelerating the crystal growth,
accompanied by a simultaneous reduction in the nucleation
rate due to faster consumption of reagents—the phenomenon
responsible for CSD trends seen in our flow reactor. The
results presented in this work allow for a better understanding
of nucleation and crystal growth kinetics of self-assembled
porous frameworks along with additional degrees of control
offered by flow reactors to synthesize MOFs with the desired
physicochemical properties for real-world applications.
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