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ABSTRACT: A fundamental understanding of the crystallization pathways for metal
organic frameworks (MOFs) allows for exploring the untapped combinatorial spage of L 2tisoresidence Time
the organic and inorganic building units, creating possibilities to synthesize highly *

crystalline frameworks with desired physicochemical properties. In this work, wé employ
a continuousow reactor to elucidate the kinetics of crystallization for the Zr-Hase
MOF-808 using time-resolved powder X-ragation measurements. Spely, we £ 150 }

t the crystallization curves obtained experimentally using the Gualtieri médg‘ll to »
determine the rate constants for nucleakgnand growth Kg) for di erent linker &
concentrations and temperatures. Higher linker concentrations reduce the cogip
coordination of the formate ligand (growth modulator) with the secondary buildin
unit, resulting in higher nucleation and growth rates. The activation energies obteired— ; : : .
from Arrhenius plots for nucleatidy N)) and growth E(G)) are 64. % 4 and 59.2 0z 04 Flo(v’fRate (:"f,min)1'° 2
+ 5 kJ mol?, respectively. At constant residence time, temperature, and composition,
higher ow velocities increase the advective transport of precursor species to nucleation sites in the slugs resulting in increas
crystal growth rates and thus higher average crystal sizes. Variation irotheategrom 0.334 to 1.067 mL/min increased the
average crystal sizes froh®5+ 22 to 180+ 19 nm, with other parameters held constant. We demonstrate that performing
crystallization in theow reactor provides a unique opportunity to tailor MOF crystal sizes. By strictly controlling the temperature,
residence time, and mixing parameters, our results showcase the advamtagyesseofis for performing rigorous crystallization
and structural evolution studies that can be applied for the synthesis of other MOFs with tailored physicochemical properties.

INTRODUCTION thorough understanding of the self-assembly of MOF building

Metal organic frameworks (MOFs) are coordination com-Units along with the reaction pathways to achieve precise
plexes consisting of organic linkers and inorganic polynuclé&@ntrol over the crystallization process would help in
clusters that form two- and three-dimensional struciires.  Optimizing MOF synthesis to yield the desired crystallinity
numerous ways in which the organic and inorganic units cafd provide important parameters for synthesis scale-up.

be combined have led to the discovery of thousands of newTailored physicochemical properties of Zr-MOFs can be
frameworks with unique properties that can be targeted for udehieved by coordination modulation, using organic ligands
in industrially attractive applicationar-based MOFs are with a similar chemical functionality as the linker to compete
particularly important due to their chemical stability, as well dsr coordination sites at the SB.In the presence of a
amenability to postsynthetic madtion (PSMY. MOF-808, modulator, nucleation and crystal growth proceed at a reduced
rst reported by Furukawa ef'&.formed from the assembly rate. The crystallization process requires an equilibrium
of a Zg( 50)4( 3-OH),(CO,),, (referred to as grluster)  petween crystal formation and dissolution to allow for
inorganic secondary building unit and benzene-1,3,5-tricarb@yr- cient reorganization and defect reparation during the
ylic acid (HBTC) organic linkersThe resulting structure  early stages of crystal growthAccordingly, evaluating the
features large cavities (diameter of 18.4 A) and Brunauemount of modulator, linker concentration, residence time,
Emmett Teller (BET) surface areas o000 mig ™ and temperature in the extent of crystallization is imperative to

Monocarboxylic ligands, such as formate, acetate, agghjeve the desired CSD, crystallinity, and product yields.
propionate, are employed as crystal growth modulators in

MOF-808 synthesis to regulate crystal size and increase tiic - p—
crystallinity of the framewdtkAlthough MOF-808 has been Received: August 23, 2021 SR
demonstrated for use in a number of industrially relevafteVised: September 30, 2021 B
applications ranging from catalySiand water harvestiflg ~ Published: October 20, 2021
to heavy metal captiteand 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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Figure 1.Extent of crystallizatiorft) plotted against time(closed symbols) and the corresponding Guattiag (solid curves) to investigate
the (a) in uence of reaction temperature (11%0°C) at a ¥ linker concentration and (b) mence of linker concentratiorx (tb 3x) at 150
°C on the rates of crystallization. The inset images #bdvdata for residence times below 15 min.

The use of micraidic ow reactors e@rs the ability to  operational parameters unique ¢ov systems to generate
explore a wide range of synthetic parameters in a short amoM®Fs with tailored CSDs.
of time with minimal consumption of reagents, making them
ideal to extract kinetic informatin’’ Unlike batch reactors RESULTS AND DISCUSSION
used for in situ draction experiments that intrinsically
operate in a transient modew reactors allow studies of ; o . .
the crystallization process at a steady state with precise con Yo 9w regime cers the ability to precisely control residence

23 i i ; e
over temperature and residence time, thereby enabling ti ne’In our ow reactor, silicone oil is used as an immiscible

resolved crystallization studies for any MOF of interest. Her(éontinuous_ phase because it preferentially wets the PTFE
we use a giphasic liqultuid slug OV\>I/ in our reactor to réactor tubing and encapsulates the slugdrgplets) of the

perform continuous microbatch MOF crystallization studiegISpersed phase containing the MOF prectfsrmor-

A continuousow reactor operating in a biphasic liglidgiid

In situ di raction techniques such as energy-dispersive X-r antly, the miniaturization of the reaction system reduces
di raction (EDXRD)® ?° and small-angle X-ray scattering ¢

Y usion lengths, aids in rapid mixing of reagents, and enables
(SAXS§?? are commonly used to study kinetics of MOF

ast heat and mass transport, along with tight control of
. d . idence tim rder of milli n Il critical elemen
crystallization. They entail the use of a heating apparatus fﬁs dence times (order o seconds), all critical elements to
the reaction mixture, which is loaded into a vial (analogous to

bnitor nucleation and crystallization events with dhédiky .
. . the precursor slugs traverse the heated reaction zone, viable
batch reactor) and placed in the X-ray beam path to monitqy,, b g
the evolution of draction peaks as a function of time. ¢,

cleation sites emerge from short-range crystalline order,

S o lowed by grain growth, and culminating in MOF crystals.
Although in situ draction measurements allow for a bettery, y g g g y

. A e schematic for thew reactor is illustratedfingure Sbf
temporal resolution compared to individual samples synthgse sypporting Information, and details pertaining to reactor
sized at various residence times to study the evolution g

L vaeliaes . mponents and operations are provided in our previous
crystallinity, it is dicult to study the iruence of parameters ok Tg collect the large number of samples to perform this
such as mixing of reagents, shear rates,oanthduced (ime.resolved crystallization study, we developed a rapid
molecular transport on nucleation and growth kinetics in bat@ympler module connected to the outlet of tve reactor
systems. Here, we report the useowfreactors to elucidate (Figure Sp which facilitates easy sampling by quenching the
the kinetics of crystallization for MOF-808. The time-resolvegbactions at desired residence times. MOF solids collected at
crystallization studies were performed by synthesizing MQRe reactor outlet ardtered and washed twice WKEN-
samples at desired residence times and temperatures, Ugjfifethylformamide (DMF) followed by acetone, before
powder X-ray draction (PXRD) to monitor the extent of yndergoing characterization with powder X-rayction
crystallization by integrating the area under prominent BraggxRD).Figure S3hows the PXRD pattern along with Miller

di raction peaks. We obtained rate constants of nucleation ap@ices of the prominent peaks for MOF-808. The evolution of
growth as a function of temperature and linker concentratiagtystallinity as a function of time is monitored using the extent
by implementing nonlineartting of the corresponding of crystallization (t)), which is the ratio of the integrated
crystallization curves to the Gualtieri model. The raténtensityl(t) of a prominent peak at any residencettiméhe
constants obtained at éient temperatures were used to maximum intensity,., of the peak obtained after complete
calculate activation energies for nucleation and growth usiegstallizationeq 1. For MOF-808, the (400) rection was
Arrhenius plots. Finally, we report that the rate and slug  chosen to calculatgt) as there are no overlapping peaks or
volume can be used as orthogonal variables for tuning they pre- or postedge features that could increase the error
crystal size distribution (CSD) of MOFs with narrow when calculating the area under the curve. The crystallization
polydispersity ranges. Our work highlights the advantagescofves ((t) vs } obtained at 110 and 13C are shown in

ow systems to obtain intrinsic parameters governing thHégure S4After a short induction time, long-range crystalline
crystallization of MOFs, as well as of the use of reactorder could be detected and theeotions from the (400)
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Table 1. Kinetic Parameters Obtained by Fitting the Crystallization Curves Obtained at Farebti Temperatures Using
the Gualtieri Modét

temperature°C) a (min) b (min) n ks (min 1) ky (min %) R
110 23.87 19.44 3 0.0¥00.013 0.04% 0.006 0.991
120 17.29 12.43 3 0.089.003 0.05% 0.007 0.998
130 9.26 6.81 3 0.1630.011 0.10% 0.005 0.996
150 3.69 1.78 3 0.3820.038 0.27% 0.011 0.998

2The linker concentration for all conditions was 3

Table 2. Kinetic Parameters Obtained by Fitting the Crystallization Curves Obtained at Farebti Linker Concentrations
Using the Gualtieri Modél

linker concentration a (min) b (min) n ks (min 1) ky (min 1) R
1x 18.07 9.2 3 0.078 0.002 0.05% 0.004 0.999
2% 12.49 7.32 3 0.1670.018 0.08& 0.002 0.996
2.5¢ 12.16 6.34 3 0.2380.021 0.082 0.004 0.996
3x 3.69 1.78 3 0.382 0.038 0.27% 0.015 0.998

®The reaction temperature for all conditions was held &€150

plane gained intensity until they reached their respectiystallizes in thd-d3m space group (cubic crystal

maxima beyond which there was no charig®.iSince the  system§>*° The tting parametera and b are used to

crystallization curves obtained from Braggrtiens of the  calculate the probability of nucleatiynwhich is described

(400) and (331) planes are superimposable, the presencelafer in the study. The rate constant for nucle&ijois

the preferred orientation of crystalsi@mcing the integrated calculated from thetting parameter kf, = 1/d). The

peak area can be excludedfre SyF° induction time ty) de ned as the period during which no

(1) crystalline products are observed was shorter for synthesis at

() = —= higher temperatures; for instais, 5 min at 110C, which

| max (1) reduces to 1 min at 18C. Furthermore, the residence times

ot : r complete crystallizatipat (t) = 1 were shorter at higher
The crystallization behavior of MOFs strongly depends Oflgmperatures (5 min at 150, increasing to60 min at 110

reaction conditions such as temperature, residence ti ; ; o
concentration of reactants, and the type of soIventsC)- Table S3ummarizefy andt; for all reaction conditions

employed®?’ To gain insights into the solvothermal €xPlored. The kinetic parameters obtained tinyg the
crystallization of MOF-808, we assessed the role of temp&ualtlerl model to the crystallization curves obtained at
ature and linker concentration in the reaction mixture. Thél €rent temperatures along vitfvalues are summarized in
crystallization curves obtained from MOF syntheses at fofPlé 1 The values for botks and ky increase with
di erent temperatures (110, 120, 130, and°C30n the temperature as expected for a reactive-crystallization brqcess.
continuous ow reactor are shown Figure &, while the At each temperaturig, < ks implying that the nucleation is
curves from four dérent linker concentrations<(2x, 2.5, slower than crystal growth. kVlalues increase by an order of
and ) are shown irFigure b. The linker concentration of Magnitude as the temperature increases from 110%0.150
1x in the reaction mixture corresponds to 0.33 mmol of Similarly, the reactions carried out by varying linker
benzene-1,3,5-tricarboxylic aciB(FC) based on the c_oncentratlonﬂgure b) prowde insight into the coordina-
synthesis procedure reported by Jiang @hal.composition ~ tion modulation mechanism for MOF-808ble 2summa-
of 2x corresponds to a 2-fold increase of linker concentratioiiZzes the kinetic parameters obtained for reaction conditions
in the reaction mixture with other parameters held constan#ith varying linker concentrations at 3G0A higher linker
additional details pertaining to the reaction mixture compd-oncentration in the reaction mixture enhances the linker
sition are provided ifable Sand Part 2 of the SI. The linker coordination with the SBU by reducing the competitive
concentration used for all of the crystallization cuivesiie coordination of the formate ligand, leading to an increase in
la was 8, while a reaction temperature of 160vas used the reaction rates. For & 8nker concentration, the molar
for all conditions exploredfigure b. The kinetic evaluation ratio of formic acid to Zr metal (acid/metal) is 176, white a 1
of the crystallization curves was performettiby the data  linker concentration results in a molar ratio of 528.3, indicating
(closed symbols) iRigure Iwith the Gualtieri model, which higher competition by the formate ligand for coordination with
was originally derived for the heterogeneous crystallization dhe SBU {able Sp. Lower reaction rates with a higher acid/
solid from a liquid by GualtiéfiThe Gualtieri modekg 2 metal ratio translate to lower rates for the self-assembly process
is well suited for evaluating solution-mediated transformati@f MOFs:* The induction timet, is 8 min for %
reactions and allows eiientiating nucleation and crystal concentration, which decreases to 1 min fortio@r@dition.
growth by treating them as individual processes comparedTbe residence times for complete crystallization were shorter
the commonly used Avrarirofeev (AE) model, which was at higher concentrations (5 min &t 80 min at 2.5, 45 min
developed for solid-state proced¥esThe Gualtieri  at 2, and 60 min atx). The values fokgs andky increase
expression relates the extent of crystallizafipnas a with the linker concentration, which is in line with the concept
function of residence timyéhe rate constant of grovgh the of coordination modulatidn? Larger amounts of modulator
tting parametera andb, along with the dimensionality of (formic acid) in the reaction mixture lead to slower nucleation
crystal growttn, which was set to 3 for MOF-808 as it rates,ky, resulting in fewer nucleation sites that grow at a
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decreased growth ratefor all reaction conditiong, < kg, leads to a faster nucleation rate with an earlier maximum as
implying the nucleation step to be rate-limiting.KNedues indicated by the values ofting parameten, while Py

for both nucleation and growth increase by an order diecomes negligible toward the end of the crystal growth
magnitude as the linker concentration is increased<rtam 1 regime ((t) > 0.9). The maximum rate of nucleation occurs at
3x. We also use the AE expressionyland Section 3 in SI) 24 min at 110°C, which reduces to4 min at 150°C.

as a second model tbthe crystallization curves. The curve Similarly, an increase in the linker concentration also reduces
tting for the extent of crystallizatiqi) is shown irFigures  the time at which the maximum nucleation rate occl8s,

S5 and Sfor di erent temperatures and linker concentrationsmin at X reducing to 4 min at & concentration. Since
respectively. The kinetic parameters, such as the overall mteleation rates are strongly dependent on the level of
constantk and the Avrami exponentg, are tabulated in  supersaturation of the reaction mixture, an increase in the

Tables S4 and SValues fon,g in the range of 0.6 are linker concentration achieves higher nucleation rates at lower
characteristic of ast-order reaction mechanism and suggestesidence timés

that cr;/stalllzatlon is controlled by the formation of nucleation dN s

site€%?%*2 The k values obtained from the AE model are of R, = — = (15721

the same order of magnitude compared to those of the at @)

Gualtieri model and increase by more than 5-fold witlThe rate constants for nucleatigrand growthks obtained
temperature (110150 °C) and 8-fold with the linker by tting the crystallization curves with the Gualtieri model

concentration (4 to 3x). allow for calculating the corresponding activation energies
1 o EA(N) andEA(G) for nucleation and growth, respectively. The
() = —=—[18 k] activation energies are calculated by liniag of the
1+ e(t5ab @) Arrhenius expressiorsgé 4and5) in Ink vs1/T plots as

The crystallization process of MOFs proceeds via two ste&gown inFigure 3along with the appropriate error bars. The

nucleation of discrete particles followed by crystal growth.

which typically results in an S-shaped &lifree nucleation

sites in the reaction mixture are not directly visible in the
di raction experiments and are estimated by the Gualtie
model by dening the probability of nucleatigp(eq 3. The 154
expression fd?y has a Gaussian distribution of probabilities

for the total number of nuclEi present at timé while the =
tting parametex gives the position of the top of the Gaussian -£ -2.0
peak (maximum rate of nucleation), and the paramistiie é

variance of the peak describing the distribution of thee =
probability with timé**® The plot of Py versust (blue 2.5
curve) for the crystallization curve obtained at@2td X

linker concentration is shownHigure 2 Nucleation can be

seen to extend well into the crystal growth regime and follov

a Gaussian distribution to estimate the presence of viak

-1.0

= Growth
® Nucleation

nucleation sites at tinte The probability of nucleation for 35 . . . . . .
di erent temperatures and linker concentrations is shown 235 240 245 250 255 260 265
Figures S7 and Sfespectively. An increase in temperature T (102 K")
»: Figure 3. Arrhenius plots for the temperature-dependent rate
1.0 4 —a 1.0 constants of nucleation (red circles) and growth (gray squares) at a
3x linker concentration obtained from the evaluation of the Gualtieri
model.
0.8 - = 130°C 0.8
—pytertode! Arrhenius expression correlates the rate coksdtit the
0.6 - 06 pre-exponential factAy reaction temperatufe the universal
% o3 gas constarR, and the activation energy The values for
0.4- o4 EA(N) and EA(G) determined by the slopes of thg linear
regression are 64t74 and 59.2= 5 kJmol %, respectively
(Table 3. We calculatB,(N) and E5(G) only for the case of
0.2 0.2 3x linker concentration. The rate enhancement in crystal-
lization is likely not due to a supersaturatienteand instead
0.0 o0 supports the hypothesis of inherent changes in the transport/
r : . : . : ——— kinetics. The values for both activation energies do not deviate
0 10 20 30 40 50 60 110 120 much from each other and are fairly close to the values
Residence Time (t min) reported by Zahn et &l for MOF-801 (71+ 3 kJmol * for

EA(N) and 66+ 6 kdmol ! E5(G)). They hypothesized that

Figure 2.Extent of crystallizatiort) plotted against time(closed both energies rect the same chemical reaction that is the
symbol), the corresponding Gualtigting (red curve), and the €Xchange of modulator ligand on thecister (SBU), which
probability of nucleatiofy (blue curve). The crystallization curve would not be inuenced by the size of the growing entity

was obtained at 13C with a linker concentration of.3 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 Plokg famd kg™

temperature°C) ky (min %) ks (min 1) EA(N) (kJ-mol %) EA(G) (kJ'mol 1) R
110 0.041 0.070 6474 59.2+ 5 0.991 (nucleation)
120 0.057 0.089
130 0.107 0.163 0.984 (growth)
150 0.271 0.382

3The linker concentration for all conditions was 3

Figure 4.(a) Schematic representation of the biphasic liggict slug ow at di erent volumetric ratios of silicone oil (continuous phase) and

the precursor mixture (dispersed phase). (b) lllustration of theesntlreactor cogurations used in the study with the same tube ID (1/16 in.

or 1.58 mm). (c) Average crystal sizes obtained from 5, 9, and 16 mL reactors along with error bars representing 1 standard deviation for
volumetric ratios dbil/precursdt. (d) CSD as a function of reactor volume for the single-givasmndition (precursor only).

known as the Zr-fumarate MOF uses similar reagents in tloeystalline materials with desired physicochemical character-
reaction mixture (Zr sali,N-DMF, formic acid, and fumaric istics, which simpés the downstream processing Steps.

acid as the linker) compared to MOF-808. The activatiorthis study, we use ouow reactor to examine theeets of
energy calculated from the AE model using the overall ratew rate and volume of the MOF precursor (reaction mixture)
constank was 57.3 4 kJmol %, which is in close agreement contained in the slugs on the CSD of MOF-808. The reactor
with the values obtained from the Gualtieri médglife Sp tube ID was xed to 1/16 in. (1.58 mm) as it was best suited

In general, the calculated activation energies for MOF-808 doeachieve optimal mixing in the slugs without lowering the
of the same order of magnitude compared to the valugkroughput. The use of static mixers is not viable for our
reported for other MOFs such as HKUSTZIF-87° and  system as it would disrupt the slogs pattern. We

Ui0-66“ (Table Sp investigated ve dierent biphasic slugw congurations
achieved by varying the ratio of volumewiv rates for
ky = A S(E(N/ RY Nk In® (N silicone oil (continuous phase) and the precursor (dispersed
RT (4) phase). All of the conditions explored had a residence time of
15 min at a temperature of 18C and a 38 linker
E(G concentration in the reaction mixture, which ensured

ke= ACEY R nig Ind RT ®) completion of the crystallization procé$s= 1 (Figure a
and Table SR Figure & provides a schematic for these
Slug-ow crystallizers have recently been used to perforeon gurations, wherein a biphasic stvgin a 16 mL reactor
cooling crystallizatidh,> reactive crystallizatiéh’> and ~ for a 1:1“cil/precursdt was achieved with aw rate of 0.53
antisolvent crystallizati6fi’ as they provide many degrees of mL/min for both the phases, while a 1:10 garation was
freedom for controlling CSD and morphology with a highachieved with aow rate of 0.097 mL/min for oil and 0.97
degree of reproducibility while also providing easier scale-opi./min for the precursor phasgaple SY. The “precursor-
and higher process productivity compared to batch. Achievingly’ condition was used to study theas of mixing patterns
reproducible and a narrow CSD is desirable for manufacturirgcountered in a single-phase in a PFR compared to the
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biphasic slugew regime. There was no droplet coalescencheated reaction zone of thaw reactor, the nucleation rate
observed across these biphasic sugon gurationskigure would be similar across all reactor gorations; however,
S10 shows reproducible droplets (white slugs) containingigher ow rates to achieve the same residence time of 15 min
crystalline MOF particles as the dispersed phase and theds to a largd?eand consequently higher crystal growth
silicone oil (transparent slugs) as the continuous phase, at ifi#es. Since the reaction mixture is compartmentalized in

reactor outlet for a 1:1 oil/precursor volumetric ratio andingividual slugs, higher crystal growth rates result in a
reaction conditions of 130 and a 15 min residence time. We g jtaneous reduction in the nucleation rate owing to lower

also studied the ects of the ow 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 mi
(Figure & andTable Sk Microcrystalline MOF-808 samples ) . . .

o ers a simpler control for manipulating the crystal sizes

synthesized from all reactor @uations were imaged using a ithout O licated : tal setup f
high-resolution transmission electron microscope (TEM), anf{!!"out requiring compiicated experimental Setup for super-

the corresponding crystal sizes were measured using fgUration control, nonmonotonic temperaturége@mong
ImageJ software program based on a procedure reported Bpers:

Hirschle et d° (Figures S11S13. Average crystal sizes

shown inFigure ¢ are obtained from measurements560 CONCLUSIONS

nanoparticles for every biphasic siugconguration from s work, we investigated the kinetics of crystallization for
three dierent reactors, while the error bars correspond to

standard deviation. Interestingly, the average crystal sizes h%é-gased MOF-808 using a continuang reactor. The rate

positive correlation with an increase in the totakate while ns_tants fqr nucleatiéiy a_nd _grovvtFkG were obtained by_ .
maintaining a residence time of 15 min for all conditions. Fd}onllnear tting of crystqlhzanon curves with th? Gualtlgrl
instance, a totabw rate of 0.334 mL/min in a 5 mL reactor model, Whlgh is WeI_I suited for evalugtlng sol_u_tlon-med|ated
resulted in average crystal size4@5+ 22 nm, while a total transformation reactions. For all reaction conditions explored,
ow rate of 1.067 mL/min in a 16 mL reactor resulted inkv < Ks and the values for bokh andkg increased by more
crystal sizes of180+ 19 nm. However, there was no changethan 5-fold with the temperature (1160 °C) and linker
in CSD with variations of biphasic slogy- congurations concentration in the reaction mixture (b 3x). Activation
pertaining to the volumetriow ratios of*oil/precursct energies for nucleati@y(N) and growthE,(G) determined
across all reactors. Similar observations were made for fh@m Arrhenius plots were 6474 and 59.2= 5 kJmol 1,
single-phaseow condition (precursor only), which also respectively, while the activation energy calculated from the AE
resulted in an increase in average crystal sizes with highesdel using the overall rate constamas 57.3 4 kJmol ?,
ow ratesEigure 4 shows CSD trends for the precursor-onlywhich is in close agreement with the Gualtieri model. Our
condition, with the mean sizes beid®5 nm for the 5 mL  study provides thest account for the use afw rates in the
reactor, 140 nm for the 9 mL reactor, an#i80 nm for the  reactor as a simpler tool for tuning the crystal sizes of MOFs
16 mL reactor. The CSD trends for all of the biphasicasiug- \ith a narrow distribution. Average crystal sizek08t 22
con gurations are providedfiigures S11S13To the bestof 1y \vere achieved with a totalv rate of 0.334 mL/min (5
our knowledge, this is thest report of usingow rates and | reactor), 140+ 18 nm with a totalow rate of 0.6 mL/
slug volume to tune the crystal sizes of MOFs while ach|evm% (9 mL reactor), and180+ 19 nm with a totalow rate

narrow size distribution. : :
The variation in CSD as a function of total rate can be qf 1.067 mL/min (16 mL reac_tor). For a constant residence
time across all reactor cgarations, an increase in thsv

explained by considering the mixingcts in the precursor . .
slupgs movin)é through agmiji'dic cgnel Eachpprecursor rate enhances thew-mediated transport of precursor species

slug is a well-mixed microbatch reactor where the mixing £ the nucleation sites, thereby accelerating the crystal growth,
reagents occurs over the order of milliseconds and accompanied by a S|multaneous reduction in the nucleation
accomplished by chaotic advection, which originates frofte due to faster consumption of reagethts phenomenon
recirculating ow patterns inside the sftigSong et & responsible for CSD trends seen in amw reactor. The
provided a scaling argument for estimating the characterist@sults presented in this work allow for a better understanding
mixing timet,;, as a function of the dimensionlesslgPe of nucleation and crystal growth kinetics of self-assembled
numberPe (eqs S3 and Sdnd Section 4 of the SI). An porous frameworks along with additional degrees of control
increase in theow rate results in a higher rate of advectiveo ered by ow reactors to synthesize MOFs with the desired
transport for reagents leading to a ldfgand a smalley,, physicochemical properties for real-world applications.

(Table SR For instance, to achieve a residence time of 15 min

in a 16 mL reactor, t'he' totalw rate of 1.067.mL/min results ASSOCIATED CONTENT

in aPeof 14 180. Similarly, tienumbers in 9 and 5 mL _ _

reactors are 7166 and 4440, respectively. Highalues * Supporting Information

translate to the enhancemiv-mediated transport of precursor The Supporting Information is available free of charge at
species to the nucleation sites in the precursor slugs, whiaitps://pubs.acs.org/doi/10.1021/acs.cgd.1c00968
accelerates the crystal growth rates leading to a faster

vels of supersaturation upon faster consumption of reagents.
his phenomenon can be used to elucidate the CSD trends
ident in our ow reactor as a function of total rates and

consumption of reagents in the $iugince the reaction Description of ow synthesis platform, materials and
mixture composition for all conditions explored remained ~ €XPerimental methods, reactor operational parameters,
constant (8 linker concentration), the nucleation rate kinetic data evaluation for Avrafiofeev models, and

CSD obtained for three drent reactor cogurations

which strongly depends on the level of supersatugation are providedRDR

remains the samed S%» As the precursor slugs enter the
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