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Reducing MOF particles to the nanoscale size range is beneficial
due to their increased surface-to-volume ratio, higher defects
exposing metals and ligands, and short diffusion path. While great
efforts have been made to reduce the particle sizes by controlling
the reaction kinetics or terminating the particle growth, large-
scale, rapid synthesis of MOF nanoparticles (NPs) remains a
challenge. Here, we report supercritical (sc) CO,-assisted synthesis
of HKUST-1 NPs in a continuous flow reactor, which yielded pure
and thermally stable MOFs with median sizes of 110 - 250 nm and
BET surface area of 1610 - 1890 m?/g with under 10 seconds
synthesis time. ScCO, and ethanol with a mole ratio of 9:1 are
used as co-solvents for the fast nucleation of HKUST-1 and crystal
formation. A typical dry yield of 53.7 wt % is achieved with 0.1 M
Cu precursor under mild conditions at 75°C and 13 MPa. The
space-time yields and surface area production rates are
5668 kg'rm3-d! and 1.0¥10° m2:m3.dl. Particle size and
morphology analysis indicate aggregation of nascent structures
occurs in the aerosolized state, leading to a non-classical crystal
growth mechanism and enabling multiple pathways for tuning the
synthesis process. With the ability to recycle CO,, solvents, and
unreacted precursors, the method can be used for the scalable
production of MOFs.

1. Introduction

The scalable and sustainable production of nanometer-sized, high-
quality metal-organic frameworks (MOFs) is essential for bridging
the gap between lab-scale research and real-world applications.? 2
Advancements in nanotechnology have led to the development of
materials with properties that are superior to those of their bulk
analogues. Metal-organic frameworks (MOF) nanoparticles (NPs)
show enhanced catalytic performances due to the large number of
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surface active centers.? The fast transport of mass, ions, and
electrons improves MOF performance and increases the cycling
stability in energy storage applications.* The dispersion properties,
immune compatibility, and low toxicity of MOFs enable their
application in drug delivery.> Significant efforts have been made to
synthesize MOF NPs directly through two primary methods: (i)
controlling the crystal growth by promoting fast nucleation and
slowing crystal growth or (ii) terminating crystal growth with
amendments.® Rapid nucleation typically requires external energy
sources, such as microwave irradiation and ultrasound.” & Slow
growth can be achieved by reducing the temperature and limiting
the reaction time; however, this strategy can lead to poorly formed
crystals and low yields. Applying surfactants and coordination
modulators requires precise stoichiometric control of additives and
MOF precursors, making it hard to implement in large-scale systems
due to the spatial and temporal gradient and mixing limitation.2 910
Transitioning from laboratory discoveries to practical applications
requires high-yield, scalable production of high-quality MOF NPs,
marking it a significant and actively explored research frontier.

processes,
assisted synthesis, 1213 microfluidic methods,'* and spray-drying,°

Continuous including flow reactors,’> microwave-
can provide environments that are not achievable in batch
synthesis and are promising methods for large-scale MOF
production.’® We have reported the rapid MOF synthesis in a
continuous flow reactor with supercritical CO, (scCO;) as the
reaction medium.17- 18 ScCO, offers the benefits of both gas- and
liquid-like, providing excellent diffusion and solvent power ideal for
industrial processes.’® Its low supercritical temperature s
advantageous for synthesizing thermally sensitive materials, making
it a promising option for the scalable production of MOFs.2° As an
eco-friendly, non-toxic, and non-flammable solvent, scCO, can be
recycled from industrial emissions, eliminating harmful organic
solvents and reducing environmental impact.2! These features make
scCO, a sustainable choice for green chemistry and large-scale
applications. ScCO; has been reported to enable the formation of
nanoparticles through a rapid expansion of scCO, solution (RESS)
and scCO; anti-solvent process (SAS).22 Because of the low solubility
of large solvent molecules and polar species in scCO;, studies have
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Table 1. Residence times in the reactor section for each set of HKUST-1 synthesis parameters. Subscripts indicate (1) the use of CO»-
ethanol mixture densities from literature or (2) the use of pure CO; and pure ethanol densities to estimate mixture densities.

Pressure, MPa T,°C Xgton, mol/mol Phase Tresis S Tres2, S
10 35 0.101 Single, liquid-like 12.40 12.41
13 70 0.100 Single, gas-like 9.73 6.83

10 70 0.101 Binary, gas-expanded liquid 6.32 4.76

mainly focused on activating the MOF pores rather than the
synthesis.232> Only a few batch studies report the use of scCO; as a
solvent in MOF synthesis.?62° Adding scCO; can provide a
homogeneous reaction medium and minimize the use of organic
solvents and additives. The solubility of the metal precursors and
the organic linkers was increased by using fluorinated metal
complexes or incorporating dioxane and ethanol as co-solvents.
However, in those batch processes, MOFs formed over several
hours.

This work describes the rapid synthesis (~10 sec) of MOF NPs in a
continuous flow scCO,/EtOH co-solvent system, demonstrating the
feasibility of high-yield, high-quality MOF production. HKUST-1, a
3D assembly of copper and trimesic acid (BTC) has been widely
studied since its first discovery by Chui et al.3%-33 The Cu(ll) ions with
coordinatively unsaturated sites in HKUST-1 provide redox activity
and Lewis acidity, making it a potential catalyst/support. It excels in
gas adsorption and ionic/electrical conduction.3* In biomedical
applications, the high porosity and surface area of HKUST-1 enable
effective drug loading and controlled release, as seen with
rifampicin, ibuprofen, and thymol.3537 The release of Cu?* under
acidic conditions gives HKUST-1 antitumor and antibacterial
properties, making it a versatile platform for chemotherapy,
photodynamic, photothermal therapies, and wound healing.38 If
HKUST-1 is synthesized using scCO; as a solvent swelling agent and
combined with dimethylformamide (DMF), a hierarchical pore
structure can form due to particle assembly.3® Furthermore, the
influence of scCO; is evident in the development of additional
porosity structures in HKUST-1 microcrystals following prolonged
incubation. 4041 This was attributed to acid etching. However, the

_____ 9,
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role of scCO; in the continuous flow synthesis and the mechanistic
understanding of the rapid MOF synthesis are unclear.

In our study, ethanol was chosen as the co-solvent because of its
high solubility to both Cu(NOs), and BTC, as well as its ability to
promote the rapid precipitation of HKUST-1.31.42 Other advantages
of using ethanol are the low toxicity and high miscibility with scCO,,
allowing us to reach supercritical conditions under mild conditions
(<100 °C, <35 MPa), e.g., the critical point of CO,/ EtOH mixture
(Xeton =0.1) is ~ 50 °C and 9.6 MPa.*3%> A comparative analysis of
particle sizes, morphologies, and crystal structures as a function of
operating conditions points to the aerosol-based MOF NP synthesis
through particle aggregation and a non-classical crystallization
route, enabling multiple pathways for tuning the synthesis process.

2. Results

2.1. Synthesis of HKUST-1 in a continuous flow reactor

HKUST-1 synthesis was performed in a modified counter-current
continuous flow reactor, as detailed in Rasmussen et al.!® In a
typical experiment (Fig. 1), CO, from the gas cylinder is cooled to
liqguid T~0°C, as measured by a thermocouple (TC 1, type K,
Omega Engineering, Inc., Norwalk, CT, USA) in a calcium chloride
bath and pumped (Model 305 HPLC Pump, Gilson, Middleton, WI,
USA) into the reactor at a controlled flow rate (up to 25 ml/min).
The CO; stream is heated to a supercritical phase by a cartridge
heater (800 W, 120V, Tempco Electric Heater Corporation, Wood
Dale, IL, USA) before entering the counterflow reactor section. The
precursors pumped (Model515 HPLC Pump, Waters
Corporation, Milford, MA, USA) in two separate lines that merge

are

before entering the counter-current reactor (Internal Vo = 3.95 mL).

Heater

®

Organic
Precursor
Pump

-] cas
Separation
Cold Bath Back-Pressure
Regulator
in Heated Sample
Counter-Current Bath l
Reactor %
Collection

Fig. 1 Counter-current continuous flow synthesis reactor with K-type thermocouples (TC) measures the fluid temperature, and a

back pressure regulator (BPR) maintains the system pressure.
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The mixture enters an insulated 316 stainless steel (SS) tubing
(V =3.22 mL) through a cold bath and exits through a back pressure
regulator (BPR) (Model B6R, Equilibar, LLC, Fletcher, NC, USA)
placed in a heated bath to prevent CO; transition to dry ice and
clogging the reactor. The effluent is collected in glass bottle, and
the CO, is separated naturally. The pressure is set by the BPR
(10 MPa or 13 MPa), and the reactor fluid temperature (TC 3) is
controlled by the proportional-integral-derivative (PID) controller
(Model TPC10008, Tempco Electric Heater Corporation). Clean
ethanol at room temperature (T =20-25 °C) is injected until the
steady-state condition is achieved at precursor flow rates
1.8 mL/min through each pump or 0.1 mole fraction of EtOH to a
0.9 mole fraction of CO, (25 mL/ min). Once a steady state was
achieved, the neat EtOH injection was switched to the HKUST-1
precursor/EtOH solutions, and sample collection began after
HKUST-1 formation was observed in the effluent. Fig. S6. shows the
reactor setup.
2.2. Residence time calculation

The residence times (1) for each reaction condition were calculated
using Equation (1):

Tres = ? ’ (1)
where V is the volume of the reactor, m is the mass flow rate of the

COMMUNICATION

CO,/EtOH mixture, and p is the estimated density of the mixture
corresponding to TC3 measurement (placed inside the reactor), set
pressure, and the EtOH mole fraction in CO,. Although there are
published data on mixture densities for the CO,/EtOH binary phase
system, these data do not cover the wide range of possible mixture
pressure, temperature, and concentration combinations.
Additionally, most available mixture densities encompass mixtures
at either liquid or gaseous phase saturation, excluding points within
the two-phase region. Therefore, two methods were employed to
estimate p corresponding to our experimental conditions: (1)
approximation based on the existing literature values*-48 via
interpolation and extrapolation, (2) weighted average of the mass
fractions of each compound based on the densities of pure CO,%9:50
and of pure ethanol 5152 at the various temperatures and pressures.
The metal and organic precursors were assumed to have negligible
impact on the mixture density. Table 1 shows the residence times
for the reactor section, including the insulated tubing section up to
the cooling bath.
2.3. Morphology and size analysis

Though the reaction process is evidently different from traditional
MOF synthesis, the method yielded high-quality MOF NPs in ~ 10 s
in all experiments. To understand the particle growth mechanism
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Fig. 2 SEM and TEM images of particles obtained by mixing in pure ethanol (Mix, a, d) and continuous flow synthesis with scCO,
(CF, Xeton = 0.1, b, ¢, and e). The scale bars in the SEM images are 500 nm (a-c), and 50 nm in TEM Images (d, e). Plot (f) 2-
dimensional fractal analysis of typical morphologies in d, where N and L represent the number of boxes used to cover the
particle and the length of the box in pixel sizes. The inset equations show the linear fit results, with the negative value of the
slope indicating the fractal dimension. (g) XRD pattern of the reference, and the Mix and CF products in the absence and
presence of scCO,. (h) Adsorption of Ibuprofen using non-activated CF and Mix samples.

This journal is © The Royal Society of Chemistry 20xx
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Table 2. Summary of particle size analysis and BET surface area
for the scCO;-assisted synthesis at 75°C and 13 MPa.

[Cu(NO3)-] 001M 005M 01M 03M
Siz€mean, NM 110.25 128.39 139.53 214.64
SD, nm 56.61 80.54 84.66 124.88
r{3, nm 55.46 67.96 67.30 98.09
rs®, nm 71.64 91.47 85.71 120.33
rpS, nm 43.92 49.38 51.54 75.89
U1 1.63 1.85 1.66 1.58
Us 0.77 0.74 0.78 0.82
PDId 0.51 0.61 0.63 0.58
BET surface area,

m2/g -e 1845 1766 1895

ory = X1y/N;brs = X3 /N; ey = N/ X1 /n);
dPDI = SD/Sizemean. eNot performed due to low production rate.

and illustrate the impact of scCO,, we first compare the products
obtained in the absence and the presence of scCO,. The former was
synthesized by mixing 0.3 M Cu(NOs), and 0.24 M BTC ethanolic
solutions. The products were centrifuged immediately after mixing
to match the reaction time of the scCO,-assisted case. The latter
was performed in the continuous flow reactor with scCO, at 35 °C
and 10 MPa; the lower temperature could not be tested due to the
proximity to the critical point. The two ethanolic precursors initially
encounter each other at near room temperature, followed by
mixing with scCO,.

ScCO, facilitates the formation of HKUST-1 particles with clean
pores. Small particle aggregates were formed in the ethanol rapid-
mixing case without scCO, (Fig. 2a). TEM images (Fig. 2d) show
nascent crystals (~30nm) interconnecting to form "worm-like"
structures. This observation aligns with existing literature indicating
that HKUST-1 particles precipitate rapidly due to the limited
interaction between ethanol and BTC, forming low-quality crystals
with a low surface area (~840 m?/g).>® In the scCO,-assisted
synthesis, we observed larger particles, hollow structures, and
irregularly shaped particles - "broken crystals" (Fig. 2b and c). To
further characterize the morphology of the products, we conducted
a 2-D fractal analysis on five randomly chosen particle aggregates
for the ethanol rapid mixing case. 3% 55

Fractal analysis has been widely used as a key parameter to
describe the fractal morphology of aerosol aggregate particles.>®
Fractal dimension measures complexity related to key features of
fractals, such as self-similarity or degree of irregularity. Each
aggregate was imaged using a 2048*2048 square grid and divided
by boxes with sizes (L) of 64, 128, 256, and 512 pixels. The number
of boxes that cover the particle was denoted as N. Fig. 2f shows the
data points of log(N)/log(L) and the linear fit for one fractal. The
averaged fractal dimension was calculated to be 1.65 for the
ethanol rapid mixing case, which aligns with the fractal dimension
of "worm-like" particles observed during the early stages of non-
classical nucleation, as reported in Kumar et al. >> However, after
exposure to scCO,, the particles lost their fractal nature (Fig. 2e),
indicating extensive crystal reorganization in the presence of scCO,.
Both samples (Fig. 2g) show typical diffraction peaks of the HKUST-1
phase in comparison to the reference. >’ For the sample synthesized
in the scCO,/EtOH mixture (CF), the (111) peak indicates the

4| J. Name., 2012, 00, 1-3

absence of solvent molecules in the HKUST-1 pores. 5852 The highly
accessible pores contribute to a high BET surface area of 1887 m?%/g.
The high ratio of l200) l(220) Suggests a low hydration degree of the
product. 15 32,60 The clean pores of the CF HKUST-1 facilitate the
adsorption of molecules without the need for the additional
activation steps. In our adsorption experiments with a 0.5 mg/mL
ibuprofen (IBU) solution (Fig. 2h), the CF HKUST-1 at 5, 25, and
50 mg adsorbed 14%, 66%, and 80% of the initial IBU concentration,
respectively. In contrast, 50 mg of the Mix HKUST-1 sample only
achieved 20 % adsorption.

The significant morphological difference, shown in Fig. 2d and e,
points to a difference in particle growth pathway. Two general
crystal growth mechanisms can be considered: (i) classical growth,
involving the layer-by-layer deposition of monomer on the surface
of the crystals; (ii) non-classical growth, characterized by the
attachment of several precursor types (amorphous or small crystals
with different sizes in either solid, liquid, or gas-like state), followed
by morphology reshaping due to Ostwald ripening.6-63 MOF
synthesis was traditionally explained by the classical crystal growth
process, with only a few reports describing the non-classical growth
in the solution phase. Liu et al. used cryo-TEM to characterize the
intermediate structures during the growth of ZIF-8, revealing
crystallization within amorphous clusters in the solute-rich liquid
phase.®* Kumar et al. show that aggregation of nuclei gives rise to
2D structures at the early stage of the reaction, which then
undergoes ripening to yield high-dimensional structures. 55

In our case, the co-existence of both large and small particles,
accompanied by hollow structures (Fig. 2c), cannot be explained by
classical growth. Additionally, the crystal domain size of HKUST-1
synthesized in the scCO,/ethanol mixture is only ~ 30.0 nm, much
smaller than the particle size. The crystal domain size was
determined using the Scherrer equation, based on the most intense

(222) peak observed in the XRD pattern (Fig. 2g): 65-68
KA

Bcos(@)’

where K is the shape factor (0.9 from literature® 2. 70), A is the X-
ray wavelength of Cu (1.5406 A), 8 is the line broadening at half the
maximum intensity, and ¥ is the Bragg angle. The polycrystalline
nature of the MOF particles produced in the scCO, supports the
hypothesis of MOF particle growth via aggregation of nascent
particles. The interaction of the particles in the environment has
been extensively studied in the formation of carbonaceous aerosol
aggregates in flames. However, the strict definition of aerosol
synthesis does not necessarily apply to MOF NP growth on scCO,
for two reasons: (i) the particles are suspended in the supercritical
fluid, which can be fluid- or gas-like depending on the operating
temperature and pressure, i.e., left or right from the Widom line in
the single-phase scenarios, (ii) the mixture phase was varied in the
experiments, in some cases the synthesis was performed in two-
phase EtOH(liquid)/scCO; system.

SEM images for different concentrations of Cu(NOs);: 0.01 M (b),
0.05M (d), 0.1 M (e), and 0.3 M (f). (c) TEM image of products
obtained with 0.01 M of Cu(NOs). All the synthesis was performed
at Xgron = 0.1, T =75 °C, P = 13 MPa. The scale bars are 100 nm in (c)
and 500 nm in the rest.

crystal domain size =

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a) Phase diagram of the ethanol and scCO; mixture (Xeon = 0.1). The star and hollow circle indicate the
critical point and the reaction condition. The dashed line is the estimated Widom line. SEM images for different
concentrations of Cu(NOs),: 0.01 M (b), 0.05 M (d), 0.1 M (e), and 0.3 M (f). (c) TEM image of products obtained
with 0.01 M of Cu(NOs),. All the synthesis was performed at Xgon = 0.1, T =75 °C, P = 13 MPa. The scale bars are

100 nm in (c) and 500 nm in the rest.

Fig. 3a plots the phase diagram of the EtOH/ CO; with Xgon = 0.1
using data from references.** The estimation of the Widom line is
difficult for a two-phase mixture. It is generally plotted as a tangent
line at the critical point. Critical point for a two-phase system can be
obtained experimentally.?> To probe the aerosol-like assembly
mechanism, the system was operated in a single-phase region
where EtOH is fully miscible with the scCO; in a gas-like region (Fig.
3a, circle). The Cu(NOs); availability was varied between 0.01 to 0.3
M to change the number of nucleation sites. BTC was in excess in all
cases, making Cu?* ions the limiting reagents. Pure HKUST-1
particles were produced with a high BET surface area above
1750 m2/g (Fig. 4b and Table S2). In a case at 0.1 M Cu?* ions at
75 °C under 13 MPa, the synthesis had a dry yield of 53.7 wt%

. o — Actual yield 0 " .
(vield% = Theoretical yield * 100%). The space-time yields (STY,

kg product/ m3 reactor volume/ day) and surface area production
rates (SAPRs, m2 BET surface area/ m3 reactor/ day) were
5668 kg'm3-d1 and 1.0*10°m2m3.dl. Compared to other
continuous synthesis reports for HKUST-1, our approach (i) achieves
a short residence time of less than 10 s, enabling high-throughput
production; (ii) produces nanoparticles with a large BET surface
area, making them promising for applications like gas adsorption
and drug delivery; (iii) utilizes a compact reactor with a reaction
volume of 3.22 cm? (that can be readily scaled), without the need
for additional equipment such as a microwave generator, making it
easy to scale up for real-world applications; and (iv) employs scCO,
and a small amount of ethanol, avoiding the use of high-boiling-

This journal is © The Royal Society of Chemistry 20xx

point and toxic chemicals, ensuring a green and sustainable
synthesis process.

The particle size distribution in the yield was examined through
SEM images (Fig. 3b - e). Both large and small particles are present
in each image. A change in morphology and particle size distribution
is observed with an increase in Cu(NOs), concentration. For 0.01 M
Cu(NO3)3, the predominant MOF particles measure 30 - 50 nm, and
a small percentage exhibit octahedral morphology (Fig. 3b and c).
Increasing the concentration of Cu(NOs), to 0.1 M yielded more
octahedral structures (Fig. 3d). When the concentration of Cu(NOs),
was increased to 0.3 M (near stoichiometric), the MOF crystals lost
the octahedral shape, becoming more spheroidal (Fig. 3e).

The particle size distribution (Fig. 4a) was plotted by measuring
~400 particles from the SEM images. The long tail of the lognormal
distribution indicates the aggregation-induced broadening of
particle size distribution. The red curves show a lognormal fit with

—(nXH2
ng)

the equation: y = y, + e 2w? , where xc and w correspond

V2rwx
to the center and log standard deviation of the distribution,

respectively. These values were used to calculate the mean particle

size and polydispersity index (PDI). The mean particle size was

w2

calculated as "yeqn = Xc€ 2 . The mean particle size increased from
110to 215 nm at higher CuZ* concentrations. To evaluate the
crystal growth mechanism, the moments of the size distribution
were calculated as yy; = 13/, and pz = r1/r3, wherery, r3,and r,
are the arithmetic mean radius, cube mean radius, and harmonic
mean radius. Both moments are close to unity for monodisperse

J. Name., 2013, 00, 1-3 | 5
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Fig. 4 Particle size distribution (a) and XRD spectra (b) of products obtained with different concentrations of Cu(NO3s),. All the synthesis

was performed in Xgon =0.1, T=75 °C, P =13 MPa.

particles formed through classical nucleation and growth.”173 Table
2 shows p; > 1.25 and p3< 0.905, suggesting that the crystal growth
in our experiments occurs through particle aggregation.

2.4. Formation mechanism of HKUST-1 nanoparticles

Fig. 5 illustrates the proposed particle growth mechanism. The
nascent 20-50 nm cubic-like crystals are formed by rapid
aggregation into "worm-like" structures. This process occurs in the
EtOH solution immediately upon mixing Cu?* ions and BTC (Fig. 2d).
Upon entering the scCO,, the solvent EtOH and precursors become
miscible with CO,, and the further interaction between the nascent
particle aggregates and the available precursors occurs in an
aerosol-like manner.

Consider gas-like single-phase condition (P =13 MPa, T=75°C,
Table 1 and Fig. 3a), where upon mixing with scCO,, the nascent
particles become aerosolized in a mixture of scCO, and unreacted
precursors. In the gas-like scCO, phase and turbulent flow
conditions, the reagent mixing is not likely to be a limiting factor in
reaction kinetics. Overcoming Brownian diffusion limits of the batch
reactors, the continuous flow supercritical fluid systems benefit
from the fast mass transport due to rapid mixing and miscibility of

rimary aggregation in
thanol liquid phase

the reagents, leading to fast reactions.’#77 Nascent particles act as
heterogeneous nucleation sites. Two growth pathways can be
considered: (1) particle-particle assembly, where particles
aggregate, forming "Tetris-like" compact structures, and (2) vapor
deposition, where ions and amorphous oligomers self-assemble in
the nascent aggregates, filling up the hollow structures in the
aggregates. These routes are not self-exclusive and are likely
present for all conditions. A low concentration of nucleation sites
and a high concentration of unreacted reagents favor route 2. The
presence of liquids in a two-phase scCO,/solvent mixture will also
be conducive to this route. In contrast, if a large number of
nanocrystals are formed rapidly, depleting the precursor pool, the
aggregates will form primarily by particle collision, i.e., route 1.

On particle collision: Particle collision rates in laminar shear flow
were proposed by Smoluchowski,’® and the enhancement of the
collision rate by turbulence was described by Saffman & Turner in
1956.7° Since then, the phenomena have been observed in multiple
scenarios from cloud formation to carbon soot growth. In our
systems, the reactor's Reynolds (Re) number exceeds the turbulent
transition criteria, Re ~ 13,000 (based on the jet diameter) at

Crystal growth in

scCO,/ethanol gas phase

1) Particle assembl
ranide sty e — A

ﬁ_

.
st ® .~
.

A
T

@ Crystals
lons, amorphous precursors

More
precursors

-
(1) Vapor deposition F — .

Fig. 5 Schematic illustration of the non-classical particle growth.
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T=75°C, P=13 MPa conditions. Counterflow mixing (Fig. 1)
provides high shear stress conditions for rapid EtOH atomization
and transition to a single-phase reaction environment.’. 18 The
physical properties of scCO; enhance solid particle interaction upon
initial contact. The low dielectric constant of scCO, screens
electrostatic repulsion,® allowing the van der Waals force to
dominate particle-particle interaction. Fig. 3c shows aggregates
produced at the lowest concentration of the Cu?* precursor, i.e., the
lowest available number of nucleation sites. Collision rates can be
estimated as N = an?, where (a)

coefficient, which would not significantly vary with
concentrations of Cu?*,

is a collision frequency
initial
assuming uniformity among nascent
particles, and the particle number concentration (n).8! The increase
in particle size at higher Cu?* concentrations can be attributed to
the high collision rates between the nascent particles and the
consequential crystal restructuring.On particle growth: Non-
classical growth can be promoted by assembling amorphous or
crystal structures, liquid- or gas-like precursors, followed by
recrystallization due to Ostwald ripening. The initial aggregates can
be subjected to precursor coating or matrix filling, where vapors of
ions and amorphous oligomers self-assemble in the nascent
aggregates. This scenario can be compared with well-studied
carbon soot formation mechanisms, specifically cases with long
residence time and complex exposure to precursor-rich regions
where the nanoparticle aggregates have extended interaction with
molecular precursors.82 Analogous to the scCO, MOF synthesis,
bridging and gap filling between the individual carbon particles in
the aggregate occurs by depositing organic carbon over the existing
aggregates during their repeated exposure to organic precursors.8
Contrasting the MOFs' nanostructure, the mature carbon particles
(20-100 nm) consist of closed graphene layers forming onion-like
structures; they assemble into branching aggregates with minimal
particle-particle interaction and, with a given long residence time,
could form carbon aerogels.8* MOF nanocrystals have cube-like
morphology, coagulate, "Tetris-like"
structures with strong interaction between the facets. Based on the

and particles forming
Scherrer equation, the resulting polycrystalline structures are ~ 50-
500 nm with a crystal domain size of ~30.0 nm. During this
assembly, the particles lose their initial fractal nature, and the final
product shows hollow structures and irregularly shaped particles -
"broken crystals" (Fig. 2b and c).

Two-phase system: This non-classical growth mechanism applies to
synthesis in the EtOH(liquid)/scCO, two-phase scenario. Decreasing
the reaction pressure to 10 MPa leads to more spheroidal particles
(Fig. S1), characterized by a broad particle size distribution (Fig. S2).
The size distribution moments fall within the regime of u; >1.25
and u3 <0.905 (Table S1), which sets apart the particle formation
process from classical growth mechanisms. In contrast to the single
gas phase, the liquid-in-gas phase has interfaces such as bubbles or
droplets. The limited mixing within this two-phase environment
adds complexity to particle-particle interactions. The particle can
enter the liquid and scCO, phase repeatedly. In this process, the
precursors can be deposited on the particle in the liquid phase and
recrystallized in the scCO,. The process is less controlled; however,
the BET surface area is not influenced by the particle size or
synthesis method (Table S2), and the PXRD shows no significant
differences in the MOF crystal structure (Fig S3). The analysis
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confirms that the presence of scCO; during the synthesis promotes
high-quality HKUST-1 MOF nanoparticles.

To explore the potential applications for pharmaceutical delivery,
we activated the HKUST-1 nanoparticles at 90°C overnight and then
performed ibuprofen (IBU) adsorption experiments. Using a 3 mL
IBU solution with an initial concentration of 5 mg/mL, we achieved
adsorption capacities of 619, 401, 327, and 257 mg/g IBU for 5, 12.5,
25, and 50 mg of HKUST-1, respectively (Table S3). Compared with
340 mg/g IBU loading reported in the literature,3” the loading
capacities of our samples indicate the high quality of the HKUST-1
synthesized in scCO, highlighting their potential for applications in
the biomedical field.

3. Conclusions

We present a mechanistic explanation of MOF nanoparticles
synthesis continuous flow scCO; environment. Operating in a single-
phase region, we obtained high-quality HKUST-1 nanoparticles in
the 110 — 250 nm range, with BET surface areas > 1700 m?/g. The
formation of HKUST-1 nanoparticles follows a non-classical crystal
growth mechanism, as evidenced by the presence of complex
polycrystalline structures with cavities and other defects originated
by the assembly process of nascent MOF aggregates. The roles of
scCO; in the synthesis can be summarized as follows: 1) the
turbulent flow generated by scCO, accelerates the collision of
nascent nanoparticles; 2) the low dielectric constant of scCO,
minimizes particle repulsion, facilitating coagulation, followed by
particle ripening; 3) scCO, purges solvents and other impurities
from the micropores, resulting in high surface areas without
additional MOF activation procedures. A non-classical crystal
growth mechanism observed with HKUST-1 NP may be a universal
phenomenon in MOF synthesis in a well-mixed scCO, environment.
Two routes for particle growth (particle assembly and vapor
deposition) are proposed, which can readily be controlled by
process parameters influencing particle morphologies without
sacrificing MOF quality. Our insights could inform future designs of
synthesis reactors and can be applied to syntheses of other MOF
particles.

Materials and methods

Chemicals

All obtained chemical products were used in their supplied
condition without additional purification. Copper (Il) nitrate
trihydrate  (Cu(NOs),:3H,0, 99%, Sigma-Aldrich, Darmstadt,
Germany) of 0.01-0.3M and benzene-1,3,5-tricarboxylic acid,
(BTC, 95%, Sigma-Aldrich) of 0.24 M were dissolved in ethanol (200
Proof, Decon Labs, Inc., King of Prussia, PA, USA). Gas cylinders of
carbon dioxide (CO;, 99.5%, Linde, Danbury, CT, USA) were used to
operate the reactor.

Sample collection

The samples were centrifuged (Eppendorf Centrifuge 5430) at 7830
rom until a clear supernatant was observed, typically after 10-
25 min, and washed with ethanol four times. The solid product was
dried overnight in an oven at 70°C.
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MOF NP Characterization
The product was characterized via powder x-ray diffraction (PXRD)
(Bruker D8 Discover), equipped with a microfocus X-ray source and
Pilatus 100K large-area 2D detector, operated at 50 kV and 1000 pA
over an angular range of 26 =5 - 45°. The particles' morphology was
characterized using scanning electron microscopy (SEM, FEI Sirion
XL30) at 5 kV. A drop of sample dispersed in ethanol was deposited
onto an oxygen-plasma-cleaned silicon wafer and coated with
~4 nm of platinum using Leica EM ACE600. SEM images taken at
20,000x magnification were used to generate the size distribution
with the help of Image) software. The crystal structure was also
characterized using transmission electron microscopy (TEM, FEl
Tecnai G2 F20 SuperTwin) operated at a 200 kV accelerating
voltage. Thermal stability data was collected via TGA (Mettler
Toledo TGA/DSC 3+) on ~4 mg of powder sample to obtain mass
loss curves as temperature by 10 °C/min from room temperature to
550°C. BET surface area was determined using nitrogen sorption at
77 K with a Micromeritics 3Flex gas sorption analysis system. The
samples were heated at 140 °C for 12 hours on Micromeritics Smart
VacPrep to remove any adsorbed molecules before the analysis.
The UV-vis spectra were recorded using a PerkinEImer Lambda 950
UV Vis/NIR spectrophotometer.
IBU adsorption
To estimate the amount of ibuprofen loaded onto the HKUST-1
nanoparticles, we generated a calibration curve using IBU solutions
in hexane with known concentrations. Fig. S4 illustrates the UV-vis
spectra for IBU concentrations ranging from 0.01 mg/mL to
0.05 mg/mL. The absorption intensity of the peak at 263 nm was
plotted against the concentration, resulting in a linear relationship
(as shown in Fig. S5).
For comparing the CF and Mix HKUST-1 samples, the solids were
dried overnight at ambient conditions and then ground. We added
5, 25, and 50 mg of CF and 50 mg of Mix HKUST-1 to 3 mL of a
0.5 mg/mL (Co) IBU-hexane solution in glass vials. The mixtures
were shaken for 3 hours and allowed to stand for 13 hours.
In the case of activated CF HKUST-1, the powders were dried at
90°C overnight before being mixed with 3 mL of a 5 mg/mL IBU
solution.
The solutions were separated from the solids through
centrifugation and then analyzed after dilution. The absorption
spectra of the liquid were measured to calculate the equilibrium
concentration (Ce, mg/mL). The adsorbed concentration was
determined using the formula: C, = Co-Ce. Finally, the adsorption
Co—Ce

capacity was calculated using the equation: q, = X (3ml).
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