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A new colloid-assisted approach is introduced to synthesize
metal-organic framework (MOF) nanoparticles. Polystyrene latex
(PS) nanocolloids were used as model colloids, which provide ac-
tive surface sites for the controlled, in situ growth of MOF nano-
particles. Interactions among the colloid surfaces, ligands, and
metal ions were studied systematically to map out the possible
formation pathways of the MOF nanoparticles.

Metal-organic frameworks (MOFs) have attracted tremendous
attention during the past decades due to their super high
porosity and incredibly large surface areas,’ enabling their
applications in a variety of areas, from gas adsorption and
storage, catalysis, molecular sieving, to chemical sensing.?
Conventional synthesis of MOFs includes three major
steps: (1) mixing metal ions and ligands in a solvent; (2) nu-
cleation and growth through heating the precursor to form
MOFs; and (3) purification and activation.®> These procedures,
which are generally conducted in bulk solutions, are effective
for fabricating various types of MOFs with sizes ranging from
micrometers to millimeters.*””* With the increasing trend of
manufacturing miniature devices, it is desirable to construct
MOFs with sizes in the nanometer range.> MOF nanoparticles
are also increasingly important for drug delivery,® diagnosis
(e.g., positron emission tomography’ and magnetic reso-
nance imaging®), and biomedical applications.” However, it
is very challenging to fabricate MOF nanoparticles in a con-
ventional way because the nucleation and growth of MOFs in
bulk solutions occur so fast.*”* Therefore, to synthesize MOF
nanoparticles, additional strategies to manipulate the nucle-
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ation and growth processes of MOFs must be applied."® Four
general strategies have been suggested: (1) regulating the pro-
cess conditions,"" e.g., lowering the concentration and opti-
mizing the compositions of reactants; (2) using micro-
emulsion and reverse microemulsion processes'” for limiting
the growth process since the reactants and the formed nuclei
are in different phases; (3) utilizing specific techniques such
as ultrasound and microwave-assisted heating®”* to increase
the number of reaction sites and nucleation; and (4) adding

additives™® to suppress the growth process.
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Fig. 1 (A) Schematic illustration of formation pathways of MOF

nanoparticles on the surface of a nanocolloid, and (B) the production
of MOF nanoparticles after the colloid removal process.
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Different from the aforementioned techniques, the pres-
ent study introduces a new synthetic approach to fabricate
MOF nanoparticles by employing nanocolloids to provide
growth sites (Fig. 1A). In this method, the nanocolloids syner-
gistically interact with ligands and metal ions to promote
heterogeneous nucleation and in situ growth of MOF nano-
particles on their surfaces. The existence of heterogeneous
nucleation facilitates the generation of more nuclei,*
allowing the successful fabrication of nanoparticles.'”” The
synthetic procedure involves the following steps: (i) interac-
tion between ligands and the colloid surface to form a ligand
layer on the colloid as the MOF growth sites (dashed and dot-
ted arrow); (ii) deposition of metal ions (M™) to the growth
sites due to the electrostatic interactions (dashed arrows).
The deposited metal ions react with ligand layers to form nu-
clei and grow MOF nanoparticles on the surfaces of the col-
loids (red solid arrows); and (iii) removal of the nanocolloids
to obtain MOF nanoparticles (Fig. 1B). It should be noted
that the sequence of the above steps is important. Not follow-
ing the correct sequence will result in failed formation of
MOF nanoparticles. For example, when the ligand layer is not
formed on the colloid surface, i.e., they exist in the solution
as free ligands, large MOF particles will be formed as they
were produced in the bulk method (see blue solid arrows).*”*

In this work, MIL-100(Fe) (MIL: Materials Institute Lavoi-
sier) was selected as the model MOF, since it is one of the
most widely used MOFs for environmental remediation."®
Polystyrene latex (PS) nanocolloids were used as the colloid
model since they are chemically stable’’ against reactions
with ligands, making them an excellent candidate for growth
sites of MOF nanoparticles. Although submicrometer-sized
PS spheres were used as templates to produce porous'® and
hollow MOFs," controlled synthesis of MOF nanoparticles
on the surfaces of PS nanocolloids has not been reported.

In short, MOF nanoparticles were synthesized by mixing a
certain amount of PS nanocolloids (10 wt%; MagSphere Inc.,
US; average sizes of 31 and 78 nm; see Fig. S1A and B, re-
spectively) and trimesic acid (95%j; Sigma-Aldrich; as the li-
gand) in an aqueous solution for 15 minutes, followed by ad-
dition of iron(m) chloride (FeCl;-6H,0; 97%; Sigma-Aldrich;
as the source of metal ion). The mixture was then put into a
hydrothermal autoclave reactor and heated at 150 °C for 12
hours. The product was purified by a centrifugation process
(11000 rpm for 30 minutes three times), followed by washing
with dimethylformamide (DMF) (99.8%; Sigma-Aldrich) to re-
move unreacted chemicals and the PS nanocolloids, and then
dried in a vacuum oven at 50 °C overnight. The mole ratio of
metal ions to ligands was fixed at 1.00. The mass ratio of PS
nanocolloids to anhydrous metal ions was varied from 0 to
0.33. To support the analysis, several characterizations were
conducted by using a scanning electron microscope (SEM)
equipped with an energy dispersive X-ray (EDX) spectrometer
(SU-70, Hitachi Co. Ltd., Japan), a powder X-ray diffractome-
ter (PXRD, PANalytical X'Pert Pro), a Fourier transform infra-
red spectrometer (FTIR, Nicolet iS50, Thermo Scientific, US),
a nitrogen sorption instrument (Autosorb iQ, Quantachrome
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Instruments), and a zeta potential analyzer (Zetasizer Nano
ZS, Malvern Instruments Ltd.). To measure the particle size
and size distribution, the dynamic light scattering (DLS) tech-
nique is often used.>* However, the DLS technique is gener-
ally good for measuring well-dispersed particles with a spher-
ical shape. In this work, the Feret method>' was used to
measure the particle size and size distribution of both PS
spheres and MOF particles from the SEM images (see Fig.
S27). Detailed information of the Feret analysis is presented
in ESI 2.}

Dramatic differences in morphologies and sizes of the
MOF particles synthesized with and without using PS nano-
colloids are observed. As shown in Fig. 2A, without using PS
nanocolloids, only submicron MOFs with an average size of
167 nm were obtained, which are very similar to those syn-
thesized using conventional bulk methods.'" The addition of
PS nanocolloids into the precursor led to the generation of
MOF nanoparticles (Fig. 2B and C). The mass ratios of 78 nm
PS nanocolloids to metal ions of 0.13 (Fig. 2B), 0.20 (Fig.
S3Af), and 0.33 (Fig. 2C) were effective to produce MOF nano-
particles with average sizes of 92, 71, and 48 nm, respectively,
confirming the roles of the nanocolloid amount in the pre-
cursor suspension in controlling the final sizes of the MOFs.
The size of the MOF nanoparticles can also be controlled
through adjusting the size of the nanocolloids. As demon-
strated in Fig. 2D, even smaller MOF nanoparticles (an aver-
age size of 35 nm) were obtained when using 31 nm PS
nanocolloids.

The PXRD patterns (Fig. 2E and S3Df) of the MOF nano-
particles prepared with various amounts and sizes of PS nano-
colloids are identical and in good agreement with the refer-
ence pattern for MIL-100(Fe).>*> The well-distributed elements
including carbon, oxygen, and iron in the prepared MOF
nanoparticles were confirmed by EDX analysis (Fig. 2F-I). The
results imply that the use of nanocolloids in the synthesis
process does not substantially alter the crystalline structure of
the MOFs.

The nitrogen sorption analysis showed that the MOF sub-
micron particles (Fig. 2A) and nanoparticles (Fig. 2C) had the
characteristic ~ type-I ~ adsorption/desorption  patterns
(Fig. 3A and B, respectively), indicating the existence of
microporous nature in the prepared materials.”® The
Brunauer-Emmett-Teller (BET) surface area of the MOF
nanoparticles (an average size of 48 nm) is 1920 m” g,
which is larger than that of submicron particles (1617
m®> g™") and those of previously reported MIL-100(Fe)
materials.’®*? The pore size distributions of the samples
(Fig. 3C) obtained using the density functional theory (DFT)
method showed that the mean half-pore widths were 0.74
nm. Different intensities in the pore size distributions in
both samples were detected, which are in good agreement
with the analysis of the pore volumes. The pore volumes of
the MOF submicron particles and nanoparticles were 0.875
and 1.028 cc g, respectively. The results confirmed that the
PS nanocolloids did not alter the pore structures in the
MOFs. Further, they bring advantages to form MOF
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Fig. 2 SEM images (A-D) and PXRD patterns (E) of MIL-100(Fe) nanoparticles prepared with various sizes and amounts of PS nanocolloids. (A)-(C)
are the samples prepared with the mass ratios of PS nanocolloids (78 nm) to metal ions of 0 (without an additional colloid), 0.13, and 0.33,
respectively. (D) is the sample prepared with the mass ratio of PS nanocolloids (31 nm) to metal ions of 0.33. (F)-(I) are the EDX elemental mapping
analysis of the MOF nanoparticles (sample Fig. 2C) for the low-magnification SEM image, carbon, iron, and oxygen, respectively. Scale bars in A-D:

250 nm; F: 1 pm.

nanoparticles with better textural properties, such as larger
surface areas and higher porosities, in comparison with those
of bulk counterparts.

Analyses of the interactions among the PS colloid surfaces,
ligands, and metal ions for the formation of MOF nano-
particles are presented in Fig. 4. The photograph and SEM
images of the samples show that applying hydrothermal
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heating to the PS nanocolloids (Fig. 4A) led to the sedimenta-
tion and particle swelling phenomena (Fig. 4B). However,
adding ligands into the PS colloidal suspension maintains
the dispersing stability and sizes of the PS nanocolloids
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Fig. 3 Nitrogen sorption analysis of (A) MOF submicron particles and
(B) nanoparticles as well as (C) their pore size distribution analyzed
using the DFT method. MOF submicron particles and nanoparticles
were prepared using the same procedures as described in
Fig. 2A and C, respectively.
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Fig. 4 Photographs and SEM images of 78 nm PS before (A) and after
the hydrothermal process without (B) and with additional ligands (C).
FTIR spectra (D) and zeta potential measurement results (E) of samples
containing PS nanocolloids, ligands, mixed PS nanocolloids and ligands
(after the hydrothermal process), and submicron MIL-100(Fe) particles
(synthesized using the same procedure in Fig. 2A). Scale bars in A-C:
200 nm.
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during the hydrothermal process (Fig. 4C). Ligands interact
and attach on the surfaces of PS, preserving their sizes and
dispersibility during the hydrothermal process. The attach-
ment of ligands on the PS colloid surfaces was identified by
the detection of shifting FTIR peaks (assigned at about 1240
and 1260 cm™, corresponding to C-H-related peaks®®) to
higher wavenumber (Fig. 4D). Since the FTIR spectrum of the
hydrothermally-treated PS nanocolloids with ligands
corresponded to the standard individual patterns of original
PS and ligands,'””?* the interactions between the PS colloid
surfaces and ligands are possibly due to inter/intra molecular
hydrogen bonding."** This is different from the reactions of
ligands with other small organic molecules that created new
FTIR peaks.*

The zeta potentials (Fig. 4E) of the PS nanocolloids with
and without ligands have the same charge sign, confirming
that the interaction between the PS colloid surface and li-
gands did not involve attraction forces. Then, the zeta poten-
tial values of MIL-100(Fe) submicron particles (synthesized
using the same procedure as described in Fig. 2A) and PS
nanocolloids are of opposite signs, revealing that the diffu-
sion of metal ions to the attached ligands on the PS colloid
surfaces can be through a concentration gradient and electro-
static charge.

We also confirmed that to achieve successful production
of MOF nanoparticles, the synthesis procedure must involve
the attachment of ligands on the PS colloid surfaces followed
by metal ion diffusion (as discussed in Fig. 1A). The change
in sequences in the processing step in the experimental pro-
cedures will lead to the formation failure of MOF nano-
particles (see Fig. S3C and Df).

Conclusions

The present study demonstrates the use of a nanocolloid-
assisted growth approach to synthesize MOF nanoparticles
(i.e., MIL-100(Fe)) for the first time. PS nanocolloids as the
model colloid are effective in providing growth sites for the
controlled synthesis of MOF nanoparticles. Further, regulat-
ing the number of growth sites is effective to control the size
of MOF nanoparticles. This work provides a novel strategy to
synthesize MIL-100(Fe) nanoparticles, which can be further
generalized to fabricate other MOF nanoparticles by address-
ing the persistent issues of poor control of nucleation and
crystal growth rates in MOF synthesis by wet-chemical
methods.
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