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The work reports on the synthesis of an archetypal metal organic framework (MOF-5) microcrystals
with a narrow size distribution using SiO, nanoparticles with tailored surface chemistry as nucleating
agents. The nanoparticles boost the reaction rate by up to an order of magnitude compared to the
conventional MOF-5 solvothermal synthesis and can be successfully used as nucleation seeds for the
selective growth of MOF-5 on specific substrates. These results are important fundamental advances
toward the controlled scale-up of MOF synthesis and directed MOF growth on suitable supports.

Introduction

Metal organic frameworks (MOFs) are an emerging
class of hybrid material where metal ions or small inorganic
nanoclusters are linked into one-, two-, or three-dimensional
networks by multifunctional organic linkers."* A variety
of open micro- and mesoporous structures can be devel-
oped, leading to materials with extreme surface area, in some
cases with reported measured values up to 5900 m*/g.?
Moreover, the possibility to arbitrarily engineer the cav-
ity architecture and the pore surface chemistry makes
MOFs strong candidates for a wide variety of applica-
tions, from gas storage/separation® ® to catalysis,” drug
delivery,® optoelectronics,” and sensing. '’

The number of studies of MOF chemical structures and
properties is overwhelming; however, only a small num-
ber of reports investigate MOF formation mechanisms,
as making direct in situ measurements of nucleation and
growth is difficult. Knowledge of formation mechanisms
is extremely valuable to tailor MOF properties and also
from a process engineering perspective to scale-up MOF
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production for future industrial application. The gener-
ally accepted mechanism for MOF formation in solution
is based upon the homogeneous nucleation of secondary
building units (SBUs),!" which in turn join together to
form the final crystal structure.'*'" In situ AFM measure-
ments'* have suggested that, in addition to the junction of
SBUs, MOF growth proceeds by a two-dimensional sur-
face nucleation “birth and spread” mechanism.'*'> This
mechanism involves the addition of much smaller build-
ing units to the MOF surface and may be more relevant to
the overall rate of crystal formation and the final MOF
morphology.'® Surfaces capable of promoting and direct-
ing MOF growth can provide a route to fabrication of
functional devices on a large scale.

Fischer and co-workers'*!'”'® have shown directed MOF
growth on 2D surfaces functionalized with self-assembled
carboxy-terminated monolayers (SAMs). In their approach,
SBUs or larger MOF-5 nuclei bind to Zn®>" cations
coordinated on the carboxylated SAMs via a terephtha-
late bridge. From an engineering perspective, this ap-
proach is an important step toward the development of
MOF-5-based solid state devices and thin films. On the
other hand, for large scale production purposes, the protocol
is time-expensive requiring more than 100 h preparation
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time. In addition, the amount of MOF-5 that forms is
limited by the planar surface area on which the SAM is
deposited.

In the present work, we extend the surface-driven MOF
growth from 2D to 3D surfaces, introducing a procedure
to produce MOF-5 by nucleation on modified SiO,
spherical nanoparticles (NPs) suspended in the MOF
growing medium. Strategically, our sol—gel approach
provides a promising route toward the large-scale pro-
duction of colloidal MOFs by leveraging the enormous
surface areas offered by nanosized seeds to nucleate
MOFs. An additional industrial advantage of our syn-
thetic route lies in the exploitation of a heterogencous
MOF formation mechanism, hence providing faster
nucleation kinetics. The observed MOF-5 crystal forma-
tion rate is over 10 times faster than with the conventional
solvothermal approach, allowing for MOF-5 production
within a few hours. The faster production rate at a
substantially lower cost is an important step toward the
effective scale-up of MOF production. Although also
microwave-assisted MOF synthesis shows remarkable
formation rates,'>? the synthesis of SiO, NPs can easily
complement an industrial production line, as it is per-
formed at room temperature and is cheap and consider-
able volumes of NP suspensions can be produced in a
short time.

The SiO, NP mediated synthesis of MOF-5 seems to be
a typical nucleation-controlled process, producing small
crystals with a narrow size distribution; at the same time,
the proposed synthesis does not rely on growth limiting
surface agents (as used recently to produce nanoparticles
of another MOF, MIL-89%"). The MOF crystals produced
are, hence, excellent candidate substrates for scaled-up
MOF production and also for production of other frame-
works. Moreover, the surface modified SiO, nanoparti-
cles can be successfully used as nucleation seeds for the
selective growth of MOF-5 on specific substrates with no
need for substrate prefunctionalization. These results are
important fundamental advances toward the controlled
scale-up of MOF synthesis and directed MOF growth on
suitable supports for device fabrication.

Materials and Methods

Tetraethoxysilane (TEOS), aminopropyl triethoxysilane (AP-
TES), vinyl trimethoxysilane (VTES), fluorescein-isothiocyanate
(FITC), zinc nitrate hexahydrate, 1,4-benzenecarboxylic acid
(BCA), diethylformamide (DEF), and dimethylformamide (DMF)
have been purchased from Aldrich and used without further
purification. Functional SiO, NPs have been synthesized using a
modified sol—gel Stéber approach.?> When a suitable alkoxy-
silane precursor to the main reaction batch was added, it had
been possible to obtain NPs with different chemical functionality.
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Particles with amino, carboxy, and hydroxy functional groups
have been obtained using APTES,*® oxidized VTES,** and
FITC,? respectively.

SiO, Particles (167 nm size). TEOS (4.5 mL) was first
dissolved in EtOH (45 mL), and subsequently, a 25% ammonia
solution (5 mL) was added dropwise under continuous and
vigorous stirring. After 60 min, the solution started to assume an
opalescent tone due to scattering from the forming SiO, nano-
particles. The mixture was stirred overnight to allow for com-
plete reaction of the precursors. The suspended particles were
centrifuged, vacuum-dried, and resuspended in fresh EtOH. The
washing procedure was repeated four times, and the particles
were finally stored as a dry white powder. The whole procedure
was performed under room conditions.

SiO,—NH, Particles (197 nm size). TEOS (4.08 mL) and
APTES (0.42 mL) were first dissolved in EtOH (45 mL).
Subsequently, a 25% ammonia solution (5 mL) was added
dropwise under continuous and vigorous stirring. The mixture
was allowed to react overnight, and the particles were eventually
washed according to the same procedure described above. The
particles were stored as a white dry powder.

SiO,—COOH Particles (153 nm size). TEOS (4.08 mL) and
VTES (0.42 mL) were initially dissolved in EtOH (45 mL).
Subsequently, a 25% ammonia solution (5 mL) was added
dropwise under continuous and vigorous stirring. The mixture
was allowed to react overnight, and the particles were eventually
washed as described above.

The vinyl terminations of VTES have then been oxidized to
carboxy-functions by suspending the particles into an aqueous
solution (40 mL) of KMnO, (4 mg) and NalOy4 (168 mg) for 12 h,
according to a protocol described by Wasserman and co-
workers.”* Again, the colloids have been separated by centrifu-
gation and washed twice with distilled water and EtOH.

SiO,—OH Particles (197 nm size). Some of the SiO,—NH,
NPs were suspended in a solution of FITC (7 mg) in EtOH (15
mL). The iso-thiocyanate termination of the FITC molecules
condenses with the amino functions of the NPs, exposing the
hydroxy terminations of the FITC molecules to the solvent.?’
The particles have been kept suspended in the FITC solution for
20 min, then centrifuged, and washed in fresh EtOH twice, to be
finally vacuum-dried and stored as an orange powder.

Solvothermal Growth of MOF-5 in the Presence of SiO, NPs.
MOF-5 crystals were synthesized using a typical solvothermal
approach.® A mother batch of precursors was first synthesized
dissolving Zn(NO3), (1.32 g) and BCA (0.15 g) in DEF (35 mL).
The resulting solution was then divided into 3.5 mL aliquots:
one for each of the surface modified NP types, plus a control
(five aliquots in total). Fifteen milligrams of SiO, NPs with
different functionalities was added to each one of the aliquots,
and the mixture was suspended in an ultrasonic bath for 30 min.
No particles were added to the control solution. The vials were
Teflon-sealed and heated at 95 °C under constant stirring for up
to 10 h.

MOF-5 Growth on a Bed of SiO, NPs. A circular bed of
Si0,—COOH NPs was formed on a silicon wafer by drop-
casting a concentrated NP suspension in EtOH, which was
subsequently vacuum-dried overnight at 1 mbar. The modified
silicon substrate was then immersed into a MOF-5 precursor
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Figure 1. (a) Optical microscopy images, XRD pattern, and crystal size/size distribution diagram of MOF-5 obtained by adding SiO,—COOH NPs to the
MOF-5 precursor solution, after 10 h at 95 °C. (b) Optical microscope images, XRD pattern, and crystal size/size distribution diagram of MOF-5 crystals
formed in the presence of SiO,—NH, NPs after a 10 h reaction at 95 °C. The optical images were taken by drop casting the crystal suspension onto a glass
microscope slide, while the XRD patterns were measured on vacuum and temperature dried MOF-5 crystals.

solution obtained according to the procedure described above,
with the only difference that DMF was used as the solvent
instead of DEF. The batch was then Teflon-sealed and immersed
into an oil bath previously heated at 95 °C. The substrates have
been extracted after a 2 h reaction, rinsed with fresh DMF, and
vacuum-dried prior to further analysis.

Results and Discussion

Several batches of SiO, NPs have been synthesized using
a modified Stober approach. Besides pure SiO, NPs,
suitable sol—gel precursors have been used to produce
chemically modified NP suspensions with amino, carboxy,
and hydroxy groups added to the main SiO, network (see
Materials and Methods for details). FTIR analysis of
dried NP powders confirmed the presence of these func-
tional groups within the SiO, network (see Supporting
Information). The modified Stober protocol reported here
allowed for the fast synthesis of highly concentrated SiO,
NP suspensions. In addition to the elevated amount of
NPs produced, this approach is appealing from an in-
dustrial perspective also for its intrinsic simplicity, speed,
and high reaction yield. Furthermore, the high degree of
compositional control makes it possible to produce par-
ticles with customized functionality. Such NP dispersions
are the three-dimensional extension of the 2D growth
surfaces concept reported by Fischer’s group®® and pro-
vide a dramatic increase in the overall area suitable for
MOF growth. The present work also further extends the
study of MOF growth on functionalized supports with
amino-terminated species, not yet reported in literature.

The SiO, NPs have subsequently been suspended in
several MOF-5 growing media containing zinc nitrate
and 1,4-benzenecarboxylic acid dissolved in N, N-diethyl-
formamide (DEF). All the solutions underwent sonica-
tion until completely transparent. The vials with the
suspensions were then inserted into an oil heated holder
at 95 °C and kept under constant stirring according to the
usual solvothermal procedure adopted for the synthesis
of MOF-5.° After 2 hours into the reaction, the growing
media containing SiO,—COOH and SiO,—NH, NPs
show an obvious decrease in transparency as a thick
suspension starts to form (see Supporting Information).

After a 10 h reaction at 95 °C, optical microscopy images
(Figure 1) reveal the presence of cubic crystals formed in
the solutions containing SiO,—COOH and SiO,—NH,
NPs. The XRD patterns shown in Figure 1a,b are con-
sistent with that reported for MOF-5.?” The main diffrac-
tion peaks atlow angles, 260 =6.9° ((200) plane, d=12.8 A)
and 9.7° ((220) plane, d = 9.1 A), are indicative of the
modular arrangement of large pores in the MOF-5 cubic
lattice. No MOF-5 crystals were observed in the control
solution or in the solutions containing SiO, and SiO,—
OH NPs in the initial 24 h of reaction. The average size of
the crystals promoted by SiO,—COOH NPs is 14.0 um
with 4.8% size dispersion, while SiO,—NH, promoted
cubic crystals with an average size of 11.7 um and 17%
size dispersion.

X-ray diffraction measurements give additional infor-
mation beyond confirmation that the observed crystals
are indeed MOF-5. As an archetype of a typical MOF
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structure, MOF-5 has been synthesized via a variety of
methods and characterized in extreme detail in countless
publications. Hafizovic and co-workers® found and con-
firmed important qualitative correlations between the
XRD plots generated by MOF-5 samples and their
crystalline quality; their study aimed to explain the wide
range of MOF-5 specific surface values reported in the
literature, which vary from lows of 722 m?/g’ to highs of
3400 m?/g.*” It was found that the relative intensities of
the 6.9° and 9.7° diffraction signals are strongly affected
by the presence of lattice defects, adsorbed species (solvent
molecules included), and unreacted Zn centers. As those
peaks are the direct evidence of the large MOF-5 pore
arrangements, the authors outlined a qualitative relation-
ship between the diffraction plots and the structural
quality of MOF-5. Chen and co-workers*® have recently
extended this analysis correlating the intensity of the
diffraction peak at 13.8° ((400) plane, d = 6.4 A) to the
extent of crystal interpenetration. On this basis, our measured
diffraction plots show the features typical of high quality
and noninterpenetrated MOF-5 crystals, as the relative
intensities of the low angle peaks are consistent with the
simulated plots (see Supporting Information) and with
the analysis presented in refs 28 and 30.

Figure 2 shows SEM images of MOF-5 crystals after a
4 hreaction at 95 °C in the presence of SiO,—COOH NPs.
The samples for imaging have been prepared by fixing dry
crystals on the surface of double-sided carbon conductive
tape (SPI Supplies) and then coating them with an iridium
layer. The crystals in Figure 2a—c were not filtered from
the NP suspension, and hence, the images give insight into
the interaction between NPs and forming MOF, as the
NPs are clearly embedded, or in the process of being
embedded, inside the crystal framework; in particular,
Figure 2c directly shows several NPs embedded into the
forming cube. This is the first evidence of the nucleating
effect of the functionalized NPs in the formation of MOF-
5 microcrystals. No crystals were observed in the control
batch or in those containing SiO, and SiO>,—OH NPs.

The SEM images of Figure 3 show a filtered MOF-5
crystal grown in the presence of SiO,—COOH NPs for
10 h (Figure 3a) and MOF-5 crystals of similar size collected
from the control solution after about a 60 h reaction at
95 °C (Figure 3b). The plots of Figure 3c—e show the energy
dispersive X-ray (EDAX) signals recorded scanning the
imaged crystals and the background tape. Both the plots in
Figure 3c,d (control) show distinctive emissions of the
MOF-5 components, carbon Ka (0.277 keV), oxygen Ka
(0.523 keV), and zinc Lo (1.012 keV). However, in contrast
to the plot in Figure 3d (control), the plot in Figure 3c
shows the distinctive Ko emission of silicon (1.74 keV),
which can be directly associated with the SiO, NPs
within the MOF-5 structure. The background emission
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Figure 2. SEM images of MOF-5 crystals formed in a solution contain-
ing SiO,—COOH NPs (a,b) and SiO,—NH, NPs (c) after a 4 h reaction at
95°C.

(Figure 3e) is dominated by C—Koa and O—Koao emissions.
All spectra contain a contribution at 1.978 keV from the
Ma emission of the iridium coating.

After observing the seeding effect in solution, the
nucleating capability of the modified SiO, NPs has also
been tested on flat silicon substrates, which are known
to be unfavorable supports for MOF-5 growth.?®
Si0,—COOH modified NPs have been used to illustrate
the seeding effect of dry NPs for the production of
MOEF-5 crystals on 2D surfaces. SiO,—COOH NPs
were selected as the preferred candidates given their
superior seeding performance in suspension. In addi-
tion, to further extend the method’s applicability, the
conventional MOF-5 growing medium was synthesized



Article

using dimethylformamide (DMF) instead of diethyl-
formamide (DEF), which is an appealing choice from
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Figure 3. (a) SEM image of a MOF-5 crystal formed in the presence of
Si0,—COOH NPs after a 10 h reaction at 95 °C. (b) SEM image of MOF-
S crystals formed in the control solution (with no NPs) after a 60 h
reaction at 95 °C. (c, d, e) EDAX plots measured scanning the crystal of
image (a), a crystal of image (b), and the background of image (b),
respectively. Note the signal of Si species in the plot (c) indicating the
presence of the SiO,—COOH NPs inside the crystal.
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an industrial perspective given the substantially lower
cost of DMF.

A NP bed on a silicon wafer (see Materials and Methods
for details) has been used as a growing medium for MOF-5,
and the process has been monitored with FTIR. The
experimental steps are shown schematically in Figure 4a.
Before MOF growth, the dried NP bed was chemically
mapped, as shown in Figure 4b. The siliceous nature of
the seeds was confirmed (Si—O—Si silica bonds in the
1200—1000 cm ™' region) as well as the twin frequencies of
the antisymmetric OCO (v,°“©) stretches of the carboxylic
terminations, at 1610 cm™ ' and 1400 cm™'.*! Compared
to SAMs, beds of functionalized SiO, NPs provide a
higher concentration of —COOH functions, enough to be
detected by transmission FTIR. The signal at 1610 cm™"
is typical of deprotonated and uncoordinated O—C—0O
groups,>!**? further confirmed by the absence of the
symmetric stretch of C=0 bonds (v“©) in the 1700—
1750 cm ™" region. Given the highly basic synthesis con-
ditions of the NPs, these observations are consistent with
reported pK, values for terminal carboxyl functions,
which typically range from 2.5 to 6.>* The maps in
Figure 4c show the integrated absorbance of character-
istic MOF-5 structural bonds recorded from two different
spots of the same sample. The pictures on the left of
Figure 4c are optical images of the sampled areas. Once
immersed in the MOF-5 growing medium, the unprotonated
carboxyls facilitate the coordination of Zn" cations,

Si0,-COOH
NPs bed

Silicon

i

40
303

. 208
w

TR0 s
m.qéé 10 £

J 1200-1000 cm-! Yo

Silicon

Silico

1650 cm’

Figure 4. (a) Schematic representation of the experiment executed to test the capability of modified SiO, NPs to induce MOF-5 formation on a silicon
surface. (b) Optical image and FTIR chemical maps of a bed of SiO,—COOH NPs dried on a silicon substrate. The chemical maps show the spatial
distribution of the NPs and the uncoordinated carboxy groups. (c) Optical images and FTIR chemical maps of MOF-5 crystals grown locally on the
Si0,—COOH NP bed. The images and the chemical maps were taken on two different spots of the same sample. The maps emphasize the absorption bands
of the coordinated —carboxy functions (1650 cm '), the aromatic linkers (1504 cm ™ "), and the SiO, NP bed underneath the MOF-5 crystals (1200— 1000 cm ™).
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which in turn allows for the formation of terephthalate
bridges connecting the MOF-5 network.!” The coordina-
tion with Zn>" cations is verified by the shift of the main
1,9€© frequency component from 1610 to 1650 cm™'. As
the OCO band is usually very strong and has an almost
invariant extinction coefficient (about I mM ~'m™), it is
possible to qualitatively associate its wavenumber shift
with the chemical state of the OCO bond.** The inductive
effects of coordinated metals can be understood in terms
of dipole—dipole and charge—dipole interactions, and
with a simple empirical consideration, a shift of the OCO
frequency toward higher frequencies indicates a stabiliza-
tion of COO species of the 1,4-benzenecarboxylic acid
molecules.’ In addition to the Zn-coordinated OCO
stretch, characteristic symmetric stretch vibrations of the
MOF-5 aromatic linkers have been measured at 1504 cm ™
(=C—H and ring C=C stretch) and 1015 cm ™! (=C—H
of para-coordinated aromatic ring). The spatial arrange-
ment of both the organic and inorganic chemical bonds is
consistent with the expected distribution of the analyzed
species and correlates well with the optical microscope
images. Remarkably, the growth rate of MOF-5 was found
to be even faster than that observed using NPs suspended
in DEF, as after only 2 h the modified substrates showed
the presence of the cubic crystals. FTIR mapping confirmed
the chemical fingerprint of MOF-5. In support to what
observed using FTIR, an XRD analysis of the observed
crystals was also performed and reported in the Supporting
Information, in Figure SI-5. The crystals had been col-
lected from the substrate as a powder sample and inserted
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into a glass capillary for this measurement. The obtained
pattern is consistent with the one reported for MOF-5.?"

Conclusion

SiO, NPs with carboxy or amino functions can be
successfully used as growing seeds to promote MOF-5
formation. Their nucleating capability can be exploited
when either suspended in the MOF-5 growing medium or
deposited onto a suitable substrate. The extent of the
growing surface offered by the NPs emphasizes the
heterogeneous nature of MOF-5 crystal formation,
speeding their formation rate up to 10 times faster than
a conventional one step solvothermal synthesis. The
procedure allows for formation of microcrystals with
narrow size distribution, with no use of growth inhibitors.
As a consequence, this process and the crystals, thus,
produced are suitable candidates for the realization of
MOF-based devices.
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