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ABSTRACT

Nanoscale metal-organic frameworks (NMOFs) have attracted increased attention
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Accepted: 14 February 2017 in recent years for miniaturized and/or biological applications. However, the

synthesis of ultrasmall NMOFs with good stability is a great challenge. In this

© Tsinghua University Press study, sub-5-nm nano-HKUST-1 was prepared for the first time via a mild metal-
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organic gel route without surfactants or capping agents. Controlling the gelation
process via anion-ligand self-assembly is the key to the formation of NMOFs. The
Tyndall effect, zeta potential, and liquid adsorption indicated strong stability of
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the obtained nano-HKUST-1, even in water. Adsorption experiments were performed
using different dyes (crystal violet and methylene blue) to demonstrate the
metal-organic frameworks, size-dependent adsorption thermodynamics and kinetics of this famous MOEF.
nanoparticles, The results of this study provide new insights regarding the synthesis of NMOFs

liquid adsorption and their efficient applications.

bulk crystals, nanoscale MOFs (NMOFs) have attracted
less attention, although they have exhibited great

1 Introduction

Metal-organic frameworks (MOFs) have attracted  importance for many applications, such as enhancing

considerable attention in the past two decades owing  ethylene separation [7], upconversion [8], drug delivery

to their large internal surface areas, widely tunable
compositions, and regular pore structures [1-4]. Both
MOFs and conventional nanomaterials exhibit excep-
tionally large specific surface areas, which are due to
the high porosity and small size, respectively. The
rational combination of these two features can yield
significant absorptivity, which is useful for identifying
new functional sorbents [5, 6]. Compared with their

Address correspondence to cesqzp@mail.sysu.edu.cn

TRINGHNA ) Springer

[9], and light harvesting [10]. The lack of attention is
due to the dearth of effective strategies for synthesizing
well-defined NMOFs with exceptional thermal/chemical
stabilities. Under general reaction conditions (e.g.,
hydrothermal or solution diffusion), the organic anions
and the metal cations tend to rapidly crystallize into
bulk MOFs through the consecutive epitaxial growth
and/or oriented attachment induced by surface
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intension or fast agglomeration [11, 12]. Thus far, the
addition of surfactants or other capping agents is
the most common method for reducing the size of
MOF crystals. However, such additives are difficult
to remove, especially those in the cavities of MOFs
[13-15]. Recently, ultrasmall Al(Ill)-based MOF particles
(10-20 nm) were obtained using a metal-organic aerogel
method; however, heating was needed to control the
gelation or crystallization, and it was difficult to further
reduce the sizes [16]. Similarly, the metal-organic gel
(MOG) process, which is widely used for the synthesis
of traditional inorganic nanocrystals (such as TiO,
and ZnO), is an effective method for controlling the
coordination equilibria in MOF growth. Here, the
tiny crystals can be separated and protected by the
non-crystallographic scaffolding branches connected
with other supramolecular interactions (e.g., hydrogen
bonding or n—n stacking) [17, 18]. More importantly,
the epitaxies of the nanocrystals are inhibited when
the coordination is perturbed by other competing
interactions during the gelation process, yielding
homogeneous and ultrasmall crystalline particles.
Nevertheless, the synthesis of NMOFs with particle
sizes <5 nm is a great challenge because of the large
cell sizes (usually > 1 nm) and highly open structures
[9, 19, 20]. Moreover, the adsorption behaviors, especially
the liquid-phase capture of such ultramicroscopic
porous particles, remain unknown [21-24].

In this study, by using Cu,(BTC), (H;BTC = 1,3,5-
benzenetricarboxylic acid) (HKUST-1) as an example,
we for the first time demonstrated a mild MOG route
for obtaining NMOFs with particle sizes <5 nm.
The process can be performed at room temperature
without additional reagents like trimethylamine,
which is commonly used as a trigger and causes an
unexpected auxiliary effect [25].

Compared with previous synthesis methods [25, 26],
the reaction time was ultrashort (<2 min, followed
by a 12-h treatment for removing guest molecules),
and systematic experiments revealed that the solvent,
relative quantity of the reactants, ultrasonic time, and
temperature could be varied over a wide range.
Furthermore, the Tyndall effect, zeta potential, and
absorption of dye indicated the high stability of the
HKUST-1 nanoparticles (NPs), even in water. Using
powder X-ray diffraction (PXRD), confocal microscopy,
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and molecular simulations, the adsorption behaviors—
including the adsorption kinetics—were investigated
in detail. As the crystal sizes decreased from the
microscale to the nanoscale, the absorption quantity
of pore-blocking molecules (crystal violet, CV) and the
rate constant of pore-admission molecule (methylene
blue, MB) increased by factors of three and four,
respectively. Thus, the rate exhibited little size-
dependence for the former dye molecule, and the
quantity exhibited little size-dependence for the latter
dye molecule. The proposed MOG route can be
extended to the synthesis of other NMOFs that have
been previously reported or are newly developed.

2 Results and discussion

Figures 1 and 2 show the composition and morphology,
respectively, of the as-synthesized HKUST-1 NPs,
HKUST-1 gel (MOG), and HKUST-1 microparticles
(uPs). PXRD, Raman spectroscopy [27], and 'H nuclear
magnetic resonance (NMR) supported the formation
of HKUST-1.

The TEM images indicate that the MOG and the
NPs had similar monodisperse morphologies com-
prising 2-5 nm spherical particles. To our knowledge,
this is the smallest NMOF reported thus far. Analysis
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Figure 1 Composition characterization of the as-synthesized
NPs, MOG, and pPs. (a) PXRD patterns for the samples and a
simulated PXRD pattern for a single crystal; (b) Raman spectra
for samples; (c) '"H NMR of NPs dissolved in deuterium oxide
and a small amount of deuterium chloride. The peaks at 4.7 and
~ 8.8 ppm correspond to deuterium oxide and the three identical
protons of the H;BTC ligand, respectively [28].
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of the MOG via scanning transmission electron
microscopy (STEM) revealed that the monodispersion
was probably due to the hydrogen-bonding networks
between the particles. Energy-dispersive X-ray spec-
troscopy (EDS) confirmed that the as-synthesized MOG
and NPs consisted of copper, carbon, and oxygen.
SEM indicated that the as-prepared pPs were concave
octahedra with particle sizes of 5-20 um. Details
regarding the preparation of the NPs and pPs are
shown in the Electronic Supplementary Material (ESM).
The transformation of the products is shown in Fig. 3.
HKUST-1 colloids (MOC) were formed immediately
after 2 min of ultrasonication. Reversible transformation
of the sol-gel was easily accomplished via centrifugation/
solvent evaporation (step 1) and dilution with ethanol
(step 2). By heating the MOG at 200 °C for 12 h in
N, NP powder was obtained (step 3). The NPs and
their suspension were reversibly transformed via
ultrasonication in ethanol (step 4) and dried (step 5).
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Figure 2 Morphology characterizations of the products. TEM images of the (a;) MOG and (b;) NPs, EDS results for the (a;) MOG

200 °C

The Tyndall effect was observed in the MOC and the
suspension of NPs, indicating the formation of colloids
or NPs in the fine suspension.

In our approach, MOG was necessary for the
preparation of the NPs. To gain insight into the
key factor for the formation of the MOG, the basic
parameters for the preparation were studied: the copper
sources, solvents, relative quantity of the reactants,
ultrasonic time, and temperature. The results showed
that solvents and copper sources were crucial, whereas
the other parameters could be changed over wide
ranges (Figs. S1-S5 in the ESM). Regarding the copper
source, copper acetate was the key factor. The anion-
ligand self-assembly (ALSA) arising from the hydrogen
bonds between the CH;COO~ and BTC* was crucial
because it crosslinked the particle species into networks;
thus, no gel or NPs formed when the copper source
was changed to Cu(NO;),. The effect of the solvent
was investigated using dimethyl sulfoxide (DMSO),
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Figure 3 Transformation of the (a) HKUST-1 colloids (MOC), (b) HKUST-1 gel (MOG), (c) powder of HKUST-1 NPs, and (d)

suspension of HKUST-1 NPs. (a) and (d) show the Tyndall effect.
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acetonitrile, ethanol, water, and dimethyl formamide
(DMF). NPs were obtained in DMSO, acetonitrile,
ethanol, DMF, and water. The introduction of water
in the reactions increased the size of the crystal.
On one hand, the water reduced the solubility of the
organic ligands in the solvents. On the other hand,
the ALSA process was interrupted by the strong
hydrogen-bond donors/acceptors.

The components of the MOG was investigated to
clarify the effect of the copper source. STEM (Fig. 4)
of the MOG revealed copper both in and around
the particles. In general, the formation of the MOG
occurred in three stages: 1) the polymerization of the
precursors (coordination of organic ligands with metal
ions), forming NPs; 2) the growth/aggregation of the
NPs; and 3) the crosslinking of the particle species into
networks [29, 30]. According to the STEM images, the
copper observed in the particles was from the HKUST-1
crystals, and that around the particles was from the
precursors that had not formed particles yet.

Interestingly, this MOG route for obtaining NMOFs
can be extended to [Co;(BDC)3(DMF),(H,O),], nanorods,
[Niz(BDC)5(DMF),(H,0).],, and Zn,O(BDC);(DMEF)s
NPs (H,BDC = 1,4-dicarboxylbenzene) (Fig. 56 in
the ESM). In particular, [Ni;(BDC);(DMF),(H,0),], is
isomorphous to [Cos(BDC);(DMEF),(H,0),], and was
reported first.

Because the physical properties of suspensions
and colloids greatly depend on the properties of the
particle-liquid interface, the zeta potentials of the NPs
and pPs in ethanol were measured. They were —61.64
and -31.21 mV for the NPs and puPs, respectively. The
twofold increase in the zeta potential indicates the
unexpectedly enhanced stability of the NPs, which
may have been caused by the amorphous scaffolding
buffered branches that covered the particles and

STEM HAADF

Figure 4 (a) High-angle annular dark-field (HAADF) STEM image
obtained using an HAADF detector. (b) /n situ elemental mapping
of copper and (c) overlaid version of the elemental mapping
showing the particle borderline (scale bar represents 4 nm).
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protected them from the highly polar solvents, such
as water molecules. The negative values indicate good
adsorption properties for dye with a positive charge.

Despite the fascinating characteristics of MOFs,
such as gas storage [31, 32], separation [2, 33], sensing
[34, 35], and catalysis [36, 37], their applications in
liquid-phase adsorption and separation are still at
an early stage [21-24]. Therefore, CV and MB were
selected to investigate the effects of the particle size of
HKUST-1 and the shape of the dye. These two dyes have
the same ending group, -NH(CH,;), (6.1 A-in-width,
4.2 A-in-thickness) but different shapes. The shape
of CV resembles a fan, and that of MB is similar to a
cuboid. According to the size of the pore window for
HKUST-1 (6.5A in diameter), the fan-like CV was
plugged on the surface of the crystals, whereas the
MB entered the interior of the crystals. This nuance is
shown in Fig. 5.

The porosity was confirmed by N,-sorption mea-
surements, which yielded a typical type-I sorption
isotherm with a saturated uptake of 268 cm?®/g
(Brunauer-Emmett-Teller surface area of 992 m%g,
corresponding to a pore volume of 0.419 cm®/g, which
is smaller than that calculated for the crystal structure
of HKUST-1 (0.796 cm®/g)). This is attributed to
the poor crystallinity of the ultrasmall NPs and the

HKUST-1

4 ! 10000 ,
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Figure 5 Schematic illustrations of the shape selectivity and
adsorption dynamics. 1% line: dimensions of the pore windows
in HKUST-1 and the dye molecules (CV and MB); 2™ and 3™
lines: schematic of the dye-adsorption processes (HKUST-1 NPs,
HKUST-1 pPs).
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existence of non-crystallographic scaffolding branches
or substrates resulting from the ALSA gelation process.
Nevertheless, the pore-size distribution exhibited a
single peak around 8.6 A (Fig. S7 in the ESM), which
is consistent with the pore size (9.0 A) measured
according to the crystal structure. This supports the
formation of HKUST-1.

Figure 6 shows the effect of the contact time on
the adsorption of CV and MB onto the NPs and pPs.
These kinetic data were analyzed using a pseudo-
second order equation (Fig. S8 in the ESM), and the
results are shown in Table 51 in the ESM. The results
are summarized as follows. 1) When the initial con-
centration of dyes was lower, equilibrium was reached
more quickly. The largest rate constant of second-order
adsorption (k,) within the range of our investigation
was 0.045, 0.068, 0.43, and 0.10 g/(mg-min) for NPs-CV,
uPs-CV, NPs-MB, and uPs-MB, respectively. 2) A
higher initial concentration of dyes yielded a higher
equilibrium adsorption capacity (Q.). The maximum
Q. for NPs-CV, uPs-CV, NPs-MB, and puPs-MB was
24229, 77.29, 221.73, and 220.37 mg/g, respectively,
corresponding to 5.8, 1.8, 5.7, and 5.6 dye molecules
per unit cell of HKUST-1, respectively. Qenpscv) >>
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Qerscvy but Qenpsvs) = Qersvpy indicating the different
adsorption modes. The Q. for CV achieved in this
study is the highest value reported thus far [38-41].
3) In the puPs-dye system (Figs. 6(b) and 6(d)), the
adsorption capacity at time t (Q,) decreased after
a period of contact, indicating that the structure of
the MOFs collapsed and that the dyes were released.
This accords with the typical instability of HKUST-1
in aqueous solutions [42]. The uPs were more stable
in a more concentrated solution (0.20-1.00 mmol/L).
In contrast, the NPs were stable in all of the solutions
(Figs. 6(a) and 6(c)). This proves that highly stabile
NMOFs can be obtained simply using the MOG
method. In most MOFs, the chemical weak points are
the metal-linker bonds, with hydrolysis yielding
protonated linkers and hydroxide (or water)-ligated
nodes [43]. The m—mt stacking interaction and/or
hydrophobic interactions between the dyes and the
MOFs caused competition between the dye and water.
Thus, a higher concentration of dye yielded more
stable HKUST-1. When the particle sizes decreased to
the nanoscale, the improved absorption of larger guest
molecules shielded the Cu(Il) ions from the water
and significantly enhanced the stability.
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Figure 6 Effect of the contact time on the adsorption of CV and MB onto HKUST-1 NPs and pPs.
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The experimental Q. was analyzed using the
Freundlich and Langmuir isotherm models, as shown
in Fig.S9 in the ESM. The Freundlich isotherm
provided better fitting of the experimental data
than the Langmuir model, as indicated by the high
correlation coefficient in the Freundlich equation. In
the Freundlich model, the adsorption of the adsorbate
occurs on a heterogeneous surface via multilayer
sorption, and the adsorption capacity can increase
with the adsorbate concentration.

XRD analysis was performed on the NPs and uPs
after the absorption of the dyes to investigate the
adsorption mechanism, and the results are shown
in Fig. S10 in the ESM. Neither NPs-CV nor uPs-CV
exhibited changes in the XRD patterns, indicating
that the CV could not enter the lattice of HKUST-1; the
absorption occurred only on the surface. However,
the diffraction peak for both NPs-MB and uPs-MB
shifted to a higher 26, indicating the lattice shrinkage
of HKUST-1 after the absorption of MB. To explain
this phenomenon, we performed molecular simulations
of the MB adsorption in HKUST-1. As shown in
Table S2 in the ESM, the lattice volumes were
significantly reduced after the adsorption of either
water (18,401 A%) or MB molecules (18,505 A% compared
with the previously empty framework containing only
coordinated water molecules (18,529 A%). Moreover,
if the adsorbate was a mixture of water and MB, the
crystal lattice shrank to an even smaller volume
(18,369 A% because of the strong interactions between
the host framework and the guest molecules, which
was previously reported [44, 45].

Owing to the point-by-point excitation and detection,
the distribution of the dyes was observed via confocal
microscopy, especially for the inner part of the crystals.
The results for the interaction between the uPs
and CV/MB are shown in Fig. 7. The uPs were not
octahedral, because of the grinding that occurred
before the adsorption. Confocal luminescence images
of the CV (Figs. 7(a;)-7(as)) and MB (Figs. 7(b;)-7(bs))
indicate that CV existed in the edges or cracks of
crystal but that MB existed throughout the entire
crystal. This confirms the prediction shown in Fig. 5
and is consistent with the aforementioned results. To
evaluate the regeneration and reusability of the NPs
as an adsorbent, recycling dye-sorption experiments

Nano Res. 2017, 10(11): 3621-3628

Figure 7 Confocal luminescence images of HKUST-1 pPs after
interaction with (a) CV and (b) MB. (a;) and (b,) Distribution of
the dye, (a,) and (b,) photos of the crystals, and (a;) and (b;) an
overlaid version of the crystal/dye (scale bar represents 5 um).

were performed, revealing that the capacities of CV
on the NPs remained almost the same with increasing
cycle numbers and that the CV removal efficiency
remained above 95% even after 5 cycles (Fig. S11(a) in
the ESM). Additionally, the crystal structure remained
after each dye-sorption cycle (Fig. S11(b) in the ESM).
These results confirm that the ultrasmall nano-HKUST-1
was exceptionally stable under recycling for CV
sorption.

3 Conclusions

We prepared sub-5nm nano-HKUST-1 from MOG
for the first time, which was simply formed by mild
anion-ligand self-assembly. This facile and general
method can be employed for synthesizing other NMOFs
and can lead to the formation of a new compound:
[Ni;(BDC)3(DMF),(H,O),],. The Tyndall effect, zeta
potential, and absorption of dye indicated the high
stability of the obtained NPs, even in water. The
thermodynamics and kinetics of liquid adsorption
were deeply studied, and the largest adsorption
amount of CV to date was achieved. Additionally, the
side-dependent adsorption modes were successfully
clarified via molecular simulations, confocal microscopy,
and XRD analysis. The effects of reducing the crystal
sizes to the nanoscale were determined by the degree
of matching between the molecular shape of the dye
and the pore size of the MOFs: The Q. increased by a

'EN%IEI}SS%I'}EE?S @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2017, 10(11): 3621-3628

factor of three for CV, whereas the k, increased by a
factor of four for MB. The results elucidate the synthesis
of NMOFs, and the adsorption models with different
scales can guide the effective use of NMOFs.
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